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Email: hanib@cha.ac.kr Curcumin is a polyphenolic chemical derived from the rhizomes of Curcuma longa. It has

been used throughout the Indian subcontinent for medicinal purposes, religious events,
and regional cuisine. It has various pharmacological benefits owing to its anti-inflammatory
and antioxidant properties. Its neuroprotective effects on the brain and peripheral nerves
have been demonstrated in several in vivo neuronal tissue studies. Because of these func-
tional properties of curcumin, it is considered to have great potential for use in the treat-
ment of spinal cord injuries (SCIs). Numerous immunopathological and biochemical stud-
ies have reported that curcumin can help prevent and alleviate subsequent secondary inju-
ries, such as inflammation, edema, free radical damage, fibrosis, and glial scarring, after a
primary SCI. Furthermore, following SCI, curcumin administration resulted in better out-
comes of neurological function recovery as per the Basso, Beattie, and Bresnahan locomo-
tor rating scale. However, to date, its utility in treating SCIs has only been reported in labo-
ratories. More studies on its clinical applications are needed in the future for ensuring its
bioavailability across the blood-brain barrier and for verifying the safe dose for treating SCIs
in humans.
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INTRODUCTION cessitates therapeutic intervention. Thus, preventing or aggres-
sively treating secondary injuries is the mainstay of care for acute
SCIs**

Curcumin is a promising therapeutic drug for SCI treatment

Spinal cord injuries (SCIs) have 2 phases—primary and sec-
ondary injuries." A primary injury is caused by mechanical in-

sult and structural damage, whereas a secondary injury is a se-
quence of systemic and local neurochemical and physiological
alterations. Subsequent edema, ischemia, inflammation, cyto-
kine production, free radical damage, glial scar formation, apop-
tosis, and necrosis contribute toward the development of sec-
ondary injuries.” A primary injury is immediate and irrevers-

ible; in contrast, a secondary injury worsens with time and ne-

because it reduces the incidence of secondary injuries. It is a
yellow extract derived from Curcuma longa that is frequently
used as a spice and food-coloring ingredient in India (Fig. 1).
Curcumin has antioxidant and nonsteroidal anti-inflammatory
pharmacological properties.>® Preclinical and clinical trials have
revealed its various pharmacological activities, including its an-
ti-inflammatory, antibacterial, anticancer, and neuroprotective

www.e-neurospine.org 249
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effects on neurodegenerative disorders. Curcumin also has hep-
atoprotective, nephroprotective, cardioprotective, neuroprotec-
tive, hypoglycemic, and antirheumatic activities, and its neuro-
protective activity against several neurodegenerative disorders
is gaining researchers’ attention.” As an anti-inflammatory agent,
curcumin suppresses the production of many proinflammatory
cytokines, including tumor necrosis factor-alpha (TNF-a), in-

Fig. 1. Curcuma longa plant and powder. Curcumin is a yel-
low substance produced by Curcuma longa. Curcumin is the
primary curcuminoid found in turmeric, a member of the
ginger family. It is marketed as an herbal supplement, cosmet-
ic ingredient, food-flavoring agent, and food colorant.

Primary Injury

Mechanical Insult Acute Phase

Compression Hemorrhage and Ischemia

Distraction Pro-inflammatory Cytokines
Laceration and Shear Neutrophil Infiltration
Vasogenic Edema

Glutamate Excitotoxicity

Mitochondrial Phosphorylation

|

Multipharmacological Activities

terleukin (IL)-1, IL-8, and monocyte chemoattractant protein
1.% In a recent study, curcumin inhibited the hypoxia-induced
upregulation of glial fibrillary acidic protein (GFAP) and neu-
rofilament-H following hypoxia and downregulated the expres-
sion of proinflammatory cytokines, such as TNF-a and IL-1."
It also suppresses glial scar formation and GFAP expression,
contributing toward the development of a more favorable envi-
ronment for neurological recovery (Fig. 2)."

This study aimed to consolidate the knowledge essential for
spine surgeons and related clinicians to understand how cur-
cumin can alleviate secondary injuries observed in SCIs. Here-
in, we discuss the basics of neuroprotective effects and accumu-
late experimental evidence regarding the neuroscience of cur-

cumin.

PHARMACOLOGY

Curcumin [1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-hepta-
diene-3,5-dione] is a complex pharmacophore that has the po-
tential to serve as an antioxidant, chelate metals, and trigger the
Michael reaction.”? Additionally, it is a hydrophobic molecule
with a strong affinity toward cellular membranes and consists
of 2 ferulic acid residues connected by a methylene bridge."” The
structure of the molecule is symmetrical. The 3 major compo-
nents of curcumin molecules are the keto-enol tautomer in the

Secondary Injury }

Subacute Phase Chronic Phase

Apoptosis & Necrosis

Oxidative Stress
(Production of ROS)

Axonal Degeneration & Demyelination

Glial Scar Formation

Inflammation (Reactive Gliosis)

Syringomyelia

Therapeutic Functions by

Fig. 2. Pathophysiological process following spinal cord injury and the targeted therapeutic function of curcumin. ROS, reactive

oxygen species.
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o-methoxyphenolic o-methoxyphenolic
groups groups

1,3-keto-enolmoeity

Fig. 3. Molecular structure of curcumin. The keto-enol tauto-
mer in the center, flexible 0,3-unsaturated B-diketo linker, and
terminal o-methoxyphenolic groups make up the curcumin
molecule, which has an asymmetric structure.

middle, flexible a,p-unsaturated p-diketo linker, and terminal
o-methoxyphenolic groups (Fig. 3).

The structure of curcumin contains various functional groups
(diketo group, carbon-carbon double bonds, and phenyl rings).
Thus, curcumin is a unique and strong antioxidant. Structure-
activity correlations have shown that the p-diketone (keto-enol)
moiety acts as a chelator of cationic metals in protein-binding
sites and as a Michael reaction acceptor for nucleophilic com-
pounds that form covalent bonds with curcumin, such as re-
duced selenocysteine and sulthydryl."* The antioxidant activity
of curcumin is dependent on the phenolic hydroxyl group.”
This group and methylene hydrogen are essential for curcum-
in’s free radical scavenging activity, which involves electron trans-
fer or H-atom abstraction from reactive oxygen species (ROS)
and nitrogen species (Fig. 4).'

The wide range of interactions of curcumin might explain
why it binds to various proteins. Curcumin affects the function
of roughly 100 biological targets in various ways," including
the modification of the phosphorylation state of cellular pro-
teins.’® Curcumin has effects at doses above the micromolar
level in general. This low binding affinity has aided various at-
tempts to use a structure-based drug design to improve the ef-
ficacy of curcumin.

ANTI-INFLAMMATORY EFFECT

One of the most promising alternatives for primary SCI treat-
ment is an anti-inflammatory multimodal neuroprotection strat-
egy.”” Spinal cord edema, which is accompanied by acute inflam-
mation and precedes fibrosis, plays a critical role in neurologi-
cal impairment. This provides a fundamental explanation for
the clinical use of corticosteroids in patients with SCIs. Curcum-
in is an anti-inflammatory molecule that suppresses transcrip-
tion factors including nuclear factor-kappa B (NF-kB) and sig-

https://doi.org/10.14245/ns.2244148.074

HO OH
(? o keto-enol form
OH

CH, o)

T

diketone form

Michael reaction acceptor

m- Van Der Waal Interaction

Free radical scavenging activity
4 Hydrogen bonding

Fig. 4. Curcumin has a wide range of interactions. Curcumin
contains a complex pharmacophore that can function as an
antioxidant; chelate metals; and facilitate Michael reactions
(used in the mild formation of C-C bonds), hydrogen-bond-
ing interactions, T-11 van der Waals interactions, and free rad-
ical scavenging.

nal transducer and activator of transcription (STAT) in the up-
stream signaling pathways of inflammatory mediators such as
prostaglandins, cytokines, and chemokines, resulting in the
global inhibition of the inflammation network.”® Given the fun-
damental nature of NF-kB signaling pathway activation to neu-
roinflammation and SCI pathophysiology;*' modulating NF-kB
signaling could help minimize inflammation, lessen the severi-
ty of secondary injury, and maintain neuronal function.

Curcumin can also directly bind to inflammatory mediators
and enzymes involved in downstream inflammatory pathways,
such as IL-1 converting enzyme, TNF-a, TNF-a converting en-
zyme, p38 mitogen-activated protein kinase, myeloid differen-
tiation protein-2, 1-acid glycoprotein, and glycogen synthase
kinase-3 beta."*** Additionally, curcumin suppresses the pro-
duction of transforming growth factor-beta (TGF-f)1, TGF-{2,
and sex-determining region Y-box transcription factor 9. It also
facilitates the development of a microenvironment appropriate
for nerve development.”” Curcumin suppresses the upregula-
tion of aquaporin 4 and GFAP and the atypical activation of the
Janus kinase-STAT signaling pathway associated with SCI.**
Recent in vivo studies on the anti-inflammatory function of
curcumin are summarized in Table 1.

ANTIOXIDANT EFFECT

Numerous experiments have been conducted to determine
the antioxidant capabilities of curcumin for SCI treatment. There
is a strong correlation between SCI and inflammation-induced
free radical formation.” Curcumin is a potent antioxidant that

www.e-neurospine.org 251
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is reported to be superior to vitamin E, resveratrol, and other
commonly used antioxidants.”* Curcumin interacts with ROS
directly and also acts as an activator of antioxidant signaling
systems, making its effects more comprehensive and long last-
ing.”” Curcumin can also neutralize free radicals via electron
transfer and/or H-atom donation. The antioxidant ability of
curcumin is influenced by 3 distinct functional dissociation
groups and a -diketone site.”*

Curcumin binds to lipid radicals in cell membranes and con-
verts them into phenoxyl radicals. Because phenoxy is more
polar than curcumin, it diffuses to the membrane surface, where
it can be repaired by any water-soluble antioxidant such as ascor-
bic acid. Thus, curcumin can protect cell membranes against
oxidative damage by acting as a lipid radical scavenger.” It has
the potential to enhance the activity of antioxidant enzymes,

such as plasma catalase, erythrocyte superoxide dismutase (SOD),
and plasma glutathione peroxidase.” Furthermore, malondial-
dehyde (MDA), which is the end product of lipid peroxidation,
is a reliable marker of oxidative stress-mediated lipid peroxida-
tion.”” Curcumin decreased MDA based on a fixed-effects model
(n=56; pooled mean difference [MD] =-1.00; 95% confidence
interval [CI], -1.59 to -0.42; p=0.00008) in a meta-analysis of 4
studies on MDA levels.®

Additionally, curcumin could stimulate antioxidant protec-
tion genes via the nuclear factor erythroid 2-related factor 2
(Nrf2) pathway.” It increases intracellular antioxidant defense
responses by activating the Nrf2/antioxidant response element
pathway, which results in the development of several antioxi-
dants and detoxification and cytoprotective proteins.** Recently,
Ni et al. showed that SCI caused a considerable increase in la-

Table 2. Antioxidant property of curcumin: list of recent evidentiary studies

Study Spec1men/ sample  Study design (experimental ~ Curcumin treatment Sl
size/SCI method groups) method
Akar Wistar rats/N=40/  Sham (n=10) 100 mg/kg, IP at 30 min  Decreased MDA levels in the spinal cord
etal,®  Spinal cord isch-  Ischemia-reperfusion (n=10) before ischemia Increased SOD and GPx levels caused by curcumin
2017 emia induced by ~ Curcumin (n=10) Dissolved in 5N NaOH  Neurological outcome scores were significantly

clamping the aorta Solvent (n=10)

Xietal,” Sprague-Dawley rats/ Sham/control (n=8)
2019 N=24/A hammer SCI (n=38)
was dropped on T8 Tetrahydrocurcumin treat-
level ment (n=8)

Daverey Male Wistar rats/ Sham
etal,’ N=18/30-mm spi- Hypoxia
2020 nal cord section/  Hypoxia+Curcumin
Hypoxia Sham
Hypoxia
Hypoxia+Curcumin

Hypoxia+BAY11-7082

Daverey Human astrocytes =~ Human astrocytes

80 mg/kg/day, IP
Tetrahydrocurcumin for
2 weeks

One hour incubation
with 50 UM curcuminin pression and tissue damage by improving the
95% N2 and 5% CO;

Human astrocytes:

better when compared with those of the IR
group.

Oxidative stress and apoptosis (caspase-3 activity
and B cell lymphoma 2-associated X protein lev-
els) were suppressed

Tetrahydrocurcumin inhibits oxidative stress re-
sponse by regulating FOXO4 in SCI model rats.

Tetrahydrocurcumin increased the BBB scores

Curcumin inhibited hypoxia-induced HIF1-a ex-

morphology of astrocytes and remarkably re-
ducting vacuolation.

It inhibited the hypoxia-induced upregulation of
GFAP and neurofilament-H (NF-H) after hy-
poxia and downregulated the expression of pro-
inflammatory cytokines such as TNF-a and IL-1.

Curcumin exerted its neuroprotective effect
through cross-talk between the NF-kB and Nrf2
signaling pathways.

Riluzole protects white matter injury by the activa-

and Male Wistar rats/ Sham Riluzole (1 pM) tion of Nrf2/HO-1 and caspase 9.
Agraw- N=21/30-mm Hypoxia Curcumin (1 uM) Curcumin’s neuroprotective effect is mediated
al,* spinal cord section/ Hypoxia+Curcumin Rat SCI model (white through the inhibition of HIF-1a, GFAP, NF-H,
2020 Hypoxia Hypoxia+Riluzole matter injury) and caspase 9.
Hypoxia+Riluzole+ Riluzole (10 pM) Curcumin is more effective than riluzole in reduc-
Curcumin Curcumin (50 uM) ing GFAP and NF-H injury.

SCI, spinal cord injury; IP, intraperitoneal; MDA, Malondialdehyde; SOD, serum superoxide dismutase; IR, ischemia-reperfusion; FOXO4,
forkhead box protein O4; BBB, Basso, Beattie, Bresnahan; HIF1-a, Hypoxia inducible factor 1-a; GFAP, glial fibrillary acidic protein; TNE, tu-
mor necrosis factor; IL, interleukin; Nrf2, nuclear erythroid 2-related factor 2; HO-1, hemeoxygenase 1; NF-H, neurofilament protein-H.
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bile Zn and inflammatory cytokines in an injured rat’s spinal
cord, and curcumin decreased the accumulation of labile Zn.”
Zn is important in decreasing oxidative stress and generating
inflammatory cytokines. Recent studies that demonstrate the

antioxidant function of curcumin are summarized in Table 2.

STEM CELL PROLIFERATION

While research on stem cells for SCI treatment is ongoing,
there still exist significant barriers in achieving excellent thera-
peutic results. It is critical to promote neural stem cell (NSC)
proliferation for treating SCI, and several investigations have
reported the contribution of curcumin to this process.’*** An
improved therapeutic effect can be achieved by modifying stem
cell proliferation and differentiation and reducing the inflam-
matory microenvironment in injured regions.”

Curcumin enhances the functional recovery of SCIs when
combined with NSC or mesenchymal stem cell (MSC) thera-
py-”* In a study by Ormond et al.* the combination of curcumin
and NSC therapy led to a significant recovery of severe SCls in
vivo, which was evidenced by better functional locomotor re-
covery, body weight, and soleus muscle mass. Wanjiang et al.*!
confirmed that in combination with MSC therapy, curcumin
suppressed human umbilical cord-derived MSC (hUC-MSC)
apoptosis via the ERK1/2 signaling pathway, and the combined
curcumin and hUC-MSC therapy improved the motor func-
tion of rats with SCIs. A study by Bonilla et al.** evaluated a
combination therapy comprising human NSCs derived from in-
duced pluripotent stem cells (iPSC-NSCs), human MSCs, and a
pH-responsive polyacetal-curcumin nanoconjugate (PA-C)
that allows the sustained release of curcumin. The combination
of stem cell transplantation and PA-C therapy exerted higher
neuroprotective effects compared with individual therapies.
Representative studies showing that curcumin enhances stem
cell proliferation are summarized in Table 3.

NEUROLOGICAL FUNCTIONAL
IMPROVEMENT

Neurological function was found to be improved by curcum-
in in a random-effects model of a comprehensive meta-analy-
sis.® The magnitude of the effect, as measured by the Basso, Be-
attie, and Bresnahan (BBB) locomotor rating scale, was signifi-
cantly increased when the curcumin dosage was elevated (4 tri-
als; total, 132 rats; pooled MD = 3.09; 95% CI, 3.40-4.45; p=0.04).%
Several studies on functional recovery had the advantage of

https://doi.org/10.14245/ns.2244148.074

adopting a uniform scale (BBB score) for interstudy compari-
sons, making aggregated results reliable. In an animal trial, 60
Wistar rats were randomly assigned to receive either curcumin
therapy (30 rats) or placebo (30 rats).” Curcumin therapy (im-
mediately applied to the injured spinal cord surface and then
administered intraperitoneally daily) resulted in behavioral re-
covery within the first week following SCI, as shown by better
BBB and plantar scores for sensory function. This functional
improvement was induced by the anti-inflammatory effects of
curcumin. In another animal study investigating antioxidative
characteristics and functional recovery, the curcumin-treated
group demonstrated enhanced locomotor scores (BBB scores),
increased SOD levels, reduced MDA levels, and reduced mac-
rophage markers following SCI.”

One study found that curcumin was more effective than meth-
ylprednisolone, which is frequently used in clinical practice to
treat secondary injury in patients with SCIs 2 weeks after pri-
mary injury based on BBB scores.* The study concluded that
curcumin has a greater therapeutic potential than methylpred-
nisolone, showing a longer duration of action in SCIs. Thus, in
vivo studies on rats and their BBB scores offer substantial evi-
dence of the efficacy of curcumin in causing functional recov-
ery after SCIs. In many in vivo studies, neurological function
was assessed using BBB scores (Tables 1-3). Other studies that
evaluated functional recovery using BBB scores are summarized
in Table 4.

OBSTACLES AND FUTURE DIRECTION

Although curcumin has been reported to be a promising neu-
roprotective agent, its practical applications are limited owing
to a number of issues. Curcumin has limited bioavailability be-
cause of its low water solubility, poor absorption, rapid metabo-
lism, and fast elimination. It cannot cross the blood-brain bar-
rier, making it unsuitable for use in treating central nervous sys-
tem injuries, including SCIs. Toxicity is also an issue. Curcumin
induces damage to the DNA both in vitro and in vivo.* Curcum-
in acts as a dose-dependent antioxidant to inhibit ROS as well
as a pro-oxidant to produce ROS.**” Superoxide anion and hy-
drogen peroxide are the 2 types of ROS that may play an im-
portant role in carcinogenesis.*® At high doses, curcumin can
react with the thiol groups of cysteine residues,* causing DNA
damage or p53 inactivation.™®'

However, these limitations are being addressed by encapsu-
lating curcumin into nanoformulations. Encapsulation of cur-

cumin into nanocarriers via various methods is an appropriate

www.e-neurospine.org 255
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Summary of results
(by anti-inflammatory action/Bax, Bcl-2, Caspase-3, and GFAP were

(by anti-inflammatory action/NF-kB, MIP1a,IL4, IL1b, IL2, IL6,
measured)

tar sensory performance scores) within the first week following SCI
IL12p70, TNF-q, and RANTES were measured)

inflammatory and antioxidant action/ED-1, MDA, and SOD were
Curcumin group: Improved behavioral recovery (BBB scores and plan-
Paralleled BBB scores of the 2 treatment groups on 56 days after SCI

Curcumin group: Higher BBB scores 7-14 days after surgery (by anti-
measured)

SCI-Curcumin group: Improvement in the BBB score

MP-treated group better within the first 14 days
Cur-treated group better from 21-49 days after SCI

Curcumin treatment method
mg/kg in olive oil IP daily for

1-28 days
200 mg/kg IP daily for 56 days

200 mg/kg IP daily for 7 days
Immediately after injury and 6

60 mg/kg Epidural locally

Table 4. Other studies showing the property of curcumin in promoting neurological functional recovery as evaluated by measuring the BBB score
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FC/FI-Cur hydrogel group: Significantly promoted BBB walking score

FC/FI-Cur hydrogel was im-

=6).

Control (n

Female Sprague-Dawley rats/

Luo et al.,*®

(by anti-inflammatory action/immunofluorescence staining of anti-
bodies CD68, S100, neurofilament 200, GFAP, myelin basic protein,

etc. were measured)

planted into the lesion area.
FC: Fmoc-grafted chitosan

6) FI: Fmoc peptide

6)

FC/FI-Cur hydrogel (n
BBB, Basso, Beattie, Bresnahan; SCI, spinal cord injury; ED-1, CD68/SR-D1 antibody (marker for activated macrophages); MDA, malondialdehyde; SOD, superoxide dismutase; NF-KB,

nuclear factor kappa B; MIP1a, macrophage inflammatory protein-1 alpha; IL, interleukin; TNF-q, tumor necrosis factor-alpha; RANTES, regulated upon activation, normal T cell ex-

pressed and presumably secreted; MP, methylprednisolone; IP, intraperitoneal; GFAP, glial fibrillary acidic protein.

=6)

FC hydrogel (n
FC/FI hydrogel (n

24/2-mm segment of the spi-

nal cord removed at T9 level

N=

2021

and effective strategy to increase its bioavailability because this
method expands its solubility, promotes long-term circulation
and retention in the body, and overcomes the physiological bar-
riers of curcumin.”** These nanoformulations can increase the
half-life of curcumin in plasma and significantly reduce the ad-
ministration dosage, resolving the toxicity issue associated with
the use of high-dose curcumin.

Among the diverse nanocarriers developed for therapeutic
applications, polymer therapeutics are the most successful poly-
meric nanomedicines.* For example, a combination therapy
comprising ependymal stem/progenitor cells of the spinal cord
and a pH-responsive polymer—curcumin conjugate for SCIs has
been reported previously.” According to the study, conjugating
curcumin with a pH-responsive polymeric carrier main chain,
a polyacetal, improved its blood bioavailability and stability and
facilitated a highly targeted curcumin distribution. PA-C also
enhanced neuroprotection, axonal development, and function-
al recovery in acute SCIs. Recently, a new method that improves
bioavailability by combining curcumin with extracellular vesi-
cles was reported.” In the study, 120-nm engineered extracellu-
lar vesicles derived from primary M2 macrophages were used
and nerve growth factors and curcumin were combined. The
extracellular vesicles could effectively accumulate curcumin at
the site of SCIs and inhibit uncontrollable inflammatory respons-
es induced by secondary injury.

Further translational research is required to use curcumin in
therapeutic settings. Oral intake of curcumin is insufficient for
it to penetrate the blood-brain barrier; therefore, studies are
needed to determine an effective administration method that
would allow curcumin to act directly on injured neuronal tis-
sues in the spinal cord. Furthermore, investigations on the safe-
ty of high-dose curcumin administration are required. In addi-
tion to nanotechnology, it is necessary to try various methods
to enhance curcumin bioavailability. A strategy such as mega-
dose administration might be crucial, and doses of previously
commercialized curcumin products should be considered. Con-
tinuous or intermittent curcumin therapy has been administered
in most animal investigations throughout the acute phase, which
occurs within 24 hours of the primary injury, and the chronic
phase, which occurs after the primary injury. Therefore, future
research should focus on determining the most beneficial tim-

ing and duration of administration.
LIMITATIONS
The lack of information on certain aspects of curcumin is a
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limitation of this paper. For example, we did not investigate the
bioactivity of curcumin in astrocytes.® It also lacks detailed in-
formation on several signaling pathways that are regulated by
curcumin, including the Nrf2/heme oxygenase 1 pathway, the
mammalian target of rapamycin,” and TGF-B-SOX9 pathway.*®
As a result, there are constraints in providing cutting-edge knowl-
edge regarding curcumin therapy. However, the goal of this re-
view paper is to provide clinicians with basic and comprehen-
sive information regarding the role of curcumin in SCI treat-
ment. The authors believe that this review paper would prove
to be helpful to neurospinal clinicians.

CONCLUSION

Curcumin is a neuroprotective polyphenolic compound that
has benefits such as pluripotency, oral safety, long usage history,
and low cost. Several animal experiments have shown that cur-
cumin can minimize secondary injury following primary SCIs
through its anti-inflammatory, antioxidant, and stem cell mobi-
lization properties. Curcumin is an influential therapeutic agent
that can potentially treat catastrophic secondary injuries in the
spinal cord, including inflammation, edema, free radical injury,
fibrosis, and glial scar formation. It can enhance neurological
function in rats, as measured using the BBB locomotor rating
scale. Studies exploring ways to overcome its limited bioavail-
ability have recently begun. More translational investigations
on curcumin are necessary to facilitate its use in clinical settings.

NOTES

Conflict of Interest: The authors have nothing to disclose.

Funding/Support: This study received no specific grant from
any funding agency in the public, commercial, or not-for-profit
sectors.

Author Contribution: Conceptualization: IH, KK; Data cu-
ration: SL; Methodology: DC, KK; Project administration: IH,
KK; Visualization: SL; Writing - original draft: SL; Writing - re-
view & editing: DC, TH, KK.

ORCID
Subum Lee: 0000-0003-4732-8137
Dae-Chul Cho: 0000-0002-2899-8015
Inbo Han: 0000-0002-0834-9325
Kyoung-Tae Kim: 0000-0003-4867-6854

258 Www.e-neurospine.org

REFERENCES

1. Lee YS, Kim KT, Kwon BK. Hemodynamic management of
acute spinal cord injury: a literature review. Neurospine 2021;
18:7-14.

2. Ormond DR, Shannon C, Oppenheim J, et al. Stem cell ther-
apy and curcumin synergistically enhance recovery from
spinal cord injury. PLoS One 2014;9:e88916.

3. Kim KT, Kim MJ, Cho DC, et al. The neuroprotective effect
of treatment with curcumin in acute spinal cord injury: lab-
oratory investigation. Neurol Med Chir (Tokyo) 2014;54:387-
94.

4. Lee YS, Cho DC, Kim CH, et al. Effect of curcumin on the
inflammatory reaction and functional recovery after spinal
cord injury in a hyperglycemic rat model. Spine J 2019;19:
2025-39.

5. Gautam SC, Gao X, Dulchavsky S. Immunomodulation by
curcumin. In: Aggarwal BB, Surh YJ, Shishodia S, editors.
The molecular targets and therapeutic uses of curcumin in
health and disease. Boston (MA): Springer US; 2007:321-41.

6. Das L, Vinayak M. Long term effect of curcumin in restora-
tion of tumour suppressor p53 and phase-II antioxidant en-
zymes via activation of Nrf2 signalling and modulation of
inflammation in prevention of cancer. PLoS One 2015;10:
€0124000.

7.Naqvi S, Panghal A, Flora SJS. Nanotechnology: a promis-
ing approach for delivery of neuroprotective drugs. Front
Neurosci 2020;14:494.

8. Yao M, Yang L, Wang J, et al. Neurological recovery and an-
tioxidant effects of curcumin for spinal cord injury in the
rat: a network meta-analysis and systematic review. ] Neu-
rotrauma 2015;32:381-91.

9. Yuan J, Liu W, Zhu H, et al. Curcumin inhibits glial scar for-
mation by suppressing astrocyte-induced inflammation and
fibrosis in vitro and in vivo. Brain Res 2017;1655:90-103.

10. Daverey A, Agrawal SK. Curcumin protects against white
matter injury through NF-kB and Nrf2 cross talk. ] Neuro-
trauma 2020;37:1255-65.

11. Machova Urdzikova L, Karova K, Ruzicka J, et al. The anti-
inflammatory compound curcumin enhances locomotor
and sensory recovery after spinal cord injury in rats by im-
munomodulation. Int ] Mol Sci 2015;17:49.

12. Minassi A, Sanchez-Duffhues G, Collado JA, et al. Dissect-
ing the pharmacophore of curcumin. Which structural ele-
ment is critical for which action? J Nat Prod 2013;76:1105-
12.

https://doi.org/10.14245/ns.2244148.074



Lee S, et al.

Potential of Curcumin in Spinal Cord Injury

13. Pérez-Lara A, Corbaldn-Garcia S, Gomez-Fernandez JC.
Curcumin modulates PKCa activity by a membrane-depen-
dent effect. Arch Biochem Biophys 2011;513:36-41.

14. Gupta SC, Prasad S, Kim JH, et al. Multitargeting by curcum-
in as revealed by molecular interaction studies. Nat Prod Rep
2011;28:1937-55.

15. Selvam C, Jachak SM, Thilagavathi R, et al. Design, synthe-
sis, biological evaluation and molecular docking of curcum-
in analogues as antioxidant, cyclooxygenase inhibitory and
anti-inflammatory agents. Bioorg Med Chem Lett 2005;15:
1793-7.

16. Priyadarsini KI, Maity DK, Naik GH, et al. Role of phenolic
O-H and methylene hydrogen on the free radical reactions
and antioxidant activity of curcumin. Free Radic Biol Med
2003;35:475-84.

17. Das J, Pany S, Panchal S, et al. Binding of isoxazole and pyr-
azole derivatives of curcumin with the activator binding do-
main of novel protein kinase C. Bioorg Med Chem 2011;19:
6196-202.

18. Bill MA, Nicholas C, Mace TA, et al. Structurally modified
curcumin analogs inhibit STAT3 phosphorylation and pro-
mote apoptosis of human renal cell carcinoma and melano-
ma cell lines. PLoS One 2012;7:e40724.

19. Song YH, Agrawal NK, Griffin JM, et al. Recent advances in
nanotherapeutic strategies for spinal cord injury repair. Ad-
vanced Drug Delivery Reviews 2019;148:38-59.

20. Chandran B, Goel A. A randomized, pilot study to assess
the efficacy and safety of curcumin in patients with active
rheumatoid arthritis. Phytother Res 2012;26:1719-25.

21. Xie XK, Xu ZK, Xu K, et al. DUSP19 mediates spinal cord
injury-induced apoptosis and inflammation in mouse pri-
mary microglia cells via the NF-kB signaling pathway. Neu-
rol Res 2020;42:31-8.

22. Elumalai M, Muthaiah R, Alf MA. Identification of curcum-
in targets in neuroinflammatory pathways: molecular dock-
ing scores with GSK-3f, p38 MAPK, COX, ICE and TACE
enzymes. Acta Pol Pharm 2012;69:237-45.

23. Yuan J, Zou M, Xiang X, et al. Curcumin improves neural
function after spinal cord injury by the joint inhibition of
the intracellular and extracellular components of glial scar. |
Surg Res 2015;195:235-45.

24. Zu ], Wang Y, Xu G, et al. Curcumin improves the recovery
of motor function and reduces spinal cord edema in a rat
acute spinal cord injury model by inhibiting the JAK/STAT
signaling pathway. Acta Histochem 2014;116:1331-6.

25. Hausmann ON. Post-traumatic inflammation following spi-

https://doi.org/10.14245/ns.2244148.074

nal cord injury. Spinal Cord 2003;41:369-78.

26. Bengmark S. Curcumin, an atoxic antioxidant and natural
NFkappaB, cyclooxygenase-2, lipooxygenase, and inducible
nitric oxide synthase inhibitor: a shield against acute and
chronic diseases. JPEN ] Parenter Enteral Nutr 2006;30:45-
51.

27. Menon VP, Sudheer AR. Antioxidant and anti-inflammato-
ry properties of curcumin. Adv Exp Med Biol 2007;595:105-
25.

28.Yu T, Dohl ], Elenberg E et al. Curcumin induces concentra-
tion-dependent alterations in mitochondrial function through
ROS in C2C12 mouse myoblasts. ] Cell Physiol 2019;234:6371-
81.

29. Panahi Y, Ahmadi Y, Teymouri M, et al. Curcumin as a po-
tential candidate for treating hyperlipidemia: a review of
cellular and metabolic mechanisms. J Cell Physiol 2018;233:
141-52.

30. Jin W, Botchway BOA, Liu X. Curcumin can activate the
Nrf2/HO-1 signaling pathway and scavenge free radicals in
spinal cord injury treatment. Neurorehabil Neural Repair
2021;35:576-84.

31. DiSilvestro RA, Joseph E, Zhao S, et al. Diverse effects of a
low dose supplement of lipidated curcumin in healthy mid-
dle aged people. Nutr J 2012;11:79.

32. Balci M, Namuslu M, Devrim E, et al. Effects of computer
monitor-emitted radiation on oxidant/antioxidant balance
in cornea and lens from rats. Mol Vis 2009;15:2521-5.

33. Daverey A, Agrawal SK. Pre and post treatment with cur-
cumin and resveratrol protects astrocytes after oxidative
stress. Brain Res 2018;1692:45-55.

34. Scapagnini G, Vasto S, Abraham NG, et al. Modulation of
Nrf2/ARE pathway by food polyphenols: a nutritional neu-
roprotective strategy for cognitive and neurodegenerative
disorders. Mol Neurobiol 2011;44:192-201.

35.Ni H, Jin W, Yuan B, et al. Curcumin inhibits the increase of
labile zinc and the expression of inflammatory cytokines af-
ter traumatic spinal cord injury in rats. ] Surg Res 2014;187:
646-52.

36. Son S, Kim KT, Cho DG, et al. Curcumin stimulates prolif-
eration of spinal cord neural progenitor cells via a mitogen-
activated protein kinase signaling pathway. ] Korean Neuro-
surg Soc 2014;56:1-4.

37. Bang WS, Kim KT, Seo Y], et al. Curcumin increase the ex-
pression of neural stem/progenitor cells and improves func-
tional recovery after spinal cord injury. ] Korean Neurosurg
Soc 2018;61:10-8.

www.e-neurospine.org 259



Lee S, et al.

Potential of Curcumin in Spinal Cord Injury

38. Mujoo K, Nikonoff LE, Sharin VG, et al. Curcumin induces
differentiation of embryonic stem cells through possible mod-
ulation of nitric oxide-cyclic GMP pathway. Protein Cell 2012;
3:535-44.

39. Requejo-Aguilar R, Alastrue-Agudo A, Cases-Villar M, et
al. Combined polymer-curcumin conjugate and ependymal
progenitor/stem cell treatment enhances spinal cord injury
functional recovery. Biomaterials 2017;113:18-30.

40. Ruzicka J, Urdzikova LM, Kloudova A, et al. Anti-inflam-
matory compound curcumin and mesenchymal stem cells
in the treatment of spinal cord injury in rats. Acta Neurobiol
Exp (Wars) 2018;78:358-74.

41. Wanjiang W, Xin C, Yaxing C, et al. Curcumin improves

—_

human umbilical cord-derived mesenchymal stem cell sur-
vival via ERK1/2 signaling and promotes motor outcomes
after spinal cord injury. Cell Mol Neurobiol 2022;42:1241-
52.

42. Bonilla P, Hernandez J, Giraldo E, et al. Human-induced
neural and mesenchymal stem cell therapy combined with a
curcumin nanoconjugate as a spinal cord injury treatment.
Int ] Mol Sci 2021;22:5966.

43. Machova Urdzikova L, Karova K, Ruzicka J, et al. The anti-
inflammatory compound curcumin enhances locomotor
and sensory recovery after spinal cord injury in rats by im-
munomodulation. Int ] Mol Sci 2015;17:49.

44. Liu X, Zhang Y, Yang Y, et al. Therapeutic effect of curcum-
in and methylprednisolone in the rat spinal cord injury. Anat
Rec (Hoboken) 2018;301:686-96.

45. Burgos-Morén E, Calderén-Montaiio JM, Salvador J, et al.
The dark side of curcumin. Int ] Cancer 2010;126:1771-5.
46. Aggeli I-K, Koustas E, Gaitanaki C, et al. Curcumin acts as a
pro-oxidant inducing apoptosis via JNKs in the isolated per-
fused rana ridibunda heart. ] Exp Zool A Ecol Genet Physiol

2013;319:328-39.

47. Jantawong C, Priprem A, Intuyod K, et al. Curcumin-load-
ed nanocomplexes: acute and chronic toxicity studies in mice
and hamsters. Toxicol Rep 2021;8:1346-57.

48. Lépez-Lazaro M. Dual role of hydrogen peroxide in cancer:
possible relevance to cancer chemoprevention and therapy.
Cancer Lett 2007;252:1-8.

49. Ahsan H, Parveen N, Khan NU, et al. Pro-oxidant, anti-oxi-
dant and cleavage activities on DNA of curcumin and its de-
rivatives demethoxycurcumin and bisdemethoxycurcumin.
Chem Biol Interact 1999;121:161-75.

50. Banerjee A, Kunwar A, Mishra B, et al. Concentration de-

pendent antioxidant/pro-oxidant activity of curcumin: stud-

260 Www.e-neurospine.org

ies from AAPH induced hemolysis of RBCs. Chem Biol In-
teract 2008;174:134-9.

51. Moos PJ, Edes K, Mullally JE, et al. Curcumin impairs tu-
mor suppressor p53 function in colon cancer cells. Carcino-
genesis 2004;25:1611-7.

52. Yallapu MM, Jaggi M, Chauhan SC. Curcumin nanoformu-
lations: a future nanomedicine for cancer. Drug Discov To-
day 2012;17:71-80.

53. Fonseca-Santos B, Dos Santos AM, Rodero CE et al. Design,
characterization, and biological evaluation of curcumin-load-
ed surfactant-based systems for topical drug delivery. Int J
Nanomedicine 2016;11:4553-62.

54. Duncan R, Gaspar R. Nanomedicine(s) under the micro-
scope. Mol Pharm 2011;8:2101-41.

55. Zhang C, Li D, Hu H, et al. Engineered extracellular vesicles
derived from primary M2 macrophages with anti-inflam-
matory and neuroprotective properties for the treatment of
spinal cord injury. ] Nanobiotechnology 2021;19:373.

56. Eghbaliferiz S, Farhadi F, Barreto GE, et al. Effects of cur-
cumin on neurological diseases: focus on astrocytes. Phar-
macol Rep 2020;72:769-82.

57. Lin J, Huo X, Liu X. “mTOR signaling pathway”: a potential
target of curcumin in the treatment of spinal cord injury.
BioMed Res Int 2017;2017:1634801.

58. Yuan J, Botchway BOA, Zhang Y, et al. Curcumin can im-
prove spinal cord injury by inhibiting TGF-3-SOX9 signal-
ing pathway. Cell Mol Neurobiol 2019;39:569-75.

59. Wang YE Zu JN, Li J, et al. Curcumin promotes the spinal
cord repair via inhibition of glial scar formation and inflam-
mation. Neurosci Lett 2014;560:51-6.

60. Lin CC, Chiang TH, Chen W], et al. CISD2 serves a novel
role as a suppressor of nitric oxide signalling and curcumin
increases CISD2 expression in spinal cord injuries. Injury
2015;46:2341-50.

61. Ni H, Jin W, Zhu T, et al. Curcumin modulates TLR4/NF-
kB inflammatory signaling pathway following traumatic spi-
nal cord injury in rats. J Spinal Cord Med 2015;38:199-206.

62. Ruzicka J, Urdzikova LM, Svobodova B, et al. Does combined
therapy of curcumin and epigallocatechin gallate have a syn-
ergistic neuroprotective effect against spinal cord injury? Neu-
ral Regen Res 2018;13:119-27.

63. Yardim A, Kandemir FM, Comakli S, et al. Protective effects
of curcumin against paclitaxel-induced spinal cord and sci-
atic nerve injuries in rats. Neurochem Res 2021;46:379-95.

64. Akar I, Ince 1, Arici A, et al. The protective effect of curcum-

in on a spinal cord ischemia-reperfusion injury model. Ann

https://doi.org/10.14245/ns.2244148.074



Lee S, etal. Potential of Curcumin in Spinal Cord Injury

Vasc Surg 2017;42:285-92. 67. Elkhenany H, Bonilla P, Giraldo E, et al. A hyaluronic acid

65. Xi J, Luo X, Wang Y, et al. Tetrahydrocurcumin protects agai- demilune scaffold and polypyrrole-coated fibers carrying
nst spinal cord injury and inhibits the oxidative stress response embedded human neural precursor cells and curcumin for
by regulating FOXO4 in model rats. Exp Ther Med 2019;18: surface capping of spinal cord injuries. Biomedicines 2021;
3681-7. 9:1928.

66. Daverey A, Agrawal SK. Neuroprotective effects of Riluzole ~ 68. Luo J, Shi X, Li L, et al. An injectable and self-healing hy-
and Curcumin in human astrocytes and spinal cord white drogel with controlled release of curcumin to repair spinal
matter hypoxia. Neurosci Lett 2020;738:135351. cord injury. Bioact Mater 2021;6:4816-29.

https://doi.org/10.14245/ns.2244148.074 www.e-neurospine.org 261



Neurospine

pISSN 2586-6583 elSSN 2586-6591

Neurospine 2022;19(2):262-271.
https://doi.org/10.14245/1ns.2244168.084

Recent Molecular and Genetic
Findings in Intramedullary Spinal
Cord Tumors

Review Article

Corresponding Author

Yusuke Nishimura
https://orcid.org/0000-0001-9689-0586

Yoshitaka Nagashima', Yusuke Nishimura', Kaoru Eguchi’, Junya Yamaguchi',
Shoichi Haimoto®, Fumiharu Ohka', Masakazu Takayasu®, Ryuta Saito'

Department of Neurosurgery, Nagoya
University School of Medicine,

65 Tsurumai-cho, Showa-ku, Nagoya
466-8560, Japan

Email: yusuken0411@med.nagoya-u.ac.jp

'Department of Neurosurgery, Nagoya University School of Medicine, Nagoya, Japan

*Department of Neurosurgery, National Hospital Organization Nagoya Medical Center, Nagoya, Japan
*Department of Neurosurgery, Aichi Cancer Center Hospital, Nagoya, Japan

‘Department of Neurosurgery, Inazawa Municipal Hospital, Aichi, Japan

Received: February 28, 2022

Accepted: March 9, 2022

The study of genetic alterations and molecular biology in central nervous system (CNS) tu-
mors has improved the accuracy of estimations of patient prognosis and tumor categoriza-
tion. Therefore, the updated 2021 World Health Organization (WHO) classification in-
cludes various diagnostic genes, molecules, and pathways for diagnosis, as well as histolog-
ical findings. These findings are expected both to have diagnostic applications and to facili-
tate new targeted therapies that target tumor-specific genetic changes and molecular biolo-
gy. Intramedullary spinal cord tumors (IMSCTs) are rare CNS tumors that are difficult to
treat because they occur in eloquent areas. Although the genetic underpinnings of IMSCTs
remain unclear compared to their intracranial counterparts, the genetic characteristics of
these tumors are gradually being revealed. Here, we describe the major changes in the new
2021 WHO classification and review the major types of IMSCTs, with an emphasis on their
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INTRODUCTION

Central nervous system (CNS) tumors, which arise from the
brain and spinal cord, are classified into over 120 entities. World
Health Organization (WHO) Classification of Tumors of the
Central Nervous System has been revised on several occasions
since its first publication in 1979." In the prior version of the
WHO dlassification, CNS tumors were classified based on their
histological findings with a diagnosis term and WHO grade (I-
IV) embedded. However, recent comprehensive genomic stud-
ies revealed that an integrated diagnosis based on pathological
and molecular findings more accurately predicted the progno-
sis than a diagnosis based on pathological findings alone. An
integrated diagnosis with molecular information was first pre-
sented in the 2016 WHO classification,** and the latest version
was published in 2021.*
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clinical features and genetic alterations.

Keywords: Intramedullary spinal cord tumor, Astrocytoma, Ependymoma, Hemangio-
blastoma, Genomics, Genetics

Although intramedullary spinal cord tumors (IMSCTs) are
included in the category of CNS tumors, they are much less com-
mon than intracranial tumors and their molecular and genetic
studies considerably lag behind those of intracranial tumors.
IMSCTs account for 5%-10% of all spinal cord tumors, with
ependymomas and astrocytomas comprising 80%-90% of IM-
SCTs.>” Hemangioblastomas are the third most common IM-
SCT5, after ependymomas and astrocytomas.® Recent advances
in molecular and genetic research have revealed that some in-
fratentorial tumors, including IMSCTs, have different genetic
characteristics from supratentorial tumors.”!" In this article, we
discuss the major changes in the 2021 WHO classification of
CNS tumors and present a narrative review of the literature on
recent molecular and genetic analyses that characterize the ma-
jor types of IMSCTs.

Informed consent was obtained from all subjects involved in
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the study. This study was approved by the Ethics Committee or
Institutional Review Board of Nagoya University (2012-0067-
19).

MAJOR CHANGES IN THE 2021 WHO
CLASSIFICATION OF CENTRAL
NERVOUS SYSTEM TUMORS

CNS tumors were conventionally classified based on histo-
logical findings. Molecular parameters were incorporated into
the classification of CNS tumors (i.e., an integrated diagnosis)
in the 2016 WHO classification of CNS tumors and its update
in 2021.>* The process of an integrated diagnosis for CNS tu-
mors is still developing in the 2021 WHO classification of CNS
tumors, where various key diagnostic genes, molecules, path-
ways are applied to define entities, and the nomenclature was
made more consistent and simpler by only including the loca-
tion, age, or genetic modifiers of clinical utility. Modifier terms
like “anaplastic” are not used because “grading within types” is
applied. Thus, terms such as “diffuse astrocytoma, IDH-mutant,”
“anaplastic astrocytoma, IDH-mutant;” and “glioblastoma, IDH-
mutant” in the 2016 WHO classification of CNS tumors are
now simply classified as “astrocytoma, IDH-mutant grade 2, 3,
and 47 Adult-type diffuse gliomas, which were divided into 15
entities in 2016, have been classified into only 3 types in 2021.
To standardize the 2021 WHO classification of CNS tumors
with other non-CNS tumor classifications, the term “type” and
“subtype” have been adopted instead of “entity” and “variant,”
respectively. For example, meningioma is considered a single
type in the 2021 WHO classification of CNS tumors with 15
subtypes.

The WHO CNS tumor classification has adopted an original
grading system in line with the non-CNS tumor classification
to facilitate grading across different entities."” In the prior WHO
classification of CNS tumors, a CNS was given one diagnosis
name and automatically assigned to one WHO grade. In the
2021 classification, CNS tumors are graded within types and
the grading is written using Arabic numerals, not Roman. For
example, astrocytoma is assigned to grade 2, 3, or 4 based on its
histological and genetic findings in 2021. Nonetheless, the 2021
WHO classification has generally retained the ranges of grades
used for tumor types in prior editions (grade I: curable if surgi-
cally removed, grade IV: highly malignant, leading to death with-
out effective therapy). Notably, although grading was based on
histological findings in the prior version of the WHO classifica-
tion of CNS tumors, molecular findings are applied as biomark-

https://doi.org/10.14245/ns.2244168.084

ers to assign grades within the tumor type in the 2021 WHO
classification of CNS tumors. The WHO grading of CNS tu-
mors is no longer a histological system. For example, CDKN2A/
B in IDH-mutant astrocytoma and the TERT promoter muta-
tion, EGFR amplification, and +7/-10 copy number changes in
IDH-wildtype astrocytoma are enough information to assign
grade 4 even if the tumor is histologically low-grade.”

THE CLINICAL FEATURES AND
GENETIC FINDINGS OF
INTRAMEDULLARY SPINAL CORD
TUMORS

1. Spinal Astrocytomas

Astrocytomas are the second most common IMSCTs observed
in adults, but the most common in children.” Several recent
studies have demonstrated a clear prognostic difference between
high-grade (WHO grade 3, 4) and low-grade spinal astrocyto-
mas (mainly pilocytic astrocytoma WHO grade 1 and diffuse
astrocytoma WHO grade 2).>7 Therefore, we discuss spinal
high-grade and low-grade astrocytomas separately, with de-
scriptions of the important genetic mutations in each category.

1) High-grade astrocytomas

Gross total resection (GTR) is almost impossible for most
high-grade astrocytomas, and subtotal resection or biopsy fol-
lowed by radiation and chemotherapy is performed as the stan-
dard treatment in practical settings. Even with such treatment,
the prognosis of these tumors is unfavorable (Fig. 1). Thereis a
survival advantage with an excision extent of 78% or higher in
intracranial glioblastoma, comparable to total excision." Even
in spinal high-grade astrocytomas, the extent of excision might
be correlated with the prognosis, although the exact threshold
of the extent of excision that improves the prognosis has yet to
be clarified.”'® The benefits of adjuvant radiation and chemo-
therapy are controversial, although they are often performed

for patients with residual tumors.>'¢*®

(1) H3 K27M

The H3 K27M mutation of the H3F3A gene is the most im-
portant and well-established genetic mutation in high-grade
astrocytomas (Table 1). Histones are major proteins that pro-
vide structural support for chromosomes. The histone tail (the
N-terminal of the histone protein) plays an important role in
the transcriptional regulation of DNA. Histone tail amino acids
undergo various chemical modifications such as acetylation
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and methylation. The major histone is H3.1 in humans, and the
histone subtypes referred to as histone variants, such as H3.2 and
H3.3, are functionally encoded by a different gene. The K27M

Fig. 1. Diffuse midline glioma, H3K27-altered. (A) A 15-year-
old male patient with neck pain and limb weakness for 2 months
presented with an intramedullary tumor with ring enhance-
ment on gadolinium-enhanced T1-weighted magnetic reso-
nance imaging (MRI) from the medulla oblongata to the C4
level on MRI. (B) T2-weighted MRI showed extensive edema-
tous changes. (C) The tumor was surgically removed, although
MRI one month later showed residual tumor. A histopatho-
logical examination showed anaplastic astrocytoma; however,
the H3 K27M mutation was found, and the final diagnosis
was diffuse midline glioma, H3K27-altered. After surgery, the
patient underwent radiotherapy and chemotherapy. (D) Fif-
teen months after the first surgery, MRI showed tumor regrowth,
and the patient died 21 months after surgery.

Table 1. Summary of intramedullary spinal cord tumors

mutation changes lysine 27 to methionine in the N-terminus of
the histone tail of the H3F3A gene, which mainly encodes the
histone variant H3.3. This mutation is frequently detected in
pediatric glioblastomas, diffuse intrinsic pontine gliomas (DIP-
Gs), thalamic gliomas, and spinal cord astrocytomas'®*'; howev-
er, it is not found in other CNS tumors or normal nerve tissues.
This indicates that H3 K27M is a driver gene abnormality in
brain stem gliomas and could be a powerful diagnostic marker
of spinal diffuse astrocytomas.”

In the 2016 WHO classification of CNS tumors, diffuse mid-
line gliomas with the H3 K27M mutation were categorized as
having a poor prognosis following the results of molecular di-
agnosis. Diffuse midline gliomas, characterized by a specific
site mutation of H3 K27M, usually occur in the midline of the
CNS, and this entity was renamed “diffuse midline glioma, H3
K27-altered” to reflect the fact that other changes (e.g., EZHIP
protein overexpression) can define this entity in addition to the
previously recognized H3 K27 mutations in the fifth edition of
the WHO Brain Tumor Classification (2021).*

According to recent studies of comprehensive molecular pro-
filing of CNS tumors, approximately 50%-60% of high-grade
spinal astrocytoma cases have the H3F3A K27M (H3 K27M)
mutation, as do DIPGs and thalamic gliomas.*'**"*

H3 K27M-mutant spinal cord gliomas are highly malignant
tumors according to the WHO classification; however, their
clinical manifestations, imaging characteristics, chemotherapy,

Tumor type Gene mutation Incidence Clinical implications
High-grade H3 K27M About half of spinal high-grade astrocytomas were de- ~ H3 K27M mutation is associated with high
astrocytomas scribed to harbor the H3 K27M mutation. malignancy, regardless of the histopatho-
logical findings.
Low-grade BRAF Although not restricted to spinal cord lesions, more than KIAA1549-BRAF mutation is correlated
astrocytomas 75% of PA harbor the KIAA1549-BRAF mutation, and  with better prognosis.
about 6% harbor the BRAF V600E mutation. BRAF V600E is associated with more ag-
The frequency of the mutation in DA is unknown. gressive behavior in pediatric low-grade
astrocytomas.
IDH Although common in intracranial counterparts, it seems The relationship with the prognosis in spi-

to be quite rare in spinal cord lesions.

Spinal ependymomas NF2
mas.

nal astrocytomas is controversial because
of its rarity.

NF2 mutation is not apparent in intracranial ependymo- Driver mutation for spinal cord ependymo-

mas.

MYCN amplifi- Most likely present in a quite small number of patients in It has characteristic clinical features and

cation spinal ependymoma.

Spinal hemangioblas- VHL
tomas
tion.

correlates with poor prognosis.

Most cases of VHL disease are associated with HBand  Benign vascular lesion.
some patients with sporadic HB carry the VHL muta-

PA, pilocytic astrocytoma; DA, diffuse astrocytoma; HB, hemangioma.
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and appropriate surgical treatment have not yet been well-elu-
cidated due to their rarity. At present, there are few reports about
the diagnosis and treatment of H3 K27M-mutant spinal cord
gliomas.?***** Although H3 K27M-mutant diffuse midline glio-
mas have currently been classified as WHO grade IV, recent
studies on high-grade gliomas of the spinal cord have not re-
vealed a clear prognostic difference between the prognosis of
H3 K27 wild-type cases and H3 K27M mutant cases.**** How-
ever, high enhancer of zeste homolog 2 (EZH2) expression and
H3 K27me3 loss may be associated with a poor prognosis.”>*
The interaction between the H3 K27M mutation and polycomb
repressive complex 2 is promoted by EZH2. This interaction
results in an overall reduction of H3 K27me3, as observed in
tumors other than spinal cord gliomas. Ishi et al.** found that
the combination of H3 K27me3 status and EZH2 expression
had prognostic value for WHO grade 2-4 diffuse spinal cord
gliomas. Maeda et al.” reported that mutant allele-specific im-
balance was associated with significantly higher Ki-67 index and
poorer survival, and related to downregulation of H3 K27me3
modification.

2) Low-grade astrocytomas

The majority of spinal cord low-grade astrocytomas are grade
1 pilocytic astrocytomas and grade 2 astrocytomas. These tu-
mors have been reported to have a better prognosis than high-

grade astrocytomas.**' Surgical resection is the mainstay of treat-
ment for patients with low-grade spinal cord astrocytoma with
the intention of maximizing resection and avoiding long-term
neurological dysfunction. GTR may be possible in cases with a
clear tumor-parenchyma interface (Fig. 2). It is difficult to achieve
GTR with more invasive tumors, such as grade 2 astrocytoma,
although a better prognosis is expected than with high-grade
astrocytoma because of their slower growth pattern (Fig. 3).

(1) BRAF

Two major mutations have been noted in BRAF: a fusion on-
cogene between BRAF and KIAA1549 (KIAA1549-BRAF), and
the substitution of valine to glutamate at position 600 (BRAF
V600E).” These genetic mutations have been reported to acti-
vate the mitogen-activated protein kinase (MAPK) pathway,
which is associated with tumorigenesis.”** Pilocytic astrocyto-
mas harboring the BRAF V600E mutation account for about
5%-15% of all cases,” and the KIAA1549-BRAF fusion gene is
more likely to be detected, especially in infratentorial lesions****
(Table 1). In a study including 10 cases of grade 1 spinal cord
pilocytic astrocytomas, there were 3 cases with BRAF-KIAA1549
translocation and 5 cases with BRAF copy number gain.** An-
other study that included 26 grade 1 spinal cord pilocytic astro-
cytomas revealed that 10 patients harbored the KIAA1549-BRAF
mutation and 1 patient harbored the BRAF V600E mutation.”

Fig. 2. Pilocytic astrocytoma, World Health Organization grade 1. (A-D) An 18-year-old man scheduled for surgery for scoliosis
revealed a mass lesion at T8-12 with syrinx. The tumor was shown in contrast by gadolinium-enhanced T1-weighted magnetic
resonance imaging (MRI) (arrow: tumor, arrowhead: syrinx). During the waiting period for surgery, the patient suffered from
sudden onset of paralysis of the lower limbs and urinary retention, and emergency surgery was performed. The tumor had a rel-
atively distinct surgical plane that separated it from the surrounding spinal cord parenchyma, and almost the entire tumor could
be removed. Thirty-one months later, MRI showed that a tiny contrast-enhancing lesion was still present (E, G) and the syrinx
resolution (F). At 40 months postoperatively, the patient’s neurological symptoms were stable.
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Fig. 3. Diffuse astrocytoma, World Health Organization grade 2, IDHI R132H mutant. A 42-year-old woman experienced numb-
ness in both lower extremities for about 3 years and numbness in the right upper extremity and muscle weakness in the right
lower extremity for 2 months. Magnetic resonance imaging (MRI) revealed an intramedullary spinal tumor at the C5-T3 levels.
The tumor diffusely expanded with high signal intensity on T2-weighted MRI (A, C, D) and without any enhancements on gad-
olinium-enhanced T1-weighted MRI (B). It was difficult to identify a distinct surgical plane for the tumor, and partial removal
was achieved. The tumor was diagnosed as diffuse astrocytoma, IDHI R132H mutant. Forty-two months later, MRI showed no

evidence of tumor growth (E), and her symptoms were stable.

BRAF mutations have also been reported in grade 2 spinal
cord astrocytomas. In a study including 10 cases of grade 2 spi-
nal cord diffuse astrocytomas, 1 case had BRAF-KIAA 1549 trans-
location and 2 cases had BRAF amplification.”® Another study
that included 17 grade 1 spinal cord pilocytic astrocytomas re-
vealed that 2 patients harbored the BRAF V600E mutation.”
Low-grade gliomas with BRAF mutations can be classified into
new tumor types according to the 2021 WHO classification. Re-
flecting the practical and conceptual importance of separating
pediatric gliomas from other diffuse gliomas, 2 additional groups
were added: pediatric diffuse low-grade gliomas and pediatric
diffuse high-grade gliomas. “Diffuse low-grade glioma, MAPK
pathway-altered” in the group of pediatric diffuse low-grade
gliomas is defined as a pediatric glioma with broad histologic
features, including astrocytic, oligodendroglial, or mixed mor-
phology that shows activation of the MAPK pathway, such as
BRAF mutations.*

The influence of BRAF mutations on the prognosis remains
controversial. Some studies have shown that the KIAA1549-
BRAF fusion is associated with improved prognosis in pediatric
low-grade astrocytomas,*****" while another report revealed that
the absence of the KIAA1549-BRAF fusion did not contribute
significantly to the prognosis of spinal cord grade 1 pilocytic
astrocytomas.” The BRAF V600E point mutation is thought to
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be associated with more aggressive behavior in pediatric low-

grade astrocytomas.®

(2) IDH

Isocitrate dehydrogenase (IDH) mutations were first identi-
fied in 2008 in intracranial glioblastoma*' and in >80% of WHO
grade 2 and 3 cases.*>* Because IDH mutations are associated
with the prognosis of intracranial gliomas,** IDH mutations
are considered clinically significant, and the 2021 WHO classi-
fication classifies the common diffuse gliomas of adults into 3
types: “astrocytoma, IDH-mutant”; “oligodendroglioma, IDH-
mutant and 1p/19q-codeleted”; and “glioblastoma, IDH-wild-
type”* However, IDH mutations are extremely rare in spinal
gliomas and their incidence in spinal cord gliomas is not well
understood*>* (Table 1). According to the results of immuno-
histochemistry and Sanger sequencing for 120 midline gliomas,
including 35 spinal gliomas, 61 patients tested positive for the
H3 K27M mutation, while only 2 cases exhibited the IDHI R132H
mutation.” In another study examining the molecular charac-
teristics of 83 spinal gliomas, there were no IDHI1 mutations,
although H3 K27M mutations were found in 35 cases.® Further-
more, the results of the genetic analysis of spinal cord gliomas
by next-generation sequencing (NGS) have been recently re-
ported. NGS for 61 intramedullary astrocytomas including 17
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grade 2 diffuse astrocytomas, revealed 2 cases of IDH mutations.”
In another study of NGS for 26 spinal astrocytomas, there were
2 IDH mutation cases.” Thus, spinal cord gliomas are less likely
to harbor the IDH mutation than intracranial gliomas.

In addition, the majority of IDH gene mutations in intracra-
nial gliomas are IDHI R132H*; however, the IDH mutation vari-
ants found in spinal cord gliomas may be different from those
found in intracranial gliomas. A recent retrospective study fur-
ther supports this hypothesis. In this study of IDHI R132H mu-
tant gliomas and noncanonical IDH-mutant (not IDHI R132H)
gliomas, none of the 166 IDHI R132H mutant gliomas includ-
ed an infratentorial region, while nine of 155 (5.5%) noncanon-
ical IDH-mutant gliomas were infratentorial regions.”” Intra-
cranial gliomas and infratentorial gliomas including the spinal
cord seem to have different genetic underpinnings. Even though
IDH-mutant spinal gliomas are very rare, several spinal gliomas
with variants other than IDH1 R132H have been reported, and
IDH]I R132H mutations are probably not so prevalent in spinal
gliomas. Konovalov et al.* reported 5 cases of spinal cord astro-
cytomas with IDH mutations: 2 had IDHI R132H mutations,
while 1 had an IDHI R132G mutation. In addition, the remain-
ing 2 cases had translocations at positions 82 (Arg > Lys, R82K)
and 76 (Ile > Thr, 176T) of the IDHI gene, which had never been
described in intracranial gliomas in the past. In another study,
Takai et al.* reported one case of spinal astrocytoma with an
IDHI R132S mutation, and we previously reported 2 cases with
IDH]I R132C and IDHI R132H mutations, respectively.”” There
is also a report of spinal cord glioma with IDH2 R172.*' Even
though IDH-mutant spinal gliomas are very rare, several spinal
gliomas with variants other than IDHI R132H have been report-
ed, and IDHI1 R132H mutations are probably not very prevalent
in spinal gliomas. Therefore, Immunohistochemistry using an
anti-IDH1 R132H antibody, which is commonly used for intra-
cranial gliomas, is not sufficient for spinal gliomas, and genetic
testing is desirable.

The prognostic impact of IDH mutations in spinal cord glio-
mas is controversial.”*"****** Because IDH mutations are rare in
spinal gliomas, the current knowledge of IDH mutations and
the associated prognosis is inadequate. However, the prognosis
of IDH-mutant spinal gliomas does not seem to be different de-
pending on the IDH variant. A study of IDH variants and pa-
tients’ prognosis found no significant difference in prognosis
between IDHI1 R132H mutant glioma and noncanonical IDH-
mutant glioma.*” The clinical significance of IDH mutations in
spine gliomas needs to be confirmed in a larger cohort.

https://doi.org/10.14245/ns.2244168.084

Fig. 4. Spinal ependymoma. A 44-year-old woman who had
been treated for multiple intracranial meningiomas developed
numbness in her right upper extremity. Magnetic resonance
imaging (MRI) revealed an intramedullary tumor at the C5-6
level with an enlarged spinal cord. (A) T2-weighted MRI showed
a hyperintense tumor with a syrinx and a partially hypoin-
tense lesion reflecting hemosiderin. (B) The tumor was shown
in contrast by gadolinium-enhanced T1-weighted MRI. Tu-
mor removal was performed via a posterior approach, and
gross tumor resection was achieved because the surgical plane
of the tumor was clear. (C, D) T2-weighted MRI 67 months
after surgical removal showed low intensity that reflected he-
mosiderin, whereas there was no evident tumor recurrence
and no enhancement on gadolinium-enhanced T1-weighted
MRL

2. Spinal Ependymomas

Spinal ependymomas are the most common IMSCTs.>*"*
Almost all ependymomas are benign tumors with clear tumor
borders, and long-term survival can be expected by targeting
GTR (Fig. 4).*” Therefore, the long-term functional prognosis

should also be considered in the treatment.**’

1) NF2

Neurofibromin (NF2) gene mutations are driver mutations
for spinal cord ependymomas and appear to be the most preva-
lent genetic mutations in spinal ependymomas® (Table 1). Pa-
jtler et al." analyzed about 500 ependymomas, including 47
spinal lesions and revealed that most spinal ependymomas had
a loss of the 22q locus, which harbors the NF2 gene, although
NF2 mutations were not seen in intracranial ependymomas. In
another study, 47% (9 of 19) of spinal ependymomas had NF2
mutations.”” NF2 is a tumor suppressor gene, and aberrations
of the NF2 gene make cells less responsive to contact inhibition,
thereby promoting tumorigenesis.”

2) MYCN amplification

“Spinal ependymoma, MYCN-amplified” is a new category
in the 2021 WHO dlassification.* Although MYCN-amplified
ependymomas are very rare, they are associated with aggressive
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behavior and unfavorable outcomes®®' (Table 1). Ghasemi et
al.” investigated 13 MYCN-amplified ependymomas, of which
10 were WHO grade 3 and 3 were WHO grade 2 on histopath-
ological examination. Compared to other subtypes of ependy-
momas, these groups had worse median progression-free sur-
vival (17 months) and median overall survival (87 months).
These tumors were also characterized by a favored location of
the cervical and thoracic spine, and were predominantly intra-
dural and extramedullary.®® The presence of diffuse leptomen-
ingeal spread and dissemination has also been revealed as a dis-
tinctive feature of these tumors. Further study is required to de-
velop new strategies to improve the prognosis of patients with
MYCN-amplified spinal ependymoma.

3. Spinal Hemangioblastomas

Spinal cord hemangioblastomas are benign vascular lesions
and constitute the third most common IMSCTs.* Surgical re-
section is recommended in cases of symptomatic lesions or le-
sions that appear to be growing on repeat imaging studies. Be-
cause hemangioblastoma generally shows a well-defined tumor
border that allows GTR, radiotherapy has a limited role.>** Al-
though these are vascular-rich tumors, intraoperative hemor-
rhage is generally not a problem due to the availability of tech-
niques such as temporary intraoperative arterial occlusion and
preoperative embolization (Fig. 5).*% Although hemangioblas-

Fig. 5. Hemangioblastoma. A 44-year-old man presented with
numbness in the right upper extremity and right paralysis. A
radiological examination revealed a tumor at the C5 level. (A)
T2-weighted MRI showed a well-defined tumor with a syrinx
and flow void. (B) The tumor was strongly shown in contrast
with gadolinium-enhanced T1-weighted magnetic resonance
imaging (MRI). (C) Dynamic computed tomography angiog-
raphy also showed a strongly contrasted tumor with dilated
feeder and drainer. Preoperative angiography and feeder oc-
clusion were performed, and the tumor was totally resected
microscopically via a posterior approach. Immediately after
surgery, the patient’s symptoms improved. (D) Thirty-six months
later, MRI showed no recurrence of the tumor and the syrinx
had collapsed.
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toma regrowth is very rare once the tumor is completely removed,
patients with von Hippel-Lindau (VHL) disease may show mul-
tiple hemangioblastomas with new lesions repeatedly arising.

1) VHL

Approximately 20% to 40% of patients who develop heman-
gioblastomas have VHL disease,” which is an inherited disor-
der that causes multiple tumors and cysts in various parts of the
body (Table 1). Glasker et al.”” reported that 94% of VHL dis-
ease-associated hemangioblastomas harbor VHL mutations and
62% exhibit loss of heterozygosity (LOH) at the VHL locus
(3p25-56). By contrast, of 13 sporadic hemangioblastomas, 23%
expressed germline mutations in VHL and 50% had LOH of
the VHL locus.” The VHL gene encodes an E3 ubiquitin ligase
that targets hypoxia-inducible factor-1a (HIF-a), which is known
to be a regulator of vascular growth.” Mutations or deletions of
the VHL gene cause cells to be unable to adequately degrade
HIF-q, leading to vascular proliferation. Activated HIF-a and
vascular endothelial growth factor were found to be correlated

and increased in VHL mutant cells.*>

CONCLUSION

The discovery of the genetic and molecular mechanisms of
CNS tumors is beginning to impact the management of intra-
cranial tumors, with improved predictions of prognosis and
availability of targeted therapy. The 2021 WHO classification
has been modified to reflect these facts. However, the genetic
underpinnings of spinal cord tumors remain less well under-
stood as those of their intracranial counterparts due to their
rarity and difficulty in treatment because of their location in el-
oquent areas. Molecular and genetic differences exist between
tumors located in the spinal cord and intracranial regions, even
within the same pathological type. Therefore, further genetic
studies on IMSCTs are warranted in order to develop novel ther-
apies and improve the prognosis of patients suffering from these
challenging tumors.
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Objective: To comprehensively characterize the utilization of alginate hydrogels as an alter-
native treatment modality for spinal cord injury (SCI).

Methods: An extensive review of the published literature on studies using alginate hydro-
gels to treat SCI was performed. The review of the literature was performed using electronic
databases such as PubMed, EMBASE, and OVID MEDLINE electronic databases. The
keywords used were “alginate,” “spinal cord injury,” “biomaterial,” and “hydrogel.”

Results: In the literature, we identified a total of 555 rat models that were treated with algi-
nate scaffolds for regenerative biomarkers. Alginate hydrogels were found to be efficient and
promising substrates for tissue engineering, drug delivery, neural regeneration, and cell-
based therapies for SCI repair. With its ability to act as a pro-regenerative and antidegenera-
tive agent, the alginate hydrogel has the potential to improve clinical outcomes.
Conclusion: The emerging developments of alginate hydrogels as treatment modalities may
support current and future tissue regenerative strategies for SCI.

Keywords: Spinal cord injury, Alginate hydrogel, Biomaterial, Tissue regeneration

Spinal cord injury (SCI) is a traumatic life-changing patholo-
gy with substantial physical, emotional, and socioeconomic im-

Biomaterial engineers and physician-scientists have come to-
gether to create innovative solutions as the burden of chronic
diseases rises worldwide.! While the application of injectables
and enhanced medical device systems of synthetic materials
has led to breakthrough outcomes, the biomaterial’s reactivity
with the biological system can lead to cytotoxic immunological
effects.' This has created a bottleneck in the development of
biomaterial-based treatments that can promote optimal physi-
ological functions while remaining chemically inert.” Recently,
biomolecular and cell-based approaches have taken the spot-
light in treating a wide variety of pathologies, with spinal condi-
tions now at the forefront of biomedical research.’
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plications on the patient.’ SCI outcomes often include partial or
complete loss of sensory and motor function below the injury
level. The therapeutic role of biomaterials, such as hydrogels,
has previously been evaluated extensively as a regenerative mo-
dality. In general, hydrogels are separated into naturally derived
and synthetic forms. The natural forms may be derived from
chitosan, hyaluronan, collagen, agarose, or alginates.* Synthetic
forms may be derived from polyethylene glycol, polyurethane,
and poly(-e-caprolactone) which have been U.S. Food and Drug
Administration approved for use in humans subjects.>” Hydro-
gel materials have also been found to occupy the injury site and
take on a variety of shapes for in situ gelations. Once incorpo-
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rated, their soft, highly porous, and 3-dimensional (3D) struc-
ture can mimic the extracellular matrix (ECM) environment to
support damaged spine tissue.®

The introduction of alginate hydrogels into clinical spine re-
search may drive the application of biomaterials in mainstream
spinal care.” Alginates in their basic forms are a family of natu-
rally occurring polysaccharides that are purified from brown
algae."*!" Historically, alginates have been utilized in several in-
dustries. For example, in the food industry, it is used as an addi-
tive for food stabilization or as a binding agent.”> When alginates
are hydrated, they form into a viscous, hydrophilic, and biocom-
patible hydrogel. > This key feature is valuable due to the broad
range of its applicability, particularly in tissue engineering in re-
generative medicine, where it can be designed to mimic the me-
chanical integrity of natural-human tissue.>"* Herein, we describe
alginate hydrogels’ properties while presenting their functional
outcomes in SCI. We also aim to provide an overview of the cur-
rent advances in spinal care related to this biomaterial and de-
pict its value in future treatment considerations.

METHODOLOGY

A comprehensive search of the literature was performed us-
ing electronic databases such as PubMed, EMBASE, and OVID
MEDLINE electronic databases. The keywords used were “algi-

nate,” “spinal cord injury;” “biomaterial,” and “hydrogel” Studies
that did not discuss alginate hydrogels, conference abstracts, or

Brown Seaweed

Alginate Hydrogel
Injection

Polysaccharides;
D-mannuronic acid

Fig. 1. Overview of alginates use in spinal cord injury.
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non-English articles were omitted. Our search yielded 180 arti-
cles, of which 81 were selected for inclusion in our review.

GENERAL PROPERTIES

1. Composition

Alginates are polysaccharides extracted from brown algae;
these include Laminaria hyperborea, Laminaria digitata, Lami-
naria japonica, Ascophyllum nodosum, and Macrocystis pyrif-
era.” D-mannuronic acid constitutes the primary component
in alginate hydrolysate, which is made of guluronic acid.'® Fur-
ther characterization has shown that alginate is composed of
homopolymeric blocks of (1, 4)-linked beta-D-mannuronic
acid (M-residues) and alpha-L-guluronic acid (G-residues) ar-
ranged in diaxial links (Fig. 1)."” The ratio of the 2 polymers de-
pends on the algae of origin."”'® Alginate readily forms a hydro-
gel in the presence of crosslinking agents such as divalent cat-
ions.” Crosslinking occurs through carbodiimide coupling or
Schiff base reactions. Gelation could also occur as a result of a
physical network stabilized from hydrophobic interactions with-
in the alginate backbone." This composition allows for a high
water retention capacity that ranges between 20%-90% of its
original mass, a characteristic that improves its biocompatibility
for biomedical applications.”® Alginate hydrogels can also be
easily modified in their chemical composition; thus their mo-
lecular weights can vary. The molecular weights of alginate range
from 32,000 and 400,000 g/mol."”" Increasing the molecular

\ Enhanced Proteoglycan Synthysis

Facilitated Drug Delivery

Scaffold Incorporation

Enhanced neuronal
reconnections and axonal
regeneration

Promoted astroglial migration

Biosensor of physiologic
< environment
| o
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weight of alginate can modify the hydrogel’s physical proper-
ties, however, it can also elevate the viscosity level, which is un-
desirable for biomedical applications.*** By manipulating the
molecular weight, the hydrogel’s chemical and physical proper-
ties can be directed toward various biomedical applications.”
Alginate-derivatives such as cell-interactive alginate and am-
phiphilic-alginate create specific drug delivery vehicles while
influencing cell-based behaviors.** For example, covalent cou-
pling with biomolecules such as gelatin or tripeptides like argi-
nyl glycyl aspartic acid can provide cell-specific binding sites,
making them more suitable in drug delivery.** Krebs et al.” in
2010 demonstrated the use of an injectable system for localized
gene delivery of calcium phosphate-DNA nanoparticles using
alginate hydrogels containing proteo-blastic cells for in vivo os-
teogenesis. Another study by Lawson et al.*® demonstrated the
ability of alginate gels containing collagen type 1 and beta-tri-
calcium phosphate to enhance human cell growth and differen-
tiation in vitro before implantation. The role alginate hydrogels
may play in drug delivery has also previously been demonstrat-

1.29

ed. In a study by Gao et al.” in 2020, modified pH-responsive
alginate hydrogel beads were demonstrated to effectively increase
the concentration of berberine hydrochloride delivery within
the gastrointestinal tract, thus showcasing their potential role in
sustained drug delivery via oral administration.

Finally, synthetic polymers can be structurally altered to in-
fluence different degradation, mechanical or chemical proper-
ties. In comparison, however, natural hydrogels, such as alginates,
display structural similarities like that of the human ECM. Al-
ginates share structural similarity with hyaluronic acid which is
a major component of the brain and spinal cord ECM. This
biomechanical similarity allows natural-derived alginates to be
incorporated within live tissues and reduce the inflammatory
processes or immunological reactions often associated with
synthetically derived hydrogels.**** Alginate hydrogels can be
delivered in vivo through minimally-invasive techniques, in-
cluding direct injection, emphasizing the ease of clinical appli-

cations.*

2. Hybrid Hydrogels

Hydrogels may be composed of a mixture of several biomate-
rials. These mixtures allow for specialized properties, depend-
ing on the desired characteristics. Alginates have been combined
with polyacrylamide to achieve increased stiffness.” Hydrogels
made of alginate and chitosan are also used in combination as
biomaterials to generate a hybrid hydrogel. Chitosans are cat-
ionic polysaccharides produced by the deacetylation of chitin;
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this makes them favorable in combination with alginates for the
delivery of anionic compounds such as nucleic acids.*** When
combined, the alginate-chitosan hybrid forms polyelectrolyte
complexes with increased stability”** Hybrid hydrogels [NNMI]
are being tested in the field of regenerative medicine for wound
healing, bone healing, and tissue engineering.’**'** Recently,
Steinle et al.*® explored the role of chitosan-alginate hybrid hy-
drogels for the continuous delivery of synthetic mRNA to ob-
tain a sustained release of exogenous protein (humanized gauss-
ia Luciferase). Results demonstrated the drug delivery potential
of the hybrid hydrogel for the sustained release of synthetic nRNA
into cells.

3. Regenerative Potential

The possibility of modifying the molecular weight and de-
gree of crosslinking makes hydrogels, including alginate hydro-
gels, novel option for treating spinal pathologies.'*** Slight
modifications to the polymeric chain structure, such as ionic,
covalent and thermal crosslinking of the gels during the manu-
facturing process, have extended the hydrogels versatility as a
bulking agent in rat models.” Alginates have been described as
“antidegenerative” and “pro-regenerative” agents, making them
a good candidates to be studied in spinal pathologies such as
SCIL.* Several studies have demonstrated the use of alginate hy-
drogels as a matrix for neural stem cell growth.*** Ashton et
al.*’ previously demonstrated a method for creating alginate hy-
drogel scaffolds incorporated with poly(lactide-co-glycolide)
microspheres with adjustable degradation rates in stem cell cul-
tures. The authors highlighted a significant increase in the rate
of expansion of neuronal progenitor cells cultured in degrading
hydrogel alginates. Another study by Novikova et al.*' in 2005
showed that alginate hydrogels combined with fibronectin pro-
moted olfactory ensheathing cells proliferation. This study sug-
gested the use of ECM when engineering biosynthetic scaffolds
based on alginate hydrogels. Furthermore a study by Banerjee
et al.”> in 2009 investigated the effects the modulus of alginate
hydrogels has on the proliferation and differentiation of neural
stem cells. Kataoka et al.”* also demonstrated nerve outgrowth
and astrocyte reactions at the stump of 2 transected spinal cords
of young rats implanted with alginates at the site of the lesion.
Significant growth was seen in comparison to collagen gels serv-
ing as controls. Altering the concentration of alginate and calci-
um ions, the authors demonstrated enhancement in expression
of B-tubulin III within alginate hydrogel scaffolds.”

https://doi.org/10.14245/ns.2244186.093
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THERAPEUTIC POTENTIAL

1. SCI Overview

SClI is a potential field for alginate hydrogel implementation.
SCI is a complex disorder that affects over 180,000 people an-
nually worldwide."’ It commonly manifests into long-term im-
pairments such as loss of motor/sensory function and loss of
autonomous function of breathing, sexual function, and blad-
der control."” The pathophysiology of SCI is complex, where
the trauma to the spinal cord can institute a cascade effect of
biochemical and cellular responses that trigger apoptosis in neu-
rons and glial cells that lead to lesion development.” The func-
tional deficits due to SCI are typically permanent because af-
fected neurons have limited regenerative ability and are often
exposed to inhibitory molecules that prevent regeneration.>**
Rehabilitative approaches and epidural stimulation remain the
only treatment modalities, despite the significant efforts to find
alternative therapeutic strategies. Advances in polymer science
have identified that biomaterial hydrogels, such as alginate hy-
drogels, may promote spinal regeneration of damaged tissues in
animal models.® The properties of alginates, including their
versatility, biocompatibility, lack of toxicity, ease of gelation, and
biomechanical similarity to that of the ECM, may be valuable
for spinal cord regeneration.” As such, the utility of alginate
hydrogels in spinal care has been explored extensively (Table 1).

