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Objective: Patients with basilar invagination (BI) had high incidences of vertebral variations
and high-riding vertebral artery (HRVA) that might restrict the use of pedicle or pars screw
and increase the use of translaminar screw on axis. Here, we conducted a radiographic
study to investigate the feasibility of translaminar screws and the bone quality of C2 laminae
in patients with BI, which were compared with those without BI as control to provide
guidelines for safe placement.

Methods: In this study, a total of 410 patients (205 consecutive patients with BI and 205
matched patients without BI) and 820 unilateral laminae of the axis were included at a 1:1
ratio. Comparisons with regard to insertion parameters (laminar length, thickness, angle,
and height) for C2 translaminar screw placement and Hounsfield unit (HU) values for the
assessment of the appropriate bone mineral density of C2 laminae between BI and control
groups were performed. Besides, the subgroup analyses based on the Goel A and B classifi-
cation of BI, HRVA, atlas occipitalization, and C2/3 assimilation were also carried out.
Furthermore, the factors that might affect the insertion parameters and HU values were ex-
plored through multiple linear regression analyses.

Results: The BI group showed a significantly smaller laminar length, thickness, height, and
HU value than the control group, whereas no significant difference was observed regarding
the laminar angle. By contrast, the control group showed significantly higher rates of ac-
ceptability for unilateral and bilateral translaminar screw fixations than the BI group. Sub-
group analyses showed that the classification of Goel A and B, HRVA, atlas occipitaliza-
tion, and C2/3 assimilation affected the insertion parameters except the HU values. Multi-
ple linear regression indicated that the laminar length was significantly associated with the
male gender (B=0.190, p <0.001), diagnoses of HRVA (B=-0.109, p <0.001), Goel A
(B=-0.167, p<0.001), and C2/3 assimilation (B =-0.079, p =0.029); the laminar thick-
ness was significantly associated with the male gender (B =0.353, p <0.001), diagnoses of
HRVA (B =-0.430, p<0.001), Goel B (B=-0.249, p=0.026), and distance from the top
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of odontoid to the Chamberlain line (B =-0.025, p =0.003); laminar HU values were sig-
nificantly associated with age (B=-2.517, p<0.001), Goel A (B=-44.205, p<0.001),
Goel B (B=-25.704, p =0.014), and laminar thickness (B =-11.706, p =0.001).

Conclusion: Patients with BI had narrower and smaller laminae with lower HU values and
lower unilateral and bilateral acceptability for translaminar screws than patients without BI.
Preoperative 3-dimensional computed tomography (CT) and CT angiography were needed

for BI patients.

Keywords: Basilar invagination, Anatomy, Axis, Lamina, Hounsfield units, Cervical screw

INTRODUCTION

Posterior screw placement for C2 vertebrae, including trans-
articular, pedicle, pars, and translaminar screw fixations, has
been used for the treatment of cervical spine pathologies."
Among these methods, C2 pedicle and pars screw placements
have been frequently applied with high safety of fixation and
sufficient biomechanical stability.** However, the difficulty of
accurate placement for C2 pedicle or pars increases in patients
with pedicle anomalies and high-riding vertebral artery
(HRVA), and the malposition might contribute to catastrophic
outcomes, including injuries of the vertebral artery (VA) and
spinal cord.*® Translaminar screw placement (TSP), which was
first introduced by Wright,” has been regarded as an alternative
strategy for C2 fixation because of its placement under direct
visualization, elimination of the need for navigation or fluoros-
copy; low risk of critical neurovascular injury, and comparable
atlantoaxial stabilization.* "

For patients with basilar invagination (BI), narrow C2 pedi-
cles and isthmuses of the pars are commonly observed, and the
incidence of HRVA is remarkably increased, which reduces the
safe zone for the trajectory of pedicle and pars screws.>'"'?
Thus, the TSP is frequently utilized as a salvage method for C2
fixation in BI. Previous research primarily focuses on morpho-
metric measurements, including laminar length, thickness, an-
gle, and height, for translaminar screw insertion on the axis and
subaxial cervical segments for people without congenital cervi-
cal vertebral anomalies, indicating that TSP can be a reliable
and alternative method at these levels.*"*"” In addition, the ac-
ceptability of TSP is analyzed in some studies. Chan et al."® per-
formed morphometric analysis of the C1 and C2 laminae and
found that 65.5% of C1 and 80.3% of C2 laminae could accept
3.5 mm screws. Ma et al.”” conducted a cadaveric specimen
study to assess the applicability of C2 TSP in adult population
and indicated that 5% and 9.2% specimens had a laminar thick-
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ness of <4.0 mm bilaterally and unilaterally. Nevertheless, to
our knowledge, no study has been conducted to explore the
characteristics of insertion parameters and feasibility of TSP on
the C2 vertebrae in BI, and compared these parameters be-
tween patients with and without BI.

The Hounsfield unit (HU) obtained from computed tomog-
raphy (CT) has been widely used for the calculation of bone
mineral density (BMD) and the estimation of bone strength.***
Moreover, HU measured at a region of interest (ROI) of the
screw trajectory presents the approximate BMD and correlates
strongly with insertion torque and implant stability in vitro and
in vivo studies.”?® Furthermore, Han et al.”” demonstrated that
HU values on C2-3 segments indicate a more reliable BMD
level than those on C4-7 segments, and HU values of cervical
CT provided reliable information regardless of measured sec-
tions, age, sex, and degree of degeneration. Therefore, the BMD,
insertion torque, and implant stability of translaminar screw
can be approximately compared between patients with and
without BI using the HU values measured on C2 laminae.

