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Objective: To investigate the characteristics of functional muscle and muscle size in patients
with basilar invagination (BI) and explore the effects of atlantoaxial dislocation.

Methods: Eighty BI patients (BI group) and 80 age- and sex-matched asymptomatic people
(control group) were included. Axial T2 magnetic resonance imaging image was used to
measure the cross-sectional area (CSA) and functional CSA (FCSA). The sternocleidomas-
toid (SCM), longus capitis and longus colli (LCap & LC), trapezius (Trap), splenius capitis
(SpCap), splenius cervicis (SpC), semispinalis capitis (SSCap), semispinalis cervicis (SSC),
multifidus (MS), levator scapulae (LS) and posterior deep layer muscles (PDLM) were eval-
uated. Correlations between age, atlantodental interval (ADI), Chamberlain distance and
muscles were observed.

Results: BI group (39.4 + 18.4 years; 33 males/47 females) exhibited significantly lower
FCSA/CSA ratios than the control group in all extensor and flexor muscles, and presented
smaller CSAs on the right and left Trap, SSC, LS, SCM, and left LCap & LC. FCSA/CSA
ratios were significantly lower in BI patients with dislocation on the right Trap, SpCap, SpC,
SSCap, MS, LS, LCap & LC, and PDLM, and the left SSCap, MS, and LCap & LC than in
patients without deformity. Additionally, functional muscles of all parameters decreased
with age in BI patients. Excluding children, the Trap, SpC, MS, and LS muscle sizes of BI
patients tended to increase with age. ADI and Chamberlain distance tended to correlate neg-
atively with FCSA/CSA ratio.

Conclusion: The BI patients, especially those with atlantoaxial dislocation, had less func-
tional muscles compared with the control group. Moreover, their functional muscles de-
creased with age more obviously.

Keywords: Cross-sectional area, Functional cross-sectional area, Basilar invagination, Cer-
vical muscle, Magnetic resonance imaging

INTRODUCTION on the changes in skeletal anatomy in BI patients and reported
the characteristics of CVJ structures.*® We previously found
Basilar invagination (BI) is known as deformity of the cranio- that the BI patients presented stiffer cervical alignment than the

cervical junction (CVJ) region with or without clinical neural  asymptomatic population.® It was deduced that the cervical mus-

symptoms.'? Our team conducted a series of research, focused  cles might contribute to the consequences. However, to the best
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of our knowledge, paraspinal muscle morphology has not been
reported in BI patients.

The musculoskeletal function plays important role in spinal
stability.” The paraspinal muscles have been widely studied in
cervical spine-related diseases. Patients who had lost cervical
lordosis had smaller muscle size in semispinalis capitis and cer-
vical extensor muscles than normal people.® Individuals with
chronic idiopathic neck pain had larger muscle volumes of the
sternocleidomastoid (SCM).” The fatty infiltration and asym-
metry of cervical muscles were associated with clinical outcomes
in patients with degenerative cervical myelopathy" or cervical
spondylotic myelopathy.' The fatty infiltration of muscles was
also studied in cervical deformity patients and was found to be
alleviated after surgical correction and the achievement of lor-
dotic curvature.”

Since the physiotherapy and rehabilitation of BI patients com-
monly focus on the management of cervical musculoskeletal
function after surgery or conservative treatments, understand-
ing the morphology and features of cervical muscle in BI pa-
tients could guide medical workers to better treat patients and
promote clinical efficiency. Therefore, this study aimed to in-
vestigate the characteristics of functional muscle and muscle
size in BI patients and explore the effects of atlantoaxial disloca-

tion in the cervical musculoskeletal system.

MATERIALS AND METHODS

1. Study Participants

This is a retrospective study, involving 80 BI patients (BI group)
in our hospital in the past decade. Another 80 asymptomatic
people (control group) were included by matching the age and
sex of the BI group. Due to the skewed distribution of age of BI
patients, we roughly divided all subjects into 4 age groups as
following: (1) children group with age < 18 years old; (2) young
adults with age between18 and 40 years old; (3) middle-aged
adults with age between 41 and 55 years old; (4) old adults with
age >55 years old. The Ethic Committee of Nanfang Hospital
approved this study (NFEC-BPE-120) and waived the procedure
of informed consent.