2. Hydrogel Scaffolding

Prang et al.”” demonstrated the feasibility of alginate hydrogel
scaffolds for axonal regrowth using in vitro and adult rat mod-
els after acute SCI. In an entorhinal-hippocampal slice culture
model, anisotropic capillary hydrogels supported directed cen-
tral nervous system axonal growth and permitted longitudinal-
ly oriented reinnervation in vitro and integration into the spinal
cord without major inflammatory reactions in vivo.” In a study
in 2015 by Guinther et al.,*® 2-mm long alginate hydrogels seed-
ed with bone marrow stromal cells (BMSCs) expressing brain-
derived neurotrophic factor (BDNF) or green fluorescent pro-

Table 1. Usage of biomaterial in clinical practice

Potential clinical applications for biomaterials

Use as medical implants for cartilage or bone tissue replacement
Facilitate drug delivery

Enhance neural and tissue regeneration

Promote tissue and wound healing

Act as biosensors for the detection of the physiological environment
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tein as control were implanted into the C5 hemisection lesion
of a rat spinal cord. On the 4-week assessment, numerous BM-
SCs appeared in the scaffold channels along with macrophages,
blood vessels, and Schwann cells. Moreover, axon numbers
were 3-4x higher in the alginate group compared to the con-
trol.”® Lesions filled with BMSCs without alginate hydrogels
presented random axon orientation, compared to axons in algi-
nate-based scaffolds, which showed axons in linear orientation

1.8 These indications show

concerning the hydrogel channel wal
that alginate hydrogel scaffolds can play a crucial role in guid-
ing axonal regeneration. Another study by Tobias et al.*” in
2001 found that BDNF-producing fibroblast grafts encapsulat-
ed within an alginate-poly-L-ornithine scaffold survived, pro-
liferated, and continued to secrete BDNF for at least one month
in culture. Encapsulation further permitted retention of bioac-
tivity and allowed graft survival in a spinal cord despite the ab-
sence of immunosuppression. This subsequently fostered an
environment adequate for axonal growth. In a further study in
2005, Tobias et al.*® examined the effects of the same alginate-
based grafts on subtotal cervical hemisections. The study as-
sessed forelimb and hindlimb function and axonal growth in
the absence of immunosuppression. Results showed that the al-
ginate graft led to improved partial recovery of forelimb and
hindlimb function compared to the group without the alginate
graft. Immunohistochemical examination in the alginate graft
group revealed an abundance of axonal promoters, including
neurofilament (RT-97), 5-HT, CGRP, and GAP-43 along the
injury site.”” Axonal reorganization and behavioral recovery
was induced by a BDNF releasing alginate graft, suggesting that
alginate grafts are a feasible strategy for therapeutic recovery of
injured SCL.**% A recent study in 2019 by Schackel et al.*' graft-
ed poly-L-ornithine and laminin-coated alginate hydrogels into
a cervical hemisection of adult female rats immediately postin-
jury. The authors reported the implants to remain firmly inte-
grated and to exhibit signs of host cell migration and neurite
extension further reinforcing its potential in axonal regenera-
tion.

3. Drug Delivery

Alginate hydrogels may also play a key role in drug delivery
for SCL>**** Drug delivery has also been studied in vivo SCI
models.*"** Alginate hydrogels can serve as precise delivery vec-
tors for these molecules to the desired target tissue.®® Rolipram,
a phosphodiesterase-4 inhibitor as neuroprotective agent, was
prepared in microfibrous patches of alginate for controlled re-
lease in vivo delivery of high or low doses.”* The results showed
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improvement in functional recovery of motor systems follow-
ing the drug delivery of low-dose rolipram. When animals were
given high-dose rolipram patch treatments, there was a 50%
decline in survival rates. This outcome highlights the value of
alginate hydrogel encapsulation of drugs as drug-delivery plat-
forms.® The injection of RhoA inhibitor (RhoAi) was also fa-
cilitated using an alginate hydrogel vector. In a rat SCI model,
Devaux et al.” assessed the use of an alginate hydrogel for the
delivery of RhoA inhibitors. The drug was experimentally test-
ed both in vivo and in vitro, however, the authors demonstrated
the importance of a delivery regimen to facilitate the neuronal
reconnections and axonal regeneration in vivo using tissue-se-
creted media and proteomic analysis. Wen et al.*® analyzed the
union of alginate hydrogels with an integrin ligand, a signaling
receptor that plays a crucial role in regulating progenitor cell
proliferation. The in vitro results showed that the alginate mod-
el enhanced the encapsulation and differentiation of neural pro-

genitor cells, indicating a further potential regenerative property.

4. Stem Cell and Neurotrophic Factor Delivery

Alginate hydrogels can also be used for the delivery of cell
and neurotropic factors. In a study by Ansorena et al.,”’ the al-
ginate hydrogel was used as a reservoir for glial-derived neuro-
trophic factor (GDNF) and injected into the hemisection of
SCI rat models. After 6 weeks, the lesions of rats injected with
the alginate hydrogel with GDNF had more key neurofilaments
compared to controls.”” The hydrogel group also had superior
endothelial cell and nerve fiber infiltration at the lesion site,
showing that the hydrogel can promote growth factor release
better functional outcomes. Des Rieux et al.” investigated the
use of vascular endothelial growth factor (VEGF)-containing
hydrogels as a stimulating agent for a traumatized spinal cord.
VEGF-loaded particles were mixed with fibrinogen and inject-
ed into the lesion of a spinal cord. Their results revealed that
the local delivery of VEGF via an alginate-fibrinogen vector
promoted plasticity in the injured spinal cord. Moreover, in a
study by Liu et al.,”* researchers constructed sodium alginate
and naloxone (an opioid receptor antagonist) loaded macro-
phage-derived microvesicles to assess functional recovery in
mice with SCI. Their results showed that the microvesicles could
decrease the concentration of free calcium, thereby alleviating
inflammatory factors such as tumor necrosis factor-a, interleu-
kin (IL)-1f, IL-6 and increasing the anti-inflammatory expres-
sion of IL-10. In addition, motor functional improvement in
mice was significant after treatment. A recent study by Zhang
et al.”” also found that alginate hydrogels combined with basic
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fibroblast growth factors (bFGFs) can prevent blood-spinal cord
barrier destruction. Researchers found that a single in situ in-
jection of the hydrogel combined with alginate and bFGF can
have significant therapeutic effects together, rather than when
treated alone. The study demonstrated that the hydrogel im-
proved the blood-spinal cord barrier and functional recovery in
mice, thereby potentially introductive a therapeutic strategy to
approach SCI. Alginate hydrogels can act as an implant in cell-
based therapies. Mesenchymal stem cells, embryonic and neu-
ral cells have been studied to replace defective cells and facili-
tate regeneration; however, they risk cell mortality after their
transport. Therefore, alginate hydrogels have been incorporated
as implants that can act by adhering to and protecting neuro-
logical cells. Barminko et al.” investigated the efficacy of encap-
sulating an implantable device with alginates for the delivery of
human mesenchymal stem cells (hMSCs) in the treatment of
SCI. The authors demonstrated functional maintenance of the
hMSCs, and a curbed inflammatory reaction, both in vivo and
in vitro. Similarly, gel encapsulation of Wnt3a-secreting fibro-
blasts in alginates yielded enhanced axonal recovery in rats SCI
models than alginates or Wnt3a proteins alone.”

LIMITATIONS TO CLINICAL
TRANSLATION

The benefits of alginate hydrogel in SCI may be limited by its
long-term stability versus degradation.” Within the dynamic
physiological environment, the hydrogel dissolves due to diva-
lent ion release after exchange reactions with monovalent cat-
ions. The result is the release of homeostatic promoting calcium
ions. As such, the gel may serve as a matrix for platelet and eryth-
rocyte aggregation. Depending on the situation, this reaction
may be desired or undesired. This could result in a cascade of
negative reactions that could contribute to dysregulation within
the intraspinal environment. This instability is one limiting fac-
tor in using alginate hydrogels as long-term survival in vivo is
an important consideration in its clinical utility.”>"* The alginate
hydrogel has not been evaluated in clinical trials for its safety
and potential risk to patients with SCI, despite being immuno-
logically inert in animal studies. However, some commercially
available alginates have been shown to contain cytotoxicity and
mitogenic impurities that could elicit an unwanted immune re-
sponse after transplantation.”® This emphasizes the fundamen-
tal need for standardized cGMP-level purification and toxicity
studies before use in the biotechnological setting.

Increasing the relevance of alginate hydrogels in clinical trials
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Table 2. Pitfalls of alginate hydrogel application in current
clinical practice

Benefits

Biocompatible and biodegradable

Naturally derived compound

Multifunctional usage (drug delivery scaffolding cell-based therapies)
Has demonstrated positive preclinical outcomes

Easily modifiable to suite desired functionality

Drawbacks

Long-term stability and degradation biproducts not completely
understood

Potential for unleashing adverse cations and immunological reactions
Not actively characterized clinically
Certain commercially available show cytotoxicity

Difficult adjusting composition to meet certain applications

would require a greater understanding of the biomaterial prop-
erties to determine appropriate therapies for human subjects.”
A common approach with alginate hydrogels is adjusting their
composition and makeup to meet a particular applications needs.
Tailoring alginate hydrogels in human trials requires revisiting
the different crosslinking strategies using molecules that are
themselves safe for translation to humans. Similarly, the mecha-
nism and biproducts of degradation in humans have yet to be
fully characterized'® (Table 2). In other fields of study, advances
have been made that allow for the use of implantable alginate
hydrogels in human subjects. Ongoing trials evaluating their
role as a material for reconstructing the left ventricle in human
subjects are currently ongoing (Clinicaltrail.gov ID: NCT04-
781660).” Other clinical trials are exploring the feasibility and
safety of alginate hydrogels to treat anal fistulas, diabetic foot

ulcers, and other chronic wounds.”®”

FUTURE DIRECTIONS

The utilization of alginate in medicine is expected to evolve
considerably into a more active role, especially in drug delivery,
wound healing and tissue regeneration. With alginate’s ability
to be physically and chemically modified, we can expect future
derivatives incorporated into a diverse range of biological sys-
tems, not just exclusively in the spine. The engineering of new
alginate polymers with enhanced chemical and physical prop-
erties can develop various proteins with novel functions. More-
over, alginate hydrogels can have an advanced role in alterna-
tive technologies such as 3D bioprinting and microfluidics, in-
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creasing their versatility in the multiple spheres of biomedical
research® Shang et al.*' recently verified a gel growth model for
3D printing of hybrid calcium gluconate alginate hydrogels. The
authors describe integrating collagen fibrils into the alginates
scaffold to create cell-adhesions motifs within its chemical struc-
ture, creating ECM-like microenvironments. These 3D models
will mitigate the complexity of designing cell growth, matura-
tion and behavior. These prospects will pave the way for oppor-
tunities in drug treatments, cell therapies, and tissue transplan-
tation.

CONCLUSION

Alginate hydrogels are efficient and promising substrates for
tissue engineering, drug delivery, neural regeneration, and cell-
based therapies for patients with SCI. With its ability to act as a
pro-regenerative and antidegenerative agent, the alginate hydro-
gel has the potential to improve clinical outcomes. However,
thus far, its translation to clinical practice has not been widely
assessed. Nevertheless, with the current era of regenerative medi-
cine, positive contributions may be anticipated in spine research
and clinical care.
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In this paper,' the authors identified 555 preclinical studies that used alginate scaffolds.
The authors have discussed the role of alginate hydrogels as substrate, drug delivery, neural
regeneration, and cell-based therapy for spinal cord injury (SCI). In the current scenario,
tissue engineering for repairing the damaged spinal cord is essential, and hydrogels seem
promising for tissue engineering.” In central nervous system injuries, including SCI, the
primary approach is to fix what we have (left after primary injury) by preventing further
cell death,’ restoring axon regrowth,* and removing blockades. The second approach is built
around it; this could be accomplished by tissue engineering, biomaterial, and cell therapy.®
Finally, the restoration of impulse conduction in demyelinated axons could be achieved by
building a “bridge” around the injured area. Regenerative cell therapy using different types
of stem cells, different inoculation techniques, and scaffolds has undergone many trials,
highlighting cell efficacies and limitations.®

Alginates are polysaccharides extracted from brown algae; these include Laminaria hy-
perborea, Laminaria digitata, Laminaria japonica, Ascophyllum nodosum, and Macrocystis
pyrifera. Alginate is composed of M-residues and G-residues arranged in diaxial links, and
the ratio of 2 polymers depends on the algae of origin. Alginate hydrogels boost cell prolif-
eration and differentiation before implantation. The use of alginate hydrogels is encourag-
ing in the SCI therapy as it could be utilized as a substrate to make a bridge and could also
be exploited in drug delivery and cell therapy.” Once integrated, their soft, porous, 3-dimen-
sional structure can sustain injured spine tissue. Interestingly, alginates resemble hyaluronic
acid, a brain and spinal cord extracellular matrix component, suggesting it could be a prom-
ising material for tissue engineering. Furthermore, a hydrogel can occupy the injured site
and take shape for in situ gelations. The authors also summarised the studies suggesting
that alginates are “antidegenerative” and “pro-regenerative;” making them attractive candi-
dates for SCI research.

The authors also discussed the studies where alginate-encapsulated brain-derived neuro-
trophic factor-producing fibroblast grafts restore spinal cord function without immune sup-
pression,® and microvesicles with sodium alginate and naloxone improve functional recov-
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ery after SCL° The advantages of using alginate hydrogels are
that they are natural, biocompatible, biodegradable, and have
multifunctional usage, and they are easily modifiable to suit the
desired functionality. However, alginate hydrogel application
has certain limitations; they can cause adverse cations leading
to immunological reactions, they are not clinically character-
ized, and sometimes it is difficult to adjust the composition to
meet specific applications. In addition, the molecular weights
might fluctuate due to their easy chemical modification. The
other issue is long-term term stability and degradation as by-
products are not entirely known.

In summary, alginate hydrogels have been shown to support
neural stem cell development in several investigations as sum-
marised by authors, and they could be promising for tissue en-
gineering, medication delivery, axon regrowth, brain regenera-
tion, and cell-based SCI treatments.
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INTRODUCTION

Spinal cord injuries (SCIs) are devastating traumatic events
in the lives of patients, often resulting in severe and/or perma-
nent neurologic disabilities. Nearly half a million people are liv-
ing permanently disabled in the United States due to traumatic
SCI, and 12,000-15,000 patients per year incur new injuries."
Further, the incidence of SCI varies by country with most devel-
oped countries reporting incidences of 20-50 per million.>* The
event can result in an assortment of immediate sequelae and
long-term complications including loss of motor and sensory
function, loss of autonomic function, and increased risk of
medical complications and death.’

As traumatic SCI more commonly occurs in young, healthy
adults, the associated quality-adjusted life year and economic
loss can be immense.® Despite recent gains in understanding of
the pathogenesis and improved acute management of SCI, there

remains an ongoing need to investigate novel molecular targets

and therapeutics for treatment in the acute injury period, with
the goal of maximizing patient recovery and preventing chronic
manifestations of the injury. While the timing of surgery for de-
compression and stabilization of acute SCI has been well stud-
ied,” the evidence for most medical treatments of the acute neu-
rological injury are less well supported. This review discusses
the established current management strategies and expands on
emerging therapeutic strategies for acute SCI. Additionally, we
discuss an updated review of experimental therapies, from bench
to bedside.

MECHANISM OF INJURY IN SPINAL
CORD INJURY

SCI can result either from high-energy trauma (e.g., motor
vehicle accidents, diving, sports) or lower impact trauma, which
often occurs in the presence of underlying degenerative or con-
genital spinal spondylosis. The cervical spinal cord is the most
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commonly affected region due to the lack of bony and muscu-
lar protection relative to thoracic and lumbar segments.® The
mechanism of spinal cord damage is generally divided into pri-
mary and secondary processes. Primary injury encompasses
the initial insult, such as compression, penetrating injury, or
strain on neural tissue or vascular structures. Subsequent per-
fusion disruption progresses to local hypoxia and can be wors-
ened by systemic vasogenic shock. Hypoxic cell death induces
the multifaceted, progressive process of secondary injury dur-
ing the following hours to weeks. Ischemia caused by primary
injury activates release of vasoactive proteins and cytokines,
and the resulting edema and inflammation promote cytoskele-
tal and mitochondrial damage and immune cell infiltration.
The zone of injury then expands due to reactive oxygen species
(ROS) accumulation and oxidative damage, lactic acidosis, fi-
brin and platelet accumulation, toxic excitatory neurotransmit-
ter release, and axonal demyelination, leading to progressive

tissue death and scarring.

CLINICAL PRESENTATION

Initial management of patients with suspected acute traumat-
ic SCI follows established trauma guidelines to manage the air-
way, breathing, and circulation. Immobilization is necessary to
prevent further possible damage in all patients with suspected
SCI (characterized, for example, by polytrauma, neck/back spi-
nal pain, dysesthesia, loss of consciousness, or a mechanism of
injury with the potential to cause an SCI).*"

Patients with SCI can present with either complete injury, de-
fined as a lack of motor or sensory function in the anal and peri-
neal region (representing the lowest sacral segments S4-S5), or
incomplete injury with varying degrees of motor and sensory
function caudal to the level of the injury."> The American Spinal
Injury Association (ASIA) scoring system is used to stratify in-
jury severity, ranging from complete injury (ASIA-A) to nor-
mal neurological exam (ASIA-E), to standardize assessment
and treatment of SCI.* In addition, patients can present with
spinal shock, an often-transient physiologic depression of spi-
nal cord function secondary to cell damage which can be tracked
with progressive recovery of anatomical reflexes including the
bulbocavernosus, anal cutaneous, and plantar reflexes."” Spinal
shock and medication effects may obscure accurate ASIA scor-
ing, particularly in the first 48-72 hours after injury."” This pro-
cess is distinct from neurogenic shock, a condition of autonom-
ic dysregulation from injury to spinal levels C1-T6 and/or as-
sociated sympathetic ganglia, which is characterized by persis-
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tent hypotension, bradycardia, and hypothermia."

ESTABLISHED ACUTE MANAGEMENT
STRATEGIES

Computed tomography of the entire spine is indicated in the
initial evaluation of traumatic SCI patients."* ASIA motor scores
and neurologic level of injury have the most consistent prog-
nostic value regarding outcome.” Magnetic resonance imaging
has utility for guiding surgical intervention and prognostication
and should be performed when available but should not delay
surgical treatment in a neurologically declining patient.'*"* Stan-
dardization of magnetic resonance changes of increasing sever-
ity in acute SCI is increasing, with the BASIC score serving as
one example.'® Surgical candidacy should be promptly deter-
mined through assessment of a worsening neurological exami-
nation along with signs and symptoms of instability and pro-
gressive compression.

Direct spinal cord compression is the most frequent mecha-
nism of SCI and can progress following the initial injury, prompt-
ing a need for emergent surgical decompression. A meta-analy-
sis including 16 studies involving nearly 4,000 patients found
that patients who receive early spinal surgery (<24 hours fol-
lowing injury) experience greater neurological recovery, shorter
length of stay, lower hospitalization costs, and a lower incidence
of complications than those who undergo surgery >24 hours
following injury."” Another recent multicenter clinical trial com-
pared early and delayed surgical treatment (defined as <24 hours
after injury and after >2 weeks of conservative therapy, respec-
tively) and assessed motor recovery using the ASIA motor score,
spinal cord independence measure, and independent ambula-
tion capacity for 1 year. The study found that the 2 treatment
paradigms were not significantly different; however, motor re-
covery at 2-week, 3-month, and 6-month follow-ups were im-
proved with early surgical treatment, indicating accelerated re-
covery.'® These results align with several large, well-document-
ed trials and underscore the importance of early decompression
to improve potential for motor recovery following SCL.'**'

Medical management has an essential role in the optimiza-
tion of patients with SCI.'>** Hemodynamic control is crucial in
the early stages of acute SCI to reduce potential ischemic injury,
with goal mean arterial pressures (MAPs) of 85-90 mmHg for
5-7 days suggested for improved functional outcomes.” Other
crucial tenets of management include prevention of pulmonary
(i.e., pneumonia), gastrointestinal (i.e., bowel obstruction), and
urologic (i.e., dysautonomic uropathy) complications caused by
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loss of voluntary and autonomic control.'>"* As such, current
multidisciplinary clinical studies are examining, for example,
the use of low versus high tidal volume mechanical ventilation
in patients requiring intubation in acute SCI (NCT04912583)
and the use of early epidural and sacral nerve stimulation as an
adjunct for improving bladder function (NCT03083366).>**
The utility of methylprednisolone (MPSS) administration has
been discussed extensively in the literature and, while initially
thought to improve outcomes based on the early North Ameri-
can Spinal Cord Injury Study (NASCIS) results, subsequent large
studies have not demonstrated this benefit.**** Moreover, a con-
sistently increased risk of steroid-associated complications in-
cluding infection was found. Recent animal studies have found
that high-dose steroid administration may actually increase the
extravasation of plasma components after SCI and can enhance
tissue swelling and edema.” Therefore, routine administration

Preventing ischemia

of high-dose steroids is no longer recommended; a short course
may, however, be considered in young, otherwise healthy adults
presenting < 8 hours from injury based on expert consensus.”**
Early physical rehabilitation, nutritional optimization, and men-
tal health consultation are indicated, and have been shown to
improve functionality and quality of life.*'* These therapies
continue to be studied, for example, in clinical trials assessing
the effects of interval versus continuous aerobic training on au-

tonomic dysreflexia in the acute phase of SCI (NCT05061160).

EXPERIMENTAL ACUTE MANAGEMENT
STRATEGIES

Emerging therapeutic strategies for acute SCI can be classi-
fied by the biological mechanism which they are designed to
address, prevent, or reverse. Mechanisms largely discussed in
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the literature to date can be grouped into categories as described
below based on the current understanding of SCI pathophysi-
ology (Fig. 1, created with BioRender.com).

1. Preventing Ischemia

In the early stages of SCI, bleeding caused by disruption of
local vasculature can lead to ischemic hypoxia within spinal
grey matter. Hypoxia in these highly metabolically active struc-
tures leads to neuronal dysfunction, demyelination, and the ini-
tiation of apoptosis and necrosis.”* Uncorrected ischemia can
cause secondary damage due to the cumulative effects of cellu-
lar swelling and the initial macrophage-mediated inflammatory
response which may last between 3-24 hours following the in-
citing event.* Furthermore, without proper blood flow; the high-
ly vascular and regenerative astrocytic environment is less equipped
to repair axonal and neuronal damage. Maintaining adequate
perfusion systemically and within the remaining spinal vascu-
lar beds is essential for mitigating the pathological consequenc-
es of SCL

States of neurogenic shock can further compound the isch-
emic burden. Prompt correction of hypotension with fluid re-
suscitation, transfusion, or traditional vasopressors can be diffi-
cult due to the disruption of local capillary auto-regulatory mecha-
nisms. Agents including dopamine and midodrine have been
attempted in clinical trials with varying levels of success and no
high-level evidence supports the use of one pressor over anoth-
er.”® When compared with norepinephrine, dopamine main-
tained MAP to a similar degree but was associated with a higher
intrathecal pressure (ITP) and consequentially decreased spinal
cord perfusion pressure (SCPP); dopamine use was also associ-
ated with higher rates of vasopressor-associated complications.”
A handful of case reports and small clinical trials of midodrine
note successful acute maintenance of blood pressure and ortho-
static symptoms with no serious adverse effects but lacked long-
term follow-up.”® Importantly, hypertension should be avoided
in acute SCI to lower the risk of hyperemia and hemorrhage.

Cerebrospinal fluid (CSF) diversion has potential to alleviate
ischemia caused by venous edematous leakage following SCI
through the reduction of ITP. This strategy was extrapolated
from the cranial trauma practice of ventriculostomy placement
and the vascular surgery literature’s investigation of the use of
lumbar drains in aortic dissection to support cord perfusion.”
A preclinical study utilizing a pig SCI model previously dem-
onstrated a significant and sustainable improvement in blood
flow and SCPP with CSF drainage.”® An early human study was
undertaken with 22 patients randomized to undergo CSF drain-
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age within 48 hours of injury versus not.* Lumbar drainage was
not associated with significant side effects but also did not dem-
onstrate definite neurologic benefit, though the authors cited a
low power as one potential cause. Subsequent larger studies dem-
onstrated more significant benefits with adequate safety pro-
files; however, a well-defined effect remains to be reproducibly
demonstrated.* Patch duraplasty is another method of lower-
ing ITP on the injured cord and can be performed during ini-
tial surgical decompression.* One study found that laminecto-
my with patch duraplasty resulted in lower ITP and improved
spinal perfusion pressure compared with laminectomy alone in
acute SCI; additionally, ASIA impairment and bowel/bladder
function was improved in the duraplasty group. However, low
power contributed to a lack of statistically significant differenc-
es in clinical outcomes.* These studies underscore the overall
difficulty in performing well powered and large-scale human
trials on acute SCI.

Hyperbaric oxygen (HBO), when administered early, may
counteract spinal cord ischemia and hypoxia, potentially reduc-
ing apoptosis, oxidative damage, inflammation, and edema, and
promoting angiogenesis and autophagy. Recent clinical studies
have initiated therapy within 9-20 hours of injury with varying
time-courses, demonstrating varying degrees of neurologic im-
provement.* Technical parameters (onset, duration, frequency,
and pressure) and evaluation of benefits in more heterogenous
samples of SCI presentations remain to be investigated. Two
clinical studies are ongoing in China (NCT03112941) and Aus-
tria (NCT03101982).

2. Minimizing Inflammation-Induced Secondary Damage
The inflammatory cascade occurring hours to days following
the primary of insult of SCI likely contributes to worsened neu-
rological outcomes.” This secondary damage acts on the injured
spinal cord through cellular and systemic factors that worsen
compression, ischemia, and scarring.* Synthesis of proinflam-
matory prostaglandins and cytokines, calcium-dependent nitric
oxide, opioid peptides, and necroptotic factors have been shown
to augment inflammatory secondary damage in the acute stages
of injury. To address this component of the injury, several com-
monplace pharmacological agents have demonstrated efficacy
in maintaining blood flow and protecting from cellular damage
in preclinical studies.** Cyclooxygenase inhibitors including ibu-
profen and meclofenamate as well as nonselective opioid antag-
onists such as naloxone have been shown to improve blood flow
and enhance functional results in animal spinal cord contusion
models.** Still, few trials have attempted to establish the ef-
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fects of these agents in human SCI. In 1990, NASCIS II found
no neurologic benefit with the administration of naloxone throu-
ghout the first 24 hours after SCI compared to placebo, although
those recommendations are being revisited more broadly.”® A
phase-I clinical trial involving 12 patients investigating the use
of ibuprofen administration in acute SCI is in progress (NCT-
02096913).

Minocycline, a tetracycline antibiotic, has demonstrated mul-
tiple neuroprotective effects against secondary injury progres-
sion in SCL** Minocycline impedes generation of proinflam-
matory cytokines (IL-1beta, tumor-necrosis factor [TNF]-al-
pha, cyclooxygenase-2), hinders expression of proapoptotic
caspase-1/-3, and inhibits inducible nitric oxide synthase.*>*
Successful preclinical studies showed enhanced tissue sparing
and motor recovery within 3-4 weeks following SCI in mice.”"”
A phase-II clinical trial demonstrated that patients with acute
incomplete cervical SCI can benefit from early minocycline ad-
ministration.” The study reported a 14-point ASIA motor score
recovery in patients receiving minocycline administration for 7
days following injury compared with placebo.”

Spinal cooling is a nonpharmacologic method that has been
explored for its potential to ameliorate biochemical secondary
injury. One study utilized a combination of surgical decompres-
sion, steroid administration, and regional hypothermia in 20
patients and saw an improvement from initial ASIA-A impair-
ment in 13 patients.* The lack of randomized comparative con-
trol arms in this study and the few other case reports/small clini-
cal series available limit the generalizability of spinal cord cool-
ing in acute SCI; however, the promising initial results and ab-

sence of reported adverse effects may warrant further study."

3. Controlling Cytotoxic Response

The acute cytotoxic response to SCI is another targetable path-
omechanism. Calcium, sodium, and potassium ion dysregula-
tion as well as release of high levels of glutamate from damaged
neural tissue can cause excitotoxicity and oxidative damage. Sig-
naling cascades that lead to ROS formation and lipid peroxida-
tion increase the likelihood of neuronal cell death. Inhibiting
free radical formation through various antioxidants including
cyclosporin A, vitamins C, D, and E, selenium, lithium, poly-
ethylene glycol-superoxide dismutase, and OXRI gene-enhanc-
ing therapy, have all shown promise in maintaining cell viability
in animal models.** One 16-participant, phase-I/II clinical trial
of lithium in China (NCT01471613) is the first human trial to
incorporate one of these agents as an adjunct in acute manage-
ment strategies.

https://doi.org/10.14245/ns.2244176.088

Uncontrolled activation of voltage-gated sodium channels
has been hypothesized as an important step in the cytotoxic re-
sponse leading to secondary spinal trauma. Riluzole is a benzo-
thiazole that inhibits voltage-gated sodium channel-mediated
glutamate release and recently gained approval for the treatment
of amyotrophic lateral sclerosis. Previous animal studies have
documented reduced neuronal loss and sensorimotor improve-
ment with Riluzole administration following SCI, likely through
inhibition of glutamate release and subsequent reduction of
calcium-signaling induced apoptosis reduction.” A successful
phase-I trial involving 36 patients found that 50 mg of Riluzole
orally every 12 hours for 14 days enhanced motor recovery in
cervical SCI at 3 months postinjury compared with a matched
control group.”® Similar motor enhancement was not found at
6-month follow-up. A transient increase in liver enzymes in the
Riluzole group prompted questions of pharmacotoxicity, how-
ever its safety profile has yet to be presented in larger studies.
The AO Spine North America Research Network is currently
conducting the Riluzole in Acute Spinal Cord Injury Study, a
multicenter randomized trial designed to evaluate the thera-
peutic application of Riluzole in acute SCL

Antagonism of a-amino-3-hydroxy-5-methyl-4-isoxazolepro-
pionic acid/ N-methyl-D-aspartate (NMDA) receptors has been
postulated as a mechanism of reducing excitatory amino acid
(glutamate) toxicity in the hyperacute phase of SCI. These neu-
rotransmitters reach toxic levels within 15 minutes of injury
and typically peak for less than 120 minutes.* Gacyclidine, an
NMDA receptor antagonist, has been evaluated in a phase-II
double-blind, randomized evaluation of 280 patients with SCL*
However, this study revealed no significant improvement in ASIA
scores compared with placebo treatment. Still, other NMDA
antagonists such as magnesium have been shown in preclinical
studies to reduce excitotoxicity and inflammation. Organized
phase-I/1II clinical trials have yet to be completed examining
this therapy in acute SCL.

Calcium-channel blockers (CCB) can significantly reduce the
pathological influx of calcium following SCI and improve per-
fusion through regulation of vascular smooth muscle tone. The
utility of nimodipine has been studied, most notably in a French
clinical trial of 106 patients with SCI randomized to receive
MPSS, nimodipine, MPSS and nimodipine, or placebo within 8
hours of injury for 7 days duration. Neither additional neuro-
logic benefit nor significant adverse effects in the nimodipine
treatment group versus control were noted.”” Still, concerns for
systemic hypotension in the context of injured auto-regulatory
mechanisms in cervicothoracic SCI should prompt caution when
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considering CCBs during acute management. Finally, potassium
channel antagonists such as the fast potassium channel blocker
fampridine may have potential therapeutic benefit through im-
provement of axonal conduction in SCI and are currently being
tested in phase-III trials.”*

4. Modulating the Inmune Response

Immunomodulative therapies are currently under investiga-
tion for the treatment of acute SCIL. Peripheral immune cells in-
cluding macrophages, neutrophils, and T cells trigger an inflam-
matory response following injury that can last several days. Im-
portantly, this response can cause cavitary lesion growth, fur-
ther damaging surrounding spinal cord. Inflammatory cyto-
kines including IL-1beta, TNF-alpha, and IL6 are produced in
response to the injury and are followed by release of the neuro-
protective IL-10.*** Microglia, the resident immune cells of the
central nervous system, are known to have a central role in mod-
ulating this response.” One phase-I/II trial currently underway
in China is examining the use of TNF-alpha monoclonal anti-
bodies in acute SCI (NCT04988425). Enrollment is expected to
reach 90 participants, and results are anticipated in late 2023.

Granulocyte-colony stimulating factor (G-CSF) is a cytokine
glycoprotein that has increasingly been demonstrated to enhance
neurogenesis and reduce TNF-alpha and IL1-beta expression
levels at SCI sites.” Randomized phase-1/1la studies have shown
ASIA motor score improvement and a lack of significant ad-
verse events with G-CSF therapy for acute SCL® A phase-III
clinical trial in Japan was recently completed with results to be
published in the near future.”'

5. Nerve Regeneration Techniques

One of the most promising aims in experimental therapeu-
tics for SCI remains establishing methods for neuronal and ax-
onal regeneration. Current approaches focus on stem cell im-
plantation, growth factor conditioning, neural growth inhibitor
binding, tissue scaffolding, and neuromodulation. While these
methods have historically been engineered to address chronic
SCI, focusing regenerative efforts closer to the primary insult
could theoretically expedite healing and functional recovery.

1) Stem cell implantation

The potential of stem cell therapy to induce or enhance en-
dogenous neural regeneration and/or improve functional re-
covery has continued to undergo rigorous research. Stem cell
therapies under investigation encompass autologous bone-mar-
row mononuclear cells (BM-MSCs)—including hematopoietic
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stem cells (HSCs) and mesenchymal stem cells—and other cell
types including neural progenitor cells (NPCs), olfactory en-
sheathing cells (OECs), embryonic stem cells (ESCs), and in-
duced pluripotent stem cells (iPSCs).

Bone-marrow derived mononuclear cells have the advantage
of reduced immune rejection and possible synergism between
HSCs and MSCs, improving angiogenesis and matrix repair.”
On the other hand, BM-MSCs are difficult to purify and cul-
ture in vitro, and they possess limited differentiation potential.
Clinical trials of these therapies have shown promising but mixed
results. After autologous HSC (CD-34+ and CD-133+) trans-
plantation in 19 patients with complete SCI (ASIA-A), 37% of
patients saw segmental sensory improvement (ASIA-B), 10%
saw motor improvement (ASIA-C), and the remaining 53% saw
no improvement (ASIA-A) within a 42-60 months follow-up
period.”” Relative to HSCs, MSCs possess higher neuronal dif-
ferentiation potential, and small clinical trials have demonstrat-
ed safety and variable efficacy in improving spasticity, senso-
rimotor, and sphincter function in both complete and incom-
plete chronic SCI patients.**® A meta-analysis of 328 patients
demonstrated improved ASIA scores in 42% of cases after 1 year
but noted the limited availability of clinical trial data and stan-
dardized methods.* Numerous clinical trials are ongoing, in-
cluding a phase-II/III trial of MSCs in chronic ASIA-B patients
by Pharmicell Co. (Seoul, Korea) and a trial of adipose-derived
MSCs in ASIA-A, ASIA-B, and ASIA-C patients by Mayo Clin-
ic. These trials were set to conclude in 2020 and 2023, respec-
tively.*®

NPCs are native and multipotent and differentiate into neu-
ronal-restricted precursors and glial-restricted precursors. NPC
transplants readily integrate into the host milieu, induce axonal
regeneration and extension, hasten remyelination, attenuate
glial scar formation, and afford immunomodulation and neu-
roprotection.® A phase-I/Ila open-label nonrandomized con-
trolled clinical trial did demonstrate AISA score improvement
by at least 2 points in 5 of 19 NPC transplant patients, compared
to 1 of 15 control patients.” Other clinical trials, such as an open-
label phase-I trial by Neuralstem (now Seneca BioPharma, Ger-
mantown, MD, USA), are ongoing. Challenges currently faced
include difficult isolation of NPCs, the small number of therapy
candidates, and the high cost of research.”

OEC:s are glial cells that support olfactory receptor axonal
growth into the olfactory bulb. Specifically, they express neuro-
trophins that promote neurogenesis and reduce risk of astro-
cyte hypertrophy. They are readily harvested autologously from
the olfactory bulb and nasal mucosa and do not require patient
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immunosuppression. OECs are limited by inadequate source
quantity and present differentiation and purification challenges
similar to other regenerative options. Numerous clinical trials
have been conducted, and a meta-analysis of 1,193 patients treat-
ed with OECs found no significant adverse effects, but method-
ological and technical concerns prevented determination of any
significant efficacy as well.®® Clinical trials in Poland (NCT03-
933072) and the United Kingdom (NCT02870426) are slated to
conclude in 2023.

ESCs and iPSCs have similarly impressive differentiation po-
tential, promising substantial efficacy; human ESCs are indeed
capable of differentiation into NPCs and, subsequently, region-
ally specific neuronal subtypes.” Their pluripotency means ESCs
and iPSCs do carry an associated genomic instability and risk
of malignancy. The ethical stature of ESC use is also disputed.
Non-human investigation of ESC- and iPSC-based treatment
of SCI has demonstrated feasibility, but clinical trials are so far
limited.”®”" The Geron Corporation (Foster City, CA, USA) be-
gan a clinical trial of ESCs for SCI therapy in 2010, enrolling 5
patients before stopping the trial a year later. Not all patients
enrolled had received a transplant.*® Keio University in Tokyo,
Japan, has received approval for a clinical trial of iPSC therapy
for ASIA-A patients, which is ongoing.**”*

Opverall, while these data are promising in the quest to deter-
mine the best neuro-regenerative substrates in SCI, more work
is required to establish efficacy and safety in the acute postinju-
ry setting to determine long-term effects on functional recov-
ery. Additionally, no head-to-head trials have as of yet been con-
ducted; subsequent investigation should help to focus efforts on
optimizing sourcing, delivery, and conditioning of transplanted
cells.

2) Growth factor conditioning

Acidic fibroblast growth factor (aFGF) is a mitogenic, plurip-
otent heparin-binding protein that has been shown to enhance
neuronal growth and mitigates scarring in SCI in numerous
animal studies.”>”” Human clinical trials have steadily increased
in number since an initial case report demonstrating marked
functional recovery of a patient with chronic SCI who was treat-
ed with 4 survival nerve grafts along with an aFGF fibrin glue
and could ambulate independently with a walker at 2.5 years
postinjury.”* A different group conducted 2 more studies, 1 on
9 cervical SCI patients and a follow-up study with 60 patients
(50/50 cervical and thoracolumbar SCI), and found that the use
of aFGF fibrin glue resulted in significant enhancement of ASIA
motor and sensory scores.”>’® These observational studies were
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limited by their lack of randomization and control arms. Re-
combinant human aFGF (compound ES135) is currently un-
dergoing a multicenter double blind, randomized placebo con-
trol phase-IIT study (NCT03229031). Hepatocyte growth factor
(HGF) can enhance neuronal survival and decrease astroglial
scar lesion size by increasing angiogenesis and axon regenera-
tion.” Intrathecal recombinant human HGF injection has been
shown to improve neurological status in rat studies.” Based on
this, a phase-I/II trial of intrathecal recombinant HGF involv-
ing patients with acute cervical SCI found that all patients had
improved Frankel scores at 72 hours.”

3) Inhibiting neural growth inhibitors

Cethrin (VX-210) is a recombinant inhibitor of the Rho path-
way which is involved in the regulation of cytoskeleton forma-
tion.” Inhibition of Rho has been shown in rodent thoracic con-
tusion models to promote axonal outgrowth and improve mo-
tor function.*® Following a phase-I/Ila clinical study that dem-
onstrated the safety and tolerability of Cethrin for acute cervical
and thoracic SCI in human patients, a double-blinded, placebo-
controlled, multicenter trial (SPRING) has been developed to
demonstrate therapeutic benefit, with preliminary results post-
ed (NCT02669849).

Elezanumab is a monoclonal antibody that binds to and neu-
tralizes repulsive guidance molecule A, an inhibitor of axonal
growth and regulator of neuronal cell death.®" A phase-II clini-
cal trial is currently underway to evaluate the effects of Eleza-
numab in acute traumatic cervical SCI (NCT04295538).

4) Tissue scaffolding

Biomaterial tissue scaffolding is one promising method for
facilitating SCI repair. Natural or synthetic biomaterial poly-
mers have been shown in animal models to enhance nervous
tissue regeneration by promoting survival and outgrowth of
transplanted cells and providing an environment to concentrate
neurotrophic growth factors.'>* Limited efficacy has been re-
demonstrated in humans. A large multicenter trial entitled IN-
SPIRE launched in 2014 to determine the benefit of a synthetic
polymer scaffold poly(lactic-co-glycolic acid)-b-poly(L-lysine)
in subjects with thoracic ASIA-A impairment, has completed
enrollment and expected to conclude in 2024 (NCT02138110).
Multiple clinical trials led by the Chinese Academy of Sciences
are investigating the application of NeuroRegen, a collagen scaf-
fold, in concert with other experimental strategies including stem
cell therapy and epidural stimulation.

Gangliosides including the glycosphingolipid ganglioside-1
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(GM-1) are complex acidic glycolipids that constitute a major
component of the cell membrane. Experimental evidence in an-
imal studies has shown potential in the regeneration and growth
of damaged nervous tissue leading to functional improvement.*
One phase-II trial showed enhanced 1-year ASIA motor score
improvement following daily administration of GM-1 for 18-
32 days following injury.® However, meta-analyses evaluating
potential therapeutic benefits of GM-1 across studies failed to
support its widespread use for SCL® Still, it has been suggested
that studies with more optimized methodology (i.e., potential-
izing GM-1 administration with HBO and/or refining outcome
measurement) may be warranted with this potential therapeu-
tic.%
5) Neuromodulation

Epidural stimulation (ES) is an emerging treatment strategy
that has demonstrated promise in the treatment of chronic SCI
in both animals and humans.*** It is theorized that oscillating
electrical fields may stimulate neuronal growth and remyelin-
ation and excite remaining neuronal networks at the site of the
lesion.” Individual patients with predominantly lumbar injuries
have demonstrated motor improvement with ES, including par-
tial and full weight-bearing and overground ambulation, even
with complete injuries.*®® Similarly promising results of upper
limb motor recovery have been observed.* Notably, a recent
study demonstrated activity-specific stimulation programs that
enabled 3 individuals with complete sensorimotor paralysis to
regain trunk and leg motor functions within 1 day of stimula-
tion.” Several clinical trials targeting these broader functional
metrics (e.g., volitional movement, autonomic function, blad-

der training, and sensory feedback) are underway.

FUTURE PERSPECTIVES

Table 1 summarizes the current and developing investigation-
al therapeutic tools for treating acute SCI. Numerous methods
are being developed in animal models that may soon be tested
in clinical trials designed to demonstrate functional benefit in
SCI. Necroptosis is a caspase-independent mechanism of pro-
grammed cell death that occurs following cellular injury in which
cellular contents are not packaged into apoptotic bodies and in-
stead leak into the extracellular space, promoting a proinflam-
matory state through triggering of innate and adaptive immune
systems.”” The process is dependent on receptor-interacting
serine/threonine kinase 1 and 3 and studies have shown that it
may be one of the primary forms of cell death following trau-
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matic SCI”" Inhibition of this pathway is suspected to attenuate
secondary damage and minimize cell death.””

Autologous omental transplantation has been proposed as a
method to introduce blood- and lymph-rich tissue to injured
spinal cord tissue.” Relatively small human trials in the 1990s
showed continued viability of omental grafts in chronic SCI pa-
tients but failed to demonstrate objective functional improve-
ment, and interest in its SCI treatment potential fell flat for a
time.”* However, omental transplant therapy has progressed in
other clinical settings, including flap transposition on the brain
surface for neovascularization and neurotrophic effects in epi-
leptic or ischemic brain injury.” Interest in omental angiogene-
sis as a treatment for SCI has revived in recent years, and trials
in rats have improved neural preservation, reduced injury cavi-
ty, and promoted neovascularization of the injured site.”

A newer addition to the regenerative cellular therapies dis-
cussed in the literature is peripheral nerve derived stem cells
(PNSCs). Spheroid forms of PNSCs have demonstrated thera-
peutic potential through neurotrophic factor release and extra-
cellular matrix expression, leading to significant functional re-
covery, neuronal regeneration, and neuropathic pain reduction
in animal models.”®

Estrogen-based therapies are also an emerging avenue or re-
search. Estradiol is known to provide CNS neuroprotection in
animal models of SCI, traumatic brain injury, and ischemic brain
injury.”” The therapeutic capability of a third-generation selec-
tive estrogen receptor modulator, bazedoxifine, was studied in
rats.” Bazedoxifine was shown to suppress inflammatory re-
sponse and promote remyelination by inhibiting the mitogen-
activated protein kinase/nuclear factor-kappa B (NF-kB) path-
way and enhancing oligodendrocyte precursor cell differentia-
tion and oligodendrocyte proliferation. There are complex and
profound implications of estrogen therapy due to its natural main-
tenance and alteration of normal physiology. Still, there is hope
that estrogen therapies may play some role in SCI treatment.

Entinostat is a class I histone deacetylase (HDAC) inhibitor
directed primarily against HDAC1 and HDAC3. HDAC inhibi-
tors have been shown to inhibit NF-kB mediated microglial ac-
tivation, thus reducing SCI-induced inflammation.” Treatment
of a mouse SCI model with Entinostat resulted in improved grip
strength, Basso Mouse Scale score for locomotion, spinal ede-
ma, cell death, and local NLRP3 inflammasome activation.”

Another method of counteracting inflammation induced by
SCI may be found in IgM’s homeostatic role against IgG auto-
immune response. One study found that IgM-knockout mice
with induced C6-7 SCI showed significantly greater impair-
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Table 1. Summary of investigational therapeutic tools and their corresponding evidence for management of acute SCI

ng:;peutlc Investigational tool Investigational status/current findings
Prevent Vasopressors Norepinephrine, dopamine, midodrine
ischemia Limited evidence supporting one pressor over another
CSF diversion Lumbar puncture & patch duraplasty may improve SCPP and ASIA scores in low-power
studies
Hyperbaric oxygen Optimized technical parameters remain undefined
Minimize COX-inhibitors, nonselective Improved blood flow and functional status in animals.
inflamma-  opioid antagonists Human clinical trials underway
tory damage Minocycline Phase-II clinical trials demonstrated improved functional status
Spinal cooling ASIA motor score improvement in small, non-RCT trials
Block Free radical inhibition Few studies of antioxidant therapy in humans
cytotoxic Adjunctive lithium is being studied in a phase-I/1I trial.
TeSponse  Riluzole Small, phase-I trial showed short term motor improvement.
Transaminase elevation raises concerns for pharmacotoxicity
Multicenter RCT (RISCIS) underway
AMPA/NMDA antagonists Phase-II double-blind, randomized trial of gacyclidine showed no significant benefit versus
placebo
Other antagonists (e.g., magnesium) have promising preclinical results
Ton channel modulators Nimodipine (CCB): No apparent benefit or adverse effects in RCT. Concern for systemic
hypotension
Fampridine (K-channel blocker): Phase-III trial underway
Immuno- TNF-alpha mAb Phase-I/11 clinical trial underway

modulation g Phase-I/II trials showed ASIA motor score improvement

Phase III trial underway

Nerve regen- Stem cell therapies Sourcing, potency, and clinical benefit vary by cell type.
eration Numerous clinical trials are underway
Future efforts should optimize sourcing, delivery, and conditioning of transplant cells

Growth factor conditioning aFGF: Phase I/II clinical trials demonstrate ASIA motor and sensory improvement. Phase-
III trial underway
HGEF: Phase I/II trials showed improvement in Frankel grade

Neural growth inhibitor blockers ~ Cethrin: Phase-I/IIa successful; Phase-IIb/IIT (SPRING trial) underway
Elezanumab: Phase-II trial underway

Tissue scaffolding PLGA: Multicenter trial (INSPIRE) underway
NeuroRegen: Multiple trials underway
GM-1: Unclear benefit; clinical methodologies need optimization

Neuromodulation (ES) Small studies demonstrate promising functional recovery.
Several clinical trials underway

Future per-  Necroptosis inhibition (RIPK-1/3 Under preclinical investigation
spectives inhibition)

Omental transplant

Peripheral nerve derived stem cell
therapy

Selective estrogen receptor modu-
lator therapy

HDACI1/3 inhibition (Entinostat)
IgM therapy

SCI, spinal cord injury; CSE, cerebrospinal fluid; SCPP, spinal cord perfusion pressure; ASIA, American Spine Injury Association; COX, cyclo-
oxygenase; RCT, randomized clinical trial; RISCIS, Riluzole in Spinal Cord Injury Study; AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazole-
propionic acid; NMDA, N-methyl-D-aspartate; CCB, calcium-channel blocker; K, potassium; TNE tumor-necrosis factor; mAb, monoclonal
antibody; G-CSE, granulocyte-colony stimulating factor; aFGE acidic fibroblast growth factor; HGE, hepatocyte growth factor; PLGA, poly
(lactic-co-glycolic acid)-b-poly(L-lysine); RIPK, receptor-interacting protein kinase; HDAC, histone deacetylase; ES, epidural stimulation;
GM-1, ganglioside-1.
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ment in neurobehavioral recovery compared to their wild-type
counterparts, including deteriorated coordination and reduced
fore- and hind-limb swing speed and print-area, which serve as
gait parameters.'” IgM-knockout mice also exhibited increased
lesion size, less white matter sparing, and enhanced deposition
of complement-fixing IgG antibodies in the spinal cord. These
newer methods will continue to be studied closely by the scien-
tific community hoping to grow the armamentarium available
to treat this multifaceted disorder.

CONCLUSION

Emerging strategies for managing SCI in the acute period
stem from an evolving understanding of the pathophysiology
of the disorder and focus on preventing ischemia, reducing sec-
ondary injury due to inflammation and necroptosis, modulat-
ing the cytotoxic and immune response, and promoting cellular
regeneration. There is significant research ongoing in preclini-
cal and clinical studies examining a wide array of surgical and
non-surgical therapies. A major hurdle to wide acceptance of
any of the emerging treatments is designing an appropriate clin-
ical trial to test them. Continued translational research on these
methods will improve the feasibility of bench-to-bedside inno-

vations in treating patients with acute SCL.
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Spinal cord injury (SCI) is a severe neurological disease commonly caused by traumas or
variety diseases which can lead to complete or incomplete neural function deficiency.! Among
all the directly or indirectly causal external factors resulting in SCI, the trauma, which in-
cluding traffic accidents, falls and sports/recreation, are the most common etiologies of
SCI? Due to severe incapacitation of the limbs below the injured segment after SCI, SCI
not only causes considerable physical suffering and mental distress to patients themselves,
but also incurs substantial economic burdens for families and society.® According to incom-
plete statistics, SCI affects more than 2 million people worldwide. Therefore, finding ways
to repair damage to spinal cord tissue is a common goal in modern medicine. Of course,
understanding the molecular and cellular mechanisms contributing to the pathophysiology
of SCI is essential for developing more effective therapeutic interventions.

In the current study, Dr. Gadot et al.* have provided thoroughly review of the SCI, which
including the mechanisms of SCI injury, SCI patient’s clinical presentation, and established
acute management strategies. All these subsections have focused the classical view about
the mainly pathological changes during the SCI process, and novel understanding for SCI,
as well as ongoing studies carried by worldwide.

In general, the pathophysiological types of SCI are characterized as acute, secondary and
chronic phases.” Primary damage to the spinal cord occurs as a direct result of the initial
trauma, such as compression, shearing, laceration, transection, stretch, or distraction, lead-
ing to immediate hemorrhage or vasospasm and rapid cell death.® Concomitantly, Second-
ary injury closely follows in an ongoing way characterized by further damage to neuronal
and glial cells and is accompanied by paralysis, intense pain, and progressive neurological
damage.” This phase usually occurs within minutes after injury and can last for weeks even
months. The concomitant and consecutive pathological events in this phase involve the im-
mune response, inflammation, apoptotic cell death, and formation of cystic cavitations and
astroglial scars.® Authors have provided novel reviews on these aspect in the section of “ex-
perimental acute management strategies” which containing 5 subsections for discussed and
explored the details in each cited literatures in the categories of current novel understand-
ings of SCI pathophysiology.
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Despite numerous studies, the pathogenesis of ossification of the posterior longitudinal lig-
ament (OPLL) is still unclear. Previous genetic studies proposed variations in genes related
to bone and collagen as a cause of OPLL. It is unclear whether the upregulations of those
genes are the cause of OPLL or an intermediate result of endochondral ossification process.
Causal variations may be in the inflammation-related genes supported by clinical and up-
dated genomic studies. OPLL demonstrates features of genetic diseases but can also be in-
duced by mechanical stress by itself. OPLL may be a combination of various diseases that
share ossification as a common pathway and can be divided into genetic and idiopathic.
The phenotype of OPLL can be divided into continuous (including mixed) and segmental
(including localized) based on the histopathology, prognosis, and appearance. Continuous
OPLL shows substantial overexpression of osteoblast-specific genes, frequent upper cervical
involvement, common progression, and need for surgery, whereas segmental OPLL shows
moderate-to-high expression of these genes and is often clinically silent. Genetic OPLL
seems to share clinical features with the continuous type, while idiopathic OPLL shares fea-
tures with the segmental type. Further genomic studies are needed to elucidate the relation-
ship between genetic OPLL and phenotype of OPLL.

Keywords: Ossification of posterior longitudinal ligament, Myelopathy, Genomics, NLRPI,
BMP, SSH2

ment of OPLL.>® Numerous studies over the last several decades
have suggested the involvement of multiple etiologic factors in
the development of OPLL, including genetic factors, mechani-

cal stress, nutrition, and secondary changes caused by systemic

MIM 602475) is a hyperostotic condition that results in ectopic
calcification of the posterior longitudinal ligament (PLL) and
leads to a reduced range of motion and potential spinal cord
compromise.”” OPLL was first reported by Key in 1838 and de-
scribed in detail by Tsukimoto in 1960.>* Two centuries have
passed since the discovery of this disease, and nearly a century
has passed since the specific form of the disease was confirmed,
but we still do not know the exact cause, pathogenesis, and treat-

disease.”

With regard to the pathogenesis of OPLL, on one hand, OPLL
demonstrates racial differences in its incidence, which is espe-
cially high in East Asian males."®"" A previous study in North
America showed that the prevalence of OPLL varied among
races: 4.8% in Asian Americans, 1.3% in Caucasian Americans,
1.9% in Hispanic Americans, and 3.2% in Native Americans."
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The prevalence of OPLL was found to be 26% in the parents
and 29% in the siblings of probands from 347 OPLL families,
which is significantly higher than that in the general popula-
tion.” This findings imply that OPLL is a genetic disease. On
the other hand, the nongenetic factors associated with OPLL
include age, diabetes mellitus, obesity, exercise, and mechanical
stress. The majority of OPLL cases occur after age 50, which
means that OPLL is related to degenerative disease. Previous
studies also reported that OPLL was associated with a vitamin
A-rich diet, plasma pentosidine levels, and femoral neck bone
mineral density.">'*"

Many investigators have performed case-control association
studies, affected sibling-pair linkage studies, and candidate gene
association studies, and they identified many genes or loci that
are linked to OPLL susceptibility. However, replication studies
have failed to verify these results, even in the same ancestry groups
as the original studies.'® Next-generation sequencing (NGS) has
recently emerged, and the genetic odyssey of OPLL has moved
to a new direction. The purpose of this study was to review sys-
tematically and summarize genetic and genomic studies on OPLL
of the cervical spine, and to make a suggestion which will help
us to guide our future OPLL studies.

MATERIALS AND METHODS

A comprehensive literature search was performed using Pub-
Med, Embase, and the Cochrane Library for all journal articles
published from January 2000 through October 2021. We also
manually searched reference lists. Key words used in the search
included “ossification of the posterior longitudinal ligament,”
“genetics;,” and “genomics” The terms were searched individu-
ally or in combination. Appropriate articles for our review were
selected based on scientific investigations on the genetic inheri-
tance and susceptibility patterns of OPLL in humans. The search
results were screened by title and abstract for the following ex-
clusion criteria: duplicate studies; case reports, letters, com-
ments, reviews, or technical notes; animal studies; and OPLL in
the thoracic spine. After eliminating the excluded papers, full-
text articles were obtained, and studies were thoroughly
screened again using the same exclusion criteria. We excluded
the following articles: combined diseases such as diffuse idio-
pathic skeletal hyperostosis (DISH) and ankylosing spondylitis
(AS); redundant papers; and those without any description of
mean values, the standard deviation, or the number of patients
in each group. We limited our results to articles in the English
language. In the case of overlapping study populations, we ex-

300 www.e-neurospine.org

cluded patients described twice or used the most recent publi-
cation.

RESULTS

1. Systematic Search and Identification of Relevant Papers
An initial literature search using the chosen subject headings
identified 129 studies in PubMed, 138 studies in Embase, and 2
studies in the Cochrane Central Register of Controlled Trials.
Among these 269 studies, 71 were duplicates and were thus ex-
cluded. After screening titles and abstracts, 86 of the 198 remain-
ing papers were excluded from our analysis because they were
case reports, review articles, letters, technical notes, or animal
experiments. Ten papers written in Japanese or Chinese were
excluded, and 6 studies that dealt with OPLL in the thoracic and
lumbar spine were excluded. The remaining 96 studies were
subjected to a full-text review, and another 35 were excluded.
These 26 articles were excluded because the studies used a mixed
group including patients with other rheumatic diseases such as
AS (n=21), no description of the standard deviation (n=38),
and indirect comparative studies or single group studies (n=6).
Finally, this systematic search found 39 gene-expression screen-
ing studies using real-time quantitative polymerase chain reac-
tion, 6 genome-wide association studies (GWAS), 2 NGS stud-
ies, 7 proteomic tissue expression analyses, and 7 micro-RNA
expression analyses. A detailed process is shown in Fig. 1.

2. Pathogenesis I: Review of Studies That Conducted

Screening of a Few Genes

Many research groups have proposed that genes related to
bone, collagen, and inflammation might be associated with the
initiation and progression of OPLL by using several methods
such as genetic linkage analysis, positional cloning, and associa-
tion studies.”” The expression levels of the osteoblast-specific
genes encoding alkaline phosphatase (ALP), osteocalcin (OCN),
and type I collagen (COL I), were upregulated in OPLL patients,
as shown in Table 1."** However, it remains unclear whether
upregulated expression of bone and collagen-related genes is
the cause of this disease or an intermediate result of the ossifi-
cation process.”" In addition, some ossification-related genes
such as BMPB, RUNX2, and TGFB families were introduced as
causal genes in the development of OPLL based on genotyp-
ing.?"*2% The logic of these studies is that some suspected ge-
netic variations that researchers assumed to be causal variations
showed statistically significant differences in case-control stud-
ies. This may be valid if only a few variations demonstrate sta-
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g References identified in database search PubMed (n=129),
E=] Embase (n=138), and Cochrane Library (n=2)
1
5
! | 269 All searched articles ‘
—>| 71 Excluded duplicated articles

- | 198 Screening of titles and abstracts |
95.3 Excluded according to selection criteria
g 86 Review, case report, letter, and experiments

10 Other languages

6 No cervical OPLL (e.g., thoracic spine)
96 Full-text articles assessed for eligibility
>~
= Excluded because of
TED 21 Combined disease (e.g., ankylosing spondylitis)
55 8 No description of mean/median value of target genes
6 No direct comparison between OPLL and control
61 Studies included in qualitative synthesis
o . . )
3 7 Differentially expressed gene analysis
= 39 PCR-RFLP and low throughput sequencing
= 8 GWAS and NGS
7 MicroRNA expression analysis

Fig. 1. Flow diagram of the identification of relevant studies. Ossification of the posterior longitudinal ligament (OPLL) indi-
cates ossification of the posterior longitudinal ligament. PCR, polymerase chain reaction; RFLP, restriction fragment length

polymorphism; GWAS, genome-wide association study; NGS, next-generation sequencing.

Table 1. Differential expression ratio of OPLL for the various osteogenic marker gene

No. of No. of ALP OCN COLI
Study

OPLL controls DE p-value DE p-value DE p-value
Yamamoto et al.?' 2002 5 5 1.55 <0.05 N/D N/D N/D N/D
Tsukahara et al.* 2006 3 3 1.76 SD, 0.04 2.83 0.08 1.66 0.16
Yang et al.** 2011 20 18 1.79 <0.01 1.72 <0.01 1.62 <0.01
Tanaka et al.”* 2011 18 14 1.8 N/D N/D N/D 1.1 N/D
Yang et al.’* 2020 21 16 2.71 <0.001 2.71 <0.001 3.31 <0.001

OPLL, ossification of the posterior longitudinal ligament; ALP, alkaline phosphatase; OCN, osteocalcin; COL I, type I collagen; DE, differential

expression; SD, standard deviation; N/D, no description.

tistically significant differences between the 2 groups. However,
there were thousands of variations show statistically significant
differences in case-control studies. Even if, those variations were
closely related with the OPLL, it is unknown whether they were

causal variation or intermediate results.

3. Pathogenesis II: Review of Genomic Variation Discovery
Studies
Genomic variation detection can be divided into discovery
and screening.” Discovery involves the identification of varia-
tions that are not yet known, while screening pertains to known
variations.” Causative genetic variations of OPLL have not been
clearly elucidated, and genomic studies must discover all genes,

https://doi.org/10.14245/ns.2244038.019

excluding the researcher’s prejudice. Nakajima et al." performed
the first GWAS study that discovered variant loci in the whole
genome, and they identified 6 susceptibility loci for OPLL.
Their subsequent study suggested that RSPO2 might be a sus-
ceptibility gene for OPLL based on genetic and functional data.”®
However, the RSPO2 gene did not show a significant difference
in other researchers’ studies, including a whole-exome sequenc-
ing (WES) study.”

Two WES studies that used the most up-to-date and precise
methods to discover causal variations were published by resear-
chers from Korea and China.”** One paper included 28 patients
with OPLL (67%, continuous/mixed type) and suggested that
variants of the PTCHI and COLI7AI genes might contribute
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to the development of OPLL.*® PTCHI is related to basal cell
carcinoma, and no precise relationship was found between the
results of the study and clinical findings. Seven years have passed
since the paper was published, but no further study by the au-
thors has yet been published. The other WES study included 74
OPLL patients (100% with the continuous/mixed type and a
>40% occupying ratio) and 26 controls and was published this
year.” A characteristic of this paper is that the patients group
was selected very precisely and that it probably included more
patients with OPLL caused by genetic diseases than other pre-
vious studies. The authors proposed that the causal variations
of genetic OPLL might be auto-/local inflammation-related
genes such as NLRPI, SSH2, and CYP4B1.” Previous genetic
studies also suggested that the inflammatory response were re-
lated to OPLL.*"* In a clinical study, serum level of C-reactive
protein (CRP) as well-known inflammatory marker was higher
in the OPLL group than in the control group, and the group with
progression of OPLL showed much higher CRP levels than the
group with nonprogression of OPLL.” The researchers suggest-
ed that inflammation might relate the development or progres-
sion of OPLL.* Genetic vulnerability of inflammation-related
genes may be a causal factor of OPLL. Further biomarker stud-
ies are needed.

MiRNAs are small noncoding RNAs that regulate gene ex-
pression in numerous biological or pathological processes by
binding with target mRNAs to affect their translation or stabili-
ty, and they are thought to regulate cell reprogramming and
differentiation.* Many miRNAs previously reported in network
studies were addressed the association with osteogenesis.* Pre-
vious studies described significant upregulation of the expres-
sion of ossification-related RUNX2, ALE and OSX genes by miR-
181a-5p, while the inhibition of miR-181a-5p by treatment with
antagomir had the opposite effects.**** Other investigators dem-
onstrated that the GG genotype of miR-499 was associated with
a significantly higher risk of OPLL in the segmental OPLL group.®
More studies are needed to prove the pathogenesis of OPLL by
miRNA.

4. Pathogenesis I1I: Role of Mechanical Stress in the

Development/Progression of OPLL

It has been reported that the abnormal distribution of me-
chanical stress is closely correlated with the process of OPLL.”
Mechanical stress could induce osteogenic differentiation of
PLL fibroblasts in vitro, which is expressed as the upregulation
of osteogenic markers, including OCN, ALP, and COL 1.***
Other researchers reported that numerous genes showed up-
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regulated expression levels in response to mechanical stress, such
as ALB BMP2, BMP4, osteopontin, CBFA1, OCN, integrin-f1,
and endothelin-1; furthermore, mechanical stress elevated pros-
tacyclin synthesis in ligament cells derived from OPLL patients
and induced osteogenic differentiation.'>** This evidence sug-
gests that mechanical stress itself induces ossification of the lig-
ament at highly stressed regions such as the low cervical spine.
One hand, a recent epidemiological study reported that the
prevalence of OPLL has increased in North American and Eu-
ropean populations from 0.1% to 2.5%." The number of surgi-
cal cases of OPLL has tripled in 12 years across the United States
(US).* Because the incidence of genetic disease is hard to in-
crease like this, the rapid increase of OPLL patients in the last
decade may be related with mechanical stress. On the other hand,
7.5% of Asians and Pacific islander living in the US underwent
surgery for the OPLL, which was higher than the 4.9% of all
Americans.” Assuming that the lifestyle of the people living in
US is similar, the fact that severe OPLL requiring surgery is es-
pecially frequent in Asians means that Asians have a genetic
vulnerability under similar mechanical stress. This reflects that
severe OPLL resulting from a genetic vulnerability needs to be
distinguished from mild OPLL caused by mechanical stress.

5. Two Distinct Phenotypes of OPLL

One reason for the uncertain pathogenesis is that OPLL is a
disease named based on a radiological finding regardless of cause
and pathogenesis. According to the definition of the disease
name, all patients showing any ossification or calcification at
the PLL can be diagnosed with OPLL. The disease needs to be
classified based on its cause and pathogenesis because ectopic
osteogenesis (ossification and calcification) is frequently found
even in healthy people in various organs and tissues, including
connective tissues, blood vessels, and skeletal muscle.'”*** In
addition, some systemic diseases such as hypoparathyroidism,
DISH, AS, and potentially schizophrenia sometimes induce
paravertebral ligamentous ossification.'>'*">**> Therefore, clini-
cally insignificant calcifications or ossification of PLL may be
better excluded from the diagnosis of OPLL.

It is well known that OPLL can be classified into 4 types based
on the shape of the ossified region using plain radiographs of
the cervical spine in the lateral view: continuous, segmental,
mixed, and localized. However, researchers suggested that it
would be better to divide OPLL into only 2 types (continuous
and segmental) based on the histopathology, prognosis, and ap-
pearance.* The mixed type of OPLL is regarded as a subcatego-
ry in which segmental ossification is added to the continuous

https://doi.org/10.14245/ns.2244038.019
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type of OPLL. The localized type of OPLL is referred to as the
circumscribed or unclassified type of OPLL, and is regarded as
a kind of the segmental type of OPLL. Differential points be-
tween continuous/mixed and segmental/localized OPLL are
described in Table 2.

A previous study demonstrated that ALP activity in continu-
ous OPLL, segmental OPLL, and non-OPLL was 2.56+0.05,
1.21+0.11, and 1.00 £0.05, respectively.”” Other researchers
also reported that the expression level of ALP, OCN, and COL I
showed significant step-wide decrease, which was found most
prominently in continuous OPLL, followed in order by segmen-
tal OPLL and non-OPLL.”***¢* The researchers stated that

spinal ligament cells derived from continuous OPLL tended to

Table 2. Two different phenotypes of cervical OPLL

Continuous/ Segmental/

Item . :

mixed localized
Upper cervical (C2, 3) involve Frequent Rare
Lower cervical (C5/6/7) involve Sometimes Frequent
Mean age Younger Older
Progression rate Fast Slow
Need for surgical treatment Sometimes Rare

OPLL, ossification of the posterior longitudinal ligament.

be more easily mineralized than those from segmental OPLL
patients.”” From a clinical point of view, continuous OPLL re-
quires careful observation of cervical myelopathy, whereas seg-
mental OPLL is often clinically silent. A previous meta-analysis
demonstrated that the continuous/mixed type accounted for
77% of the patients who underwent surgery due to cervical my-
elopathy with OPLL." The progression rate of ossification was
reported to be 75% in patients with continuous OPLL and 38%
in those with segmental OPLL.** Another study showed 72% of
patients with continuous/mixed OPLL had involvement in the
upper cervical region such as C2.” It may be necessary to dis-
tinguish clinically significant continuous OPLL from the asymp-
tomatic segmental type based on genetic, biochemical, and clin-

ical differences.*

6. Suggestion for the Development of OPLL

We may summarize 2 mechanisms and 2 types of OPLL, as
shown in Fig. 2. One is named idiopathic OPLL, which may be
triggered by mechanical stress, comorbid diseases, and specific
nutritional patterns. Mechanical stress to the cervical spine is
usually focused on low cervical spine, high mobile segments.*>*’
Segmental OPLL usually occur at the segments, but continuous
OPLL usually involve upper cervical spine. Segmental or local-
ized OPLL may be developed by this mechanism. This type

fibroblasts

Posterior longitudinal ligament

NLRP1/SSH2

Genetic vulnerability

Auto-/local
Inflammation

/TGFB

BMP/RUNX2

Mechanical stress
Comorbid (DM, obesity)
Nutrition (Vit-A rich diet)

Endochondral ossification

Vasculogenesis/Calcification

OCN/ALP/COLI

e
¢

Idiopathic OPLL

I Continuous (mixed) ’ Type

Segmental (localized) l

" OCN/ALP/COLI 1
More easily . Easily
mineralized Histopathology mineralized

Fig. 2. Hypothetic pathogenesis of ossification of the posterior longitudinal ligament (OPLL). The phenotype of OPLL is divided
into continuous (including mixed) and segmental (including localized). The continuous type of OPLL demonstrates much high-
er expression of endochondral ossification genes encoding osteocalcin (OCN), alkaline phosphatase (ALP), and type I collagen
(COL I) than the segmental type of OPLL. Genetic OPLL showed involvement of less stressed cervical region such as C2 and
frequent surgical treatment, which is similar with continuous type of OPLL. DM, diabetes mellitus; Vit-A, vitamin A.
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may show moderate over expression of ALP, OCN, and COL I.
Rapid increase of surgery for OPLL over the past 10 years may
mean that OPLL can be developed regardless of genetic vulner-
ability because it is difficult to triple the number of genetic dis-
eases for 10 years.* The other is named genetic OPLL, which
occurs in patients with variations in inflammatory genes such
as NLRPI and SSH2. Levels of inflammatory biomarkers such
as CRP were found to remain high in OPLL patients and were
positively associated with OPLL progression. Genetic OPLL
may even show involvement in the upper cervical regions with
less mechanical stress. In an epidemiologic study from US, Asian
American underwent 53% more spine surgeries than the US
overall. This may mean that genetic OPLL often seems to induce
cervical myelopathy and more often requires surgical treatment
than the idiopathic OPLL and genetic OPLL needs to surgical
treatments more than idiopathic OPLL.**** These features of
genetic OPLL are observed in continuous OPLL. Although the
genetic differences among types of ossification remain to be
elucidated, genetic and genomic studies may provide new etio-
logic insights into how the type of OPLL relates to the causal
genetic variation and the prognosis.

7. Limitations

There are some limitations that need to be acknowledged
and addressed regarding the present study. The first limitation
concerns a narrative review. We tried to search all genetic and
genomic studies and offer clear evidence. We performed a sys-
tematic search and found 60 papers. Most of searched studies
suggested misleading candidate genes that studied with single
or a few genes and variants addressed one at a time by single
team with small sample size.”® The authors tried to summary all
reported results without bias because following the systematic
review protocol could rather lose objectivity. The second, there
are few evidence that genetic OPLL make continuous type ossi-
fication. It is entirely our hypothesis. Although genetic OPLL
showed similar feature with continuous type of OPLL, there are
many things that are difficult to explain by the reason. Further
studies are necessary to find out the difference in genetic varia-
tions by type of OPLL.

CONCLUSION

OPLL may develop from genetic vulnerabilities and idiopathic
factors, including mechanical stress. It is not clear whether OPLL
is a complex genetic disease or a combination of various diseas-
es that share a process of calcification/ossification as a common
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pathway. Genetic OPLL seems to share clinical features with the
continuous type, while idiopathic OPLL shares them with the
segmental type. Further genomic studies with clear phenotypic
classifications may provide further insights into the disease.
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INTRODUCTION

As the frequency of spinal procedures has steadily increased, so
too has the use of patient-reported outcome measures (PROMs).
Legacy PROMs such as the Oswestry Disability Index (ODI),
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What Can Legacy Patient-Reported
Outcome Measures Tell Us About
Participation Bias in Patient-Reported
Outcomes Measurement Information
System Scores Among Lumbar Spine
Patients?
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Objective: Patient-Reported Outcomes Measurement Information System (PROMIS) is a
validated tool for assessing patient-reported outcomes in spine surgery. However, PROMIS
is vulnerable to nonresponse bias. The purpose of this study is to characterize differences in
patient-reported outcome measure scores between patients who do and do not complete
PROMIS physical function (PF) surveys following lumbar spine surgery.

Methods: A prospectively maintained database was retrospectively reviewed for primary,
elective lumbar spine procedures from 2015 to 2019. Outcome measures for Patient Health
Questionnaire-9 (PHQ-9), visual analogue scale (VAS) back & leg, Oswestry Disability In-
dex (ODI), and 12-item Short Form health survey physical composite summary (SF-12 PCS)
were recorded at both preoperative and postoperative (6 weeks, 12 weeks, 6 months, 1 year,
2 years) timepoints. Completion rates for PROMIS PF surveys were recorded and patients
were categorized into groups based on completion. Differences in mean scores at each time-
point between groups was determined.

Results: Eight hundred nine patients were included with an average age of 48.1 years. No
significant differences were observed for all outcome measures between PROMIS comple-
tion groups preoperatively. Postoperative PHQ-9, VAS back, VAS leg, and ODI scores dif-
tered significantly between groups through 1 year (all p < 0.05). SE-12 PCS differed signifi-
cantly only at 6 weeks (p = 0.003).

Conclusion: Patients who did not complete PROMIS PF surveys had significantly poorer
outcomes than those that did in terms of postoperative depressive symptoms, pain, and
disability. This suggests that patients completing PROMIS questionnaires may represent a
healthier cohort than the overall lumbar spine population.

Keywords: Patient-reported outcomes, Patient-Reported Outcomes Measurement Infor-
mation System, Lumbar spine

visual analogue scale (VAS) and the 12-item Short Form health
survey (SF-12) measure perceptions of pain, disability, and physi-
cal function (PF), but are dated in their ability to provide more
personalized assessment. More recent metrics such as the Pa-
tient-Reported Outcomes Measurement Information System
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(PROMIS) utilize computer adaptive testing which customizes
questions based on previous responses and provides more effi-
cient and focused assessments of patient-reported outcomes
(PROs). Additionally, PROMIS surveys have demonstrated
minimal floor and ceiling effects, and their use among spine
patients is well-validated."*

Although PROs are of utmost importance to accurately track
postoperative improvement, noncompliance is nearly inevitable
with any self-report measure and bias may be thereby introduced.
Participation bias (also known as nonresponse bias) can occur
when there are significant differences between respondents and
nonrespondents and may lead to an inaccurate representation
of the population at large. Previous studies have demonstrated
several important differences between respondents and nonre-
spondents to PROM surveys. Parrish et al.> examined demo-
graphic and perioperative variables as predictors of survey com-
pletion and reported that patients of African-American or His-
panic race and those with radicular pain were less likely to com-
plete surveys. Conversely, older individuals and patients with
more severe depressive symptoms were more likely to complete
PROMIS PF questionnaires. Furthermore, several other studies
demonstrated higher completion rates among older individu-
als, and those with postoperative complications, whereas male
sex, younger age, lower socioeconomic status and non-White
race were reported as predictors of decreased compliance.®®

The variability in demographics and perioperative characteris-
tics that may predict respondent and nonrespondent status may
have implications for the outcomes experienced by these patients
as well. If key differences in PROs exist between respondents and
nonrespondents, the data obtained by these surveys may be un-
representative of the patient population as a whole and, if taken
at face value, may misguide clinical decision making or lead
some patients to receive inappropriate or inadequate care. Given
that it is predicated on the absence of data, participation bias is
inherently difficult to quantify. Several orthopedic studies have
employed different tactics, such as telephone outreach, to quan-
tify outcomes in nonrespondents.”!! One avenue to elucidate
PROM trends in nonrespondents that has not been well explored
is the use of data from “partial-respondents” who may have com-
pleted other PROMs, but not PROMIS PE The establishment of
strong correlations between PROMIS PF and VAS, OD], and SF-
12 at multiple timepoints for both lumbar and cervical spine pa-
tients may allow for an alternative route to quantify outcome
measures of nonrespondents.>*'> More specifically, use of com-
pleted legacy PROMs to extrapolate important data about poten-
tial PROMIS scores could provide insight to the true status of
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postoperative PF among nonrespondents. As the popularity and
applications of PROMIS surveys continue to expand, it becomes
more important than ever to quantify the impact of participation
bias on their results. This study aims to explore the extent of par-
ticipation bias for PROMIS PF in a cohort of lumbar spine pa-
tients by analyzing differences in legacy PROM scores between
PROMIS respondents and nonrespondents.

MATERIALS AND METHODS

1. Patient Population

Prior to study onset, this study was approved by the Institu-
tional Review Board of Rush University Medical Center (ORA
#14051301) and written informed consent were obtained from
patients. A private registry of prospectively maintained spine
surgery data was retrospectively reviewed for patients that un-
derwent primary, elective lumbar spine procedures, which in-
cluded fusions, decompressions, and discectomies between the
dates of May 2015 and July 2019. Revision procedures along
with surgeries indicated for traumatic, infectious, or malignant
etiologies were excluded.

2. Data Collection

The following patient demographic characteristics were col-
lected: age, sex, body mass index (BMI), preoperative smoking
status, diabetic status, American Society of Anesthesiologists
(ASA) physical status classification, Charlson Comorbidity In-
dex (CCI), ethnicity, and insurance/payment type received. Pre-
operative spinal pathologies were classified as herniated nucleus
pulposus (new-onset or recurrent), degenerative spondylolis-
thesis, isthmic spondylolisthesis, and scoliosis. Perioperative
characteristics were recorded including operative duration (in
minutes), estimated blood loss (EBL; in mL), and postoperative
length of stay (in hours). PROMs assessing pain (VAS back and
leg), disability (ODI), PF (SF-12 physical component summary
[SF-12 PCS]), and depressive symptoms (Patient Health Ques-
tionnaire-9 [PHQ-9]) were collected at preoperative and 6-week,
12-week, 6-month, and 1-year postoperative timepoints. All
PROMs were completed either during clinic appointments us-
ing a hand-held tablet device or remotely using the patients’ per-
sonal devices through an online portal. Patients completing
PROMs during clinic appointments were required to finish
surveys before meeting with clinicians to avoid any biases.

3. Statistical Analysis
All statistical tests and calculations were performed using
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Stata 16.1 (StataCorp, College Station, TX, USA). Descriptive
statistics were reported for patient demographic characteristics,
preoperative spinal diagnoses, and perioperative variables. Peri-
operative variables were reported separately for patients who
underwent lumbar fusion and patients who underwent lumbar
decompression/discectomy. Outlier analysis was performed to
identify patients with operative duration, EBL, or length of stay
>3 standard deviations above or below the mean value. Outli-
ers were excluded to limit the amount of bias introduced by
highly atypical cases. Patients were categorized at each time-
point as PROMIS respondents or nonrespondents based on
whether they had completed a PROMIS PF survey correspond-
ing to that given timepoint. Chi-square and Student t-test were
used to compare demographic and perioperative variables be-
tween PROMIS respondents and nonrespondents. Student t-
test for independent samples was used to compare scores for
each of the other included PROMs between PROMIS respon-
dents and nonrespondents at each timepoint. A p-value of <0.05
was set as the threshold for statistical significance for all tests.

RESULTS

A total of 827 eligible lumbar spine patients were initially
identified. Following removal of outliers, 809 patients were in-
cluded in final analysis. The overall cohort had a mean age of
48.1 years and a majority were male (66.9%) and nonobese (BMI
<30 kg/m? 56.7%). The mean ASA classification was 1.9 and
mean CCI score was 1.4. Ethnicity (p <0.001) and insurance/
payment type (p<0.001) were significantly associated with
PROMIS completion status (Table 1). The study cohort includ-
ed 335 lumbar fusion patients among whom degenerative spon-
dylolisthesis was the most common preoperative spinal pathol-
ogy (49.0%) and means for perioperative variables were as fol-
lows: operative duration 136.6 +45.8 minutes, EBL 52.1+30.4
mL, and length of stay 32.7+21.5 hours. The study cohort in-
cluded 474 lumbar decompression/discectomy patients among
whom herniated nucleus pulposus was the most common spi-
nal pathology (82.7%) and means for perioperative variables
were as follows: operative duration 46.0+ 16.7 minutes, EBL
26.9+9.2 mL, and length of stay 5.8 +7.6 hours. No periopera-
tive variables significantly differed between PROMIS PF respon-
dents and nonrespondents for either procedure type (Table 2).