Thus, this study aimed to evaluate the anatomic acceptability
and feasibility of TSP with regard to insertion parameters and
assess the approximate BMD using HU values on C2 laminae
in BI patients, and these parameters were compared with those
in patients without BI to provide pertinent clinical data for
translaminar screw insertion. Moreover, the factors that might
affect the insertion parameters and HU values were explored
through multiple linear regression.

MATERIALS AND METHODS

1. Patients and Study Design

Ethical approvals were provided by the ethics committees of
the First Affiliated Hospital of Anhui Medical University Ethics
Committee and the First Affiliated Hospital of the University of
Science and Technology of China Ethics Committee (PJ2022-
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09-27; 2022-RE-091). Since this is a retrospective study, formal
consent is not required. A total of 205 consecutive patients di-
agnosed with BI according to the Chamberlain line* between
April 2017 and April 2022 were included. Meanwhile, 205 pa-
tients without BI were randomly selected on the basis of the
medical records and matched as controls based on age and sex.
The inclusion criteria were as follows: (1) ages between 18 and
75 years and (2) patients undergoing 3-dimensional (3D) CT
examinations of the head and cervical spine. The exclusion cri-
teria were as follows: (1) postoperative patients whose normal
anatomical structures were destroyed, (2) patients with rheu-
matoid arthritis on many years of steroid treatment, (3) patients
with BI secondary to Paget disease, (4) diagnoses of cervical tu-
mor and infection on occipital and cervical regions and frac-
tures violating the pedicles and laminae on the axis, (5) images
with unsatisfactory quality or mental artifacts, and (6) incom-
plete data for review cases.

Various indications for TSP, such as criteria developed by
Shin et al..* Alvin et al.,” and Chan et al.,'”® have been published
for the safety and accuracy of fixation. In this study, the Chan
criterion was used for the evaluation of the unilateral and bilat-
eral acceptability of TSP. Subgroup analyses based on the classi-
fication of Goel type A and B subtypes in BI (Fig. 1), HRVA
(Fig. 2),'**" and the presences of atlas occipitalization and C2/3

assimilation (Fig. 3) were also performed to determine the
characteristics of the laminar morphology and feasibility of
TSP on the axis.

2. Radiological Measurements

A slice of CT images was 0.625 mm thick, and radiological
measurements were performed along multiplanar planes, in-
cluding axial, coronal, and sagittal sections, after CT recon-
structions on the workstation (General Electric Medical Sys-
tems, Milwaukee, W1, USA). The measurements were indepen-
dently and blindly conducted by 2 independent reviewers who
were familiar with cervical anatomy. The average values of con-
tinuous variables measured by the 2 independent observers
were utilized in this research. If divergence occurred during
categorical grading, then a third senior independent observer
will make the final decision.

3. Morphometric Measurements

The size and morphology of the laminae were measured to
determine the feasibility of translaminar fixation on the axis.
The following insertion parameters were evaluated on the same
para-axial plane correlating with the thinnest part in the mid-
portion of the lamina (Fig. 4A): (1) laminar length refers to the
length from the contralateral junction of the lamina and spi-

Fig. 1. (A) The sagittal section of Goel A in basilar invagination. (B) The coronal section of Goel A in basilar invagination. (C)
The sagittal section of Goel B in basilar invagination. (D) The coronal section of Goel B in basilar invagination.
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Fig. 2. (A) The sagittal section was identified with a line (a) transecting the midportion of the C1-2 facet joint on the coronal
section. (B) The high-riding vertebral artery was defined on the sagittal section of the axis as an internal height (b) <2 mm,

isthmus height (c) <5 mm, or both.

Fig. 3. Presences of atlas occipitalization (blue arrow) and
C2/3 assimilation (yellow arrow) in a basilar invagination pa-
tient.

nous process to the lateral cortex of the lateral mass®™*; (2) lam-
inar thickness is the shortest distance portion of the lamina®; (3)
laminar angle is the angle from the axis of the lamina to a line
passing through the spinous process and vertebral body, which
represents the screw trajectory along the longitudinal axis of the
lamina using the spinous process as an insertion landmark.*>**
Moreover, laminar height refers to the length from the most
rostral point and the most caudal portion of the lamina, which
was assessed on the para-sagittal section (Fig. 4B)."°

Based on the Chan criterion," for laminae undergoing uni-
lateral placement, the minimum laminar thickness and height
should not be less than 4.5 mm if a 3.5-mm screw was inserted
with a margin of error of 0.5 mm on each side, and the mini-
mum laminar length must be 20 mm; for patients receiving bi-
lateral placement, the bilateral laminar thickness, bilateral
length, and bilateral height should be >4.5, 220, and 29 mm,

902 Wwww.e-neurospine.org

Fig. 4. (A) Parameters measured in the para-axial section cor-
relating with the thinnest part in the midportion of lamina.
Laminar length (a), the length from the contralateral junction
of lamina and spinous process to the lateral cortex of the lat-
eral mass; laminar thickness (b), the shortest distance portion
of the lamina; laminar angle (), the angle from the axis of
lamina (a) to a line (c) passing through the spinous process
and vertebra body. (B) Parameters measured in the para-sag-
ittal section of C2 lamina. Laminar height (d), the length from
the most rostral point and the most caudal portion of lamina.
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respectively. In addition, for patients with laminar assimilation
of C2/3, the measurement of laminar height was abandoned,
and it was assumed that the height of the lamina was large
enough to accommodate the safe unilateral placement of the
screw. On the contrary, patients with C2/3 assimilation were
excluded from the assessment of bilateral placement because of
limited data of laminar height.