The inclusive criteria were: (1) For BI group, although BI may
be caused by multifactors, the inclusion of BI patients is mainly
based on gold standard in radiological image: the odontoid pro-
cess 5 mm (at least) above the Chamberlain line for BI group.>'>"?
Patients met with the above criteria will be included, regardless
of other kinds of accompanied malformation such as congeni-
tal Chiari malformation, syringomyelia, occipitalization of the
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atlas, atlantoaxial dislocation and extensive cervical vertebral
fusions’; (2) For control group, subjects should have no con-
genital malformation at the cervical spine; (3) For both groups,
all subjects should have clear T2-weighted magnetic resonance
imaging (MRI) images on cervical spine with at least one image
on axial view at the intervertebral disc. Images on sagittal view
were used to confirm the disc levels. The exclusive criteria were:
(1) only T1-weighted MRI image was available, or T2-weighted
MRI image with low quality; (2) surgical history with implants
on clivus, occipital, or cervical spine; (3) inflammation, tumors,
or obvious space-occupying lesions on cervical muscles or bone
structure; (4) diagnosis of cervical spondylosis, intervertebral
disc herniation, or other severe degenerative diseases which were
known to affect the cervical muscles.

2. Measurement of Muscle Size and Functional Muscle

Ten pairs of muscles, including the superficial and deep lay-
ers and anterior and posterior muscles, were selected in this
study (Figs. 1, 2). To be specific, the anterior muscles were SCM,
longus capitis (LCap), and longus colli (LC). Since it was diffi-
cult to identify the boundary between LCap and LC in upper
cervical spine on MRI images, they were measured as a union
muscle. The posterior muscles were trapezius (Trap), splenius
capitis (SpCap), splenius cervicis (SpC), semispinalis capitis
(SSCap), semispinalis cervicis (SSC), multifidus (MS) and leva-
tor scapulae (LS). Furthermore, the muscles posterior to the
vertebra in deep layers, excluding the Trap, were also measured
as a union muscle, and defined as posterior deep layer muscles
(PDLM).

The preoperative T2-weighted MRI images (Fig. 2) were cap-
tured and reconstructed via a 3.0T MRI scanner (Siemens Medi-
cal Solutions, Erlangen, Germany). Axial MRI images were aligned
parallel to the inferior endplate of the vertebral body. Images on
axial view at cervical disc level were used. Image on midsagittal
view was used to determine the disc level. The muscle bound-
ary was identified by referring to the cervical muscle atlas of
healthy person." The Image]J software ver. 1.48 (National Insti-
tute Health, Bethesda, MD, USA) was used to measure the mus-
cle size and functional muscle. Details have been reported else-
where.">'¢ Briefly, the axial image was imported into the soft-
ware, converted to 8-bit type, and reset at the proper scale. Then
4 to 6 ellipses were drawn on lean muscle as sample regions of
interest (ROIs), carefully avoiding any visible pixel of fat. The
maximum and minimum signal intensity values of sample ROIs
were regarded as the highest and lowest thresholds of lean mus-
cle, respectively. This calibration procedure was conducted for
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Fig. 1. Schematic diagram of cervical muscles (from Atlas Anatomy Software, version 2021.0.16). (A) Trapezius. (B) Splenius ca-
pitis. (C) Splenius cervicis. (D) Semispinalis capitis. (E) Semispinalis cervicis. (F) Multifidus. (G) Levator scapulae. (H) Sterno-

cleidomastoid. (I) Longus capitis and longus colli.

every cervical disc level of each subject to minimize measure-
ment error. The cross-sectional area (CSA) of muscle was mea-
sured, and then the determined thresholds were applied to mea-
sure the lean muscle as functional cross-sectional area (FCSA).
The ratio of FCSA to CSA (FCSA/CSA ratio) was further cal-
culated. The mean CSA and FCSA/CSA ratio of all disc levels
were calculated, respectively, for statistical analyses.

Additionally, the axial computed tomography (CT) image of
BI patients were used to measure the atlantodental interval (ADI),
distance between the posterior margin of anterior arch of Cl1
and the anterior margin of C2. The BI patients will be diagnosed
with atlantoaxial dislocation if the ADI was greater than 3 mm
in adults and greater than 5 mm in children."” The distance
from the odontoid to Chamberlain line (line between hard pal-
ate and posterior margin of foramen magnum) in BI patients
was also measured on sagittal CT image.

910 www.e-neurospine.org

3. Statistical Analyses

IBM SPSS Statistics ver. 19.0 (IBM Co., Armonk, NY, USA)
was used to conduct statistical analyses. Student t-test or Mann-
Whitney U-test was used to compare the differences between
groups. Pearson correlation test was used to analyze the corre-
lations. The results were presented as mean + standard devia-
tion and p < 0.05 indicated statistical difference.

4. Reliability Analyses

Regarding the cervical muscular CSA and FCSA/CSA ratio,
both the intraobserver and interobserver reliability results showed
good agreements (intraclass correlation coefficient [ICC] > 0.8).