No significant preoperative differences in any of the included
PROMs were observed between PROMIS respondents and
nonrespondents. PHQ-9 scores were significantly more severe
for nonrespondents at 6 weeks (3.3 vs. 5.7, p<0.001), 12 weeks

https://doi.org/10.14245/ns.2040706.353

Table 1. Patient demographics

Completed Incomplete

Demographic Total PROMIS PROMIS p-value'
(n=809) PF PF
(n=570) (n=239)
Age (yr) 48.1+13.3 48.0+13.2 482+13.6 00918
Sex 0.603
Female 268 (33.1) 192(33.7) 76(31.8)
Male 541 (66.9) 378 (66.3) 163 (68.2)
Body mass index (kg/m?) 0.617
<30 450 (56.7) 320 (57.3) 130 (55.3)
>30 344 (43.2) 239 (43.8) 105 (44.7)
Smoking status 0.506
Nonsmoker 707 (87.4) 501 (87.9) 206 (86.2)
Smoker 102 (12.6) 69 (12.1) 33 (13.3)
Diabetes 0.067
Nondiabetic 743 (91.8) 530(93) 213(89.1)
Diabetic 66 (8.2) 40 (7.0) 26 (10.9)
ASA PS classification  1.9+0.6 1.8+0.6 1.9+0.6 0.244
CClI score 1415 1.3+£1.5 14+15 0.823
Ethnicity <0.001*
White 562 (69.7) 437 (76.9) 125 (52.5)
African-American 82(10.2) 49(8.6) 33(13.9)
Hispanic 107 (13.3) 48 (8.5) 59 (24.8)
Asian 31(3.9) 22(3.9) 9(3.8)
Other 24 (3.0) 12 (2.1) 12 (5.0)
Insurance <0.001*
Medicare/Medicaid 25 (3.1) 18 (3.2) 7(2.9)
Workers compensa- 212 (26.3) 112 (19.7) 100 (41.8)
tion
Private 570 (70.6) 438 (77.1) 132 (55.2)

Values are presented as mean + standard deviation or number (%).
PROMIS PF, Patient-Reported Outcomes Measurement Information
System physical function; ASA PS, American Society of Anesthesiol-
ogists physical status; CCI, Charlson Comorbidity Index.

*p<0.05, statistically significant differences. 'p-values calculated us-
ing t-test for independent samples (continuous) or chi-square analy-
sis (categorical).

(3.6 vs. 5.4, p=0.005), 6 months (3.7 vs. 5.3, p=0.007), and 1
year (4.0 vs. 5.7, p=0.042). VAS back pain scores were signifi-
cantly higher for nonrespondents at 6 weeks (3.1 vs. 3.8, p=0.004),
12 weeks (3.2 vs. 4.1, p=0.003), 6 months (3.3 vs. 4.3, p=0.002),
and 1 year (3.2 vs. 4.5, p=0.004). VAS leg pain scores were sig-
nificantly higher for nonrespondents at 6 weeks (2.8 vs. 3.6,
p=0.004), 12 weeks (2.8 vs. 3.4, p=0.047), 6 months (2.8 vs. 3.7,
p=0.011), and 1 year (2.7 vs .3.9, p=0.011). ODI scores indicat-
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Table 2. Spinal pathology and operative characteristics

Characteristic Total Completed PROMIS PF  Incomplete PROMIS PF p-value’
Lumbar fusion (n=335) (n=236) (n=99)
Spinal pathology
Degenerative spondylolisthesis 164 (49.0) 118 (50.0) 46 (45.5) 0.555
Isthmic spondylolisthesis 88 (26.3) 59 (25.0) 29 (29.3) 0.415
Recurrent HNP 45 (13.4) 27 (11.4) 18 (18.2) 0.099
Degenerative scoliosis 35 (10.5) 26 (11.0) 9(9.1) 0.599
Operative time* (min) 136.6+45.8 137.1+45.7 135.3+46.3 0.749
Estimated blood loss (mL) 52.1+304 51.1+29.5 54.6+32.5 0.351
Length of stay (hr) 32.7+£21.5 31.5+£19.5 35.6+254 0.114
Lumbar decompression/discectomy (n=474) (n=334) (n=140)
Spinal pathology
HNP 392 (82.7) 270 (80.8) 122 (87.1) 0.098
Central stenosis 362 (76.4) 257 (77.0) 105 (75.0) 0.649
Foraminal stenosis 254 (53.6) 178 (53.3) 76 (54.3) 0.843
Operative time* (min) 46.0+£16.7 46.0+15.9 46.0+18.6 0.995
Estimated blood loss (mL) 26.9+9.2 26.5+7.1 27.7+12.9 0.225
Length of stay (hr) 58+7.6 5.4+6.9 6.5+9.0 0.158

Values are presented as number (%) or mean + standard deviation.

PROMIS PF, Patient-Reported Outcomes Measurement Information System physical function; HNP, herniated nucleus pulposus.
p-values calculated using t-test for independent samples (continuous) or chi-square analysis (categorical). *Skin incision to skin closure.

ed significantly more severe disability for nonrespondents at 6
weeks (27.6 vs. 35.0, p<0.001), 12 weeks (25.2 vs. 33.9, p<0.001),
6 months (24.1 vs. 323, p<0.001), and 1 year (22.8 vs. 31.7, p=
0.009). SF-12 PCS scores were significantly poorer for nonre-
spondents at 6 weeks (35.9 vs. 32.5, p=0.003), but not at any
other timepoint (all p>0.090). A summary of postoperative
PROM improvement by respondent group can be found in Ta-
ble 3.

DISCUSSION

Defined as key differences in nonrespondents and respon-
dents to a survey in a given population that may influence over-
all results, participation bias (also known as nonresponse bias)
is a concern for clinical research, particularly those focused on
PROM:s. Such biases can be influenced both by the rate of re-
sponse and the degree of difference between respondents and
nonrespondents. Given that this bias is predicated on the ab-
sence of data, it is particularly difficult to quantify. Previous stud-
ies have utilized a variety of different methods to explore par-
ticipation bias in surgical patients and report a wide range of
results. Our analysis indicates significant differences in both the
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physical and mental health PROM scores of lumbar spine pa-
tients between respondents and nonrespondents to PROMIS
PF surveys. These differences raise concerns for nonnegligible
participation bias in the PROMIS scores of lumbar spine pa-
tients.

The challenging task of quantifying participation bias in PROs
has necessitated a good deal of creativity on the part of research-
ers. One method employed by multiple orthopedic studies in-
volves the use of a relatively generic, mail-based survey to cate-
gorize “respondents” and “nonrespondents,” followed by self-
reported and more objective clinical data collection at subse-
quent follow-up appointments. Both Kwon et al.”” and Kim et
al."* conducted such analyses using a mail-based survey assess-
ing satisfaction and functional status in patients undergoing to-
tal knee arthroplasty.

Telephone-based outreach has also been utilized by several
groups to connect with patients that did not respond to initial
survey requests. In a study of patients from the Danish Shoul-
der Arthroplasty Registry, Polk et al.”® utilized both postal re-
minders and telephone contact to increase completion rates of
the Western Ontario Osteoarthritis of the Shoulder index from

65% to 82%. Hejmark et al."" also studied nonrespondents to a
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Table 3. Outcomes by PROMIS completion status

Completed

Incomplete

Variable PROMISPF  PROMISPF  Pvalue
PHQ-9
Preoperative 6.0+5.7 (448) 6.9+6.6 (144) 0.117
6 Weeks 3.3+4.4(347) 5.7+£6.0 (147) <0.001*
12 Weeks 3.6+£5.2(257) 5.4+6.0 (105) 0.005*
6 Months 3.7+£5.2(232) 5.3+6.1(142) 0.007*
1 Year 40+5.7(189)  5.7%6.0 (65) 0.042*
VAS back
Preoperative 6.1+2.6 (553) 6.5+3.0 (183) 0.130
6 Weeks 31427(435) 3.8+28(188)  0.004*
12 Weeks 32428(316)  4.1+27(133)  0.003*
6 Months 3.3+£2.9(255) 4.3+2.8(132) 0.002*
1 Year 3.2+£2.8(179) 4.5+2.9 (49) 0.004*
VAS leg
Preoperative 5.9+2.8 (556) 6.1+2.8(182) 0.311
6 Weeks 28+27(434)  3.6+3.0(187)  0.001*
12 Weeks 28+428(316) 34+28(134)  0.047*
6 Months 2.8+3.0(255) 3.7+28(132)  0.011*
1 Year 27+3.0(180)  3.9+3.2(49) 0.011*
Oswestry Disability Index
Preoperative 41.5+17.2 (556) 42.9+17.8(182) 0.319
6 Weeks 27.6+18.8 (436) 35.0+£21.9(188) <0.001*
12 Weeks 252+19.8(315) 33.9+£20.3(137) <0.001*
6 Months 2414204 (256) 32.3+20.4 (132) <0.001*
1 Year 22.8+20.7 (177) 31.7£20.9 (49) 0.009*
SE-12 PCS
Preoperative 31.1+£8.0(539) 32.1+8.4(155) 0.159
6 Weeks 35.9+10.0 (424) 32.5+9.3(122) 0.003*
12 Weeks 37.9+11.1(329) 35.8+9.0(71) 0.141
6 Months 39.5+11.4(268) 37.9+11.6(86) 0.265
1 Year 40.7+11.3 (241) 37.6+12.7 (47) 0.090

Values are presented as mean + standard deviation (number).

PROMIS PF, Patient-Reported Outcomes Measurement Information
System physical function; PHQ-9, Patient Health Questionnaire-9;
VAS, visual analogue scale; SF-12 PCS, 12-item Short Form health
survey physical composite score.

*p <0.05, statistically significant differences. "p-values calculated us-
ing t-test for independent samples.

mail-based survey from the Danish national spine database
(DaneSpine) at 1 year follow-up by initiating contact through a
structured telephone interview. Though this study is one of few
to examine PROM participation bias in a cohort of spine pa-
tients, Cabitza et al.’ also utilized telephone-based follow-up,
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but used a slightly less conventional method of characterizing
and studying “nonrespondents” These authors utilized phone-
based reminders at 3 separate timepoints, and timed the third
reminder such that patient responses had essentially ceased be-
fore this final outreach was attempted. Predicated on the idea
that patients engaged by the third reminder otherwise would
likely not have responded, outcome response data from these
patients were used as a “proxy” for “true nonrespondents”

Our groupss collection of a variety of different PROM:s at mul-
tiple postoperative intervals allows us the opportunity to use
data from “partial-respondents” who complete some PROMs
but not others, to extrapolate potential trends for missing sur-
veys. A number of previous studies have demonstrated robust
correlations between PROMIS PF and the other physical health-
related “legacy” PROMs utilized in our study. In their 2-year
PROMIS validation study, Jenkins et al.* demonstrated strong
correlations of PROMIS PF with VAS back, VAS leg, ODI, and
SE-12 at both short- and long-term follow-up in patients un-
dergoing transforaminal lumbar interbody fusion. This finding
has been similarly reproduced in other studies across a number
of procedures including lumbar fusions and microdiscecto-
mies,'""® with the exception of Vaishnav et al, who reported a
weak correlations of PROMIS PF with SF-12 preoperatively.”
Based on these well-documented correlations, we can be confi-
dent that the completed PROM data we do have may provide
useful information regarding the potential PROMIS scores for
those that did not complete the PROMIS questionnaire. These
relationships indicate that in cases where “legacy” PROM scores
differ significantly between PROMIS respondents and nonre-
spondents, PROMIS scores may differ as well.

We identified 2 key demographic variables that were signifi-
cantly associated with PROMIS completion. Specifically, the
nonrespondent group included a larger proportion of patients
who were African-American or Hispanic, and patients who
made payments through workers’ compensation. Parrish et al.’
previously examined demographic factors associated with PRO-
MIS survey completion and reported similar trends of lower
survey completion among African-American and Hispanic
spine patients. While their study did not replicate our results
regarding workers’ compensation patients, several investiga-
tions have reported poorer lumbar surgery outcomes among
African-American and workers compensation populations.*®*!
These observed demographic variations in PROMIS response
rates may contribute to and/or exacerbate the apparent response
bias demonstrated in our results.

Although our analysis demonstrated substantial discrepan-
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cies in postoperative PROM scores, preoperative PROM scores
did not significantly differ for any measure between PROMIS
respondents and nonrespondents. This trend was demonstrat-
ed for both mental and physical health measures and may be
particularly strong given that the greatest number of participants
were included at these preoperative timepoints. Other studies
of participation bias have reported similar results, with negligi-
ble preoperative differences between respondents and nonre-
spondents, even when significant differences emerged postop-
eratively.”'* One potential explanation for this observation is
that differences in response rates may be influenced by patient
experiences, perceptions, or outcomes of surgery. Perhaps pa-
tients hold relatively similar perceptions of surgery at the pre-
operative timepoint, given that they have all decided to pursue
elective procedures, but these perceptions may diverge follow-
ing varying postoperative outcomes and experiences. In fact, a
number of studies have demonstrated that postoperative satis-
faction is significantly associated with rates of survey comple-
tion.'**

In contrast with our preoperative results, PROMIS PF nonre-
spondents reported significantly worse back pain, leg pain, and
disability at all postoperative timepoints. In their study of total
knee arthroplasty patients, Kim et al."* demonstrated poorer mean
scores and less postoperative improvement in pain, functional-
ity, and Knee Society knee scores in patients that did not respond
to their initial, mail-based survey. Cabitza et al.’ also demon-
strated poorer pain outcomes among survey nonrespondents in
their cohort of hip, knee, and spine patients. However, others,
such as Hojmark et al."" and Kwon et al.” reported no signifi-
cant difference in pain scores between respondents and nonre-
spondents.

PE as measured by SF-12 PCS, demonstrated the least post-
operative difference between PROMIS respondents and nonre-
spondents, with the nonresponding group demonstrating worse
scores at the 6-week timepoint only. In previous validation stud-
ies, SF-12 PCS demonstrated some of the strongest, most con-
sistent correlations with PROMIS PE** Given that these mea-
sures are both specifically designed to assess physical function-
ing, the relative lack of difference in SF-12 PCS scores between
PROMIS respondents and nonrespondents may be reassuring
in terms of the validity of PROMIS data for drawing conclusions
about the entire cohort. Our results conflict again with that of
Kwon et al.” and also with Cabitza et al.’ in this regard, as these
studies both reported significantly poorer SF PF scores among
survey nonrespondents.

In addition to the differences, we observed in physical health
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measures, patient-reported depressive symptoms, as measured
by PHQ-9, were also significantly more severe at all postopera-
tive timepoints for patients that did not complete PROMIS. Lit-
erature related to participation bias in measures of depression
among surgical patients is quite limited. Cabitza et al.” was one
of very few studies to include a measure of mental health status
and, in contrast with their results regarding physical health, dem-
onstrated no significant difference in SF mental component
summary scores between respondents and nonrespondents.
Several previous studies in more general medical populations
have also reported minimal effects of participation bias with re-
gard to depressive symptoms or mental health outcomes.”*
Nonetheless, the substantial differences we observed in depres-
sive symptoms is concerning, especially considering evidence
for a connection between PHQ-9 scores and physical outcomes
in patients undergoing spine surgery.***

The primary limitation of this study is that our use of legacy
PROMs as a proxy for PROMIS scores did not allow us to study
“complete nonrespondents” who did not complete any PROM
surveys at all. These patients may differ from the 2 groups ex-
amined in our study in several important ways, and future stud-
ies of participation bias should consider alternative ways to cap-
ture outcomes in these patients. Additionally, all procedures in
this study were performed by a single attending surgeon at the
same academic institution. Therefore, the ability to generalize
our results regarding PROMIS nonrespondents to other popu-
lations may be limited. A follow-up study using a multicenter
design and an innovative method of engaging nonrespondents
could be helpful to address these limitations. However, the cur-
rent study provides a novel analysis of PROM trends in patients
that did not complete the PROMIS PF survey, and presents im-
portant data regarding the potential for participation bias in
this measure among lumbar spine patients.

CONCLUSION

No significant preoperative differences were observed for any
of the assessed PROM scores between PROMIS respondents
and nonrespondents. PROMIS nonrespondents demonstrated
significantly poorer postoperative back pain, leg pain, disability,
and depressive symptoms than respondents through 1-year fol-
lowing surgery. PE, as quantified by SF-12 PCS, generally did
not differ between respondents and nonrespondents. Our re-
sults indicate that some degree of nonresponse bias may exist
for PROMIS surveys, leading to a potential underestimation of
PF deficits in the overall lumbar spine cohort, particularly at
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short-term postoperative timepoints. Efforts should be taken
whenever possible to maximize survey completion and the out-
comes of nonrespondents should be considered alongside avail-
able survey data.
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Effects of Anterior Plating on Achieving
Clinically Meaningful Improvement
Following Single-Level Anterior
Cervical Discectomy and Fusion
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Objective: The clinical utility of anterior cervical plating for anterior cervical discectomy
and fusion (ACDF) procedures remains controversial. This study aims to compare the im-
pact of cervical plating on achievement of minimum clinically important difference (MCID)
up to 2 years following ACDF.

Methods: Patients undergoing primary, single-level ACDF procedures were grouped based
on whether their procedure included application of an anterior cervical plate. Demograph-
ics, preoperative spinal diagnoses, operative characteristics, and patient-reported outcome
measures (PROM:s) were compared between plating groups. Achievement of an MCID was
assessed using the following previously established thresholds: 12-item Short Form health
survey physical component summary (SF-12 PCS) 8.1, visual analogue scale (VAS) neck
2.6, VAS arm 4.1, Neck Disability Index (NDI) 8.5. Rates of MCID achievement were
compared between groups.

Results: The cohort included 192 patients of whom 102 received plating and 90 received no
plating. Plating status was significantly associated with Charlson Comorbidity Index and
insurance status. Operative duration and estimated blood loss were significantly greater for
the plating group. Both groups demonstrated significant improvements at the majority of
postoperative timepoints. Significant intergroup differences in PROM improvement were
demonstrated for VAS neck and NDI at 6 weeks. Rates of MCID achievement differed sig-
nificantly between groups for NDI at 6 weeks, and 12 weeks, and SF-12 PCS overall.
Conclusion: Patients improved significantly in terms of pain, disability and physical func-
tion, regardless of plating status, and with the exception of early neck pain and disability,
these improvements were similar between groups. Patients that underwent plating as part
of their ACDF procedure achieved an MCID for physical function at lower rates overall.

Keywords: Cervical vertebrae, Spinal fusion, Visual analogue scale, Patient-reported out-
come measures

INTRODUCTION associated with ACDF may be owed to substantial evolution in
operative techniques since its introduction. While autografts

Anterior cervical discectomy and fusion (ACDF) is a com- alone were initially used to achieve fusion, use of metal plates
monly performed spinal procedure to treat cervical radiculopa- ~ and screws to decrease subsidence, and now the integration of

thy and myelopathy, with approximately 130,000 performed in ~titanium or polyether ether ketone interbody cages have con-

the United States every year.'” The procedure itself provides  tributed to continually effective treatment of cervical spine pa-

significant benefits, with one study reporting 78% of patients  thologies.

were satisfied with their surgical outcomes.* Part of the success Plating has been utilized to strengthen the graft area, provide
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stability, and help maintain sagittal alignment;’ however, its ben-
efits are still heavily debated due to associated complications
such as esophageal irritation or damage, injury to vasculature,
higher rates of adjacent segment disease (ASD), and dyspha-
gia.*® In addition to soft tissue damage, challenges to the integ-
rity of the plate instrumentation can occur with screw misalign-
ment, plate loosening, or breakage causing subsequent damage
to surrounding tissues.’

Although the stability added to the area of implantation by
anterior plating may be advantageous, its associated complica-
tions may raise concerns when considering its use in addition
to an interbody cage. With the rise of stand-alone cages that
anchor directly into the vertebral bodies, the use of anterior
plates has been further called into question. ACDF procedures
using a stand-alone cage have demonstrated reduced rates of
common postsurgical complications, such as dysphagia and
ASD.'*" Although use of stand-alone cages has become com-
mon practice for ACDE this technique is not without its own
reported disadvantages, such as increased subsidence, vertebral
dislocation, and kyphosis."?

The currently available literature provides no clear consensus
as to whether a stand-alone cage or a cage-plate combination is
preferable, as compelling pros and cons have been presented for
each and similar rates of fusion have been reported.*"' One
method that may aid in resolving this debate is the use of pa-
tient-reported outcome measures (PROM:s) to quantify patient
perceptions of health and functional status. A number of stud-
ies have explored the use of plates and stand-alone cages and
their subsequent effects on PROMs but provide inconclusive
evidence. For instance, studies focusing on perceptions of dis-
ability and pain have demonstrated no significant differences
between ACDF procedures utilizing stand-alone cages vs. cages
with anterior plating."* Conversely, several investigators have
reported outcomes that favor one technique over the other.*"

Although the use of PROMs may offer a patient-centered per-
spective on key clinical symptoms, a simple comparison of their
values fails to capture a change which patients perceive as a true
clinical difference. More recent use of the minimum clinically
important difference (MCID) may provide physicians with bet-
ter insight into the true difference in postoperative symptoms.
Defined as the smallest meaningful difference in scores that a
patient perceives as beneficial,'* MCID is a useful metric with
strong evidence as a predictor of patient satisfaction and func-
tional clinical improvement following ACDE"'* However, MCID
achievement rates have yet to be empirically applied to the ques-
tion of whether to include anterior plating with ACDF proce-
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dures. Therefore, this study endeavors to determine the impact
of cervical plating on achievement of MCID up to 2 years fol-
lowing ACDE

MATERIALS AND METHODS

1. Patient Population

Prior to study commencement, this study was approved by
the Institutional Review Board of Rush University Medical Cen-
ter (ORA #14051301) and written informed consent were ob-
tained from patients. A prospectively maintained surgical data-
base was retrospectively reviewed for ACDF procedures from
June 2005 to July 2020. Inclusion criteria were primary, single-
level ACDF procedures for degenerative pathology. Exclusion
criteria were patients without clear identification regarding the
use of an anterior interbody plate, patients without preoperative
PROM data, and patients undergoing surgery to treat traumat-
ic, infectious, or malignant conditions. All procedures were
performed by a single, fellowship-trained spine surgeon at the
same academic institution. Anterior plate instrumentation con-
sisted of low-profile titanium devices which were fixed to the
anterior spine with 2 screws placed into the cranial and caudal
vertebral bodies each. Stand-alone cage devices were composed
of polyether ether ketone and were fixed to the superior and in-
ferior endplates via one locking screw each.

2. Data Collection

Patient demographic information was collected which included
age, gender, body mass index (BMI; categorized as nonobese:
BMI <30 kg/m* and obese: BMI > 30 kg/m?), smoking status,
diabetic status, American Society of Anesthesiologists classifica-
tion (ASA; categorized as <IT and >1I), Charlson Comorbidity
Index score (CCI; categorized as < 1 and > 1), ethnicity, and in-
surance/payment received. Pre-existing spinal pathologies and
operative characteristics were recorded for all patients and in-
cluded operative duration (from skin incision to skin closure, in
minutes), estimated blood loss (EBL; in mL), and postoperative
length of stay (in hours). Rates of arthrodesis by the 1-year post-
operative timepoint were confirmed using computed tomogra-
phy (CT) scans of the lumbar spine. Additionally, preoperative
and final postoperative lateral radiographs were reviewed and
measured to determine global cervical lordosis, segmental lor-
dosis, and cervical sagittal vertical axis (SVA) at the operated
level. Rates of revision for clinically significant subsidence were
also calculated for all patients. PROMs were administered at pre-
operative and postoperative (6 weeks, 12 weeks, 6 months, 1 year,
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2 years) timepoints and included 12-Item Short Form physical
component summary (SF-12 PCS), visual analogue scale (VAS)
for neck and arm pain, and Neck Disability Index (NDI).

3. Statistical Analysis

All statistical tests and calculations were performed using
Stata IC 16.1 (StataCorp, College Station, TX, USA). Patients
were sorted into 2 groups based on whether they had an anteri-
or plate placed as part of their ACDF procedure. Demographic
characteristics, pre-existing spinal pathologies, operative and
radiographic variables were compared between groups using
chi-square analysis and Student t-test for independent samples
for categorical and continuous variables, respectively. Change
in PROM scores (APROM) was calculated as the difference of
each postoperative score from preoperative baseline. A paired
Student t-test compared postoperative to preoperative scores to
assess improvement following ACDE Student t-test for indepen-
dent samples was used to assess differences in APROM between
groups at each timepoint. Achievement of MCID was deter-
mined by comparing APROM values to the following previous-
ly established thresholds: SF-12 PCS (8.1)," VAS arm (4.1),” VAS
neck (2.6),"” NDI (8.5)." Association of MCID achievement be-
tween groups was assessed using chi-square analysis at each
postoperative timepoint and overall (whether MCID had been
achieved at any timepoint). A p-value of <0.05 was set as the
threshold for statistical significance for all statistical tests.

RESULTS

A total of 192 patients were included, of whom 102 received
anterior plating and 90 did not. The cohort’s mean age was 47.4
years, 59.9% were male, and 48.4% were obese. Herniated nu-
cleus pulposus was the most common preoperative spinal pa-
thology. Mean operative duration was 53.2 minutes, mean EBL
was 35.9 mL, and mean length of stay was 19.0 hours. CCI (p=
0.012) and insurance/payment collected (p=0.027) were the
only demographic characteristics significantly associated with
plating status (Table 1). None of the included patients had a his-
tory of osteopenia or osteoporosis. None of the reported spinal
pathologies were significantly associated with plating status.
Operative duration (57.2 minutes vs. 48.8 minutes, p<0.001)
and EBL (40.2 mL vs. 31.1 mL, p=0.001) were significantly
greater for the plating group. None of the preoperative or post-
operative sagittal alignment parameters differed between groups
(p>0.050, all). By 1 year postoperatively, radiographic evidence
of arthrodesis was demonstrated in 98.4% of patients and did
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Table 1. Patient demographics

Demographic IEII? :p ;e:)t)e (nP:laltgz) p-value'

Age (yr) 45.6%8.5 48.1+11.5 0.312

Sex 0.391
Female 39 (43.3) 38(37.3)

Male 51 (56.7) 64 (62.8)

Body mass index (kg/m?) 0.684
<30 45(50.0) 54 (52.9)
>30 45(50.0) 48 (47.1)

Smoking status 0.099
Nonsmoker 78 (86.7) 79 (77.5)

Smoker 12 (13.3) 23(22.6)

Diabetes 0.227
Diabetic 6 (6.7) 12 (11.8)
Nondiabetic 84 (93.3) 90 (88.2)

ASA PS classification 0.508
<II 66 (733)  79(77.5)

S1I 24(267)  23(226)

CCI score 0.012*
<1 30 (33.3) 18 (17.7)

21 60 (66.7) 84 (82.4)

Ethnicity 0.353
White 63 (70.0) 76 (74.5)
African-American 12 (13.3) 14 (13.7)

Hispanic 7 (7.8) 7 (6.9)
Asian 1(1.1) 3(2.9)
Other 7(7.8) 2(2.0)

Insurance 0.027*
Medicare/Medicaid 3(3.3) 13 (12.8)

Workers’ compensation 27 (30.0) 36 (35.3)
Private 60 (66.7) 53 (52.0)

Values are presented as mean + standard deviation or number (%).
ASA PS, American Society of Anesthesiologists physical status; CCI,
Charlson Comorbidity Index.

*p <0.05, statistically significant differences. "p-values calculated us-
ing an unpaired t-test or chi-square test to determine differences be-
tween groups.

not vary significantly between groups. All 3 patients (2 plate, 1
no plate) who failed to demonstrate arthrodesis underwent re-
vision fusion procedures at the index level. Sufficient follow-up
data to assess fusion status was unavailable for 7 patients (Table
2). Clinically significant subsidence was not observed among
any of the patients in either group.

Significant postoperative improvements were demonstrated
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Table 2. Perioperative characteristics

Characteristic IEI;) :p ;)t)e (nP:laltgz) p-value'
Spinal pathology
Degenerative disc disease 5(5.6) 2(2.0) 0.185
Central stenosis 24 (26.7) 32 (31.4) 0.474
Radiculopathy 20 (22.2) 19 (18.6) 0.537
Myelopathy 2(2.2) 1(1.0) 0.489
Myeloradiculopathy 67 (74.4) 76 (74.5) 0.992
Herniated nucleus pulposus 84 (93.3) 95 (93.1) 0.957
Operative time (min) 488+11.1 572+134 <0.001*
Estimated blood loss (mL) 31.1+12.0 40.2+21.7 0.001*
Length of stay (hr) 179£151 20.1+220 0431
Arthrodesis* 85 (98.8) 97 (98.0) 0.645
Cervical lordosis (°)
Preoperative 8.4%6.0 9.5%£7.2 0.385
Postoperative 10.5+6.9 10.8+8.8 0.828
Change 2.1+£6.5 1.3+£7.3 0.547
Segmental lordosis (°)
Preoperative 39+2.6 41+39 0.704
Postoperative 49+3.8 6.2+4.5 0.083
Change 1.0£5.0 22+55 0.227
Cervical sagittal vertical axis (mm)
Preoperative 26.9+9.1 28.0+11.1 0.605
Postoperative 27.7£9.7 28.7+£9.4 0.568
Change 0.7+6.9 0.8+6.7 0.978

Values are presented as number (%) or mean * standard deviation.
*p <0.05, statistically significant differences. "p-values calculated us-
ing an unpaired t-test or chi-square test to determine differences be-
tween groups. *Insufficient follow-up data was available to determine
fusion status for 7 patients.

in both groups for all PROMs at all timepoints (p<0.030), ex-
cept SE-12 PCS at 2 years (p=0.100) for the no plating group
and SF-12 PCS, and NDI at 6 weeks (p=0.358, p=0.066), VAS
arm at 1 year (p=0.145), and VAS neck, VAS arm, and NDI at
2 years (p=0.347, p=0.576, p=0.058) for the plating group
(Table 3). APROM was significantly lower in the plating group
for VAS neck (1.9 vs. 3.1, p=0.018) and NDI (5.0 vs. 13.6, p=
0.010) at 6 weeks only. No other significant intergroup differ-
ences in APROM were observed. A majority of patients achieved
an overall MCID for all measures, except for SF-12 PCS in the
plating group (41.0%). Achievement of MCID varied signifi-
cantly by group for NDI at 6 weeks (37.3% vs. 58.9%, p=0.025)
and 12 weeks (72.6% vs. 48.9%, p=0.017), and SF-12 PCS over-
all (41.0% vs. 59.7%, p=0.022) (Table 4).
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DISCUSSION

Following the introduction of stand-alone interbody cages,
the utility of anterior plating for ACDF procedures remains
controversial. While satisfactory outcomes have been achieved
with both techniques, plating has been associated with increased
incidence of dysphagia and ASD, while greater rates of subsid-
ence and less restoration of cervical lordosis have been reported
with stand-alone cages.*'"* Previous studies examining PROMs
are similarly inconclusive regarding the advantage of one tech-
nique over the other.>">***' The present study seeks to address
this ongoing controversy through the lens of MCID in PROMs
for pain, disability, and physical function.

CClI and insurance status differed significantly between groups.
The plating group had a higher proportion of patients with a
CClI score of 1 or greater, indicating that more of these patients
had some medical comorbidity. Narain et al.”
onstrated that ACDF patients with a CCI of 2 or greater are less
likely to achieve MCID in NDI than those with lower comor-
bidity burden. While we chose to assess a lower comorbidity
threshold (<1 vs. 1), it is possible that the difference in co-
morbidity burden between groups may have affected our re-

previously dem-

sults. Additionally, a larger proportion of the plating group con-
sisted of patients with workers’ compensation or Medicare/Med-
icaid payments. A retrospective analysis by Goldberg et al.” re-
ported no significant differences in long-term, patient-reported
functional outcomes between workers compensation and non-
workers’ compensation patients following ACDE. Therefore,
this difference in workers’ compensation status is unlikely to
represent a significant confounder in the present study.
Prevalence of preoperative spinal pathologies did not signifi-
cantly vary between groups. Operative duration was significant-
ly longer and EBL was significantly greater for the plating group
than the no plating group. Similar operative findings have been
reported by previous studies.''* A systematic review of ACDF
with stand-alone cage vs traditional cage and plate techniques
by Cheung et al.* demonstrated that on average, ACDF proce-
dures without use of an anterior plate were associated with 9.90
mL less blood loss (p<0.01) than those with a plate. Vaishnav
et al." also reported significantly shorter operative time for cage-
only procedures. Interestingly, although they did not demon-
strate a direct association of dysphagia with plating, they did
demonstrate that increased operative time was correlated with
rates of postoperative dysphagia, a complication that has been
reported in association with anterior plating by several other
studies.'***' While the observed difference in blood loss was
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Table 3. PROM improvement following ACDF
Variable No plate Plate p-value
Mean +SD APROM p-value' Mean +SD APROM p-value'
SF-12 PCS
Preoperative 36.1+8.7 - - 39.6+9.8 - - -
6 Weeks 38.2+8.38 3.6+£8.6 0.014* 38.8+£10.6 1.3+9.9 0.358 0.254
12 Weeks 42.6+8.7 59+8.1 <0.001* 45.0+10.5 43+7.7 <0.001* 0.287
6 Months 42.7+10.1 8.5+11.0 <0.001* 414+94 6.4+9.2 0.002* 0.421
1 Year 43.1+£10.9 82+12.6 0.004* 43.7+10.3 46164 0.004* 0.255
2 Years 41.7+19.3 6.6+14.4 0.100 46.0x11.5 6.5+8.3 0.027* 0.988
VAS neck
Preoperative 6.5%£2.2 - - 59+2.4 - - -
6 Weeks 32+24 3.1+23 <0.001* 39427 1.9+3.1 <0.001* 0.018%
12 Weeks 3.0+2.5 34£25 <0.001* 3.0£25 29+3.0 <0.001* 0.348
6 Months 3.0+2.8 3.5+2.8 <0.001* 2.6+2.5 32+32 <0.001* 0.687
1 Year 3.1+2.6 29+3.0 <0.001* 3.9+3.0 1.9+3.6 0.025* 0.258
2 Years 41+24 27+2.3 0.001* 4.8+3.6 1.5+45 0.347 0.421
VAS arm
Preoperative 6.0£2.6 - - 6.2+£2.5 - - -
6 Weeks 1.9+2.1 3.8+2.8 <0.001* 33+238 2.7+35 <0.001* 0.081
12 Weeks 24+2.6 3.4+3.0 <0.001* 31+3.2 3.1+3.8 <0.001* 0.684
6 Months 22+2.6 34+3.1 <0.001* 33+32 28+34 <0.001* 0.358
1 Year 2.8+29 25+34 <0.001* 47+3.0 1.5+4.5 0.145 0.374
2 Years 4.0+3.0 20+2.2 0.003* 33+4.1 1.2+5.5 0.576 0.642
NDI
Preoperative 44.8+19.9 - - 39.1+17.7 - - -
6 Weeks 29.3+18.7 13.6+14.7 <0.001* 33.2+21.3 5.0+19.0 0.066 0.010*
12 Weeks 27.3+20.9 17.0+15.0 <0.001* 27.6%20.5 12.1+£21.6 <0.001* 0.198
6 Months 22.9+20.9 21.6+18.2 <0.001* 24.5+22.6 15.7+22.1 <0.001* 0.177
1 Year 26.2+21.5 16.3+19.2 <0.001* 21.7£20.0 153+229 0.012% 0.866
2 Years 28.7+21.4 13.1+14.9 0.004* 21.6+£19.2 21.6+£244 0.058 0.323

PROM, patient-reported outcome measure; ACDE, anterior cervical discectomy and fusion; SD, standard deviation; SF-12 PCS, 12-item Short
Form health survey physical component summary; VAS, visual analogue scale; NDI, Neck Disability Index.

*p <0.05, statistically significant differences. "p-values calculated using a paired t-test to assess within-group improvement from preoperative
baseline. *p-values calculated using a t-test for independent samples to assess intergroup differences in PROM score improvement (APROM).

statistically significant, we agree with other authors that such a
relatively small difference is unlikely to be clinically relevant.®
However, the increased operative duration associated with an-
terior plating may be cause for slightly more concern. Any amount
of time under general anesthesia is not without risk. If this time
can be minimized through the use of a stand-alone cage, this
should be carefully considered in preoperative planning.

While some have suggested that anterior plating may lend
additional stability to the operative segment, we were unable to
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detect a significant difference in fusion rates between the 2 groups.
These results are largely in line with previous literature which
similarly reports satisfactory rates of arthrodesis regardless of
plating status.>"' Preoperatively, neither segmental nor global
sagittal alignment significantly differed between groups, which
confirms that preoperative kyphosis is unlikely to represent a
significant source of bias in our study. Postoperatively, neither
mean angles nor pre-post change significantly differed for seg-
mental nor global cervical lordosis measurements. These find-
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Table 4. MCID achievement rates

Variable No plate Plate p-value'
SF-12 PCS
6 Weeks 13 (33.3) 13 (25.0) 0.384
12 Weeks 18 (40.0) 23(33.8) 0.504
6 Months 17 (44.7) 11(42.3) 0.847
1 Year 11 (45.8) 4(20.0) 0.072
2 Years 7 (46.7) 4(36.4) 0.599
Overall 40 (59.7) 34 (41) 0.022*
VAS neck
6 Weeks 33 (53.2) 23 (41.1) 0.187
12 Weeks 40 (67.8) 27 (52.9) 0.111
6 Months 31(58.5) 29 (61.7) 0.744
1 Year 14 (41.2) 9(42.9) 0.902
2 Years 5(33.3) 4(44.4) 0.586
Overall 53 (76.8) 40 (65.6) 0.156
VAS arm
6 Weeks 26 (45.6) 21 (40.4) 0.582
12 Weeks 21 (41.2) 20 (40.8) 0.971
6 Months 19 (38.8) 19 (44.2) 0.599
1 Year 9(26.5) 6(30.0) 0.780
2 Years 3(20.0) 2(28.6) 0.655
Overall 36 (57.1) 33(57.9) 0.934
NDI
6 Weeks 33 (58.9) 19 (37.3) 0.025*
12 Weeks 37 (72.6) 23 (48.9) 0.017*
6 Months 33 (68.8) 26 (65.0) 0.709
1 Year 17 (51.5) 10 (55.6) 0.782
2 Years 9 (60.0) 4(57.1) 0.899
Overall 51(82.3) 36 (66.7) 0.053

Values are presented as number (%).

MCID, minimum clinically important difference; SF-12 PCS, 12-item
Short Form health survey physical component summary; VAS, visual
analogue scale; NDI, Neck Disability Index.

*p<0.05, statistically significant differences. "p-values calculated us-
ing a chi-square test to assess MCID achievement between groups.

ings are in agreement with 2 previous meta-analyses which dem-
onstrated nonsignificant change in segmental or global cervical
sagittal alignment.**' Additionally, we detected no significant
difference in change of SVA between groups. Effects of anterior
plating on postoperative sagittal alignment may be more dra-
matic for procedures that include multiple spinal levels. For ex-
ample, in a study of 2-level ACDE Kwon et al."> demonstrated
significantly greater increase in cervical lordosis and greater de-
crease in SVA for patients receiving anterior plates compared to
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stand-alone cages. Therefore, biomechanical change may be a
more important factor in the decision to utilize anterior plating
with more extensive procedures, but may not be the most im-
portant deciding factor for single-level fusions. Results of previ-
ous studies regarding risk of implant subsidence are mixed, with
Cheung et al.® reporting increased rates associated with stand-
alone cages and Nambiar et al.*' reporting no significant differ-
ence between groups. In the present study, no cases of frank
subsidence were observed among patients in either group, sug-
gesting an agreement with Nambiar et al’s result. This agree-
ment may be related to the single-level nature of both the cur-
rent study and those included in Nambiar et al’s systematic re-
view.

Our analysis revealed early (6 weeks) differences between
groups in terms of postoperative improvements in VAS neck
and NDI, with the plating group demonstrating significantly
less improvement in both metrics. One possible explanation for
these short-term differences could be related to longer time to
recover due to the additional operative trauma of anterior plat-
ing, which involves additional instrumentation and may require
a larger operative window. However, no significant long-term
differences in “raw” improvement scores were observed. While
mean change scores in NDI, VAS neck, and SF-12 PCS did dem-
onstrate several points of difference at some longitudinal time-
points, the high degree of variability observed in these scores
likely contributed to the nonsignificant intergroup difference
observed for these measures. Results of previous studies regard-
ing pain and disability outcomes based on the use of anterior
plating have been mixed. Etemadifar et al."” and Kim et al.** both
observed a significant difference in postoperative NDI, favoring
the cage-only technique. Additionally, Oliver et al.”* and Vaish-
nav et al."* demonstrated more favorable VAS neck outcomes
for patients who received anterior plating. Interestingly, Oliver
et al.”’ also demonstrated more favorable long-term VAS arm
outcomes for patients that did not undergo anterior plating.
However, a number of other studies have demonstrated no sig-
nificant differences in terms of VAS arm, VAS neck, and NDI at
short- or long-term follow-up between patients undergoing
ACDF with and without anterior plating.*'*"*

It should be noted that previous studies have primarily com-
pared mean PROM scores between groups, while we compared
the magnitude of change in these scores. Our method may al-
low for more relevant comparison by better accounting for pre-
operative PROM scores. Furthermore, while a multitude of pre-
vious studies have assessed the association of anterior plating
with VAS and ND], few if any have explored physical function
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outcomes. Our analysis of PROM values did not demonstrate
significant differences between groups in either short- or long-
term improvement in the included physical function measure.

While a number of comparisons have been made in terms of
“raw” PROM values, the lack of reported data regarding rates of
clinically meaningful improvement represents a substantial short-
coming of the available literature regarding the use of anterior
plating in ACDF procedures. In line with our findings regard-
ing APROM, plating was associated with lower rates of short-
term MCID achievement in NDI. However, the more favorable
APROM findings in VAS neck were not similarly borne out in
our MCID analysis.

Opverall, a greater proportion of patients in the no plating group
achieved an MCID in SF-12 PCS. Evidence for mechanical/struc-
tural benefits of one technique over the other have been rela-
tively consistent but cite pros and cons for each. Although de-
creased segmental range of motion is often to be desired follow-
ing fusion procedures, perhaps the increased neck stiffness re-
ported to be associated with plating®® might hamper the physi-
cal capabilities of some patients. Additionally, several previous
studies have demonstrated increased rates of ASD associated
with anterior plating.** It is possible that early symptoms of
such degeneration at adjacent disc levels could explain some of
the observed differences in physical function improvement.

While our study is the first to assess the impact of anterior
plating on MCID achievement, it is subject to several notable
limitations. Our assessment relied heavily on data obtained from
self-reported questionnaires, which are inherently vulnerable to
bias. Since our express purpose was to quantify results in terms
of patient perceptions, some such bias was likely unavoidable.
Additionally, all ACDF procedures were performed by a single
experienced spine surgeon at a single academic institution, which
may limit the generalizability of our results. Despite these limi-
tations, the present study utilizes a robust sample size, includes
longitudinal follow-up data (through 2 years postoperatively),
and is the first to include an analysis of MCID achievement to
assess ACDF outcomes based on the use or exclusion of anteri-
or plating.

CONCLUSION

Patients generally demonstrated favorable outcomes and sig-
nificant improvements in PROM following ACDE regardless of
whether their procedure included anterior plating. In terms of
mean PROM score improvement, only short-term neck pain
and disability were less favorable for the plating group. Rates of
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MCID achievement were likewise generally similar for ACDF
procedures involving both techniques, and a majority of patients
in both groups met these thresholds for neck pain, arm pain,
and disability. Clinically meaningful improvements in early (6
weeks, 12 weeks) disability and overall physical function were
more common amongst the cage-only group. While the use of
anterior plating has both pros and cons for patients undergoing
ACDEF, clinically important improvements in disability and
physical function may be more likely without the use of a plate.
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Objective: The purpose of this study is to analyze various risk factors that can cause postop-
erative delirium (POD) in degenerative cervical myelopathy (DCM) patients, which may
affect normal recovery and outcomes after surgery, and to help deal with them in advance
and to take a medical approach.

Methods: A total of 148 patients aged 60 years or older who underwent laminoplasty or an-
terior cervical discectomy and fusion (ACDF) for DCM from 2008 to 2015 were included in
this study. Incidence and multiple risk factors for development of POD were analyzed.
Results: POD occurred in 24 patients (16.2%). Among the 148 patients, 78 received lami-
noplasty, of whom 19 patients (24%) experienced delirium; the other 70 patients underwent
ACDF, of whom 5 patients (7.1%) experienced delirium. History of Parkinson disease (odds
ratio [OR], 178.242; p=0.015), potassium level (OR, 3.764; p =0.031), and surgical ap-
proach of laminoplasty over ACDF (OR, 8.538; p = 0.008) were found to be significant risk
factors in a multivariate analysis. Age (OR, 1.056; p = 0.04) and potassium level (OR, 3.217;
p = 0.04) were significant risk factors in the laminoplasty group.

Conclusion: The findings of this study suggest that the incidence and risk factors for POD
may vary in patients with DCM. It is necessary to understand multiple factors that affect
the development of POD.

Keywords: Delirium, Postoperative care, Cervical myelopathy, Laminoplasty

and mortality.® There are many causes of delirium. Preoperative
cognitive impairment, drug abuse or alcoholism, diabetes, hear-

Postoperative delirium (POD) refers to any acute change in
cognition, including fluctuating awareness, deficit attention,
memory impairment, disorientation, or other behavioral disor-
ders that occur within 30 days after surgery."* The overall com-
plication rate was reported at 13% in patients with posterior
lumbar fusion according to the data of National Inpatient Sam-
ple.’ Delirium is one of the most common postoperative com-
plications (10%-77%) and occurs after various surgical treat-
ments including orthopedic, pelvic, and aortic surgeries.*> POD
worsens surgical outcomes, increases hospitalization period,
raises the medical cost, and increases postoperative morbidity

ing or vision impairment, various types of surgery, excessive
bleeding, and acute anemia are known as factors of POD. Older
age is the most common cause in relation to orthopedic and
cardiac surgeries, as well as anesthesia.”®

A few studies on POD after spinal surgery have been con-
ducted and identified various associated factors, including age,
baseline comorbidities, preoperative cognition, neurological
diseases, and operation duration.”'> However, these studies in-
cluded all spinal surgery patients with no consideration for fac-
tors related to the prevalence of delirium, whose occurrence var-
ies according to the type and method of spinal surgery. Thus,
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these studies provide no descriptions of whether the degree of
delirium would vary according to the severity of the disease, the
surgical levels, or the specific surgical method."*!*

Early surgical treatment is usually recommended at degener-
ative cervical myelopathy because it not only causes clinical man-
ifestations such as clumsiness of hands, abnormal gait, and bowel
or bladder dysfunctions, but also can cause irreversible neuro-
logical damage to the spinal cord as the lesion progresses.'>'¢
Surgical methods for DCM can vary according to the extent
and location of the lesion.””"® Anterior cervical discectomy and
fusion (ACDF) or anterior corpectomy and fusion (ACF) can
be performed in the anterior approach, and posterior cervical
laminoplasty or posterior laminectomy and fusion can be per-
formed in the posterior approach to relieve the compressed spi-
nal cord, improve blood flow in the spinal cord, and prevent
nerve damage. Typically, in the presence of lesions extending
over 3 or more segments and in cases where lordosis of the cer-
vical spine is well maintained in myelopathy with cervical ste-
nosis, posterior laminoplasty or posterior laminectomy and fu-
sion are usually recommended."”*®

As far as the authors know; no study has yet provided any data
on the incidence and risk factors of POD in patients with DCM.
Furthermore, active rehabilitation after surgery is extremely im-
portant because DCM patients may have poor outcomes when
they have POD.

Laminoplasty is known as one of the most performed surgi-
cal procedures in Asia for DCM. Thus, this study is aimed to
investigate whether the incidence of delirium is higher after lam-
inoplasty than ACDE which is known as the most common sur-
gical method for the cervical spine, evaluated for comparison
with the results of the study.

MATERIALS AND METHODS

1. Study Population

This study included 148 patients aged 60 years or older who
underwent surgery ACDF or laminoplasty surgeries for DCM
or myelo-radiculopathy at our clinic from 2008 to 2015. Of
these 148 patients who underwent surgery, 78 patients under-
went laminoplasty, and 70 patients underwent ACDE In the
patient group who underwent laminoplasty, all had symptoms
and signs associated with myelopathy, and the causes of myelo-
pathy were ossification of the posterior longitudinal ligament
(OPLL) (n=62), cervical spinal stenosis (n=10), and herniated
nucleus pulposus (HNP) (n=6). Among patients who under-
went ACDE, 57 patients had symptoms and signs associated
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Table 1. The etiologies of myelopathy

— Laminopesty  ACDE
Myelopathy
OPLL 62
HNP 6 6
HNP with OPLL - 3
HNP with cervical spinal stenosis - 2
Cervical spinal stenosis 10 2
Myeloradiculopathy
HNP - 48
HNP with OPLL - 3
HNP with cervical spinal stenosis - 3
Cervical spinal stenosis - 3

ACDE, anterior cervical discectomy and fusion; OPLL, ossification
of the posterior longitudinal ligament; HNP, herniated nucleus pulp-
osus.

with myeloradiculopathy. The causes of them were HNP (n=48),
spinal stenosis (n = 3), HNP with spinal stenosis (n=3), and HNP
with OPLL (n=3). Thirteen patients who underwent ACDF
had only myelopathy and were diagnosed with HNP (n=6),
spinal stenosis (n=2), HNP with spinal stenosis (n=2), and
HNP with OPLL (n=3) (Table 1).

An inclusion criterion was patients who underwent lamino-
plasty or ACDF aged 60 years or older due to DCM at our insti-
tution. Exclusion criteria were patients who have had previous
cervical spine surgery, patients who were received a combina-
tion of surgery with laminoplasty and ACDE, patients who un-
derwent laminoplasty or ACDF due to myelopathy caused by
trauma, tumors and congenital stenosis, patients who received
laminoplasty or ACDF under age 60 years old, and extension of
surgical levels to C2 or T1. The criteria for ACDF were soft disc
herniation, instability of a degenerative nature, concomitant se-
vere axial neck pain, and cervical kyphosis. ACF is an alterna-
tive to multilevel ACDE but ACF was not included in our study
because of small number of cases. The criteria of laminoplasty
were multilevel cervical stenosis, patients with advanced multi-
level spondylosis, OPLL, and patients with at least 10° of cervi-
cal lordosis to allow posterior shift or the spinal cord for indi-
rect compression.

The mean age was 66.7 years (56.5-76.9) in the laminoplasty
group and 67.2 years (60.9-73.4) in the ACDF group, with no
statistical difference between these 2 groups (p=0.747). The
male to female ratio was 60:18 in the laminoplasty group and
36:34 in the ACDF group, with a statistically significant differ-
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Table 2. Demographics of participants according to surgical
method

Variable Lal?liriof ;?Sty (ﬁ(i]?(l):) p-value

Age (yr) 66.74+10.22 67.2+6.25 0.747

Sex, male:female 60:18 36:34 0.02*

Operated level 3.13+0.85 1.93+0.80 <0.01*

mJOA score 12.43+£3.61 15.16+£2.26 <0.01*
(preoperative)

mJOA score 14.04+3.53 16.24+2.31 <0.01*
(postoperative)

Operation time (min) 258.31+£80.83  230.07 +94.63 0.052

EBL (mL) 774.36+440.90 562.71+327.67 0.001*

Hospital stay (day) 15.15+10.92 11.50+4.85 0.009*

Values are presented as mean * standard deviation.

ACDEF, anterior cervical discectomy and fusion; mJOA, modified
Japanese Orthopedic Association score; EBL, estimated blood loss.
Chi-square test for categorical variables, independent t-test for con-
tinuous variables.

*p <0.05, statistically significant differences.

ence in the chi-square test (p=0.02). The extent of surgery was
3.13 levels (2.87-3.39) in the laminoplasty group and 1.93 levels
(1.74-2.12) in the ADCF group on average, showing a statisti-
cally significant difference (p<0.01). The preoperative modi-
fied Japanese Orthopedic Association (mJOA) score for lami-
noplasty patients was 12.43/18 (8.82-16.04) and that for ACDF
patients was 15.16/18 (12.90-17.42), which also showed a sta-
tistically significant difference (p < 0.01). The postoperative mJOA
score for laminoplasty patietnts was 14.04/18 (10.51-17.57) and
that for ACDF patients was 16.24 (13.93-18.55), showed a sta-
tistical difference (p <0.01) (Table 2).

2. Diagnosis of POD

Based on the medical records of patients receiving replies af-
ter consulting a specialist in the neurology or psychiatry depart-
ment and the medical records that evaluated the patient’s con-
dition after surgery, POD were analyzed retrospectively, and the
diagnosis of POD was made in the following way.

The surgeons who performed the surgeries and 2 attending
physicians evaluated the cognitive status of patients every day
during the period after the surgery until discharge. The evalua-
tion included disturbance in attention and disturbance in aware-
ness. Based on the Diagnostic and Statistical Manual of Mental
Disorders-V criteria (Table 3), delirium was determined: dis-
turbance occurrence within a few hours or days after the sur-
gery, a change in baseline attention and awareness, and a fluc-
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Table 3. The criteria for diagnosis of postoperative delirium

DSM-5 (Diagnostic and Statistical Manual of Mental disorders,
5th version)

The presence of delirium requires all the criteria to be met:
Disturbance in attention and awareness
Disturbance develops acutely and tends to fluctuate in severity
At least one additional disturbance in cognition
Disturbances are not better explained by a pre-existing dementia

Disturbances do not occur in the context of a severely reduced
level of arousal or coma

Evidence of an underlying organic cause or causes

CAM (Confusion Assessment Method)

The presence of delirium requires features 1 and 2 and either 3 or 4:
Acute change in mental status with a fluctuating course (feature 1)
Inattention (feature 2)

Disorganized thinking (feature 3)

Altered level of consciousness (feature 4)

tuation in severity was assessed by asking patients about orien-
tation such as time, place and person and evaluating whether
hallucinations or other psychiatric symptoms occurred every 8
hours after surgery.'** Besides, patients who did not associate
with a pre-existing established neurocognitive disorder were
diagnosed with having delirium and underwent consultation
with a neurologist or psychiatrist.>*'**

Since the surgeons who performed the surgeries and 2 attend-
ing physicians evaluated the cognitive status of patients were
not a neurologists or psychiatrists, authors tried to reduce the
error of diagnosis by consulting in a specialized field, and thus
seek advice from neurologists or psychiatrists. The neurologist
or psychiatrist reevaluated suspected patients who received con-
sultations and ultimately diagnosed them with delirium. All of
the patients described in the paper included only those identi-
fied and confirmed as delirium through neurology or psychiat-
ric consultation. The delirium diagnosis was finally determined
based on the confusion assessment method (CAM).

3. Anesthesia and Drug Regimen

All patients underwent cervical spine surgery under general
anesthesia, and anesthesia was induced and maintained accord-
ing to our clinic’s standard regimen. Anesthesia was induced
with IV propofol and maintained with sevoflurane and remi-
fentanil (0.25-0.5 pg/kg per min). At the end of the surgery,
neostigmine (0.05 mg/kg), and glycopyrrolate (0.01 mg/kg)

were used to recover from neuromuscular block during extuba-
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tions. They were used once in the process of removing the tube.

4. Risk Factor

The following known risk factors were compared. Age, sex,
baseline comorbidities, osteoporosis, bone mineral density (BMD)
score, hemoglobin and hematocrit, sodium, chloride, potassi-
um, hypotension (systolic blood pressure <80 mmHg) imme-
diately after the surgery or during surgery. Patients” height, wei-
ght, body mass index (BMI), smoking status, American Society
of Anesthesiologists (ASA) physical status classification above
11, intraoperative blood loss, blood transfusion, transfusion vol-
ume, drugs used to control pain such as opioids, nonsteroidal
anti-inflammatory drugs (NSAIDs), acetaminophens, and oth-
er pain killers, duration of hospitalization, days to wait for hos-
pitalization from admission to surgery, operation time, inten-
sive care unit (ICU) care, and duration of ICU care were reviewed.
Postoperative complications comprised of patients’ medical con-
ditions requiring consults from other specialists, including acute
kidney injury, pneumonia, pulmonary edema, urinary tract in-
fection, atrial fibrillation, insomnia, vertigo, and anxiety were
also compared. However, these complications were heteroge-
neous and lacked in number for individual analysis.*>”>!4242

5. Statistical Analysis

The cross-tabulation analysis was performed by using Pear-
son chi-square test for the incidence of POD after laminoplasty
and ACDF In analyzing the risk factors, Pearson chi-square test
(parametric test), Fisher exact test (nonparametric test), and
cross-tabulation analysis were conducted for categorical vari-
ables. An independent t-test (parametric test) and Mann-Whit-
ney U-test (nonparametric test) were performed for continuous
variables. Multivariate logistic regression test was conducted on
factors with p-values lower than 0.05 in univariate analysis. Sta-
tistical analysis was performed using IBM SPSS Statistics ver.
22.0 (IBM Co., Armonk, NY, USA). Statistical significance was
set at a significance probability (p-value) < 0.05.

6. Ethics

This study was approved by the Institutional Review Board of
Hallym University Sacred Heart Hospital (Ref. No. 720127) and
performed in accordance with the guidelines and regulations.

RESULTS

1. Incidence of POD
Delirium occurred in 24 patients out of 148 patients with
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Table 4. Incidence and odds ratio of postoperative delirium in
patients with DCM

Odds ratio

POD  Laminoplasty ACDF (95% CI) p-value
+) 19/78 (24.3)  5/70(7.1)  4.18 (1.47-11.9)  0.005*
) 59/78 (75.7)  65/70 (92.9)

Total 78 70

Values are presented as number (%).

DCM, degenerative cervical myelopathy; ACDEF, anterior cervical
discectomy and fusion; CI, confidence interval; POD, postoperative
delirium.

*p <0.05, statistically significant differences.

DCM aged 60 years or older who underwent laminoplasty or
ACDF. The incidence of POD was 16.2%. Among those 148
patients who underwent surgery, 78 patients received lamino-
plasty, and 19 (24%) of them experienced delirium. Seventy pa-
tients underwent ACDF and 5 (7.1%) of them experienced de-
lirium. The odds ratio (OR) for POD in the laminoplasty and
ACDEF groups was 4.18 (95% confidence interval [CI], 1.47-11.9)
(Table 4).

2. Risk Factors for POD

The risk factors for developing POD that were found to be
statistically significant were age, neurologic disease, dementia,
Parkinson disease, stroke history, hyponatremia, hyperkalemia,
and ASA physical status classification >1II, blood transfusion,
transfusion volume, and ICU care. (age, p <0.001; neurologic
disease, p=0.009; dementia, p=0.001; Parkinson disease, p=
0.001; stroke history, p=0.001; hyponatremia, p=0.012; hyper-
kalemia, p=0.048; ASA physical status classification > II, p=0.002;
transfusion volume, p=0.013; blood transfusion, p=0.001; ICU
care, p=0.003) (Table 5).

Multivariate logistic regression analysis was performed on
the above factors including surgical method. Parkinson disease
(OR, 178.242; p=0.015), potassium level (OR, 3.764; p=0.031),
and surgical method (laminoplasty over ACDF) (OR, 8.538;
p=0.008) were statistically significant for the development of
POD (Table 6).

In the patient group who underwent laminoplasty, the risk
factors for POD that were found to be statistically significant
were the patient’s age (p=0.008), Parkinson disease (p=0.012),
sodium level (p=0.023), potassium level (p=0.047), and ICU
care (p=0.033) (Table 7).

Multivariate logistic regression analysis was performed on
the above factors. Age (OR, 1.056; p=0.04), and potassium lev-
el (OR, 3.217; p=0.04) were statistically significant for the de-
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Table 5. Analysis of risk factors for postoperative delirium in patients with DCM

Variable POD (-) (n=124) POD (+) (n=24) p-value
Sex 0.503
Male 79 (63.7) 17 (70.8)
Female 45 (36.2) 7(29.1)
Age (yr) 73.2 £10.2 65.7+7.66 0.000*
Smoking 22 (17.7) 5(20.8) 0.720
Cardiovascular disease 41 (33.0) 6 (25) 0.437
Pulmonary disease 9(7.25) 1 (4.16) 0.581
Endocrinal disease 30 (24.1) 8(33.3) 0.348
Diabetes mellitus 27 (21.7) 7 (29.1) 0.431
Renal disease 4(3.22) 2(8.33) 0.246
Neurologic disease 12 (9.67) 7(29.1) 0.009*
Dementia 0(0) 2(8.33) 0.001*
Parkinson disease 1 (0.80) 3(12.5) 0.001*
Liver disease 5(4.03) 1(4.16) 0.976
Hypertension 52 (41.9) 13 (54.1) 0.269
Stroke 3(2.41) 3(12.5) 0.022*
MDD 6(4.83) 0(0) 0.271
Osteoporosis 5(4.03) 1(4.16) 0.976
BMD score -1.1+1.74 -0.7£1.56 0.427
Hemoglobin 13.0+1.97 13.7+1.47 0.350
Hematocrit 36.5+3.18 37.7+3.91 0.201
Sodium 138.+4.78 140.+3.62 0.012%
Chloride 102.+£3.80 103.+£3.15 0.077
Potassium 4.47+0.54 4.28+0.41 0.048*
Intraoperative hypotension 5(4.03) 1 (4.16) 0.976
Height (cm) 161.97£8.50 160.90 +8.22 0.804
Weight (kg) 62.7+13.0 65.1+11.1 0.350
Body mass index 24.1+3.99 24.8+3.59 0.420
ASA PS classification > II 37 (29.8) 15 (62.5) 0.002*
Intraoperative blood loss (mL) 787.5+550.3 652.3+368.4 0.134
Blood transfusion 22(17.7) 12 (50) 0.001*
Transfusion volume (mL) 363.3+423.9 144.5+383.5 0.013*
Postoperative opioid use 17 (13.7) 4(16.6) 0.704
Postoperative NSAIDs use 77 (62.0) 16 (66.6) 0.672
Postoperative acetaminophen use 50 (40.3) 13 (54.1) 0.209
Postoperative other pain killer use 58 (46.7) 8(33.3) 0.225
Postoperative complications 19 (15.3) 7(29.1) 0.103
Duration of admission (day) 18.3+11.2 199+11.1 0.580
Duration of preoperative period (day) 39+72 23+1.7 0.337
Operation time (min) 245.75+89.98 240.83+81.79 0.804
ICU care 19 (15.3) 10 (41.6) 0.003*
Duration of ICU care period (day) 0.87+2.04 0.67+3.71 0.801

Values are presented as number (%) or mean + standard deviation.

DCM, degenerative cervical myelopathy; POD, postoperative delirium; MDD, manic depressive disorders; BMD, bone mineral density; ASA
PS, American Society of Anesthesiologists physical status; NSAIDs, nonsteroidal anti-inflammatory drugs; ICU, intensive care unit.

*p <0.05, statistically significant differences.

https://doi.org/10.14245/ns.2142778.389 www.e-neurospine.org 327



Kim N, et al.

Risk Factors for Delirium in Cervical Myelopathy

Table 6. Multivariate analysis of risk factors of postoperative delirium in patients with DCM

Variable Odds ratio 95% CI p-value
Age 1.078 0.998-1.164 0.056
Neurologic disease 0.329 0.020-5.319 0.434
Dementia 14,582,368,637.117 0.999
Parkinson disease 178.242 2.686-11,827.268 0.015*
Stroke 33.308 0.993-1,117.692 0.050
Sodium 0.881 0.770-1.009 0.067
Potassium 3.764 1.131-12.525 0.031*
ASA PS classification >1I 0.730 0.183-2.919 0.657
Blood transfusion 2.889 0.352-23.711 0.323
Transfusion volume 1.000 0.998-1.002 0.993
ICU 3.260 0.850-12.507 0.085
Surgical method (Iaminoplasty over ACDF) 8.538 1.729-42.149 0.008*

DCM, degenerative cervical myelopathy; CI, confidence interval; ASA PS, American Society of Anesthesiologists physical status; ICU, inten-

sive care unit; ACDE, anterior cervical discectomy and fusion.
*p<0.05, statistically significant differences.

velopment of POD in the patients who underwent laminoplasty
(Table 8). This was not analyzed in ACDF due to the low (n=5).

DISCUSSION

Several studies on POD have been conducted on patients that
underwent spinal surgery, investigating the incidence and risk
factors. According to the literature, the incidence of the deliri-
um after spinal surgery is reported at 11%-61%.'*'** Various
risk factors have also been reported.'>****** According to a ret-
rospective study, which analyzed data from more than 500,000
patients with various degenerative diseases of the lumbar spine
including herniated lumbar discs, spondylolisthesis, and lum-
bar spinal stenosis, the risk factors of POD were identified as
age (=65 years), sex (female), alcohol/drug abuse, depression,
psychotic disorders, and neurological disorders."

However, previous studies on spinal surgery have covered on
a wide range of spinal disorders including HNP, spinal stenosis,
myelopathy, tumors, and trauma across a variety of regions treat-
ed with various surgical methods, they did not characterize the
POD associated with certain specific disorders.”>***” Further-
more, although not many, some of meta-analysis were conduct-
ed by extracting data from other studies, the methods for deter-
mining POD were heterogeneous."

1. Incidence of POD
In the study, delirium occurred in 24 out of 148 elderly pa-
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tients (16.2%) aged 60 years or older who underwent cervical
spine surgery, similar to the results of previous studies, which
reported an incidence of 11%-61% (Table 4).'>1*»

There was difference of incidence rates of POD between sur-
gical methods and multivariate analysis demonstrated higher
risk of POD in laminoplasty patients according to our results.
This shows that there is a difference in the development of POD
depending on the surgical method even for the same disease.
This finding deviates substantially from those of previous simi-
lar studies. As a result, the studies overlooked the characteristics
present in the incidence of delirium. This approach could make
medical professionals overly cautious about the incidence of
delirium for surgeries with a low frequency of delirium, while
making them erroneously comfortable with surgeries with a
high risk of delirium incidence. Thus, it should be noted that
POD after spinal surgery can vary depending on the type and
selection of surgical methods. This is particularly related to the
fact that spinal surgery, unlike surgery in any other parts, has
been performed through various methods depending on the
surgical levels and the characteristics of the disease, despite sur-
gery for a similar disease in the same area.

2. Risk Factors of the POD

According to this study, the risk factors that affect the inci-
dence of POD following cervical spine surgery were age, neuro-
logic disease, dementia, Parkinson disease, stroke history, he-
moglobin, hyponatremia, hyperkalemia, and ASA physical sta-
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Table 7. Analysis of risk factors for postoperative delirium following laminoplasty

Variable POD (-) (n=59) POD (+) (n=19) p-value
Sex 0.386
Male 44 (74.6) 16 (84.2)
Female 15 (25.4) 3(15.8)
Age (yr) 65.2+9.5 72.1+10.5 0.008*
Smoking 7 (11.8) 5(26.3) 0.107
Cardiovascular disease 8(13.6) 2(10.5) 0.731
Pulmonary disease 4(6.8) 1(5.3) 0.814
Endocrinal disease 11 (18.6) 5(26.3) 0.471
Diabetes mellitus 11 (18.6) 5(26.3) 0.471
Renal disease 3(5.1) 1(5.3) 0.976
Neurologic disease 5(8.5) 3(15.8) 0.361
Dementia 0(0) 1(5.3) 0.076
Parkinson disease 0(0) 2(10.5) 0.012%
Liver disease 2(3.4) 0(0) 0.416
Hypertension 25 (42.4) 9 (47.4) 0.703
Stroke 1(1.7) 2(10.5) 0.082
MDD 2 (3.4) 1(5.3) 0.416
Osteoporosis 5(8.5) 1(5.3) 0.648
BMD score -1.0+1.4 -1.2+19 0.746
Hemoglobin 125+14 128+14 0.548
Hematocrit 372+3.7 37.4+3.8 0.914
Sodium 140.1+3.6 137.6+4.9 0.023*
Chloride 103.6+3.3 102.2+3.7 0.138
Potassium 42+04 44+05 0.047*
Intraoperative hypotension 11 (18.6) 6 (31.6) 0.744
Height (cm) 162.7+8.5 162.6+7.2 0.119
Weight (kg) 65.8+9.8 62.3+11.0 0.160
Body mass index 248+2.5 23.5+3.1 0.201
ASA PS classification >1I 24 (40.7) 11 (57.9) 0.189
Intraoperative blood loss (mL) 683.9+297.9 828.6+342.9 0.558
Blood transfusion 13 (22.0) 8 (42.1) 0.086
Transfusion volume (mL) 180.4+439.5 290.5+395.7 0.335
Postoperative opioid use 12 (20.3) 3(15.7) 0.662
Postoperative NSAIDs use 38 (64.4) 13 (68.4) 0.749
Postoperative acetaminophen use 30 (50.8) 11 (57.9) 0.593
Postoperative other pain killer use 28 (47.4) 6 (31.6) 0.225
Postoperative complications 4(6.8) 2(10.5) 0.311
Duration of admission (day) 18.3+11.2 199+11.1 0.580
Duration of preoperative period (day) 3.9+72 23+1.7 0.337
Operation time (min) 253.2+57.9 253.2+62.2 0.715
Duration of postoperative period (day) 14.3+10.7 17.6+11.2 0.580
ICU care 13 (22.0) 9 (47.4) 0.033*
Duration of ICU care period (day) 1.2+53 1.0+2.2 0.918

Values are presented as number (%) or mean + standard deviation.

POD, postoperative delirium; MDD, manic depressive disorders; BMD, bone mineral density; ASA PS, American Society of Anesthesiologists
physical status; NSAIDs, nonsteroidal anti-inflammatory drugs; ICU, intensive care unit.

*p <0.05, statistically significant differences.
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Table 8. Multivariate analysis of risk factors of postoperative
delirium following laminoplasty

Variable Odds ratio 95% CI p-value
Age 1.056 1.004-1.124 0.04*
Parkinson disease 154 0.000-154.000 0.99
ICU care 2.457 0.658-7.037 0.17
Sodium 0.879 0.762-1.013 0.75
Potassium 3.217 1.456-11.174 0.04*

CI, confidence interval; ICU, Intensive care unit.
*p <0.05, statistically significant differences.

tus classification >II, transfusion volume, blood transfusion,
and ICU care (Table 5). Among these factors, Parkinson dis-
ease, potassium, and surgical method (laminoplasty over ACDF)
were statistically significant for the development of POD in
multiple regression analysis (Table 6). When we looked at the
factors involved in the occurrence of the POD for each surgery,
the factors that found to be statistically significant were patient’s
age, Parkinson disease, low sodium level, high potassium level,
ICU care in patients who underwent laminoplasty (Table 7). A
multivariate logistic regression test conducted on the above fac-
tors and revealed that age and high potassium level alone were
significant factors in the development of POD (Table 8). Thus,
if any patient who receives laminoplasty due to DCM is old or
has an electrolyte imbalance (high potassium level), he or she
will require more caution due to a higher probability of POD.
However, the factors affect ACDF were not analyzed in the study,
because the incidence of POD unexpectedly lowers in ACDF
(n="5), making it difficult to statistically analyze the associated
factors and have a statistical significance with it.

In this study, we tried to investigate factors that are known to
affect spinal surgery, and examined the relations between these
factors and the development of POD.

The smoking status is a known factor that can affect surgical
outcomes.”® The toxic agents in cigarette smoke induce athero-
sclerotic and microvascular changes, which build up gradually
with time and remain even years after quitting. Especially in
older smokers, these changes are linked to cognitive decline
and dementia, as well as vascular disease, which increase the
risk of developing delirium.’ In our study, however, smoking
was not found to increase the risk of POD (Tables 5, 7). De-
mentia and delirium (an acute confused state) are also known
to be associated with drug toxicity.” Especially, elderly people
are more likely than young people to develop cognitive impair-
ments associated with medication use because renal and liver
functions are often impaired in elderly people. Anticholinergic
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medications are common causes of both acute and chronic
cognitive impairment. Psychoactive drugs, antidepressants and
anticonvulsants can cause dementia and delirium.” The use of
NSAIDs, opioids, and other pain killers did not affect the devel-
opment of POD in this study. However, there are reports of
drug-induced cognitive impairment by these agents, so care
should be taken when using painkillers after surgery.*® Other
factors associated with surgery including blood transfusion, op-
eration, blood loss, operation time, postoperative complications,
ICU care, and duration of admission were not found to be sig-
nificant. This is a finding that is different from other studies.'>"*
We assume that this was due to our study being a single-center
study where surgeries and postoperative care were performed
under uniform protocols. More heterogeneous cohort might
lead to different results in future studies.

In addition, patient with existing neurological disorders such
as dementia or Parkinson disease have been reported to devel-
op POD, and authors included them as one of the causes of the
delirium in the study. Our results demonstrated that patients
with Parkinson disease had higher risk for development of POD.
This is a similar result of a recent systematic review, which sug-
gested that people with Parkinson disease may be at increased
risk of delirium." According to a study of Caplan' diagnosing
delirium in the presence of pre-existing dementia is difficult
and gets harder as either progresses because their symptoms are
intertwined. Prolonged delirium becomes permanent cognitive
impairment, and severe dementia is often manifested by multi-
ple symptoms that are similar to those of delirium. As the neu-
ro-inflammatory mechanism in delirium is actually mediated
by the effect of glucose, and not the inflammatory changes in
the brain, they suggest that glucose could be the link between
dementia and delirium pathophysiology, given that dementia is
characterized by insulin resistance and impairments in glucose
metabolism and delirium may be working likewise.”"** As if to
support this hypothesis, recent studies of F-fluorodeoxyglucose
positron emission tomography in delirium reveal a novel and
unique pattern of glucose hypometabolism that correlates with
neuropsychological functions.” Parkinson disease, dementia
and neurologic disease were found to be meaningful factor in
the occurrence of POD in cervical spine surgery, and Parkinson
disease was also a meaningful factor in our results. Therefore,
patients with neurological disorders such as Parkinson disease
and dementia need to take special care of the occurrence of POD
if they operate on cervical spine surgery.

Preoperative comorbidities such as liver disease, renal dis-
ease, cardiovascular disease, pulmonary disease, hypertension,
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endocrine disease, diabetes mellitus, BMI, BMD, and osteopo-
rosis were also analyzed but they were not found to be mean-
ingful factors associated with POD in the study. There is little
research on whether gender affects the occurrence of the POD.
According to a study of age- and sex-related peculiarities of pa-
tients with delirium in the cardiac ICU,* it was shown that delir-
ium is a severe complication that more often affects men amongst
patients <65 years old and more frequently affects women in
the age group of >85 years. Male patients <65 years old, who
develop delirium, should be treated with more caution because
they tend to have more serious forms of disorder and a poorer
prognosis.** Age was also found to a meaningful factor to de-
velop the POD in our study, however, sex was not found to be a
meaningful risk factor of POD (Tables 5, 7).

3. Reasons for a Difference in POD

Based on our observations, there was a difference in the oc-
currence of delirium between ACDF and laminoplasty in the
study. We potentially suggest the reason why the incidence of
POD was higher following laminoplasty than ACDF as follows.

The preoperative mJOA score was 12.43/18 in the laminoplas-
ty group and that of the ACDF group was 15.16/18. The preop-
erative mJOA score was statistically significantly lower in the
laminoplasty group (p <0.001; 95% CI, -3.726 to -1.735) (Table
2), suggesting the preoperative neurological status in the pa-
tients who underwent laminoplasty was worse and this status
might influence the development of POD. In addition, the op-
eration levels were 1.93 levels in the ACDF group and 3.13 lev-
els in the laminoplasty group on average. This indicates wider
and more extensive surgical area in the patient group that un-
derwent laminoplasty. These patients would have considered
the operation to be more dangerous and this might have affect-
ed the results. Furthermore, 74 patients underwent laminoplas-
ty mainly due to the symptoms of myelopathy, characterized by
hand clumsiness, gait disturbance, and bowel or bladder dys-
functions, while the other group of patients underwent ACDF
mainly due to symptoms of myeloradiculopathy (77%) accom-
panied by radiculopathy and mild myelopathy. For these rea-
sons, we inferred that the incidence of POD was relatively high-
er in the laminoplasty group than in the ACDF group, which
was commonly performed in cervical spine surgery. Further
studies are required to determine whether these reasons actual-
ly contributed to the incidence of POD.

4. Diagnosis and Treatment of the POD
In this study, we tried to diagnose POD using the diagnostic
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criteria and methods currently in practice at the clinical site
(Diagnostic and Statistical Manual of Mental disorders, 5th ver-
sion, DSM-5),% and tried to double-check it through consul-
tation with neurology or psychiatry, the specialty of the disease.

According to the guidance of the specialists, various treatments,
ranging from drug treatment to supportive therapy, were car-
ried out depending on the degree of the patient’s symptoms.
The treatment of POD combines drug therapy and supportive
treatment for the situation.>” First of all, it is necessary to se-
cure hemodynamic stability and correct electrolyte imbalance
after surgery. If the symptoms are not severe, and in the early
stages, it continuously provides information on time, place, and
person, and creates an environment where patients can sleep
without interruption during bedtime. Early ambulation and
movement can also help treat patients, and it is also necessary
to create an environment to help patients recover by using the
items needed for each patient.

5. Limitations

This study has some limitations as follows. First, this study, as
a retrospective study, has a limitation in that the sample size was
not sufficiently large because the study was conducted at a sin-
gle institution. Also, the retrospective nature limited acquisition
of standardized data on postoperative pain, which can be a risk
factor of POD. Second, as in this study, as far as authors know;,
there are very few research methods that objectively evaluate
the preoperative cognitive function of patients. All of the pa-
tients who participated in this study showed no cognitive dys-
function in the preoperative evaluation according to the criteria
of DSM-5 and CAM. However, objectively assessing the cogni-
tive status of patients before surgery, along with objectively as-
sessing the cognitive function of patients after surgery, can be
one of the key factors in determining the results of the study as-
sociated with POD. Third, although we intended to compare
and analyze factors affecting the POD according to the method
of surgery in DCM, wed like to emphasize that we can create a
bias in the interpretation of the results by not including all fac-
tors that may be related to the occurrence of POD. Moreover,
we concede that although patients had same diagnosis, under-
lying etiologies and baseline characteristics such as severity of
preoperative symptoms, levels requiring treatment were insuf-
ficiently standardized for analysis and this can create bias. In
future studies, there should be stricter conditioning for con-
founders, such as matching or weighting in larger numbers. In
addition, in the course of analyzing the factors affecting the oc-
currence of POD between surgical methods, the incidence of
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POD unexpectedly lowers in ACDF (n=>5), making it difficult
to statistically analyze the associated factors and have a statisti-
cal meaning with it. We look forward to further research on
this. Lastly, this study also did not include other surgical meth-
ods for DCM, such as posterior laminectomy and fusion or
ACE due to the small number of cases. As it is not easy to re-
view the characteristics depending on all surgical methods for
DCM, this study was focused on laminoplasty, which is regard-
ed as one of the most common surgical procedures in Asia for
DCM.

CONCLUSION

It is important for surgeons to understand various factors
that can affect the development of POD in patients with DCM,
which can help to potentially prevent its occurrence.
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Objective: To investigate the patient quality of life and cost-utility compared between radio-
therapy alone and combined surgery and radiotherapy for spinal metastasis (SM) in Thai-
land.

Methods: Patients with SM with an indication for surgery during 2018-2020 were prospec-
tively recruited. Patients were assigned to either the combination surgery and radiotherapy
group or the radiotherapy alone group. Quality of life was assessed by EuroQol-5D-5L (EQ-
5D-5L) questionnaire, and relevant healthcare costs were collected pretreatment, and at
3-month and 6-month posttreatment. Total lifetime cost and quality-adjusted life-years
(QALYs) were estimated for each group.

Results: Twenty-four SM patients (18 females, 6 males) were included. Of those, 12 patients
underwent combination treatment, and 12 underwent radiotherapy alone. At 6-month post-
treatment, 10 patients in the surgery group, and 11 patients in the nonsurgery group remained
alive for a survival rate of 83.3% and 91.7%, retrospectively. At 6-month posttreatment, the
mean utility in the combination treatment group was significantly better than in the radio-
therapy alone group (0.804 + 0.264 vs. 0.518 + 0.282, respectively; p =0.011). Total lifetime
costs were 59,863.14 United States dollar (USD) in the combination treatment group and
24,526.97 USD in the radiation-only group. The incremental cost-effectiveness ratio using
6-month follow-up data was 57,074.01 USD per QALY gained.

Conclusion: Surgical treatment combined with radiotherapy to treat SM significantly im-
proved patient quality of life compared to radiotherapy alone during the 6-month posttreat-
ment period. However, combination treatment was found not to be cost-effective com-
pared to radiotherapy alone for SM at the Thailand willingness-to-pay threshold of 5,113
USD/QALY.

Keywords: Patient quality of life, Cost-utility, Radiotherapy alone, Combined surgery and
radiotherapy, Spinal metastasis
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INTRODUCTION

Spinal metastasis results from cancer cells that spread from
the primary tumor, which is located somewhere else in the
body. Spinal metastasis can cause severe pain, impaired ambu-
lation, and neurological deficit-all of which significantly ad-
versely affect patient quality of life. Several studies reported fa-
vorable results of palliative surgery combined with radiotherapy
for improving pain, ambulation, and quality of life compared to
radiotherapy alone."® As such, palliative surgery plays an im-
portant role in the multidisciplinary management of spinal me-
tastasis.

However, the additional cost of surgery combined with ra-
diotherapy makes combination therapy for spinal metastasis
much more expensive than radiotherapy alone. From a study
conducted in Denmark, Tipsmark et al.® reported the cost of
radiotherapy alone to be 36,616 euro (EUR), whereas the cost
of surgery with decompression, instrumentation, and recon-
struction was 87,814 EUR.