We reported 2 sets of quantitative data of C2 laminae, name-
ly, measured values for unilateral laminae suitable for screw
placement and values for all included unilateral laminae. The
former indicated the values of laminae that met the Chan crite-
rion for TSP to provide useful guidelines for their safe place-
ment, whereas the latter showed the demographic characteris-
tics of unilateral laminae between patients with and without BL

4. CT Hounsfield Unit Values

A ROI was selected using para-axial slices of C2 laminae on
the GE workstation for the calculation of an average HU value.
The ROI was fixed at 20 mm x 4.5 mm, which represented the
Chan criterion’® for TSP, and all cortical regions (inner and
outer walls of the laminae) were avoided during HU attenua-
tion measurement (Fig. 5). In addition, for patients with lami-
nar thickness or length less than the abovementioned ROI (20
mm x 4.5 mm), the ROI was adjusted by reducing the length or
width for the accommodation in the laminae and avoidance of
overlapping with cortical bone that would falsely elevated HU
values.

Fig. 5. Measurement of Hounsfield unit values of C2 lamina
via a region of interest (ROI) on the para-axial section. In
principle, the ROI was fixed at 20 mm x 4.5 mm (the white
linear rectangle).

https://doi.org/10.14245/ns.2244730.365

5. Statistical Analyses

Statistical analyses were completed using IBM SPSS Statistics
ver. 23.0 (IBM Co., Armonk, NY, USA). Independent t-test and
analysis of variance test were performed to compare 2 sets and
multiple sets of quantitative data based on normal distribution.
Otherwise, the Wilcoxon test and Kruskal-Wallis test were used
for 2 and multiple sets of continuous variables. The nominal p-
value was adjusted as 0.05 for multiple comparisons. The cate-
gorical variables were compared using the chi-square test. In
addition, multiple imputation was performed to obtain missing
data. Furthermore, factors that affect the insertion parameters,
including sex, age, classification of Goel A and B subtypes, dis-
tance from the top of odontoid to the Chamberlain line, diag-
nosis of HRVA, atlas occipitalization, and C2/3 assimilation,
were analyzed using multiple linear regression. By contrast, fac-
tors that affect the CT HU values, including the abovemen-
tioned possible risk factors, laminar length, laminar thickness,
and laminar angle, were explored using multiple linear regres-
sion. A p-value of <0.05 was considered statistically significant.

RESULTS

1. Patient Demographic Data

In this comparative study, a total of 410 patients with and
without BI were included at a 1:1 ratio. In the BI group, 59.02%
of patients (121 of 205) were diagnosed with Goel A type, and
the remaining 40.98% of patients (84 of 205) were diagnosed
with Goel B type. No significant differences in mean demo-
graphic profiles, including age, body mass index (BMI), and
gender, were observed between BI and control groups (p > 0.05)
(Table 1) and between Goel A and B groups (p>0.05) (Supple-
mentary Table 1). A total of 31 (15.1%) and 24 patients (11.7%)
in the BI and control group, respectively, lacked the BMI infor-
mation of medical records and missing data were addressed by
using a multiple imputation model. Furthermore, the BI group
and Goel A group showed significantly higher rates of atlas oc-
cipitalization, C1/2 dislocation, and C2/3 assimilation, and sig-
nificantly shorter distance from the spinous process to the skin
than the control group and Goel B group (p<0.001) (Table 1,
Supplementary Table 1).

2. Acceptability of Unilateral and Bilateral TSPs

The acceptable rates of unilateral and bilateral translaminar
fixations using the criteria of Shin, Alvin, and Chan are shown
in Supplementary Tables 2 and 3.

The results showed that based on the Shin criterion, the con-
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Table 1. Descriptive statistics of the included patients

e — Included patients

Control (n=205) BI patients (n=205) t/Z1y* p-value?
Age (yr) 49.53+£14.52 48.93+10.17 -1.342 0.180
BMI (kg/m?)* 22.96+7.32 23.48+3.96 -0.899 0.369
Female sex 140 (68.3) 140 (68.3) 0.000 1.000
Atlas occipitalization 2(1.0) 141 (68.8) 204.501 <0.001
C1/2 dislocation 0 (0) 120 (58.5) <0.001°
C2/3 assimilation 1(0.5) 64 (31.2) 70.280 <0.001
Distance from spinous process to skin (cm) 3.50+0.86 2.93+0.86 -6.228 <0.001

Values are presented as mean + standard deviation or number (%).
BI, basilar invagination; BMI, body mass index.