RESULTS

1. Demography
Both BI and control groups contained 80 subjects (33 males,
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Fig. 2. The T2 magnetic resonance images of cervical muscles.
(A) Muscle boundary at C4/5 level on axial view. @ Trapezius,
@ splenius capitis, @ splenius cervicis, @ semispinalis capitis,
® semispinalis cervicis, ® multifidus, @ levator scapulae,
sternocleidomastoid, @ longus capitis and longus colli, © pos-
terior deep layer muscles. (B) Target levels by referring to the
cervical intervertebral disc on midsagittal view. Representa-
tive images in control (C) and BI (D) groups. (C, D) Yellow
ellipses represented sample region of interests for calibration.

47 females), with a mean age of 39.4 £ 18.4 years and 38.9+17.4
years, respectively. Moreover, both BI and control groups con-
sisted of 14 children, 26 young adults, 26 middle-aged adults
and 14 older adults, respectively. In the BI group, there were 43
subjects with atlantoaxial dislocation (46.7 + 14.6 years, 10 males,
33 females) and 37 subjects without (30.8 + 18.9 years, 23 males,
14 females). Regarding the dislocation rate, the females (70.2%,
33 of 47) had a higher rate than males (30.3%, 10 of 33), while
the adults (62.1%, 41 of 66) showed a higher rate than children
(14.3%, 2 of 14).

2. Muscular Morphology in BI and Control Groups

Overall, the BI group exhibited significantly lower FCSA/CSA
ratios than the control group, all p=0.000 (Table 1). In children,
only the FCSA/CSA ratios on the right SpCap and the left Trap
were higher in the BI group than in the control group. In young
adults, except for the FCSA/CSA ratio on the left SpC, the rest
of the indicators were lower in the BI group than in the control
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group. In middle-aged and older adults, the FCSA/CSA ratios
of all the muscles were lower in the BI group than in the control
group.

As shown in Table 2, the BI group had smaller muscle sizes
than the control group on the right and left Trap, SSC, LS, SCM,
and left LCap & LC. However, the BI group had larger muscle
sizes on the right SpCap and SSCap. In children, muscle size of
the right MS was larger in BI group than in control group. In
young adults, the BI group presented smaller muscle size on the
right Trap, SpC, LS, SCM, and LCap & LC, left Trap, LS, SCM,
and LCap & LC. In middle-aged adults, the BI group presented
smaller muscle sizes on the right Trap, SSC and LS, left Trap,
SSC, and LS, but larger muscle sizes on the right SpCap. In older
adults, the BI group presented smaller muscle sizes on the right
Trap and LS, but larger muscle sizes on the right and left MS.

3. Muscular Morphology in BI Patients With and Without

Atlantoaxial Dislocation

As shown in Table 3, the BI patients with atlantoaxial disloca-
tion had significant lower FCSA/CSA ratios on the right Trap,
SpCap, SpC, SSCap, MS, LS, LCap & LC, and PDLM, and on
the left SSCap, MS, and LCap & LC than the BI patients with-
out dislocation. The dislocation population also tended to pres-
ent lower FCSA/CSA ratios on the right SSC and SCM and the
left Trap, SpCap, SpC, SSC, LS, SCM, and PDLM, without sta-
tistical significance.

The BI patients with atlantoaxial dislocation had significant
smaller muscle sizes on the right and left PDLM. The disloca-
tion population tended to present larger muscle sizes on the
right and left Trap, SCM, and LCap & LC, but smaller muscle
sizes on the right and left SpCap, SpC, SSCap, SSC, MS, and LS
without significant difference.

4. Correlation Between Age and Muscular Morphology

For functional muscle, in control group, the age correlated
negatively with FCSA/CSA ratios on the right SSCap, left SpC,
SSCap, and SCM, but positively with FCSA/CSA ratios on the
right Trap and SSC, left Trap and SSC. In BI group, the age cor-
related negatively with FCSA/CSA ratios on the right Trap, Sp-
Cap, SpC, SSCap, LS, SCM, LCap & LC, and PDLM, as well as
on the left Trap, SpCap, SpC, SSCap, LS, SCM, LCap & LC, and
PDLM (Table 4; Fig. 3A, B).

For muscle size, in control group, the age correlated positively
with muscle sizes on the right Trap, SpC, LS, and PDLM, and
the left Trap, SpC, LS, and SCM, but negatively with muscle siz-
es on the right MS and the left MS. In BI group, the age corre-
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Table 3. Comparisons of functional muscle and muscle size between basilar invagination (BI) patients with and without atlanto-

axial dislocation

Functional muscle (%)

Muscle size (mm?)