Cost-utility analysis (CUA), which evaluates both clinical
and economic outcomes, provides important evidence-based
information that helps clinicians and policymakers in decision-
making relative treatment strategy. CUA studies that compared
surgical treatment and radiotherapy alone for the treatment of
spinal metastasis have been reported in Japan, the United King-
dom, Belgium, Canada, and the United States. The results of
those studies showed combination surgery and radiotherapy to
be cost-effective compared to radiotherapy alone for treating
spinal metastasis in developed countries.>” "

Studies in the cost-effectiveness of surgery for spinal metas-
tasis patients in developing countries, such as Thailand, are
limited. Accordingly, the aim of this study was to investigate the
patient quality of life and cost-utility compared between radio-
therapy alone and combined surgery and radiotherapy for spi-
nal metastasis in Thailand.

MATERIALS AND METHODS

This prospective cohort study was conducted at the Faculty
of Medicine Siriraj Hospital, Mahidol University-Thailand’s
largest medical school and national tertiary referral center. The
protocol for this study received approval from the Siriraj Insti-
tutional Review Board (protocol number: 395/2561[EC3]), and
written informed consent was obtained from each enrolled
study patient.

https://doi.org/10.14245/ns.2142948.474

1. Subjects

Patients aged 18 years or older with spinal metastasis with an
indication for surgery during 2018-2020 were prospectively re-
cruited. Diagnosis of spinal metastasis was made by radiologi-
cal or pathological methods. Indications for surgery included
intractable pain, spinal instability, and neurological symptom.
Patients having one or more of the following were excluded: (1)
curative surgery, (2) posterior instrumentation more than 10
levels, (3) previous history of radiotherapy at the affected spine
level, and/or (4) impaired consciousness that prevented com-
pletion of the study questionnaire.

2. Study Procedures

Eligible patients that accepted our invitation to join the study
were educated about the study objective and protocol. The spi-
nal instability neoplastic score was used to assess the severity of
spinal instability. All patients underwent intensive adjuvant
treatments, radiotherapy, rehabilitation, and palliative care. All
patients were offered the opportunity to undergo surgical treat-
ment, and the patient made the final decision. The patients
who decided to undergo surgery were allocated to the combi-
nation surgery and radiotherapy group, and those not willing
to undergo surgery were allocated to the radiotherapy alone
group. In both groups, chemotherapy was performed if indicat-
ed. The modified Tokuhashi and Tomita scores were used to
evaluate the prognosis of spinal metastasis. Each patient’s gen-
eral condition was assessed using Frankel classification grading.

3. Surgical Procedures

The patients who undergo surgery were a posterior ap-
proach. Debulking tumor from the posterolateral aspect after
laminectomy was performed, and the posterior stabilization
was achieved using a pedicle screw-rod system. The range of
stabilization was decided based on bone quality, the number of
affected vertebrae, and deformity. After surgery, postoperative
rehabilitation was adjusted case by case depending on patients’
status with immobilization support devices.

4. Sample Size Calculation

The sample size was based on a mean of health state values
between the radiotherapy alone and the combined surgery and
radiotherapy at 12 months (0.019+0.027, 0.448 + 0.451, respec-
tively) from the study of Miyazaki et al.* Two-sided, 2-indepen-
dent means sample size calculation was used at the 0.05 signifi-
cance level for the difference. The power of the test was 0.2.
Thus, the number of each group was 12 patients.
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5. Statistical Analysis

Demographic and clinical characteristics of study partici-
pants were analyzed descriptively. Categorical data were report-
ed as frequency and percentage, and normally distributed con-
tinuous data were reported as mean + standard deviation. Fish-
er exact test and Student t-test were used to comparing categor-
ical data and normally distributed continuous data, respectively.
The Kaplan-Meier method was used to estimate the survival
function from lifetime data. All statistical analyses were per-
formed using IBM SPSS ver. 18.0 (IBM Co., Armonk, NY,
USA), and a 2-tailed p-value that less than 0.05 was considered
statistically significant.

6. Economic Evaluation

A CUA was performed to compare the cost and health status
between the combined use of surgery and radiotherapy and ra-
diotherapy alone in patients with spinal metastasis. The inter-
vention of interest was palliative surgery that provides better
quality of life, but the cost of treatment is higher. We performed
the analysis using a societal perspective and lifetime time hori-
zon as recommended by the Thailand health technology assess-
ment (HTA) guideline."" Our findings are presented as an in-
cremental cost-effectiveness ratio (ICER) in United States dol-
lar (USD) per quality-adjusted life years (QALYs) gained. The
interpretation of the cost-effectiveness of the surgery was based
on an official willingness-to-pay (WTP) threshold of 160,000
Thai Baht (THB)/QALY (5,113 USD/QALY), as reported by
the Thai Health Economic Working Group.”? An annual dis-
count rate of 3% was used for both costs and health outcomes.

7. Economic Model

According to expert opinion and our review of the literature,
the health status outcome should include both ambulatory sta-
tus and pain improvement after the treatment. A decision tree
was constructed to divide patients into 2 groups-those who re-
ceived surgical treatment and those who did not. After treat-
ment, the patients in each group were classified into 1 of the 4
following outcomes of treatment: ambulatory with less pain,
nonambulatory with less pain, ambulatory without pain im-
provement, and nonambulatory without pain improvement
(Fig. 1A). After that, a Markov model with 3-month cycle dura-
tions was adopted to capture the lifetime costs and health out-
comes of the treatment. In the Markov model, patients could
remain either in the same state or in transition to a poorer state
due to the progression of the disease. In this model, we as-
sumed that patients underwent surgery only one time and that
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no patients would transition to an improved health state, as
shown in Fig. 1B.

8. Input Parameters

The transition probabilities and utility of each group were
obtained from the result of the cohort included in this study.
The disease-specific mortality rate was based on the overall lo-
cal control rate of the disease from studies conducted by Bishop
et al.” and Pessina et al."* The probability of ambulatory and
nonambulatory status before treatment was obtained from the
studied cohort. Regarding the adoption of societal perspective,
in this study, we included both direct medical costs (e.g., nurs-
ing service, medication, diagnostic imaging) and direct non-
medical costs (e.g., food, transportation). Indirect costs of pa-
tients were not included due to our assumption that lost or im-
paired ability to work or engage in leisure activities due to mor-
bidity would be captured in the disutility of QALY." Direct
costs of treatment, hospital visit rates (both outpatient and in-
patient), and utility data were obtained from the studied cohort.
Direct nonmedical costs were obtained from a standard cost list
in the Thailand HTA guideline.'® All costs were converted to
2020 USD using an exchange rate of 1 USD =31.3 THB and the
consumer price index."” Detail and sources of the model input

parameters used in this study are shown in Table 1.

9. Cost-Utility Analysis

The primary outcome of the base case analysis was the ICER
obtained from a comparison between the combined surgery
and radiotherapy treatment strategy versus radiotherapy alone.

One-way sensitivity analyses were performed to study the ef-
fects of altering uncertainty parameters within the 95% confi-
dence interval (CI) ranges, including all clinical effects, transi-
tional probabilities, costs, and utilities, on the ICER from the
model. In cases where the 95% CI range was unavailable, a
range of mean + 15% was applied. The results of 1-way sensitiv-
ity analysis are presented using a tornado diagram. A probabi-
listic sensitivity analysis (PSA) was performed using Microsoft
Excel 2019 (Microsoft Corp., Redmond, WA, USA) to simulta-
neously examine the effects of all parameter uncertainties.'
The distributions of each probability were assigned the follow-
ing:" transitional probability, and utility parameters were speci-
fied to beta-distribution. Costs were assigned a gamma distri-
bution. Relative risk of mortality parameters was given a log-
normal distribution. A Monte Carlo simulation was run to ob-
tain 1,000 different simulations reflecting a range of values for
the total cost, outcomes, and ICER. The results of the PSA are
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Fig. 1. Decision tree (A) and Markov model (B). A decision tree was constructed to divide patients into the 4 following groups
according to the health status outcome of each treatment: ambulatory with less pain, nonambulatory with less pain, ambulatory
with pain, and nonambulatory with pain. In the Markov model, patients could remain in the same health state or transition to
worse health states. Sx+RT, combined surgery, and radiotherapy; RT, radiotherapy alone.

presented as a cost-effectiveness plane and a cost-effectiveness

acceptability curve.

RESULTS

1. Clinical Results

Twenty-four patients were prospectively enrolled and fol-
lowed for 6 months after treatment. There were 6 men and 18
women. Twelve patients underwent surgical treatment and ra-
diotherapy. The others underwent only radiotherapy. Patient

https://doi.org/10.14245/ns.2142948.474

demographic and clinical characteristics are shown in Table 2.
No statistically significant difference was observed for any of
the parameters shown in Table 2 between the surgery group
and the nonsurgery group. Patients with various types of cancer
were included (Table 2). All patients in both groups underwent
radiotherapy. The average back pain score at the 3-month fol-
low-up in the surgery group was significantly lower than the
average score in the radiotherapy alone group (31.67 +30.92 vs.
55.45+20.67, respectively; p=0.024), but there was no signifi-
cant difference between groups for pain at the 6-month follow-
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Table 1. Input parameters used in the health economic model

Parameter Distribution Base case Range References

Probability of ambulatory/nonambulatory status before treatment
Ambulatory Beta 0.723 SD 0.204 Primary data
Nonambulatory Beta 0.160 SD 0.149 Primary data
Transition probabilities

Ambulate (less pain)

To ambulate (pain) - Sx+RT Beta 0.0055 0.005-0.006  Primary data
To nonambulatory (less pain) - Sx+RT Beta 0.0055 0.005-0.006  Primary data
To nonambulatory (pain) - Sx+RT Beta 0.0055 0.005-0.006  Primary data
To ambulate (pain) - RT Beta 0.0067 0.006-0.007  Primary data
To nonambulatory (less pain) - RT Beta 0.0067 0.006-0.007  Primary data
To nonambulatory (pain) - RT Beta 0.0067 0.006-0.007  Primary data
Nonambulatory (less pain)
To nonambulatory (pain) - Sx+RT Beta 0.0055 0.005-0.006  Primary data
To nonambulatory (pain) - RT Beta 0.0067 0.006-0.007  Primary data
Ambulate (pain)
To nonambulatory (pain) - Sx+RT Beta 0.0055 0.005-0.006  Primary data
To nonambulatory (pain) - RT Beta 0.0067 0.006-0.007  Primary data
Disease-specific mortality rate - Sx+RT Log-normal 0.41 SE 0.06 (13, 14)
Relative risk of survival in RT vs. Sx+RT Log-normal 0.60 SE0.16 -1
Utilities
Sx+RT
Ambulatory (less pain) Beta 0.743 SD 0.130 Primary data
Nonambulatory (less pain) Beta 0.340 SD 0.051 Primary data
Ambulatory (pain) Beta 0.732 SD 0.110 Primary data
Nonambulatory (pain) Beta 0.160 SD 0.024 Primary data
RT
Ambulatory (less pain) Beta 0.743 SD 0.320 Primary data
Nonambulatory (less pain) Beta 0.340 SD 0.051 Primary data
Ambulatory (pain) Beta 0.732 SD 0.300 Primary data
Nonambulatory (pain) Beta 0.160 SD 0.024 Primary data
Costs of treatment (USD/3 months)
Total cost of ambulatory (less pain) - Sx+RT Gamma 5,346 4,811-5,881  Primary data
Total cost of nonambulatory (less pain) - Sx+RT Gamma 2,834 2,551-3,118 Primary data
Total cost of ambulatory (pain) - Sx+RT Gamma 6,822 6,140-7,504 Primary data
Total cost of nonambulatory (pain) - Sx+RT Gamma 6,221 5,599-6,843 Primary data
Total cost of ambulatory (less pain) - RT Gamma 3,778 3,400-4,156  Primary data
Total cost of nonambulatory (less pain) - RT Gamma 2,834 2,551-3,118 Primary data
Total cost of ambulatory (pain) - RT Gamma 3,699 3,329-4,069 Primary data
Total cost of nonambulatory (pain) - RT Gamma 8,695 7,825-9,564 Primary data
Chemotherapy (USD) Gamma 2,030 1,144-2,915  Primary data
Radiotherapy (USD) Gamma 1,097 963-1,232 Primary data
Surgical procedure (USD) Gamma 2,155 1,995-2,314 Primary data
Implant (USD) Gamma 1,780 1,651-1,909 Primary data

(continued)
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Table 1. Input parameters used in the health economic model (continued)

Parameter Distribution Base case Range References
Direct nonmedication cost
Food (USD/visit) Gamma 62 55-68 (16)
Transportation (USD/visit) Gamma 167 154-181 (16)
Indirect cost-care giver (USD/visit) Gamma 112 70-154 (16)

Sx+RT, combined surgery and radiotherapy; RT, radiotherapy alone; USD, United States dollar.

up. Ambulatory status and the survival rate were also not sig-
nificantly different between the 2 treatment groups (Table 3).
The mean preoperative utility value was 0.592+0.314 in the
surgery group, and 0.479 £0.345 in the radiotherapy alone
group (p=0.402). At both the 3- and 6-month follow-up, the
mean utility value in the surgery group was significantly higher
than that in the radiotherapy alone group (3 months: 0.701 +
0.328 vs. 0.433+0.297, respectively; p=0.018; and, 6 months:
0.804 £0.264 vs. 0.506 £ 0.270, respectively; p=0.011) (Table 3).

2. Cost-Utility Analysis
1) Base case analysis

The estimated total lifetime cost per patient for surgery and
radiotherapy versus radiotherapy alone was 59,863.14 USD
versus 24,526.97 USD, respectively. The number of QALYs was
1.54 and 0.92 for the combination treatment group and the ra-
diotherapy alone group, respectively. The ICER for the combi-
nation surgery and radiotherapy treatment was 57,074.01 USD
per QALY gained compared to radiotherapy alone (Table 4).
This finding demonstrates the combination treatment option
to be non-cost-effective when judged according to the official
WTP threshold in Thailand.

2) One-way sensitivity analysis

Fig. 2 shows the most influential variables in our model to be
the utility of ambulatory status with less pain after combination
surgery and radiotherapy, the utility of ambulatory status with
less pain after radiotherapy alone, and relative risk of survival
in radiotherapy alone versus combination surgery and radio-
therapy. However, within the range of each parameter, none
yielded a cost-effective result.

3) Probabilistic sensitivity analysis

Results of the PSA based on 1,000 Monte Carlo simulations
are presented in a cost-effectiveness plane (Fig. 3A). Despite the
variation in base case parameter inputs, most of the plots were
in the upper-right quadrant, which suggests the combination

https://doi.org/10.14245/ns.2142948.474

surgery and radiotherapy treatment strategy to be more effec-
tive, but more expensive than radiotherapy alone. All simula-
tions were plotted above the WTP threshold line, which means
that none of the scenarios could be considered cost-effective in
Thailand’s healthcare setting. The results of the PSA are also
presented as a cost-effectiveness acceptability curve, as shown
in Fig. 3B. At the Thailand WTP threshold, the probability of
the combination therapy strategy being cost-effective is zero. If
the Thailand WTP was increased to 56,000 USD per QALY
gained, the probability of surgery combined with radiotherapy
being cost-effective was 50% compared to radiotherapy alone.

DISCUSSION

Many studies have investigated the cost-utility of the surgical
treatment among spinal metastasis patients. Furlan et al.® re-
ported an ICER of 250,307 USD per QALY when surgery plus
radiotherapy was compared to radiotherapy alone. They adopt-
ed a Markov model approach and analyzed the results based on
the data from the study of Patchell et al.’ combined with Ontar-
io-based physician fee and hospital cost data in Canada. They
found and reported surgery plus radiotherapy to be cost-effec-
tive at a WTP threshold of 50,000 USD per QALY.® In Japan,
Miyazaki et al.* also found surgical treatment to be cost-effec-
tive with an ICER of 42,003 USD per QALY gained at a WTP
of 50,000 USD per QALY gained. Finally-in Belgium, Depreit-
ere et al.” Reported an ICER for surgical management of spinal
metastasis of 13,635 EUR per QALY compared to radiotherapy
alone. Taken together, these reported findings indicate that pal-
liative surgery is cost-effective for spinal metastasis patients in
developed countries.

During the 6-month follow-up after treatment, our findings
showed significant improvement in the quality of life of patients
in the combined surgery and radiotherapy group compared to
the quality of life of patients in the radiotherapy alone group. In
this study, there was no significant difference in ambulation be-
tween the 2 groups. However, the radiotherapy alone group had
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Table 2. Patient demographic and clinical characteristics compared between the combined surgery and radiotherapy (Sx+RT)

group and the radiotherapy alone (RT) group

Characteristic Sx+RT (n=12) RT alone (n=12) p-value
Female sex 8/12 (66.7) 10/12 (83.3) 0.538
Age (yr) 58.17+11.06 62.25+12.39 0.404
Frankel classification 0.640
Grades A, Band C 2(16.7) 4(33.3)
Grades D and E 10 (83.3) 8 (66.7)
Spinal level of compression 0.605
Cervical 1(8.3) 2(16.7)
CT 0(0) 1(8.3)
C,TLS 1(8.3) 1(8.3)
Lumbar 6 (50.0) 2(16.7)
Thoracic 2(16.7) 2(16.7)
TL 2(16.7) 3(25.0)
TLS 0(0) 1(8.3)
Position of spinal tumor 0.538
Anterior 2(16.7) 1(8.3)
Anterior, posterior 1(8.3) 0(0)
Anterior, lateral, posterior, anterior 5(41.7) 8 (66.7)
Lateral 4(33.3) 3 (25.0)
Revised Tokuhashi score 0.587
0-8 7 (58.3) 8(66.7)
9-11 4(33.3) 4(33.3)
12-15 1(8.3) 0(0)
Tomita score 0.411
4-5 2(16.7) 4(33.3)
6-7 6 (50.0) 3(25.0)
8-10 4(33.3) 5(41.7)
Spinal instability neoplastic score >0.999
0-6 0(0) 0(0)
7-12 9 (75.0) 10 (83.3)
13-18 3(25.0) 2(16.7)
Primary tumor 0.622
Breast 2(16.7) 4(33.3)
Colon 1(8.3) 0(0)
Lungs 4(33.3) 3(25.0)
Prostate 2(16.7) 1(8.3)
Rectum 0(0) 1(8.3)
Endometrium 1(8.3) 0(0)
Supraglottis cancer 0(0) 1(8.3)
Non-small cell lung cancer 1(8.3) 1(8.3)
Hepatocellular carcinoma 1(8.3) 0 (0)
Thyroid 0 (0) 1(16.7)
Total 12 (100) 12 (100)

Values are presented as number (%) or mean + standard deviation.
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Table 3. Utility, ambulator, survival, and back pain visual analogue scale (VAS) score at different time points compared between
the combined surgery and radiotherapy (Sx+RT) group and the radiotherapy alone (RT) group

Variable Sx+RT RT only p-value
Pretreatment
Utility 0.59+0.31 0.48+0.34 0.402
Ambulator 9 (75.0) 7 (58.3) 0.386
Survival 12 (100) 12 (100)
Back pain VAS 50.75+£28.22 64.17£36.30 0.243
Follow-up 3 months
Utility 0.73+0.28 0.48+0.29 0.018*
Ambulator 11 (91.7) 10 (90.9) 0.949
Survival 12 (100) 11 (91.7) 0.307
Back pain VAS 31.67+£30.92 55.45+20.67 0.024*
Follow-up 6 months
Utility 0.80+£0.26 0.52+0.28 0.011*
Ambulator 9 (90.0) 8(72.7) 0.314
Survival 10 (83.3) 11 (91.7) 0.537
Back pain VAS 30.00+£33.00 37.18+30.45 0.612

Values are presented as mean + standard deviation or number (%).
*p<0.05, statistically significant differences.

Table 4. Results of the base case analysis

Strate Cost Effectiveness Incremental cost Incremental ICER

Y (USD) (QALYs) (USD) effectiveness (QALYs)  (USD/QALYs)
Sx+RT 59,863.14 1.54 35,336.17 0.62 57,074.01
RT 24,526.97 0.92 - - -

Sx+RT, combined surgery and radiotherapy; RT, radiotherapy alone; USD, United States dollar; QALY, quality-adjusted life-year; ICER, incre-
mental cost-effectiveness ratio.

Utility-ambulatory (less pain) (A)-Sx+RT
Utility-ambulatory (less pain) (A)-RT

RR of survival in RT vs. Sx+RT

Total cost of ambulatory (less pain) (A) (USD/3 months)-Sx+RT
Utility-ambulatory (pain) (C)-RT

C-DeTree-Sx+RT: Improve

Total cost of ambulatory (less pain) (A) (USD/3 months)-RT
Total cost of non-ambulatory (pain) (D) (USD)-Sx+RT
Utility-ambulatory (pain) (C)-Sx+RT

Total cost of ambulatory (pain) (C) (USD/3 months)-Sx+RT
Total cost of ambulatory (pain) (C) (USD/3 months)-RT
C-DeTree-RT: improve

mm Using the high parameter values

C-DeTree-RT: Non-improve M Using the low parameter values

Utility-C-- > A-Sx+RT
D-DeTree-Sx+RT: improve
Probability of non-ambulatory patients

40,000 45,000 50,000 55,000 60,000 65,000 70,000 75,000 80,000 85,000 90,000
Incremental cost-effectiveness ratio (USD per QALY)

Fig. 2. Tornado diagram. This model illustrates the result of 1-way sensitivity analysis that was performed to study the effects of
altering uncertainty parameters within the 95% confidence interval ranges, including all clinical effects, costs, utilities, and the
discount rate on the ICER calculated from the model. ICER, incremental cost-effectiveness ratio; Sx+RT, combined surgery and
radiotherapy; RT, radiotherapy alone; USD, United States dollar; QALY, quality-adjusted life-year.
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Fig. 3. Multivariate probabilistic sensitivity analysis. The result was based on 1,000 Monte Carlo simulations. The results are
shown as a cost-effectiveness plane (A), and a cost-effectiveness acceptability curve (B). Sx+RT, combined surgery and radio-
therapy; RT, radiotherapy alone; USD, United States dollar; QALY, quality-adjusted life-year.

less ambulatory status after 6 months. Therefore, the effective-
ness of radiotherapy alone in terms of maintaining or restoring
ambulatory status may be limited. A prior study also reported
that surgical intervention significantly improved ambulation,
pain relief, and quality of life in spinal metastasis patients.”

For the CUA, the ICER of the combined surgery and radio-
therapy group relative to the radiotherapy alone group was
57,074.01 USD per QALY gained, which indicated that the sur-
gery group is not cost-effective compared to the radiotherapy
alone group. Moreover, the results of our sensitivity analyses
showed no cost-effectiveness of the combination therapy re-
gardless of the parameter values used. We conducted a litera-
ture review for studies that also compared combination treat-
ment with radiotherapy alone in spinal metastasis (Table 5),
and some previously reported results conflict with the results of
our study. The observed differences between and among stud-
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ies may be due to differences in the WTP threshold and cost of
treatment of each country. However, the survival rate was not
only affected by the choice of treatment but also other factors
were included, so the highly selection of spinal metastatic pa-
tients who seemed to have better prognosis and outcome after
the treatment was required. One of the significant prognostic
factors in spinal metastasis patients was reported to be ambula-
tory status.” Schoenfeld et al.” reported a QALY of 0.800 among
patients who received nonoperative treatment, and a QALY of
0.823 in patients with independent ambulatory status at presen-
tation. In patients with nonambulatory status at presentation,
they reported a QALY of 0.089 in patients who received nonop-
erative treatment and a QALY of 0.813 in patients who received
operative treatment. The ICER for a surgical procedure was
899,700 USD per QALY and 48,600 USD per QALY in patients
with independent ambulatory and nonambulatory status at pre-
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sentation, respectively. Similar to the result reported by Schoen-
feld et al.’ our results showed significant improvement in utility
among surgical patients with nonambulatory status to be a fac-
tor that positively influences cost-effectiveness, so the observed
improvement in utility and survival in the surgery group
strongly influenced cost-effectiveness in this economic model.
There were many methods of surgery that may have affected

the outcomes. Lee et al.

compared the postoperative result be-
tween palliative, debulking and en bloc surgery in spinal metas-
tases. The result showed the debulking surgery group had the
highest postoperative complications than the others but no dif-
ference in the improvement of neurological deficit after surgery.
The proper surgical option on each patient may improve out-
comes.” Additionally, stereotactic body radiation therapy has
become a fundamental tool for the treatment of spine metasta-
sis that provided good local control, especially in radioresistant
tumor.”** The separation surgery followed by stereotactic radi-
ation therapy was effective in decompression and long-term lo-
cal control.” Compared with conventional radiotherapy, stereo-
tactic body radiotherapy at a dose of 24 Gy in 2 daily fractions
was superior to conventional external beam radiotherapy at a
dose of 20 Gy in 5 daily fractions in improving the complete re-
sponse rate for pain.”* However, the receipt of stereotactic body
radiotherapy is limited because of a lack of medical resources.
So, most patients with spine metastases were treated with con-
ventional radiotherapy usually with 10 fractions® same as in
Thailand.

To our knowledge, our study is the first prospective cohort
study to compare utility outcomes after treatment in spinal me-
tastasis patients in a developing country. This study has several
strengths. First, our study data were prospectively collected.
Second, we adjusted the mortality rates of these patients by in-
corporating the Thai age-standardized mortality rate to reflect
baseline health of Thai population. Third, all cost data were re-
trieved from reliable local sources. Fourth and last, we con-
ducted a comprehensive literature review to determine the
overall mortality rate and the progression of disease after treat-
ment in both groups for use as model input parameters.

This study has some mentionable limitations. From the refer-
ence literature, a study reported by Miyazaki et al* showed a
more significant difference in the health state of the surgery
group versus radiotherapy alone, and the follow-up time was
longer than the 6-month follow-up in our study. Second, there
was a limited sample size. Third, our center is a university hos-
pital so the costs of care are higher than those charged by rural
general and provincial hospitals in Thailand. The further mul-

https://doi.org/10.14245/ns.2142948.474

ticenter study may be needed that includes all healthcare set-
tings in Thailand.

CONCLUSION

Surgical treatment for spinal metastasis significantly im-
proved the quality of life of spinal metastasis patients compared
with radiotherapy alone over the evaluated 6-month posttreat-
ment follow-up period. However, the surgical treatment strate-
gy was not found to be cost-effective compared to radiotherapy
alone at the current WTP threshold in Thailand. A highly se-
lective strategy for identifying spinal metastasis patients before
surgical treatment is suggested to optimize all modifiable mea-
surement parameters for all stakeholders.
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Objective: The purpose of our study is to develop a spoken dialogue system (SDS) for pain
questionnaire in patients with spinal disease. We evaluate user satisfaction and validated the
performance accuracy of the SDS in medical staff and patients.

Methods: The SDS was developed to investigate pain and related psychological issues in pa-
tients with spinal diseases based on the pain questionnaire protocol. We recognized patients’
various answers, summarized important information, and documented them. User satis-
faction and performance accuracy were evaluated in 30 potential users of SDS, including
doctors, nurses, and patients and statistically analyzed.

Results: The overall satisfaction score of 30 patients was 5.5 + 1.4 out of 7 points. Satisfac-
tion scores were 5.3 £ 0.8 for doctors, 6.0 + 0.6 for nurses, and 5.3 + 0.5 for patients. In
terms of performance accuracy, the number of repetitions of the same question was 13, 16,
and 33 (13.5%, 16.8%, and 34.7%) for doctors, nurses, and patients, respectively. The
number of errors in the summarized comment by the SDS was 5, 0, and 11 (5.2%, 0.0%,
and 11.6 %), respectively. The number of summarization omissions was 7, 5, and 7 (7.3%,
5.3%, and 7.4%), respectively.

Conclusion: This is the first study in which voice-based conversational artificial intelligence
(AI) was developed for a spinal pain questionnaire and validated by medical staff and pa-
tients. The conversational AI showed favorable results in terms of user satisfaction and per-
formance accuracy. Conversational Al can be useful for the diagnosis and remote monitor-
ing of various patients as well as for pain questionnaires in the future.

Keywords: Conversational artificial intelligence, Pain questionnaire, Spoken dialogue sys-
tem, Natural language process, Chatbot, Spine

Al technology that can talk to people, including chatbots or vir-
tual agents.®

With the advent of the Fourth Industrial Revolution, efforts
to apply artificial intelligence (AI) and machine learning in the
medical field are actively underway." In particular, imaging di-
agnosis, disease diagnosis, and prediction using clinical data
and genomic Big data are medical fields of AI that currently re-
ceive the most attention.>* Al technologies associated with nat-
ural language processing (NLU) are also being used in health-
care.” Conversational Al is an application of NLU and refers to
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Unlike the written text-based chatbot, a computer system that
can communicate by voice is called a spoken dialog system (SDS).”
Unlike the command and control speech system that simply
answers requests and cannot maintain the conversation contin-
uously, a SDS can maintain the continuity of the conversation
over long periods of time. SDSs are already being applied in ev-
eryday life through in-home AT speakers, such as Amazon Al-
exa (Amazon, Seattle, WA, USA).® Moreover, conversational Al
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is being applied in various medical fields, such as patient educa-
tion, medical appointments, and voice-based electronic medi-
cal record (EMR) creation.”” Recent attempts have been made
to collect medical data, such as patient-reported outcomes, health
status checks and tracking, and remote home monitoring, using
conversational AL

In assessing patient with spinal disease, doctor-patient dia-
logue about pain is the first step in diagnosis, and a pain ques-
tionnaire is the most important tool during follow-up after treat-
ment or spine surgery. The purpose of our study was to develop
a SDS for a pain questionnaire for patients with spinal diseases.
We aimed to evaluate user satisfaction and validate the perfor-
mance accuracy of the system in medical staff and patients. This
study is a preliminary study for the development of an interac-
tive medical robot. Based on the results of this study, a follow-
up study on robot-based interactive questionnaire is planned.

MATERIALS AND METHODS

1. Development of the Pain Questionnaire Protocol

First, a pain questionnaire protocol for a SDS was developed
by dividing the preoperative and postoperative pain question-
naires to assess the outcomes of patients undergoing spine sur-
gery. The pain questionnaire consisted of questions to reflect
the actual conversation between the medical staff and the pa-
tient. The items were created based on questions that medical

Table 1. Questionnaire of the spoken dialogue system

staff usually ask during rounds of inpatients. The protocol in-
cluded questions about the location, type, influencing factors,
intensity, time of onset, and duration of pain. In addition, ques-
tions about the patients psychological state, such as questions
regarding mood, anxiety, and sleep quality, were included as in-
direct indicators of pain. Postoperative question items were re-
placed with question items about pain at the surgical site. Fur-
thermore, a question about whether the patient’s preoperative
pain had improved or not was added. Questions about psycho-
logical status were the same as the preoperative questions. Each
question was structured in a closed question format so that the
pain questionnaire system could easily process the patients’ re-
sponses. The developed pain questionnaire protocol is shown
in Table 1.

2. Collection of Dialogue Dataset for the SDS

To build a database of patients’ various expressions for NLU,
real doctor-patient dialogue sets were collected. The study was
approved by the Institutional Review Board (IRB No. 1905-023-
079). Informed consent was obtained from all patients. A total
of 1,314 dialogue sets were collected from 100 hospitalized pa-
tients who underwent spinal surgery between September 2019
and August 2021. One dialogue set was defined as one question
and one answer. The age range was 22-82 years (mean, 62.6
years), and 47 patients were male. There were 48 spinal steno-
sis, 13 herniated disc herniation, 13 spinal infection, 11 spinal

Category Description Preoperative situation Postoperative situation
Pain Location Where is the most painful area right now? If there =~ Where do you feel most uncomfortable after surgery?
are multiple areas, please tell them briefly in the If there are multiple parts, please tell them briefly in
order of the most pain. the order of discomfort.
Type How does the pain feel? Please express it like Has the pain that was very painful before the opera-
numbness or aching. tion improved?
Influence factor 1. What time of the day do you have the most pain? 1. Is there any pain at the surgical site?
2. What posture hurts the most? 2. What posture hurts the most?
Intensity Please rate how severe the pain is on a scale of VAS ~ Please rate how severe the pain is on a scale of VAS
0-10. 0-10.
Time and duration 1. Since when have you had pain? Does the pain at the surgical site last all day?
2. When did the pain get worse?
Psychologic Mood How are you feeling right now? Please tell me be- How are you feeling right now? Please tell me
state tween good, average, and bad. between good, average, and bad.
Anxiety Are you currently worried or anxious? Are you currently worried or anxious?
Quality 1. How many hours did you sleep? 1. How many hours did you sleep?

2. Did you sleep well without waking up?

2. Did you sleep well without waking up?

VAS, visual analogue scale.
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tumor, 8 spinal deformity, 4 spine trauma, and 3 myelopathy
cases.

Three doctors asked inpatients questions naturally following
the pain questionnaire protocol during the rounds, and the con-
versations were recorded using a voice recorder. The preopera-
tive pain questionnaire was used the day before surgery, and
the postoperative pain questionnaire was used between 3 and 7
days after surgery. The recordings were documented in the for-
mat of text and stored in a database for NLU. Additionally, the
virtual conversations of the researchers were also collected, and
2,000 dialogue sets were used for the database.

3. Development of the SDS

The SDS was structured as shown in Fig. 1. The patient’s re-
sponse voice was entered into the speech recognition module
and converted into text data. The text data was the input value
of the NLU module. The NLU module played a role in under-
standing users intentions by analyzing the intents, name entity
recognition, and keywords in the user’s answers. The output
value of the NLU module was again entered into the dialog man-
agement module, which managed the flow of conversation be-
tween the user and SDS. It searched the database for informa-
tion to be given to the user and outputted the content necessary
for system utterance. The system utterance output was auto-
matically generated in the format of text data through a natural
language generation (NLG) module, which was again keyed

Patient: I have tingling on both legs.

User input

EO®
L

Speech-Synthesis

System utterance
(Speech)

SDS: How long has the pain been getting worse?
Fig. 1. Architecture of the spoken dialogue system (SDS).
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User input
(Speech) (Text)
Speech-Recognition | se—)

C——

System utterance
(Text)

into a speech synthesis module. The speech synthesis module
finally completed system utterance generation by outputting
the result in a voice format that the user can understand. The
pain questionnaire SDS was developed using Python 3.8 for
Windows 10. IBM Watson Text-to-Speech (IBM, Armonk, NY,
USA) was used for utterance of the SDS. NLU was performed
using IBM Watson Assistant and KoNLPy to understand the
patient’s intent from the text data."! The utterance was performed
using the Google Cloud Speech-to-Text module (Google, Moun-
tain View, CA, USA).

After analyzing the dialogue datasets obtained from the pa-
tients, patients’ intents that express the character of pain and
psychological state were classified into 95 in the intents column
of IBM Watson Assistant. A total of 1,229 expression examples
were registered in the user example of the intent column. A to-
tal of 770 examples for timing, duration, and influence factors
were registered in the name entity column.

Fig. 2 shows the conversation flow of the pain questionnaire
SDS for implementation of the questionnaire protocol in Table
1. The SDS starts by entering a unique identification number
(UID) that anonymizes the patients personal information and
stores it in the virtual EMR. When the UID is entered, the SDS
checks whether the UID exists in the database. If the UID ex-
ists, the SDS starts asking questions after repeating the previous
questionnaire’s summary. The SDS checks whether the answers
to the 10 questions were obtained from the patient during the

User input

] (Semantics)

Natural Language
Understanding

Dialogue

Management

Natural Language
Generation

System utterance
(Semantics)

https://doi.org/10.14245/ns.2143080.540



Nam KH, et al.

Conversational Al for Validation of Spinal Pain Questionnaire

Enter the patient's UID

v

Search in DB

+ Patient’s UID, Record of previous diagnosis

Does the UID exist?

v {Memory function)

System utterance(TTS)

Have all answers been obtained?
*[P,Qp,R S, T:M,A Qg

* Result of previous diagnosis

A 4

System utterance(TTS)
Q(5,4) « Q(5,4) + alr + ymaxyQ(S', 4) — Q(S,A)] passit cfdaonosts
Status update System utterance(TTS) *
* Decide on the next question * Question about pain Save to DB
- 'y * Patient’s UID, Record of diagnosis
{Q-Learning)

A e e e e e e e e e e e e e ==
i A 4 i
i H
E et e (STT) 5
i H
' ]
) )
] 1
i i
H i
1} )
] )
] 1
i i

Slot filling H Did the patient answer the system's L
| questions appropriately? i
i H
] 1
i i
L Soorooooooooey -1

Processing using Watson Assistant/KoNLPy
System utterance(TTS)

* Similar question about pain

Fig. 2. Flow chart of the spoken dialogue system. UID, unique identification number; DB, database; STT, speech-to-text; TTS,

text-to-speech.

Date : 2021-08-18 17:51:51
Position : [“wrist’]

Quality : [‘tingling’]
R_factorl : [‘always’]
R_factor2 : [‘when using a computer’]
Severity : 6

Timing2 : 1 week

Mood : good

Anxiety : no

Sleepl : 7

Sleep2 : good

Fig. 3. Electric medical record linkage with the spoken dia-
logue system.
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questionnaire. If proper information was not obtained, the SDS
asks the question until proper information is obtained. When
the patient’s answer is not recognized, the SDS utters similar
questions without repeating the same question. When the pa-
tient’s answer is properly recognized, the Q-learning status is
updated to determine the next question, and the SDS checks
whether all answers are obtained. When all answers are obtained,
the SDS utters the summarized result and finishes the question-
naire after saving the results in the form of text in the virtual
EMR. An example of the questionnaire results that were trans-
mitted to the virtual EMR is shown in Fig. 3. Supplementary vid-
eo clip 1 is actual conversation video between SDS and a partic-

ipant.
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4. Validation and User Satisfaction for the SDS

User satisfaction and performance accuracy of the developed
pain questionnaire SDS were evaluated. Validation of the SDS
was performed for 3 user groups: doctors, nurses, and patients.
The participants volunteered to be recruited. The study was ap-
proved by the Institutional Review Board of Pusan National
University Hospital (IRB No. 2012-010-097). Informed con-
sents were obtained from all patients. Ten participants were in-
cluded in each group. The participants were pretrained to en-
gage in routine conversations rather than simple short-answer
conversations. The participants were provided with basic infor-
mation about the purpose of the study and SDS, and we helped
the participants adapt to the conversation with the SDS. The
mean ages of the doctors, nurses, and patients were 35.3 years
(range, 25-47 years), 31.2 years (range, 21-58 years), and 64.0
years (range, 48-82 years), respectively. The male-to-female ra-
tios in doctors, nurses, and patients were 9:1, 10:0, and 5:5, re-
spectively. Validation of the SDS was performed in a sitting po-
sition on the bed of an inpatient ward. The SDS was mounted
on a laptop notebook and placed on a bed table. When the start
button was pressed, a conversation was initiated automatically.
The SDS first asked a question about pain and recognized the
answer, and it followed up with further questions. After the last
question and answer, the SDS uttered the summarized result to
the users and ended the program immediately after the test, the
participants completed a user satisfaction questionnaire about

Table 2. Survey results of the spoken dialogue system

SDS. The questionnaire consisted of 10 items, including the ac-
curacy of the SDS’s voice, the degree of similarity to human
conversation, and overall satisfaction, and followed the 7-point
Likert scale.”

5. Statistical Analysis

To verify the performance accuracy of the SDS, the recogni-
tion error of the patient’s answer, summary error, the causes of
the errors, and summary omission of the summarized comment
were analyzed. User satisfaction and accuracy between the par-
ticipant groups were statistically analyzed using 1-way analysis
of variance and post hoc Tukey honestly significant difference
analysis. A p-value of <0.05 was considered statistically signifi-
cant.

RESULTS

1. User Satisfaction

The results of the user satisfaction survey are shown in Table
2. The overall satisfaction score of 30 participants, consisting of
doctors, nurses, and patients, was measured with an average of
5.5+ 1.4 points out of 7 points. The satisfaction score was 5.3+
0.8 for doctors, 6.0+0.6 for nurses, and 5.3+0.5 for patients.
The nurse group showed a higher level of satisfaction, but there
was no statistically significant difference in user satisfaction be-
tween the groups (p=0.136). The average score for each item

Question items Doctor Nurse Patient p-value
Q1.1 could understand SDS’s words well. 6.6+0.699 6.8+0.422 5.7+1.059 0.008*
Q2. The volume, speed, and sound quality of the SDS were adequate. 6.6+0.699 6.7+0.675 6.0+1.155 0.171
Q3. SDS asked the proper questions. 5.4+1.506 6.0+0.816 5.2+1.549 0.390
Q4. SDS gave an appropriate response. 49+1.370 53+1.418 5.4+1.075 0.664
Q5. In conversation with SDS, I was able to fully express what I want- 4.6+1.647 5.5+1.179 45+1.269 0.222

ed to say.
Q6. SDS seems to understand well what I'm saying. 4.7+1.337 5.6+1.265 4.7+1.252 0.214
Q7. Conversations with SDS were not much different from conversa- 43+1.337 5.4+1.075 5.1+1.370 0.153
tions with people.
Q8. I think positively about assisting my medical care through the 55+1.179 6.1+0.568 5.0+1.491 0.118
SDS conversation.
Q9. There was no objection to the conversation with SDS. 5.3+1.494 6.5+0.527 6.1+0.994 0.057
Q10. The conversation with SDS was overall satisfactory. 5.3+1.160 6.2+0.919 54+1.265 0.165
Mean 5.3+0.777 6.0+0.547 5.3+0.522 0.136

Values are presented as mean + standard deviation.
SDS, spoken dialogue system.

*One-way analysis of variance, post hoc Tukey honestly significant difference analysis was performed, the group that made the difference.
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was relatively high at > 6 points for the items Q1, Q2, and Q9,
which reflect the clarity and sound quality of the SDS’s voice and
positivity in conversation. The items, Q5, Q6, and Q7, which

Table 3. Summary of errors in the spoken dialogue system

Total no. Total no. . ..
Partici ) ~ Recogni- Summary Omission
articipant  of ques-  of ques- .
. . tion error  error error
tion items tions
Doctor 96 109 13 (13.5) 5(5.2) 7(7.3)
Nurse 95 111 16(168) 0(0.0) 5(5.3)
Patient 95 128  33(347) 11(11.6) 7(7.4)
p-value 0.063 0.001* 0.857

Values are presented as number (%).

*One-way analysis of variance, post hoc Tukey honestly significant
difference analysis was performed, the group that made the differ-
ence.

indicate the degree of similarity to conversations with real peo-
ple, showed relatively low satisfaction. In terms of satisfaction
among the participant groups for each item, the patients showed
a statistically low score for item Q1 (p =0.008). Other items showed
no statistical differences between the groups.

2. Performance Accuracy

The SDS asked 95 and 96 questions per group, respectively.
The number of repeated questions asked by the SDS because it
did not recognize the participant’s answers was 13, 16, and 33
(13.5%, 16.8%, and 34.7%) in doctors, nurses, and patients, re-
spectively. The difference in the number of repeated questions
was not statistically significant among the 3 groups (p=0.063).
However, the SDS did not recognize the answers of the patient
group and tended to increase the repetition of questions. After

Table 4. Example of an actual conversation between the spoken dialogue system and a patient*

Question of spoken dialogue system

Answer of patient

Hello, it’s interview time. I'll start the interview now. What is most
uncomfortable symptom right now? If there are multiple parts,
please tell them briefly in the order of the most pain.

How does the pain feel? Please express it like numbness or aching.

How long has the pain been getting worse?
Please answer with a period such as 1 day, 1 week, 1 month and 1 year.

I didn't hear well. When did the pain get worse?
Please answer with a period such as 1 day, 1 week, 1 month and 1 year.

Please rate how severe the pain is on a scale of 0-10.

What time of day do you have severe pain?
Please answer the time such as in the morning or before bed.

I dido’t hear well. When is the most painful time of the day?
Please answer the time such as in the morning or before bed.

Please tell me how you are feeling right now?
Please answer your feeling between good, average and bad.

Are you currently worried or anxious?

This is question about sleep quality. Did you sleep well without
waking up?

How many hours did you sleep last night?
I didn’t hear well. how much time did you sleep yesterday?

[Summarized comment of SDS]

Yes, I see. Then I will inform you about the results of the questionnaire.

Your pain area is your leg, and you have a tingling sensation, getting

worse when you wake up. The intensity of the pain is 10, and the pain

has gotten worse since about a week ago.
And you say you feel bad and have anxiety. You said that you slept 9
hours and the quality of your sleep was good.

Yes, My butt hurts. It hurts on both sides of the buttocks on the legs

I get numb and numb. I have tingling when I walk.

No, what I'm doing here is that it hurt before the operation, but after
the operation, it seems like yesterday.

I can’t remember how many years it was before the surgery, and it’s
been less than a week since I came in after the operation, but it’s
been 5 days since the operation.

It seems like the pain is something like 9 or 100 points or something.
It hurts when I walk. Buttock. I can’t get out of bed.

Mainly, I lay down and went to work, and when the bed goes up,
T have to move my ass with it with that. The bed comes down and
I can’'t do it properly with that. I need help.

Usually, when I lie on the bed and then get up and try to get down
from the bed to urinate, this buttock doesn’'t move properly. That’s
why I have to keep helping you so I can come down. I was sick. it’s
time. What, when will you come down?

It's uncomfortable to sit right now.

Yes
Yes, I sleep well.

Well, I didn't sleep for 3 days after surgery and I slept well last night.

How many hours. Well, 9 hours and 7 hours.

*Translated questions and answers conducted in Korean into English.
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the pain questionnaire was completed, the number of errors in
the summarized comment was measured to be 5, 0, and 11 (5.2%,
0.0%, and 11.6%) for doctors, nurses, and patients, respectively.
In particular, there were no summary error in nurses. There was
a statistically significant difference between the groups (p=0.001).
The number of summarization omissions was 7, 5, and 7 (7.3%,
5.3%, and 7.4%), respectively, and there was no statistical differ-
ence between the groups (p=0.857) (Table 3).

3. A Case of an Actual Conversation Between a Patient and

the SDS

Table 4 shows the actual conversation content between the
pain questionnaire SDS and a patient who was an 82-year-old
woman. The patient reported a pain intensity score of 9 points
for 2 or 3 days prior, but the SDS recognized it as a 10-point in-
tensity for 1 week prior. Because the patient described her symp-
toms in great detail, it was difficult to accurately recognize spe-
cific factors, such as the timing and intensity of the pain. For
example, when explaining the symptom duration, she did not
mention the exact date, saying “I's been less than a week since I
came in after the operation, but it’s been 5 days since the opera-
tion” Even when talking about the score for pain intensity, she
did not express it accurately. Even though the patient used a re-
gional Korean dialect, the dialect had no effect on the process-
ing results because the SDS processed the answers centered on
the keywords. However, it was confirmed that the patient did
not predict the end time of the utterance of the SDS and thus
responded during the utterance of the SDS.

DISCUSSSION

Conversational Al is increasingly being used in medical health-
care field.*’ Conversational Al, such as voice chatbots and voice
assistants, can provide primary medical education services that
answer common questions based on knowledge databases. For
example, if people ask a question about first aid in the case of a
fever or insect bites, the SDS can tell the treatment method via
voice."” Recently, hospitals have been actively introducing a doc-
tor appointment service using chatbots."” Currently, the most
actively researched field is document automation through voice
recognition.”** Speech recognition technology can dramatically
reduce the time required to write medical records for doctors
and nurses by automatically inputting data in the medical re-
cords. It has been reported that this technology has reduced the
burden and fatigue experienced by doctors and nurses and in-
creased the time spent caring for patients.” In addition, conver-
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sational Al can be used to automate patient data collection as
the SDS used in this study can collect important medical history
and patient-reported outcomes. It can also be used for remote
home monitoring.>'*"

The term, voice-based conversational Al is used interchange-
ably with chatbot or voice assistant; however, the more special-
ized term is “spoken dialogue system.” The SDS can be defined
as a dialog software system that can communicate with people
using voice." SDS includes several NLU technologies, such as
speech recognition, NLU, and NLG. Dialogue systems can be
broadly classified into 4 categories depending on whether the
type of dialogue is open or closed dialogue and whether the di-
alogue system is based on a retrieval or a generative model.” A
retrieval model-based dialogue system called closed conversa-
tion responds to a specific topic with a premade answer. The
pain questionnaire SDS is based on a retrieval model that al-
lows a closed conversation. In many dialogue systems, the user
initiates the conversation, and the conversation flow is deter-
mined by the user requesting information to the dialogue sys-
tem.'® The pain questionnaire SDS in our study has a flow of
asking and processing information from the patients as the sys-
tem takes the initiative in conversation.

This SDS was developed for the purpose of being mounted
on a medical assistant robot that provides medical services to
the inpatients, especially those undergoing spinal surgery since
pre- and postoperative pain assessments in these patients are
the most important items for diagnosis and treatment follow-
up. Therefore, the conversation flow of the SDS actually followed
the pre- and postoperative pain assessments for inpatients with
spinal diseases. Although the SDS was developed with a focus
on inpatients, it can be sufficiently used for first outpatient vis-
its or remote monitoring due to the general content of the con-
versation.

In the user satisfaction evaluation of the SDS, there was no
statistical difference in satisfaction among the 3 groups, but sat-
isfaction of nurses was slightly higher than that of doctors and
patients. In the nurse group, there was no summary errors; hence,
the overall accuracy was high, and it is presumed that the expec-
tation for the use of the SDS was reflected in the nurse groups
with a high actual workload. On the other hand, it seems that
doctors showed relatively low satisfaction because the accuracy
of the SDS did not meet their expectations as they require a high
level of information accuracy. As for the satisfaction of patients,
the mean age was relatively older; hence, unfamiliarity with the
digital system may have contributed to the low score. In partic-
ular, in item Q1, patients showed significantly lower satisfaction
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than medical staff; hence, their understanding of the SDS ques-
tion may have been low. Therefore, the question content and
method should be upgraded to be easier to understand for el-
derly patients. In the performance evaluation of the SDS, recog-
nition errors in the patient group were significantly more in
number. The high error rate may be due to the fact that many
unstructured speech recognitions occurred because the patient’s
answer was long, specific, and varied as a routine expression. In
addition, the patient’s voice tended to be lower in volume and
unclear; hence, the recognition error was likely to be high. On
the other hand, due to their prior education for natural conver-
sation, doctors and nurses tended to intentionally give clear and
simple answers so that the SDS could recognize the answers
themselves. There were cases in which the user could not pre-
dict the end time of the utterance of the SDS and answered be-
fore the end of the question. Therefore, it is necessary to im-
prove the usability by adding system feedback so that patients
can predict the end point of the SDS utterance. Finally, when
users answered a question with multiple contents, the SDS rec-
ognized only one content. For example, when users answered
about the location of the pain, they complained of pain in sev-
eral locations, including the back, buttocks, and legs. However,
the SDS only recognized only one of the 3 pain sites. This is be-
cause the SDS fills the slot by selecting only one keyword from
the user’s answer. Therefore, the SDS should be upgraded to
recognize these types of answers.

To improve the overall accuracy of the SDS, it is necessary to
significantly improve the current voice recognition technology.
Despite the rapid development of voice recognition, the rate of
its use is still 80% or less, which is not adequate for medical in-
formation that requires high accuracy." In addition, it is impor-
tant to secure the vocabulary and sentences for patients expres-
sions through the collection of more dialog sets from actual con-
versations between medical staff and patients. However, because
the doctor-patient dialog is protected by the patient’s right to
privacy, collection of a large number of dialog sets is challeng-
ing, unlike general dialog sets that can be easily obtained from
the internet.

Until now, commercialized conversational Al for collecting
medical information through voice conversations with patients
has not been developed. Conversational Al for collection of med-
ical information can reduce the time and effort needed of medi-
cal staff by automating the questionnaire during the first outpa-
tient visit in the future. In addition, it is expected that it will be
applied in telemedicine and remote patient monitoring, which
is receiving increasing interest due to the recent coronavirus

https://doi.org/10.14245/ns.2143080.540

disease 2019 pandemic. In particular, for older patients, collec-
tion of patient outcome reports using text-based chatbots or
apps are limited due to presbyopia and difficulty in using smart
devices. Therefore, it will be more useful if remote monitoring
can be performed using conversational Al in elderly patients. If
clinical decisions supporting Al and conversational Al are com-
bined in the future, it could be applied to software in medical
devices for diagnosis, treatment, and prevention beyond collect-
ing medical information.’

SDS can be used for remote pain monitoring of spinal patients
through automation of pain questionnaires for spine patients,
and shortening of doctor consultation time through automa-
tion of initial consultations. In this case, the collection of pain
information can be automated through follow-up of the patient
before and after surgery, which can help in tracking the patient’s
prognosis. By frequently performing additional pain question-
naires as well as pain evaluation during rounds by medical staft,
pain evaluation will be possible more frequently while reducing
the medical staff's work loading.

A limitation of this study is the small number of test subjects;
thus, there may be bias in the evaluation of user satisfaction and
performance accuracy. Nevertheless, our study reports the first
development of conversational Al for a spinal pain question-
naire. Our study can also provide an important starting point
and reference for future related research as our findings validate
the accuracy and satisfaction of real patients and medical staff.
In the future, we hope to improve the SDS and evaluate user sat-
isfaction and performance accuracy in a large sample of patients.

CONLUSION

This study is the first report in which voice-based conversa-
tional Al was developed for a spinal pain questionnaire that was
validated by medical staff and patients. Conversational AT showed
favorable results in terms of user satisfaction and performance
accuracy. If a large amount of dialogue sets between patients and
medical staff are collected and voice recognition technology is
improved, it is expected that conversational Al can be used for
diagnosis and remote monitoring of various patients as well as
help in creating pain questionnaires in the near future.
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Objective: We retrospectively analyzed patients with osteoporotic vertebral compression
fracture (OVCF) undergoing vertebral augmentation to compare the Cobb angle changes in
the supine and standing positions and the clinical outcomes.

Methods: We retrospectively extracted the data of OVCF patients who underwent vertebral
augmentation. Back pain was assessed using a visual analogue scale (VAS). Supine and stand-
ing radiographs were assessed before treatment to determine the Cobb angle and compres-
sion ratio. Receiver operating characteristic curve analysis was performed to determine the
optimal cutoff to predict favorable outcomes after vertebral augmentation.

Results: A total of 249 patients were included. We observed a statistically significant increase
in the VAS score change with increasing Cobb angle and compression ratio (p <0.001), and
multivariate logistic regression analysis showed that a difference in the Cobb angle (odds ra-
tio [OR], 1.27) and compression ratio (OR, 1.12) were the independent risk factors for pre-
dicting short-term favorable outcomes after vertebral augmentation. In addition, we found
that the difference in the Cobb angle (OR, 1.05) was the only factor for predicting midterm
favorable outcomes after vertebral augmentation. The optimal cutoff value of the difference
in the Cobb angle for predicting midterm favorable outcomes was 35.526°.

Conclusion: We found that the midterm clinical outcome after vertebral augmentation was
better when there was a difference of approximately 35% or more in the Cobb angle between
the standing and supine positions. Surgeons should pay attention to the difference in the
Cobb angle depending on the posture when deciding to perform vertebral augmentation in
patients with OVCFs.

Keywords: Osteoporotic vertebral compression fracture, Vertebral augmentation, Cobb
angle, Compression ratio

median age of the population continues to increase.” Most
OVCFs are managed with a period of absolute bed rest or activ-

The impact of osteoporosis has been increasingly recognized ity modification, narcotic analgesics, and braces.*> However,

as the population ages. One of the main complications of osteo- ~ approximately 150,000 vertebral compression fractures every
porosis is vertebral compression fractures.' Osteoporotic verte-  year in the United States are refractory to these measures and
bral compression fractures (OVCFs) are a frequently encoun-  require hospitalization, with prolonged periods of bed rest and

tered clinical problem and are becoming more important as the ~ narcotic analgesics.®
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Currently, the main clinical diagnostic method for OVCFs is
magnetic resonance imaging, and the proper determination of
the fractured vertebra is the key to successful surgical treatment.®
Patients with symptomatic OVCFs typically present with severe
back pain following a minor injury. Until now, there has been
little correlation between the degree of collapse of the vertebral
body and the level of pain.” Some studies have reported that the
changes in the supine lateral and standing lateral radiographs in
thoracolumbar OVCFs®*® correlate with back pain.'’ Qian et al."
reported that improvement in symptoms after kyphoplasty is
better in patients with wedge-shaped changes in the supine and
standing positions. Based on a previous study, we hypothesized
that the degree of difference in the Cobb angle according to the
posture would affect the clinical outcomes after vertebral aug-
mentation.

However, there are no reports on the relationship between
the difference in the Cobb angle and clinical outcomes after
vertebral augmentation. In this study, a retrospective analysis
was performed in patients undergoing percutaneous vertebral
augmentation to compare the Cobb angle changes in supine
and standing positions and to illustrate their relevance to the
short-term and midterm clinical outcomes after vertebral aug-
mentation in patients with OVCFs.

MATERIALS AND METHODS

1. Study Design

We retrospectively extracted data of patients with thoraco-
lumbar OVCF who underwent vertebral augmentation between
January 1, 2010, and December 31, 2019.

We included patients with only 1-level of OVCEF in the thora-
columbar vertebra between T11 and L2, a compression ratio of
>30%, and a bone mineral density (BMD) of less than -2.5 who
underwent vertebral augmentation.

The exclusion criteria included patients younger than 55 years
of age, with spinal canal invasion by retropulsion of bony frag-
ments, spinal infection, and chronic back pain prior to trauma,
including a history of previous spinal decompression or fusion
surgery. Patients with severe cardiopulmonary comorbidity, cog-
nitive disorders, or cerebral disease who could not communi-
cate independently were excluded. The exclusion criteria includ-
ed neurologic deficits, pathologic fractures, and unstable verte-
bral fractures involving the middle or posterior column of the
spine. Patients over 80 years of age were excluded because there
were cases of early surgery without conservative treatment for 2
weeks.
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This study was approved by the Institutional Review Board
of the Nowon Eulji Medical Center (2021-09-009) using the te-
nets of the World Medical Association Declaration of Helsinki
(2018). The requirement for informed consent was waived be-
cause of the retrospective nature of the study. All individual re-

cords were anonymized prior to analysis.

2. Outcome Assessment

The clinical outcomes were measured using a visual analogue
scale (VAS) score. The VAS score was measured before treat-
ment and at 1 and 6 months after treatment. When assessing
the VAS score, patients were asked to rate their pain on a scale
from 0 to 10, with 0 representing no pain and 10 representing
the worst pain. Therefore, patients were divided into a favorable
outcome pain group (change in VAS score greater than 4) and
an unfavorable outcome group (VAS score less than 4) for fur-
ther analysis.

3. Imaging Assessment (Cobb Angle and Compression

Ratio)

Supine and standing radiographs were assessed before treat-
ment to determine the Cobb angle and compression ratio at the
level of the fracture. The Cobb angle was measured as the angle
between the superior endplate of the vertebral body above and
the inferior endplate of the vertebral body below the fractured
vertebral body (Fig. 1). From the lateral projection, the com-
pression ratio (%) of the fractured vertebral body was calculat-
ed using the following equation: {1-2d/(c+e)} x 100.

Differences in the Cobb angle and compression ratio from
supine to standing position were reported using the following
equation:

The difference in the Cobb angle (%) = (Cobb angle standing
— Cobb angle supine)/Cobb angle standing x 100, Difference in
compression ratio (%) = (compression ratio standing — compres-
sion ratio supine)/compression ratio standing x 100.

4. Surgical Procedures and Management

Patients were placed in a prone position on the operating ta-
ble and received local or general anesthesia. Next, bone punc-
ture trocars were placed bilaterally through the lateral margin
of the pedicles at the fractured level and progressively passed
through the pedicles into the vertebral body under C-arm guid-
ance. An inflatable bone balloon was then used, and polymeth-
ylmethacrylate was carefully injected into the vertebral body.
The injection was stopped if the cement reached the cortical
edge of the vertebral body or leaked into extraosseous structures
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Fig. 1. Five lines (A-E) of the thoracolumbar vertebrae in x-
ray radiographs were determined. The Cobb angle was mea-
sured using the angle between the superior endplate of the
vertebral body above (line A) and the inferior endplate of the
vertebral body below (line B) the fractured vertebral body.
The length of the line (C, D, E) was used to calculate the com-
pression ratio.

or veins. After the procedure, the patients were maintained in a
prone position for 10-15 minutes. All patients were restricted
to bed rest after the procedure and were encouraged to ambu-
late on the first day after augmentation. To assist ambulation,

patients were required to wear a brace for at least 1 month.

5. Statistical Analysis

Continuous variables are expressed as mean + standard devi-
ation or median with interquartile range. Discrete variables were
expressed as counts and percentages. The chi-square test and
Student t-test were used to assess the differences between the
favorable and unfavorable outcome groups. We constructed
scatterplots with regression lines to represent the associations
between the differences in the Cobb angle and compression ra-
tio with changes in VAS score. Box plots with dot plots were
used to visualize the association between the Cobb angle and
compression ratio with the changes in the VAS score. Receiver
operating characteristic curve analysis was performed to iden-
tify the optimal cutoff values of the difference in the Cobb angle
and compression ratio for predicting the short-term and mid-
term favorable outcomes in patients receiving vertebral augmen-
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Table 1. Demographic characteristics of the patients (n=249)

Characteristic Value
Age (yr) 69.3£5.6
Male sex 56 (22.5)
Body mass index (kg/m?) 22.6+3.1
Bone mineral density -3.1+0.5
Shape of fracture

Wedge 141 (56.6)

Biconcave 67 (26.9)

Crush 41 (16.5)
VAS preoperation 74+13
VAS 1 month 29+1.2
Cobb angle at standing (°) 18.9+5.7
Cobb angle at supine (°) 11.4+3.7
Compression ratio at standing (%) 49.6+7.2
Compression ratio at supine (%) 37.7+£5.6

Values are presented as mean + standard deviation or number (%).
VAS, visual analogue scale.

tation for OVCFs. The differences in the Cobb angle and com-
pression ratio with the maximum concurrent sensitivity and
specificity were considered the optimal cutoff values. The odds
ratios (ORs) with 95% confidence intervals (CIs) were estimat-
ed using the univariate and multivariate logistic regression to
determine the independent predictive factors for favorable out-
comes in patients receiving cement augmentation for OVCFs.
Sex, age, body mass index, Cobb angle in the standing position,
Cobb angle in the supine position, difference in the Cobb angle,
compression ratio in the standing position, compression ratio
in the supine position, difference in compression ratio, hyper-
tension, and diabetes, were entered into the multivariable mod-
el. Statistical significance was set at p <0.05. All statistical analy-
ses were performed using the R software ver. 3.5.2. (https://www.
r-project.org/; R Foundation for Statistical Computing, Vienna,
Austria).

RESULTS

1. Demographic Characteristics of the Patients

All the surgeries were completed in 249 patients. The male-
to-female patient ratio was 56:193, and the mean age was 69.3
years. L1 was the most common level affected in 126 cases, fol-
lowed by T12 in 77 cases, T11 in 25 cases, and L2 in 21 cases.
The demographic characteristics of the patients are presented
in Table 1.

www.e-neurospine.org 359


https://www.r-project.org
https://www.r-project.org

Bae IS, et al.

Cobb Angle Between Standing and Supine Position in Compression Fracture

2. Association Between the Cobb Angle and Compression

Ratio With the VAS Score

Fig. 2 shows the significant positive correlations between the
differences in the Cobb angle and the change in the VAS score.
We observed a statistically significant increase in the VAS score
change with an increase in the Cobb angle (p <0.001) (Fig. 2A).
In addition, we observed a statistically significant increase in
the VAS score change with an increase in the compression ratio
(p<0.001) (Fig. 2B).
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3. Differences in the Cobb Angle and Compression Ratio
for Predicting the Short-term Favorable Outcomes After
Vertebral Augmentation
A comparison of the short-term clinical outcomes in the pa-

tients is summarized in Table 2. There was no significant differ-

ence in the preoperative VAS score between the 2 groups (fa-
vorable outcome group 7.5+ 1.2 versus unfavorable outcome
group 7.4+ 1.4). The Cobb angle and compression ratio when
standing and differences in the Cobb angle and compression
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Fig. 2. A scatter plot with the linear regression line. Linear regression line showing the association between the difference in the
Cobb angle and visual analogue scale (VAS) score after treatment (A) and difference in the compression ratio and VAS score af-

ter treatment (B).

Table 2. Comparisons of patients’ variables according to the short-term clinical outcomes

Variable Favorable outcome (n=128) Unfavorable outcome (n=121) p-value
Age (yr) 68.845.2 69.9+5.9 0.127
Male sex 34 (26.6) 22 (18.2) 0.152
Body mass index (kg/m?) 22.5+3.1 22.8+3.1 0.521
Bone mineral density -3.1+0.5 -3.1£0.5 0.389
VAS preoperation 75%1.2 74+14 0.286
VAS 1 month 1.8+1.1 42+1.3 <0.001*
Cobb angle - standing (°) 20.3+6.1 17.5+4.8 0.001*
Cobb angle - supine (°) 11.1£4.0 11.8+3.3 0.107
Difference in Cobb angle (%) 45.7+9.1 31.7+11.2 <0.001*
Compression ratio - standing (%) 51.1+6.0 48.1+7.9 0.001*
Compression ratio - supine (%) 37.5+4.9 38.0+6.2 0.442
Difference in compression ratio (%) 26.3+8.4 20.6+7.0 <0.001*

Values are presented as mean + standard deviation or number (%).

VAS, visual analogue scale.
*p<0.05, statistically significant differences.
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ratio were higher in the favorable outcome group than in the
unfavorable outcome group. Multivariate logistic regression anal-
ysis was performed to detect the factors associated with the fa-
vorable outcomes after surgery. As shown in Table 3, the differ-
ences in the Cobb angle (OR, 1.27; 95% CI, 1.16-1.40; p<0.001)
and compression ratio (OR, 1.12; 95% CI, 1.06-1.17; p<0.001)
were identified as the independent factors for predicting the
short-term favorable outcomes after vertebral augmentation.
We observed a significant positive correlation between the
differences in the Cobb angle and compression ratio with the
change in VAS score (Fig. 2). The optimal cutoft values of the
differences in the Cobb angle and compression ratio for predict-
ing the short-term favorable outcomes after vertebral augmen-
tation were 40.254 (area under the curve [AUC], 0.848; sensitiv-
ity, 74.2%; specificity, 82.6%; p<0.001) and 26.493 (AUC, 0.703;
sensitivity, 54.7%; specificity, 82.6%; p < 0.001), respectively (Fig.

Table 3. Multivariate logistic regression analysis for predict-
ing the short-term favorable outcomes after vertebral aug-
mentation based on various predictive factors

Variable OR 95% CI  p-value
Age 095  0.89-1.02 0.149
Sex 227  0.95-5.42 0.065
Bone mineral density 0.48  0.22-1.04 0.063
Difference in Cobb angle 127 1.16-1.40 <0.001
Difference in compression ratio 1.12 1.06-1.17 <0.001
OR, odds ratio; CI, confidence interval.
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3). When comparing the differences in the Cobb angle and com-
pression ratio, the difference in the Cobb angle had a higher AUC
for predicting the short-term favorable outcomes after vertebral
augmentation.

4. Differences in the Cobb Angle and Compression Ratio
for Predicting the Midterm Favorable Outcomes After
Vertebral Augmentation
Of the 249 patients, 126 were followed up for more than 6

months. These patients were analyzed for the midterm clinical

outcome after vertebral augmentation. A comparison of the mid-

term clinical outcomes in the patients is summarized in Table 4.

The differences in the Cobb angle and compression ratio at su-

pine were higher in the midterm favorable outcome group than

in the unfavorable outcome group. Multivariate logistic regres-
sion analysis was performed to detect the factors associated with
the favorable outcomes after surgery. As shown in Table 5, the
difference in the Cobb angle (OR, 1.05; 95% CI, 1.02-1.09; p<

0.001) was found to be the only factor for predicting the mid-

term favorable outcomes after vertebral augmentation. In the

favorable outcome group, hammer fracture occurred in 10.3%

(7 of 68) of the patients, and in the unfavorable outcome group,

hammer fracture occurred in 24.1% (14 of 58). There was no

statistically significant difference between these results.
The optimal cutoff values of the difference in the Cobb angle
for predicting the midterm favorable outcomes after vertebral

augmentation were 35.526° (AUC, 0.676; sensitivity, 77.9%;
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Fig. 3. Receiver operating characteristic (ROC) curve to identify the optimal cutoff values of the differences in the Cobb angle
(A) and compression ratio (B) for the prediction of the short-term favorable outcomes after vertebral augmentation. AUC, area

under the curve.
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Table 4. A comparison of the patients’ variables according to the midterm clinical outcomes

Variable Favorable outcome (n=68) Unfavorable outcome (n=58) p-value
Age (yr) 69.1+£5.8 70.3+6.1 0.257
Male sex 22 (32.4) 10 (17.2) 0.082
Body mass index (kg/m?) 22.7+3.3 229+28 0.792
Bone mineral density -3.1+0.5 -3.2+0.5 0.256
Cobb angle at standing (°) 20.7+5.7 18.6+5.0 0.030*
Cobb angle at supine (°) 11.8+3.8 11.9+3.5 0.846
Difference in Cobb angle (%) 429+11.3 35.1+124 <0.001%
Compression ratio at standing (%) 50.6+5.3 52.7+4.8 0.021*
Compression ratio at supine (%) 37.3%£3.5 40.8+4.4 <0.001*
Difference in compression ratio (%) 25.6+8.8 224+6.7 0.021%
Hammer fracture 7 (10.3) 14 (24.1) 0.066

Values are presented as mean + standard deviation or number (%).
*p<0.05, statistically significant differences.

Table 5. Multivariate logistic regression analysis for predict-
ing the midterm favorable outcomes after cement augmenta-
tion based on various predictive factors

Variable OR 95% CI p-value
Age 0.94 0.88-1.02 0.099
Sex 2.41 0.91-6.40 0.078
Bone mineral density 0.38 0.23-1.05 0.081
Difference of Cobb angle 1.05 1.02-1.09  <0.001
Difference of compression ratio ~ 0.63 0.37-1.07 0.087

OR, odds ratio; CI, confidence interval.
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specificity, 53.4%; p <0.001). The optimal cutoff value of the

difference in compression ratio for predicting the midterm fa-

vorable outcomes after vertebral augmentation was 26.583

(AUGC, 0.629; sensitivity, 54.4%; specificity, 72.4%; p <0.001)

(Fig. 4).

5. Differences in the Cobb Angle and Compression Ratio
According to Shape of Fracture

The most common fracture shape was the wedge shape (56.6%).
The biconcave and crush shapes were 26.9% and 16.5%, respec-
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Fig. 4. Receiver operating characteristic (ROC) curve to identify the optimal cutoff values of the differences in the Cobb angle
(A) and compression ratio (B) for the prediction of the midterm favorable outcomes after vertebral augmentation. AUC, area

under the curve.
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Fig. 5. Boxplots with dot plots of the differences in the Cobb angle (A) and compression ratio (B) classified according to the shape

of the fracture.

tively. There was no significant difference in the Cobb angle or
compression ratio according to the shape of the fracture. In the
classification according to fracture shape, we found that the
change in VAS score was significantly different from the differ-
ences in the Cobb angle and compression ratio (Fig. 5).

DISCUSSION

We found that the differences in the Cobb angle and com-
pression ratio between the standing and supine positions were
related to the short-term clinical outcome after vertebral aug-
mentation. The optimal cutoff values of the differences in the
Cobb angle and compression ratio for predicting the short-term
favorable outcomes were 40.254° (AUC, 0.848) and 26.493° (AUC,
0.703), respectively. In addition, the optimal cutoff values of the
differences in the Cobb angle and compression ratio for pre-
dicting the midterm favorable outcomes were 35.526° (AUC,
0.676) and 26.583° (AUC, 0.629), respectively. The difference in
the Cobb angle was found to be the only factor for predicting
the midterm favorable outcomes after vertebral augmentation.
To the best of our knowledge, this study is the first study to sug-
gest that the difference in the Cobb angle between the standing
and supine positions is related to the clinical outcomes after ver-
tebral augmentation in patients with OVCE.

Several treatments have been used to manage OVCFs. Typi-
cal treatments include conservative treatment, minimally inva-
sive surgery (vertebral augmentation), and open surgery with
spinal fusion. In many studies, cement augmentation was ap-
propriate for treating OVCFs because it reduced pain and re-
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stored ambulation with minor complications in comparison to
conservative treatment.'>'* Vertebral augmentation provides
significant, immediate, and sustained pain relief in patients with
back pain from OVCFs. It rapidly improves physical function
and the quality of life in patients with OVCFs. However, verte-
bral augmentation has adverse effects. Adjacent segment frac-
tures and cement leakage have been reported."'® The effective-
ness of vertebral augmentation compared with conservative treat-
ment is controversial.

Increase in the loading forces on the vertebral body and pos-
terior tension forces increase pain after OVCFs."” A previous
study reported that the degree of collapse of the vertebral body
and the intensity of back pain are partially related.” The extent
of radiologic collapse had no bearing on the length of hospital
stay. However, in previous studies, measurements were only
based on supine radiographs. The patients with compression
fractures complained of more pain in the standing position than
in the supine position. Based on this observation, we postulated
that standing radiographs may provide some information about
instability at the fracture level.

Qian et al."" reported that improvement in symptoms after
kyphoplasty is better in patients with wedge-shaped changes in
the supine and standing positions. There are 3 types of osteo-
porotic fractures: wedge-shaped, crush, or biconcave fractures.'®
In that study, only wedge-shaped compression fractures were
analyzed. However, the wedge shape ratio cannot be measured
in the biconcave compression fractures. Therefore, the Cobb
angle and compression ratio, which can be measured even in
the biconcave or crush shape fracture, were analyzed in this study.
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Patients with symptomatic OVCFs typically present with se-
vere back pain following a minor injury. Fracture site instability
is thought to be the main cause of back pain in patients with
OVCE" Therefore, areas with severe instability should be target-
ed for vertebral augmentation. Pain relief can be expected when
the instability is resolved by injecting cement into the fracture site.
We observed a significant correlation between the differences in
the Cobb angle and compression ratio with the short-term and
midterm clinical outcomes after vertebral augmentation. Differ-
ences in the Cobb angle and change in compression ratio were
identified as the independent factors for predicting short-term
favorable outcomes after vertebral augmentation. In addition,
difference in the Cobb angle was found to be the only factor for
predicting the midterm favorable outcomes after vertebral aug-
mentation. The results of our study showed that the more severe
the instability, the better the postoperative outcome after verte-
bral augmentation. Based on the results of our study; it can be in-
ferred that the pain after OVCFs is caused by instability in the
fractured vertebrae. Instability at the fractured vertebrae is thought
to be the main cause of back pain in patients with OVCE There-
fore, areas with severe instability should be targeted for vertebral
augmentation. Pain relief can be expected when the instability is
resolved by cement augmentation at the fracture site.

To measure the compression ratio, a total of the 3 heights of
the fractured vertebral body and the adjacent 2 should be mea-
sured. On the other hand, to measure the Cobb angle, the angle
between the superior endplate of the vertebral body above and
the inferior endplate of the vertebral body below the fractured
vertebral body should be measured. In addition, when measur-
ing the compression ratio, an error may occur depending on
which point is measured because it is measured from the frac-
tured vertebral body. However, when measuring the Cobb an-
gle, the normal vertebral bodies above and below the fractured
vertebra are used, and the possibility of such an error is relatively
small. When measuring the angles and heights, there is a possi-
bility of interobserver error. However, if the number of measured
values can be reduced, this error will reduce. It is easier to mea-
sure the Cobb angle than the compression ratio, with a reduced
possibility of error.

Osteoporosis is one of the main factors that increase kyphosis
after compression fracture. Bones with low quality cannot resist
the vertebra’s loads, leading to a loss in the vertebral body
height.® Therefore, the height of the vertebral body may decre-
ase more in the standing position, where the load on the spine
increases, than in the supine position, where the load is less. Based
on this, it can be expected that the more severe the osteoporo-
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sis, the greater the difference in the Cobb angle between the
standing and supine positions. However, in our study, there was
no significant correlation between the BMD and difference in
the Cobb angle between the standing and supine positions. This
result is probably because only patients with osteoporosis with
an average BMD of -3.1 were included in this study. To eluci-
date the relationship between the BMD and difference in the
Cobb angle between the standing and supine positions, a larger
study including patients with osteopenia with BMD greater than
-2.5 should be conducted in the future.

Many studies have proposed a high recurrent compression
fracture rate after augmentation procedure, possibly related to
an increase in the stiffness of the treated vertebra known as the
“Hammer effect”?"* Kim et al.” found an increased risk of re-
current fracture of the adjacent level with increased height res-
toration after vertebroplasty. According to previous studies, the
risk of recurrent fracture occurrence appears to be greater in
kyphoplasty (45%-75%)**** than in vertebroplasty (0%-16%).”¢
In our study, 16.7% (21 of 126) of the recurrent fractures occurred
after kyphoplasty. It is thought that the lower incidence of re-
current fractures in our study compared to that of previous stud-
ies was due to the short observation period of 6 months. Because
there is a possibility of hammer fracture after augmentation,
surgeons must carefully consider the difference in the Cobb an-
gle between the standing and supine positions when deciding
whether to operate.

In Korea, the national health insurance service system allows
kyphoplasty when there is OVCF with a compression ratio of
>30% and noncontrolled pain despite medical treatment and
bed rest for more than 3 weeks. We found that the changes in
the Cobb angle and compression ratio between the standing
and supine positions were significantly related to the clinical
outcomes after surgery. Based on these results, it is necessary to
consider the differences according to the posture, and not based
on the simple compression ratio, before determining the man-
agement of OVCE

Surgical treatment should be considered in cases of nonunion
or osteonecrosis, and spinal cord compression after conserva-
tive treatment has failed. To date, various surgical procedures
have been reported, including vertebroplasty or kyphoplasty,

spinal fusion,**

vertebroplasty with posterior spinal fusion,”
and posterior spinal shortening. Surgical treatment of OVCF
has been challenging for surgeons, because there are potential
risks of instrumentation failure, including screw loosening, pseu-
darthrosis, and postoperative infection due to bone fragility in

elderly patients with several comorbidities. OVCFs can be man-
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aged with cement augmentation which is a less invasive proce-
dure than spinal fusion. However, the most appropriate method
should be selected based on the patient’s condition and under-
standing of each surgical method.

Our study has some limitations. First, it was a retrospective
study and included a relatively small number of patients with a
relatively short follow-up period. Since our study was retrospec-
tive, it was more likely to be affected by various types of bias
compared to a randomized controlled study. Second, only pa-
tients who underwent cement augmentation were included.
The decision of vertebral augmentation was made only by the
surgeon, which might have introduced a selection bias. A study
on the difference in the Cobb angle and the degree of pain ac-
cording to the posture is needed even in patients who have not
undergone surgery. Third, although the Cobb angle and the de-
gree of compression ratio after cement augmentation may be
related to the clinical outcomes, the analysis of the postopera-
tive Cobb angle and compression ratio was omitted in this study.
Fourth, patients over 80 years of age were excluded. A recent
study has shown that cement augmentation is a safe treatment
for OVCFs in very elderly patients.” Studies involving patients
over 80 years of age should be conducted in the future. Fifth,
since the spine has a normal physiological curvature, there is a
difference in the Cobb angle for each segment. Therefore, it is
necessary to analyze the difference in the Cobb angle between
the standing and supine positions mentioned in this study for
each segment. Therefore, a larger, randomized controlled case
study with a long-term follow-up is required in the future. De-
spite these limitations, our study is the first to suggest that the
difference in the Cobb angle between the standing and supine
positions is related to the clinical outcomes after vertebral aug-
mentation in patients with OVCE

CONCLUSION

We found that the differences in the Cobb angle and com-
pression ratio between the standing and supine positions were
related to the short-term and midterm clinical outcomes after
vertebral augmentation in patients with OVCFs. Furthermore,
the difference in the Cobb angle was found to be the only factor
for predicting the midterm favorable outcomes after vertebral
augmentation. The optimal cutoff values of the difference in
the Cobb angle for predicting the midterm favorable outcomes
was 35.526°. The outcome was better when there was a differ-
ence of approximately 35% or more in the Cobb angle between
the standing and supine positions. To the best of our knowl-
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edge, this study is the first to suggest that the difference in the
Cobb angle between the standing and supine positions is relat-
ed to the clinical outcomes after vertebral augmentation in pa-
tients with OVCE Surgeons should pay attention to the differ-
ence in the Cobb angle depending on the posture when decid-

ing to perform vertebral augmentation in patients with OVCFs.
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Objective: The study investigated our institutional learning curve for the ROSA ONE spine
system (ROSA) based on ROSA usage time.