"The t value and Z value were obtained by Student t-test and Mann-Whitney test according to the result of the test for normal distribution.
¥p-value was calculated by Fisher exact test. *There were missing data obtained using multiple imputation model.

Table 2. Comparisons of morphometric measurements and computed tomography HU values for unilateral C2 laminae suitable

for screw placement between the control and BI groups

No. of unilateral

Variable Jaminas (control/BI) Control group BI group Vil p-value
Laminar length (cm) 357/301 3.18+£0.28 3.05+0.36 -5.117 <0.001
Laminar thickness (mm) 357/301 6.08+0.99 5.86+0.96 -2.978 0.003
Laminar angle (°) 357/301 49.39+£2.95 49.44+498 -0.096 0.923
Laminar height (cm) 355/209 1.25+0.13 1.18+0.14 -5.226 <0.001
Laminar HU values 357/301 255.01+£99.12 212.77£105.61 -5.874 <0.001

Values are presented as mean + standard deviation.
HU, Hounsfield unit; BI, basilar invagination.

"The Z value was obtained by Mann-Whitney test according to the result of the test for normal distribution.

trol group was associated with a significantly higher rate of ac-
ceptability for unilateral translaminar fixation than the BI
group (p<0.001); meanwhile, the Goel A group showed a sig-
nificantly lower rate of acceptability for unilateral translaminar
fixation than the Goel B group (p=0.010). Based on the Alvin
criterion, the control group indicated a significantly higher rate
of acceptability for unilateral translaminar fixation than the BI
group (p<0.001), but no significant difference was observed
between Goel A and B groups (p=0.897).

Based on the Chan criterion, the control group showed sig-
nificantly higher rates of acceptability for unilateral and bilater-
al translaminar fixations than the BI group (p < 0.001), but such
differences were not significant between Goel A and B groups
(p>0.05).

3. Comparative Outcomes Between the Control and BI
Groups

For the unilateral C2 laminae suitable for screw placement

904 Wwww.e-neurospine.org

(Table 2) and the overall unilateral C2 laminae (Supplementary
Table 4), the BI group showed significantly smaller laminar
length, thickness, height, and HU values than the control group
(p<0.05), whereas no significant difference in laminar angle

was observed between the 2 groups.

4. Subgroup Comparisons Based on Goel Classification

For the unilateral C2 laminae suitable for screw placement
(Table 3) and the overall unilateral C2 laminae (Supplementary
Table 5), the Goel A group showed significantly smaller lami-
nar length, larger laminar angle, and larger laminar height than
the Goel B group (p <0.05), but no significant difference in
laminar thickness and HU values was observed between the 2

groups.

5. Subgroup Comparisons Based on the Diagnosis of
HRVA

For the unilateral C2 laminae suitable for screw placement

https://doi.org/10.14245/ns.2244730.365
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Table 3. Comparisons of morphometric measurements and computed tomography HU values for unilateral C2 laminae suitable

for screw placement between Goel A and B groups

No. of unilateral

Variable laminas (Goel A/Goel B) Goel A group Goel B group t/Z" p-value
Laminar length (cm) 177/124 2.98+0.38 3.15+0.31 -4.876 <0.001
Laminar thickness (mm) 177/124 5.88+1.02 5.83+0.88 -0.003 0.997
Laminar angle (°) 177/124 50.35+5.28 48.14+4.21 -4.372 <0.001
Laminar height (cm) 99/110 1.22+0.15 1.15+0.13 3.392 0.001
Laminar HU values 177/124 205.67 £96.67 222.90+116.86 -0.828 0.408

Values are presented as mean + standard deviation.
HU, Hounsfield unit.

"The t value and Z value were obtained by Student t-test and Mann-Whitney test according to the result of the test for normal distribution.

(Table 4) and the overall unilateral C2 laminae (Supplementary
Table 6), the HRVA group had a significantly smaller laminar
height than the non-HRVA group in the control cohort (p=
0.028) and a significantly shorter laminar length and thickness
in the BI cohort (p <0.001).

Moreover, we found that for unilateral laminae with HRVA,
the BI group had significantly smaller laminar length, height,
and HU values than the control group; for unilateral laminae
without HRVA, the BI group had significantly smaller laminar
height and HU values than the control group (p <0.05).

6. Subgroup Comparisons Based on Goel Classification
and the Diagnosis of HRVA

For the unilateral C2 laminae suitable for screw placement
(Table 5) and the overall unilateral C2 laminae (Supplementary
Table 7), the HRVA group was significantly associated with
shorter laminar length and height compared with the non-HR-
VA group in Goel A cohorts (p<0.001). In the Goel B cohort,
no significant differences in morphometric measurements and
HU values were observed between HRVA and non-HRVA
groups (p>0.05).

However, for the overall unilateral C2 laminae (Supplemen-
tary Table 7), the HRVA group was significantly associated with
shorter laminar thickness compared with the non-HRVA group
in Goel A cohorts (p <0.001).

7. Subgroup Comparisons Based on the Presence of Atlas
Occipitalization
For the unilateral C2 laminae suitable for screw placement
(Supplementary Table 8) and the overall unilateral C2 laminae
(Supplementary Table 9), the control group without atlas occip-
italization had significantly smaller laminar height and HU val-
ues than BI groups with and without atlas occipitalization

https://doi.org/10.14245/ns.2244730.365

(p<0.01). In the BI cohort, the atlas occipitalization group was
associated with significantly smaller laminar length and angle
than the non-atlas occipitalization group (p <0.001).