Variable BI without BI with p-value BI without BI with p-value
dislocation dislocation dislocation dislocation

Right
Trap 63.7+£23.8 53.0£19.3 0.030*" 184.4+146.8 271.8+251.9 0.153
SpCap 71.4+17.7 59.2+19.3 0.007* 229.8+93.0 2209+71.6 0.599
SpC 70.0£23.2 58.1+£18.5 0.019* 51.8+£28.2 47.5+18.6 1.000
SSCap 62.3+£17.9 50.5+16.3 0.003*" 291.8+123.0 246.1+74.3 0.094
SSC 65.4+13.7 56.8+14.4 0.06 118.9+55.1 112.6+40.5 0.736
MS 49.9+18.8 39.5+16.3 0.013*" 149.1+65.4 121.7+54.7 0.07
LS 79.4+£13.6 73.3+£10.9 0.007* 159.2+70.8 149.3+61.7 0.735
SCM 76.4+15.0 73.5+11.7 0.171 261.9+110.8 263.4+76.0 0.898
LCap & LC 759%15.8 65.2+20.1 0.014* 82.3+37.4 87.3£26.5 0.553
PDLM 53.9+12.9 47.3+10.9 0.034* 1382.5+389.9 1204.7 £275.7 0.031*

Left
Trap 64.1+£233 60.8+15.1 0.503 176.4+133.9 254.8+216.4 0.234
SpCap 74.1+£18.1 69.0£17.2 0.181 209.3+75.0 209.1+69.6 0.754
SpC 76.0+£20.0 673+£17.9 0.095 55.4+28.6 48.4+20.4 0.289
SSCap 64.1+£18.7 54.1+£15.5 0.011*" 291.8+134.1 251.8+74.3 0.315
SSC 63.3£19.9 58.1+15.2 0.2197 119.0+41.2 114.1+46.3 0.477
MS 48.6+19.1 37.7£16.6 0.011*" 148.6 £56.3 124+£52.0 0.055"
LS 81.0+11.3 77.7£10.9 0.109 172.7+£70.1 152.4+77.5 0.173
SCM 79.0+12.9 75.7+10.6 0.19 261.9+106.6 279.0+83.7 0.454
LCap & LC 78.2+£14.5 67.9+16.9 0.006* 84.6+£37.3 89.1+26.1 0.572
PDLM 56.2+£12.6 52.2+99 0.157 1377.6+£389.3 1195.5+£267.4 0.017*

Values are presented as mean + standard deviation.

Trap, trapezius; SpCap, splenius capitis; SpC, splenius cervicis; SSCap, semispinalis capitis; SSC, semispinalis cervicis; MS, multifidus; LS, leva-
tor scapulae; SCM, sternocleidomastoid; LCap & LC, longus capitis and Longus colli; PDLM, posterior deep layer muscles.
*p <0.05, statistically significant differences. "These parameters were analyzed with Student t-test, while the rest of the parameters used Mann-

Whitney U-test.

lated positively with muscle sizes on the right Trap, SpC, LS,
SCM, and LCap & LC, the left Trap, SpC, and SCM (Table 4;
Fig. 3C, D).

Excluding children, correlation between age and muscle sizes
in adults alone are shown in Supplementary Table 1.

5. Correlation Between ADI, Chamberlain Distance, and
Muscles in BI Patients
The ADI tended to correlate negatively with FCSA/CSA ra-
tios on most of the target muscles without significant difference.
The ADI also tended to correlate negatively with muscle sizes
on most of the target muscles, especially on the right and left
SSCap and PDLM.

914 www.e-neurospine.org

The Chamberlain distance tended to present negative corre-
lation with the FCSA/CSA ratios but tended to show positive
correlation with the muscle sizes on most of the target muscles.
However, no significant difference was observed.

Details are shown in Supplementary Tables 2 and 3.

DISCUSSION

This is the first research to investigate the cervical muscle mor-
phology in BI patients by comparing with the age- and sex-mat-
ched asymptomatic people. The effects of atlantoaxial disloca-
tion on muscles were also firstly explored in this study.