Methods: ROSA was designed to provide high accuracy for spinal pedicle screw placement
through a built-in tracking technique. This study was conducted from November 2018 to
January 2021. The time taken to complete each step of the robotic workflow was recorded.
Patient demographics, comorbidities, surgical indications, and number of screw placements
were examined in subgroup analysis. The Curve Fitting-General package (a part of NCSS
2021 software) was used to fit a mathematical model to the learning curve. Patient demo-
graphics, imaging data, and surgical time were reviewed retrospectively.

Results: A total of 167 patients who had undergone surgery were included. The mean total
ROSA usage time was 107.1 + 27.3 minutes. The estimated learning rate was 90.4%, and
the largest slope change occurred close to the time of the 20th surgery. The observed overall
learning trend in the 4-screw group could be attributed to screw planning. The presence of
scoliosis (p =0.73) or spondylolisthesis (p = 0.70) did not significantly influence the mean
total time (TT) for all patients; however, the mean T'T differed significantly (p < 0.01) among
subgroups stratified by body mass index, screw number placement, and thoracic spine in-
volvement.

Conclusion: To the best of our knowledge, this is the first study to examine the learning
curve for the various crucial steps of ROSA-guided pedicle screw placement. The indicative
learning curve involved 20 patients who had undergone surgery.

Keywords: Learning curve, Transpedicular screw, Spinal fusion, ROSA ONE spine system

occurs when performing freehand techniques), is still an un-
avoidable problem. Multiple surgical techniques (e.g., image-

In recent decades, substantial advances have been made in
pedicle screw techniques for treating spinal diseases.' Three-
column fixations, which provide the most rigid form of poste-
rior stabilization, are commonly used to treat spinal degenera-
tive disease, fractures, and deformities. Nevertheless, pedicle

screw malposition, particularly pedicle violation (which often

guided or navigation devices and robot-assisted pedicle screw
placement) have been developed to improve the precision of
pedicle screw placement and reduce pedicle violation risk.>?
Robot-assisted techniques provide noninferior to superior ben-
efits relative to freehand techniques in terms of pedicle screw

placement accuracy, pain scores, Oswestry Disability Index
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scores, and intraoperative radiation exposure time (i.e., shorter
exposure time) as well as equivalent postoperative stay.”> New
technologies are increasingly being applied to improve the ca-
pabilities of established systems. Three major robotic systems
are currently used for spine surgery, namely the Renaissance
Robotic Surgical System (Mazor Robotics, Caesarea, Israel), Ti-
Robot Orthopaedic Robotic System (TINAVI Medical Technol-
ogies, Beijing, China), and the newly U.S. Food and Drug Ad-
ministration (FDA)-approved ROSA robot (Medtech, Mont-
pellier, France).*

Although robot-assisted spine surgery allows for efficient and
accurate hardware placement, this technology is relatively new
and is seldom used by spine surgeons. The newly FDA-approved
ROSA robot was designed to aid spinal surgeons in performing
minimally invasive spine procedures. The ROSA ONE spine
system (ROSA) was designed to provide assisting spinal pedicle
screw placement through a built-in tracking technique. How-
ever, few studies have examined the use of this technology and
have developed corresponding guidelines. New surgical tech-
nologies such as the ROSA robotic system have a substantial
learning curve.’ In 2018, our institute became the first in Asia
to utilize ROSA, which has been utilized in 171 spinal surgeries
so far. Therefore, the present study investigated our institutional
learning curve for ROSA based on ROSA usage time.

MATERIALS AND METHODS

1. Study Design and Subjects

A retrospective chart review (the requirement for informed
consent was waived by the relevant Institutional Review Board)
of data pertaining to the period from November 2018 to Janu-
ary 2021 was conducted. The demographic, preoperative, and
intraoperative data of 167 patients who underwent thoracic and
lumbosacral pedicle screw placement with minimally invasive
navigated robotic guidance using intraoperative computed to-
mography (CT, O-arm device) were analyzed. A total of 171 sur-
geries were included; 4 surgeries were excluded because they
were not performed as per the current surgical workflow. The
included surgeries were all elective surgeries for spinal diseases
requiring spinal fixation, which included degenerative spondy-
lolisthesis, scoliosis, spinal stenosis, vertebral compression frac-
ture, vertebral body malignancies, cord compression, and disc
disease. The decision to perform robot-assisted or conventional
posterior instrumentation was made on the basis of clinical find-
ings independent of the present study. The time taken for each
step of the robotic workflow was recorded. Subgroup analysis
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of patient demographics, comorbidities, surgical indications,
and number of screw placements were conducted. The spinal
level of screw fixation (thoracic, lumbar, or sacral level) was re-
corded accordingly. Of the 167 patients, 158 patients had bone
mineral density (BMD) results. Pedicle variation and deformi-
ties such as scoliosis and spondylolisthesis were graded as per
the Nash and Moe grading method and Meyerding classifica-
tion, respectively.

2. Surgical Technique

In the operating room, after the general anesthesia, the pa-
tient is put on the radiolucent surgical table with prone position
and 2 bolsters are positioned longitudinally beneath both sides
of trunk. The surgical region is sterilized and draped, and the
O-arm device and ROSA are positioned. After the percutane-
ous reference pin is fixed in the right iliac wing, the ROSA reg-
istration is started. The fiducial box which is held by ROSA arm
is placed above surgical region, and the 3-dimensional (3D) im-
age acquisition is performed by O-arm device afterwards. The
3D transformation is conducted through the ROSA worksta-
tion. The surgeon plans the 3D trajectory of screw by the ROSA
workstation. The ROSA workstation provides several choices of
the screw simulation with distinguished diameter and length,
as well as different color for the operative side. After the screw
planning, the surgeon scrubs again for the guide pin placement
under the ROSA guide. Subsequently, the 3D image confirma-
tion of guide pin placement by the O-arm device is performed
(Fig. 1). When necessary, decompression, fusion, or other sur-
gical procedures are subsequently performed using minimally
invasive techniques® before the pedicle screws are placed along
the pin. Eventually, the surgical arm is removed, and the wounds
were closed.

3. Surgical Workflow

In order to analyze the learning curve of the ROSA ONE
Spine System, we segmented the ROSA usage time into the 4
periods as follows (Fig. 2):*

1) Step 1: ROSA installation (S1)

This step includes the sterile draping of the surgical region
and devices, percutaneous insertion of the reference pin on the
right iliac wing or spine process, and the performance of ROSA
boot-up registration.

2) Step 2: image acquisition (S2)
The intraoperative 3D image acquisition of the surgical re-

https://doi.org/10.14245/ns.2143126.563
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Fig. 1. (A) Sterile draping the surgical region. (B) Overview of operation room and ROSA registration. (C) Three-dimensional
(3D) acquisition with fiducial box in position. (D) Screw planning by using the ROSA workstation. (E) Drilling and guide-wire
placing under ROSA guide. (F) 3D image confirmation of the guide pin placement.

Step 1 Step 2 Step 3 Step 4

Ll —

ROSA® installation Image acquisition Screw planning Guide-wire implantation
- Sterilization - 3D image acquisition - Choose screw size - Drilling and guide-wire
- ROSA® registration - Upload to ROSA® - Plan appropriate screw prositioning under ROSA®
workstation location navigation

- 3D image confirmation

Fig. 2. Steps of surgical workflow. Step 1: ROSA installation step comprising sterilization and ROSA registration. Step 2: image
acquisition step comprising 3-dimensional (3D) image acquisition and uploading of data to ROSA workstation. Step 3: screw
planning step comprising selection of appropriate screw size and determination of appropriate screw location. Step 4: guide-wire
implantation step comprising drilling and guide-wire positioning through ROSA navigation with 3D image confirmation.
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gion is conducted using the O-arm device with installed refer-
ence devices, and 3D transformation is conducted through the
ROSA workstation.

3) Step 3: screw planning (S3)

The surgeon plans the 3D trajectory (including the screw en-
try point, direction, and paramedian longitudinal skin incision)
for the minimally invasive surgical approach by using the ROSA
workstation.

4) Step 4: guide pin placement (S4)

This step includes robotic auto-tracking movement to the
planned skin surface, soft tissue deepening, bone drilling, and
placing the guide-wire needle into the vertebrae. The steps are
repeated to complete the implantation of all guiding pins, after
which CT image confirmation of guide pin placement (through
the O-arm device) is performed.

Total time (T'T) of ROSA usage measures the T'T taken to com-
plete all of the aforementioned steps.

4. Statistical Methods

All categorical variables are expressed as numbers (percent-
ages), and all continuous variables are expressed as means+
standard deviations. All data analyses were conducted using
NCSS 2021 software (NCSS, East Kaysville, UT, USA) with
2-sided tests and a type 1 error rate of 0.05. The learning curve
was plotted according to TT and the number of procedures.
The Curve Fitting-General package (which is a part of NCSS
2021) was used to fit the following mathematical model to the
learning curve: Y=AxX"

where Y=TT of each procedure, A=the TT taken for the
first procedure (i.e., the first case), X = the procedure index, and
B =the index of learning. The estimated B value (and its 95%
confidence interval) was then used to calculate the estimated
learning rate (LR) as per the following mathematical formula:

_ loglR
~ log2.

A general linear mixed-effect model was used to determine
the effect of the fixed factors on each ROSA time interval. The
fixed factors included in the model were stratified categories of
clinical experience, sex, number of screws (4, 6, or 8), presence
of scoliosis (yes or no), and T spine involvement (yes or no).
Two interaction terms (number of screws x presence of scolio-
sis, T spine involvement x presence of scoliosis) were also in-
cluded in the model. The age, body mass index (BMI), and BMI
of each patient were measured as covariates, and the procedure
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index was measured as the random factor.

RESULTS

1. Case Demographics and Surgical Indications

In our cohort (Table 1), the mean age of patients was 64.7 + 10.3
years (range, 27-88 years). Moreover, 104 (62.3%) and 63 (37.7%)
were women and men, respectively. Their BMI was 25.9+4.3
kg/m’ (range, 16.2-41.1 kg/m?), and their mean BMD T-score
was -0.9+ 1.7 (range, -4.4 to 5.4). Comorbidities comprised can-
cer (n=4), osteoporosis (n=31), obesity (n=56), diabetes (n=31),
cardiovascular disease (n=21), and hypertension (n=83). Sur-

gical indications comprised spondylolisthesis (n=156), scolio-

Table 1. Characteristics of 167 patients who received ROSA-
guided pedicle screw placement

Variable Value
Age (yr) 64.7+10.3
<65 75
265 92
Sex, male:female 63:104
Body mass index (kg/m?) 25.9+43
<27 111
=27 56
Bone mineral density (T-score) -09+1.7
>-2.5 127/158
<-25 31/158
Comorbidity
Hypertension 83
Type 2 diabetes mellitus 31
Coronary heart disease 21
Indication
Spondylolisthesis
Grade I 124
Grade II 32
Fracture 8
Vertebral body malignancies 3
Scoliosis
Yes 46
No 121
Instrumentation level
T spine 4
T+L spine 4
L and L+S spine 159

Values are presented as mean + standard deviation or number.
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sis (n=46), and fracture (n=38) or malignancies (n=4) of the
vertebral body resulting in spinal stenosis and myelopathy. Ro-
botic surgery was most often performed with 4 screws (n=106),
followed by 6 (n=51) and 8 (n=10) screws. The spinal level of
screw fixation was from T2 to S1, and the lumbar spine was in-
volved for most patients (95.2%; the thoracic spine was involved

in only 8 patients).

2. Effect of Number of Screws, Thoracic Spine Involvement,
Scoliosis, and Spondylolisthesis on Total ROSA Usage
Time
The mean total ROSA usage time was 107.1 +27.3 minutes,

and the most time-consuming fractioned ROSA usage compo-

nent was operating theater preparation and reference device in-
stallation (S1 =40.2 £ 16.1 minutes), followed by guide pin place-
ment (§4=29.5+11.0 minutes), screw planning (§3=15.5+7.3
minutes), and image acquisition (S2=12.0+ 7.3 minutes). Mean

TT differed significantly (p < 0.01) among the subgroups strati-

fied by number of screws, with the shortest mean T'T (98.70 min-

utes; 95% CI, 85.10-112.30 minutes) achieved for 4-screw sur-
geries, followed by the mean TT for 6-screw (113.00 minutes;

95% CI, 100.90-125.09 minutes) and 8-screw (140.62 minutes;
95% CI, 120.58-160.67 minutes) surgeries. The subgroup anal-
ysis of TT was performed for patients who underwent ROSA
spinal surgery, and the results revealed that thoracic spine in-
volvement was associated with a longer mean TT ([131.11 min-
utes; 95% CI, 109.21-153.01 minutes] vs. [103.77 minutes; 95%
CI, 96.73-110.82 minutes], p=0.01). The presence of scoliosis
(p=0.73) or spondylolisthesis (p=0.70) did not significantly
influence mean TT for all patients. An analysis was further con-
ducted to adjust for the interacting effect of number of screws,
presence of spondylolisthesis, and presence of scoliosis; it did

not reveal any significant difference among subgroups (Table 2).

3. Learning Curve for ROSA Usage Time

Through the application of a cumulative average model, we
fitted a learning curve on the TT of all patients (Fig. 3), with an
R’ value of 0.35. The estimated LR was revealed to be 90.1%
(88.3%-92.0%), and the largest slope change occurred close to
time of the 20th surgery. Most enrolled patients received 4 screws;
hence, we applied the same model to estimate the learning curve
for each ROSA usage period in this specific group. Fig. 4 indi-

Table 2. Effect of number of screws, thoracic spine involvement, scoliosis, and spondylolisthesis on total time (T'T)

Variable Mean (95% CI) p-value
Screw numbers <0.01
Group 1:4 98.70 (85.10-112.30) 0.027/<0.01*
Group 2:6 113.00 (100.90-125.09) <0.01°
Group 3:8 140.62 (120.58-160.67)
T spine involvement 0.01
No 103.77 (96.73-110.82)
Yes 131.11 (109.21-153.01)
Presence of scoliosis 0.73
No 118.63 (104.62-132.64)
Yes 116.25 (101.48-131.01)
Presence of spondylolisthesis 0.70
No 116.19 (103.78-128.61)
Yes 118.69 (103.08-134.29)
Presence of scoliosis x screw numbers - 0.08
Presence of spondylolisthesis x screw numbers - 0.08
Presence of scoliosis x presence of spondylolisthesis - 0.30

Least square means of the TT for the levels of each fixed factor of interest when age =65.3, body mass index =25.8 kg/m’, and bone mineral

density =-0.90.
CI, confidence interval.

All values are adjusted for sex, clinical experience (every 20 cases), and presence of scoliosis x T spine involvement interaction.
"Benferroni adjusted p-value comparison between group 1 and 2. *Benferroni adjusted p-value comparison between group 1 and 3. *Benferroni

adjusted p-value comparison between groups 2 and 3.

https://doi.org/10.14245/ns.2143126.563
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cates that in the 4-screw group, the R* values of the estimated
learning curve for S1, S2, S3, 4, and TT were 0.06, 0.12, 0.37,

250

Estimated learning rate:
90.1% (88.3%-92.0%)

200 [+
150

100

Total time (min)

50 |- S

101 150 200

Case index

Fig. 3. Learning curve fitting when number of screws =4.

100 80
R*=0.06

80 - 60 -

Step 1 (min)
Step 2 (min)

0.03, and 0.51 respectively. These findings indicated that the
observed overall learning trend for the 4-screw group can pri-

marily be attributed to S3.

4. Effect of Surgeon’s Experience, Patients’ Demographics
and Comorbidities, Anatomical Variation and Deformity,
and Level and Numbers of Involved Vertebrae on
Fractioned ROSA Usage Period

For the conventional freehand technique, surgeon’s experi-
ence, spinal level, number of screw insertions, obesity, and pres-
ence of spinal deformity (e.g., spondylolisthesis and scoliosis)
were assumed to affect time usage for transpedicular screw place-
ment. Therefore, we examined whether these measures moder-
ated the effect of phase on fractioned ROSA usage period. Table
3 summarizes the results of the F tests for each of the fixed ef-
fects in each model, and they revealed the significant main ef-
fect of surgeon’s experience (per 20 surgeries) on S2 (F=4.37,
p<0.01), S3 (F=6.69, p<0.01), $4 (F=5.11, p<0.01), and TT
(F=9.99, p<0.01). No significant association between surgeon’s
experience and S1 (F=1.18, p=0.32) was observed, and age
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Fig. 4. Learning curve from all cases.
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-4.16
-18.46

<0.01

0.21
0.89
0.64
0.99

7.90
0.03
0.50

0.05
0.08
0.98

8.95
-3.05
-1.67

4.09
3.06
0.00

0.02
0.22
0.00

0.00
0.09
0.28

19.28
-6.98
-3.13

8.81
2.84
1.18

T spine involvement

0.86
0.48

Presence of scoliosis

Presence of spondylolisthesis

BMI, body mass index; BMD, bone mineral density.

and sex did not significantly influence the fractioned ROSA us-
age periods. BMI significantly influenced and positively pre-
dicted S4 (F=17.86, p<0.01) and TT (F=6.74, p=0.01). BMD
did not significantly influence any fractioned/total ROSA usage
period. Number of screws significantly influenced and posi-
tively predicted S3 (F=11.10, p<0.01), S4 (F=23.51, p<0.01),
and TT (F=11.31, p<0.01). Also, the thoracic spine involve-
ment significantly influenced and positively predicted S4 (F=4.09,
p=0.05) and TT (F=7.90, p=0.01). When the presence of sco-
liosis or spondylolisthesis was added to the model, no signifi-
cant main effect was observed (Table 3).

DISCUSSION

Similar to most contemporary surgical robotic devices, ROSA
was designed as a shared-control system that combines the ap-
plication of navigation with robotic technology.* Studies have
demonstrated ROSA’s benefits, particularly those derived from
its real-time guidance feature.® Furthermore, the accuracy and
reliability of 3D trajectory are helpful for minimally invasive
surgery when exposure is limited.* However, surgeons who use
ROSA are still affected by several major limitations, including a
steep learning curve, inability to produce preoperative screw
trajectories, and prolonged time taken to perform system in-
stallation and setup.

Our single-institution retrospective study revealed the expe-
rience derived from performing a high number of surgeries, a
large case number, and the learning curves for each crucial step
of ROSA-guided pedicle screw placement. Significant, but non-
linear, increases in TT of ROSA usage, screw planning time,
and guide pin implantation time were observed when more in-
serted guide pins were used. Notably, thoracic spine involve-
ment and high BMI significantly prolonged TT and guide pin
placement time. This finding indicates that the structural com-
plexity and tension of the myocutaneous flap after its dissection
along a screw trajectory (e.g., stiffer thoracodorsal fascia com-
pared with lumbodorsal fascia or thicker subcutaneous fat tis-
sue in obesity patients) can affect the difficulty of ROSA usage
and, consequently, increase ROSA usage time. In addition, the
presence of osteoporosis or spinal deformity (i.e., scoliosis and
spondylolisthesis) did not significantly influence total/fractioned
ROSA usage time, which indicates the benefits of ROSA usage
relative to the freehand technique. Our data suggest that the
learning curve for pedicle screw placement in terms of time tak-
en can be shortened for an experienced surgeon. We noted a
decrease in the learning curve gradient after the first 20 surger-
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ies, with an LR of 90.1% (Fig. 3); this can primarily be attribut-
ed to the trajectory planning period (S3; R*=0.37) of the 4-screw
group (Fig. 4). This finding is comparable to that of Schatlo et
al” who reported higher misplacement rates between the 10th
and 20th surgery, which limited the learning curve for robotic
spine surgeries. Thus, for surgeons with no experience in using
the technique, experienced supervision should be provided for
the first 25 surgeries.

Due to familiar with the manipulation of the ROSA and O-
arm device, and the diminishing the S3 time-consuming, the
TT of ROSA usage can be reduced. In our experience, the more
practice in patient positioning with the ROSA and O-arm de-
vice we did, the more S1 time-consuming we reduced. Besides,
you also can put some labels on the floor to mark the position
between. About the reducing the time of the S2, we believed the
most importance is the intraoperative 3D image acquisition which
is related to the positioning between the fiducial box and O-
arm device. Moreover, there were the skills required for the ped-
icle drilling which might be influenced the surgical time of the
4, although the distribution of the statistic Fig. 4 in the S4 is
too wide to be reliable.

Nine cases of technical error were reported for our cohort;
they included delays in equipment sterilization (n=2), repeat
sterilization of equipment dropped by accident (n=1), re-regis-
tration of ROSA (n=1), system failure of ROSA (n=3), system
failure of O-arm system (n= 1), and hardware failure due to bro-
ken wheel of O-arm device (n=1). Notably, major improvement
was achieved after the rebuilding of the operating floor to elim-
inate the unnoticeable yet problematic tilting of ROSA, which
hindered the successful and accurate registration of ROSA. Simi-
lar to the finding reported by BAcker et al.® who investigated
the use of the Renaissance robotic system, we observed that the
surgical workflow may be influenced by variations in surgical
teams comprising scrub nurses and residents. Therefore, to en-
hance the efficacy and reproducibility of the ROSA setup, sev-
eral measures were implemented to correct the position of the
surgical table, O-arm, and ROSA. This measure reduced the
number of interpersonal errors made by scrub nurses and resi-
dents, especially with respect to the mounting of the device over
the operating room table, which is crucial in the system setup
step. All devices should be routinely checked and serviced to
minimize the occurrence of software and hardware failure.

The present study was a retrospective study. We detected miss-
ing data points and outliers that were related to the technical
errors that led to an increase in time taken and which might
have had a negative effect on the results of the analysis. Nine
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missing data points (5.3%) and 4 cases of technical error (2.4%)
were identified for S1, 9 missing data points (5.3%) were identi-
fied for S2, 9 missing data (5.3%) were identified for S3, 9 miss-
ing data points (5.3%) were identified for $4, and 1 missing data
point was identified for TT (0.6%).

CONCLUSION

The present study addresses a single surgeon’s learning curve
and experience with respect to robot-assisted pedicle screw place-
ment using ROSA. The indicative learning curve involved 20
surgeries, and the presence of scoliosis or spondylolisthesis did
not significantly influence ROSA usage time. With the enhance-
ment of system installation and teamwork, ROSA usage time
can be reduced.
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Objective: Endoscopic transforaminal lumbar interbody fusion (Endo-TLIF) has gained in-
creasing popularity among spine surgeons. However, with the use of fluoroscopy, intraop-
erative radiation exposure remains a major concern. Here, we aim to introduce Endo-TLIF
assisted by O-arm-based navigation and compare the results between O-arm navigation
and fluoroscopy groups.

Methods: Sixty-four patients were retrospectively analyzed from May 2019 to September
2020; the nonnavigation group comprised 34 patients, and the navigation group comprised
30 patients. Data on radiation dose, blood loss, postoperative drains, surgery time, com-
plications, and length of hospital stay (LOS) were collected. Clinical outcomes were evalu-
ated from postoperative data such as fusion rate, Oswestry Disability Index (ODI), and vi-
sual analogue scale (VAS). Radiation dose and surgery time were selected as primary out-
comes; the others were second outcomes.

Results: All patients were followed up for at least 12 months. No significant differences were
detected in intraoperative hemorrhage, postoperative drains, hospital LOS, or complica-
tions between the 2 groups. The radiation dose was significantly lower in the navigation
group compared with the nonnavigation group. The time of cannula placement and pedicle
screw fixation was significantly reduced in the navigation group. No significant differences
were detected between the clinical outcomes in the 2 groups (VAS and ODI scores).
Conclusion: The present study demonstrates that O-arm-assisted Endo-TLIF is efficient
and safe. Compared with fluoroscopy, O-arm navigation could reduce the radiation expo-
sure and surgical time in Endo-TLIF surgery, with similar clinical outcomes. However, the
higher doses exposed to patients remains a negative effect of this technology.

Keywords: Endo-TLIF surgery, O-arm device, Fluoroscopy, Surgery time, Percutaneous

pathway, Radiation exposure

(LDD), which causes pain and disability. Spinal fusion is con-
sidered an effective technique for treating LDD, and this tech-

As the elderly population continues to grow, an increasing  nique is continuously developing to achieve the goal of maxi-

number of people suffer from lumbar degenerative disease =~ mizing outcomes and minimizing morbidity. Minimally inva-
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sive spinal (MIS) surgery has gained popularity among spinal
surgeons because of advances that reduce intraoperative trau-
ma, require smaller incisions, require less recovery time, and
result in fewer perioperative complications."* Spinal endoscopy
techniques have developed rapidly and are widely used in treat-
ing LDD. A newly emerging endoscopic spinal surgery, endo-
scopic transforaminal lumbar interbody fusion (Endo-TLIF), is
manipulated via the transforaminal corridor with little bone re-
moval and maximum preservation of the surrounding struc-
tures.>* Many previous studies have suggested that Endo-TLIF
is an effective and safe procedure for LDD.>”

However, as in other MIS surgeries, fluoroscopic assistance is
essential for Endo-TLIF because surgeons must reach the prop-
er target and place the pedicle screws percutaneously. In fact,
fluoroscopy is used both in the first step and throughout the
procedure because it is difficult to identify the operation direc-
tion through the percutaneous pathway. In addition, further
fluoroscopic checks are required for the insertion of the poly-
etheretherketone (PEEK) cage and fixation of the pedicle screws.
Therefore, intraoperative radiation exposure for both patients
and surgeons is of significant concern.

In recent years, navigation systems have been successfully ap-
plied in various surgical fields® including neurosurgery, endos-
copy, bronchoscopy, and arthroscopy. They are also used in spi-
nal surgery, and many studies have suggested that they can ef-
fectively reduce radiation exposure and surgical time.”"!

There have been very few studies on the navigation systems
used in Endo-TLIE Therefore, we aimed to introduce Endo-TLIF
using the O-arm-based navigation system and compare the re-

sults between the navigation and fluoroscopy groups.

MATERIALS AND METHODS

We retrospectively analyzed 64 patients who underwent En-
do-TLIF assisted by O-arm navigation or conventional 2-dimen-
sional (2D) fluoroscopy in our center between May 2019 and
September 2020. The Ethics Committee of the Second Affiliat-
ed Hospital of Army Medical University approved this study,
and written informed consents were obtained from all patients.
Patients who met all of the following criteria were included: (1)
age >18 and <80 years, (2) diagnosis of lumbar spondylolis-
thesis (below Meyerding grade II), lumbar instability, or lumbar
spinal nerve canal stenosis, and (3) conservative therapy for >3
months prior. The exclusion criteria included inoperable physi-
cal ailments or mental disease, history of lumbar spinal surgery,
spinal infection or tumor, and traumatic lesions. One experi-
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enced surgeon performed all the surgeries.

Perioperative data such as radiation dose, blood loss, postop-
erative drains, surgery time, complications, and length of hos-
pital stay (LOS) were collected. In addition, the time required
for specified steps in the surgery was recorded, including the
navigation set-up time, cannula placement time, and percuta-
neous pedicle screw fixation time. Clinical outcomes were eval-
uated from postoperative data such as Oswestry Disability In-
dex (ODI), visual analogue scale (VAS), and modified MacNab
criteria. Surgical complications were assessed, including severe
nerve root injury, vascular damage, hematoma, and cauda equi-
na injury. Additionally, patient spine fusion was assessed using
computed tomography (CT) images at 12 months postopera-
tively. The bridging trabecular bone formation between the ver-
tebral body was regarded as solid fusion in the CT images. Ra-
diation dose and surgery time were selected as primary outcomes,
and the others were secondary outcomes. The radiation dose
was collected from the radiation generator, and the duration of
radiation exposure was also collected.

1. Endo-TLIF Assisted by O-arm Navigation Surgical

Procedure

Patients with general anesthesia were placed in the prone po-
sition. A nerve monitoring system monitored somatosensory-
evoked potentials and free-running electromyography through-
out the operation. Two K-wires (2.0-mm diameter) were used
to anchor the reference frame to the iliac crest (Fig. 1A). Next,
the O-arm (O-arm Surgical Imaging System and Stealth-Sta-
tion; Medtronic, Minneapolis, MN, USA) was used to obtain
intraoperative 3-dimensional (3D) images (Fig. 1B). Then ac-
quired CT pictures were instantly transmitted to the computer,
and multiplanar images of the lumbar spine were reconstructed
using the navigation system. Subsequently, surgical instruments
were registered to be traced intraoperatively in real time. In gen-
eral, navigation preparation time, including reference frame
fixation, O-arm scan, picture transmit, and instrument registra-
tion, is less than 10 minutes.

The entry point of pedicle screws was determined using 3D-
image guidance to optimize screw length and avoid neurovas-
cular structures. The pedicle screw was placed at a suitable depth
using a navigated screwdriver (Fig. 2A, B). The image of screw
trajectory and position was displayed on the monitor in real
time, and the surgeon could make appropriate adjustments ac-
cording to the image (Fig. 2C, D). After the screws were in place,
C-arm was used to confirm the final position of the screws. Next,
we use a spinal needle to reach the target point via the naviga-
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Fig. 1. (A) The percutaneous iliac pin with attached reference array is fixed in place. (B) The O-arm device is in place and pre-

pared for image capture.

Fig. 2. (A) Image of a navigated screwdriver with an attached tracking array, and (B) it was registered intraoperatively. (C, D)
The track of the Access Tracker was visible in real time and the surgeon could make appropriate adjustments.

tion system. Sequential dilation was performed to expand the
soft tissue, and a double-cannula device was docked on the lat-
eral aspect of the facet joint to perform foraminoplasty under
navigation guidance. The navigation system showed the depth

378 Wwww.e-neurospine.org

and pathway of the reamer or bone drill on a computer screen
in real time until foraminoplasty was completed (Fig. 3). After
the working cannula was advanced through the dilator and its
position was confirmed using C-arm, reamers of different di-
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Fig. 3. (A, B) The navigated trocar-like puncture probe was used during foraminoplasty. (C) The entire puncture trajectory was
designed and accurately assisted by navigation. (D) The depth of the processed intervertebral space was evaluated by the Access
Tracker.

ameters were used to remove the degenerative disc tissue. There-
after, the intervertebral disc was filled with allografts and recom-
binant human bone morphogenetic protein, and PEEK cages
were implanted via an expandable tube (ZELIE Sanyou, China).
The final position of PEEK cages was identified using C-arm.
Finally, a standard percutaneous endoscopic lumbar discecto-
my procedure was performed.

2. Surgical Technique of Endo-TLIF Assisted by C-arm

The operation was performed with the assistance of tradition-
al fluoroscopy, as previously reported.'” After surgery, analgesic
and anti-inflammatory treatments were administered.

3. Statistical Analysis

The IBM SPSS Statistics ver. 23.0 (IBM Co., Armonk, NY, USA)
was used to analyze data, and Statistical significance was defined
as p-values less than 0.05. Statistics are expressed as mean + stan-
dard deviation or frequency. The Independent-sample t-test,
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chi-square test, and Mann-Whitney U-test were used to exam-
ine differences between the 2 groups, as appropriate.

RESULTS

Thirty-four patients were included in the nonnavigation group
(14 men and 20 women), and 30 patients in the navigation group
(13 men and 17 women). The follow-up time of all patients was
at least a year. No significant differences in patient demograph-
ics were detected between the 2 groups (Table 1).

The dose of radiation administered was 7.58 +0.84 mGy in
the navigation group; this was significantly lower than in the
nonnavigation group (59.08 +9.77 mGy). The duration of radi-
ation exposure was 59 seconds in the nonnavigation group and 9
seconds in the navigation group (p<0.001). Intraoperative
blood loss, postoperative drainage, hospital LOS, and complica-
tions were not significantly different between the 2 groups (Ta-
ble 1). The navigation set-up time was 5.9 + 0.84 minutes. Both
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Table 1. Patient demographics and perioperative data

Characteristic Nonnavigation (n=34) Navigation (n=30) p-value
Sex 0.862

Male 14 13

Female 20 17
Age (yr) 53.35+£7.52 55.60+8.38 0.262
Body mass index (kg/m?) 25.18+2.90 24.74+2.21 0.503
Types of lumbar degenerative disease 0.976

Degenerative spondylolisthesis 14 13

Lumbar discogenic pain 4 3

Lumbear spinal canal stenosis 6 7

Recurrent lumbar disc herniation 4 3

Segmental instability 6 4
Surgical level

L3-4 4 2 0.792

L4-5 27 26

L5-81 3 2
Radiation dose (mGy) 59.08£9.77 7.58+0.84 <0.001
Radiation exposure duration (sec) 59 (46-72) 9(6-12) <0.001
Blood loss (mL) 45.24+9.84 44.50+17.44 0.886
Postoperative drains (mL) 38.62+10.14 36.17+8.48 0.512
Hospital length of stay (day) 3.79+1.02 3.40+0.59 0.081
Complications (n) 2 0 0.494

Values are presented as number or mean + standard deviation.

Table 2. Comparison of surgery time between the 2 groups

Variable Nonnavigation ~ Navigation  p-value
Set-up time - 59+0.84

Cannula placement time ~ 34.6+3.7 22.6+2.7 <0.001
Pedicle screw fixed time ~ 47.1+2.8 37.0£2.8 <0.001
Total operation time 134.2+10.2 119.8£10.5 <0.001

Values are presented as mean + standard deviation.

cannula placement time (22.6 = 2.7 minutes) and pedicle screw
fixation time (37.0+ 2.8 minutes) were significantly shorter in
the navigation group. The total operation time was also reduced
in the navigation group (p<0.001) (Table 2). Compared with
preoperative scores, both VAS and ODI scores significantly
improved after surgery at different times in both groups (Table
3). Nevertheless, there were no significant differences between
the 2 groups (Table 3). The excellent and good rates were 91.2%
in the nonnavigation group and 93.3% in the navigation group.
No significant difference was observed between the excellent
and good rates of the 2 groups (p=0.682). No major complica-
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tions occurred during the surgery. Only 2 occurrences of tran-
sient ipsilateral dysesthesia were recorded, and the clinical symp-
toms disappeared with conservative treatment. The spine fusion
was 94.1% (32 cases) and 93.3% (28 cases) respectively in the
nonnavigation group and navigation group at 12 months post-
operatively, and no significant difference was observed between
the groups. However, all patients in the 2 groups had achieved
solid spine fusion at the final follow-up, and there was no sub-
sidence occurrence in both groups.

DISCUSSION

As a minimally invasive procedure, Endo-TLIF has been suc-
cessfully manipulated to treat LDD and achieve positive clinical
outcomes.”” Jin et al."” presented a consecutive case series of
Endo-TLIE demonstrating satisfactory clinical and radiological
results. It indicated that Endo-TLIF is a promising surgical al-
ternative for treating LDD. In 2020, Wu et al."* compared Endo-
TLIF with open-TLIF in the treatment of LDD, supporting the
hypothesis that Endo-TLIF is a viable option for treating single-
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Table 3. Comparison of clinic outcomes between the 2 groups

Characteristic Nonnavigation ~Navigation  p-value
VAS scores of low back
Preoperative 5.47+0.93 5.53+£0.90 0.670
1 Day 2.53+0.75 2.87+0.97 0.140
3 Months 1.06+0.55 1.00+0.37 0.602
12 Months 0.62+0.60 0.7+0.53 0.493
VAS scores of leg
Preoperative 4.61+2.71 4.83+3.14 0.276
1 Day 1.88+1.17 1.97+1.30 0.535
3 Months 0.68+0.59 0.7£0.60 0.878
12 Months 0.53+0.71 0.57+0.57 0.563
ODI scores
Preoperative 49.26+6.65  50.87+591 0.154
3 Months 11.74+7.89 12.7£6.41 0.433
12 Months 6.99£6.55 8+5.52 0.272
MacNab criteria (n) 0.682
Excellent 28 26
Good 3 2
Fair 1 2
Poor 2 0
Fusion rate (%) 94.1 93.3 1.000

Values are presented as mean + standard deviation unless otherwise
indicated.
VAS, visual analogue scale; ODI, Oswestry Disability Index.

segment LDD with little trauma, rapid recovery, and inexpen-
sive cost. These both suggest that Endo-TLIF is an effective tech-
nique with less trauma and faster recovery. Intraoperative ion-
ization-based imaging techniques are essential for MIS surgery
to expose the spine visually. Compared with open procedures,
x-rays are more frequently used during the operation, which
increases surgery time and causes harm to both patients and
medical staff.'>'® Therefore, the associated radiation exposure
remains a major concern, especially for surgeons who are fre-
quently exposed."”

Compared with open surgery, MIS techniques such as MIS-
TLIF are highly dependent on fluoroscopy as the limited expo-
sure fields and constrained working tube, which results in high-
er radiation exposure to both patients and the surgeon.”® In a
meta-analysis, the results indicated that mean fluoroscopy in
MIS-TLIF was 94 seconds which was 2-fold of open surgery.”
In addition, Godzik et al* also reported that radiation expo-
sure to the surgeon in the MIS-TLIF group was 408.3 +£192.3
uSv which was significantly higher than lateral transpsoas lum-
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bar interbody fusion (208.6+ 146.9 puSv). A previous prospec-
tive cohort study* showed that Endo-TLIF had less intraopera-
tive blood loss, less patient postoperative pain, and shorter hos-
pital stay with similar surgical outcomes when compared with
MIS-TLIE These outcomes prove that Endo-TLIF is better than
MIS-TLIF in certain diseases. However, as a less invasive sur-
gery than MIS-TLIE, there are many other percutaneous proce-
dures in Endo-TLIF besides percutaneous screw placement,
leading to more radiation exposure. The advent and develop-
ment of navigation technology have had a profound impact on
spinal surgery.”>” Computer-assisted 3D navigation can pro-
vide high-resolution images and a more detailed view of the
pedicles, improving the precision of spinal screw placement. As
reported in a previous study, the nerve injury risk and clinical
complications could be decreased through this technique.** Zhao
et al”® compared the occurrence of postoperative hydrothorax
between O-arm navigation and free-hand in spinal deformity
surgery. They found that the volume of postoperative hydro-
thorax could be significantly reduced using the O-arm naviga-
tion, and this was ascribed to the improvement in screw implan-
tation accuracy. Besides this, the O-arm navigation system can
significantly reduce the radiation exposure of surgeons. Images
can be obtained using navigation systems, with the surgeons
outside the operating theater, with no additional intraoperative
CT scan or fluoroscopy required to continue with the procedures.
A prospective randomized study compared radiation exposure
between 2D and 3D fluoroscopic techniques. The results sug-
gested that the surgeon radiation exposure in the 2D fluorosco-
py group was 9.96 times higher than that in the navigation group.”®
In the present study, the mean radiation dose in the navigation
group was 7.58 £ 0.84 mGy, much lower than that in the non-
navigation group. Our results are consistent with those of a pre-
vious study.”’

In our study, although there is an additional mean 5.9-minute
navigation set-up time before surgery, the total duration of sur-
gery in the navigation group was significantly shorter than that
in the nonnavigation group (119.8 + 10.5 minutes vs. 134.2+10.2
minutes). This may be ascribed to the reduced time of cannula
placement (22.6+ 2.7 minutes vs. 34.6 £ 3.7 minutes) and pedi-
cle screw placement (37.0 + 2.8 minutes vs. 47.1 + 2.8 minutes)
in the navigation group. The results showed that the efficiency
of Endo-TLIF was improved by navigation. In another retro-
spective study, the effect of navigation on surgical efficiency was
explored.”® The total operative time decreased significantly in
the O-arm navigation group compared with the free-hand group.
In the present study, clinical outcomes such as VAS and ODI
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scores improved significantly in the 2 groups postoperatively.
Differences between the nonnavigation and navigation groups
were not detected significantly in the VAS and ODI scores. Also,
hospital LOS and complications were not significantly different
in the 2 groups. Several previous studies have assessed the im-
pact of O-arm navigation on clinical outcomes (nerve injury
and reoperation rate). These studies support the hypothesis
that navigation-assisted spinal surgery could improve clinical
outcomes by reducing nerve injury and reoperation rates for
mispositioned screws.”>" All surgeries in our study were per-
formed by senior doctors; hence, it was not difficult for them to
place screws accurately in the lumbar pedicle. Therefore, we
did not study the screw placement. No patients underwent re-
operation in either of the 2 groups; only 2 occurrences of tran-
sient ipsilateral dysesthesia were recorded in the nonnavigation
group, and the clinical symptoms disappeared with conserva-
tive treatment.

Endo-TLIF surgery assisted by O-arm navigation offers sev-
eral advantages. First, the surgical efficiency could be improved,
especially in some percutaneous procedures, including cannula
placement and pedicle screw fixation. Second, the radiation ex-
posure to operation staff can be reduced, having a positive ef-
fect on protecting their health. In addition, surgeons can deter-
mine the desired screw sizes and rod lengths and assess the ex-
tent of the discectomy. However, some disadvantages have also
been reported. First, O-arm for intraoperative CT navigation
resulted in higher radiation doses to patients compared with C-
arm.””?* In a multicenter study, the results indicated that the
mean doses for patients in the O-arm group were 4 times high-
er than those in the C-arm group.” Radiation exposure shows a
positive dose effect in breast cancer mortality®® and has been
linked to various cancers.” Although some minimized-dose O-
arm Protocols could be used to reduce negative effects for pa-
tients,” the impact of exposure for patients in O-arm naviga-
tion remains a problem. Moreover, O-arm-assisted Endo-TLIF
surgery is comparatively expensive and may lead to an addi-
tional financial burden on patients. Although the cost of new
technologies is reducing steadily over time, more research on
cost-effectiveness is needed to justify the navigation technique
financially.”® There are some limitations to our study. This was
a retrospective study that compared the intraoperative data and
clinical outcomes between the 2 groups. The sample size was
relatively small, and inherent selected bias could not be ignored.
Randomized controlled trials with large sample sizes and long-
term follow-up are needed in future.
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CONCLUSION

We have shown that Endo-TLIF assisted by O-arm naviga-
tion is efficient and can reduce radiation exposure. O-arm navi-
gation could reduce radiation exposure and surgical time in
Endo-TLIF surgery with clinical outcomes similar to those with
fluoroscopy. Navigation is a promising alternative for patients
undergoing Endo-TLIF surgery. However, the higher doses ex-
posed to patients remain a negative effect of this technology.
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Objective: Pseudarthrosis and adjacent segment degeneration (ASD) are 2 common com-
plications after multilevel anterior cervical discectomy and fusion (ACDF). We aim to iden-
tify the potential biomechanical factors contributing to pseudarthrosis and ASD following
3-level ACDF using a cervical spine finite element model (FEM).

Methods: A validated cervical spine FEM from C2 to C7 was used to study the biomechani-
cal factors in cervical spine intervention. The FEM model was used to simulate a 3-level
ACDF with intervertebral spacers and anterior cervical plating with screw fixation from C4
to C7. The model was then constrained at the inferior nodes of the T1 vertebra, and physi-
ological loads were applied at the top vertebra. The pure moment load of 2 Nm was applied
in flexion, extension, and lateral bending. A follower axial force of 75 N was applied to re-
produce the weight of the cranium and muscle force, was applied using standard proce-
dures. The motion-controlled hybrid protocol was utilized to comprehend the adjustments
in the spinal biomechanics.

Results: Our cervical spine FEM demonstrated that the cranial adjacent level (C3-4) had
significantly more increase in range of motion (ROM) (+90.38%) compared to the caudal
adjacent level at C7-T1 (+70.18%) after C4-7 ACDF, indicating that the cranial adjacent
level has more compensatory increase in ROM than the caudal adjacent level, potentially
predisposing it to earlier ASD. Within the C4-7 ACDF construct, the C6-7 level had the
least robust fixation during fixation compared to C4-5 and C5-6, as reflected by the small-
est reduction in ROM compared to intact spine (-71.30% vs. -76.36% and -77.05%, respec-
tively), which potentially predisposes the C6-7 level to higher risk of pseudarthrosis.
Conclusion: Biomechanical analysis of C4-7 ACDF construct using a validated cervical
spine FEM indicated that the C3-4 has more compensatory increase in ROM compared to
C7-T1, and C6-7 has the least robust fixation under physiological loads. These findings
can help spine surgeons to predicate the areas with higher risks of pseudarthrosis and ASD,
and thus developing corresponding strategies to mitigate these risks and provide appropri-
ate preoperative counseling to patients.

Keywords: Cervical spine, Finite element, Anterior cervical discectomy and fusion, Pseud-
arthrosis, Adjacent segment degeneration
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INTRODUCTION

Anterior cervical discectomy and fusion (ACDF) is a “work-
horse” procedure widely used to treat various cervical spine pa-
thologies. Even though the clinical outcome of ACDF is gener-
ally favorable, postoperative complications do occur. Pseudar-
throsis and adjacent segment degeneration (ASD) are 2 common
issues encountered by spine surgeons after multilevel ACDE

A recent study by Wewel et al.' showed that patients under-
going 3-level ACDF had a pseudarthrosis rate of 42%, whereas
patients with 4-level ACDEF had a pseudarthrosis rate as high as
56%. Fortunately, majority of the patients with pseudarthrosis
in their series were asymptomatic, and only 11% of patients had
symptomatic pseudarthrosis requiring revision surgery.' The
author also noted that the caudal level had the most risk for
pseudarthrosis in their series.

The rate of symptomatic ASD after ACDF requiring surgery
has been reported to be 16% after 10 years for single-level ACDE?
and 18% after 2-level ACDE’ There is not yet good long-term
data on rate of symptomatic ASD requiring surgery after 3-level
ACDE However, there are some retrospective data suggesting
that the radiographic rate of ASD after 3-level ACDF can be as
high as 40%.* Given these clinical observations in the existing
literature, we aim to investigate the potential biomechanical fac-
tors contributing to pseudarthrosis and ASD following 3-level
ACDF using a finite element cervical spine model.

MATERIALS AND METHODS

1. Intact Spine Finite Element Model

A previously validated 3-dimensional osteoligamentous finite
element model (FEM) of the human subaxial cervical spinal
column was used.”® The FEM of the C2-T1 spinal column was
assembled using a mapping block-based hexahedral meshing
technique. The mesh was generated based on the geometry
segmented from computed tomography images of a midsize
male spine. The soft tissues definitions included intervertebral
discs (annulus fibrosus and nucleus pulposus), facet joints (ar-
ticular cartilage, capsular ligaments, fluid), and ligaments (ante-
rior longitudinal, posterior longitudinal, ligamentum flavum,
and interspinous). They were represented by respective element
shapes and types based on their individual roles to sustain the
applied external loading. The model included the C2-T1 verte-
brae, intervertebral discs, and ligaments. Each vertebral body
consisted of the cortical shell, cancellous bone, and superior
and inferior endplates. The cortical bone (0.5 mm thick) and
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endplates (0.2 mm thick) were modeled as linear isotropic ma-
terials, and the cancellous bone was also modeled as an isotropic
material. Intervertebral discs composed of the nucleus pulpo-
sus, and annulus ground substance and fibers. The discs had
anteroposterior asymmetry simulating the posteriorly displaced
nucleus in the human spine.”* Annular fibers were defined us-
ing membrane elements with tension-only directional fibers
embedded in the ground substance that was simulated using
the Hill strain energy function. The anterior and posterior re-
gions of the disc consisted of 16 and 8 layers. The anterior an-
nular fibers were defined in a crisscross manner, while the pos-
terior fibers were defined along the vertical direction. The ante-
rior fibers did not form a continuous ring with the posterior fi-
bers; however, a gap was formed bilaterally at the uncovertebral
anatomy. The material properties of the anterior and posterior
longitudinal ligaments, and other posterior ligaments were de-
fined using nonlinear stress-strain relationships, with data ob-
tained experimental force-displacement curves. The material
properties used in the model are given in Table 1.*"® A total of
11,452 finite elements were in the model with 1,392 elements at
C2-3, 2,060 at C3-4, 1,970 at C4-5, 2,060 at C5-6, 2,130 at C6—
7,and 1,840 at C7-T1 levels.

2. ACDF Modeling

The ACDF procedure was simulated by inserting a bone
graft that was placed centrally between the vertebral bodies,
and material properties of the trabecular bone were assigned to
the graft. A titanium plate with variable angle screws into the
vertebral bodies, were simulated. The solid model of the anteri-
or cervical plate with variable screw system was developed us-
ing CATIA V6 software (Dassault systems Corp., Velizy-Villa-
coublay, Cedex, France). The size of the anterior cervical plate
system and variable screws were: 18 mm in length and a mean
diameter of 3 mm. The solid models of the variable screws were
modeled with real screw threads. The interface between the
bone graft and adjacent vertebral bodies had bonded contact.
After the implantation of the anterior cervical plate and screw
system, the solid models were converted into the IGES format
and transferred to the ANSA software and were meshed with
hexahedral elements. The material properties of the instrumen-
tation were obtained from literature (Table 1). The surface con-
tact between the screw and vertebra was assigned with tie con-
straint, and between the screw and plate was assigned with au-
tomatic surface-to-surface contact definition. The intact spine
was modified to simulate C4 to C7 fusion by changing the ma-
terial properties of the discs to that of the cancellous bone. Af-
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Table 1. Material properties of the spine and instrumentation

Component Element type Constitutive model Parameters
Spine
Cortical bone Quadrilateral shell Isotropic linear elastic E=16.8 GPa,u=0.3
Trabecular bone Hexahedral solid Isotropic linear elastic E=0.4 GPa, u=0.3
Endplate Quadrilateral shell Isotropic linear elastic E=5.6 GPa, u=0.3
Facet cartilage Quadrilateral shell Isotropic linear elastic E=0.01 GPa, u=0.3
Ground substance Hexahedral solid Hill foam n=2,C1=0.000115 GPa
C2=0.002101 GPa,
C3=-0.000893 GPa
bl=4,b2=-1,b3=-2
Annulus fibrosus Membrane Orthotropic nonlinear elastic Fiber angle (45°-60°)
Nucleus Hexahedral solid Fluid K=1,720 MPa
Ligaments Membrane Nonlinear properties Stress-strain curves
Instrumentation
Plate Hexahedral solid Isotropic linear elastic Titanium alloy, E=110 GPa, p=0.3
Screw Hexahedral solid Isotropic linear elastic Titanium alloy, E=110 GPa, u=0.3

Flexion

Intact model

Fig. 1. Intact and 3-level anterior cervical discectomy and fu-
sion (ACDF) finite element models.

ter graft placement at the 3 levels, a plate (height, 37.5 mm;
width, 17 mm; and thickness, 2 mm) was placed along the an-
terior surfaces from C4 to the C7, and 2 titanium screws were
simulated (Fig. 1).

3. Loading and Boundary Conditions

Both intact and ACDF FEMs of the spine were constrained at
the inferior nodes of the T1 vertebra. Physiological bending
moments (2 Nm) combined with a follower load (75 N) were
applied (Fig. 2)." First, the intact spine was exercised under flex-
ion and extension (sagittal loading) and lateral bending modes,
and the overall range of motion (ROM) was determined under
each loading mode. The next step was to determine the magni-
tude of the bending moments to the 3-level ACDF spine that
matched the ROM obtained above for the intact spine. This was

https://doi.org/10.14245/1ns.2143230.615

3-Level ACDF model

Extension Lateral bending

Fig. 2. Loading modes used in the study.

done by altering the externally applied moment, under each
mode, until the overall column ROM of the spine with the ACDF
matched with the magnitude of the ROM of the intact spine.
This is termed in literature as the hybrid loading protocol, which
is described in the following section.>** The ranges of motion
at the 3 index levels and 2 cranial and caudal adjacent levels
were obtained to characterize the segmental kinematics of the
intact and 3-level ACDF spines. All kinematic data were nor-
malized with respect to the intact spine and expressed as a per-
centage using the following equation.

(Motion with ACDF—Motion for the intact spine)

Normalized motion =
Motion for the intact spine

Where motion represents the ROM in flexion, extension, and
lateral bending, and from C2 to C7 levels.
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4. Use of the Hybrid Loading Protocol

In this study, the hybrid loading protocol was used. It consist-
ed of applying the physiological loading to the intact spine (sim-
ulating a patient’s loading paradigm preop state), extracting the
overall ROM of the column, in this case C2-T1 angulation, and
for the 3-level ADCF spine, determining the equivalent flexion,
extension, and lateral bending moments that resulted in the
same C2-T1 angulations in the 3 modes. Because of the struc-
tural differences between the intact and surgically altered
spines, the moment values that match the intact spine values
will be different; however, determining the segmental motions
that correspond to the equivalent overall motions (of the intact
and ACDF spines) from a patient perspective simulates the po-
stop condition that can be evaluated against the preop condi-
tion. This protocol is widely used in spine finite element analy-

ses and was adopted in this study.>**

5. Validation
The ROM of the intact model was validated under sagittal
bending by comparing the flexion-extension responses from

human cadaver cervical columns that were subjected to
2 Nm of pure moment loading.*" In the cited study, 13 spinal
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B Present study

C4-5 C5-6 C6-7

columns with a mean age of 33 years were subjected to 2 Nm

Lateral bending range of motion (°)

pure moments, and the model-predicted ROM at all segmental
levels for both flexion and extension were within mean +1
standard deviation data from experiments (Fig. 3).

Another human cadaver study was used to validate the pres-
ent intact model under lateral bending.?*** The study used 12
spinal columns with a mean age of 62 years and applied moment
of 2 Nm and follower load of 50 N. As before, the model-pre-
dicted ROM at all segmental levels were within mean +1 stan-
dard deviation data (Fig. 4). Similar data from human cadaver
tests are not available for the 3-level ACDF spines. From this
perspective, it would be necessary to conduct experiments to
further validate the ACDF model. This is a topic for future in-
vestigation.

For validating the model, experimental data were available for
2 loading cases: pure moment at 2 Nm, and combined moment
and force loading of 2 Nm and 50 N. Results from the 3 level
ACDF were based on a greater force of 75 N (instead of 50 N),
while the moment loading remained the same. The effect of
2 Nm + 75 N versus 2 Nm + 50 N loading scenarios, as mea-
sured by the difference in the ROM between the 2 load magni-
tudes across all levels and modes ranged from 3.9% to 5.6%,
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Fig. 5. Bar charts showing the change in motion at each level.
Note that the motions decrease at the 3 index levels.
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Fig. 6. Stress distribution on the plate-screw interface in the
model in flexion. Red areas indicate the greatest von Mises
(VM) stress in the anterior cervical discectomy and fusion
plate and the light blue regions show the least VM stress. The
maximum stress in the plate was 64 MPa.

with a mean of 4.9%. Because of small differences in the model-
ing output, results with 75 N are considered more realistic as it
better simulates muscular forces and accounts for the weight of
the head on the spine.

RESULTS

After C4-7 ACDE the mean reductions in ROM across C4-7
were -79.3% + 2.3% under flexion, -66.2% * 6.4% under exten-
sion, and -53.8% * 20.9% under lateral bending. The maximum
ROM reductions were at C4-5 for flexion and C5-6 for exten-
sion.

Under flexion loading, the mean increase in ROM across
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Fig. 7. Bar charts showing the change in disc pressure at adja-
cent level (50N load).

C2-3 and C3-4 levels were 97.0% + 9.6%, under extension load-
ing it was 84.1% +9.3%, with the maximum increase at the
C2-3 in the former and C3-4 in the later mode. At the caudal
level, C7-T1, under flexion, extension, and lateral bending, the
increase in motion was 73.8%, 64.0%, and 65.2%, respectively.
Under lateral bending the mean decrease in motion across C4-7
was 57.0%+ 3.3% (Fig. 5). Fig. 6 demonstrates the stress distri-
bution on the plate-screw interface in flexion. Red areas indi-
cate the greatest von Mises (VM) stress in the ACDF plate and
the light blue regions show the least VM stress. The maximum
stress in the plate was 64 MPa. disc pressure at C3-4 increased
by over 59%, 74%, and 55% for the flexion, extension, and lat-
eral bending in the 3-level ACDF when compared with intact
spine and a similar trend was observed for C7-T1 (Fig. 7).

DISCUSSION

The objective of the study was to investigate the responses of
the 3-level ACDF from a segmental ROM perspective and com-
pare them to the intact spine under 3 physiological loading con-
ditions: flexion, extension, representing sagittal bending, and
lateral bending. As expected, angulations at the index levels
changes in all modes of loading, with greater decreases in sagit-
tal than coronal loading. As shown in the results section, among
the 3 index levels, under combined sagittal bending moments,
the least rigid segment was at the caudal level (decrease in mo-
tion -71.3%), and the cranial and middle levels had approximate-
ly same levels of decrease in range motion (-76.4% and -77.1%).
In other words, the greatest and least motion reduction occurred
at the middle and caudal levels, C5-6 and C6-7, respectively.
While changes between the 3 levels were small and their clinical
significance is not clearly established, the added mobility at the
caudal segment may delay arthrodesis. Interestingly, this result
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mirrors a recent clinical study by Nichols et al.** where they
found that the middle level had the highest rate of fusion, and
the caudal level had the lowest rate of fusion at 24 months after
3-level ACDE Specifically, the authors analyzed the radiographic
outcome of a group of 77 patients who underwent 3-level ACDF
and used flexion-extension x-rays to assess fusion status at vari-
ous time points. At 6 months after surgery, they found the fu-
sion rates were 17%, 34%, and 4% for the cranial, middle, and
caudal levels, respectively; at 24 months after surgery, they rates
were 61%, 89%, and 28%, respectively. The segmental fusion
pattern observed in their clinical series agrees with the findings
from our current FEM study.

We acknowledge that the longitudinal effects of the patient’s
spine are not fully incorporated in the current finite element ki-
nematic analysis. Despite this being a single cycle study, the
present findings appear to offer support to the theory advanced
by the authors in the cited study: pseudarthrosis occurrence at
the caudal segment.** Additional studies are however, needed to
fully explore the repeated loading paradigm, for which proper-
ties of the components such as the viscoelasticity of the discs
and their degeneration status should be included. Preliminary
data on such properties are available.”>* Furthermore, the pres-
ent model was developed using mapping block morphing tech-
niques,” it should be possible to simulate the actual anatomical
geometry of the patient, include appropriate material properties
via computed tomography and magnetic resonance imaging,
and more accurately determine the cranial, middle, and caudal
level ranges of motions and estimate the rates of arthrodesis in
the future.

At adjacent levels, the cranial segments (C2-3, C3-4) experi-
enced more compensatory increase in segmental motion under
load compared to the caudal level (C7-T1). This suggests that
the added rigidity of the 3-level ACDF induces a nonuniform
shift of the kinematics to the adjacent levels. This finding may
be explained by the proximity to the head mass. The rate of ad-
jacent segment disease will be nonuniform from this perspec-
tive, a phenomenon observed in previous retrospective stud-
ies.”” In addition, Lundine et al.** demonstrated that the cra-
nial adjacent level is more likely to have adjacent level degener-
ation compared to the caudal adjacent level, which is consistent
with the findings suggested by our FEM model.

Because lateral bending is also an important physiological
motion of the cervical spine, the present study investigated the
responses under this loading condition as well. It should be
noted at the outset that the bilateral symmetry of the structure
is lost in this mode as ipsilateral facet column is under a com-
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pressive phase while the contralateral column is under a tensile
phase. Acknowledging the asymmetric modality, the caudal and
middle index levels responded with lesser increase in angulation
than the cranial index level. This implies as greater load on the
ipsilateral column at the middle and cranial levels compared to
the caudal index level. A similar phenomenon also occurred at
the 2 most superior adjacent levels (C2-4) when compared to
the inferior (C7-T1) level. Taken together, the biomechanical
responses of the 3-level ACDF spine are level-specific and mo-
tion-dependent. Our FEM study appears to offer quantitative
explanations and support clinical hypothesis regarding its out-

comes.

CONCLUSION

Biomechanical analysis of C4-7 ACDF construct using a val-
idated cervical spine FEM indicated that C6-7 has the least ro-
bust fixation under physiological loads, potentially predisposing
it to higher rate of pseudarthrosis. The C2-3 and C3-4 have
more compensatory increase in ROM compared to C7-T1, which
may imply that these levels are more prone to develop ASD over
time. These findings can potentially help spine surgeons to pred-
icate the areas with higher risks of postoperative complications
and thus developing corresponding strategies to mitigate these
risks and provide appropriate preoperative counseling to pa-
tients.
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Objective: To evaluate cervical facet joint degeneration using a newly developed classifica-
tion, investigate its prevalence and relationship with cervical degenerative spondylolisthe-
sis, and clarify its clinical significance in patients with degenerative cervical myelopathy
(DCM).

Methods: This study included 145 consecutive patients with DCM who underwent surgical
treatment. Clinical variables and radiological findings were analyzed. A new 6-grade com-
puted tomography (CT) classification for cervical facet joint degeneration was adapted, and
its prevalence was evaluated by categorizing the joints into those at responsible and those at
nonresponsible spinal segmental levels. We evaluated the association between rapidly pro-
gressive myelopathy and the presence of significant facet joint degeneration or spondylolis-
thesis at the responsible segmental level.

Results: Finally, 140 patients with a mean age of 64.1 + 12.8 years were analyzed. The prev-
alence of grade 1, 2, 3, 4, 5A, and 5B classification in all facet joints was 72.0%, 9.5%,
10.9%, 4.3%, 2.9%, and 0.4%, respectively. There was a statistically significant difference
in the distribution of CT grades between the joints at the responsible and nonresponsible
segmental levels (p < 0.001), with a high prevalence of grade 4 or 5B degeneration at the re-
sponsible segmental level, reflecting articular irregularity. There was also a statistically sig-
nificant relationship between rapidly progressive myelopathy and grade 4 or 5B degenera-
tion at the responsible segmental level (p < 0.001), but not between rapidly progressive my-
elopathy and spondylolisthesis (p = 0.255).

Conclusion: This novel CT classification for facet joints deserves additional evaluation in
patients with DCM. Abnormal findings on the articular surfaces might be related to the
progression of myelopathy.

Keywords: Articular, Cervical myelopathy, Degenerative, Computed tomography, Facet
joint, Spondylolisthesis

due to impairment of motor function.! It comprises osteoar-

thritic changes to the spine, which include facet arthropathy,

Degenerative cervical myelopathy (DCM), including cervical ~ spondylosis, disc herniation, ligamentous hypertrophy, calcifi-

spondylotic myelopathy, is a common age-related spinal disor-  cation, and ossification.” These degenerations do not occur in

der. DCM is mostly asymptomatic, but sometimes it becomesa  only one type, but often results from a combination of multiple

symptomatic background pathology and reduces quality of life ~ degenerations, resulting in myelopathy. The degree of degener-
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ation varies in each case, and many cases cannot be clearly sub-
divided in daily clinical practice.

The cervical facet joint is a synovial joint located in the pos-
terolateral spine. Degenerative facet joint pathology is associat-
ed with cervical degenerative spondylolisthesis, which can in-
duce myelopathy.’ However, the evaluation of cervical facet
joints has not received much attention in daily clinical practice,
partly because it is difficult to evaluate them without computed
tomography (CT) and partly because of the diagnostic superi-
ority of magnetic resonance imaging in spinal and spinal cord
diseases. For facet joint degeneration of the lumbar spine, several
CT classifications have been reported for degenerative spondy-
lolisthesis. CT evaluation of cervical facet joints is less debated
and fewer relevant reports,* so it is not clinically significant.

We recently reported a case of DCM with unilateral severe
facet joint degeneration at the responsible spinal segmental lev-
el and rapid neurological deterioration without any trauma or
cervical spondylolisthesis.® Because the relationship between
facet joint degeneration and DCM remains unknown, we con-
ducted a retrospective study to identify the prevalence of facet
joint degeneration using a newly developed CT classification
reflecting articular irregularities in patients with DCM and dis-
cuss its impact on the clinical setting.

MATERIALS AND METHODS

All experiments were conducted following the guidelines of
the Declaration of Helsinki. All research protocols were ap-
proved by the Institutional Review Board of Nara Medical Uni-
versity (approval number: 2241). The need for informed con-
sent was waived.

1. Patient Selection

We retrospectively analyzed consecutive DCM patients who
underwent surgical treatment at our institution between Janu-
ary 2013 and December 2020. Inclusion criteria included the
responsible spinal segment being at the subaxial level between
C2-3 and C6-7 and preoperative CT and radiography of the
cervical spine. Patient who received revision surgery within 12
months was excluded. Clinical data, including responsible seg-
mental level and radiological findings, were gathered retrospec-
tively from medical records, preoperative neurologic examina-
tions, and radiographic images. Regarding the clinical evalua-
tion, the diagnosis of cervical myelopathy was made on the ba-
sis of symptoms first, but also on the magnetic resonance imag-
ing (MRI) findings. The responsible segmental level was defined
as the level of the lesion causing myelopathy and identified in
each case based on the neurologic examinations first, and refer-
ring to the MRI findings if necessary. To study radiological clas-
sification as well as its clinical implications, the clinical course,
especially concerning rapid progression of cervical myelopathy,
was also investigated. Rapid progression of cervical myelopathy
was defined in this study as in previous reports.”® In brief, pa-
tients with rapid DCM progression had difficulty maintaining
a standing posture or walking without support, which corre-
sponded to Nurick grade 4 or 5, within 4 weeks of symptom
onset due to rapidly progressive neurological deterioration. To
assess the clinical impact of facet joint degeneration, the study
population was divided into 2 cohorts: a rapid progression group
and slow progression group, depending on whether or not they
met the definition.

2. CT Assessment of Cervical Facet Joint Degeneration
Preoperative CT of the cervical spine was performed on ad-
mission in each patient. Results were retrospectively reviewed

(B)

Grade 1 Grade 2 Grade 3

Grade 4 Grade 5A Grade 5B

Fig. 1. Newly developed computed tomography classification for cervical facet joint degeneration. (A) Grade 1, normal facet joint
with no degenerative changes. (B) Grade 2, mild degenerative changes with only osteophyte formation. (C) Grade 3, degenera-
tive changes with osteophyte formation including joint space narrowing, microcyst (<2 mm), or joint hypertrophy. (D) Grade 4,
severe degenerative changes, including moderate to large cysts (=2 mm), and articular irregularity. (E) Grade 5A, ankylosing
changes with bony fusion of the facet joint. (F) Grade 5B, facet opening with articular irregularity.
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and assessed. We carefully evaluated all cervical facet joints
from the C2-3 to C6-7 levels on the axial, sagittal, and coronal
sections. In short, 10 facet joints for 5 intervertebral levels were
evaluated separately for each case. We classified them into 6
grades according to the severity of the following degenerative
findings: osteophyte formation, joint hypertrophy, joint space
narrowing, cyst formation, articular irregularity, ankylosing
changes, and facet joint opening with articular irregularity (Fig.
1). In this classification, the final stage of facet degeneration was
defined as “grade 5. There are 2 types of facet degeneration in
the final stage: stabilization due to joint fusion and destabiliza-
tion due to advanced joint destruction as in rheumatoid arthri-
tis. Since there are incompatible and cannot be ordered, “grade
5” was subdivided into 2 categories, 5A and 5B. Assessments
were conducted independently by 2 neurosurgeons; any differ-
ences in assessments were finalized through discussion. To eval-
uate the reproducibility of the CT classification, 2 different ini-
tial assessments by 2 independent neurosurgeons were exam-
ined for concordance.

3. Radiographic Assessment of Cervical Spondylolisthesis

To evaluate cervical spondylolisthesis, all intervertebral spac-
es from C2-3 to C6-7 in each patient were examined using a
preoperative lateral radiogram of the cervical spine in the neu-
tral position. We measured anterior-posterior translation of the
upper vertebral body relative to the lower vertebral body. In this
study, we defined cervical spondylolisthesis as 2 mm or more in
the forward or backward direction.

4. Clinical and Radiological Data Analysis

This clinical study consisted of the 3 evaluations. First, we in-
vestigated the prevalence of cervical facet joint degeneration in
all patients with DCM using the classification mentioned above.
The prevalence of each CT grade at all spinal intervertebral lev-
els was investigated. In addition, we compared the distribution
of CT grades by dividing the joints into those at responsible or
nonresponsible segmental levels to assess the impact of the CT
classification on clinical diagnostic aspects and identify which
type of degeneration is clinically significant in DCM. Second,
we assess the clinical relationship between cervical facet joint
degeneration and spondylolisthesis in patients with DCM. The
patients whose evaluation of the lower cervical vertebra was
impossible due to overlapping shoulders were excluded, and
the assessment of each intervertebral space from C2-3 to C6-7
in the remaining patients were collected and investigated. By
dividing the joints and intervertebral levels into at responsible

https://doi.org/10.14245/ns.2143258.629

and nonresponsible segmental levels, the prevalence of clinical-
ly significant cervical facet degeneration, as evaluated during
the first step, and spondylolisthesis were assessed and com-
pared. We also investigated the relationship between the pres-
ence of significant cervical facet degeneration on either side of
both facet joints and spondylolisthesis at responsible and non-
responsible segmental levels, respectively. Third, we assessed
the clinical impact of these 2 variables at the responsible seg-
mental level on rapidly progressive myelopathy in patients with
DCM. The same patients as in the second assessment were also
involved. After dividing the patients into 2 groups according to
the presence or absence of rapidly progressive myelopathy, we
evaluated the association between rapidly progressive myelopa-
thy and the presence of significant cervical facet degeneration
or spondylolisthesis at the responsible segmental level, separately.

5. Statistical Analysis

All statistical analyses were performed with IBM SPSS Statis-
tics ver. 26.0 (IBM Co., Armonk, NY, USA). Radiological vari-
ables at each spinal levels were compared using the Pearson chi-
square test, and relationships between the radiological variables
were assessed using the McNemar test. The reproducibility of
the CT classification was evaluated using Cohen kappa coeffi-
cient. Data are presented as means + standard deviation (SD).
Statistical significance was defined as p <0.05.

RESULTS

1. Clinical Characteristics

Although 145 patients were enrolled, 140 patients were final-
ly included in this study (Fig. 2). As a result, 700 intervertebral
levels and 1,400 cervical facet joints were assessed. The charac-

145 Consecutive patients with degenerative cervical myelopathy
underwent surgery in our institution from Jan. 2013 to Dec. 2020

1 Patient was excluded, due to revision surgery
within 12 months

4 Patients were excluded, because of the responsible
segmental level at C7-Th1

140 Patients were finally included in this study

| 140 Patients were analyzed for the prevalence study |

—){ 9 Patients were excluded, due to overlapping shoulders on radiogram |

| 131 Patients were analyzed for the clinical relationship study |

Fig. 2. Flow chart showing the patient selection process.
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teristics of the study population are presented in Table 1. There
were 93 men and 47 women aged 38-93 years (mean + SD, 64.1

Table 1. Clinical characteristics of the study participants (n=140)

Characteristic
Age (yr) 64.1+12.8
Male sex 93 (66.4)
Disease
Cervical canal stenosis 84 (60.0)
Ossification of the posterior longitudinal ligament 31 (22.1)
Cervical disc herniation 25(17.9)
Comorbid disorder
Hypertension 54 (38.6)
Diabetes 31(22.1)
Current smoking 52 (37.1)
Responsible Spinal Segmental level
C2/3 3(2.1)
C3/4 29 (20.7)
c4/5 49 (35.0)
C5/6 52(37.1)
Co/7 7 (5.0)
JOA score for cervical myelopathy
Before surgery 11.7+2.8
At 1 year follow-up 142+23

Values are expressed as mean + standard deviation or the number of
patients (%).
JOA, Japanese Orthopaedic Association.

1,200 - m All segmental levels
1,000
800
600

400

No. of facet joints (%)

200

0

Grade 1

Grade2 Grade3 Grade4 Grade5A Grade5B o

+ 12.8 years). Most patients had cervical canal stenosis (60.0%),
followed by ossification of posterior longitudinal ligament (22.1%)
and cervical disc herniation (17.9%). The most common re-
sponsible segmental level was C5-6 (37.1%), followed by C4-5
(35.0%). C2-3 was the least common (2.1%).

2. Prevalence of Cervical Facet Joint Degeneration

The overall prevalence of cervical facet degeneration is shown
in Fig. 3A. In the all facet joint survey, the prevalence of grade 1,
grade 2, grade 3, grade 4, grade 5A, and grade 5B degeneration
was 72.0%, 9.5%, 10.9%, 4.3%, 2.9%, and 0.4%, respectively.
The Kappa coefficient was 0.822 for the first diagnosis by 2 in-
dependent neurosurgeons, which suggested almost complete
agreement in the 6-grade CT classification. The grade concor-
dance of a pair of facets at each intervertebral level was 488 out
of 700 intervertebral levels (69.7%). Notably, after classifying
degeneration by responsible versus nonresponsible segmental
level, there was a statistically significant difference between the
2 distributions (p < 0.001), with grade 4 and grade 5B degenera-
tion being more prevalent at the responsible segmental level
and grade 5A degeneration being more prevalent at nonrespon-
sible levels (Fig. 3B). Grades 4 and 5B degeneration, which re-
flect articular irregularities considered destructive facet joint
degeneration, were grouped in further analyses.

3. Relationship Between Cervical Facet Joint Degeneration
and Spondylolisthesis

Evaluation of cervical spondylolisthesis was possible in 131

80 B Nonresponsible levels

70 H M Responsible level

60 p<0.001
50
40
30

20

Prevalence of facet joints (%)

10

0

Grade 1

Grade2 Grade3 Grade4 Grade5A Grade5B e

Fig. 3. Prevalence of cervical facet joint degeneration by grade. (A) Prevalence of cervical facet joint degeneration. (B) Prevalence
of cervical facet joint degeneration at responsible and nonresponsible segmental levels. There was a statistically significant differ-
ence between the 2 distributions (p <0.001), with grade 4 or 5B degeneration being more prevalent at the responsible segmental
level and grade 5A being more prevalent at nonresponsible levels. Grade 1, normal facet joint with no degenerative changes. Grade
2, mild degenerative changes with only osteophyte formation. Grade 3, degenerative changes with osteophyte formation includ-
ing joint space narrowing, microcyst (<2 mm), or joint hypertrophy. Grade 4, severe degenerative changes including moderate
to large cysts (=2 mm), and articular irregularity. Grade 5A, ankylosing changes with bony fusion of the facet joint. Grade 5B,

facet opening with articular irregularity.
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cases, because 9 patients were excluded for whom evaluation of
the C6-7 vertebrae was impossible due to overlapping shoul-
ders. Therefore, the following analysis was performed on 655
vertebrae. Spondylolisthesis of 2 mm or more was observed in
84 vertebrae (12.8%). Of the 131 patients with cervical myelop-
athy, 27 patients (20.6%) had rapid neurological deterioration
before surgery. Therefore, 27 patients were classified into the
rapid progression group and the remaining 104 patients into
the slow progression group.

Grade 4 or 5B degeneration on either side of the cervical fac-
et joints and spondylolisthesis were each observed with relative-
ly high frequency at the responsible segmental level compared
with nonresponsible levels. The prevalence of grade 4 or 5B de-
generation in facet joints at the responsible level was 22.1% (29
out of 131 intervertebral levels), which was higher than 5.7%
(30 out of 524 levels) at nonresponsible levels (p<0.001). The
prevalence of cervical spondylolisthesis at the responsible level
was 28.2% (37 out of 131 levels), which was also higher than
8.6% (45 out of 524 levels) at nonresponsible levels (p <0.001)
(Fig. 4, Table 2).

Although there were similar trends for cervical facet joint de-
generation and spondylolisthesis, there was no association be-
tween these 2 variables. There were no statistically significant
differences between the presence of grade 4 or 5B degeneration

3517 p<oo01 p<0.001

30 B Nonresponsible levels
= (n=524 levels)
= | B Responsible level
8 25 (n=131 levels)
=
5 20
=
N
S)
g 15
=
2
<
§ 10 [
o~

5t

0
Grade 4 & 5B on either side  Spondylolisthesis

Fig. 4. Prevalence of significant cervical facet degeneration
and spondylolisthesis. The prevalence of grade 4 or 5B degen-
eration on either side of the facet joints at the responsible seg-
mental level was 22.1%, which was higher than 5.7% at non-
responsible levels (p <0.001). The prevalence of cervical spon-
dylolisthesis at the responsible segmental level was 28.2%, higher
than 8.6% at nonresponsible levels (p <0.001). Grade 4, severe
degenerative changes including moderate to large cysts (=2
mm), and articular irregularity. Grade 5B, facet opening with
articular irregularity.
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on either side of both facet joints and the presence of spondylo-
listhesis at nonresponsible segmental levels (p = 0.142) (Table 3)
or at the responsible level (p=0.322) (Table 4).

Table 2. Cervical facet degeneration with articular irregularity
and spondylolisthesis at each of the spinal levels

Nonre-  Re- )

Grade 4 & 5B degeneration on

either side of the facet joints

+) 30 29 59 -

() 494 102 596 -

Total 524 131 655 <0.001
Cervical spondylolisthesis (= 2.0 mm)

(+) 45 37 82 .

) 479 9 573 .

Total 524 131 655 <0.001

Pearson chi-square test.

Table 3. Relationship between cervical facet degenerations
with articular irregularity and spondylolisthesis at the nonre-
sponsible segmental level

Cervical spondylolis-

thesis (2.0 mm)  Total
value'
+) ©)
Grade 4 & 5B degeneration on either
side of the facet joints
) 3 27 30 -
) 40 454 494 -
Total 43 481 524  0.142

"McNemar test.

Table 4. Relationship between cervical facet degenerations
with articular irregularity and spondylolisthesis at the respon-
sible segmental level

Cervical spondylolis-
thesis (22.0mm)  Total £~
value'
(+) )
Grade 4 & 5B degeneration on either
side of the facet joints
(+) 8 21 29 -
() 29 73 102 -
Total 37 94 131 0.322

McNemar test.
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Prevalence at the responsible level (%)

Grade 4 & 5B on either side  Spondylolisthesis

Fig. 5. Impact of cervical facet degeneration and spondylolis-
thesis on preoperative rapidly progressive myelopathy. The
prevalence of grade 4 or 5B degeneration on either side of the
facet joints at the responsible segmental level was significantly
higher in the rapid progression group than in the slow pro-
gression group (p<0.001). On the other hand, there were no
statistically significant differences in the prevalence of cervi-
cal spondylolisthesis at the responsible level between the 2
groups (p=0.195). Grade 4, severe degenerative changes in-
cluding moderate to large cysts (=2 mm), and articular irreg-
ularity. Grade 5B, facet opening with articular irregularity.

4. Clinical Impact of Facet Joint Degeneration and Cervical

Spondylolisthesis

In the investigation of the clinical impact of facet joint degen-
eration and cervical spondylolisthesis in patients with DCM,
the prevalence of grade 4 or 5B degeneration on either side of
the facet joint at the responsible segmental level was higher in
the rapid progression group compared to the slow progression
group (p <0.001). On the other hand, the prevalence of cervical
spondylolisthesis at the responsible segmental level was higher
in both the rapid and slow progression group, resulting in no
statistical difference between the rapid and slow progression
groups (Fig. 5) (p=0.255).

DISCUSSION

The present study investigated clinical significance of facet
joint degeneration in patients with DCM, by comparing the
joints at responsible versus nonresponsible segmental levels.
This is the first detailed comparative study of the association
between facet joint degeneration and spondylolisthesis in DCM.
The newly developed CT classification reflecting articular ir-
regularity had few intraexaminer differences, and facet joint
degeneration with articular irregularity and spondylolisthesis
were more prevalent at the responsible segmental level. More-
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over, this study showed that facet joint degeneration with artic-
ular irregularity at the responsible segmental level is signifi-
cantly associated with rapid progression of myelopathy than
slow progression of myelopathy. Although both articular irreg-
ularity and spondylolisthesis were significantly more prevalent
at the responsible than the nonresponsible segmental levels, no
such trend was observed in spondylolisthesis. We were able to
clarify the clinical significance of facet joint degeneration; the
impact of articular irregularity at a responsible segmental level
was particularly significant in the rapid progression of DCM.

1. Evaluation of Cervical Facet Joint Degeneration

Age-related degeneration of the spine causes decreased mo-
bility; stabilization, and bony fusion. In contrast, it can also cause
increased local mobility and pathological conditions with inter-
vertebral instability. Because the facet joints, a component of
the cervical spine, play a role in static and gliding cervical mo-
tion and facilitate cervical spine mobility,’ they are also highly
susceptible to degenerative changes.'® With increasing age, the
facet joints have thinner articular cartilage and more lax capsu-
lar ligaments; there is also bone erosion." Capsular ligament
stiffness affects segmental mobility and spatial positioning of
the vertebra. The sagittal angle of the facet joint influences the
distribution of disc pressure. These effects may result in a vi-
cious cycle of cervical spine degeneration and instability."> In
addition, the cumulative effect of micro-injury can initiate or
accelerate cervical degeneration. Significant Modic changes are
a predisposing factor for facet degeneration.”