8. Subgroup Comparisons Based on the Presence of C2/3

Assimilation

For the unilateral C2 laminae suitable for screw placement
(Supplementary Table 10) and the overall unilateral C2 laminae
(Supplementary Table 11), the control group without C2/3 as-
similation had significantly smaller laminar length and HU val-
ues than BI groups with and without C2/3 assimilation
(p<0.05). In the BI cohort, the C2/3 assimilation group was as-
sociated with significantly smaller laminar length and angle
than the non-C2/3 assimilation group (p <0.001).

9. Multiple Linear Regressions

Multiple linear regressions were performed on the basis of
the overall 820 unilateral C2 laminae, whereas factors affecting
laminar height were explored on the basis of the 690 unilateral
laminae. The results showed that the laminar length was signif-
icantly associated with the male gender (B=0.190, p<0.001),
diagnoses of HRVA (B=-0.109, p<0.001), Goel A (B=-0.167,
p<0.001), and C2/3 assimilation (B=-0.079, p=0.029); the
laminar thickness was significantly associated with the male
gender (B=0.353, p<0.001), diagnoses of HRVA (B=-0.430,
p<0.001), Goel B (B=-0.249, p=0.026), and distance from the
top of odontoid to the Chamberlain line (B=-0.025, p=0.003);
the laminar angle was significantly associated with Goel A
(B=1.841, p<0.001), C2-3 assimilation (B=1.461, p=0.001),
and distance from the top of odontoid to the Chamberlain line
(B=-0.195, p<0.001); the laminar height was significantly as-
sociated with the male gender (B=0.068, p<0.001), diagnoses
of HRVA (B=-0.041, p<0.001), Goel B (B=-0.052, p<0.001),
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and distance from the top of odontoid to the Chamberlain line
(B=-0.007, p<0.001); laminar HU values were significantly as-
sociated with age (B=-2.517, p<0.001), Goel A (B=-44.205,
p<0.001), Goel B (B=-25.704, p=0.014), and laminar thick-
ness (B=-11.706, p=0.001) (Supplementary Tables 12-16).

DISCUSSION

As an effective salvage method for axis fixation, translaminar
screw might be frequently applied in patients with BI, for
whom a high rate of contraindications for C2 pedicle or pars
screw placement existed because of morphologic anomalies
and the presence of HRVA.""'>**** However, the malposition of
laminar screw can breach the inner cortex of laminae and dam-
age the dura mater and spinal cord.” In addition, the morpho-
logic variation of C2 laminae in BI and the effect of their mor-
phologic characteristics and bone quality on safe placement
and fixation stability of translaminar screw remain unclear.

Our study showed a screw acceptability rate in the control
group similar to that of Chan et al.,” who performed a CT im-
age measurement in an Asian population and reported unilat-
eral screw acceptability of 85.8% and 88.8% in the right and left
laminae, respectively, and bilateral screw acceptability of 80.3%
for C2. We also revealed that the BI group had subsequently
lower rates of unilateral and bilateral screw acceptability than
the control cohort. By contrast, no remarkable differences were
observed between Goel A and B types in BL In addition, ma-
jority of studies reported the insertion parameters of C2 trans-
laminar screw in patients without congenital cervical vertebral
anomalies."*'®'****3% The mean laminar length of 3.16 £0.27
cm in the control group of our study was similar to that of stud-
ies conducted by Wang et al.,'* Kim et al.,** and Xin-yu et al.””
Meanwhile, the mean laminar thickness of 5.81+1.18 mm,
mean laminar angle of 49.51°+ 3.03°, and mean laminar height
of 1.24+0.13 cm in the control group were consistent with re-
ports by Dean et al.,”> Ma et al.,"” and Chan et al."® in adult pop-
ulation. Compared with the control group, we found that the
laminar length, thickness, and height in the BI cohort were re-
markably smaller. These results might be attributed to cranio-
vertebral anomalies in BI patients who had high incidence of
morphological variations, atlas occipitalization, C2/3 assimila-
tion, and pathogenesis of posterior axial elements, including
the absence and incompleteness of the isthmus and spinous
process, thereby increasing the risk of malposition of translami-
nar screws.”**** Moreover, except for congenital morphological
anomalies, patients with BI likely suffered from developmental

https://doi.org/10.14245/ns.2244730.365

central or axial atlantoaxial instability, which further increased
the difficulty of accurate screw placement.*!

The classification of Goel A and B types in BI was based on
the abnormal increase in atlantodental or clivodental interval,
which represented atlantoaxial instability.** The atlantoaxial in-
stability was considered abnormally and excessively mobile in
Goel A but stable and subtle in Goel B.*' In subgroup analyses
of Goel A and B types, the laminar length, angle, and height in
the Goel A group were substantially smaller than those in the
Goel B group. Thus, the morphological anomaly of Goel B type
was found to be more stable than that of Goel A type. Never-
theless, multiple linear regression revealed that the Goel B type
independently contributed to smaller laminar thickness and
height, whereas the Goel A type was independently associated
with a smaller laminar length and larger laminar angle. There-
fore, the classification of Goel A and B types was required pre-
operatively through 3D CT for the clarification of morphologi-
cal deformity and personalized treatment to reduce the risk of
malposition.