To summarize, less functional muscles were presented in all
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Table 4. Correlations between age and muscular morphology in basilar invagination (BI) and control groups

Functional muscle

Muscle size

Variable Control BI Control BI
r p-value r p-value r p-value r p-value

Right
Trap 0.347 0.002* -0.353 0.001* 0.608 0.000* 0.244 0.031*
SpCap 0.142 0.208 -0.454 0.000* 0.049 0.668 0.112 0.321
SpC -0.161 0.155 -0.4 0.000* 0.382 0.000* 0.285 0.013*
SSCap -0.285 0.011* -0.399 0.000* -0.043 0.706 0.026 0.823
SSC 0.31 0.005* -0.231 0.057 0.124 0.276 -0.108 0.378
MS 0.112 0.322 -0.15 0.202 -0.289 0.009* -0.137 0.243
LS -0.004 0.972 -0.413 0.000* 0.415 0.000* 0.249 0.029*
SCM -0.13 0.251 -0.288 0.010* 0.218 0.052 0.284 0.011*
LCap & LC -0.175 0.121 -0.313 0.005* 0.092 0.419 0.227 0.043*
PDLM 0.031 0.787 -0.242 0.030* 0.229 0.041* 0.105 0.352

Letf
Trap 0.288 0.009* -0.38 0.001* 0.677 0.000* 0.352 0.001*
SpCap -0.052 0.644 -0.37 0.001* 0.078 0.492 0.071 0.529
SpC -0.269 0.016* -0.48 0.000* 0.415 0.000* 0.248 0.032*
SSCap -0.424 0.000* -0.421 0.000* -0.038 0.74 0.066 0.565
SSC 0.309 0.006* -0.126 0.303 0.183 0.107 -0.115 0.348
MS 0.06 0.594 -0.195 0.096 -0.319 0.004* -0.132 0.262
LS -0.074 0.514 -0.297 0.008* 0.414 0.000* 0.222 0.05
SCM -0.296 0.008* -0.286 0.010* 0.251 0.025% 0.29 0.009*
LCap & LC -0.153 0.176 -0.323 0.004* 0.044 0.698 0.19 0.091
PDLM -0.06 0.596 -0.257 0.021* 0.188 0.095 0.014 0.903

1, Pearson correlation; Trap, trapezius; SpCap, splenius capitis; SpC, splenius cervicis; SSCap, semispinalis capitis; SSC, semispinalis cervicis; MS,
multifidus; LS, levator scapulae; SCM, sternocleidomastoid; LCap & LC, longus capitis and Longus colli; PDLM, posterior deep layer muscles.

*p <0.05, statistically significant differences.

anterior and posterior and superficial and deep layer muscles in
young adults, middle-aged adults and the elderly with BI, but
not in children. Additionally, the BI patients mainly presented
smaller muscles sizes on the Trap, SSC, LS, SCM, and LCap &
LC, but larger muscle sizes on the SpCap and SSCap. Moreover,
BI patients with atlantoaxial dislocation tended to have less func-
tional muscles in all parameters, especially on the Trap, SpCap,
SpC, SSCap, MS, LS, LCap & LC, and PDLM, than those with-
out dislocation. The muscle sizes of parameters were similar
between BI patients with and without dislocation, but the mus-
cle size of PDLM was smaller in dislocation population. Fur-
thermore, the functional muscles of all target muscles decreased
with age in BI patients, which was more obvious than in the
control group. Interestingly, the ADI tended to correlate nega-
tively with both FCSA/CSA ratio and CSA of most parameters,
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while the Chamberlain distance tended to correlate negatively
with FCSA/CSA ratio but positively with CSA of most parame-
ters.

1. Excessive Use Caused Muscle Fatigue and Dysfunction
One of the biomechanical roles of cervical musculoskeletal
function is to maintain the stability of head and cervical spine.
The excessive use of muscle would cause muscle fatigue and
even dysfunction. Due to the prolapse of odontoid into the fo-
ramen magnum, the medulla oblongata and spinal cord are com-
pressed which result in neural symptoms in BI patients. The BI
patient was found to present a stiffer neck.®* We deduced that
the BI patient needed to maintain their cervical spine in a cer-
tain posture to reduce discomfort. Therefore, compared to con-
trol group, BI patients’ muscle function was extensively affected,
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Linear regression between age and muscular morphology in BI and control groups
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Fig. 3. Panels A and B demonstrated the linear regression between age and FCSA/CSA ratio in right and left sides, respectively.
Panels C and D demonstrated the linear regression between age and CSA in right and left sides, respectively. Blue circle and line
indicated control group; green circle and line indicated BI group. CSA, cross-sectional area; FCSA, functional cross-sectional
area; ratio, FCSA/CSA; L, right; R, right; Trap, trapezius; SpCap, splenius capitis; SpC, splenius cervicis; SSCap, semispinalis ca-
pitis; SSC, semispinalis cervicis; MS, multifidus; LS, levator scapulae; SCM, sternocleidomastoid; LCap_LC, longus capitis and
longus colli; PDLM, posterior deep layer muscles.
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involving all cervical muscle groups, after long-term intensive
posture. Meanwhile, such change was progressive, as the FCSA/
CSA ratio decreased with age but was not obvious in children.