Facet joint degeneration of the spine also occurs not only with
osteoarthritic bony changes but also with articular surface de-
generation."" CT is more reliable than radiography or MRI in
detecting facet arthrosis.'*"* Therefore, we subdivided facet
joint degeneration into 6 grades by including articular surface
changes and intervertebral space opening in a new approach.
Moreover, because cervical spondylosis is associated with a
high incidence of asymptomatic lesions," we included assess-
ment of responsible versus nonresponsible segmental level in
this study. We found for the first time that articular irregularity
of the facet joints is involved in the development of myelopathy,
which might indicate that motion stress concentration is occur-
ring locally.

2. Prevalence of Facet Joint Degeneration
There have been several attempts to classify cervical facet joint
degeneration and determine its prevalence.*'* The prevalence

of facet joint degeneration varied widely in previous reports.
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Park et al." evaluated the facet joints of patients who underwent
CT for cervical spine-related symptoms such as neck pain, pain
radiating to the arm, or difficulty walking. They found that 8.63%
of all the facet joints had some kind of degeneration, including
0.5% of degeneration with bony fusion. Kim et al.* investigated
the facet joints in patients with non-spinal pathology. They found
that 33% had facet joints with degenerative changes. Although
it is difficult to discuss prevalence consistently because these
studies had patients with different backgrounds and used their
own CT classifications, they indicate a certain amount of as-
ymptomatic facet degeneration. In the present study, some kind
of degeneration occurred in 27.9% of the facet joints at nonre-
sponsible segmental levels that were considered clinically silent.
Because of the large number of these asymptomatic lesions, it is
difficult to associate facet joint degeneration alone with the patho-
genesis of DCM.

There has been a report on the prevalence of cervical facet
joint degeneration based on a 4-grade CT classification of facet
joint degeneration in the cervical spine: grade I, normal; grade
11, degenerative changes including joint space narrowing, cyst
formation, and small osteophytes without joint hypertrophy;
grade I1I, joint hypertrophy; grade IV, bony fusion of the joint."*
Although this study was innovative in that it focused on the
facet joints, it was difficult to evaluate the clinical significance
of facet joint degeneration because facet joint degeneration was
classified into only 2 categories, except for the evaluation of
“normal” and “bony fusion”” It was also difficult to detect the
various changes related to facet degeneration based on only the
2 categories. In contrast, we classified joints into 6 grades in the
present study. With our new classification, we found that 28.0%
of facet joints had some type of degeneration, 2.9% had bony
fusion (grade 5A), and 4.7% had articular irregularity (grade 4
or 5B). The presence of articular irregularity was more preva-
lent at the responsible segmental level than at nonresponsible
levels, and the presence of bony fusion was conversely more
prevalent at nonresponsible levels. In particular, the inclusion
of articular irregularity in the classification provided a more
detailed and clinically realistic assessment of facet joint degen-
eration.

We also investigated differences among evaluators, since sub-
division of CT grades may cause differences in classification. In
this newly proposed CT classification, the investigation of in-
traexaminer differences showed almost perfect agreement, de-
spite a significant difference in the number of years of clinical
experience between examiners. Therefore, this classification is
a useful tool in daily clinical practice for evaluating the degree of

https://doi.org/10.14245/ns.2143258.629

facet joint degeneration in a comprehensive and effective man-
ner.

3. Relationship Between Degeneration of Facet Joints and

Degeneration of Other Structures

Previous studies evaluated the relationship between degener-
ation of facet joints and degeneration of other structures in the
cervical spine. One study focused on degeneration of the verte-
bral disc, which is not associated with facet joint degeneration.
Lee et al.'® showed that facet joint degeneration depends on un-
coveretebral joint degeneration and Modic change on MRI, but
not disc or endplate degeneration, spinal stenosis, or ossifica-
tion of the posterior longitudinal ligament. Moreover, there were
no significant differences in disc height, segmental angle (SA),
or SA range of motion based on the presence or absence of fac-
et joint degeneration. Thus, advanced disc degeneration does
not necessarily mean advanced facet joint degeneration. These
results also suggest the need for the assessment of facet joint de-
generation independent of the assessment of cervical disc de-
generation.

On the other hand, cervical spondylolisthesis can be caused
by severe facet degeneration.'® Progressive loss of cartilage and
articular remodeling as part of osteoarthritis can cause sublux-
ation of the facet joint." Therefore, facet joint degeneration can
make a vertebral segment unstable and result in degenerative

2,17,18

spondylolisthesis, resulting in symptomatic DCM. There-
fore, these 2 factors, facet joint degeneration and spondylolis-
thesis, seem to be interrelated and can together lead to the on-
set of DCM. However, we reported a case of rapidly progressive
DCM induced by severe unilateral facet joint degeneration with-
out any trauma or cervical spondylolisthesis.® This case showed
that the 2 factors are not necessarily interrelated concerning the
onset of DCM, as indicated in the current study. The prevalence
of grade 4 or 5B degeneration, suggesting destructive changes
in the facet joint, was significantly higher at the responsible lev-
el than at nonresponsible levels. There was also no relationship
between the presence of grade 5 or 5B facet degeneration and
spondylolisthesis at either the responsible level or nonresponsi-
ble levels. These results suggest that articular irregularity, a form
of facet joint degeneration, and the occurrence of cervical spon-
dylolisthesis are not related to the onset of DCM, but that they

may be independent factors in the development of myelopathy.
4. Clinical Impact of Facet Joint Degeneration
The clinical impact of cervical facet joint degeneration on

myelopathy has not been well debated, but there are few rele-
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vant studies. Even in these studies, the clinical impact has not
been sufficiently examined because the studies included evalu-
ation of images from a wide range of patients, such as patients

without symptoms or neck pain only,*"*

categorized patients
into only 2 groups (presence or absence of facet joint abnormali-
ties),"” evaluated only facet joint tropism,* focused on evaluat-
ing the reproducibility of the scoring system for facet degenera-
tion,?" or included evaluations of other characteristics such as
intervertebral height loss, anterior osteophytes, and endplate
sclerosis.” Therefore, it would be very meaningful to develop a
clinically relevant and appropriate method to evaluate facet joint
degeneration. The current study investigated the clinical impli-
cations of a novel classification system.

DCM occurs due to the interrelated involvement of many fac-
tors.>**>* As cervical facet joint degeneration progresses, spon-
dylolisthesis will occur, but if there is already spinal canal ste-
nosis related to factors such as osteophytes, disc protrusion, or
ligamentous hypertrophy, cervical myelopathy might occur be-
fore spondylolisthesis. In the present study, the prevalence of
grade 4 or 5B degeneration at the responsible segmental level
was significantly higher in the rapid progression group than in
the slow progression group, but the prevalence of cervical spon-
dylolisthesis was not similar. This fact may inform us about the
nature of the pathology. The cervical spine contains multiple
joints and is highly susceptible to movement, but cervical de-
generation does not occur uniformly. As a result of stress distri-
bution, there may be a concentration of motion stress in one
area, as in the case of adjacent segmental disease after fusion
surgery. The articular irregularity indicates that excessive strain
has been placed on the articular surfaces. Therefore, it is specu-
lated that articular irregularity at the responsible segmental lev-
el may be a change that could reveal motion stress concentra-
tion. It is also speculated that if spinal cord compression is pres-
ent in the background, this motion stress concentration may
cause the rapid progression of cervical myelopathy. Further re-

search is warranted in this respect.

5. Limitations

This study has several limitations. First, it used a retrospec-
tive design with a small number of patients. Second, it is uncer-
tain whether the responsible segmental level was correctly iden-
tified in all patients. Third, the evaluation of cervical spondylo-
listhesis was not sufficient because there is no consensus on the
definition of dynamic instability, which was not assessed in this
study. Considering cervical spondylolisthesis, this study com-
pared it only with articular irregularity of facet joints. It is spec-
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ulated that patients who present with cervical spondylolisthesis
at the responsible segmental level often have a low grade of fac-
et degeneration. In addition, the spondylolisthesis in this study
includes both forward and backward spondylolisthesis. Further
studies are required on this point. Fourth, there is a pair of facet
joints at each intervertebral height, and they do not always have
the same degree of degeneration. If the contralateral facet joint
was classified differently, it could have reduced the proportion
of joints with grade 4 or 5B degeneration despite the presence
of articular irregularity, which can underestimate the impact of
facet joint degeneration with articular irregularity. Therefore,
the clinical effect of grade 4 or 5B degeneration might be more
significant. Despite these limitations, this study demonstrated
the importance and clinical usefulness of evaluating cervical
facet joint degeneration in patients with DCM.

CONCLUSION

This study was the first to focus on the potential importance
of facet joint degenerative pathology and demonstrate the use-
fulness and reliability of a newly created CT classification of
cervical facet joint degeneration in patients with DCM. The
novel CT classification had few intraexaminer differences and
deserves additional evaluation, suggesting that abnormal find-
ings on articular surfaces might be related to the progression of
myelopathy.
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Objective: To evaluate which radiologic parameters affect clinical outcomes in patients un-
derwent posterior C1-2 fusion for atlantoaxial dislocation.

Methods: From January 2014 to December 2017, among 98 patients underwent C1-2 pos-
terior fusion, patients with previous cervical surgery or extending to subaxial spine or basi-
lar invagination were excluded. Finally, 38 patients were included. O-C2, C1-2, C1-C7,
C2-C7 cobb angle (CA), T1 slope, C1-7, C2-7 sagittal vertical axis (SVA), and posterior
atlantodental interval (PADI) were measured at preoperative and postoperative 1 year. The
difference between postoperative and preoperative values for each parameter was designat-
ed as Avalue. Postoperative subaxial kyphosis (PSK) was defined to decrease > 10° at sub-
axial spine. Visual analogue scale (VAS), Japanese Orthopedic Association (JOA) score,
Neck Disability Index (NDI) were used to evaluate clinical outcomes.

Results: Mean age was 54.4 + 15.9. Male to female was 14 to 24. Of radiologic parameters,
C1-7 SVA and PADI were significantly changed from 26.4 £ 12.9 mm, 17.1+ 3.3 mm to
22.6+13.0 mm, 21.6 +3.4 mm. AC1-2 CA was correlated with AC1-7 CA and AC2-7
SVA. APADI correlates with AO-C2 CA. VAS correlates with AC1-7 CA (p =0.03). JOA
score also correlates with AC2-7 SVA (p =0.02). NDI was associated with APADI (p <
0.01). The incidence of PSK was 23.7%, and not significant with clinical outcomes.
Conclusion: AC1-2 CA was correlated with AC1C7 CA, AC2-7 SVA. AC1-7 CA, AC2-7
SVA, and APADI were the key radiologic parameters to influence clinical outcomes. Post-
operative C1-2 angle should be carefully determined as a factor affecting clinical outcomes
and cervical sagittal alignment.

Keywords: Atlantoaxial dislocation, Correlation, Cobb angle, Posterior C1-2 fusion, Sub-
axial kyphosis, Sagittal vertical axis

fective treatment for AAD."'> As Ham’s technique emerged,

cervical polyaxial screw and rod fixation system is widely used

Atlantoaxial dislocation (AAD) can cause severe neurologic
deficit which make patients disabled or neck pain results from
kyphosis at upper cervical spine."® Pathologies of AAD were
various such as trauma, inflammation, congenital anormaly,
and iatrogenic causes.''® The treatment of AAD has always
been a major concern for spine surgeon. Since transarticular
screw fixation and interlamina fusion was introduced by Mer-
gel and Brook, posterior C1-2 fusion has been known as an ef-
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because of its simplicity of the technique and low risk of verte-
bral artery injury.”

As these surgical techniques have been popularized, some
surgeons gradually interested in postoperative changes in cervi-
cal sagittal balance.""* C1-2 fusion led to reciprocal changes in
subaxial spine according to its angle, and it is considered to be
6

an important factor for sagittal alignment in subaxial spine.'
Moreover, some studies stated that these surgical techniques are
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associated with complex cervical deformities such as postoper-
ative regional kyphosis, postoperative subaxial kyphosis (PSK),
or hyperlordosis."”"®

Previous studies focused on evaluating the relationship be-
tween postoperative C1-2 angle and subaxial sagittal align-
ment, but there were a few studies stated that the association
between postoperative radiologic parameters related with sagit-
tal balance and clinical outcomes.'** In our study, we analyzed
the correlation between radiologic parameters in cervical spine
before and after posterior C1-2 fusion. Furthermore, we inves-
tigated how these changes in radiologic parameters affect clini-

cal outcomes in patients treated posterior C1-2 fusion.

MATERIALS AND METHODS

1. Patient Selection

A retrospective analysis of medical records and radiologic
data was performed on patients that had undergone posterior
atlantoaxial fusion for AAD at a single center from January
2014 to June 2017. This study was approved by the Institutional
Review Board of Catholic Medical Center (OC21RISI0008).
Ninety-eight patients treated by posterior C1-2 fusion during
this period. Patients had previous cervical surgery history or
concomitant with basilar invagination were excluded. In addi-
tion, patients needed additional fusion extension to occipital or
subaxial spine were also excluded. Finally, 38 patients were in-
cluded in the study.

2. Surgical Techniques

The patient was placed in prone position with Mayfield head
fixator under general anesthesia. The surgeon reduced C1-2
dislocation as much as possible by adjusting patient’s head by
flexion or extension while pulling out the Mayfield head fixator.
C1-2 reduction was confirmed under the C-arm fluoroscopy.
When we cannot achieve acceptable reduction by adjusting pa-
tients’ position, we usually released C1-2 facet joint in order to
reduce dislocation additionally by removing the capsule sur-
rounded it during surgery. C2 roots were preserved by protect-
ing root retractor during the releasing of C1-2 facet. All proce-
dures were performed under intraoperative monitoring (IOM).
Vascular anomalies were evaluated preoperatively to avoid neu-
rovascular injury. Atlantoaxial fixation was accomplished using
a variety of surgical constructs combined with C1 lateral mass
to C2 pedicle screw, C2 pars screw; or to C2 laminar screw fixa-
tion. We controlled C1-2 angle by compressing or distracting
the interspace between 2 polyaxial screws along the rods. Auto-

https://doi.org/10.14245/ns.2143312.656

graft bone harvested from the posterior superior iliac spine was
inserted to the interlaminar space of C1-2 to enhance the fu-
sion. Modified brook’s Wiring technique between C1 and C2
lamina was performed to fix the autograft bone and obtain ad-
ditional biomechanical strength."" Finally, fluoroscopy was used
to confirm the reduction and lordotic angle of C1-2 (Fig. 1).

3. Radiologic Parameters

Two neurosurgeons (JTH and JHP) measured all radiologic
parameters on cervical standard lateral radiographs using IN-
FINIT PACS (INFINIT Healthcare, Seoul, Korea) using an
electrical caliper on 2 occasions. The 4 sets of radiologic pa-
rameters measured were then averaged for statistical analysis.
Lateral radiographs were obtained in the neutral head position.
A standard distance of 1.8 m was maintained between the tube
and patients. The following parameters were measured on ra-
diograph before surgery and at 1 year after surgery.

o C2 cobb angle (CA): The angle between the line connecting
McGregor line and the inferior endplate of C2 (Fig. 2A).

o C1-2 cobb angle (CA): The angle between the line connect-
ing the middle point of the anterior and posterior arch of
C1 and the inferior endplate of C2 (Fig. 2A).

« C1-7 cobb angle (CA): The angle between the line connect-
ing the middle point of the anterior and posterior arch of
C1 and the inferior endplate of C7 (Fig. 2 A).

o C2-7 cobb angle (CA): The angle between the inferior end-
plate of C2 and C7 (Fig. 2A).

« T1 slope: The angle between horizontal line and the T1 su-
perior endplate. (Fig. 2A).

o C1-7 sagittal vertical axis (SVA): The distance between the
plumb line from the anterior margin of C1 and posterior
superior corner of C7 (Fig. 2B).

o C2-7 sagittal vertical axis (SVA): The distance between the
plumb line from the center of C2 and the posterior superior
corner of C7 (Fig. 2B).

« Posterior atlantodental interval (PADI): The distance be-
tween the line connecting the middle point of the anterior
and posterior arch of C1 and the dens of C2 (Fig. 2B).

The difference between preoperative and postoperative val-

ues for each parameter was designated as the Avalue.

PSK was defined as the postoperative change of >10° at

C2-7 CA.

4. Clinical Outcomes
Clinical outcomes were assessed using visual analogue scale

(VAS) for neck pain, Neck Disability Index (NDI)*' and Japa-
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AL\

Fig. 1. Radiologic and surgical figures of the patient treated by C1 lateral mass—C2 pars and lamina screw construct wiring inter-
lamina with autograft bone. Preoperative lateral (A) and postoperative lateral (B) and anteroposterior (C) radiographs. (D) Mid-
sagittal image of computed tomography after surgery. (E) Intraoperative figure represents wiring interlamina (black arrow) with

an autograft bone (white arrow).

nese Orthopedic Association (JOA) scores™ at preoperative and
postoperative one year. Improvements in VAS and NDI scores
were also expressed as the difference between postoperative and
preoperative values. The Avalue was used for the difference be-
tween postoperative and preoperative values for each parameter.

5. Statistical Analysis

The Student t-test, the paired t-test, and Mann-Whitney U-
test were used to analyze continuous and ordinal variables, as
appropriate. Correlation test and a linear logistic regression
model were used to evaluate the natures of correlations be-
tween the radiologic parameters and clinical outcome. p-values
of <0.05 (2-tailed) were considered statistically significant, and
IBM SPSS Statistics ver. 20.0 (IBM Co., Armonk, NY, USA) was
used for the statistical analysis. The intra-inter reliabilities of ra-

diologic parameters were calculated. Intraclass correlation coef-
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ficient values were rated as follows: 0 to 0.2 slight agreement,
0.21 to 0.4 fair agreement, 0.41 to 0.6 moderate agreement, 0.61
to 0.8 substantial agreement, and 0.81 to 1.0 excellent agree-
ment.

RESULTS

Clinical information is summarized in Table 1. There were 14
males and 24 females of mean age 54.4+ 15.9 years and mean
body mass index 23.3+3.6 kg/m*. Mean height and weight
were 1.6+0.1 m and 59.6+10.8 kg. Twenty patients (52.6%)
had rheumatoid arthritis (RA), 11 (29%) had a congenital
anomaly, and 7 (18.4%) had degenerative spondylosis as pa-
thologies for AAD. Fourteen patients were fixed with C1 lateral
mass —C2 pedicle screw construct, 4 with C1 lateral mass -C2
hybrid construct, and 20 with C1 lateral mass —~C2 pars con-
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Fig. 2. Radiologic parameters on a cervical lateral plain radiograph in patient with atlantoaxial dislocation. (A) O-C2, C1-2,
C1-7, C2-7, T1 slope are measured between the lines on cervical lateral plain radiograph. (B) C1-7 (blue line), C2-C7 sagittal
vertical axis (SVA; green line), and posterior atlantodental interval (PADI; red line) are measured on cervical lateral plain radio-

graph. CA, cobb angle.

Table 1. Clinical information of the 38 patients with atlanto-

axial dislocation

Table 2. Comparison of preoperative and postoperative ra-
diologic parameters

Characteristic Value
Sex

Male 14 (36.8)

Female 24 (63.2)
Age (yr) 54.4%159
Body mass index (kg/m?) 233+£3.6
Height (m) 1.6+0.1
Weight (kg) 59.6+10.8
Pathology (%)

Spondylosis 7 (18.4)

Rheumatoid arthritis 20 (52.6)

Congenital anomaly 11 (29)
C1-2 constructs (%)

Lateral mass-pedicle screws 14 (36.8)

Lateral mass-hybrid screws 4(10.5)

Lateral mass-pars screws 20 (52.6)
Reducibility

Irreducible AAD 2(5.3)

Reducible AAD 36 (94.7)
Decompression

Direct 2(5.3)

Indirect 36 (94.7)

Values are presented as number (%) or mean + standard deviation.
Hybrid screws, C2 pedicle—pars or translaminar screws; AAD, atlan-

toaxial dislocation.
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et Preoperative  Postoperative p-value
measurement
O-C2CA (") 11.3£8.6 12.8£6.9 0.175
C1-2CA (") 18+11.2 19.5£6.2 0.402
C1-7CA (") 35+11.1 33.4+10.6 0.471
C2-7CA (") 16.9+10.3 14.0+£10.2 0.087
T1 slope (°) 19.9+8.7 19.2+7.2 0.523
C1-7 SVA (mm) 26.4+12.9 22.6+13 0.032*
C2-7 SVA (mm) 11.8+12.1 14.4+10.6 0.141
PADI (mm) 17.1£3.3 21.6+34 <0.001*

CA, cobb angle; SVA, sagittal vertical axis; PADI, posterior atlanto-
axial interval.
*p<0.05, statistical significance.

struct. Two patients were irreducible AAD, then we performed
to release of C1-2 facet joint during surgery. There were no pa-
tients need anterior approaches for additional decompression.
Thirty-six patients were reducible AAD and obtained sufficient
reduction of C1-2 dislocation by pushing down the spinous of
C2 during connecting the rod. Two patients needed C1 lami-
nectomy for decompression, we usually inserted autograft bone
chip into released C1-2 facet joint for using fusion-bed. The re-
maining 36 patients, only indirect decompression obtained the
reduction of atlantoaxial joint was enough.
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Table 3. Reciprocal relationship of the difference between preoperative and postoperative radiologic measurements

R?jei::iz%ie;lents AO-C2CA  AC1-2CA  ACI-7CA  AC2-7CA  ATlslope ACI-7SVA AC2-7SVA  APADI
AO-C2 CA 1.000 0.561* 0.128 -0.403* -0.102 0.065 0.225 0.561*
AC1-2 CA 0.561* 1.000 0.624* -0.225 0.058 0.241 0.384* 0.001
AC1-7 CA 0.128 0.624* 1.000 0.621* 0.357* -0.239 -0.141 -0.203
AC2-7 CA -0.403* 0.225 0.621* 1.000 0.387+ -0.540* -0.561* 0.253
AT1 slope 0.102 0.058 0357+ 0.387* 1.000 0.171 0.197 -0.069
AC1-7 SVA 0.065 0.241 -0.239 -0.540% 0.171 1.000 0.953* 0.054
AC2-7 SVA 0.225 0.384* -0.141 -0.561* 0.197 0.953* 1.000 0.099
APADI 0.561* 0.001 -0.203 10253 -0.069 0.054 0.099 1.000

CA, cobb angle; SVA, sagittal vertical axis; PADI, posterior atlantodental interval.

*p <0.05, statistical significance.

1. Radiologic Parameters

Radiologic parameters obtained at preoperative and postop-
erative are summarized in Table 2. The difference between pre-
operative and postoperative each CA except C1-7 SVA and
PADI was not significant because the values of each CA in
some patients were counteracted for each other when analyzing
all of the values together. This feature may contribute to small
difference between preoperative and postoperative each CA,
and it was not significant. T1 slope seemed unchanged statisti-
cally at postoperative for the same reason. C1-7 SVA showed a
tendency to decrease from 26.4+12.9 to 22.6+ 13 at postopera-
tive (p=0.03). C2-7 SVA showed slight increase at postopera-
tive, but it was not significant. PADI dramatically increased
about 4.5 mm comparing to preoperative value (p <0.01). The
intra- and intercorrelations of radiologic parameters were 0.94
and 0.88, respectively. Measurements of radiologic parameters
showed excellent degree of agreement.

Correlations between radiologic parameters are presented in
Table 3. AO-C2 CA correlated positively with AC1-2 CA and
APADI, and negatively with AC2-7 CA. AC1-2 CA correlated
positively with AC1-7 CA and AC2-7 SVA. AC1-7 CA corre-
lated positively with AC2-7 CA and AT1 slope. AC2-7 CA cor-
related positively with AT1 slope and negatively with AC1-7
SVA and AC2-7 SVA. AC1-7 SVA correlated positively with
AC2-7 SVA.

2. Clinical Outcomes

VAS, NDI, and JOA score improved significantly at postopera-
tive. Mean VAS decreased from 5.1+2.9 to 1.7+ 1.6 (p<0.01).
Mean JOA scores increase from 13.2+2.7 to 15.3+2.6 (p=0.02).
Mean NDI decreased form 22.2+11.0 to 6.7+5.8 (p<0.01).
However, 3 patients deteriorated neck pain at postoperative.
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One patient suffered severe neck pain at VAS 9. The patient
showed that reciprocal kyphotic change from 34° to 1.5° in sub-
axial spine after surgery. The other presented neck pain at VAS
4. The patient represented slight change of AC2-7 CA from
32.5° to 34.4°, but we failed to make lordotic C1-2 angle (from
4.5° to 4.8°) intraoperatively. Another complained neck pain
VAS 5. The patient also showed that reciprocal kyphotic change
from 10.9° to 2.2° in subaxial spine even though we made ky-
photic C1-2 angle from 22.2° to 13.1°. This patient complained
neck pain and developed subaxial kyphosis although we tried
to underreduce C1-2 angle.

3. Relationship Between Radiologic Parameters and

Clinical Outcomes

VAS, NDI, JOA score were associated with several radiologic
parameters. A VAS correlated with AC1-7 CA, AT1S negatively
(r=-0.357, p=0.03, r=-0.341, p=0.04). ANDI correlated with
APADI negatively (r=-0.499, p=0.01). AJOA score correlated
with AC2-7 SVA positively (r=0.354, p=0.03). In linear logis-
tic regression, AC1-7 CA represented negatively linear correla-
tion with AVAS, APADI also showed negatively linear correla-
tion with ANDI, AC2-7 SVA represented positively linear cor-
relation with AJOA score, respectively (Fig. 3).

The incidence of PSK was 23.7%, it was not significantly as-
sociated with VAS (p=0.26), NDI (p=0.32), JOA score (p=
0.97).

DISCUSSION

Atlantoaxial fusion is frequently associated with sagittal re-
alignment in subaxial spine, and many authors stated the nega-
tive correlation between AC1-2 CA and AC2-7 CA after sur-
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Fig. 3. Linear logistic regression plots between radiologic parameters and clinical outcomes. A linear correlation with AC1-7 CA
(A), AVAS a linear correlation with APADI (B) and ANDI a linear correlation with AC2-C7 SVA and AJOA score (C). CA, cobb
angle; VAS, visual analogue scale; PADI, posterior atlantodental interval; NDI, Neck Disability Index; SVA, sagittal vertical axis;

JOA, Japanese Orthopedic Association. Asterisk (*) means mu

gery.'*">'7!8 However, we observed different results of correla-
tion between AC1-2 CA and AC2-7 CA. Postoperative sagittal
realignment in subaxial spine was occurred in our study. How-
ever, the reciprocally negative correlation between AC1-2 and
AC2-7 CA wasn't found although preoperative C1-2 and C2-7
CA represented the negative correlation each other. We found
that the reciprocally negative correlation between AO-C2 and
AC2-7 CA, instead of AC1-2 CA. We studied why this phe-
nomenon happened in our study unlike other studies. First,
AC1-2 CA was compensated by AC2-7 CA as well as AO-C1
CA to maintain the horizontal gaze. The preoperative range of
motion (ROM) of C1-2 angle in normal people has about 6°
when flexion and extension,” and compensate for the change
of subaxial spine in available ROM. However, postoperative
C1-2 angle is fixed after surgery, and it plays the constant no
room to change. It seems that the O-C1 angle plays as a buffer
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Itiple.

angle to maintain the horizontal gaze. AC2-7 CA was compen-
sated by AO-C1 CA instead of the constant C1-2 angle. It
seems that postoperative C1-2 CA as the constant does not
work on cervical sagittal realignment. AO-C2 CA was actually
the parameter obtained by adding a constant to AO-C1 CA.
Therefore, AO-C2 CA was correlated with AC2-7 CA nega-
tively, not AC1-2 CA excluding AO-C1 CA. Second, we ob-
served a radiologic feature of patients in this study. The ratio of
C1-2 CA and C2-7 CA was different to normal ranged pa-
tients. Some authors stated that normal values of C1-2 angle
ranged from 25.6° to 28.9° and it accounted for 75%-80% of
cervical standing lordosis.”*** However, our patients showed the
proportion of cervical lordosis of C1-2 CA was about 52.5%,
suggesting that C1-2 CA constitutes a relatively small propor-
tion of cervical lordosis, and the proportion of C2-7 CA is pre-
dominant in cervical lordosis compared with others. Therefore,
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AC2-7 CA is increased relatively compared to other studies.
There is the possibility that this feature might contribute that
the reciprocal correlation between AC1-2 and AC2-7 CA was
not significant.

The correlation of each radiologic parameter was summa-
rized in Table 3. The important findings of this correlation test
is described to 3 things. One thing is that the change of upper
cervical spine (AO-C2 CA) is correlated with the change of
subaxial cervical spine (AC2-C7 CA) and this relationship does
not be affected before and after surgery. Second thing is that
AC1-2 CA is associated with cervical kyphosis and flattening
of cervical curvature. Third thing is that AC2-7 CA is a subjec-
tive radiologic parameter affected by various radiologic param-
eters.

AC1-2 CA was associated with AO-C2, AC1-7 CA, and
AC2-7 SVA. Moreover, AC1-7 CA was negatively correlated
with AVAS (Fig. 3A). Therefore, it can be expected if AC1-7
CA decreased after surgery, neck pain would be unchanged or
worse. In addition, AC2-7 SVA had a positive correlation with
AJOA score (Fig. 3C). Therefore, cervical sagittal alignment is
significantly related to neck pain as well as cervical myelopathy.
Some studies supported our results. Shimizu et al.** found that
a significant correlation between the degree of cervical kypho-
sis and the amount of cord flattening leading to decreased vas-
cular supply. Cervical sagittal malalignment is strongly related
with neck pain. Tang et al.” also reported that C2-7 SVA di-
rectly correlated with NDI and cervical myelopathy. As a result,
intraoperative C1-2 angle determined by surgeon was an im-
portant factor to affect not only cervical sagittal realignment
but also VAS and JOA score.

AC1-7 CA was associated with AC1-2 CA, AC2-7 CA, AT1
slope. This correlation is taken for granted that C1-7 CA was
the parameter including C1-2 and C2-7 CA. AT1 slope was
changed according to AC1-7 CA.

AC2-7 CA also correlated with AO-C2 CA, AC1-7 CA, AT1
slope, AC1-7 SVA, and AC2-7 SVA. It was the most subjective
radiologic parameter that was correlated with various others
and also associated with VAS and JOA score such like AC1-2
CA. Nevertheless, surgeons can adjust AC1-2 CA as determin-
ing intraoperative C1-2 CA under C-arm fluoroscopy, but AC2—
7 CA cannot be controlled intraoperatively and be predicted
during follow-up. Therefore, surgeons should carefully observe
the change of C2-7 CA in the patient after posterior C1-2 fu-
sion.

AT1 slope was relative with AC1-7 CA, AC2-7 CA. This
change in T1 slope explains that AT1 slope was complementary
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to the change of cervical spine.

AC2-7 SVA was correlated with AC1-2 CA, AC2-7 CA,
AC1-7 SVA, JOA score. AC2-7 SVA was affected simply not
only AC2-7 CA, but also AC1-2 CA. AC1-7 SVA was correlat-
ed with AC2-7 SVA each other. However, AC1-7 SVA showed
the difference to AC2-7 SVA in that there was not correlated
with AC1-2 CA. This different point interestingly affected that
AC1-7 SVA was not significant with JOA score.

APADI correlates with AO-C2 CA, and it was a factor asso-
ciated with ANDI. APADI increased significantly after surgery,
it pointed out that most patients obtained enough reduction of
AAD intraoperatively. This point explained why the reduction
of AAD is important in the improvement of quality of life. Sev-
eral Authors emphasized the importance of enough reduction
of AAD, but this was still controversial. Jun et al.*® suggested
that complete reduction of AAD could obviate the need for di-
rect decompression. Goel and Shah* introduced that facet ma-
nipulation and fixation in irreducible AAD facilitated reduction
of AAD. Otherwise, Wang et al.* stated that sufficient decom-
pression by laminectomy and solid fusion for AAD is more im-
portant than complete reduction for treatment of AAD. Lang et
al.’! also reported that incompletely reduced AAD had compa-
rable clinical outcomes with those with complete reduction.
Nevertheless, complete reduction of AAD without laminecto-
my can provide patients with sufficient fusion-bed for bone
graft. Because of this advantage, we removed the capsule of
C1-2 facet joint and distracted the facet joint by osteotome to
release sufficiently in case of irreducible AAD. Finally, we ob-
tained sufficient reduction of AAD in 94.7% of patients except
2 cases performed C1 laminectomy.

The PSK that occurred 23.7% of patients was not correlated
with clinical outcomes. There are some studies that PSK was
one of causes for postoperative neck pain.”> We also agree that
neck pain was associated with PSK. In the present study, pa-
tients with PSK showed the tendency to complain of severe
neck pain. However, deterjoration of neck pain was also ob-
served in patients without PSK in our study. This point resulted
in the failure to prove the statistical significance that PSK is re-
lated with neck pain. Yoshimoto et al.'® also observed similar
results of ours. The author stated that 12 patients among 44 pa-
tients without any progression of PSK complained neck pain
aggravated after surgery. For this reason, there was no signifi-
cance found between PSK and clinical outcomes.

Several studies reported the PSK between the changes in sub-
axial alignment and intraoperative C1-2 angle."”'** Toyama™
investigated 75 cases of interlaminar bone grafting with wiring
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and reported that straight, kyphotic, and swan neck deformities
occurred after surgery and recommended that the optimum
postoperative C1-2 CA is 20°. Kato et al.”* also recommended
that the optimum postoperative C1-2 CA should be 20° in pa-
tients with the preoperative C1-2 angle of 0°-20° or <0°, but
perform an in situ angle in patients with a C1-2 angle of >20°.
Some authors stated that surgical overreduction of C1-2 CA
would be associated with PSK instead of optimal C1-2 an-
gle.*** These statements will be useful to recover the lordosis of
subaxial spine and decrease the kyphosis of subaxial spine post-
operatively. However, there is no consensus for optimal C1-2
fusion angle because physiological cervical sagittal alignment is
different individually. The understanding of postoperative sag-
ittal alignment is still insufficient. PSK is the result from multi-
ple factors associative with cervical sagittal realignment such as
age, postoperative C1-2 angle, the extent of surgical dissection,
compensation of adjacent segmental angle. Therefore, it is care-
ful to define the optimal postoperative C1-2 CA. Nevertheless,
there are several things that spine surgeon should pay attention
to obtain better clinical outcomes during surgery. At first, most
patients with AAD have kyphotic C1-2 angle, and it is impor-
tant that kyphotic C1-2 angle change to physiological lordotic
angle. It is because a decrease in the C1-2 and C0-2 angle may
likely induce a reduction in the pharyngeal space and can be a
predictor of postoperative dysphagia, which is not compensated
by the middle or lower cervical spine. At second, it is difficult to
adjust C1-2 angle to target angle intraoperatively. We tried to
fix postoperative C1-2 CA to 20° under C-arm fluoroscopy, but
in some patients C1-2 CA were fixed more or less than 20°.
Therefore, the greatest care must be taken to determine C1-2
fixation angle during surgery. Finally, C1 slope should be poste-
riorly slanted. It is not only because posteriorly slanted C1 slope
is important to maintain the C1-2 segment lordosis, but also
because the posteriorly slanted C1 slope and kyphotic angula-
tion of the C0-1 segment allows some degree of freedom for
neck extension as the space between the occiput and C1 poste-
rior arch and allows some rooms for upper cervical extension
to prevent the collision of occiput and implant.

The weaknesses of this study are its retrospective design and
small sample size. In addition, patients had various pathologies,
which included RA, congenital anomalies, and osteoarthritis.
This study included 2 irreducible AAD patients. We performed
the releasing of C1-2 facet in these patients, but we could not
obtain sufficient reduction of AAD, which may have made a
different sagittal realignment comparing to other patients.
Moreover, C1-2 constructs for posterior fusion was not mo-
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notonous, it composed of hybrid structures such like C2 pedi-
cle, lamina, and pars screws. Although we compressed or dis-
tracted the rod under C-arm fluoroscopy to control appropriate
C1-2 CA, some patients obtained postoperative C1-2 CA
showed a large deviation around 20°. Patient numbers 6 and 36
obtained kyphotic C1-2 angle of 4.8° and 9.4°. Patient numbers
12 and 38 obtained lordotic C1-2 angle of 34.3° and 36°. It is
difficult for us to adjust intraoperative C1-2 CA closely as look-
ing images in C-arm fluoroscopy. Finally, the long-term radio-
graphic and clinical outcomes more than one year were not
evaluated in the present study.

CONCLUSION

AC1-7 CA, AC2-7 SVA, and APADI were the key radiologic
parameters to influence clinical outcomes. Postoperative C1-2
angle relative to AC1-7 CA and AC2-7 SVA should be carefully
determined as improving individual’s pain and neurologic im-
provement. Indirect decompression obtained by reduction of
AAD is also important to increase APADI and then decrease
NDL
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Objective: To determine whether double transverse incisions could provide superior cosmet-
ic and functional outcomes, including rates of dysphagia and dysphonia, compared with
longitudinal incisions in patients undergoing anterior cervical spine surgery (ACSS) involv-
ing >3 levels.

Methods: A total of 62 consecutive patients who underwent ACSS involving > 3 levels were
included in this study. They consist of 33 with longitudinal incisions (L group) and 29 with
double transverse incisions (DT group). We recorded functional outcome measures includ-
ing the Bazaz score for postoperative dysphagia and the Voice Handicap Index-10 (VHI-10)
for postoperative dysphonia. The Vancouver Scar Scale (VSS) and the patient and observer
scar assessment scale (POSAS) were used to evaluate postoperative skin scarring.

Results: Cosmetic results, as assessed using the VSS and POSAS, were significantly better
in the DT than in the L group at most follow-up time points (p < 0.01 each). Dysphagia rates
were significantly lower in the DT group than in the L group during the late postoperative
period from 6 months until final 2 years of follow-up (p < 0.01 each). There were no signifi-
cant different results between the 2 groups in terms of dysphonia.

Conclusion: A double transverse incision can be a feasible option when performing ACSS
involving > 3 levels, providing better cosmesis and lower rates of persistent dysphagia than
with a longitudinal incision.

Keywords: Anterior cervical spine surgery, Double transverse incision, Dysphagia, Dys-
phonia, Skin scarring

be related to the type of incision. Previous studies evaluating
rates of dysphagia and dysphonia after ACSS have been limited

Although the Smith-Robinson approach using a single trans-
verse incision is the most widely applied approach for anterior
cervical spine surgery (ACSS), operations involving >3 levels
often require longitudinal incisions for better exposure."* How-
ever, longitudinal incisions with long segments of ACSS may
result in higher rates of postoperative complications,”® includ-
ing dysphagia’ and dysphonia,® with unsatisfied wound prob-
lems. Higher rates of complications with multilevel ACSS might
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by the lack of validated, quantitative outcomes. Therefore, it is
necessary to evaluate functional outcomes as a validated value.
Postoperative scarring can directly affect patient satisfaction
because ACSS is the surgery in spine practice for which the
wound cannot be concealed by clothing or hair. Longitudinal
incisions are perpendicular to the minimal skin tension line,
creating more tension than transverse incisions and possibly
leading to inferior cosmetic results.” Moreover, to our knowl-
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edge, no study has compared the cosmetic results among differ-
ent incisions in multilevel ACSS involving > 3 levels.

The purpose of this study was to determine whether double
transverse incisions could provide superior cosmetic and func-
tional outcomes, including rates of dysphagia and dysphonia,
when compared with longitudinal incisions in patients under-
going ACSS involving > 3 levels.

MATERIALS AND METHODS

1. Inclusion Criteria

This study enrolled 62 consecutive patients who underwent
ACSS involving >3 levels between March 2013 and February
2019. The study was approved by the institutional review board
of our institution. The indications of surgery were cervical spon-
dylosis with or without disc herniation with refractory radicu-
lopathy or progressive myelopathy. Patients were excluded if
they had (1) prior anterior cervical surgery; (2) congenital CNS
disease; (3) conditions other than degenerative disease, such as
trauma, infection, or tumor; or (4) a single transverse incision
using the Smith-Robinson approach.

2. Surgical Procedures

All surgical procedures were performed by a single orthope-
dic spine surgeon, and all patients were followed up for a mini-
mum of 24 months. Two types of surgery, anterior cervical dis-
cectomy and fusion (ACDF) and vertebral body sliding osteot-
omy (VBSO), were performed. VBSO is a surgical technique

Y T

reported as a substitute for corpectomy.’® In VBSO, the verte-
bral body is translated anteriorly to widen the spinal canal, min-
imizing the need for direct removal of the pathology such as
ossified mass and bony spurs.'""* For double transverse inci-
sion, 2 transverse incisions were made parallel to Langer’s skin
line, with the bridge of the minimum 3-cm flap secured between
the 2 incisions (Fig. 1). To secure all cervical levels from C2 to
T1, the upper incision was made at the C3-4 level and the low-
er incision at the C6-7 level. Platysma cutting is made parallel
to the incision line in the L group, and slightly transverse in the
DT group. An anterior cervical plate could be inserted into one
incision, and screws could be inserted through both the upper

and lower incisions (Fig. 2).

3. Clinical Evaluation

Patients” demographic characteristics, including gender, age,
and comorbidities, such as diabetes and hypertension, as well
as surgical characteristics, including type of incision, type of
surgery, level of surgery, lower level of surgery (C6, C7, T1), up-
per level of surgery (C3, C4), duration of surgery, and estimated
blood loss, were obtained from electronic medical records. Re-
corded postoperative adverse events included dural tear, infec-
tion, pseudarthrosis, and skin problems.

Swallowing difficulty was assessed by contrast esophagogra-
phy on postoperative day 3. Abnormal findings, including aspi-
ration, stricture, achalasia, and spasm, were recorded. If neces-
sary, rehabilitation and Otorhinolaryngology doctors were con-
sulted to evaluate and manage dysphagia and dysphonia. A vid-

*~ 1

Fig. 1. Incision lines for anterior cervical spine surgery. (A) Longitudinal incision. (B) Double transverse incision.
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Fig. 2. Intraoperative (A) and immediate postoperative (B) medical photos of a double transverse incision, showing a 3-cm

bridge flap between the 2 incisions.

eo fluoroscopic swallowing study (VESS) was performed if eso-
phagography showed abnormal results or if dysphagia persist-
ed, with abnormal VESS results recorded using the penetration
aspiration scale (PAS).

4. Functional and Cosmetic Outcome Measures

Dysphagia and dysphonia were assessed using patient-report-
ed outcome measures at 1, 3, 6, 12, and 24 months postopera-
tively. Postoperative dysphagia was determined according to
the Bazaz classification, and postoperative dysphonia according
to the Voice Handicap Index-10 (VHI-10). The Bazaz score grad-
ed dysphagia as none, mild, moderate, and severe.*'* None in-
dicated that the patient experienced no episodes of swallowing
difficulty with either liquids or solids. Mild indicated no diffi-
culty in swallowing liquids and only some difficulty with solids.
Moderate indicated no (or rare) difficulty in swallowing liquids
and occasional difficulty with specific solids. Severe indicated
no (or rare) difficulty in swallowing liquids and frequent diffi-
culty with most solids. The VHI-10 is a shortened, 10-item ver-
sion of the VHI, with the 2 showing a high degree of correlation
(r>0.90, p=0.01).">' The VHI-10 contains 10 questions that
subjectively assess dysphonia (Table 1). Scores on the VHI-10
ranged from 0 to 40.""7

Skin scarring was evaluated at 3, 6, 12, and 24 months post-
operatively. Medical photographs were taken of each patients
skin scar at each postoperative visit. Cosmetic results were eval-

414 www.e-neurospine.org

uated using the Vancouver Scar Scale (VSS) and the patient and
observer scar assessment scale (POSAS).!®" The VSS rated scars
according to 4 parameters: vascularity, pigmentation, pliability,
and height. Each parameter contained ranked subscales, with
total scores ranging from 0 to 13. Patients and observers rated
scars on the POSAS blindly on the same day. The observer
component of the POSAS consisted of 6 parameters: vasculari-
ty, pigmentation, thickness, relief, pliability, and surface area,
with each parameter consisting of several categories. The pa-
tient component of the POSAS also consisted of 6 parameters:
pain, itchiness, color, stiffness, thickness, and irregularity. Each
parameter was rated on a 10-point scale, with 1 representing
near-normal skin and 10 representing the worst scar imagin-
able. Patients with unsatisfactory cosmetic results after ACSS
were referred to a plastic surgeon for scar revision.

5. Statistical Analyses

Statistical analyses were performed using IBM SPSS Statistics
ver. 21.0 (IBM Co., Armonk, NY, USA). Time-dependent data
were analyzed by repeated-measures analysis of variance, fol-
lowed by post hoc comparisons of patients with longitudinal (L
group) and double transverse (DT group) incisions. Bonferroni
adjustments, including all pairwise comparisons within a spe-
cific model, were applied to p-values to account for multiple
testing. Post hoc comparisons were performed between the
main effects of all pairs of time points. The multiple imputa-

https://doi.org/10.14245/1s.2143260.630
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Table 1. VHI-10 questionnaire

VHI-10 questionnaire

Score

1. My voice makes it difficult for people to hear me.
2. Irun out of air when I talk.
3. People have difficulty understanding me in a noisy room.

4. The sound of my voice varies throughout the day.

5. My family has difficulty hearing me when I call them throughout the house.

6.1 use the phone less often than I would like to.

7.I'm tense when talking to others because of my voice.
8.1 tend to avoid groups of people because of my voice.
9. People seem irritated with my voice.

10. People ask, "What's wrong with your voice?"

© © o o © © © © © o
— —
NN N DN N DN
W W W W W W W W W W
S N N N N U O

Y SO

VHI-10, Voice Handicap Index-10; 0, never; 1, almost never; 2, sometimes; 3, almost always; 4, always.

Table 2. Demographic and clinical characteristics of study pa-
tients

Characteristic Incision type p-value
L(n=33) DT (n=29)
Sex, male:female 21:12 16:13 0.49
Age (yr) 5914133 6274116 041
DM 9(27.2) 6(20.7) 0.54
HTN 10 (30.3) 6(20.7) 0.38
No. of involved levels 0.07
3 21 12
4 12 16
5 - 1
Upper cervical level 0.01*
C3 18 24
C4 15 5
Lower cervical level 0.78
Cé6 7 7
C7 25 21
T1 1 1
Operation 0.07
ACDF 12 18
VBSO 20 11
ACDF+VBSO 1 -

209.5£27.7 222.6+35.4 0.74
142.7+106.5 150.3+114.2 0.91

Duration of surgery (min)
EBL (mL)

Values are presented as number, mean + standard deviation, or num-
ber (%).

L, longitudinal; DT, double transverse; DM, diabetes mellitus; HTN,
hypertension; ACDE anterior cervical discectomy and fusion; VBSO,
vertebral body sliding osteotomy; EBL, estimated blood loss.

*p <0.05, statistical significance.

https://doi.org/10.14245/ns.2143260.630

tions method with regression model was used for missing data.
Statistical significance was set at p <0.05.

RESULTS

Sixty-two patients were evaluated in the present study, includ-
ing 33 with longitudinal incisions (L group) and 29 with double
transverse incisions (DT group). All patients were followed for
> 24 months, with mean follow-up of patients in the L and DT
groups being 38.3 + 16.40 and 37.7 + 13.79 months, respectively,
during which their functional and cosmetic outcomes were
evaluated. The demographic characteristics, medical comor-
bidities, and surgical variables of the 2 groups are presented in
Table 2. These 2 groups differed significantly in upper cervical
level (p=0.01). Of these 62 patients, 30 underwent ACDE, 31
underwent VBSO, and 1 underwent VBSO with ACDE Barium
esophagography on postoperative day 3 showed aspiration in 5
of 33 patients in the L group, with VFSS in 3 of these 5 patients

Table 3. Frequency of adverse events

Adverse events L(n=33) DT (n=29) p-value
Abnormal esophagogram 5(15.2) 2(6.9) 0.351
Scar revision 3(9.1) 0(0) 0.09
Skin tenting sign 7(21.2) 0(0) <0.01*
Skin necrosis 0(0) 0(0) -
Infection 0(0) 0(0) -
Dural tear 1(3) 0(0) 0.34
Pseudarthrosis 6(18.2) 4(13.8) 0.577

Values are presented as number (%).
L, longitudinal; DT, double transverse.
*p <0.05, statistical significance.

www.e-neurospine.org 415
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Fig. 3. Functional results of dysphagia and dysphonia and cosmetic outcomes after anterior cervical spine surgery using patient-
reported outcome. Bazaz scores (A), VHI-10 scores (B), Vancouver Scar Scale (VSS) (C), and patient and observer scar assess-
ment scale (POSAS) (D). ACSS, anterior cervical spine surgery; VHI-10, Voice Handicap Index-10. L, longitudinal; DT, double
transverse; POD, postoperative day. *Statistically significant difference at each time point (p <0.01).

showing PAS scores of 6, and only 1 confirmed as having vocal
cord palsy. Barium esophagography showed aspiration in 2 of
the 29 patients in the DT group, with 1 patient having a PAS
score of 6 and none being diagnosed with vocal cord palsy. Rates
of complications, including dural tears, infections, and pseud-
arthrosis, did not differ between the 2 groups (Table 3).
Dysphagia was assessed using the Bazaz score, and significant-
ly improved over time in both the DT and L groups (p<0.01
each). The Bazaz scores were significantly lower in the DT than
in the L group at 6, 12, and 24 months postoperatively (p < 0.01
each). However, the differences were insignificant at 1 and 3
months (Fig. 3A, Table 4). Dysphonia assessed using the VHI-
10 also improved significantly over time in the DT (p<0.01)
and L (p<0.01) groups, but the difference between the groups
was not statistically significant (Fig. 3B, Table 4). Cosmetic re-
sults, as assessed using the VSS, showed that cosmesis was sig-

416 Wwww.e-neurospine.org

nificantly better in the DT than in the L group at all follow-up
time points (p<0.01 each). Similarly, cosmetic results assessed
using the POSAS showed significantly superior results in the
DT compared with the L group at all time points except at 24
months (p <0.01 for 3, 6, and 12 months) (Fig. 3C, D; Table 4).
In addition, 7 patients in the L group (21.2%) showed severe
longitudinal skin tenting along the scar, whereas none of the
patients in the DT group showed a tenting sign along the scar
(Table 3, Fig. 4). Moreover, patients with tenting scars complained
of restricted neck extension motion. Three patients in the L group
(9.1%) needed scar revision due to unsatisfactory cosmetic re-
sults after ACSS. There was no skin necrosis in DT group. Al-
though we did not separately investigate the sensory change of
the flap area, no patient complained of numbness when the
medical chart was reviewed.

https://doi.org/10.14245/1s.2143260.630
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Table 4. Patient-reported outcomes

Variable Incision type p-value
L (n=33) DT (n=29)
Bazaz scores
POD 1 month 1.41+0.83 1.27+0.87 0.575
POD 3 months 1.13+0.80 1.09+0.84 0.939
POD 6 months 0.96+0.69 0.72+0.87 0.018*
POD 12 months 0.75+0.50 0.47 £0.60 0.007*
POD 24 months 0.69+0.50 0.39+0.63 0.005*
VHI-10 scores
POD 1 month 16.02+9.32 17.61+10.43 0.615
POD 3 months 13.42+9.00 17.05+11.27 0.265
POD 6 months 11.52+9.05 13.57+10.97 0.521
POD 12 months 9.59+8.57 12.75+10.23 0.295
POD 24 months 8.86£7.50 11.46+9.52 0.339
VSS
POD 3 months 7.20+2.64 444+1.94 <0.0001*
POD 6 months 6.45+2.92 3.82+3.11 <0.0001*
POD 12 months 4.96+2.71 2.74+2.81 <0.0001*
POD 24 months 4.73+2.77 3.67+2.88 0.009*
POSAS
POD 3 months 18.17+7.10 13.52+4.34 <0.0001*
POD 6 months 18.81+8.11 12.94+5.27 <0.0001*
POD 12 months 14.74+6.85 10.40+3.92 <0.0001*
POD 24 months 12.88+6.89 11.72+7.01 0.247

Values are presented as mean + standard deviation.

L, longitudinal; DT, double transverse; POD, postoperative day;
VHI-10, Voice Handicap Index-10; VSS, Vancouver Scar Scale; PO-
SAS, Patient and Observer Scar Assessment Scale.

*p<0.05, statistical significance.

DISCUSSION

This study demonstrated that DT incision was better than lon-
gitudinal incision for ACSS of more than 3 levels in terms of dys-
phagia and cosmetic results. Proper incisions for multilevel ACSS
are crucial for appropriate exposure and better functional and
cosmetic outcomes. For long segments ACSS, the surgeon might
choose between longitudinal and double transverse incisions.

As more patients return to the workforce and social activities
after ACSS, cosmetic results may affect their quality of life.**
Inferior skin scarring at the anterior neck negatively affects self-
esteem and can lead to anxiety and depression.”> However, few
studies to date have assessed cosmetic outcomes after ACSS. To
our knowledge, this is the first study to compare cosmetic re-
sults of double transverse incisions with longitudinal incisions

https://doi.org/10.14245/ns.2143260.630

Fig. 4. Skin scarring 24 months after anterior cervical spine
surgery using a longitudinal incision (A) and a double trans-
verse incision (B).

for multilevel ACSS (=3 levels). The VSS was the first validated
and remained one of the most widely used scar scales.'®"” The
POSAS is a reliable and validated scar assessment scale and in-
cludes subjective evaluations by patients.'*** The VSS may be
susceptible to observer bias, underestimating skin scarring after
surgery. In addition to surgeons bias, patients may be subject to
a social desirability bias, as they may not want to disappoint the
surgeon.” To control for these biases, skin scarring after multi-
level ACSS was evaluated by the VSS and POSAS in this study.
On both scales, the DT group showed better results than the L
group. The lack of significant difference between the 2 groups
on the POSAS only at 24 months may be due to improvements
in patient opinions of their scars.** These cosmetic results agree
with previous studies of postoperative linear scars. In a double
transverse incision, the skin is incised parallel to the tension
line, minimizing wound contraction and providing better cos-
metic outcomes than longitudinal incisions.” The skin is maxi-

www.e-neurospine.org 417



Lee HR, et al.

Double Transverse Incision for Multilevel ACSS

mally extensible perpendicular to the tension line, minimizing
tension when incisions are made along the tension line.” Paral-
lel cutting to the platysma muscle fiber has superior cosmetic
results with lower rates of puckering.”® Beyond scoring results,
most patients in the DT group were satisfied with their cosmet-
ic results. On the other hand, complications including wound
revision surgery and restricted motion of neck extension in L
group decreased patient quality of life after ACSS.

Higher rates of dysphagia and dysphonia have been reported
in patients undergoing > 3-level ACSS than single or 2-level
ACSS.>**? This study hypothesized that the DT group would
show better outcomes than the L group in dysphagia and dys-
phonia after multilevel ACSS. Dysphagia rates were significant-
ly lower in the DT than in the L group from 6 months postop-
eratively to 24 months of final follow-up. These findings indi-
cated that DT group showed a better outcome in chronic post-
operative dysphagia than L group. We examined the possible
reasons for the low rates of dysphagia after long segments of
ACSS using a double transverse incision as follows. Dysphagia
can be classified according to time and by various causes, and it
can also be caused by extrinsic compression in the chronic
stage.>** In the DT group, skin tenting with fibrosis and pla-
tysma puckering®® occur less than in the L group because the
direction of the incision is parallel to the skin crease and the
muscle fiber in the platysma.>*"* The effect of extrinsic com-
pression due to this fibrotic tissue formation may affect the dif-
ference in the incidence of dysphagia.

DT incision may also be advantageous over L incision for deep-
er level dissection. For deep cervical fascia dissection, blunt dis-
section is commonly used to prevent unwanted nerve injury
due to sharp dissection." However, in surgical approach expo-
sure process for long segments more than 3 levels, it would be
difficult to complete the exposure simply by blunt dissection;
under this situation, sharp separation is inevitable.” Therefore,
excessive blunt dissection cannot be performed in the upper
and lower ends, and sharp dissection is necessary. Because the
recurrent laryngeal nerve, internal branch of superior laryngeal
nerve (SLN), superior thyroid artery, and superior laryngeal ar-
tery run between the middle layer of deep cervical fascia (strap
muscle fascia) and the carotid sheath, the probability of an inju-
ry causing permanent dysphagia is increased during sharp dis-
section of the deep cervical fascia.”’** On the other hand, with
DT incision, less than 2 levels at upper and lower incisions are
to be exposed, so sharp dissection is rarely required and most
cases are resolved with blunt dissection. These differences seem
to be related to differences in the incidence of permanent dys-
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phagia. Parallel incision with nerve pathway may also explain
the advantages of double transverse incisions over longitudinal
incisions in reducing nerve injuries that result in dysphagia. In
the upper cervical level, hypoglossal nerve travels transversally
at the level of C2-3, and the SLN travels transversally and the
internal branch of the SLN travels similarly from the investing
fascia surrounding the carotid sheath to the thyrohyoid mem-
brane at the C3-4 level.**** Compared to the longitudinal in-
cision, a double transverse incision can provide transverse visi-
bility and field space of the upper cervical level. Previous stud-
ies have reported that thorough dissection parallel to the nerve
pathway could lower the possibility of nerve injuries in exces-
sive retraction and unintentional ligation.”*

In addition, using DT incision has the advantage that it is not
necessary to dissect all levels of deep cervical fascia to reach the
prevertebral level. There is a surgical method for fracture called
minimally invasive plate osteosynthesis (MIPO).”* MIPO is an
advantageous method making an incision only in the upper
and lower parts without opening all parts during the plating
process to increase vascularity of the fracture site, thus improv-
ing functional outcome and cosmesis. Using DT incision, the
middle part can be spared since it is possible to reach the pre-
vertebral level using the space of the upper and lower incision
levels (Fig. 5). At the level between C3-4 and C6-7, the path of
the external SLN is variable, suggesting that a direct longitudinal
dissection may increase the risk of unintentional damage to its
branches because perpendicular direction of incision to nerve
pathway. Without bridge flap invasion, double transverse inci-
sion could avoid incidental injury to superficial branches of SLN.
Considering that most nerve injuries that cause dysphagia oc-

cur during the dissection of the deep cervical fascia,"*"***

sparing
the middle part of cervical level can be advantageous by using
DT incision. Whereas, rates of dysphonia, as measured by VHI-
10 scores, did not differ significantly between the 2 groups, per-
haps due to the relatively low rates of dysphonia after ACSS.
This result suggested that the incidence of dysphonia after mul-
tilevel ACSS might be more affected by number of levels or du-
ration of surgery than type of incision.

This study had several limitations. First, it was a non-random-
ized and retrospective analysis involving relatively few patients,
making it underpowered. Second, dysphagia and dysphonia
were not measured preoperatively, preventing determination of
improvements over baseline. Third, the surgeons determined
the incision, which may have caused a selection bias. Moreover,
the VBSO is known to have a lower complication rate than cor-
pectomy, but it is not yet familiar to all surgeons. Therefore, it
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Fig. 5. [llustration of axial cut in midsection spared in double transverse incision. Surgical routes are expressed with longitudinal
incision (A) and double transverse incision (B). Skin incision, platysma cutting, and dissection of deep cervical fascial layers are
performed in midsection using longitudinal incision. In double transverse incision, the dissection process described above can
be omitted to reach the prevertebral fascia using the space at the upper and lower cervical levels.

may be helpful to consider a double transverse incision while
preparing a long-level ACDE, but for VBSO, we recommend to
try a double transverse incision after gaining sufficient surgical
experience with its technique. Finally, the different surgical
types (VBSO versus ACDF) may have affected the results of
postoperative dysphagia more significantly than the incision
type. Comparing 2 incisions within both types of surgery can
be too heterogenous. However, surgery types between 2 groups
did not differ significantly. Therefore, we concluded that the in-
cision type may have a considerable effect on the results of post-
operative dysphagia after long level ACSS.

CONCLUSION

In conclusion, present study focused on ACSS involving >3
levels, and analyzed the association of incision type with dys-
phagia, dysphonia, and skin cosmesis. A double transverse inci-
sion can be used when performing ACSS involving >3 levels,
possibly providing better cosmesis and lower rates of persistent
dysphagia than a longitudinal incision.
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Objective: Adult spinal deformity (ASD) have lower health-related quality of life (HRQoL)
compared to the general population. Applying Rasch measurement theory (RMT), this
study tested the revised Scoliosis Research Society-22 (SRS-22r) HRQoL instrument among
symptomatic adult patients with degenerative spinal disorders and varying degrees of ASD.
Methods: SRS-22r data from 637 outpatient spine clinic patients with degenerative spine
conditions were investigated for unidimensionality, item/scale fit, differential item func-
tioning (DIF), scale coverage/targeting, and person separation index (PSI) using RMT.
Results: Unidimensionality of the SRS-22r was not supported for either the total score or
for 3 of its 5 domains. Item fit was acceptable for 11/22 items. The individual domains
showed good coverage despite the degree of structural disorders. Ordered thresholds were
achieved by merging response categories in some of the items. DIF towards age or sex was
found in 11/22 items and in some domain items. The PSI exceeded 0.7 for the SRS-22r total
score.

Conclusion: The individual domain scores of the SRS-22r perform better than the total
score providing good coverage and targeting among patients with ASD. Refinements of
items and domains may improve the structural validity of the instrument to meet the crite-
ria for measuring ASD patients, even when multidimensionality persists.

Keywords: Spinal diseases, Rasch measurement theory, Latent trait theory, Revised Scolio-
sis Research Society-22, Outcomes research, Health-related quality of life

population aging.' ASD patients have been reported to have
lower health-related quality of life (HRQoL) when compared to

Adult spinal deformity (ASD) is a common problem, with a
reported prevalence of 32%, increasing with age.' In the popu-
lation over age 60, a prevalence of degenerative scoliosis as high
68% has been reported.” The prevalence of spinal deformities is
expected to rise further with increased life expectancy and
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the unaffected population standardized by age.” Patients with
symptomatic spinal structural disorders have pain and limita-
tions in functional abilities as well as problems with self-image
and mental health issues.” Compared to other prevalent chronic

diseases, such as arthritis, congestive heart failure, chronic lung
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disease and diabetes, impaired HRQoL has been found to be
even more prominent in patients with ASD.*

Spinal structural disorders in adults develop gradually over
the years due to multiple etiologies, such as spinal degeneration,
idiopathic scoliosis, neuromuscular or congenital origin, and
obliquity of the pelvis.” Low back pain and sciatica are usually
the main symptoms in the early phases of ASD.® Patients HRQoL
is affected in the early phases of sagittal malalignment long be-
fore the visible loss of sagittal or coronal balance.”® Thus, it is
essential to monitor the HRQoL of the patients with spinal dis-
orders and detect problems associated with their spinal struc-
tural changes.

The Scoliosis Research Society questionnaire is a deformity-
specific patient-reported outcome (PRO) instrument used to
measure HRQoL outcomes of patients with spinal deformity.**'?
Thus far the SRS questionnaire is the only disease-specific in-
strument available to measure HRQoL in patients of all ages
with spinal deformity.

The revised Scoliosis Research Society-22 (SRS-22r) has 22

11,12

items'""* which are based on a 5-point symmetrical agree-dis-

agree Likert scale. The response options are “very good, good,
fair, poor, very poor’, “none, mild, moderate, moderate to se-
vere, severe,” or “very often, often, sometimes, rarely, never.”
The items are scored from 1 to 5, with 1 being the worst and 5

the best result. The SRS questionnaire and the scoring guide are

available free on the patient outcomes webpage: www.srs.org/
professionals. The questionnaire can be scored as subtotals for
individual domains (function/activity, pain, self-image/appear-
ance, mental health) or as a total score (subtotal + satisfaction
with management domain) (Table 1).

Since 1999 the SRS questionnaires have had different versions:
22, 22r (revised), 23, 24, and 30. In 2021, the SRS removed all
but the revised version of SRS-22 from their webpage (www.srs.
com) and recommends that all practitioners should utilize the
SRS-22r, and its various translations. A translation code from
all versions to the SRS-22r has been published by the develop-
ers of the questionnaires.”” Thus far the SRS-22r has been more
widely translated, validated, and revised among adolescent sco-
liosis population' rather than adults with degenerative spinal
deformity.>"*'* Both the measurement properties of different
translations'*'® and structural validity of the SRS-22r total score'”"
have been debated.

The SRS questionnaire has previously been found to be cul-
turally and linguistically valid among adult patients with degen-
erative spinal complaints in Finland."” However, the structural
validity of the SRS-22r domains has not been investigated using
a partial credit model based on the Rasch measurement theory
(RMT) model. Shortcomings in an instrument’s structure may
lead to bias when comparing large patient cohorts with differ-
ent ages, diagnoses, cultures, and languages between centers or

Table 1. Domains, item numbers and content of the SRS-22r questionnaire domains

Domain Items

Content of the domain

Function/activity

5,9,12,15,18 Level of ambulatory, professional and household activity

Financial and social functioning

Change in daily performance and leisure activity

Pain 1,2,8,11,17

Pain over the last 6 months, past month

Pain at rest

Level of pain medication

Sick days due to pain

Self-image

4,6,10,14,19 Looks, outwards appearance

Happiness with current body shape

Attractivity among other people

Personal relationships

Mental health

3,7,13,16,20 During last 6 months:

Calm and peaceful or nervousness

Downhearted and blue, feeling down

Happiness

Satisfaction/dissatisfaction with management 21,22

Are you satisfied with the results of your back management?

Would you have the same maganement again if you had the same condition?

https://doi.org/10.14245/ns.2143354.677
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during follow-ups.”” The RMT provides a tool to investigate the
ability of the SRS-22r to measure a latent trait such as function,
pain, self-image, mental health, or satisfaction with manage-
ment. A scale measuring one latent trait can be considered uni-
dimensional and linear, which is essential when measuring lon-
gitudinal changes in scores. Item and scale fit in the predefined
model as well as construct validity can be tested using the RMT.
Furthermore, response bias in each of the scale items can be
tested for different degrees of structural disorders using differ-
ential item functioning (DIF). Currently, the RMT analysis can
be considered one of the gold standard statistical techniques for
instrument development and psychometric validation research.”

This study aimed to evaluate the applicability of the SRS-22r
domains in clinical practice among all patients with subacute
and chronic spinal degenerative conditions, with special em-
phasis on the level of structural disorders. Unidimensionality,
item and scale fit, residual correlation, DIE, scale coverage/tar-
geting, and person separation were investigated using RMT based
on predefined hypotheses.

MATERIALS AND METHODS

A total of 991 consecutive patients with prolonged degenera-
tive thoracolumbar disorder referred for specialist consultation
to the spine clinic during 12 months in 2013 and 2014 were re-
cruited to the study. Inclusion criteria were age over 18 years,
ability to communicate in the official language and having full
spine radiographs. Patients with specific health conditions, in-
cluding malignancy, pregnancy, neuromuscular disease, or acute
fracture were excluded. Altogether 874 patients met the inclu-
sion criteria and 670 gave their written informed consent to par-
ticipate in the study.

The patients completed the SRS-22r version of the question-
naire. Based on the spinal radiographs, the patients were classi-
fied into 3 categories of sagittal structural disorders severity (none
or mild, moderate, and severe) according to the SRS-Schwab
simplified classification as previously described.® All radiograph-
ic parameters were measured by a senior spine deformity sur-
geon. The study protocol was approved by the Central Finland
Healthcare District Research Ethical Committee, Jyvaskyld Fin-
land (17U/2012).

RMT is a mathematical model designed to evaluate the prop-
erties of measurement instruments.”> RMT analysis calculates
the extent to which the observed responses fit the predefined
measurement model responses and assesses the unidimension-
ality of the scale and the precision of measurement.*>** The mod-
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el is based on latent trait theory and the application of additive
conjoint measurement.** For Rasch analysis, sample sizes of >200
subjects can be considered very good with, sizes of 100-199 ad-
equate, sizes of <50-100 doubtful, and sizes of <50 subjects
inadequate.”®

The study applied the RMT using Rumm2030 software to
measure construct validity, model and individual item fit, and
reliability. The polytomous partial credit model* was chosen.
The RMT mathematic model describes the process and perti-
nent psychometric criteria for fit statistics and reliability.*** Per-
son estimation was conducted with the weighted maximum
likelihood method. Analyses were conducted using statistical
and illustrative tests in the software. Unidimensionality is one
of the main assumptions of the RMT and refers to whether the
items in a PRO instrument measure a single construct or a spe-
cific latent trait, such as pain or function.

The unidimensionality of the SRS-22r total score and its do-
mains was examined. Principal component analysis (PCA) was
conducted to define the “Rasch factor;” i.e., the first factor iden-
tified with the highest eigenvalue. After identifying the Rasch
factor, the existence of residual factors was examined by divid-
ing the SRS-22r items into 2 groups according to their correla-
tion coefficients with the second factor identified in the PCA.
The items with correlation coefficients over +0.3 and those with
correlation coefficients below -0.3 formed the 2 sets of items.
The person estimates for each item for each patient were calcu-
lated in both sets of items. Conducting a series of independent-
samples t-tests patient by patient, the estimates were compared
between the 2 item sets. Less than 5% of significant t-tests at a
0.05 probability were used as the criterion for unidimensionali-
ty. Further, calculating residual correlations between each item
pairs was used to identify item dependency. We used a value
equal to or over 0.2 to recognize residual correlations.*® Higher
values are generally considered to indicate similarity between
items and hence, either item redundancy or the existence of an-
other latent trait after controlling for the influence of the pri-
mary factor. If unidimensionality was violated, testlets based on
residual correlation between items were formed.

Testlest is formed by summing the response categories of suit-
able items into one item. Thus, testlets are item bundles that share
a common content. To alleviate the influence of item depen-
dency, each bundle is considered as a single polytomous item.
The resulting polytomous RMT model is then applied to ana-
lyze the testlets. Items with residual correlations over 0.2 were
combined to form testlests. Next, another set of independent-
samples t-tests was conducted to investigate if the violation of

https://doi.org/10.14245/ns.2143354.677
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unidimensionality had been corrected. The authors hypothe-
sized that the SRS-22r instrument and its 5 separate domains
would exhibit a unidimensional structure.

To investigate the fit of the SRS-22r to the RMT, overall good-
ness-of-fit and item fit statistics were calculated. Chi-square (x°)
values (item-trait interaction) and standardized fit residuals
(item—person interaction) were investigated to identify item fit.
X’-values can be used to investigate how well the difficulty in
performing of the item meets the ability of the respondent and
hence correctly discriminates between different states of the
trait being measured. The standardized fit statistics provide in-
formation on how much a response differs from the model ex-
pectation. The outcome may be interpreted with very low stan-
dardized fit statistics indicating redundancy and high values in-
dicating poor fit (Supplementary material 1). The authors hy-
pothesized that the p-values of the chi-square test statistics after
Bonferroni adjustment would be nonsignificant, indicating
good fit.

The fit residual calculation (item—person interaction score)
shows the level of divergence of the item for the persons who fit
the model. The divergence calculation yields a residual score
that estimates a standard normal distribution where the expect-
ed mean is 0 and standard deviation * 1. In the RMT model, fit
residuals between -2.5 and +2.5 are generally considered to in-
dicate acceptable fit. Values below or over this range indicate
over- or underdiscrimination in relation to average discrimina-
tion ability and thus poor fit of the item to the RMT model and
measurement disturbances. A high residual fit can provide in-
formation on the redundancy of the given item, as the item may
not contribute any new information to the scale.

The targeting ability of each item was examined by investi-
gating the order of the thresholds of the response categories. A
threshold indicates the point at which a 50% probability exists
for the response to fall into either 1 of the 2 adjacent categories.
Disordered thresholds indicate that the response categories re-
semble each other too closely to detect which category the an-
swer should fall into. The authors hypothesized that the thresh-
olds of the SRS-22r would be ordered.

The targeting and coverage of the SRS-22r scale were exam-
ined to investigate whether the questionnaire captures the whole
spectrum of the subject matter in the sample as well as to ob-
tain information about the range in which a questionnaire best
functions in a distinct patient group. Person and item locations
were then examined to determine whether the distribution of
items matched the patient distribution on the scale. Differences
in person-item distribution in subgroups by age, sex, and de-
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gree of spinal deformity were examined. Differences in person-
item distribution and the functioning of the SRS-22r total score
and of individual domains in the aforementioned subgroups
were examined. Analysis of variance (ANOVA) was used to test
the statistical significance between different groups. Differences
in the mean score of those with different degrees of spinal struc-
tural disorders were tested. The authors hypothesized that no
significant differences would be observed when the type I error
rate (alpha) was set to 0.05. The person separation index (PSI)
value was calculated to investigate the sensitivity of the instru-

Table 2. Patients’ sociodemographic and clinical background
details

Variable Value
Age (yr) 54.8+15.3
Female sex 358+56.2
Body mass index (kg/m?) 27.6 (4.8)
Marriage/live-in relation 452 (70.8)
Years of education 12+3.6
Available for work 379 (59.4)
Smokers 153 (24.0)
Daily users of painkillers 338 (53.1)
Duration of current back pain (mo), median (IQR) 18 (7-60)
Diagnoses
Scoliosis or kyphosis 34 (5.3)
Spondylolisthesis 98 (15.4)
Neural compression 307 (48.2)
Spondylosis without neural compression 198 (31.1)
Previous lumbar spine surgery 34 (5.3)
Severity of spinal structural disorders*
None or mild 407 (64)
Moderate 159 (25)
Severe 71 (11)
SRS scores, maximum 5 points
SRS total score 2,88+0.56
SRS function/activity 2.82+0.75
SRS pain 2.40+£0.76
SRS mental health 3.4+0.88
SRS self-image/appearance 2.86+0.67
SRS satisfaction with management 3.12+0.75
SRS subtotal 2.88+0.61

Values are presented as mean +standard deviation or number (%)
unless otherwise indicated.

IQR, interquartile range; SRS, Scoliosis Research Society.

*Spinal structural disorders were classified with the SRS-Schwab
classification of adult spinal deformity.
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ment to discriminate between patients of varying health status.”
The PSI ranges between 0 and 1, with a higher value indicating
better sensitivity. Values exceeding 0.7 are generally considered
acceptable. The authors hypothesized a minimum PSI value of
0.80. DIF was used to test for possible response bias between
subgroups in each item. DIF occurs when, for example, men
and women within the same sample respond differently to an
individual item. Uniform DIF means that the difference in prob-
ability remains constant at different levels of measurement. Non-
uniform DIF, in turn, means that probabilities differ between
groups at different levels of measurement. If the response distri-
bution is similar between the subgroups under examination,
then no DIF exists between the groups. If the distribution is
similar in shape but follows different logit values, a uniform
DIF (UD) is confirmed. If the shape of distribution is different,
a nonuniform DIF (NUD) is confirmed. DIF was analyzed for
age and sex. The authors hypothesized that there would not be
DIF in any of the item towards age or sex. Bonferroni-adjusted
ANOVA was used to identify potential item DIE

RESULTS

A total of 637 patients with complete data and a signed in-
formed consent (mean + SD, aged 54.8 + 15.3 years; 56.2% fe-
male) were included in the final analysis (effective response rate:
64.3%). Overall, 407 patients (64%) had none or mild, 159 mod-
erate (25%) and 71 severe spinal structural disorders (11%). Pa-
tient characteristics are presented in Table 2.

1. SRS-22r Total Score
The unidimensionality of the SRS-22 items was not support-

Table 3. Analysis monitoring statistics

ed, as 20.57% of t-tests were significant at 0.05 probability (Ta-
ble 3). A residual correlation over 0.2 was found between 38 item
pairs (residual correlation matrix; see Supplementary material
2). Creating testlets using residual correlations or clinical and
logically associations between relevant items did not produce
unidimensional scale.

The item fit statistics calculated for each SRS-22r item revealed
significant chi-square values after Bonferroni adjustment in 12
items (items 3, 7-8, 11, 13-14, 16-18, 20-22). Further, fit resid-
uals falling outside the range of -2.5 to +2.5 were found in 11
items (items 7-8, 10-11, 13-17, 21-22).

When the 22 items of the SRS-22r were investigated as one
scale, 16 of the 22 items had ordered thresholds. The remaining
6 items (11, 15,17, 18, 19, and 22) had disordered thresholds.

Patients scored within the range set for the coverage of the
scale. No statistically significant differences were observed for
age (p=0.68) or sex (p=0.06) in the person and item distribu-
tion (Supplementary material 3). However, a moderate statisti-
cally significant difference (p=0.01) was found for the person-
item threshold distribution after grouping the patients by de-
gree of structural spinal disorders but not after Bonferroni ad-
justment (Supplementary material 4). The PSI for the 22 items
was 0.89 (Table 3). The PSI 0.89 indicated good degree to which
patients can be differentiated into groups of person separation.
Cronbach alpha was 0.89 for the SRS-22r. Five items (5, 6, 9, 10,
19) showed DIF for age and one item (12) DIF for sex (Table 4).
As unidimensionality was not found for the total score with rea-
sonable adjustments, the subsequent adjustment analyses are
reported only for the domains of the SRS-22r.

2. Function/activity (F/A) domain

Items Persons PSI Percentage of
SRS-22 score . o ] o e df p-value (extrems/no  significant
Location Fit residual Location Fit residual extrems) F—
Total score 0.0+0.7 0.6+3.6 -02+0.8 -02x14 9187 198 0.000000  0.89/0.89 20.6
Function/activity 0.0+0.9 0.7+1.3 -03+14 -03+x1.0 1108 45 0.000000  0.77/0.77 49
Pain 00+06 1.1+13 -09+1.1 -03%1.0 67.3 45 0.02 0.67/0.60 6.6
Testlet 1 0.0£0.9 -0.1x4.7 -0.9+12 -03%1.0 57.0 45 011 0.85/0.85 1.4
Self-image 0.0+09 03+%1.9 -02+1.1 -03+1.0 104.0 54 0.00005  0.76/0.76 11.1
Testlet 1 00+1.5 -22+78 -02+13 -0.5%£0.8 16.5 18 0.56 0.76/0.77 3.1
Mental health 0.0+0.7 -03+2.0 -1.1£26 -06x1.1 49.1 45 0.31 0.90/0.89 6.3
Satisfaction with management 0.0+1.2 -0.4+0.3 -0.0+1.2  -0.7+1.1 11.0 11 0.45 0.33/0.23 1.9

Values are presented as mean + standard deviation.

SRS-22, Scoliosis Research Society-22; df, degrees of freedom; PSI, person separating index.
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Table 4. Fit statistics and DIF for the items in the SRS-22r and its subscales

SRS-22r Item Missing FR v df p-value DIF age  DIF gender
Total score 1 0 0.09 9.84 9 0.364 - -
2 0 -0.37 9.04 9 0.4335 - -
3 1 -2.1 27.93 9 0.0009* - -
4 0 0.14 7.80 9 0.5542 - -
5 3 -0.28 17.42 9 0.0426 uD* -
6 6 1.09 14.04 9 0.0426 UD* -
7 0 -3.12 28.40 9 0.0008* - -
8 1 5.42 53.06 9 <0.0001* - -
9 58 -1.19 10.95 9 0.2789 NUD* -
10 3 2.57 16.89 9 0.0504 UD* -
11 1 6.15 64.41 9 <0.0001* - -
12 0 -1.98 23.76 9 0.0045 - NUD*
13 0 -2.87 50.69 9 <0.0001* - -
14 0 -4.71 45.79 9 <0.0001* - -
15 2 3.88 21.31 9 0.0113 - -
16 0 -3.9 50.74 9 <0.0001* - -
17 204 5.09 122.73 9 <0.0001* - -
18 5 -1.7 34.03 9 <0.0001* - -
19 0.65 10.50 9 0.3118 UD* -
20 -2.47 40.76 9 <0.0001* - -
21 9 3.33 31.98 9 0.0002* - -
22 46 8.65 226.60 9 <0.0001* - -
Function 5 3 0.07 23.87 9 0.0045 UD* -
58 -1.15 17.16 9 0.0463 uD* -
12 0 0.04 18.29 9 0.0319 UD* UD*
15 2 2.15 18.74 9 0.0274 - UD*
18 5 1.79 32.23 9 <0.0002 - -
Pain 1 0 -0.07 18.23 9 0.0062 - -
2 0 0.01 18.14 9 0.0095 - -
8 1 3.17 12.60 9 0.2561 - -
11 1 1.23 6.87 9 0.5856 - -
17 204 0.96 11.48 9 0.5541 - -
Self-image 4 0 2.15 26.07 9 0.0019* UD* -
6 6 -0.38 9.91 9 0.3577 UD* -
10 3 0.85 12.71 9 0.1761 - NUD*
14 0 -0.4 14.81 9 0.0964 - -
19 7 -2.47 26.54 9 0.0016 UD* -
Mental health 3 1 1.04 3.652 9 0.9328 - -
0 -1.84 18.44 9 0.0305 - -
13 0 -0.71 9.95 9 0.3543 - -
16 0 -2.41 9.49 9 0.3932 - UD*
20 1 2.45 7.57 9 0.5778 NUD* -
Satisfaction with management 21 9 0.58 423 9 0.6451 - -
22 46 0.21 6.73 9 0.2417 - -

DIE differential item functioning; SRS-22r, revised Scoliosis Research Society-22; FR, fit residual; df, degrees of freedom; UD, uniform DIF;
NUD, nonuniform.
*Probabilities below Bonferroni adjustment.
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Fig. 1. Item response category thresholds (IRCTs) of the func-
tion/activity domain after merging response categories 1, 2,
and 3 in item 1 and 2 and 3 in item 5. IRCTs of the pain do-
main after merging response categories 1 and 2 in item 4 and
0-2 and 3-4 in item 17. IRCTS of the self-image domain after
merging response categories 1 and 2 in item 4 and 0-2 and
3-4 in item 17. IRCTs of the satisfaction with management
domain after merging response categories 3 ‘probably not’
and 4 ‘definitely not’ in item 2. No merging to achieve ordered
thresholds was required for the mental health domain.