We also investigated the effects of HRVA on the insertion pa-
rameters of TSP in control and BI cohorts. In previous studies,
the diagnosis of HRVA was remarkably associated with a nar-
row pedicle and a thin isthmus on the C2 vertebra.>* However,
whether a narrow and short lamina existed in the presence of
HRVA remained unclear. In the current study, we found that
the insertion parameters had no substantial differences be-
tween unilateral laminae with and without HRVA in the control
group. By contrast, for patients with BI, unilateral laminar
length and thickness, the critical parameters for TSP, were re-
markably smaller in the HRVA group than those in the non-
HRVA group. In further subgroup analyses of Goel A and B
types, no substantial differences in insertion parameters were
found between laminae with and without HRVA in the Goel B
group, but the HRVA cohort had remarkably smaller laminar
length, thickness, and height than the non-HRVA group for all
included laminae in the Goel A group. In addition, multiple
linear regression analyses indicated that the presence of HRVA
was an independent factor for the smaller laminar length,
thickness, and height on the C2 lamina. Thus, the diagnoses of
HRVA and Goel A in BI contributed to a narrow lamina, which
might increase the risk of malposition, and the preoperative
evaluation of VA should be performed to avoid potential neu-
rovascular injuries.

The insertional torque of a screw and the ultimate fixation
strength of a device had positive correlations with BMD, which
can be approximately assessed on the basis of HU values ob-
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tained from CT.** We found that a reduced bone quality eval-
uated by HU values was present in the trajectory of the laminar
screw for the BI group compared with that for the control co-
hort, and no remarkable differences in HU values were found
between Goel A and B groups. Meanwhile, subgroup analyses
demonstrated that the BMD was not affected by the presences
of HRVA, atlas occipitalization, and C2/3 assimilation except
for the diagnosis of BI. Moreover, the multiple linear regression
revealed that older age, smaller laminar thickness, and diagno-
sis of Goel A or B type independently contributed to low HU
values. Elderly patients had a high risk of osteoporosis, an age-
related disease, thereby resulting in low bone quality. Besides,
Goel A and B types, which were the diagnosis of BI, might be
associated with lower BMD. The mean HU value in the BI co-
hort was 226.21+121.78, which was higher than the determi-
nation for osteoporosis, with a HU interval value of 90.9 to
138.7.45 The low BMD and bone quality in BI might result
from the complication of osteogenesis imperfecta and related
osteochondrodysplasias, and these so-called “bone softening”
disorders further contributed to progressive deformity and
neurological dysfunction.***

It should be noted that the gold standard for the assessment
of BMD is the dual-energy x-ray absorptiometry (DXA). Stud-
ies have found a correlation between HU values and BMD
based on DXA.2"*** Pinto et al.* performed a meta-analysis
based on 18 studies comparing HU values from spine CT scans
to the T scores of gold-standard DXA for the prediction of re-
gional BMD, concluding that the bone quality can be assessed
according to HU values obtained from CT. Thus, the HU val-
ues in the BI and control groups can approximately show the
differences of BMD and bone quality between the 2 groups. Al-
though the HU values have not been widely used for the assess-
ment of BMD in the clinical practice, using HUs values to infer
bone quality has a thorough clinical relevance as it could be
used for the classification of patients at at risk for osteoporotic
and fragility fractures.”

Inconsistencies in insertion parameters were found in the re-
sults of some studies,"*** which might be attributed to the fol-
lowing reasons. First, different methods of measurement were
used. For example, a different measurement method for lami-
nar length performed by Cassinelli et al.”” was performed from
the contralateral spinolaminar junction to the lamina/lateral
mass junction, which resulted in smaller outcomes compared
with the current study. Second, patients with different ethnici-
ties were included. The studies from Korean, Malay, Indian,
and American populations conducted by Kim et al.,*® Chan et
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al.,'® Srivastava et al.,' and Cassinelli et al.,"* respectively, showed
the discrepancies of the same insertion parameters among dif-
ferent ethnicities. Third, different planes were selected for mea-
surement. Ma et al."” found a high variability of thickness for
the C2 lamina: the thinnest cranial portion, averaging 2.71 mm;
the thickness of the caudal edge, averaging 4.46 mm; the thick-
est portion at the midportion of the lamina, averaging 5.87
mm. Fourth, the included population had different ratios of
gender. Cassinelli et al.” reported that males had a greater C2
laminar thickness than females. Our study also found that the
male gender was independently associated with larger laminar
length, thickness, and height. Therefore, the conditions where
the parameters were measured should be clarified before utili-
zation in clinical practice.

This study had some limitations. First, given the lack of BMI
in medical records for some patients, missing data were ob-
tained by multiple imputation. Thus, the outcomes regarding
BMI should be interpreted cautiously. Second, this study was
limited to the Eastern Asian population, which has limited gen-
eralizability of measured outcomes. Therefore, the morphomet-
ric measurements and HU values among different ethnicities
must be further investigated. Third, subgroup comparison
based on gender, left or right side, were not performed, and bi-
ases resulting from 2 factors were reduced by matching gender
and the number of included patients between BI and control
groups in this study. Fourth, the measurements were performed
using 3D CT images without actual clinical application, and the
confirmative study concerning the insertion parameters on ca-

daveric specimens should be carried out.