In addition, on the one hand, the BI patients with atlantoaxial
dislocation had more severe cervical instability than those with-
out dislocation, so that they needed to make more effort to main-
tain the CVJ region at neutral and relatively normal position
and their muscular malfunction was more obvious. On the oth-
er hand, larger ADI and Chamberlain distance indicated more
severe malformation in CV] region, accompanied with more
severe compression. Thus, to resist against the compression,
muscular overuse might be more common in BI patients with
larger ADI and Chamberlain distance. The ADI and Chamber-
lain distance represented the degree of compression and thus
correlated negatively with functional muscle.

As an adaptive organ, muscle might initially develop com-
pensatory hypertrophy to partially compensate for loss of mus-
cle function. It explained the lack of obvious differences in both
muscle function and size between BI and control groups in chil-
dren. Additionally, the muscle size also positively correlated with
Chamberlain distance, suggesting that it was a compensatory
change to offset the loss of function.

2. Muscle Size and Function decreased in Patients With

Malformation

To the best of our knowledge, the muscle morphology in BI
patients had been rarely reported so far. Thakar et al."® investi-
gated the cervical paraspinal muscles in 25 patients with Chiari
I malformation, a common complication of BI, and found that
the dimension of cervical paraspinal muscles including superfi-
cial, deep flexor and extensor were smaller than that of the con-
trol group. The authors calibrated the muscle CSA with verte-
bra body CSA to eliminate biases in body size so that we could
not directly compare our muscle CAS results with theirs. How-
ever, we observed the same tendency that the CSA of Trap, SSC,
LS, SCM, and LCap & LC were smaller in BI patients. More-
over, we supposed that the FCSA/CSA ratio was more mean-
ingful than muscle size, but it was absent in the study of Thakar
etal'®

BI is a kind of bony malformation in CVJ region. There are
few studies about muscle function in patients with cervical de-
formity. Passias et al.” measured the cervical extensor muscula-
ture, which consisted of 5 separate muscles, in patients with cer-
vical deformity. The mean FCSA/TCSA ratio were 0.58 at base-
line and 0.67 at first year post-operation in their study, while
the FCSA/CSA ratio of PDLM were 52.22% in BI group and
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67.32% in control group (average right and left sides) in ours.
Their baseline data were similar to those of BI patients in our
study. Meanwhile, although they did not measure muscle pa-
rameters in normal people, and the data of FCSA/TCSA ratio
at first year post-operation were quite similar to those of con-
trol group in our study. This indicated a good agreement of mus-
cle morphology between cervical deformity and BI patients.
Passias et al.” included both alignment and clinical symptoms
in their study, and well associated these factors with muscle
function. However, the sample size was too small (only 22 cases)
comparing to ours (160 cases). Moreover, we identified the main
extensor and flexor muscles and quantified each result, respec-
tively, while Passias et al.” measured 5 main extensor muscles as
a union. Our research was the first study that measure the mus-
cles separately as many as possible.

Another study from Passias et al."” showed that patients with
cervical deformity illustrated apparent fatty infiltration altera-
tions in the posterior extensor musculature of the cervical spine,
especially in the upper cervical spine. They also recommended
that fatty infiltration as a predictor of postoperative sagittal align-
ment. The FCSA/TCSA ratio was 0.65 in the patients with cer-
vical deformity, higher than that of PDLM in BI group (52.22%)
but lower than the control group (67.32%) in our study. The
difference may be due to different bone abnormality.

3. BI Is Not the Only Factors That Cause Abnormal

Muscular Morphology

The abnormal morphology of muscle in BI patients could be
resulted from various factors, such as age, muscular or bony mal-
formation, or degenerative diseases. However, we believe that
BI itself is the primary bony malformation and intrinsic cause
of changes in muscular morphology.

A control group with age- and sex-matched subjects was used
as comparison to BI group in this study. And for both groups,
we excluded subjects with cervical spondylosis intervertebral
disc herniation, or other severe degenerative diseases that were
known to affect muscle size or function. These factors which
might cause bias were eliminated as best as we could. Hence,
although the degenerative changes etc. were not listed as inde-
pendent variables, our data well supported the conclusion in
this study.

Moreover, the present study mainly aimed to demonstrated
the differences in muscle size and functional muscle between
BI patients and control subjects basing radiological data. We
agree that Bl itself and related deformities on CV]J region are
contributing factors. We did not systematically analyze the po-
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tential causes in current work. This is an interesting theme and
we will collect more detailed patient data for further analyses in
future study.