In the function/activity domain, 4.9% of the t-tests were sig-
nificant (p <0.05), thereby supporting its unidimensionality
(Table 3). Residual correlations over 0.2 were noted in 5 of the
10 item pairs (residual correlation matrix shown in Supplemen-
tary material 2). The item fit statistics in the function domain
indicated good fit of the items to the RMT model (Table 3). The
PSI for the domain was 0.77 and thus was below the hypothe-
sized value of 0.8 (Table 3). Items 15 and 18 had disordered
thresholds. Merging item response categories that score 1 to 3
in item 15 and 3 and 4 in item 18 led to ordered response cate-
gory thresholds in each of the 5 function domain items (Fig. 1).
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The person-item threshold distribution showed only minor ex-
ceptions in the coverage of the function domain in the lower
extremity of the scale (Supplementary material 5A). Subgroup
analysis revealed significant differences between the severity
classes in the person-item distribution of the Function domain,
with higher severity patients having lower mean logit values (p
<0.001) (Fig. 2A). Uniform DIF for age and/or sex was observed
in all the function domain items except item 18 (Table 4).

3. Pain Domain

In the original version of the pain domain, 6.6% of the t-tests
were significant, indicating violation of the unidimensionality
assumption (Table 3). Rescoring the items did not lead to a uni-
dimensional scale structure, as the percentage of significant t-
tests was unchanged. Nine out of 10 item pairs showed residual
correlations over 0.2 (residual correlation matrix Supplementa-
ry material 2). The formation of a testlet by combining items 1
(‘Which one of the following best describes the amount of pain
you have experienced during the past 6 months?’), 2 (‘Which
one of the following best describes the amount of pain you have
experienced over the last month?’), and 17 (‘In the last 3 months
have you taken any days off of work, including household work,
or school because of back pain?’) according to their residual cor-
relations and contents led to a unidimensional scale, as 1.2% of
the t-tests were significant (Table 3). All the pain domain items
except item 8 showed acceptable fit residuals whereas, accord-
ing to the Bonferroni-corrected chi-square tests, the item-trait
interactions showed no significant distortions (Table 3). The
PSI for the pain domain was 0.67 (Table 2). After testlet forma-
tion, the PSI increased to 0.85 (Table 3). In the pain domain,
items 11 and 17 had disordered thresholds. Merging item re-
sponse categories “nonnarcotics daily or less” in item 11 and
categories “0-2 days absence” and “over 3 days absence” in item
17 led to ordered thresholds (Fig. 1). Overall, the patients scores
indicated that coverage of the pain domain was good (Supple-
mentary material 5B). The patients’ logit values did not differ
between the deformity severity subgroups (p=0.9) (Fig. 2B).
Age (p=0.0018) was associated with the item location distribu-
tion. No DIF was observed in any of the pain domain items
(Table 4).

4. Self-Image Domain

In the self-image domain, 9.91% of the t-tests were signifi-
cant, indicating violation of the unidimensionality assumption
(Table 3). A residual correlation of over 0.2 was found in 7 out
of 10 item pairs. To achieve unidimensionality, items 4, 6, 10,
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Fig. 2. Illustrations showing the person-item threshold distribution difference between groups of degree of spinal deformity in
the distribution of person scores and items of the SRS-22r. Person-Item threshold distribution and degree of deformity. Mild or
moderate deformity (blue), moderate (red), and marked structural disorder (green). Function/activity (A), pain (B), self-image
(C), mental health (D), satisfaction with management (E). SRS-22r, revised Scoliosis Research Society-22; SD, standard devia-

tion.

14, and 19 were pooled to form a testlet based on item content.
The testlet reduced the proportion of significant t-tests to 3.1%
(Table 3). All the self-image items except item 4 showed good
fit to the RMT model (Table 3). Both the fit residual and Bon-
ferroni-corrected chi-square statistic for item 4 indicated poor
fit to the RMT model (Table 3). The PSI of the self-image do-
main was 0.76 (Table 3). To achieve ordered thresholds, response
categories “somewhat happy” and “neither happy nor unhappy”
in item 4 were merged (Fig. 1). Coverage of the self-image do-
main was good with minor discrepancy as 4 patients scored be-
yond the range of which the scale provided (Supplementary
material 5C). There was a statistically significant difference in
person-item distribution in age (p <0.001), sex (p=0.01), and
degree of deformity (p <0.001). Uniform DIF was observed
across the age groups in items 4, 6, and 19, and nonuniform
DIF was observed between sexes in item 10 (Table 4).

https://doi.org/10.14245/ns.2143354.677

5. Mental Health Domain

In the mental health domain, the proportion of significant t-
tests was 6.3%, and hence the domain was not unidimensional
(Table 3). Residual correlations over 0.2 were found in 6 of the
10 item pairs. No clear testlet solution that would achieve un-
idensionality was available. All the items in the domain showed
ordered thresholds as well as good fit to the RMT model (Fig. 1,
Table 3). The PSI of the domain was 0.90. The domain covered
the patients well, as only a few outliers were found at both ex-
tremities of the range (Supplementary material 5D). Coverage
was equal in terms of degree of spine deformity (p=0.32), age
(p=0.64), or sex (p=0.70). DIF was detected in 2 out of 5 items
(Table 4).

6. Satisfaction With Management Domain
The satisfaction with management domain met the criterion
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Table 5. Results of the SRS-22r total score and it's domains

Item fit Item DIF
Reference value ~ Nonsignificant Ordered  Nonsignificant
after Bonferroni- thresholds after Bonferroni-
correction correction

Total score 11/22 16/22 16/22
Function 4/5 3/5 1/5

Pain 5/5 3/5 5/5
Self-image 4/5 4/5 4/5
Mental well-being 5/5 5/5 3/6
Satisfaction with 2/2 1/2 2/2

management

SRS-22r, revised Scoliosis Research Society-22; DIF, differential item
functioning.

for unidimensionality, as 1.9% of the t-tests were significant (Ta-
ble 3). No residual correlation was found between the 2 items.
The item fit statistics indicated good fit to the RMT model of
the 2 items (Table 3). Item 22 had disordered threshold catego-
ries. Merging response categories ‘probably not” and ‘definitely
not’ in item 22 produced ordered thresholds. The PSI value of
the treatment satisfaction domain was 0.33 (Table 3). The pa-
tients’ satisfaction with management scores showed that the
domain covered the sample well (Supplementary material 5E).
There was no discrepancy in the person-item distribution for
age (p=0.21), sex (p=0.26), or degree of deformity (p=0.66).
No DIF was observed in either item (Table 4).

An overall summary of the RMT statistics for the SRS-22r do-
mains is presented in Table 5.

DISCUSSION

The performance and structural validity of the SRS-22r ques-
tionnaire differed according to whether it was analyzed as the
total score or as the individual domains. The SRS-22r total score
showed poor structural validity when inserted into the RMT
model. It seems that the construct validity of the SRS-22r im-
proves when it is divided into distinct subscales. Nonetheless,
the total score and its 5 domains provided sufficient coverage
and targeting in all the spinal deformity severity categories.

In the present study on adults with degenerative spine condi-
tions, the unidimensionality of the SRS-22r total score was not
supported. The present findings are in line with previous find-
ings of multidimensionality of the SRS questionnaires.””** Jain et
al.'® and Caronni et al.”® introduced a reduced, unidimensional
and linear 7-item version (SRS-7) of the SRS-22 that met the
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Rasch criteria among adolescents with scoliosis. Jain et al.”® val-
idated the SRS-7 version on adults but the fit for RMT was not
separately tested. Four of the pooled items in the SRS-7 were
from the self-image and one each from the pain, function/ac-
tivity, and mental health domains. The short version of the SRS
instrument was found to be a good for assessing global changes
but lacking the individual aspects of spinal deformity."** Man-
nion et al.”” performed structural factor analysis on different
linguistic versions of the SRS-22. They suggested that removing
the worst fitting items (3, 14, 15, 17), one from each nonman-
agement domains, would improve the multidimensional instru-
ment together with standardization and validation of the items
across language versions.”” In the early revisions, items 17 and
18 were rephrased for the present SRS-22r after further adapta-
tions among adolescents and adults.'>"?

The concept of HRQoL is multidimensional,** and thus it is
plausible that RMT analysis does not support the unidimen-
sionality of the SRS questionnaires. Our findings indicate that
the structural validity of the SRS-22r could be enhanced by re-
evaluating its content and removing the afore mentioned po-
tentially mis-fitting items. Moreover, the fact that the individual
SRS-22r domains showed better structural validity leads us to
recommend that the individual domain scores rather than the
total score are used in clinical work and research. This might pro-
vide more accurate patient-reported outcome measure (PROM)
data.

To the best of the authors’ knowledge, the performance of no
SRS instrument has previously been evaluated in participants
with different degrees of ASD severity. The domains of the SRS-
22r seem to work well irrespective of the degree of spinal struc-
tural disorders. The sample used in the present analysis presents
the population visiting an orthopedic spine center due to pro-
longed degenerative thoracolumbar disorders. In adolescents,
the SRS-22 was found to be inferior to the specific Spinal Ap-
pearance Questionnaire (SAQ) in detecting patients who re-
quired surgery and had greater curve magnitude.” In ASD, pain,
disability, and sagittal structural changes cause deterioration in
HRQoL and are the main drivers for seeking surgical treatment™
instead of the deformity magnitude. Adults also comprise a very
heterogenous group of people as to their spinal disorders and
medical conditions compared to adolescents with idiopathic
scoliosis. The degree of spinal deformity may affect the comple-
tion of the total score so that more respondents have for exam-
ple higher scores from harder items affecting the person-item
distribution. Further studies could focus on performing the
RMT analysis for different stages of spinal deformity, a task that
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was beyond the scope of this study. Also, the previously studied
HRQoL instruments failed to account sufficiently for neuro-
genic injury or impairment.” The SRS version 30 total score
has been structurally evaluated in relation to radicular symp-
toms,” but further studies are required to evaluate the validity of
the SRS-22r for measuring neurogenic impairment. Structural
validity of the SRS or other deformity-specific HRQoL instru-
ments has not been mathematically analyzed in large patient
cohorts or with RMT. The SRS-22r domains are reported sepa-
rately in several studies, but to the author’s best knowledge few
studies report results in comparison between the individual SRS
domains.'**

Compared to the SRS-22r total score or other domains, Func-
tion/activity most optimally met the RMT model criteria. It was
found to be unidimensional with both good item fit and cover-
age and an acceptable PSI level. The domain achieved ordered
thresholds in all items after merging the response categories in
items asking about current level of activity and the frequency of
going out compared to friends. Potential item response bias, com-
promising fit to the RMT model, was noted when patients were
divided into subgroups by age or sex. Majority of the function/
activity domain items showed DIF with at least one tested age
or sex group. Patients with high degree of sagittal deformity also
had lower logit values and hence a different person-item distri-
bution in the function/activity domain. This may indicate that
physical functioning and the capability to perform and daily
activities depend on the degree of spinal deformity and that this
difference is detected by the SRS-22r Function/activity domain.**

The pain domain showed good item fit and sensitivity, and
no DIF was found. The domain items ask about pain during
the last 6 months, during the past month and during rest, the
use of pain medication, and the frequency of absence from work
or school (item 17). The last 2 items may also measure other
traits that patients cannot clearly differentiate from their spinal
condition when filling in the questionnaire. Item 17 showed
misfit to the RMT rating scale structure parameters (Andrich
thresholds), indicating that the response categories did not match
the item’s intended meaning. Altogether 40% of the participants
were not available for employment or school, which could ex-
plain the confusion over the response categories in this older
population. Adapting item 17 to better serve ASD patients who
may be students, in employment or retired, can be recommend-
ed. Pain was the only SRS-22r domain that showed no response
bias between the age or sex groups. The domain functioned well
across all degrees of spinal deformity. However, the pain scale
differed between the age groups in its coverage and targeting.

https://doi.org/10.14245/ns.2143354.677

Although the self-image/appearance domain did not show
unidimensionality, it showed good item fit in 4/5 of the items,
sensitivity and coverage. Item 4 (“If you had to spend the rest of
your life with your back shape as it is right now, how would you
feel about it?”) showed potential misfit to the RMT model. The
sensitivity of the domain was acceptable. It was also multidi-
mensional; however, removing or modifying item 4 might im-
prove the fit of the domain to the RMT model. This domain
might also improve the value of the SRS instrument in measur-
ing HRQoL in all degrees of ASD, as the other spine question-
naires do not place similar emphasis on the emotional and psy-
chological functions.”

The mental health domain items were taken with permission
from the Rand Corporation’s SF-36 instrument. All the mental
health items are good measures of mental well-being problems,
as demonstrated by their ordered thresholds, good sensitivity,
coverage and fit to the RMT model. However, in this study, the
mental health domain was not unidimensional. In another pa-
tient cohort with prolonged back pain and associated depres-
sion and distress, the SRS-22r has also shown a multidimension-
al structure.” Potential age-related response bias was found for
item 20, which asks how often the respondent has been a happy
person, and sex-related bias for item 16, which asks whether
the respondent has felt downhearted and blue. Such bias may
be explained by the multidimensionality of the measured trait
and respondents’ interpretation of the positive vs negative tone
of the item (happy vs. blue).

Satisfaction with management is rarely covered in the PROMs
used for spinal problems. This 2-item unidimensional domain
showed good coverage and fit to the RMT model and no DIE.
Merging 2 response categories (probably not and definitely not)
in item 22 resulted in ordered thresholds. The domain is simple
and short, has good structural and psychometric validity, and
can be recommended in clinical use.

The strength of this study was the consecutive-sample cohort
of symptomatic adult patients with a wide range of different de-
grees of spinal deformities. The dropout rate of the recruitment
was low, and thus the result can be generalized to real-life stud-
ies of this patient population. RMT was applied in a sufficient
sample size to provide reliable information on the psychometric
and structural properties of the SRS-22r. Furthermore, to our
best knowledge, the individual SRS-22r domains have not been
evaluated with the RM among adults. Chi-square statistics can
be sensitive to large sample sizes. As our sample size was ample,
it could potentially result in significant chi-square statistics, even
for a well-fitting measure. The limitations of the current study
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are that analysis only included mostly preoperative patients and
that the study was as a single-center study conducted in one
spine clinic. Furthermore, the SRS-22r and its domains scores
could be structurally investigated and developed among adult
patients who have undergone surgery due to spinal deformity.

CONCLUSION

The results of the present RMT analysis show that, among
ASD patients, the individual domain scores of the SRS-22r per-
form better than the total score. Refining items and domains
may improve the validity of the instrument for use with adult
patients with spinal deformities, even when multidimensionali-
ty between domains persists. The questionnaire largely performed
equally across age and sexes. The SRS-22r domains were able to
differentiate between degrees of spinal deformity.

SUPPLEMENTARY MATERIALS

Supplementary materials 1-5 can be found via https://doi.org/
10.14245/ns.2143354.677.
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Supplementary material 1. Item-trait interaction formulae in Rasch measurement theory.

Miiller and Kreiner describe the formulae behind the RUMM?2030 analysis as follows: “The item-trait interaction is calculated us-
ing group residuals for item chi-square fit statistics as the sum of squared group residuals” Persons are grouped into classes (g) de-

D K= ) B

veEg veg

Xf:ZZéi =z j
g

’ /Z V ar (X))
veg

The total “item-trait interaction” chi-square test statistic is the sum of item chi-square test statistic, as shown below in Formula 2.

pending on the individual scores (Formula 1).

X2=Z X2, df = k-df ;
i

Adapted from: Miiller M, Kreiner S. Item fit statistics in common software for rasch analysis. Copenhagen; 2015. Available from:
https://ifsv.sund.ku.dk/biostat/annualreport/images/2/2f/Research_Report_15-06.pdf.

Supplementary material 2. Residual correlation matrix SRS-22 domains. SRS-22r, revised Scoliosis Research Society-22.
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sis Research Society-22.
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Person-ltem Threshold Distribution
(Grouping Set to Interval Length of 0,20 making 45 Groups)
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Supplementary material 4. Person-Item threshold distribution of the SRS-22r total score according to different stages of defor-
mity. The scale provided coverage for patients locating between -4.5 and 4 logits. All patients were inside the range where the
scale provided coverage. Mild or no deformity (blue), moderate (red), and marked deformity (green). SRS-22r, revised Scoliosis

Research Society-22.
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Impact of Radiation Therapy on
Outcomes After Spinal
Instrumentation for Craniocervical
Junction Malignancies
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Department of Neurosurgery, The University of Texas MD Anderson Cancer Center, Houston, TX, USA

Objective: Spinal reconstruction after resection of invasive craniocervical junction malig-
nancies is fraught with technical and management considerations as well as a paucity of data
in the existing literature. In this study, we describe our experience with craniocervical junc-
tion malignancies, especially the influence of radiation on the need for revision spinal in-
strumentation.

Methods: We performed a retrospective chart review of all patients who underwent occipi-
tocervical fixation between 2011 and 2019 at The University of Texas MD Anderson Cancer
Center.

Results: Twenty-five patients had primary malignancies and 12 (30%) had metastatic tumors.
Thirteen (33%) underwent a staged resection in multiple operations during their hospital
stay. Tumor resection was performed in 19 patients (48%), while only stabilization was per-
formed in 21 patients (52%). Nine patients (23%) underwent expanded endoscopic tran-
sclival approaches for tumor resection, 10 patients (25%) an extreme lateral approach, and
2 patients (5%) an anterior open approach. Eleven patients underwent early postoperative
radiation therapy (within 3 months) and 8 underwent delayed radiation therapy (between 3
months and 1 year in 7 patients). The revision rate was 8%, with a median time to revision
surgery of 42 months. The administration and timing of adjuvant radiation therapy relative
to surgery had no significant effect on the need for instrumentation revision on log-rank
and Cox regression analyses (p < 0.05).

Conclusion: Revision surgery was needed infrequently in our patients. Postoperative radia-
tion therapy was not associated with hardware failure, indicating that the timing of radia-
tion therapy should be dictated by the diagnosis and can be initiated postoperatively with-
out delay.

Keywords: Craniocervical junction, Instrumentation, Cancer, Radiation

INTRODUCTION estimated that only 0.5% of all spinal metastases occur in the
CCJ, with the most common histologies being breast, renal, lung,

The craniocervical junction (CC]J) is a complex anatomic re- and prostate cancer.” The most common primary tumors of the
gion that encompasses the lower clivus, foramen magnum, oc-  CCJ are chordomas, chondrosarcomas, giant cell tumors, and

cipital condyles, and vertebrae of the atlas and axis, with all of =~ nasopharyngeal carcinomas.?

their associated ligaments and vascular and neural structures.' The surgical approach to tumor resection in the CCJ varies

Primary or metastatic tumors that affect the CCJ can affect the  according to the underlying pathology, patients’ symptoms, and

stability of this region, resulting in pain, lower cranial nerve dys-  extent of the disease. Modern endoscopic techniques that are

function, cerebral vascular insufficiency, and myelopathy. It is ~ associated with improvements in intraoperative navigation are
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frequently used to resect ventrally located tumors that extend
from the level of the soft palate to the anterior arch of C1.> A
transoral extension allows an approach from the lower clivus to
up to the C3-4 disc. The far lateral transcondylar approach, with
or without mobilization of the vertebral artery, is used to resect
dorsal and lateral lesions, as well as tumors located from the mid
portion of the dens to the lower body of C2.* These approaches
are associated with significant disruption of the ligaments and
bony structures, requiring CCJ fixation.

Craniocervical reconstruction is mandatory in the setting of
the CCJ malignant disease and extensive adjuvant therapy often
is required. Additionally, there are concerns regarding the im-
pact of adjuvant therapy on the achievement of mature arthrod-
esis, which drives the wide variability in the spectrum of recon-
struction strategies reported.” It is also unclear whether radia-
tion therapy should be delayed to allow the development of ar-
throdesis, especially in slow-growing low-grade chondrosarco-
mas, where the time to the initiation of radiation therapy does
not clearly impact long-term outcomes. In addition to possible
hindrance of the fusion process, high dose radiation therapy re-
quired for local control of chordomas can induce muscle atro-
phy and subcutaneous scars as well as reducing the blood sup-
ply to discs and cartilage. These pathophysiological processes
can accelerate degenerative changes within the radiation field.
Additionally, there are few outcome data on whether the need
for and timing of radiation therapy affect the need for revision
spinal instrumentation in CCJ reconstruction patients.

In this study, we evaluated the effect of postoperative radia-
tion therapy on the durability of occipitocervical stabilization in
a retrospective review of patients who underwent stabilization
for malignant disease involving the CCJ at a large tertiary can-
cer center. We also describe our experience with CCJ maligna-
nices, especially the influence of radiation on the need for revi-
sion spinal instrumentation.

MATERIALS AND METHODS

1. Patient Selection

A retrospective review was performed with the following in-
clusion criteria: all patients who underwent occipitocervical
stabilization at The University of Texas MD Anderson Cancer
Center (Houston, TX, USA) for a CCJ malignancy between 2011
and 2019 with a greater than 6-month follow-up. The study was
approved by the Institutional Review Board (IRB) of The Uni-
versity of Texas MD Anderson Cancer Center (IRB No. PA17-
0906), in compliance with regulations set by our institution for

https://doi.org/10.14245/ns.2244034.017

the study of human subjects, and it met all Health Insurance
Portability and Accountability Act standards. A waiver of in-
formed consent was granted. Patients were identified via a search
of a prospectively collected departmental registry. Their clinical
charts were reviewed to collect baseline characteristics, imaging
and pathology findings, radiation treatments, and chemothera-
py regimens. Preoperative imaging (computed tomography [CT]
and magnetic resonance imaging [MRI]) results were assessed
to determine the extent of tumor invasion of the bony and liga-
mentous structures of the CC]J.

2. Decision Making and Surgical Technique

Decisions pertaining to tumor resection were made in a his-
tology-specific fashion in which radical resection was attempt-
ed for primary malignancies. In cases of metastatic disease, the
decision to pursue resection versus limited debulking or stabili-
zation was tailored on the basis of the feasibility of adequate tu-
mor control with adjuvant conventional external-beam radia-
tion therapy or spinal stereotactic radiation surgery.® The deci-
sion to perform occipitocervical fixation was based on the fol-
lowing factors: intractable neck pain, mechanical instability, and
resection of critical bony and ligamentous structures because of
tumor involvement or as part of the surgical approach. In trans-
condylar approaches (lateral open, ventral open, or endoscop-
ic), >70% resection of a single condyle or >50% of both con-
dyles were the thresholds for fusion. In staged surgical strategies
in which the fusion was performed separately from the resec-
tion, patients were kept in a halo vest in the interim.

The occipitocervical fixation technique has been well descri-
bed.* The construct length was decided based on bone quality,
osteoporosis, and additional sites of subaxial disease with the
intent of performing the shortest segment fixation feasible. All
spinal instrumentation was performed with a midline buttress
plate on the occiput, pedicle, or pars screws at C2 and lateral
mass screws in the subaxial spine. Arthrodesis was performed
with decortication and the use of demineralized bone matrix
and local autologous bone when available. Complex plastics
closure with rotational flaps was performed in reoperative cases
with previous irradiation or a need for extensive soft tissue dis-
section.

3. Outcome Analysis

The primary outcome was time to hardware revision, defined
as the time from occipitocervical fixation to instrumentation
failure requiring revision surgery, stratified by a binary measure
of radiation therapy status (received/did not receive) as well as
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a binary measure of radiation therapy timing (early >3 months
and delayed <3 months). Reasons for delayed radiation thera-
py include worry of hurting the durability of spinal instrumen-
tation, wound complications such as dehiscence or infection, or
lack of need due to complete tumor resection. Instrumentation
failure was identified on the basis of imaging findings (CT or
MRI) that demonstrated hardware failure and clinical notes
that confirmed the need for revision surgery. We also analyzed
the overall survival period of enrolled patients.

4. Statistical Analysis

The frequency distribution and summary statistics were cal-
culated for all variables. Kaplan-Meier estimates of the primary
outcome were calculated, and survival curves, stratified by ra-

Table 1. Baseline characteristics of study cohort

Characteristic No. of patients (%)
Sex
Male 22 (55)
Female 18 (45)
Age range (yr)
0-18 3(8)
18-35 6 (15)
35-65 20 (50)
>65 11 (28)
Breakdown by histologic diagnosis
Primary tumor
Chordoma 16 (40)
Giant cell tumor 2 (5)
Pleomorphic sarcoma 3(8)
Medulloblastoma 1(3)
Neurofibromatosis 1(3)
Multiple myeloma 2(5)
Metastatic tumor
Colon cancer 2 (5)
Renal cell carcinoma 5(13)
Breast cancer metastasis 4(10)
Thyroid cancer 1(3)
Osteoradionecrosis 3(8)
Previous cancer-related treatments directed
at the craniocervical junction
Radiation therapy 18 (45)
Chemotherapy 9(23)
Surgery 11 (28)
Spinal instrumentation 2(5)

diation therapy status, were compared using the log-rank test at
a maximum significance of p<0.05. A Cox regression analysis
was used to generate the hazard ratio between the radiation ther-
apy and no radiation therapy cohorts, and chi-square was used
to evaluate the statistical significance of the model at a signifi-
cance level of p<0.05. All statistical analysis were performed
using IBM SPSS Statistics ver. 23.0 (IBM Co., Armonk, NY, USA).

RESULTS

1. Study Cohort and Descriptive Data

Forty patients who had undergone instrumented occipito-
cervical fusion at our institution were included. The baseline
characteristics of the study cohort are shown in Table 1. Twen-
ty-five patients (63%) had primary malignancies, and 12 (30%)
had metastatic tumors; the remaining 3 patients (8%) had os-
teoradionecrosis. Eighteen patients (45%) had undergone pre-
vious radiation therapy, 9 (23%) had undergone previous che-
motherapy, 11 (28%) had undergone previous surgery for the
same lesion, and 2 (5%) had undergone previous spinal instru-
mentation. Median follow-up was 18.8 months.

The degrees of preoperative disease involvement of the bony
and ligamentous structures of the CCJ are shown in Table 2. The

most common bony site affected by tumor was the C1 lateral

Table 2. Degree of bony and ligamentous involvement

Variable No. of patients (%)

Severity of bony involvement

Occipital condyles 21 (53)
Unilateral 17 (43)
Bilateral 4(10)

Cl1 22 (55)
Partial 22 (55)
Complete 0(0)

C2 21 (53)
Dens 9 (23)
Body 11 (28)
Pars 1(3)

Clivus 12 (30)

Ligamentous involvement

All ligaments 12 (30)

Apical 6 (15)

Transverse 14 (35)

Alar 11 (28)

None 8 (20)
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masses/anterior arch in 22 patients (55%), followed by the oc-
cipital condyles 21 (53%) and the C2 body/dens in 21 individu-
als (53%). Twelve patients (30%) had integrity of all CCJ liga-
ments compromised by the tumor invasion. Individual CCJ lig-
ament involvement occurred as follows: apical ligament, 6 (15%);
transverse ligament, 14 (35%); alar ligament, 11 (28%), 8 (20%)
had no significant ligamentous insufficiency suspected. Base-
line characteristics were not significantly different between the
postoperative radiation and nonpostoperative radiation groups

Table 3. Overview of surgical outcomes

Variable No. of patients (%)
Staged surgical resection 13 (33)
Surgical approach for resection
Endoscopic endonasal 9 (23)
Extreme lateral 10 (25)
Anterior open 2(5)
No resection 21 (43)
Halo vest placement 11 (28)
Levels fused with occipitocervical fixation
Less than 3 levels 5(13)
3-6 Levels 32 (80)
More than 7 levels 3(8)
PEG placement 12 (30)
Tracheostomy placement 12 (30)
30-Day complications
Medical complications 5(13)
Swelling and emergent tracheostomy 2(5)
Wound dehiscence 2(5)
CSF leak 1(3)
Adjuvant radiation therapy 17 (38)
Time to initiation of radiation therapy
0-3 Months 11 (25)
>3 Months-1 year 8(18)

PEG, percutaneous endoscopic gastrostomy; CSE, cerebrospinal fluid.

Table 4. Association of baseline characteristics with postoper-
ative radiation using binary logistic regression

Variable Odds ratio p-value
Previous chemo 0.4 0.43
Previous radiation 0.23 0.29
Previous resection 5.1 0.23
Recurrent tumor 4.7 0.28
Metastasis 1.6 0.67

https://doi.org/10.14245/ns.2244034.017

using binary logistic regression analysis, shown in Table 3.

2. Surgical Outcomes

Table 4 shows patients surgical details and postoperative data.
Tumor resection was performed in 19 patients (48%), while sta-
bilization alone was performed in 21 (52%). Thirteen patients
(33%) underwent a staged resection in multiple operations dur-
ing their hospital stay. Nine patients (23%) underwent an ex-
panded endoscopic transclival approach for tumor resection,
10 (25%) an extreme lateral approach, and 2 (5%) an anterior
open approach. Eleven patients (28%) had a halo vest placed
between surgical stages. Thirty-two patients (80%) had 3 to 6
levels fused. Seven patients (18%) had significant swallowing
dysfunction requiring a percutaneous endoscopic gastrostomy
(PEG) before surgery, while 5 (13%) had developed postopera-
tive dysphagia requiring placement of PEG tubes for postopera-
tive nutritional support. Twelve patients (30%) experienced a
complication within 30 days after surgery. Postoperative radia-
tion therapy was given as early (within 3 months) after surgery
to 19 patients (48%), and in delayed fashion (between 3 to 12
months) in 8 patients. The most common radiation therapy
modalities were proton therapy and stereotactic radiation ther-
apy, with average doses of 70 GyRBE (radiation biological equiv-
alents) and 27 Gy to the clinical target volume, respectively.

3. Primary Outcome Analysis

The median overall survival was 20.3 months. The revision
rate was 8% (3 patients), with a median time to revision surgery
of 42 months. Fig. 1 shows the Kaplan-Meier curve when using
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Fig. 1. Kaplan-Meier curve of overall need for revision sur-
gery in patients undergoing occipitocervical fixation for ma-
lignant disease.
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Fig. 2. Kaplan-Meier curve demonstrating impact of adjuvant
radiation therapy on the need for revision surgery after occip-
itocervical fixation.

hardware failure and revision surgery as the primary outcome.
The Kaplan-Meier analysis stratified by postoperative radiation
therapy did not show statistically significant difference of sur-
vival rate (Fig. 2, p=0.54). No statistically significant difference
was found between the 2 cohorts (p=0.54). Similarly, no statis-
tically significant difference was found (p=0.55) in a Cox re-
gression analysis (Fig. 2). In the Kaplan-Meier analysis of revi-
sions surgery in the postoperative radiation therapy cohort, strati-
fied by the timing of adjuvant radiation therapy, no statistically
significant difference of survival was noted between patients un-
dergoing early (less than 3 months postoperatively) versus de-
layed (greater than 3 months) adjuvant radiation therapy (Fig. 3).

We could not find a correlation between presence and timing
of adjuvant radiation therapy influencing the occurrence of re-
vision surgery. The patient who received early radiation had a
fall 5 years after surgery and developed traumatic disconnec-
tion of the spinal hardware. The patient who received delayed
radiation experienced tumor recurrence 3 years after surgery
leading to a pathologic fracture of C2 and bilateral rod break-
age. The patient who had undergone no postoperative radiation
therapy experienced loosening of the lateral mass screws ap-

proximately 2 years after surgery.

DISCUSSION

CCJ malignancies pose unique surgical and management
challenges. Given the unique biomechanical function of this re-
gion and the contributing bony and ligamentous structures, the
indications for and technique of occipitocervical fixation re-
quire special consideration. A critical management decision is
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Fig. 3. Kaplan-Meier curve demonstrating impact of adjuvant
radiation therapy timing on the need for revision surgery af-
ter occipitocervical fixation.

the need for and ideal timing of postoperative radiation therapy
to minimize its negative impact on the wound healing and du-
rability of instrumented spinal stabilization. The results of our
study indicate that in general, independent of the timing of ra-
diation therapy, revision surgery after occipitocervical instru-
mentation was extremely infrequent. The administration and
timing of adjuvant radiation therapy did not significantly im-
pact instrumentation outcomes.

The stability of the CCJ stems from its cup-shaped configura-
tion and its ligamentous structures that connect the clivus, dens,
and atlas. Instability can be induced by tumor invasion of these
critical structures or the surgical approach employed. Table 2
describes the severity of bony and ligamentous involvement in
our patient cohort, which are key variables used to guide surgi-
cal planning. Any disruption involving the transverse ligament
of the atlas, anterior arch of the atlas, or bilateral disruption of
the alar ligaments was considered high risk for craniocervical
instability and we performed occipitocervical fusion in these
cases. The only cases that we did not consider high risk for in-
stability was resection of the lower clivus with isolated disrup-
tion of the apical ligament.

For example, the far lateral transcondylar approach has been
shown to result in instability, with 50%-75% condylar resection,
that is compounded by disruption of the posterior atlantooc-
cipital membrane, along with the alar ligaments.”® Beyond bony
and ligamentous resection, the resection of the adjacent mus-
cular structures that are responsible for CCJ mobility and sta-
bility also contributes to postresection instability as a result of
the extensive extracompartmental resection outside of the CCJ.
These surgical considerations factor into determining the indi-
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cations for postoperative fixation. Champagne et al.’ recognized
that there are indeterminate situations in the need for fixation;
in an effort to avoid the consequences of instrumentation on
radiation therapy fields, they reported a protocol in which in-
strumentation can be delayed until the need for fixation is clearly
demonstrated on radiographic follow-up in patients with CCJ
chordomas.

Spinal reconstruction in the setting of cancer surgery and the
need for adjuvant therapy is fraught with the obstacles highlight-
ed above. Because of the rarity of malignancies in this CCJ, the
data regarding reconstruction strategies across all spinal sites
are limited to retrospective studies; the data regarding CCJ in-
strumented fixation are even more limited. To this effect, Glen-
nie et al.'’ performed a systematic review to identify optimal
strategies in the cancer setting. Regardless of the location along
the spine, instrumentation revision rates of 7.7%-10% were re-
ported. Arthrodesis techniques included the use of vascularized
autograft, morcelized allograft, and bone graft substitutes. The
reported spectrum of techniques highlights the lack of a con-
sensus approach to fixation strategies after cancer ablative sur-
gery. Despite the unique challenges of the CCJ, our revision rate
compares well to the results of Glennie et al."® and supports the
techniques used in our cohort.

Anterior reconstruction was not attempted in any of our cas-
es. We believe that modern spinal instrumentation is adequate
for the stabilization of the CCJ junction, if there is at least 50%
of one occipital condyle left. As most of our patients require im-
mediate postoperative radiation therapy or chemotherapy, we
do not perform harvesting of iliac crest, as the viability of this
autograft may be compromised by adjuvant therapy. As we ob-
served a low incidence of hardware failure, we prefer to have an
iliac crest autograft available for eventual hardware revision, where
radiation therapy will have less chance to negatively affect the
newly implanted iliac crest graft. All hardware failures in our
study occurred at the distal end of the construct or with rod
breakage.

We did not observe the presence of a solid bony fusion that
bridged the occipital bone to the subaxial spine in any of our
patients. A longer follow-up period than 18.8 months is needed
to clarify whether a lack of arthrodesis affects functional out-
comes. We did not observe increased hardware failure or wound-
related complications in patients treated with adjuvant radia-
tion therapy. We attribute the lack of wound-related complica-
tions to our frequent collaboration with plastic surgeons to per-
form muscle advancement flaps or complex free flap reconstruc-
tions in cases that were considered high risk, which included

https://doi.org/10.14245/ns.2244034.017

prior radiation therapy, prior extensive surgery, severe malnu-
trition, and skin-related trophic changes.

The patients in our series underwent occipitocervical instru-
mented fusion for the treatment of craniocervical instability
due to malignant disease. Patients with primary tumors under-
went attempted maximal cytoreduction, which required a staged
anterior and posterior approach. It is our practice to perform
the anterior operation first, in which the patient’s head is posi-
tioned in extension and rotation. Upon the completion of this
stage, we place the patient in a halo vest if there is disruption of
the transverse and alar ligaments, resection of the anterior arch
of C1 or odontoid process, or compromise of more than 50% of
the occipital condyle. Upon completion of the posterior approach,
spinal instrumentation is applied. We do not use cervical braces
in the postoperative period. All 12 patients in our series with
metastatic disease were treated with a single-stage posterior ap-
proach. In radiation-resistant histologies, the goal was tumor
resection to allow adequate spinal cord decompression and de-
livery of tumoricidal doses of postoperative spinal stereotactic
radiation therapy. In radiation-sensitive tumors, we performed
posterior instrumented fusion and subsequent external-beam
radiation therapy.

The incidence of dysphagia requiring PEG placement high-
lights the importance of achieving optimal craniocervical align-
ment. As expected with extensive CCJ malignancies, all patients
in this cohort who required percutaneous gastrostomy had pre-
existing dysphagia due to tumor involvement of the lower cra-
nial nerves. However, swallowing difficulty as a result of subop-
timal alignment of the CCJ is well-documented in the medical
literature, with rates of up to 24% in patients even without tu-
mor pathology." Several techniques have been reported that
use preoperative radiographic parameters to assist in optimiz-
ing cervical alignment.”" Consistent with Bagley et al."* we
found that it is easier to achieve a functionally comfortable align-
ment in patients undergoing staged surgical strategies with postre-
section halo vests. The technique allows patients to report their
comfort level and be evaluated by speech pathologists in the
halo prior to being fused permanently into that position. As a
result, in patients with lower cranial nerve deficits, optimal align-
ment can be used to maintain the ideal function of the muscles
responsible for deglutition.

We recognize several limitations of this study, including its
retrospective nature, the relatively short follow-up, the small
sample size, the lack of standardization in postoperative radia-
tion therapy regimens, the different surgical approaches, the
heterogeneous tumor histology, and the variability in the num-

www.e-neurospine.org 439



Muir M, et al.

Spinal Instrumentation for Craniocervical Junction Malignancies

ber of levels instrumented. However, we believe that this series
represents a real-world sample of rare cases that were managed
in a tertiary cancer center. Our data suggest that radiation ther-
apy administered in a short interval following instrumented
occipitocervical stabilization does not affect the durability of
spinal reconstruction. Longer follow-up and additional studies
are needed to clarify the durability of spinal constructs in the
absence of documented solid arthrodesis between the occiput
and the axial spine.

CONCLUSION

We report a retrospective series of CCJ malignancies treated
with occipitocervical fixation; we found a low incidence of hard-
ware failure and need for revision surgery. Postoperative radia-
tion therapy did not impact long-term fixation outcomes, pro-
viding evidence that radiation therapy can be postoperatively
administered without delay.
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Objective: We performed a retrospective observational study to demonstrate the surgical
risks and long-term prognoses of intramedullary tumors in Japan using a multicenter regis-
try authorized by the Neurospinal Society of Japan.

Methods: Data from 1,033 consecutive patients with intramedullary tumors, treated be-
tween 2009 and 2020, were collected from 58 centers. Patients with spinal lipomas or myxo-
papillary ependymomas were excluded. Patient characteristics, clinical presentations, im-
aging characteristics, treatments, and outcomes were analyzed. The modified McCormick
scale was used to classify functional status. Survival was described using Kaplan-Meier curves,
and multivariable logistic regression analyses were performed.

Results: The mean age of the patients was 48.4 years. Data of 361 ependymomas, 196 he-
mangioblastomas, 168 astrocytic tumors, 160 cavernous malformations, and the remain-
ing 126 cases including subependymomas, metastases, schwannomas, capillary hemangio-
mas, and intravascular B-cell lymphomas were analyzed. Twenty-two patients were undi-
agnosed. The mean follow-up duration was 46.1 + 38.5 months. Gross total tumor removal
was achieved in 672 tumors (65.1%). On the modified McCormick scale, 234 patients (22.7%)
had worse postoperative grades at the time of discharge. However, neurological status grad-
ually improved. At 6 months postoperatively, 251 (27.5%), 500 (54.9%), and 160 patients
(17.6%) had improved, unchanged, and worsened grades, respectively. Preoperative func-
tional status, gross total tumor removal, and histopathological type were significantly asso-
ciated with mortality and functional outcomes.

Conclusion: Our findings demonstrate better postoperative functional outcomes in patients
with fewer preoperative neurological deficits. Degree of resection, postoperative treatments,
and prognoses are closely related to the histology of intramedullary tumors.

Keywords: Intramedullary tumors, Astrocytoma, Ependymoma, Cavernous angioma, He-
mangioblastoma
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INTRODUCTION

Intramedullary spinal cord tumors are rare. However, they
significantly affect patients’ daily life by causing neurological
dysfunction and mortality."* When treating patients with intra-
medullary tumors, referring to standardized treatment proto-
cols would be ideal in order to decide when and how to perform
surgical interventions. However, such protocols are available
but scarce,*” as planning prospective randomized studies have
been difficult because of the rarity and varied clinical courses of
these tumors.

Thus, this study aimed to present the clinical course and sur-
gical outcomes of intramedullary tumors by analyzing the avail-
able data from Japanese neurosurgical centers. Here, we devel-
oped a multicenter registry of intramedullary tumors autho-
rized by the Neurospinal Society of Japan. In addition to the
epidemiological and clinical characteristics, we determined the
factors associated with improved survival and functional out-

comes.

MATERIALS AND METHODS

1. Ethics

This was a multicenter cohort study authorized by the Neu-
rospinal Society of Japan. The study protocol was approved by
the Institutional Review Board of Tohoku University Hospital
(2021-1-130) and the participating centers. As this was a retro-
spective and noninvasive study, the requirement for written in-
formed consent from patients was waived. Instead, a public no-
tice that provided information on this study was given on indi-
vidual center websites.

2. Patient Selection

The inclusion criterion was consecutive patients with intra-
medullary spinal cord tumors treated surgically at 58 centers
between 2009 and 2020. The exclusion criteria were patients
with the spinal lipoma or the myxopapillary ependymoma. Pa-
tients who underwent their first surgery at different hospitals or
before 2008 were also excluded.

3. Baseline Characteristics

Clinical characteristics including age, sex, height, weight, past
medical history (including neurofibromatosis, von Hippel-Lindau
disease, and brain tumors), clinical presentations, and duration
of the disease were anonymously extracted from the patients’
medical records. Modified McCormick scales® (grade I, normal
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gait; grade II, mild gait disturbance not requiring support; grade
11, gait with support; grade IV, assistance required; and grade V,
wheelchair needed) were periodically analyzed, allowing com-
parisons between the preoperative and postoperative status.
Specifically, the grades at discharge and 6 months postopera-
tively were compared to those before surgery. Radiological data
were collected from preoperative and postoperative images, in-
cluding lesion level, lesion length, magnetic resonance imaging
(MRI), and computed tomography findings. From the surgical
records, surgical approaches, degree of excision, operative time,
blood loss, and complications were assessed. The surgeons’ years
of experience and certification status in the Neurospinal Society
of Japan were also reported from each facility. Pathological di-
agnoses and immunohistochemical markers were extracted
from the pathological records. Information was also recorded
on the postoperative clinical course, including adjuvant radio-
chemotherapy, presence of recurrence and dissemination, and
treatment modalities for recurrence.

4. Functional and Performance Grades

Using the modified McCormick scale, when a patient remained
at the same grade, we termed the pattern “stable” Changes of at
least one level when compared to the preoperative status were

described as “improved” or “worsened” as appropriate.

5. Statistical Analysis

All data were analyzed for completeness and accuracy, and
anonymized prior to being scrutinized. The survival period,
defined as the number of months from surgery to death, was
censored at the last available follow-up or cutoff study date (De-
cember 31, 2020) for those who were still alive. Kaplan-Meier
curves were created to estimate overall survival for the entire
cohort as well as survival in subgroups classified based on his-
tological diagnosis. Risk factors for mortality and factors indi-
cating better functional outcomes were identified using multi-
variable logistic regression analyses across different demograph-
ic characteristics, tumor types, and surgical interventions after
controlling for potential confounders. The effects are presented
as odds ratios with associated 95% confidence intervals. The
multivariable models were adjusted for all included factors. Each
preliminary model was then entered into the final logistic re-
gression model. Goodness of fit was assessed using the Hosmer-
Lemeshow test. Statistical analyses were performed using IBM
SPSS Statistics ver. 26.0 (IBM Co., Armonk, NY, USA).
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RESULTS

1. Patient Demographics

In total, 1,033 individual cases were identified. The mean age
of the patients at the time of surgery was 48.4 years (range, 0-88
years). Patient demographics are summarized in Table 1. Of the
cases, 560 were men (54.2%), and 473 were women (45.8%), in-
dicating a slight male predominance. A clinical diagnosis of neu-
rofibromatosis type 1 was present in 6 cases (0.6%), and neuro-
fibromatosis type 2 was present in 16 cases (1.6%). Seventy-four
patients (7.1%) were diagnosed with von Hippel-Lindau dis-
ease. The mean duration of symptoms was 22.8 months, with
limb paresthesia being the most common presenting symptom
(85.1%), followed by weakness (66.2%), and gait disturbance
(57.2%). The patients also presented with head, neck, or back
pain (41.2%), limb pain (40.9%), or bladder and/or bowel dis-
turbances (33.0%).

The tumors were distributed across the following spinal lev-
els (Table 2): 465 cervical (44.9%), cervical and thoracic (127%
and 12.4%, respectively), 333 thoracic (32.2%), and thoracic and
lumbar (108% and 10.5%, respectively). Based on MRI findings,
the tumors were classified as cystic (8.2%), solid (50.1%), mixed
(25.6%), or hemorrhagic (15.1%). The tumor size was measured

Table 1. Summary of patient demographics among 1,033 cas-
es of the intramedullary spinal cord tumors

Variable Value
Age on admission (yr) 48.4 (0-88)
Sex
Men 560 (54.2)
Women 473 (45.8)
Cases with hereditary disease
Neurofibromatosis, type 1 6(0.6)
Neurofibromatosis, type 2 16 (1.6)
von Hippel-Lindau disease 74 (7.1)
Mean duration of the symptoms (mo) 22.8
Clinical presentations
Head, neck or back pain 426 (41.2)
Limb pain 424 (40.9)
Limb paresthesia 882 (85.1)
Limb weakness 686 (66.2)
Gait disturbance 593 (57.2)
Bladder/bowel disturbance 342 (33.0)

based on sagittal images. The average tumor length was 39.1 mm.
Concomitant brain tumors were observed in 130 cases (12.5%).

2. Histopathology and Tumor Characteristics

Among the 1,033 intramedullary spinal cord tumor cases,
361 were ependymomas, 196 were hemangioblastomas, 168
were astrocytic tumors, and 160 were cavernous malformations.
The remaining 126 cases comprised subependymomas, metas-
tases, capillary hemangiomas, lymphomas, and schwannomas
(Table 3). Twenty-two cases remained undiagnosed, even after
histological evaluation.

3. Surgical Treatment

As demonstrated in Table 4, surgery was performed via the
posterior approach in almost all cases (1,023 operations, 99.0%).
Ten surgeries (1.0%) were performed anteriorly. Most surgeons
(94.5%) had > 10 years of experience. In 88.3% of the cases, the
main operators were certified spine surgeons of the Neurospi-
nal Society of Japan. The mean operative time was 399.9+173.2
minutes. The mean blood loss was 186.0+247.0 mL. Overall,
65.1% of the cases were treated with gross total resection, while
13.0% and 14.1% of the lesions received subtotal and partial re-
moval, respectively. Biopsy was performed in 7.8% of the cases
to confirm the histological diagnosis. The frequency of total re-
section varied among different histological subtypes. For exam-
ple, 91.8% of hemangioblastomas were completely removed,

Table 2. Tumor characteristics of the 1,033 cases of the intra-
medullary spinal cord tumors

Characteristic Value
Tumor levels
Cervical 465 (44.9)
Cervical and thoracic 127 (12.4)
Thoracic 333 (32.2)
Thoracic and lumbar 108 (10.5)
Tumor characteristics
Cystic 85(8.2)
Solid 518 (50.1)
Mixed 265 (25.6)
Hemorrhagic 156 (15.1)
Unclassified 9(0.9)
Tumor length 39.1 (3-500)
Intracranial tumors, concomitant 130 cases

Values are presented as mean (range) or number (%) unless other-
wise indicated.
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Values are presented as number (%) or mean (range) unless otherwise
indicated.
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Table 3. Histopathological types of the 1,033 intramedullary
tumors in Japan, data arranged in decreasing order of frequency

Table 4. Surgical details and the results of the 1,033 intramed-
ullary tumor cases

Type No. of cases (%) Characteristic Value
Ependymoma 361 (35.0) Surgical approaches
Hemangioblastoma 196 (18.9) Posterior 1,023 (99.0)
Astrocytoma 168 (16.2) Anterior 10 (1.0)
Cavernous malformations 160 (15.4) Surgeons’ experience
Subependymoma 22(2.1) >10 years 976 (94.5)
Metastasis 21(2.0) <10 years 57 (5.5)
Capillary hemangioma 16 (1.5) Main operator
Lymphoma 13 (1.3) Board-certified spine surgeons 912 (88.3)
Schwannoma 12 (1.2) Operation time (min) 399.9+173.2
Embryonal tumors (medulloblastoma, PNET, 8(0.8) Blood loss (mL) 186.0+247.0
ATRT) Degrees of removal
Solitary fibrous tumor 5(0.5) Total 672 (65.1)
Germ Cell tumors (germinoma, mature 5(0.5) Subtotal 134 (13.0)
teratoma, yolk sac tumor)
) o Partial 146 (14.1)
Gangliocytoma, Ganglioglioma 5(0.5)
. Biopsy 81 (7.8)
Neurenteric cyst 4(0.4)
Total removals
Rosette-forming glioneuronal tumor 3(0.3)
Ependymoma 270/361 (74.8)
Malignant peripheral nerve sheath tumor 2(0.2)
Hemangioblastoma 180/196 (91.8)
Neurofibroma 1(0.1)
Cavernous malformations 142/160 (88.8)
Pineoblastoma 1(0.1)
. Astrocytoma 18/168 (10.7)
Paraganglioma 1(0.1)
) Others 54/126 (42.9)
Glioependymal cyst 1(0.1)
o Postoperative radiation
Meningioma 1(0.1)
Local 117 (11.3)
Granuloma 2(0.2)
Whole spine 13 (1.3)
Sclerosing epithelioid fibrosarcoma 1(0.1)
Chemotherapy
Dermoid cyst 1(0.1)
Temozolomide only 57 (5.5)
Central neurocytoma 1(0.1)
Temozolomide and bevacizumab 24 (2.3)
Undiagnosed 22 (2.1)

PNET, primitive neuroectodermal tumor; ATRT, atypical teratoid/
rhabdoid tumor.

whereas total resection was performed in 88.8% and 74.8% of
cavernous malformations and ependymomas, respectively. How-
ever, only 10.7% of astrocytomas underwent total resection.
Postoperative radiation therapy was performed in 130 cases
(12.6%), including 13 cases (1.3%) with whole-spinal irradia-
tion. Chemotherapy was administered using temozolomide
alone in 57 patients and temozolomide and bevacizumab in 24
cases. Methotrexate, monoclonal antibodies, and other chemo-
therapeutic agents have been used to treat metastatic tumors,
lymphomas, and embryonal and germ cell tumors.
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Values are presented as number (%) or mean + standard deviation.

4. Postoperative Course

Immediately postoperatively, 286 patients (27.7%) experienced
symptom improvement, 333 (32.2%) remained stable, and 414
(40.1%) experienced worsening of their symptoms (Table 5).
On the modified McCormick scale, 153 (14.8%), 646 (62.5%),
and 234 patients (22.7%) had improved, unchanged, and wors-
ened grades postoperatively (at discharge), respectively. In the
same scale at 6 months postoperatively, 251 (27.6%), 500 (54.9%),
and 160 patients (17.6%) had improved, unchanged, and wors-
ened grades, respectively.

Postoperative complications included cerebrospinal fluid (CSF)
leakage in 28 patients, hematoma in 8, infection in 9, and pul-

monary embolism in 2. Sixty-nine patients experienced local
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Table 5. Postoperative course and the complications

Characteristic No. (%)
Symptoms at discharge
Improved 286 (27.7)
Unchanged 333(32.2)
Worsened 414 (40.1)
Modified McCormick Scales at discharge
(comparison with the preoperative status)
Improved 153 (14.8)
Unchanged 646 (62.5)
Worsened 234 (22.7)

Modified McCormick Scales 6 months after the operations
(comparison with the preoperative status)

Improved 251 (27.6)
Unchanged 500 (54.9)
Worsened 160 (17.6)
Complications
CSF leak 28 (2.7)
Postoperative hematoma 8(0.8)
Infection 9(0.9)
DVT, pulmonary embolism 2(0.2)
Relapse of the tumors
Local recurrence 42 (4.1)
CSF dissemination 10 (1.0)
Local recurrence and CSF disseminations at 27 (2.6)

the same time

CSE, cerebrospinal fluid; DVT, deep venous thrombosis.

recurrence, which included 42 astrocytomas, 12 ependymomas,
6 cavernous malformations, and 4 hemangioblastomas. Among
them, 27 patients also had evidence of CSF dissemination at the
time of recurrence, while 10 patients experienced only CSF dis-
semination. Of the 37 patients who experienced CSF dissemi-
nations, 29 and 5 patients were originally diagnosed as astrocy-
toma and ependymoma, respectively. The mean time interval
before recurrence and/or dissemination postoperatively was
23.8+28.2 months. As treatment, 24 patients including 11 as-
trocytomas, 5 ependymomas, 4 cavernomas, and 2 hemangio-
blastomas underwent reoperations. Thirteen and 21 patients re-
ceived radiation therapy and chemotherapy, respectively. Among
them, 27 and 5 patients were originally diagnosed as astrocyto-
ma and ependymoma, respectively.

5. Mortality and Risk Factors
From the 1,033 patients, we excluded 55 patients due to loss
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Fig. 1. Overall survival is demonstrated using Kaplan-Meier
curves of those who underwent surgical interventions for in-
tramedullary tumors.
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Fig. 2. Overall survival is demonstrated using Kaplan-Meier
curves for tumors with different histological diagnoses. Astro-
cytomas had worse survival than the other histological types.

of follow-up. Among the 978 patients, 871 (89.1%), and 841
(86.0%) survived longer than 5 and 10 years, respectively. Over-
all survival is depicted in the Kaplan-Meier curves (Fig. 1). Sur-
vival varied according to histological type, as illustrated in Fig.
2. Five-year survival rates of patients with ependymomas, he-
mangioblastomas, astrocytomas, and cavernous malformations
were 96.5%, 96.6%, 59.4%, and 99.1%, respectively. Patients with
astrocytoma had worse survival than those in the other histo-
logical groups. The multivariable analyses indicated that lesser
degrees of tumor removal, worse preoperative modified Mc-
Cormick scales, and histopathological types of the tumors were
associated with mortality (Table 6). Younger age was also a risk
factor, although the statistical significance was marginal.
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Table 6. Multiple logistic regression modeling with clinical
factors indicating mortality (n=978, 55 cases were lost of fol-
low up)

Table 7. Multiple logistic regression modeling with clinical fac-
tors indicating the better functional outcomes (n=896 with
6-month follow-up)

—— Multivariable analysis ——— Multivariable analysis
OR 95% CI p-value OR 95% CI p-value
Age 0.99 0.97-0.99 0.046 Age 0.98 0.97-0.99 0.046
Male sex’ 1.29 0.75-2.22 0.36 Male sex’ 1.02 0.73-1.44 0.90
Surgery Surgery
Biopsy Reference Biopsy Reference
Partial removal 0.64 0.32-1.28 0.21 Partial removal 1.04 0.47-2.31 0.92
Subtotal removal 0.56 0.24-1.31 0.18 Subtotal removal 1.78 0.76-4.19 0.19
Total removal 0.12 0.04-0.33  <0.001 Total removal 3.66 1.62-8.23 0.002
Modified McCormick Scales 4.82 2.62-8.88  <0.001 Modified McCormick 14.26 10.03-20.29  <0.001
(111, TV, V)* Scales (I, T1)
Histopathology Histopathology
Ependymoma Reference Ependymoma Reference
Astrocytoma 6.20 2.53-15.20 <0.001 Astrocytoma 0.41 0.22-0.77 0.006
Cavernous malformations 0.30 0.04-2.44 0.26 Cavernous malformations 1.20 0.72-1.98 0.49
Hemangioblastoma 1.59 0.44-5.72 0.48 Hemangioblastoma 0.60 0.35-1.05 0.08
Others 3.31 1.29-8.49 0.01 Others 0.60 0.35-1.05 0.08
Locations 0.89 0.72-1.11 0.30 Locations 0.91 0.79-1.05 0.21
Hosmer and Lemeshow 0.146 Hosmer and Lemeshow 0.469

goodness of fit test

goodness of fit test

OR, odds ratio; CI, confidence interval.
fOR was calculated with Female as reference. *OR was calculated with
modified McCormick Scales I and II as reference.

%) Time course of the modified McCormick scales
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Fig. 3. Time course of neurological function expressed using
the modified McCormick scale. The proportions of patients
with McCormick grades I and II decreased immediately post-
operatively (at discharge). However, the proportions increased
at 6 months postoperatively. The surgical results were better
than the preoperative status. The improved functional status
was maintained thereafter.
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OR, odds ratio; CI, confidence interval.
fOR was calculated with Female as reference. *OR was calculated with
Modified McCormick scales III, IV, V as reference.

6. Functional Outcomes and Associated Factors

The patients’ grades on the McCormick scale preoperatively
and postoperatively are depicted in Fig. 3. The proportion of
patients with McCormick grades I and II decreased at discharge.
However, this proportion increased again, indicating improve-
ment compared to the preoperative status 6 months postopera-
tively. Functional status further improved at 12 months and was
maintained thereafter. Further analyses were performed on 896
patients who were followed up for > 6 months or died 6 months
postoperatively. Total tumor removal, better preoperative mod-
ified McCormick grades, and histopathologic type of the tumor
were also associated with better functional outcomes at 6 months
postoperatively (Table 7). Younger age is also associated with
better functional outcomes. However, statistical significance

was marginal.

DISCUSSION

In this study, where we successfully collected real clinical data
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of 1,033 intramedullary tumor cases from 58 certified facilities
authorized by the Neurospinal Society of Japan, the main oper-
ators were board-certified spine surgeons of the society in 88.3%
of the cases.*” To the best of our knowledge, this is the first mul-
ticenter collaborative study on surgically treated intramedullary
spinal cord tumors in Japanese neurosurgical centers authorized
by the Neurospinal Society of Japan. Moreover, our report is
one of the largest studies to present details of surgically treated
intramedullary tumors, including 361 ependymomas, 196 he-
mangioblastomas, 168 astrocytic tumors, and 160 cavernous
malformations.

The overall incidence of intramedullary spinal cord tumors
was reported as 0.31 or 0.35 per 100,000 persons in the United
States."” If we apply this number to the Japanese population
(125,000,000), we could expect approximately 340 new cases of
intramedullary tumors annually in Japan. In fact, the Japanese
Neurosurgical Registry has reported 266 surgical cases of intra-
medullary tumors annually, accounting for 27.3% and 1.29% of
all spinal and intracranial tumors, respectively.’

Because of the rarity of these tumors, information regarding
standard treatment protocols has been sparse.” When relevant
studies in the literature were reviewed, almost all the reports
were retrospective in nature and were classified as providing
low-quality evidence.”” Under these circumstances, we still be-
lieve that retrospective case reviews could play a meaningful
role, especially since we included a large number of cases ex-
ceeding those of previous reports.

1. Long-term Results

In this study, the 5-year and 10-year survival rates were 89.1%
and 86.0%, respectively. Furthermore, 71.5% and 69.4% of the
patients had grade I or II on the modified McCormick scale
and were functionally fully independent at 5 and 10 years post-
operatively, respectively. Our results were better than those of
other reports.'®" This could be because the majority of our cas-
es (75.1%) were low-grade lesions, including ependymomas,
hemangioblastomas, cavernous malformations, subependymo-
mas, capillary hemangiomas, and schwannomas. Furthermore,
the proportion of the astrocytoma was important, which was
low at 16.2% in our study. Constantini et al.'’ have reported the
long-term clinical results of intramedullary tumors, especially
in children and young adults. They had 164 intramedullary tu-
mors, of which 79.3% and 46.3% of the tumors were low-grade
lesions and astrocytic tumors, respectively. In their study, 76.8%
of patients underwent total tumor removal. The mean follow-
up time was 85.1+4.4 months, with 5- and 10-year survival
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rates of 76% and 70%, respectively. As an example of an adult
case series, Raco et al."! have reported 202 patients whose mean
age was 42.3 years old. In their follow-up, 61.8% of the patients
had a stable or improved neurological status. The 5- and 10-year
survival rates were 73% and 42%, respectively. They had astro-
cytomas in 42.6% of cases, which might have influenced the re-
sults and led to worse prognoses.

2. Preoperative Neurological Status

Among the various factors, we identified the preoperative
modified McCormick scale, the degree of surgical resection of
the tumor, and tumor histology as strong indicators of the func-
tional status at 6 months and mortality in the multivariable anal-
yses. The surgical results of intramedullary tumors have been
published in the literature (Table 8). However, simply compar-
ing different studies would not be ideal because they included
different types of tumors in various proportions. However, across
all previous studies, the authors have agreed that preoperative
neurological status was a strong predictor of postoperative mor-
bidity.>'"'* Here, the preoperative McCormick grade had a sig-
nificant impact on both postoperative (6 months) functional
status and mortality. When patients underwent surgical remov-
al of intramedullary tumors while they were functionally inde-
pendent, surgery was more likely to provide a better clinical
course. These observations support early surgical interventions
for intramedullary tumors.'"'*"” Early recognition of symptoms
and prompt MRI evaluation are important for the proper man-
agement of intramedullary tumors.

3. Surgical Resections of the Intramedullary Tumors

The degree of surgical removal of intramedullary tumors also
had a positive impact on clinical results. Following complete
tumor resection, patients had better prognoses and functional
outcomes in our analyses. Several other studies support the im-
portance of achieving higher degrees of removal of intramedul-
lary tumors (Table 8).""'>!>'%!® These results are encouraging for
neurosurgeons aiming for total resection as the primary goal of
treatment for intramedullary tumors.

However, recognizing that complete resection is not always
possible is important. Gross total resection was only possible in
65.1% of the cases in our study. Our data clearly indicated that
the proportion of total resection varied among different histo-
logical subtypes. In cases of hemangioblastomas, cavernous mal-
formations, and ependymomas, 91.8%, 88.8%, and 74.8% of the
tumors, respectively, were completely removed. However, total
resection could only be performed in 10.7% of the astrocyto-
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Table 8. Previous studies demonstrating surgical results for the intramedullary tumors

Study Intramedullary Comp.lete Posto.peragve e
tumor cases resection  deterioration
Cooper and Epstein, " 29 Cases 72% 28% Satisfactory neurological status before surgery
1985 -14 Ependymomas Histological type
-11 Astrocytomas Complete removal
Cristante and 69 Cases 55.1% 29.4%-31.5% Preoperative neurologic deficit
Herrmann,"” 1994 -34 Ependymomas
-28 Astrocytomas
Constantini et al.,'* 2000 164 Cases 76.8% 23.% Histological type
-19 Ependymomas Preoperative functions
-76 Astrocytomas Patients with shunts
Sandalcioglu et al.,” 78 Cases 83.3% 34.6% Preoperative neurological condition
2005 -32 Ependymomas Histological differentiation
-15 Astrocytomas
Raco et al.,,'" 2005 202 Cases 57.8% 38.2% Functional status at surgery
-86 Astrocytomas Histological type
-68 Ependymomas Extent of surgical removal
Woodworth et al.,'* 78 Cases Not 19.2% Serum glucose levels
2007 -27 Ependymomas addressed Preoperative ambulatory status
-23 Astrocytomas Preoperative radiation therapy
Matsuyama et al.,” 106 Cases 56.0% 31.5% Good preoperative neurological status
2009 -46 Ependymomas Total resections
-12 Astrocytomas
-16 Hemangioblastomas
-17 Cavernous malformations
Klekamp,'" 2013 250 Cases 61.2% 19.5% Surgical experience
-99 Ependymomas Preoperative status
-76 Astrocytomas Thoracic tumors
-28 Hemangioblastomas Tumor hemorrhage
-13 Cavernous malformations Recurrent tumors
Kumar and Banerjee,” 43 Cases 69.8% 23.3% Preoperative neurological grade
2014 -21 Ependymomas Gross tumor resections
-12 Astrocytomas High histological grades
-5 Hemangioblastomas
Bostrom et al.,'* 2014 70 Cases 64.3% 14.3% Degree of resection
-39 Ependymomas Preoperative status
-11 Astrocytomas
-5 Hemangioblastomas
-3 Cavernous Malformations
Hongo et al,,'® 2019 49 Cases 49.0% Not addressed Histological type
-32 Ependymomas Gross total resection for ependymoma
-17 Astrocytomas

mas (Table 4). In ependymomas, cavernous malformations, and
hemangioblastomas, we could expect dissecting margins be-
tween the lesions and the normal spinal cord, making radical
resection a reasonable approach.”* Instead, astrocytomas tend
to be more infiltrative, lacking a good plane of dissection."*** A
recent study has indicated that surgical removal of intramedul-
lary astrocytomas could be associated with higher rates of neu-

rological complications.”
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During each surgery, surgeons must decide whether to con-
tinue or stop resection. As neurosurgeons, we should know the
microanatomy of the spinal cord and train in microsurgical tech-
niques so that we can remove tumors without damaging the spi-
nal cord function when there is a surgical dissection plane.®® If
there is no plane, making the difficult decision to discontinue
the surgical resection is crucial. Currently, spinal cord monitor-
ing is mandatory when performing intramedullary tumor sur-
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gery.”’ The recordings of motor and sensory evoked potentials
provide useful information regarding the functional integrity of
the spinal cord tracts.”® Rijs et al.* have recently performed a
meta-analysis that included 1266 intramedullary spinal cord
tumor patients who underwent surgery with intraoperative mon-
itoring. These included 727 ependymomas, 173 astrocytomas,
129 hemangioblastomas, and 20 cavernous malformations. Al-
together, 855 (72%) and 242 patients (21%) underwent gross
total and subtotal resection, respectively. According to the crite-
ria defined by the respective studies, the motor and sensory
evoked potentials predicted the emergence of new postopera-
tive neurologic morbidities in 83.8% and 80.8% of the cases, re-
spectively.” Nonetheless, judgments based on spinal cord mon-
itoring may have false-positives and false-negatives in predict-
ing postoperative neurological function.***" Especially, rates of
the false-positives were reported as high as 50% and 59% in the
2 recent studies from Japan analyzing intraoperative motor evoked
potential recordings.’**' Since the critical points in the neuro-
monitoring in predicting new postoperative deficits were dif-
ferent among studies and have not been established, neurosur-
geons should still take responsibility for deciding the degree of
surgical resection in each case.

4. Surgical Morbidity

Early and radical surgical interventions are associated with
better postoperative outcomes after intramedullary tumor sur-
gery. However, at the same time, our study indicated that surgical
resection of intramedullary tumors can be challenging. Among the
1,033 patients, 414 (40.1%) experienced worsening of symptoms
immediately postoperatively. An analysis based on the modified
McCormick scale indicated that 234 patients (22.7%) demon-
strated deterioration at discharge. Previous studies have reported
consistent results for the risk of postoperative neurological dete-
rioration, ranging from 14.8% to 38.2% (Table 8).>'""'"*

Over the last century, substantial advances have been made
in microsurgical techniques, including operating microscopes
and intraoperative spinal cord monitoring.****** These accom-
plishments have led to increased safety and effectiveness in in-
tramedullary tumor resection. Several studies have reported
that surgical results have improved over time. Klekamp'® re-
viewed 278 intramedullary tumors operated on from 1990 to
2012. They divided the study periods into 3 categories: prior to
1990 (n=67), from 1991 to 2000 (n=92), and from 2001 to
2012 (n=87). In these periods, permanent morbidity occurred
in 27.9%, 19.8%, and 11.9% of the patients, respectively. In a se-
ries of 164 intramedullary tumors over 15 years, Constantini et
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al.'” have reported a surgical morbidity rate of 23.8%. However,
in the latter half of the study period, the incidence of deteriora-
tion by more than one grade on the modified McCormick scale
was 5.6%.

Importantly, our data indicate that we could expect gradual
recovery and improvement of functional outcomes, despite de-
terioration immediately postoperatively. These findings are en-
couraging for surgeons and patients. Although 22.7% of the pa-
tients had worse grades immediately postoperatively, this rate
improved to 17.6% at 6 months postoperatively. Klekamp'® have
reported worsening of neurological status in 61.5% of patients
postoperatively. However, the deficits were transient in 41.5%
of the patients. The permanent surgical morbidity rate was 19.5%.
Cristante and Herrmann' also presented detailed information
on postoperative neurological deterioration and delayed recov-
ery in 86 cases of intramedullary tumors, including 34 ependy-
momas and 28 astrocytomas. Overall, postoperative functional
deterioration of the upper and lower extremities was observed
in 65.4% and 55.1% of patients, respectively. After a mean fol-
low-up period of 54 months, significant neurological improve-
ments were evident, while 31.5% and 29.4% of the patients con-
tinued to have worse upper and lower extremity function, re-
spectively, compared to the preoperative status. Although neu-
rological recovery could be expected over time postoperatively,
intramedullary tumor resection poses a potential risk of dam-
aging the neural circuits. The risk of surgery and the expected
time course of neurological recovery presented in this study con-
stitute important information for both surgeons and patients.

5. Limitations

This study had some limitations. First, this study was retro-
spective in nature, and only surgically treated cases were sam-
pled. Therefore, we were unable to include all intramedullary
spinal cord tumors treated in Japan. In particular, we could not
assess the clinical course of tumors that were treated conserva-
tively. Second, a discussion on the individual histological types
of tumors was beyond the scope of this study. For example, we
were unable to discuss the roles of adjuvant radiation therapy
and chemotherapy in the functional outcomes and survival of
malignant astrocytic tumors. Last, our study included 22 cases
of intramedullary subependymomas, and we were unable to
analyze the clinical characteristics of these intramedullary tu-
mors separately. Consequently, each histological tumor sub-
type, including these rare lesions, will be further investigated
and reported in different studies.
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CONCLUSION

These are the first results of a multicenter collaborative study
on surgically treated intramedullary spinal cord tumors autho-
rized by the Neurospinal Society of Japan. The degree of resec-
tion and postoperative functional outcomes were closely related
to the histology of intramedullary tumors. Early surgical inter-
ventions aimed at higher degrees of tumor resection, while the
patients were functionally independent, were considered a rea-
sonable approach. Simultaneously, the risks associated with in-
tramedullary surgery should be reaffirmed.
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Objective: Spinal arachnoid cysts (SACs) are rare lesions that often present with back pain
and myelopathy. There is a paucity of literature evaluating the impact of surgical timing on
neurological outcomes for primary SAC management. To compare long-term neurological
outcomes in patients who were managed differently and to understand natural progression
of SAC.

Methods: We conducted a retrospective analysis of adult patients treated for SAC at our in-
stitution from 2010 to 2021, stratified into 3 groups (conservative management only, surgi-
cal management, or conservative followed by surgical management). Study outcome mea-
sures were neurological outcomes as measured by modified McCormick Neurologic Scale
(MNS), postoperative complications, and cyst recurrence. Nonparametric analysis was
performed to evaluate differences between groups for selected endpoints.

Results: Thirty-six patients with SAC were identified. Eighteen patients were managed sur-
gically. The remaining 18 patients were managed conservatively with outpatient serial imag-
ing, 7 of whom (38.9%) ultimately underwent surgical treatment due to neurological de-
cline. Most common presenting symptoms included back pain (50.0%), extremity weak-
ness (36.1%), and numbness/paresthesia (36.1%). Initial/preoperative (p =0.017) and
1-year postoperative (p =0.006) MNS were significantly different between the 3 groups,
but not at 6 weeks or 6 months postoperatively (p > 0.05). Additionally, at 1 year, there was
no difference in MNS between patients managed surgically and those managed conserva-
tively but ultimately underwent surgery (p > 0.99).

Conclusion: Delayed surgical intervention in minimally symptomatic patients does not seem
to result in worse long-term neurofunctional outcomes. At 1 year, postoperative MNS were
significantly higher in both surgical groups, when compared to the conservative group
highlighting worsening clinical picture regardless of preoperative observational status.

Keywords: Spinal arachnoid cyst, Microsurgical resection, McCormick Neurologic Scale,
Functional outcome, Case series

INTRODUCTION incidence in the second decade of life."**® SAC are classified
into 3 subtypes. Type 1 cysts are extradural (EACs) without
Spinal arachnoid cysts (SACs) are rare lesions that often pres- ~ nerve root involvement, type 2 cysts are EACs with nerve root

ent with back pain and myelopathy."* The majority of these cysts ~ involvement, and type III cysts are intradural meningeal cysts.”

are thoracic in nature and are more common in men with a peak ~ While the etiology of SAC is unclear, they are generally thought
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to arise due to congenital defects such as vertebral anomalies,
neural tube defects, and syringomyelia.> Secondary causes of
cyst formation such as infection, trauma and surgical proce-
dures including lumbar myelography and laminectomy have
been reported, but are less common."***'° The mechanism of
cyst formation is poorly understood and multiple theories have
been proposed including osmotic gradients resulting in fluid
shifts, and active fluid secretion from the cyst itself.>* Addition-
ally, inflammatory adhesions of the arachnoid layer are known
to form arachnoid webs." Such arachnoid granulations have
been postulated to create a one-way valve mechanism entrap-
ping circulating cerebrospinal fluid (CSF), ultimately leading to
the formation of SAC.">"?

The current dogma for management of SAC is to treat symp-
tomatic patients with surgery and to use observational manage-
ment for asymptomatic patients or those with minimal symp-
toms.">** Surgical management includes exploration and de-
compression through cyst excision, marsupialization, fenestra-
tion, shunting or a combination of these techniques.**'* Wheth-
er an observational method of treatment is the optimal therapy
or potentially harmful for minimally symptomatic cases re-
mains unknown as the natural progression of this rare patholo-
gy is understudied. Moreover, there is a paucity of literature
pertaining to the long-term outcomes of patients who are man-
aged conservatively first, but ultimately undergo surgery fol-

lowing neurological decline. It is unclear whether this group
benefits from a period of surveillance and whether their long-
term neurological outcome is different when compared to pa-
tients who undergo surgery at symptom presentation. The aim
of this study is to compare long-term neurological outcomes in
patients with SAC who were managed both conservatively and
surgically, including a subset of patients who were managed
conservatively first but ultimately underwent surgery second-
ary to neurological demise. This case series aims bring a better
understanding of the natural course of SAC with a focus on

long-term neurological outcomes.

MATERIALS AND METHODS

1. Study Design/Eligibility Criteria

We conducted a single-institution retrospective review of all
adult patients (>18 years) with SAC over a 10-year period from
January 2010 to August 2020. Data was collected via medical
record review. Formal radiological reports were individually re-
viewed by 3 study authors (KS, SS, RW) and all patients with
other cystic disorders of the spine including syrinx and hydro-
myelia were excluded. Demographics variables and clinical pre-
sentation including presenting symptoms, examination find-
ings, and duration of symptoms were extracted. Patients were
stratified into 3 groups based on their treatment: conservative

36 Patients with spinal
arachnoid cysis

'

18 (50.0%) Conservative

!

18 (50.0%) Surgical

management management
7 (38.9%) 11 (61.1%) 5 (27.8%) Cyst 13 (72.2%) No
Conservative Completely recurrence cyst recurrence
followed by surgery conservative #
‘ 5(100%) Return
i ; to operating
9 room
2 (28.6%) Cyst > (75.4%)
No cyst
recurrence
recurrence

!

1 (50.0%) Return
to operating
room

Fig. 1. Flow diagram illustrating the different treatment avenues for patients with spinal arachnoid cysts. Rates of cyst recurrence

and return to the operating room are included.
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management only (i.e., “conservative-only”), surgery at presen-
tation (i.e., “initial-surgery”), and conservative management
followed by surgery due to symptomatic progression (i.e., “con-
servative+surgery”) (Fig. 1). For patients who underwent surgi-
cal management, operative reports were reviewed to confirm
surgical technique and other relevant intraoperative findings.
Histopathologic reports of resected tissue were also evaluated
to confirm SAC diagnosis. The study was evaluated by the in-
dependent Colorado Multiple Institutional Review Board (IRB)
and found to be exempt from IRB review (No. 20-2783). Patient

consent was not required.

2. Surgical Protocol

Surgical candidacy in both the conservative and nonconser-
vative cohorts were determined by both imaging findings and
severity of clinical symptoms at the discretion of the attending
neurosurgeon (Fig. 2). In all surgical cases, the cyst was exposed
via a posterior approach using laminectomies spanning the

Fig. 2. Case of a 26-year-old male who presented with a 2-year
history of midback pain with no other symptoms. Sagittal (A)
and axial (B) T2-weighted magnetic resonance images dem-
onstrate ventral displacements of thoracic spinal cord. Sagittal
(C) and axial (D) images of computed tomography myelogram
revealed flattening of spinal cord greatest at the T6 level. Sur-
gical exploration revealed intradural dorsal arachnoid cyst
which was resected.

https://doi.org/10.14245/ns.2244130.065

length of the lesion and tailored to patient’s individual anatomy.
For intradural cysts, ultrasound (US) imaging was used in most
patients prior to the durotomy. Midline dural openings were
performed followed by tack-up sutures to achieve satisfactory
exposure (Fig. 3A). The cyst wall was carefully dissected away
from the surrounding dura and spinal cord using blunt dissec-
tion (Fig. 3B). In most cases, the cyst wall was thickened and
milky white allowing for clear identification. Meticulous surgi-
cal technique ensured that the cyst was visualized in its entirety.
Patients either underwent complete cyst resection when able,
marsupialization and/or fenestration at time of operation. In
cases of extradural cysts, surgical exploration for a transdural
conduit connecting the cyst and the subarachnoid space was
carried out. When such communication was identified, it was
ligated intraoperatively. Tissue specimens obtained from sur-
gery were formalin fixed and stained with hematoxylin and eo-
sin for pathological analysis.

3. Outcomes

The primary endpoint was neurologic functional status as
determined by the modified McCormick Neurologic Scale (MNYS)
postoperatively at 6-week, 6-month, and 1-year. MNS values

Fig. 3. Intraoperative pictures showing surgical exploration of
intradural arachnoid cyst. (A) A midline dural opening fol-
lowed by tack-up sutures were performed to achieve satisfac-
tory exposure. In most cases, the cyst wall is thickened and is
milky white allowing it clear identification. (B) Cyst wall is
then carefully dissected away from the surrounding dura and
spinal cord using blunt dissection. Meticulous surgical tech-
nique ensures that the cyst is visualized in its entirety.
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were independently confirmed by 2 authors (KS, SS) who were
blinded to preoperative MNS. MNS was analyzed as a discrete
variable counted 1-5 and, categorically with a value of 3 (neu-
rofunctional independence) as the cutoftf point for qualitative
comparisons. Additionally, classification of treatment strategies
(conservative management only, initial surgical treatment, and
conservative followed by surgery), cyst recurrence, and the use
of preoperative imaging and intraoperative US were also of par-
ticular interest.

4. Statistical Analysis

Data analysis and storage were performed using GraphPad
Prism 9 (GraphPad Software, San Diego, CA, USA). Descrip-
tive data are reported as simple means or proportions with stan-
dard deviations where applicable. For categorical variables, con-
tingency tables were constructed and then analyzed using the
chi-square test or Fisher exact test for counts less than 5. To que-
ry the difference in MNS between the 3 groups (conservative-
only, initial-surgery, and conservative followed by surgery,), a
nonparametric one-way analysis of variance on ranks Kruskal-
Wallis test was conducted at initial/preoperative evaluation and
at 6 weeks, 6 months and 1 year postoperatively along with Dunn

multiple comparisons. Three- and 5-year data were too scarce
for adequate comparison. A p-value of 0.05 determined signifi-

cance.