CONCLUSION

Patients with BI had narrower and smaller laminae with low-
er HU values and lower unilateral and bilateral acceptability for
translaminar screws than patients without BI. The morphomet-
ric measurements were affected by gender, classification of Goel
A and B types, and the presence of HRVA and C2/3 assimila-
tion, and HU values were affected by age, classification of Goel
A and B types, and laminar thickness for C2 laminae.
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Supplementary Table 1. Descriptive statistics of the patients in Goel A and B groups

Characteristic Patients with BI

Goel A (n=121) Goel B (n=84) t/Z1y" p-value
Age (yr) 48.88+10.31 48.99+10.01 -0.114 0.909
BMI (kg/m?)* 23.20+3.83 23.90+4.11 -1.247 0.214
Female sex 85 (70.2) 55 (65.5) 0.521 0.470
Atlas occipitalization 116 (95.9) 25(29.8) 97.847 <0.001
C1/2 dislocation 114 (94.2) 6(7.1) 154.873 <0.001
C2/3 assimilation 54 (44.6) 10 (11.9) 24.725 <0.001
Distance from spinous process to skin cm 2.70+£0.78 3.26+0.86 -4.854 <0.001

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

BI, basilar invagination; BMI, body mass index.
"The t value and Z value were obtained by Student t-test and Mann-Whitney test according to the result of the test for normal distribution.

“There were missing data obtained using multiple imputation model.
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Supplementary Table 2. Feasibility and acceptability of laminar screw on unilateral C2 laminae with published criteria

Acceptability Acceptability
Gt Control Bl s 7 p-value Goel A Goel B P p-value
group (n=410) group group
(n=410) (n=242) (n=168)
Criterion of Shin et al. (laminar thickness 388 (94.6) 326 (79.5)  41.648 <0.001 182 (75.2) 144(85.7) 6.721 0.010
>4.0 mm; screw length =25 mm)
Criterion of Alvin et al. (laminar thickness 357 (87.1) 304 (74.1) 21.916 <0.001 180(74.4) 124(73.8) 0.017 0.897
>4.5 mm; screw length >7 mm)
Criterion of Chan et al. (laminar thickness 357 (87.1) 301 (73.4) 24.124 <0.001 177(73.1) 124(73.8) 0.023 0.880

>4.5 mm; screw length >20 mm)

Values are presented as number (%).
BI, basilar invagination.
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Supplementary Table 3. Feasibility and acceptability of laminar screw on bilateral C2 laminae with published criteria

Acceptability Acceptability
Ciftata Control Moy 7 p-value Goel A Goel B 7 p-value
group (n=141) group group
(n=204) (n=67) (n=74)
Criterion of Alvin et al. 163 (79.9) 82 (58.2) 19.154 <0001  38(56.7)  44(59.5) 0.109 0.742
(laminar height =7 mm)
Criterion of Chan et al. 163 (79.9) 81(57.4) 24.124 <0.001 37 (55.2) 44 (59.5) 0.258 0.611

(laminar height >9 mm)

Values are presented as number (%).
BI, basilar invagination.
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Supplementary Table 4. Comparisons of morphometric measurements and computed tomography HU values for overall uni-
lateral C2 laminae between the control and BI groups

No. of unilateral

Variable Jaminas (control/BI) Control group BI group t/Z" p-value
Laminar length (cm) 410/410 3.16£0.27 3.00+£0.40 -6.383 <0.001
Laminar thickness (mm) 410/410 581+1.18 536+1.26 5.287 <0.001
Laminar angle (°) 410/410 49.51+3.03 49.25+5.10 -1.135 0.256
Laminar height (cm) 408/282 1.24+0.13 1.15+0.17 -7.762 <0.001
Laminar HU values 410/410 257.00+100.67 226.21+121.78 -5.331 <0.001

Values are presented as mean + standard deviation.
HU, Hounsfield unit; BI, basilar invagination.
"The t-value and Z-value were obtained by Student t-test and Mann-Whitney test according to the result of the test for normal distribution.
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Supplementary Table 5. Comparisons of morphometric measurements and computed tomography HU values for overall uni-
lateral C2 laminae between the Goel A and B groups

No. of unilateral

Variable laminas (Goel A/Goel B) Goel A group Goel B group t/Z" p-value
Laminar length (cm) 242/168 2.91+£0.43 3.13+£0.32 -6.145 <0.001
Laminar thickness (mm) 242/168 5.38+1.31 532+1.18 0.516 0.606
Laminar angle (°) 242/168 50.07 £5.51 48.05+4.18 -4.491 <0.001
Laminar height (cm) 134/148 1.16+0.19 1.13+0.14 -2.169 0.030
Laminar HU values 242/168 220.01+120.89 235.15+£122.85 -1.125 0.261

Values are presented as mean + standard deviation.
HU, Hounsfield unit.
"The t-value and Z-value were obtained by Student t-test and Mann-Whitney test according to the result of the test for normal distribution.
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Characteristics of C2 Laminae in BI