4. BI Patients Were Recommended to Take Early Exercise
on Muscle

So far, most studies reported that the cervical/lumbar muscle
were correlated with cervical/lumbar alignment (e.g., sagittal
vertical axis) and clinical outcomes, such as visual analogue score
and Neck Disability Index scores.”'*'"'#° Yoon et al.® investi-
gated the ratio of flexor to extensor muscle CSAs and found
that it positively correlated with the cervical lordotic angle, rec-
ommending exercise programs to strengthen the extensor mus-
cles. A randomized controlled trial proved that, in addition to
conventional exercises, specific training of deep cervical flexor
muscles could help subjects improve muscle endurance, pain,
and disability.”" A pilot study reported that after 10-week sys-
tematic training on cervical muscles, the chronic whiplash pa-
tients presented significant increase in muscle size (MS and LCap
& LC) and decrease in fatty infiltration (MS), with recovery of
muscle strength and reduction of neck disability.”*

The literature affirms the effect of cervical muscle training on
cervical spine stability and muscle function. In the present study,
the results indicated that functional muscles were less in BI pa-
tients and decreased with age with more obvious trends than
control group. Furthermore, our previous study also revealed
that BI patients presented the loss of cervical curvature.® There-
fore, early exercise on both cervical extensor and flexor muscles
is necessary to alleviate fatty infiltration and strengthen muscle
function. The cervical muscle training may even prevent BI pa-
tients from the exacerbation of clinical symptom as aging, be-
cause early intervention would provide BI patients better mus-
cle strength, prevent the occurrence of atlantoaxial dislocation,
and stop the progression of neural compression. With efficient
muscle training, the BI patients may not require surgical treat-
ment in the future.

5. Thresholding Technique to Qualify Muscle Function on

MRI Images

The thresholding technique to measure the functional mus-
cle by detecting the lean muscle has been well validated in the
Fortin and Battié¢" in many published papers. The ICCs of Im-
age] software varied between 0.78 and 0.99 in most muscular
indicators, and excellent agreement was shown between muscle
composition measurements using ImageJ and another software
(inter-software ICCs: 0.81-0.99). Furthermore, a study investi-

918 www.e-neurospine.org

gated the inter- and intrarater reliability of a novice and an ex-
perienced rater, finding that (1) the intrarater ICCs varied be-
tween 0.84 and 0.99 for the novice rater, and varied between
0.94 and 0.99 for the experienced rater in all measurements of
CSA and FCSA, (2) the interrater ICCs varied between 0.75 and
0.98 in CSA measurements, and varied between 0.60 and 0.77
in FCSA measurements.” This method has been applied to as-
sess the association between cervical muscle morphology and
clinical outcomes in patients with degenerative cervical myelo-
pathy.'®'® Hence, we believe the thresholding technique method
is reliable and repeatable.

Some researchers indirectly estimated the muscle function by
measuring the area of fat infiltration (FIA) and then calculating
the FIA/CSA ratio,* or further calculating FCSA/CSA ratio =
1-FIA/CSA ratio,”* in which they set up a threshold for fat
and used this value for all measurements. However, this meth-
od lacked a calibration step. In this study, we measured the func-
tional muscle directly, and the procedure contained a step of
calibration for each slice and each subject. It helped to reduce
the inter-individual and inter-slice difference, so that we be-
lieved our results were more reliable.

There are limitations in this study. Firstly, we did not include
clinical outcome indicators. This was a retrospective study, and
many BI patients were outpatients. It was difficult to collect all
the information. It would be better to design a prospective study
in the future. Secondly, it is preferable to normalize the muscle
size with the CSA of intervertebral disc. However, we found that
it was hard to recognize the margin of disc in some cases, which
made it difficult to accurately measure the CSA of disc. Hence,

we had to dismiss these data and skip the normalization.

CONCLUSION

The BI patients, especially those with atlantoaxial dislocation,
had less functional muscles compared with the control group.
Moreover, the functional muscles of most parameters decreased
with age and tended to negatively correlate with ADI and Cham-
berlain distance. It would benefit the BI patients to take early
muscle exercise. Our findings may have important implications
for developing the knowledge of the association between cervi-
cal muscle and BI.