RESULTS

1. Cohort Demographics and Characteristics

In total, 36 patients with SAC were identified. The average
age at diagnosis was 49.4+16.7 years (range, 22-81 years) and
20 (55.6%) were female and 16 (44.4%) were male (Table 1). Most
cysts were thoracic (61.1%) followed by lumbar (13.9%), sacral
(8.3%), cervical (5.6%), thoracolumbar (5.6%), and lumbar-sacral
(5.6%) in nature (Fig. 4). Eighteen patients (50.0%) were man-
aged surgically (initial-surgery) whilst the remaining 18 patients
(50.0%) were managed conservatively with serial imaging and
outpatient follow-up. Seven patients (38.9%) in the conserva-
tive group eventually underwent surgery secondary to neuro-
logical decline (conservative+surgery group) (Fig. 1) with an
average preoperative observational period of 38.04 months (range,
2.17-171.57 months) (Table 1).

The most common initial symptoms in both cohorts includ-
ed back pain (50.0%), extremity weakness (36.1%), extremity

Table 1. Patient demographics between groups included in this series

Conservative followed

Variable All patients Initial-surgery Conservative-only [—
No. of patients 36 18 (50.0) 11 (30.6) 7 (19.4)
Sex

Male 16 (44.4) 8 (44.4) 5(45.5) 3(42.9)

Female 20 (55.6) 10 (55.6) 6 (54.5) 4(57.1)
Age at diagnosis (yr)

Mean +SD 49.4+16.7 51.4+16.3 47.2+20.0 47.7+£13.7

Range 22-81 24-79 22-81 26-64
Location

Intradural 29 (80.6) 17 (58.6) 6 (20.7) 6(20.7)

Extradural 7 (19.4) 1(14.3) 5(71.4) 1(14.3)
Duration of symptoms (mo)’

Mean = SD 30.35+38.02 13.64+23.63 55.04+27.58 38.04+56.28

Range 1.14-171.57 1.14-79.43 14.77-89.94 2.17-171.57
Preoperative MNS 2.26+0.95 2.67+1.03 1.60+0.70 2.14+0.38
Postoperative MNS at 1 year 2.46+1.32 2.75+1.14 1.17+0.41 2.80+1.30
Length of stay (day) 6.10+4.44 5.82+£4.98 N/A 6.58+3.10

Values are presented as number (%) unless otherwise indicated.
SD, standard deviation; MNS, McCormick Neurologic Scale.

"Duration of symptoms calculated as the difference between the date of diagnosis (via imaging) and the date of most recent surgery or present

time for patients managed conservatively.
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Distribution of spinal arachnoid cysts by predominant spinal level*
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Fig. 4. Spinal arachnoid cyst distribution by predominant spi-
nal level. Thoracic was the most common spinal arachnoid
cyst level followed by lumbar, sacral, cervical/thoracolumbar,
and lumbar-sacral. *In patients with cysts which spanned mul-
tiple levels, spinal level predominance was determined by the
number of vertebral levels involved. If patients had cysts that
equally involved 2 levels, they were classified as either thora-
columbar or lumbar-sacral predominant.
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numbness (36.1%), and extremity pain (33.4%). Less common
symptoms included bladder and bowel dysfunction (22.2% and
8.4%, respectively), allodynia (11.1%), difficulties with coordi-
nation (8.4%), and truncal numbness (5.6%). Duration of symp-
toms varied between cohorts with the conservative group hav-
ing the greatest symptom duration (55.0 £ 27.6 months), followed
by the conservative followed by surgery group (38.0 + 56.3 mon-
ths), and surgical group (13.6 +23.6 months) (Table 1).
Twenty-nine patients (80.6%) had intradural cysts. Seven pa-
tients (19.4%) had extradural cysts, 5 of which were managed
completely conservatively and diagnosed via imaging. Two pa-
tients with extradural cysts were managed surgically and were
found to have transdural conduits connecting the cyst to the

subarachnoid space intraoperatively (Table 1).

2. Neurological Outcomes
Mean preoperative/initial examination MNS was highest for
the initial-surgery group (2.67 + 1.03), followed by the conserva-

6 Weeks postoperative
5 —
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4 I Conservative then surgery
Il Initial surgery
3k
z
= p=0.169
2k
Lr p=0.76 p>0.99
p=0.18
0 L L
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1 Year postoperative
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Treatment subgroups

(C)

Treatment subgroups
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Fig. 5. Box plot showing average preoperative/initial and postoperative McCormick Neurologic Scale (MNS) scores at 6 weeks, 6
months, and 1 year. Red color represents the group of patients who were managed solely conservatively. The green represents
the group of patients who were initially managed conservatively but who ultimately underwent surgical management secondary
to neurological decline. The blue represents the group of patients who underwent surgery at symptoms presentation. *p <0.05,
statistically significant differences.
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tive+surgery (2.14+0.38) and the conservative-only (1.60 + 0.70)
groups, which was significantly different on analysis of variance
(p=0.017) (Fig. 5A). For multiple comparisons, mean preoper-
ative/initial MNS was significantly lower in the conservative-
only group compared to the initial-surgery group (p=0.01). No
significant differences in preoperative/initial MNS were found
between the conservative-only and conservative+surgery groups
(p=0.50) or between the initial-surgery and conservative+sur-
gery groups (p=0.94).

At 6 weeks postoperatively, mean MNS was 1.50+0.84 for
the conservative-only group, 2.29+1.50 for the conservative+
surgery group, and 2.44 + 1.10 for the initial-surgery group, which
was not significant on analysis of variance between the 3 groups
(p=0.17) (Fig. 5B). When looking at multiple comparisons, no
significant differences in MNS were found between the conser-
vative-only and initial-surgery groups (p =0.18) suggesting im-
provement in neurological status. Similarly, no differences were
noted between the conservative-only and conservative+surgery
groups (p=0.76) or when comparing patients in the surgery
versus the conservative+surgery groups (p > 0.99).

At 6 months postoperatively, mean MNS was 1.71+0.95 for
the conservative-only group, 2.50+1.52 for the conservative+
surgery group, and 2.43 + 1.09 for the initial-surgery group, which
was not significant on analysis of variance between the 3 groups
(p=0.35) (Fig. 5C). For multiple comparisons, there were no
significant differences in MNS found between the conservative-
only and initial-surgery groups (p=0.49). Likewise, no signifi-
cant differences were found between the conservative-only and
conservative + surgery groups (p=0.82) or when comparing the
initial-surgery and the conservative + surgery groups (p>0.99).

At 1 year postoperatively, mean MNS was 1.17+0.41 for the
conservative-only group, 2.80+1.30 for the conservative+sur
gery group, and 2.75 + 1.14 for the initial-surgery group, which
was significantly different on analysis of variance between the 3
groups (p=10.006) (Fig. 5D). Significant differences for multiple
comparisons were observed in postoperative MNS scores when
comparing both the conservative-only and initial-surgery groups
(p=0.008) and conservative-only and conservative+surgery
groups (p=0.037) indicating worsening neurological outcome.
No significant differences were observed between the initial-

surgery and conservative+surgery groups (p > 0.99).

3. Imaging Modalities

Preoperative computed tomography (CT) myelogram was
obtained in 13 of 25 patients (52.0%), 7 of whom also had an
MRI performed. Postoperative cyst recurrence rates were not
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significantly different in patients who underwent preoperative
MRI alone versus MRI+CT myelogram (p>0.99). Similarly, the
use of intraoperative US did not significantly decrease postop-
erative cyst recurrence rates (p=0.73).

4. Surgical Treatment

Out of the 25 patients who underwent surgical intervention,
12 were treated with complete cyst resection and 13 were treat-
ed with fenestration, marsupialization, or shunting. Rates of
cyst recurrence were similar between these 2 surgical groups
(p=0.57).

5. Postoperative Complications

Of 38 surgeries completed for 25 patients, complications ranged
from spinal cord tethering (10.5%), postoperative infection
(7.9%), CSF leak (7.9%), new or worsening neurological deficit
(7.9%), and arachnoiditis (5.3%). In the initial-surgery cohort,
5 patients (27.78%) experienced cyst recurrence and returned
to the operating room (OR) for further management of their
arachnoid cysts (mean return to OR lead-time of 455.5 days).
One patient returned to the OR 5 times due to multiple epi-
sodes of cyst recurrence. In the conservative followed by sur-
gery cohort, 2 patients (28.6%) experienced cyst recurrence; 1
patient (50.0%) returned to the OR 5 separate times for cyst re-
currence (mean return to OR lead-time of 230.2 days) (Fig. 1).

DISCUSSION

1. Treatment and Long-term Neurological Outcomes
Management of SACs is challenging as their natural history
and pathophysiologic progression remains unclear. Although
there are no guidelines for SAC treatment, it is accepted that if a
patient develops neurological symptoms due to spinal cord com-
pression, surgical intervention is most likely necessary. A com-
prehensive summary of the current literature is provided (Table
2). As anticipated, patients in the conservative group had signifi-
cantly lower MNS scores when compared to patients who un-
derwent surgery at presentation (Fig. 5A). This was not the case
for the conservative+surgery groups as their initial/preopera-
tive MNS scores were similar to the conservative group (Fig. 5A).
It is hypothesized that postoperative functional outcomes of-
ten depend on multiple factors such as preoperative neurologi-
cal status, cyst size, and duration of symptoms."® Because of these
factors, the potential benefits of surgical intervention must be
weighed against the possibility of poor surgical outcomes and
potential for complications. Interestingly, nearly 40% of patients

460 Www.e-neurospine.org

who were initially managed conservatively ultimately underwent
surgical intervention secondary to neurological decline. For pa-
tients who present with minimal symptoms and radiographical
evidence of arachnoid cyst, it remains debatable whether a pe-
riod of observation can be theoretically harmful if the SAC were
to enlarge and/or patient’s symptoms worsen significantly. When
assessing their long-term neurological outcomes, at one year,
there was no difference in McCormick scores between patients
who were managed surgically and those who were initially man-
aged conservatively and then ultimately underwent surgery (Fig.
5D). Based on this data, it does not seem that delayed surgical
intervention in minimally symptomatic patients results in worse
neurofunctional outcomes compared to patients who are ini-
tially treated surgically (Fig. 5B-D). Even-though a large pro-
portion of our patients who were managed observationally even-
tually underwent surgical intervention with an average preop-
erative observational period of 38.04 months, it seems that an
initial observation period for patients who are clinically stable
remains beneficial. Specifically, if a patient has minimal symp-
toms or symptoms that are unlikely to be relieved by surgical
intervention, conservative management of the arachnoid cyst
in the form of serial imaging and monitoring of symptom pro-
gression should be considered. Although this may seem intui-
tive, exact comparison between surgical groups (initial-surgery
vs. conservative+surgery) and their respective neurological
outcomes in patients with SAC had not been published.

At 1 year, postoperative MNS were noted to be significantly
higher in both surgical groups, when compared to the conser-
vative group, a trend that was not observed at their 6-week or
6-month follow-up (Fig. 5B-D). This data highlights the poten-
tial long-term worsening neurological symptoms of patients
who undergo surgical intervention regardless of preoperative
observational status. We hypothesize that this worsening in neu-
rological function can be attributed to more severe disease and
natural progression of the cyst itself compared to patients with

less severe disease who were managed completely conservatively.

2. Radiological Diagnosis

MRI is considered the gold standard diagnostic tool with a
high sensitivity and specificity for correctly diagnosing CSF con-
taining lesions and its ability to demonstrate anatomical loca-
tion, relationship between the spinal cord and arachnoid cyst,
and cyst laterality which has been shown to correlate with fistu-
la level in extradural SAC.>*'® The scalpel sign is often mentioned
as a useful radiographical manifestation of the abrupt buckling
of the spinal cord most commonly seen with SAC."” MRI can
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also demonstrate intrinsic cord signal which may be helpful in
predicting neurological outcome. Additional imaging modali-
ties, such as the more invasive CT myelogram, are useful tools
which allow for identification of communicating tracts between
the cyst wall and the main subarachnoid space. However, cyst
communication may be missed on myelogram due to factors
such as patient positioning in relation to CSF flow dynamics
and variable location of communicating tracts.'® Literature is
lacking on whether CT myelogram confers additional clinical
benefits in treatment of patients. Our data suggests that postop-
erative cyst recurrence rates were similar in patients who un-
derwent preoperative MRI alone versus MRI+CT myelogram
(p>0.99). CT myelogram should therefore be reserved for those
with inconclusive MRI findings as its usefulness as an adjunct
tool from a surgical outcome perspective remains questionable.

Intraoperative US is an increasingly popular and useful tool
that has been shown to reduce spinal incision length, laminec-
tomy levels, and positively change intraoperative course. In a
previous study by Harel and Knoller' intraoperative US changed
the surgical course in 49 out of 78 cases (63%) without any re-
lated complications. In the present study, intraoperative US was
utilized in 57% of cases to help identify cyst location prior to
dural opening and to confirm the extent of cyst resection. While
intraoperative US has been shown to have benefits, our data
suggests that the use of intraoperative US does not seem to have
an influence on cyst recurrence rates in patients who under-
went intraoperative US versus those who did not.

3. Limitations

Our study has limitations. Its retrospective nature likely led
to sampling and design biases. Additionally, although MNS is a
validated measure to assess neurofunctional status, it requires a
subjective investigator determination, risking selection, confir-
mation, measurement, and historical bias. This study was also
limited by its small sample size, homogenous patient popula-

tion, and single institution nature.

CONCLUSION

Although a significant proportion of patients who were ini-
tially managed conservatively ultimately underwent surgery
secondary to symptom progression and/or neurological de-
cline, delayed surgical intervention in minimally symptomatic
patients does not seem to result in worse long-term neurofunc-
tional outcomes. At 1 year, postoperative MNS were noted to
be significantly higher in both surgical groups, when compared

https://doi.org/10.14245/ns.2244130.065

to the conservative group. This data highlights the potential
long-term worsening neurological symptoms of patients who
undergo surgical intervention regardless of preoperative obser-
vational status. Treatment of SACs remains controversial and
dependent on surgical attending preference as the natural his-
tory of SAC progression is still poorly defined.
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Objective: By using angulation of the axis itself, this study aims to define and analyze odon-
toid incidence (OI) and odontoid tilt (OT) as novel cervical alignment parameters and in-
vestigate their correlations with cervical alignment.

Methods: Novel and existing parameters were measured with whole-spine lateral plain ra-
diographs and EOS images of 42 adults without cervical symptoms. The correlations of OI,
OT, C2 slope (C2S), and T1 slope (T1S) were calculated.

Results: The OI, OT, and C2S showed significant correlations with C2-7 angle (r = 0.43,
r=-0.42, r=0.62, respectively) and C0-2 angle (r=-0.33, r=0.48, r =-0.61, respective-
ly). OI, OT, T1S were independent predictors of the C2-7 angle in univariate regression
analysis (adjusted-R*=0.17, R*=0.15, R*=0.28, respectively). OI, OT, and T1S were in-
dependent predictors in the multivariable regression analysis with estimated standardized
coefficients of 0.36, -0.67, -0.69, respectively (adjusted- R*=0.80, p <0.001). Regarding
the C0-2 angle, OI and OT were independent predictors in the univariate regression analy-
sis (adjusted-R*>=0.08, R*=0.21, respectively).

Conclusion: OI, OT, and C2S had significant correlations with cervical alignment. As the
pelvic incidence, the OI is the only anatomical and constant parameter that could be used
as a reference point related to the cervical spine from the rostral end. The study results may
serve as baseline data for further studies on the alignment and balance of the cervical spine.

Keywords: Cervical spine, Parameter, Odontoid, Lordosis, C2 slope, Sagittal alignment,
T1 slope

axial and upper cervical spine. It has long been speculated that
the morphology of the odontoid process is somehow related to

The cervical spine is dynamic in nature. Recent investigations
have shown that the cervical alignment is affected by global sag-
ittal alignment through compensatory mechanisms that main-
tain an upright posture and horizontal gaze."” Accordingly, the
cervical parameters currently used are mostly positional vari-
ables, not constant parameters.*’

The compensatory mechanisms within the cervical spine are
well established and have been proven by numerous studies. Ky-
photic alignment of the subaxial cervical spine (C2-7) is com-
pensated by a lordotic upper cervical spine (C0-2) and vice ver-
sa.%1° The C2 endplate (C2EP) is the border dividing the sub-

the sagittal alignment of the cervical spine.'"> However, no stud-
ies have been able to show a significant correlation.""'> On the
basis of these studies, we postulated that the axis (C2 vertebra)
acts as the base of the subaxial and upper cervical spine, and
physiological sagittal alignment is based on its orientation and
structural geometry.

A novel cervical parameter termed odontoid incidence (OI),
which is a constant parameter, is proposed in this study as a criti-
cal factor regulating the sagittal alignment of the cervical spine.
To the best of our knowledge, no studies have reported correla-
tions between the structural geometry of the C2EP, the odon-
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toid process, and the sagittal alignment of the cervical spine.
The study aimed to analyze the relationship between the struc-
tural geometry of the odontoid process and the sagittal align-
ment of the cervical spine and to present these parameters from
a different perspective that would aid in predicting physiologi-

cal cervical lordosis (CL) in asymptomatic populations.

MATERIALS AND METHODS

1. Materials

A retrospective analysis of clinical and radiographic data was
performed after obtaining Institutional Review Board approval
of Seoul National University Bundang Hospital, Seoul National
University College of Medicine for the study (B-2111-723-102).
From 2016 to 2020, 42 asymptomatic subjects (aged between
15 and 68 years old) without cervical symptoms including neck
pain or radiculopathy were enrolled. Subjects were asymptom-
atic spinal subjects whom underwent spinal work up during a
comprehensive health screening. We excluded individuals with
diagnosed conditions, degenerative changes including decreased
disc height or osteophyte formation, and treatment related to
the cervical spine; a history of spinal surgery; and abnormal

Odontoid Tilt

C2 Slope

HRL

Odontoid incidence,

C2S = a (complementary angle)
OT =y (complementary angle)
a + B =90 (definition)

B + & = 90 (definition)

.8 =a=C2S (above)
y+3=0I
-.OT+C2S =0l

Odontoid Tilt

C2 Slope
—
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global sagittal alignment. Whole-spine lateral plain radiographs
and EOS images were obtained with the subject in a comfort-
able upright position and an acceptable range of chin-brow ver-
tical angle between -1.5° and 5.8°."* The scan was performed in
a relaxed posture and the subjects were asked to look straight
ahead.

2. Analysis of Radiographic Images
1) Odontoid parameters

OI was defined as the angle between the line perpendicular
to the C2EP at its midpoint and the line connecting this point
to the center of the odontoid process (the center of a circle with
an anterior/posterior border and the apex of the dens as a tan-
gent). Odontoid tilt (OT) was defined as the angle created by a
line running from the C2EP midpoint to the center of the odon-
toid process and the vertical axis. C2 slope (C2S) was defined as
the angle between the C2EP and a horizontal line (Fig. 1A). A
geometric construction using complementary angles showed
that OI is the algebraic sum of OT and C2S, similar to the for-
mula stating that pelvic incidence (PI) = pelvic tilt (PT) + sacral
slope (SS) (Fig. 1B, C)."”

L

C)

Y
N
C2 Slope Q

Odontoid Tilt Odontoid incidence

(8]

Fig. 1. Schematic drawing of the odontoid parameters. (A)
Odontoid incidence (OI): the angle between the line perpen-
dicular to the C2 endplate at its midpoint and the line connect-
ing this point to the center of the odontoid process (the center
of a circle with an anterior/posterior border and the apex of the
dens as a tangent). Odontoid tilt (OT): the angle created by a
line running from the C2 endplate midpoint to the center of
the odontoid process and the vertical axis (VRL) C2 slope (C2S):
the angle between the C2 endplate and a horizontal line (HRL).
(B) Inverse illustration demonstrating similarity with the pelvic
parameters. (C) The “geometric proof” demonstrates the math-
ematical association of odontoid parameters. Mathematically,
OI was defined as the sum of OT and C28S.
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2) Cervical spine parameters

The Cobb angle at C0-2, C2-3, C2-4, C2-5, C2-6 C2-7, T1
slope (T1S), C2-7 sagittal vertical axis (cSVA), and T1S minus
CL (C2-7) were measured. For the C0-2 angle, an angle between
the C2EP and the McRae line was measured. T1S was defined
as an angle formed between the T1 upper endplate and the hor-
izontal plane. cSVA was defined as the distance between a plumb
line from the centroid of C2 and the posterosuperior aspect of
C7 (Fig. 2).

3) Global spine parameters

The C5-T3 angle, thoracic kyphosis (TK; T4-12), lumbar
lordosis (LL; L1-S1), PT, SS, PI, and C7 SVA (the distance be-
tween the C7 plumb line and the posterosuperior corner of the
S1 endplate) were measured.

3. Statistical Analysis
A picture archiving and communication system (p view, In-
finitt, Seoul, Korea) was used for measurements. Test for nor-

Table 1. Mean sagittal parameters and demographics

) co-2angle

(S
% C2-7 angle
NS

Fig. 2. Schematic drawing of cervical parameters. cSVA, cer-
vical sagittal vertical axis.

Variable Total (n=42) Male (n=15) Female (n=27) p-value
Age (yr) 49.4 (15-68)" 445+162 522+11.0 0.11
Odontoid parameters
Odontoid incidence (°) 17.7+3.7 17.5+4.3 17.7+3.4 0.84
Odontoid tilt (°) 6.7+5.3 4.7+4.5 7.8+54 0.06
C2 slope (°) 10.9+6.2 12.8+£5.1 9.9+6.6 0.15
Cervical sagittal parameters
CO0-2 angle (°) -25.6+8.8 -27.4+8.9 -24.6+8.7 0.31
C2-3 angle (°) -0.4+3.8 -1.5+3.7 0.1£3.8 0.21
C2-4 angle (°) -3.1+5.1 -3.9+4.0 -2.6+5.6 0.41
C2-5 angle (°) -4.3+6.6 -4.5+4.5 -42+7.6 0.92
C2-6 angle (°) -6.2+6.2 -54+5.2 -6.7+6.8 0.53
C2-7 angle (°) -104+7.3 -9.5+6.7 -11.0+£7.7 0.54
C2-7 SVA (mm) 17.8+6.8 20.8+6.2 16.1+6.6 0.03*
T1 slope (°) 23.1+6.3 24.1+£5.7 22.6+6.6 0.45
T1 slope - C2-7 angle (°) 12.7£6.5 14.6£6.0 11.6£6.6 0.15
Global sagittal parameters
C5-T3 angle (°) -0.3+6.3 -0.5+54 -0.2+6.8 0.88
Thoracic kyphosis (°) 29.6+104 27.6+8.7 30.8+11.2 0.37
Lumbar lordosis (°) -48.1+£10.3 -44.8+8.7 -50.0+ 1.8 0.12
Pelvic tilt (°) 13.4+£72 11.2+£7.8 14.6+£6.6 0.14
Sacral slope (°) 33.2+6.9 31.6+7.7 34.1+6.3 0.27
Pelvic incidence (°) 46.6+8.6 429+9.1 48.7+7.7 0.03*
C7-S1 SVA (mm) 4.4+28.2 7.1£26.5 2.8+29.5 0.65

Values are presented as mean + standard deviation.
*p<0.05, statistically significant differences. "Median (range).

https://doi.org/10.14245/ns.2244220.110
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mality was done using Shapiro-Wilk test. The correlations be-
tween the parameters were analyzed using Pearson correlation
coefficients and univariable/multivariable linear regression anal-
ysis. The statistical analysis was conducted using the R&R Stu-
dio software (ver. 1.4.1717), and a p-value <0.05 was consid-

ered to indicate statistical significance.

RESULTS

The mean values and the standard deviations for the studied
parameters and subject demographics are reported in Table 1.
No significant difference between male and female groups ex-
cept cSVA and PI were noted. The odontoid parameters showed
significant correlations with the established cervical parameters
(Table 2). The OI showed significant correlations with the C0-2
angle (r=-0.33) and C2-7 angle (r=0.43), but not with c¢SVA
or T1S. The OI had a significant correlation with C2S (r=0.52),
but not OT. However, OT was significantly correlated with all
cervical parameters: C0-2 angle (r=0.48, p<0.001), C2-7 an-
gle (r=-0.42, p<0.01), cSVA (r=-0.57, p<0.001), T1S (r=-0.32,
p<0.05), and T1S-CL (r=-0.78, p<0.001). Strong correlations
were found between pelvic parameters, but the odontoid pa-

rameters did not show significant correlations with global sagit-
tal parameters (Table 2).

Using linear regression, the odontoid parameters were matched
to established cervical parameters (Table 3). OT and C2S matched
all cervical parameters. OI matched the C0-2 angle (r*=0.08)
and C2-7 angle (r*=0.17). T1S matched C2-7 (r*=0.28), T1S-
CL (r*=0.10), and cSVA (r*=0.19).

Multivariable analysis was used to identify predictive vari-
ables for each cervical parameter (Table 4). The predictive for-
mulas of the C2-7 angle, C0-2 angle, T1S-CL, and cSVA were

Table 3. Adjusted r* between parameters matched with estab-
lished cervical alignment parameters using a linear regression
model

Variable Ol oT C28 T1S
C0-2 angle 0.08* 0.21** 0.35%* -0.01
C2-7 angle 0.17** 0.15%* 0.36** 0.28**
T1S-CL 0.06 0.59** 0.70** 0.10*
cSVA -0.01 0.30** 0.30** 0.19**

O], odontoid incidence; OT, odontoid tilt; C2S, C2 slope; cSVA, cer-
vical sagittal vertical axis; T1S, T1 slope; CL, cervical lordosis.
“p<0.05. **p<0.01.

Table 2. Pearson correlation coefficients of the odontoid and cervical, and global parameters

S Odontoid parameter Cervical parameter

OI OoT C2S C0-2 C2-7 cSVA T1S T1S-CL
Ol X
OoT 0.09 X
C28 0.52%%¢ 0.8+ X
C0-2 -0.33* 0.48* -0.617* X
C2-7 0.43** -0.420* 0.62*** -0.28 X
cSVA 0.14 -0.57%%¢ 0.57°* -0.24 0 X
T1S -0.2 -0.32% 0.16 -0.15 -0.55%%¢ 0.46** X
T1S-CL 0.3 -0.78%%¢ 0.840* -0.46%** 0.59* 0.44** 0.35* X
C5-T3 0.26 -0.08 0.22 -0.04 0.16 0.33* -0.21 -0.02
TK 0.1 -0.29 0.31* -0.19 -0.33% 0.48** 0.69** 0.3
TL -0.3 -0.43** 0.19 -0.21 0.04 0.25 0.21 0.25
LL -0.09 0.2 -0.23 0.13 0.07 -0.26 -0.36* -0.27
PT -0.25 0.16 -0.28 -0.08 -0.17 -0.09 -0.03 -0.22
SS -0.07 -0.03 -0.01 0.02 -0.08 0.01 0.15 0.06
PI -0.26 0.11 -0.25 -0.05 -0.2 -0.06 0.09 -0.14
SVA -0.33* 0.02 -0.21 0.14 -0.34% 0.03 0.22 -0.17

O], odontoid incidence; OT, odontoid tilt; C2S, C2 slope; SVA, sagittal vertical axis; T1S, T1 slope; CL, cervical lordosis; TK, thoracic kyphosis;
TL, thoracolumbar junction: LL, lumbar lordosis; PT, pelvic tilt; SS, sacral slope; PI, pelvic incidence.
*p<0.05. *p<0.01. **p<0.001.
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Table 4. Parameter estimates of multivariable linear regression models

Variable Standardized coefficient SE p-value F-value 95% CI

C2-7 angle
Odontoid incidence 0.36 0.14 <0.001 38.22 0.07-0.64
Odontoid tilt -0.67 0.10 <0.001 42.25 -0.88 to -0.47
T1 slope -0.69 0.09 <0.001 84.80 -0.87 to -0.52
Adjusted R? 0.80
F-statistic: 55.09 on 3 and 38 df p<0.001

C0-2 angle
Odontoid incidence -0.45 0.30 <0.001 7.23 0.07-0.64
Odontoid tilt 0.57 0.21 <0.001 17.81 -0.88 to -0.46
Pelvic tilt -0.28 0.16 <0.05 4.72 -0.87 to -0.52
Adjusted R* 0.40
F-statistic: 9.92 on 3 and 38 df p<0.001

T1S-Cervical lordosis
Odontoid incidence 0.42 0.14 <0.001 14.42 0.13-0.70
Odontoid tilt -0.83 0.10 <0.001 107.39 -1.02 to -0.63
C5-T3 angle -0.19 0.08 <0.05 5.75 -0.36 to -0.02
Adjusted R* 0.75
F-statistic: 42.52 on 3 and 38 df p<0.001

Cervical sagittal vertical axis
Odontoid tilt -0.43 0.15 <0.001 26.57 -0.72 t0 -0.13
C5-T3 angle 0.34 0.12 <0.001 6.70 0.10-0.59
Thoracic kyphosis 0.40 0.08 <0.001 11.60 0.24-0.55
Adjusted R-squared 0.51
F-statistic: 14.96 on 3 and 38 df p<0.001

SE, standard error; CI, confidence interval; df, degrees of freedom.

established with stepwise regression analysis. OI, OT, and T1S
were identified as 3 important predictive variables for the C2-7
angle: CL=0.36 xOI - 0.67xOT - 0.69%x T1S (r*=0.79). OI,
OT, and PT were important predictors of C0-2 angle: C0-2=
-0.45x OI+0.57x OT - 0.28 x PT (r*=0.40). OI, OT, and the
C5-T3 angle were important factors for T1S-CL: T1S-CL=
0.42xOI - 0.83x OT - 0.19x C5-T3 angle (r*=0.75). OT, C5-
T3 angle, and TK were key factors for cSVA: cSVA=-0.43 x OT
+0.34 x C5-T3 angle+0.40 x TK (r*=0.51).

DISCUSSION

Since the first introduction of pelvic parameters, the sequen-
tial correlations of PI, PT, LL, and TK have been well document-
ed.'® Likewise, attempts have been made to discover novel mea-
surement parameters correlating with cervical alignment over
the last decade. Since the advent of thoracic inlet measurements,

https://doi.org/10.14245/ns.2244220.110

including T1S,"” multiple innovative radiographic parameters
have been described. Despite these efforts, however, only T1S,
T1S-CL, cSVA, and C2S have shown correlations with health-
related quality of life (HRQoL).5'*2

T1S has been suggested as the key to understanding CL.» It
is an important factor influencing spinal alignment, and an in-
crease in T1S leads to larger CL in order to maintain head bal-
ance.””?? Staub et al.”® proposed that as PI can be used to de-
termine the optimal LL, T1S can also be used to predict CL. Pre-
vious research has shown that patients with greater T1S are likely
to have underlying thoracolumbar deformity.”” However, T1S is
not a constant parameter and can be influenced by aging or pos-
ture."” As cervical alignment is well known to be affected by glob-
al sagittal alignment through compensatory mechanisms,'>*
the positional variance of a patient makes it troublesome to de-
termine the adequate CL.

Nevertheless, the T1S-CL has been proposed as a parameter
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analogous to PI-LL to better define cervical alignment.”* As
with PI and LL, the greater the T1S, the larger CL is necessary
in order to balance the head for harmonious alignment.'”****!
Therefore, T1S-CL describes the compensation between the
cervical alignment and upper thoracic alignment.” If there is
insufficient CL to match a given T1S in a patient, C2 will tilt
forward to increase C2S."” Additionally, C2S has been shown to
correlate with patient-reported outcomes and with T1S-CL,
C0-2 angle, cSVA, CL, and T1S."**!

Cervical alignment is influenced by global sagittal alignment
through compensatory mechanisms.">** But what limits the
alignment in the rostral end? If the foundation is identical, is
the ceiling predetermined? In the present study, we evaluated
associations between odontoid and cervical parameters. The
close relationship between the odontoid and cervical parame-
ters is evident from the regression coefficients. All odontoid pa-
rameters showed significant correlations with the C0-2 and
C2-7 angles (OI, r=0.43; OT, r=-0.42; C2S, r=0.62). The C0-2
and C2-7 angles are both closely related to the structural geom-
etry and orientation of the axis, as the axis is at the base of the
upper CL. OT showed a significant correlation with all cervical
parameters, including T1S and T1S-CL (r=-0.32, r=-0.78, re-
spectively). C2S did not show a correlation with T1S, unlike a
previous study."” Significant interdependence was also noted
between the odontoid parameters. The C2S, like the SS, is a hori-
zontal parameter. OT, like the PT, denotes the spatial orienta-
tion of the dens, which may vary according to the balance of
the cranium and horizontal gaze. Adding OT into the picture
could aid in a 2-dimensional analysis of the cervical alignment
and balance, with the OI as a fixed reference point.

Through multivariable regression analysis, predictive vari-
ables for CL based on odontoid parameters were postulated.
Linear regression showed a significant correlation of CL with
OL OT, and T1S (r*=0.80). Since the T1S regulates physiologi-
cal CL, it can be assumed that the odontoid parameters deter-
mine CL from the top, modulating the ideal head position. T1S
is a reflection of underlying thoracolumbar alignment, and T1S-
CL is a result of the balance between cervical and thoracolum-

bar alignment."

C5-T3 has been proposed as an ideal parame-
ter assessing the cervicothoracic junction.” The regression mod-
els demonstrated that T1S-CL (r*=0.75) and cSVA (r*=0.51)
were strongly correlated not only with the odontoid parameters,
but also with cervicothoracic alignment (C5-T3, cervicothorac-
ic) as previously reported.'**

T1S-CL shows whether a patient has a harmonious cervical

alignment regarding upper thoracic alignment, and C2S is a
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C2 Slope
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Odontoid Tilt + C2 Slope = C (Od

Fig. 3. Schematic illustration showing that an increase in C2
slope leads to a decrement in the odontoid tilt and anterior shift-
ing of the vertical axis from the center of the odontoid process.
The sum of C2 slope and the odontoid tilt is a constant.

mathematical approximation of T1S-CL." If the CL is insuffi-
cient to match a given T1S, the axis tilts forward, increasing
C2S.” As C2S increases, the vertical axis from the center of the
odontoid is placed anterior to C2EP, resulting in a negative OT
value (Fig. 3). C2S increases, thereby causing a decrease in OT.
Similarly, in adult spinal deformity patients, individuals attempt
to compensate through pelvic retroversion, which causes an in-
crease in PT and subsequent decrease in SS.” Protopsaltis et al.”’
showed that cervical deformity is present if T1S-CL exceeds
17°, similar to the average OI shown in the present study (17.7°).
Although the authors did not report OI values in the study, the
predicted OT value in cervical deformity patients is assumed to
be below zero. In addition, modified cervical deformity classifi-
cation concerning T1S-CL has been proposed.” Some tolerate
a larger T1S-CL than others. 16 out of 42 subjects in the pres-
ent study showed T1S-CL exceeding 15°. As OI is the sum of
OT and C2S, and OI correlates with C2S, OI could be interpret-
ed as a compensatory reservoir of each individual. Regarding
these facts, we anticipate that the value of OT might somehow
be related to cervical deformity.

The utilization of the odontoid parameters has some advan-
tages. OI, as proposed in this study, is an independent and indi-
vidual parameter not affected by any external factors. By mea-
suring an angle within a single bony structure, we were able to
define an angle devoid of muscles or other factors of mobility.
We hypothesized that OI is an important parameter influenc-
ing cervical alignment from the rostral portion and can be used
as a fixed reference point in understanding the physiological
alignment of the cervical spine. The relationship between the
odontoid parameters is also similar to that between the pelvic
parameters,” which provides a better understanding of the
concept and more straightforward clinical discussions. Though
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Fig. 4. Schematic illustration of the chain of correlation of
cervical and odontoid parameters. The correlation from the
caudal end to the rostral end (blue arrow) and from the ros-
tral to caudal end (orange arrow) is illustrated.

the correlation shown in the regression analysis is not strong, a
significant chain of correlation is observed between previously
reported cervical parameters and the odontoid parameters (Fig.
4). Although the correlation coefficients between established
sagittal parameters are similar to previous report,” the correla-
tion cannot be said strong to say the parameters are intercon-
nected. However, as most parameters show, the more cranial
the parameter is, they tend to show less correlation coefficients.'®
The global spinal and thoracic sagittal alignment strongly influ-
ence cervical parameters.* In addition, regarding the cone of
economy, the cervical spine show larger zone of balance. Thus,
other factors may contribute to the overall alignment of the
cervical spine more compared with the most cranial odontoid
parameters, resulting in moderate correlation coefficients. Larg-
er capacity to compensate cause weaker correlation, which also
makes the cervical spine harder to analyze. Using both estab-
lished and odontoid parameters will aid in providing a more
detailed analysis of the cervical alignment.

Though the parameters cannot explain all clinical findings,
the pelvic parameters are currently widely used. Due to a small
number, subgroup analysis based on global sagittal alignment
was note performed. However, multivariable regression analysis
indicated that T1S with OI and OT were significant predictors
of CL. Moreover, the axis is always visible on plain lateral radio-

https://doi.org/10.14245/ns.2244220.110

graphs, unlike either C7 or T1, which may provide more reli-
ability.”

This study has several limitations. First, it is a retrospective
study; therefore, there were minor variations in subjects’ posi-
tions in radiographic images, leading to a possibility of selec-
tion bias. Secondly, there was an uneven distribution of sex and
there is a wide age range of the examined subjects. Third, the
number of cases is small for an anatomical study, and a clinical
and prognostic postoperative correlation was not demonstrat-
ed. Subgroup analysis regarding global alignment, age, and sex
was not performed due to a small number of patients.

Despite the small number of subjects and limitations, this
study provides a comprehensive review of the global sagittal
alignment using whole-spine radiographs. As the cervical align-
ment is strongly influenced by the global thoracic and spinal
sagittal alignment, the study may provide the bases of utmost
importance in future research. The wide age range, not limited
to a particular generation, and normal age distribution show
the sample’s representativeness of the population. The results of
the present study demonstrated that the odontoid parameters
influence the alignment subaxial CL from the rostral end and
serve as the foundation of upper CL. The structural character-
istics of the axis represented by the OI could serve as a reference
point assessing cervical spine as it is a fixed value. Despite the
limitations, the present study may outline the possible role of
the odontoid parameters and provide a fresh perspective of the
spinal alignment. It will lead to future research regarding the
relationship between the odontoid parameters and clinical out-
comes. Further studies should ensue to define the relationship
between the odontoid parameters and the global alignment,
HRQoL, and its contribution to the cervical sagittal balance
with a larger number of cases. The present study results may
serve as baseline data for further studies on the alignment and
balance of the cervical spine in clinical conditions.

CONCLUSION

The evidence of this study implies that OI is an essential fac-
tor in regulating the physiological sagittal alignment of the cer-
vical spine from the top. OI, OT, and C2S had significant corre-
lations with cervical alignment. Like PI, OI could be a promis-
ing parameter since it is the only anatomical and constant pa-
rameter related to the cervical spine, and therefore, OI could be
a reliable parameter to evaluate interindividual variations of
cervical alignment. The pelvic parameters provide a firm foun-
dation from the caudal end, the odontoid parameters might be
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the cherry on top. Altogether, OI, OT, C2S, and T1S can be used
to assess normal cervical alignment, and the results of the study
may serve as baseline data for further studies on the alignment
and balance of the cervical spine.
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Chronic inflammatory demyelinating polyradiculoneuropathy (CIDP) is a chronic relaps-
ing disease of unknown aetiology. The diagnosis of this disease is still very complicated.
The treatment is medical but, in some cases, a surgical decompression might be required.
In rare cases it develops a radicular hypertrophy that can cause a cervical myelopathy; this
pathology should be put in differential diagnosis with neurofibromatosis 1 and Charcot-
Marie-Tooth (CMT) syndromes. The cases of CIDP cervical myelopathy reported in the lit-
erature are rare and even more rarely a surgical decompression was described. Here we re-
port a first and unique case of CIDP cervical myelopathy treated with an open-door lami-
noplasty technique with 10-year postoperative follow-up (FU). The surgical decompression
revealed to be effective in stopping the progression of myelopathy without destabilizing the
spine. The patient that before surgery presented a severe tetraparesis could return to walk
and gain back his self-care autonomy. At 10-year FU he did not complain of neck pain and
did not develop a cervical kyphosis. In case of cervical myelopathy caused by radicular hy-
pertrophy, CIDP should be kept in mind in the differential diagnosis and an open-door
laminoplasty is indicated to stop myelopathy progression.

Keywords: Chronic inflammatory demyelinating polyradiculoneuropathy, Cervical my-
elopathy, Laminoplasty, Open-door, Cervical decompression, Postoperative kyphosis

nant role is ascribed to immune-mediated inflammation with
local cytokine production. Repeated demyelination-regenera-

Chronic inflammatory demyelinating polyradiculoneuropathy  tion results in onion-bulb formation, leading to high-intensity

(CIDP) is a chronic relapsing disease that chiefly affects the  signal in short tau inversion recovery sequences and thickening

limbs. It is characterised by symmetric sensorimotor impairment  of the roots on magnetic resonance imaging (MRI).>* Some au-

with the most common clinical signs being muscular weakness  thors have advocated a correlation of CIDP with diabetes.>

of the limbs, distal sensory impairment, and decreased tendon CIDP is one of the chief causes of hypertrophic neuropathy
reflexes. Slowing or blocking in nerve conduction velocities can ~ and should be put in differential diagnosis with neurofibroma-
be seen on electrophysiological examinations.' tosis 1 (NF-1) and Charcot-Marie-Tooth (CMT) diseases.”” It

Although the causes of this disease are unknown, a predomi- affects the peripheral nerves, and in rare cases, radicular hyper-
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trophy leads to medullary compression.” The main treatment
consists of immune-modulating agents but in rare cases of se-
vere spinal roots enlargements with medullary compression, a
surgical decompression might be needed.®

CASE REPORT

Herein we report the case of a 58-year-old male presenting
CIDP complicated by cervicomedullary compression resulting
from radicular hypertrophy; the patient was followed-up for 10
years with periodical MRI evaluations. The patient was first di-
agnosed with CIDP in 1987 and the initial clinical signs con-
sisted of paraesthesia and weakness of the hands and feet. Clini-
cal examination during the early phase revealed tendon hypo-
reflexia and superficial hypersensitivity of the lower limbs. The
patient exhibited normal muscle tone, coordination, and cranial
nerve status. Electromyography performed at that point showed
an increase in distal motor latency, increased latency of sensory
response, conduction block in the median and ulnar nerves,
and increased F-wave latency. The analysis of cerebrospinal flu-
id (CSF) revealed albumin-cytological dissociation. No familiar
history was reported. The patient was successfully treated with
plasmapheresis and corticosteroids, and clinical remission was
achieved in 1990. In 1991, he experienced major worsening
consisting of cervical myelopathy signs such as muscular hy-
pertonia and ataxic gait, which led to a change of the treatment
to Tegeline (Human Immunoglobulins, Vidal, Paris, France)
and Cellcept (Mycophenolate Mofetil, Roche, Boulogne-Billan-
court, France). These 2 drugs were discontinued in 2008 fol-
lowing further worsening of the disease. Between November
2008 and April 2009, treatment consisting of 5 courses of cyclo-

phosphamide proved ineffective. In May 2009, the patient pre-
sented with a tetraparesis, which continued to advance and
rendered him virtually bedridden, with triple reflex response in
the lower limbs and hypoesthesia extending to T10. Urinary re-
tention of central origin resulting from spasticity of the bladder
neck and the striated urinary sphincter was demonstrated.
Plasmapheresis was started again as well as bolus corticoste-
roids, resulting in partial but transient (2 weeks) improvement.
An initial stay at a physiotherapy center resulted in improved
walking, autonomy in self-care, as well as improved prehension.
Because of a following worsening of central nervous system
signs (spinal myoclonus, spasticity of the lower limb, acute uri-
nary retention), a cervical MRI was performed in August 2010
and revealed major hypertrophy of the nerve roots after gado-
linium injection. T2 medullary hypersignal was also noted at
C5-C6-C7 in the cervical spinal canal (Fig. 1). A CSF sample
performed at this moment exhibited albumin-cytological dis-
sociation with massive impairment of the blood-brain barrier.
Surgical decompression was indicated in view of the mechani-
cal medullary compression resulting from hypertrophy of nerve
tissue, and the patient underwent surgery the 31st of August
2010.

The surgical procedure consisted of open-door laminoplasty
with insertion of a Centerpiece Plate Fixation System (Medtronic,
Memphis, TN, USA) to achieve widening of the canal. The pa-
tient was placed in ventral decubitus position and a Mayfield
pin head-holder was used to allow moderate neck flexion. The
incision extended from C3 to T1 with posterior stripping to the
facets. Following splitting of the spinous processes, laminoplas-
ty was carried out with thinning of the left side of the lamina at

the lamina-facet junction and an opening was made on the

Fig. 1. Preoperative magnetic resonance imaging: multiple level radicular hypertrophy with C5-7 myelopathy signs.
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right side of the lamina. The spinal cord was exposed via an
open-door technique (Fig. 2). The dura mater was opened, and
a major compression of the spinal cord could be appreciated; at
this point, a biopsy of the anterior and posterior roots was ob-
tained at level C5 under microscopy. Analysis was performed
on the fresh biopsy sample after inclusion. The dura mater was
then closed after a duroplasty and the laminoplasty stabilised
by osteosynthesis using a plate at each decompressed level. An
autologous posterolateral graft was placed in the contralateral
side’ (Fig. 3).

The postsurgical period was uncomplicated, with moderate
analgesic intake and on postoperative day 15, the patient was
transferred to a physiotherapy center. The biopsy was performed
on an accessory radicular nerve to avoid major iatrogenic lesions
and the result showed oedematous changes and inflammation
in the perineural tissue with limited deposit of amorphous sub-
stance which has been described as a characteristic of the CIDP?
(Fig. 4). The first postoperative clinical and radiological con-
trols performed at 3 and 6 months after the surgery showed a
progressive neurological improvement with primary recovery
of the upper limbs functions followed by a progressive recuper-

ation of the lower limbs. After 6 months, the patient was able to
get out of his seat unassisted and walk a few paces using either a
stick or a walking frame. The patient continued to improve and
recovered autonomy with a walking frame; he was able to walk
a few paces without technical assistance and was practically au-
tonomous in self-care in a specially adapted environment (fine
prehension remained deficient with distal sensory deficit).
During the last 10 years, the patients underwent periodical
hospitalizations in a recovery center due to relapsing phases of
neurological impairment. A therapy with Tegeline (Human Im-
munoglobulin, Vidal) was carried on with iv perfusions every 6

to 8 weeks. Unfortunately, the patients had a coronavirus dis-
ease 2019 infection in November 2020 that strongly affected his
general performance status. During his last period at the recov-

Fig. 4. Pathology picture of the nerve biopsy: HES (haematoxy-
lin, eosin and saffron staining method) coloration showing oe-
dematous and inflammatory tissue with limited amorphous
substance.

Fig. 3. Intraoperative image: (A) Duroplasty and hypertrophic nerve roots. (B) C4-7 laminoplasty.
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Fig. 5. Postoperative magnetic resonance imaging: persistent
radicular hypertrophy without myelopathy signs.

ery center in September 2021, he presented severe amyotrophy
of his 4 limbs without signs of cervical myelopathy and was still
able to walk and be autonomous in self-care daily activities. A
last MRI performed at the end of 2020 showed a stability of the
radicular thickening without radiological signs of cervical my-
elopathy (Fig. 5).

DISCUSSION

Although polyradiculoneuropathy has been described as a
progressive chronic disease presenting as bilateral distal motor
deficit, loss of sensitivity and hyporeflexia, the absence of clear
consensual criteria for diagnosis of CIDP rendered the patient
treatment more complex.'*" Today the diagnosis of CIDP is
based on several points and a good correlation between clinical,
laboratory, and radiological findings is essential.”” The diagno-
sis should relay on the following elements: (1) complete blood
count, electrolyte analysis, screening for underlying diseases
such as human immunodeficiency virus, protein electrophore-
sis (to rule out other coexisting pathologies); (2) electromyo-
gram with conduction blocks, increased motor and sensory la-
tency, absence of F waves; (3) analysis of CSF with screening for
albumin-cytological dissociation and monoclonal peak; (4) im-
aging is also necessary, particularly if there is central nervous
system involvement: MRI remains the examination of choice”*";
(5) nerve or roots biopsy to differentiate CIDP from NF-1 (pres-
ence of peripheral nerve sheet tumour) and CMT (both patholo-
gies have the “onion bulb” formation but only CIDP have in-
flammatory changes such as oedematous stroma with endo-
neural T-lymphocytes and macrophages).’

Radicular hypertrophy in CIDP is rare and was noted in 11%

4,7,9,14-19

of patients in certain series, and mostly responsible for

lumbar compressions.'"**?* The cervical localisation remains

https://doi.org/10.14245/ns.2143232.616

exceptional ®
Even though various studies have reported favourable re-

sponse of such hypertrophy to corticosteroids,”"”*

our patient
remained refractory to such treatment for several years. Al-
though the cause of this hypertrophy is uncertain, the numer-
ous inflammatory episodes appear to result in demyelination,
leading to cell deposition because of regeneration, which then
creates an onion-shaped mass.'”** Some authors have suggested
a relation of CIDP with diabetes, but in our case, we cannot
confirm this hypothesis since our patient isn't diabetic.>*

Neural biopsies may be of diagnostic assistance® if they reveal
deposits of amorphous and inflammatory substances. However,
there is some discussion in the current literature concerning the
utility of biopsy.'**

The currently recommended treatment for CIDP is medi-
cal,””?* with first-line therapy consisting of immunoglobulins
and intravenous corticosteroids.”**" Good results have also
been achieved with plasmapheresis.”*'** While monoclonal
antibodies have also been beneficial to some degree, they have
not been given as first-line therapy. Other forms of treatment
are used more reluctantly because of the occasionally major as-
sociated adverse effects.

The patient described herein presented a very rare complica-
tion of CIDP, namely medullary compression due to radicular
cervical hypertrophy. This type of compression is described in
the literature, but usually not associated to CIDP cases.*** To
our knowledge this is the first report in the literature of open-
door technique laminoplasty used to treat radicular hypertro-
phy with spinal canal compression. Our long follow-up shows
the good outcome of this conservative technique which didn't
destabilizes the spine.” Following surgery our patient could
gain back his autonomy, returning to his daily activities. Be-
cause of the relapsing nature of this pathology, he necessitated
of continuous medical intravenous treatment and periods of
rehabilitation in a dedicated center. Nevertheless, at 10 years of
FU, he keeps his autonomy and did not represent signs of cervi-
cal myelopathy which testifies the efficacy of the cervical de-
compression procedure.’

CONCLUSION

The present case illustrates the value of an open-door lami-
noplasty in the event of medullary compression due to CIDP;
the clinical outcome was satisfactory with major recovery of
autonomy that was kept at 10-year follow-up without radiologi-

cal signs of new cervical spine compression. The main treat-
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ment of CIDP is medical but in some rare cases a surgical treat-
ment of neural structures compression might be necessary, and
this pathology should be kept in mind in the differential diag-
nosis of spinal roots hypertrophy.
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being considered for publication elsewhere. If any research grant
has been given by any private company or group, this information
should be described on the form. All authors must sign their auto-
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graph by themselves. The form can be downloaded at the homep-
age of the Neurospine (https://e-neurospine.org), and should be
submitted at the time of paper submitting.

4. Regarding author information, the list of the authors in the manu-
script should include only those who were directly involved in the
process of the work. Authors can refer to the guideline by Harvard
University in 1999 to find details on authorship (https://hms.har-
vard.edu/sites/default/files/assets/Sites/ Ombuds/files/ AUTHOR-
SHIP%20GUIDELINES.pdf).

5. Decision for the publication of the submitted manuscript will be
made solely by the editorial board.

6. Professional editing in English is recommended for non-native
speakers. Editorial office may request an English editing. In cases
of accepted manuscripts, we may provide copy editing and English
proofreading free of charge.

7. All published papers become the permanent property of the Kore-
an Spinal Neurosurgery Society. Copyrights of all published mate-
rials are owned by the Korean Spinal Neurosurgery Society. Per-
mission must be obtained from the Korean Spinal Neurosurgery
Society for any commercial use of materials. Every author should
sign the copyright transfer agreement forms.

III. Manuscript Preparation

Authors should refer to “Uniform Requirements for Manuscripts
Submitted to Biomedical Journals” (http://www.icmje.org/about-ic-
mje/fags/icmje-recommendations/).

1. Title Page

1) The title pages must be composed of external and internal title
pages.

2) The external title page must contain the article title, and full
names of all authors with their institutional affiliations both.
The type of manuscript (original articles, review articles, letters
to the editor, brief communications) should also be addressed.
When the work includes multiple authors with different affilia-
tions, the institution where the research was mainly conducted
should be spelled out first, and then be followed by foot notes in
superscript Arabic numerals beside the authors’ names to de-
scribe their affiliation in a consecutive order of the numbers.
Running head must be included consisting of no more than 65
characters/spaces.

The external title page must also contain the address, telephone
and facsimile numbers, and e-mail address of the correspond-
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ing author at the bottom of the page, as well as information on
the previous presentation of the manuscript in conferences and
funding resources, if necessary.

3) The internal title page should only contain the article title. The
internal title page must not contain any information on the
names and affiliations of the authors.

2. Manuscript Format

1) The manuscript should be composed of no more than 5,000
English words for original and review articles except for refer-
ences, tables, and figures. Letter to the editor should consist of
not more than 600 English words, and the editorial should con-
sist of no more than 350 words.

2) The original article should be organized in the order of title, ab-
stract, introduction, materials and methods, results, discussion,
conclusion, references, tables, and figures or illustrations.

3) There should be no more than 40 references in original articles.

4) Manuscript format may vary in review articles. There should be
no more than 100 references in review articles.

5) Text should be written in 11 point fonts with double line spac-
ing.

3. Abstract

1) Objective, Methods, Results, and Conclusion sections should
be included in abstract of clinical or laboratory research, but are
not necessary in other types of studies.

2) The abstract should include brief descriptions on the objective,
methods, results, and conclusion as well as a detailed descrip-
tion of the data. An abstract containing 250 words or less is re-
quired for original articles and review articles.

3) Abstract can be revised by the decision of editorial board, and
some sentences can be modified as a result of revision.

4) A list of key words, with a minimum of two items and maxi-
mum of six items, should be included at the end of the abstract.

5) The selection of Key Words should be based on Medical Subject
Heading (MeSH) of Index Medicus and the web site (http://
www.nlm.nih.gov/mesh/MBrowser.html).

Requirements by Article Type

Abstract

————  Max Max. Max

Type Max. . Mex\ordsin Tables or eferonces
words  KEYWOrdS ain text  Figures
items

Review Article 250 6 5,000 5 100
Original Article 250 6 5,000 5 40
Brief Communication 200 6 1,500 3 20
Letter to the Editor X X 600 2 10
Editorial X X 350 - 10

4. Introduction

The introduction should address the purpose of the article concisely,
and include background reports mainly relevant to the purpose of
the paper. Detailed review of the literature should be addressed in
the discussion section.

5. Materials and Methods

1) The article should record research plans, objective, and meth-
ods in order, as well as the data analysis strategies and control of
bias in the study. Enough details should be furnished for the
reader to understand the method(s) without reference to an-
other work in the study described.

2) When reporting experiments with human subjects, the authors
must document the approval received from the local Institu-
tional Review Board. When reporting experiments with animal
subjects, the authors should indicate whether the handling of
the animals was supervised by the research board of the affiliat-
ed institution or such. Approved number of IRB must be noted.

3) Photographs disclosing patients must be accompanied by a
signed release form from the patient or family permitting publi-
catio n.

4) Ensure correct use of the terms sex (when reporting biological
factors) and gender (identity, psychosocial or cultural factors),
and, unless inappropriate, report the sex and/or gender of study
participants, the sex of animals or cells, and describe the meth-
ods used to determine sex and gender. If the study was done in-
volving an exclusive population, for example in only one sex,
authors should justify why, except in obvious cases (e.g., pros-
tate cancer). Authors should define how they determined race
or ethnicity and justify their relevance.

6. Results
1) The authors should logically describe their results of observa-
tions and analyses performed using methodology given in the
previous section and provide actual data.

2) For biometric measurements in which considerable amount of
stochastic variation exists, a statistical evaluation is mandatory.
The results must be sorely from the findings of the current
study and not refer to any previous reports.

3) While an effort should be made to avoid overlapping descrip-
tions by Tables and by main text, important trends and points
in the Table should be described in the text.

7. Discussion

Discussions about the findings of the research and interpretations in
relation to other studies are made. It is necessary to emphasize the
new and critical findings of the study, not to repeat the results of the
study presented in the previous sections. The meaning and limita-
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tion of observed facts should be described, and the conclusion
should be related to the objective of the study only when it is sup-
ported by the results of the research.

8. Conclusion
The conclusion section should include a concise statement of the
major findings of the study in accordance with the study purpose.

9. References

The authors are responsible for the accuracy of the references. Key
the references (double-spaced) at the end of the manuscript. End-
Note users can access a direct download of the updated Neurospine
Publications style at https://www.e-neurospine.org. References
should be numbered consecutively in the order in which they are
first mentioned in the text. All references cited in the text must be
both listed and cited by the reference number (footnotes are not ac-
cepted). Use superscript numerals outside periods and commas,
inside colons and semicolons. When more than 2 references are
cited at a given place in the manuscript, use hyphens to join the
first and last numbers of a closed series; use commas without space
to separate other parts of a multiple citation (e.g., As reported
previously,"**%. . The derived data were as follows>*'*:)

Do not link the references to the text. Cite unpublished data, such
as papers submitted but not yet accepted for publication or personal
communications, in parentheses in the text. If there are more than
three authors, name only the first three authors and then use et al.
Refer to the List of Journals Indexed in Index Medicus for abbrevia-
tions of journal names, or access the list at https://www.nlm.nih.gov/
archive/20130415/tsd/serials/ljihtml. Sample references are given below:

« Journal article

1. Sakai K, Okawa A, Takahashi M, et al. Five-year follow-up eval-
uation of surgical treatment for cervical myelopathy caused by
ossification of the posterior longitudinal ligament. Spine (Phila
Pa 1976) 2012;37:367-76.

« Book chapter

2. Sweitzer S, Arruda J, DeLeo J. The cytokine challenge: Methods
for the detection of central cytokines in rodent models of persis-
tent pain. In: Kruger L, editor. Methods in pain research. Boca
Raton, FL: CRC Press; 2001:109-32.

« Entire book
3. Atlas SW. Magnetic resonance imaging of the brain and spine.
Philadelphia: Lippincott Williams & Wilkins; 2001.

« Software
4. Epi Info [computer program]. Version 6. Atlanta: Centers for
Disease Control and Prevention; 1994.

o Online journals

5. Friedman SA. Preeclampsia: A review of the role of prostaglan-
dins. Obstet Gynecol [serial online]. January 1988;71:22-37.
Available at: BRS Information Technologies; McLean, VA. Ac-
cessed December 15, 1990.

« Database
6. CANCERNET-PDQ [database online]. Bethesda (MD): Na-
tional Cancer Institute; 1996. Updated March 29, 1996.

» World Wide Web

7. Gostin LO. Drug use and HIV/AIDS [Internet]. June 1, 1996.
Available at: http://www.ama-assn.org/special/hiv/ethics. Ac-
cessed June 26, 1997.

10. Tables

1) Tables should be created using the table formatting and editing
feature of Microsoft Word. The title of the table must be noted.
Tables cannot be submitted in a picture format.

2) Tables should be prepared in detail, in order to understand the
contents of the manuscript without further reference.

3) Tables should be submitted separately from manuscript. Do not
include vertical lines in table, and refer to the table formats in
formal papers in Neurospine.

11. Figures and Illustrations

1) Figures should have resolution of 300 dpi or above and should
be submitted individually (Namely, if Figure 1 is divided into A,
B, C, and D, do not combine them into one, but submit each of
them separately). Allowable file format for figures are JPG or
TIF (TIFF) only.

2) Figures should be named according to figure name (example:
Fig-1A.tif). If the quality of the photographs is considered as in-
appropriate for printing, resubmission of them can be requested
by the journal.

3) Authors should submit figures in black and white if they want
them to be printed in black and white. Authors are responsible
for any additional costs of producing color figures (Additional
cost for color printing is determined by the editorial board).

4) Line art should have resolution of 1,200 dpi or more in JPG or
TIF format.

12. Author Check List
1) Before submitting the manuscript, authors should double-
check all requirements noted in the agreement form regarding
the registration and copyrights of their manuscript. A manu-
script that does not fit the author instructions of the journal re-
garding format and references will be returned to the authors
for further correction.
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2) The page numbers in the manuscript should be counted from
the page with the abstract, and the name and affiliation of the
authors should not appear thereafter.

3) Author check list should be prepared, signed by corresponding
author, submitted with manuscripts, and then registered online.
Relevant forms can be downloaded at manuscript submission site.

IV. Peer Review Process

All manuscripts are considered confidential. They are peer-reviewed
by at least 2 anonymous reviewers selected by the Editor. The corre-
sponding author is notified as soon as possible of the Editor’s deci-
sion to accept, reject, or ask for revisions. The average time interval
for an initial review process that involves both editorial and peer re-
views is approximately 1 month; occasionally, there are unavoidable
delays, usually because a manuscript needs multiple reviews or sev-
eral revisions. When manuscripts are returned for revision, a cover
letter from the Editor provides directions that should be followed
carefully. When submitting the revised manuscript, authors should
include a Response Letter, which describes how the manuscript has
been revised. A point-by-point response to the Editor should be in-
cluded with the revised manuscript. Authors who plan to resubmit
but cannot meet this deadline should contact the Editorial Office.
Manuscripts held for revision will be retained for a maximum of 90
days. The revised manuscript and the author’s comments will be re-
viewed again. If a manuscript is completely acceptable, according to
the criteria set forth in these instructions, it is scheduled for publica-
tion in the next available issue.

We neither guarantee the acceptance without review nor very
short peer review times for unsolicited manuscripts. Commissioned
manuscripts also are reviewed before publication.

We adopt double-blind peer review in which case, not only au-
thors but also reviewers do not know each other.

V. Publication and Charges

1) Once a manuscript is accepted for publication by the journal, it
will be sent to the press, and page proofs will be sent to authors.
Authors must respond to the page proofs as soon as possible after
making necessary corrections of misspellings, and the location of
the photographs, figures or tables. Authors can make corrections
for only typing errors, and are not allowed to make any author al-
teration or substantive changes of the text. Proofs must be re-
turned to the press within 48 hours of receipt. No response from
the authors within this time frame will lead the publication of the
proof read without corrections, and the editorial board will not be
responsible for any mistakes or errors occurring in this process.

2) There is no article processing charge (APC), also known as a pub-
lication fee including submission fee, for accepted articles.

V1. Ethical Guidelines

1. Research Ethics

1) All of the manuscripts should be prepared in strict observation
of research and publication ethics guidelines recommended by
the Council of Science Editors (CSE), International Committee
of Medical Journal Editors (ICMJE), World Association of
Medical Editors (WAME), and the Korean Association of Med-
ical Journal Editors (KAMJE).

2) Any study including human subjects or human data must be
reviewed and approved by a responsible institutional review
board (IRB). Please refer to the principles embodied in the Dec-
laration of Helsinki (https://www.wma.net/policies-post/wma-
declaration-of-helsinki-ethical-principles-for-medical-research-
involving-human-subjects/) for all investigations involving hu-
man materials.

3) Animal experiments also should be reviewed by an appropriate
committee (Institutional Animal Care and Use Committee, IA-
CUC) for the care and use of animals. Also studies with patho-
gens requiring a high degree of biosafety should pass review of
a relevant committee (Institutional Biosafety Committee, IBC).
The editor of Neurospine always request submission of copies of
informed consents from human subjects in clinical studies or
IRB approval documents.

2. Conflict of Interest

1) The corresponding author of an article is asked to inform the
Editor of the authors’ potential conflicts of interest possibly in-
fluencing their interpretation of data. A potential conflict of in-
terest should be disclosed in the cover letter even when the au-
thors are confident that their judgments have not been influ-
enced in preparing the manuscript. Such conflicts may be fi-
nancial support or private connections to pharmaceutical com-
panies, political pressure from interest groups, or academic
problems. Disclosure form shall be same with ICMJE Uniform
Disclosure Form for Potential Conflicts of Interest (http://www.
icmje.org/coi_disclosure.pdf).

2) The Editor will decide whether the information on the conflict
should be included in the published paper. Before publishing
such information, the Editor will consult with the correspond-
ing author. In particular, all sources of funding for a study should
be explicitly stated. The Neurospine asks referees to let its Editor
know of any conflict of interest before reviewing a particular
manuscript.
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3. Journal Policies on Authorship and Contributorship

1) Authors are required to make clear of their contribution to their
manuscript in cover letter. To be listed as an author one should
have contributed substantially to all three categories established
by the International Committee of Medical Journal Editors (IC-
M]JE): (1) conception and design, or acquisition, or analysis and
interpretation of data; (2) drafting the article or revising it criti-
cally for important intellectual content; and (3) final approval of
the version to be published; and (4) agreement to be account-
able for all aspects of the work in ensuring that questions related
to the accuracy or integrity of any part of the work are appro-
priately investigated and resolved.

2) When a large, multicenter group has conducted the work, the
group should identify the individuals who accept direct respon-
sibility for the manuscript. When submitting a manuscript au-
thored by a group, the corresponding author should clearly in-
dicate the preferred citation and identify all individual authors
as well as the group name. Journals generally list other members
of the group in the Acknowledgments. Acquisition of funding,
collection of data, or general supervision of the research group
alone does not constitute authorship. Authors are responsible
for replying to all questions asked by reviewers or editors that
relate to the accuracy or integrity of any part of the work. All
persons who have made a substantial contribution, but who are
not eligible as authors, should be named in the acknowledg-
ments. Authors are expected to consider carefully the way au-
thors should be listed and ordered before submitting their
manuscripts, and to provide a definitive list of authors with
their original submission. Any addition, deletion, or rearrange-
ment of author names in the authorship list should be made be-
fore the manuscript has been accepted—and only if approved
by the journal Editor. To request such a change, the Editor must
receive the following from the corresponding author: (a) the
reason for requesting a change in the list of authors; and (b)
written confirmation (by e-mail or letter) from all authors to say
that they agree with the addition, removal, or rearrangement.

4. Redundant Publication and Plagiarism

1) Redundant publication is defined as “reporting (publishing or
attempting to publish) substantially the same work more than
once, without attribution of the original source(s)”. Characteris-
tics of reports that are substantially similar include the follow-
ing: (a) “at least one of the authors must be common to all re-
ports (if there are no common authors, it is more likely plagia-
rism than redundant publication),” (b) “the subject or study
populations are often the same or similar] (c) “the methodology
is typically identical or nearly so,” and (d) “the results and their
interpretation generally vary little, if at all”

2) When submitting a manuscript, authors should include a letter
informing the editor of any potential overlap with other already
published material or material being evaluated for publication
and should also state how the manuscript submitted to Neu-
rospine differs substantially from this other material. If all or
part of your patient population was previously reported, this
should be mentioned in the Materials and Methods, with cita-
tion of the appropriate reference(s).

3) The editorial committee checks the similarity by using the
iThenticate (http://www.ithenticate.com/) program for all sub-
mitted articles to prevent plagiarism. The editorial committee
rejects the article suspected of plagiarism and asks the author
to check whether it is plagiarized and make a resubmission.

5. Readership

It is primarily for clinicians and researchers who care patients with
spine and spinal cord diseases. They are able to obtain tailored infor-
mation to adopt for their research and practice. Its readership can be
expanded to other positions: « Researchers can get the recent topics
of clinical research in spine and spinal cord field and detailed research
methods; « Clinicians in the field can get the new information and
recent development for care of patients; « Medical teacher can access
and adopt a variety of data in medical education; « Allied health pro-
fessionals including nurses are able to get the recent information for
care of patients with spine and spinal cord diseases; « Medical health
students can understand the recent trends of the field and interesting
cases for their work; « Policy makers are able to reflect the results of
the articles to the nation-wide health care policies for patients with
spine and spinal cord diseases; » The public, especially family of pa-
tients with spine and spinal cord diseases are able to read the advance-
ment in their family’s diseases so that they have a better knowledge
on the diseases and a confidence in the clinicians’ devotion to their
family.

6. Obligation to Register Clinical Trial

1) Clinical trial defined as “any research project that prospectively
assigns human subjects to intervention and comparison groups
to study the cause-and-effect relationship between a medical
intervention and a health outcome” should be registered to the
primary registry to be prior publication.

2) Neurospine accepts the registration in any of the primary regis-
tries that participate in the WHO International Clinical Trials
Portal (http://www.who.int/ictrp/about/details/en/index.html)
as well as https://www.anzctr.org.au/, www.clinicaltrials.gov,
www.umin.ac.jp/ctr/index/htm and www.trialregister.nl. The
clinical trial registration number shall be published at the end of
the abstract.



7. Process for Identification of and Dealing With Allegations of

Research Misconduct
When the Journal faces suspected cases of research and publication
misconduct such as a redundant (duplicate) publication, plagiarism,
fabricated data, changes in authorship, undisclosed conflicts of inter-
est, an ethical problem discovered with the submitted manuscript, a
reviewer who has appropriated an author’s idea or data, complaints
against editors, and other issues, the resolving process will follow the
flowchart provided by the Committee on Publication Ethics (http://
publicationethics.org/resources/flowcharts). The Editorial Board will
discuss the suspected cases and reach a decision. We will not hesitate
to publish errata, corrigenda, clarifications, retractions, and apologies
when needed.

Neurospine adheres to the research and publication ethics policies
outlined in International Standards for Editors and Authors (http://
publicationethics.org) and the Uniform Requirements for Manu-
scripts Submitted to Biomedical Journals (http://icmje.org). Any
studies involving human subject must comply with the principles of
the World Medical Association Declaration of Helsinki. Clinical re-
search should be approved by the Institutional Review Board, as well
through patient consent. A patient’s personal information cannot be
published in any form. However, if it is absolutely necessary to use a
patient’s personal information, the consent of the patient or his/her
guardian will be needed before publishing. Animal studies should be
performed in compliance with all relevant guidelines, observing the
standards described in the NIH Guide for the Care and Use of Labo-
ratory Animals.

Cases that require editorial expressions of concern or retraction
shall follow the COPE flowcharts available from: http://publication-
ethics.org/resources/flowcharts. If correction is needed, it will follow
the ICMJE Recommendation for Corrections, Retractions, Republi-
cations and Version Control available from: http://www.icmje.org/
recommendations/browse/publishing-and-editorial-issues/correc-
tions-and-version-control.html as follows:

Honest errors are a part of science and publishing and require
publication of a correction when they are detected. Corrections are
needed for errors of fact. Minimum standards are as follows: First, it
shall publish a correction notice as soon as possible, detailing chang-
es from and citing the original publication on both an electronic and
numbered print page that is included in an electronic or a print Table
of Contents to ensure proper indexing; Second, it shall post a new
article version with details of the changes from the original version
and the date(s) on which the changes were made through Cross-
Mark; Third, it shall archive all prior versions of the article. This ar-
chive can be either directly accessible to readers; and Fourth, previ-
ous electronic versions shall prominently note that there are more
recent versions of the article via CrossMark.

8. Handling Complaints and Appeals
The policy of the journal is primarily aimed at protecting the authors,

reviewers, editors, and the publisher of the journal. If not described

Vi

below, the process of handling complaints and appeals follows the
guidelines of the Committee of Publication Ethics available from:
https://publicationethics.org/appeals

Who complains or makes an appeal?

Submitters, authors, reviewers, and readers may register complaints
and appeals in a variety of cases as follows: falsification, fabrication,
plagiarism, duplicate publication, authorship dispute, conflict of in-
terest, ethical treatment of animals, informed consent, bias or unfair/
inappropriate competitive acts, copyright, stolen data, defamation,
and legal problem. If any individuals or institutions want to inform
the cases, they can send a letter to editor through https://www.e-
neurospine.org/about/contact.php. For the complaints or appeals,
concrete data with answers to all factual questions (who, when,
where, what, how, why) should be provided.

Who is responsible to resolve and handle complaints and appeals?

The Editor, Editorial Board, or Editorial Office is responsible for
them.

What may be the consequence of remedy?

It depends on the type or degree of misconduct. The consequence
of resolution will follow the guidelines of the Committee of Publica-
tion Ethics (COPE).

9. Postpublication Discussions and Corrections

The postpublication discussion is available through letter to the editor.
If any readers have a concern on any articles published, they can submit
letter to the editor on the articles. If there founds any errors or mistakes
in the article, it can be corrected through errata, corrigenda, or retraction.

10. Policies on data sharing and reproducibility

Until 2020, authors will be encouraged to share their data openly, but
starting in 2021, they will be mandated to do so. The related regulation
follows the open data sharing policy outlined below.

1) Open data sharing policy

For clarification on result accuracy and reproducibility of the
results, raw data or analysis data will be deposited to a public
repository, for example, Harvard Dataverse (https://dataverse.
harvard.edu/) after acceptance of the manuscript. Therefore,
submission of the raw data or analysis data is mandatory. If the
data is already a public one, its URL site or sources should be
disclosed. If data cannot be publicized, it can be negotiated with
the editor. If there are any inquiries on depositing data, authors
should contact the editorial office.

2) Clinical data sharing policy
This journal follows the data sharing policy described in “Data
Sharing Statements for Clinical Trials: A Requirement of the
International Committee of Medical Journal Editors” (https://
doi.org/10.3346/jkms.2017.32.7.1051). As of July 1, 2018 manu-
scripts submitted to ICMJE journals that report the results of
interventional clinical trials must contain a data sharing state-



Table. Examples of Data Sharing Statements That Fulfill These ICMJE Requirements*

Example 1 Example 2 Example 3 Example 4
Will individual participant Yes Yes Yes No
data be available
(including data
dictionaries)?
What data in particular All of the individual Individual participant data Individual participant data that Not available
will be shared? participant data collected that underlie the results underlie the results reported
during the trial, after reported in this article, in this article, after
deidentification. after deidentification deidentification (text, tables,
(text, tables, figures, figures, and appendices).
and appendices).
What other documents Study Protocol, Statistical Study Protocol, Statistical Study Protocol Not available

will be available?

When will data be
available (start and
end dates)?

With whom?

For what types of
analyses?

By what mechanism will
data be made
available?

Analysis Plan, Informed
Consent Form, Clinical
Study Report, Analytic
Code

Immediately following
publication. No end date.

Anyone who wishes to access
the data.

Any purpose.

Data are available indefinitely
at (Link to be included).

Analysis Plan, Analytic
Code

Beginning 3 months and
ending 5 years
following article
publication.

Researchers who provide
a methodologically
sound proposal.

To achieve aims in the
approved proposal.

Proposals should be
directed to xxx@yyy.
To gain access, data
requestors will need to
sign a data access
agreement. Data are
available for 5 years at
a third party website
(Link to be included).

Beginning 9 months and
ending 36 months following
article publication.

Investigators whose proposed
use of the data has been
approved by an
independent review
committee (learned
intermediary) identified for
this purpose.

For individual participant data
meta-analysis.

Proposals may be submitted
up to 36 months following
article publication. After 36
months the data will be
available in our University's
data warehouse but without
investigator support other
than deposited metadata.
Information regarding
submitting proposals and
accessing data may be
found at (Link to be
provided).

Not applicable

Not applicable

Not applicable

Not applicable

* These examples are meant to illustrate a range of, but not all, data sharing options.

ment as described below. Clinical trials that begin enrolling
participants on or after January 1, 2019 must include a data
sharing plan in the trials registration. The ICMJES policy regar-
ding trial registration is explained at http://www.icmje.org/
recommendations/browse/publishing-and-editorial-issues/
clinical-trial-registration.html. If the data sharing plan changes
after registration this should be reflected in the statement sub-
mitted and published with the manuscript, and updated in the
registry record. All of the authors of research articles that deal
with interventional clinical trials must submit data sharing
plan of example 1 to 4 in Table 1. Based on the degree of sharing
plan, authors should deposit their data after deidentification
and report the DOI of the data and the registered site.

For the policies on the research and publication ethics not
stated in this instructions, International standards for editors

and authors (https://publicationethics.org/resources/
resources-and-further-reading/international-standards-
editors-and-authors) can be applied.

All correspondences, business communications and manuscripts

should be mailed to:

Editor-in-Chief: Yoon Ha

Editorial Office

Department of Neurosurgery, Spine and Spinal Cord Institute, Sev-
erance Hospital, Yonsei University College of Medicine, 50-1 Yonsei-
ro, Seodaemun-gu, Seoul 03722, Korea

Tel: +82-2-2228-2172, Fax: +82-2-313-5970

E-mail: theneurospine@gmail.com
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The author(s) submit my/our manuscript with the following title

In consideration of the Editorial Board reviewing for the Neurospine publishing.

1. Copyright Release and Author Agreement
I/we undersigned hereby transfer all rights, interest, copyright and digital copyright related to the journal to the Neurospine upon
acceptance of the manuscript for publication. I/we have all rights, such as right to apply patents and right to use part or all of the
contents of the manuscript, except copyright. I/we can use materials from the man uscript under written agreement of the Neurospine,
and in this case, I/we will clarify the reference. All authors have made a concrete and intellectual contribution to the content of the
manuscript, and will take public responsibility for its content.
The author(s) certify that the manuscript was prepared in strict observation of research and publication ethics guidelines
recommended by the editorial committee of the Neurospine.
The author(s) certify that the contents of the manuscript have not been published and are not being considered for publication else
where.

2. Human and Animal Right
In case of experimenting on human, the author(s) have certified that the process of the research is in accordance with ethical
standards of Helsinki declaration, domestic and foreign committees that preside over hum an experiment.
If any doubts are raised whether the research was proceeded in accordance with the declaration, the author(s) would explain it.
In case of experimenting on animals, the author(s) have certified that the author(s) had followed the domestic and foreign guideline
related to experiment of animals in a laboratory.

3. Disclosure of Conflict of Interest
The author(s) of the journal have clarified everything that interest may arise such as research expenses, consultant expenses, stock,
particularly concerned person of the judges on the document of disclosure of conflict of interest.
If there are conflicts of interest, authors should state their content on the title page of the manuscript.
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1. Mandatory components of a manuscript

1) Formats and contents of the manuscripts are checked by corresponding author.

2) All manuscripts should be written in English. Manuscripts may be no longer than 5,000 English words
for original articles except for references, tables, and figures.

3) Manuscripts should be prepared in the following orders.
Original article: external title page, internal title page, abstract, key words, introduction, materials, and

methods, results, discussion, conclusion, references, table, and figure legends.
4) “Editing in English is done prior to submission of a manuscript.’

2. External title page
The external title page should be a separate file, and must contain names and affiliations of all authors and

contact information of the corresponding author.

3. Internal title page
Only the English title of the manuscript is listed. Any information on the names and affiliations of the

authors is not shown on the internal title page.

4. Abstract
1) Abstract should have no longer than 250 words for original articles and review articles.
2) Abstract includes Objective, Methods, Results, and Conclusion in clinical or laboratory research.
3) The selection of Key Words is based on medical subject headings (MeSH) terms.

5. Manuscript
1) Text is written in 11-point fonts with double line spacing.
2) Figures and tables are cited in numerical order in the order they are mentioned in the text.

6. References

1) References should be numbered consecutively in Arabic numeric order in which they are first men-
tioned in the text.

2) All references cited in the text must be both listed and cited by the reference number (footnotes are not
accepted).

3) When more than 2 references are cited at a given place in the manuscript, use hyphens to join the first
and last numbers of a closed series; use commas without space to separate other parts of a multiple ci-
tation (e.g., As reported previously,"**"...The derived data were as follows**':)

4) If there are more than 3 authors in end-reference list, name only the first 3 authors and then use et al.

5) Use superscript numerals outside periods and commas, inside colons and semicolons.

7. Tables, Figures and Illustrations
1) Tables and figures are prepared in separate files.
2) Figures are submitted individually not incorporated into one file.
3) Figures and illustrations are saved in JPG or TIF file format and have a resolution of 300 DPI or more.

(Line art should have resolution of 1,200 dpi or more)
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8. Copyright Release, Author Agreement, Human and Animal Right, and Disclosure of Conflict of
Interest
All authors signed on the Copyright Release, Author Agreement, Human and Animal Right, and
Disclosure of Conflict of Interest form to verify that the purpose of the research is not related to personal O Yes/[J No
interests and the manuscript was prepared in strict observation of research and publication ethics
guidelines.
The above form is submitted with the manuscript. O Yes/ O No

9. Ethical approval of studies and informed consent
For all manuscripts reporting data from studies involving human participants or animals, formal review
and approval, or formal review and waiver, by an appropriate institutional review board or ethics commit-
tee is required and should be described in the Materials and Methods section. O Yes/ O No