NOTES

Supplementary Material: Supplementary Tables 1-3 can be
found via https://doi.org/10.14245/ns.2346302.151.
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Supplementary Table 1. Correlations between age and mus-
cle size (CSA) in BI and control groups (adults only)

—_— Control (adults) BI (adults)
r p-value r p-value

Right
Trap 0.368 0.002* 0.005 0.971
SpCap -0.307 0.012* -0.099 0.43
SpC -0.054 0.666 0.163 0.194
SSCap -0.432 0.000* -0.274 0.026*
SSC -0.169 0.175 -0.096 0.459
MS -0.333 0.006* 0.137 0.28
LS 0.094 0.453 0.068 0.586
SCM -0.233 0.06 -0.167 0.182
LCap & LC -0.402 0.001* -0.346 0.004*
PDLM -0.146 0.241 -0.061 0.626

Left
Trap 0.476 0.000* 0.229 0.066
SpCap -0.272 0.027* -0.192 0.123
SpC -0.011 0.928 0.112 0.377
SSCap -0.402 0.001* -0.27 0.028*
SSC -0.142 0.254 -0.113 0.38
MS -0.3 0.014* 0.114 0.368
LS 0.067 0.591 0.158 0.204
SCM -0.226 0.068 -0.114 0.367
LCap & LC -0.443 0.000* -0.294 0.016*
PDLM -0.168 0.177 -0.122 0.33

CSA, cross-sectional area; BI, basilar invagination; r, Pearson corre-
lation; Trap, trapezius; SpCap, splenius capitis; SpC, splenius cervicis;
SSCap, semispinalis capitis; SSC, semispinalis cervicis; MS, multifi-
dus; LS, levator scapulae; SCM, sternocleidomastoid; LCap & LC,
longus capitis and Longus colli; PDLM, posterior deep layer muscles.
*p <0.05, statistically significant differences.
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Supplementary Table 2. Correlations between ADI and pa-
rameters in BI groups

—_— Functional muscle Muscle size
r p-value r p-value

Right
Trap -0.068 0.554 0.125 0.271
SpCap -0.135 0.231 0.179 0.113
SpC -0.157 0.18 -0.1 0.395
SSCap -0.151 0.183 -0.26 0.021*
SSC -0.181 0.136 -0.1 0.412
MS -0.193 0.1 -0.166 0.159
LS -0.115 0.319 -0.18 0.116
SCM 0.013 0.91 -0.17 0.133
LCap & LC -0.143 0.206 -0.015 0.895
PDLM -0.169 0.134 -0.35 0.001*

Left
Trap 0.063 0.581 0.031 0.787
SpCap 0.039 0.734 -0.076 0.503
SpC -0.079 0.502 -0.112 0.34
SSCap -0.056 0.626 -0.245 0.030*
SSC -0.076 0.535 -0.106 0.388
MS -0.182 0.12 -0.156 0.184
LS 0.003 0.981 -0.184 0.107
SCM 0.025 0.825 -0.115 0.315
LCap & LC -0.144 0.203 -0.049 0.664
PDLM -0.046 0.685 -0.32 0.004*

BI, basilar invagination; ADI, atlantodental interval; r, Pearson cor-
relation; Trap, trapezius; SpCap, splenius capitis; SpC, splenius cervi-
cis; SSCap, semispinalis capitis; SSC, semispinalis cervicis; MS, mul-
tifidus; LS, levator scapulae; SCM, sternocleidomastoid; LCap & LC,
longus capitis and Longus colli; PDLM, posterior deep layer muscles.
*p <0.05, statistically significant differences.
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Supplementary Table 3. Correlations between Chamberlain
distance and parameters in BI groups

—_— Functional muscle Muscle size
r p-value r p-value

Right
Trap -0.111 0.332 0.016 0.888
SpCap -0.104 0.361 0.056 0.623
SpC -0.092 0.43 -0.04 0.73
SSCap -0.214 0.058 0.057 0.615
SSC -0.131 0.283 0.088 0.472
MS -0.132 0.264 -0.04 0.735
LS 0.068 0.556 -0.04 0.728
SCM -0.009 0.94 0.009 0.935
LCap & LC -0.053 0.642 0.043 0.702
PDLM -0.086 0.449 0.045 0.691

Left
Trap -0.003 0.981 0.066 0.561
SpCap -0.066 0.563 0.186 0.099
SpC -0.065 0.579 0.075 0.525
SSCap -0.215 0.057 0.117 0.304
SSC -0.04 0.746 0.145 0.235
MS -0.087 0.459 0.124 0.294
LS -0.173 0.13 0.051 0.657
SCM -0.126 0.267 0.044 0.701
LCap & LC -0.022 0.846 0.038 0.74
PDLM -0.052 0.644 0.208 0.064

BI, basilar invagination; r, Pearson correlation; Trap, trapezius; Sp-
Cap, splenius capitis; SpC, splenius cervicis; SSCap, semispinalis ca-
pitis; SSC, semispinalis cervicis; MS, multifidus; LS, levator scapulae;
SCM, sternocleidomastoid; LCap & LC, longus capitis and Longus
colli; PDLM, posterior deep layer muscles.
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