Supplementary Table 6. Subgroup comparisons of morphometric measurements and computed tomography HU values for
overall unilateral C2 laminae between the control and BI groups based on the diagnosis of HRVA

Control group BI group p-value’
No. of No. of
i . . A A A B B C
Variable unilateral Non-HRVA  unilateral non-HRVA
. HRVA (A) . HRVA (C) vS. vs. vs. vs. vs. vs.
laminas (B) laminas (D) B C D C D D
(A/B) (C/D)
Laminar length (cm) 130/280 3.11+£0.27 3.19+£0.27 223/187 2.90+0.41 3.13+£0.35 0.146 <0.001 1.000 <0.001 0.290 <0.001
Laminar thickness (mm) 130/280 558+1.11 591+1.19 223/187 5.12+1.17 5.63+1.31 0.051 0.004 1.000 <0.001 0.082 <0.001
Laminar angle (°) 130/280 49.78+3.16 49.39+2.97 223/187 49.33+5.47 49.15+4.64 >0.05 >0.05 >0.05 >005 >005 >0.05
Laminar height (cm) 130/278 1.22+0.13 1.25+0.13 122/160 1.11+0.16 1.17+£0.17 0.028 <0.001 0.211 <0.001 <0.001 0.027
Laminar HU values 130/280  253.69+92.53 258.54+104.36 223/187  234.81+132.59 215.96+106.92 1.000 0.026 0.001 0.002 <0.001 1.000

Values are presented as mean + standard deviation.

BI, basilar invagination; HRVA, high-riding vertebral artery; HU, Hounsfield unit.
"The p value were obtained by ANOVA test or Kruskal-Wallis test according to the result of the test for normal distribution. The nominal p-value was adjusted

as 0.05 for the multiple comparisons.
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Characteristics of C2 Laminae in BI

Supplementary Table 7. Subgroup comparisons of morphometric measurements and computed tomography HU values for
overall unilateral C2 laminae between Goel A and B groups based on the diagnosis of HRVA

Goel A group Goel B group p-value’
No. of No. of
i . . A A A B B C
Variable unilateral Non-HRVA  unilateral Non-HRVA
. HRVA (A) . HRVA (C) vS. vs. vs. vs. vs. vs.
laminas (B) laminas (D) B C D C D D
(A/B) (C/D)
Laminar length (cm) 160/82 2.85+0.43 3.05+0.40 105/63 3.03+£0.34 3.19+£0.29 0.001 0.002 <0.001 1.000  0.017 0.055
Laminar thickness (mm) 160/82 5.06+£1.19 6.01+1.32 105/63 5.29+1.10 533+1.24 <0.001 1.000 0.222 0.009  0.013 1.000
Laminar angle (°) 160/82 49.81+5.80 50.59+4.89 105/63 48.10+4.32 48.03+4.12 1.000 0.118 0.002 0.043 0.001 1.000
Laminar height (cm) 71/63 1.11+£0.19 1.22+0.18 51/97 1.12+0.12 1.13+£0.15 0.003 1.000 1.000 0.001 0.009 1.000
Laminar HU values 160/82 234.50+135.71 191.74+78.17 105/63 235.61+125.38 234.87+121.91 >0.05 >0.05 >0.05 >005 >005 >0.05

Values are presented as mean + standard deviation.

HRVA, high-riding vertebral artery; HU, Hounsfield unit.
"The p-value were obtained by analysis of variance test or Kruskal-Wallis test according to the result of the test for normal distribution. The nominal p-value was

adjusted as 0.05 for the multiple comparisons.
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Zhou LP, et al. Characteristics of C2 Laminae in BI

Supplementary Table 8. Subgroup comparisons of morphometric measurements and computed tomography HU values for
unilateral C2 laminae suitable for screw placement between the control and BI groups based on the diagnosis of atlas occipital-
ization

Control group BI group p-value’

Vel I\.IO‘ of Non-Atlas NO' of Atlas Non-Atlas

ariable unilateral NP unilateral S 3o o oo
. occipitalization . occipitalization occipitalization Avs.B Avs.C Bvs.C

laminas (A) laminas (B) ©)
(A) (B/C)

Laminar length (cm) 353 3.17+0.28 208/93 3.01+£0.39 3.13+0.28 <0.001 1.000 <0.001
Laminar thickness (mm) 353 6.07+1.00 208/93 5.85+1.00 5.89+0.88 0.011 0.450 1.000
Laminar angle (°) 353 49.41+2.93 208/93 49.87+5.15  48.49+4.45 0.533 0.028 0.002
Laminar height (cm) 351 1.25+0.13 121/88 1.19+0.16 1.17+0.12 0.001 <0.001 0.867
Laminar HU values 353 255.55+£99.49 208/93  210.17+99.39 218.59+118.73 <0.001 0.001 1.000

Values are presented as mean + standard deviation.

HU, Hounsfield unit; BI, basilar invagination.

"The p-value were obtained by analysis of variance test or Kruskal-Wallis test according to the result of the test for normal distribution. The
nominal p-value was adjusted as 0.05 for the multiple comparisons.

https://doi.org/10.14245/ns.2244730.365 WWWw.e-neurospine.org



Zhou LP, et al. Characteristics of C2 Laminae in BI

Supplementary Table 9. Subgroup comparisons of morphometric measurements and computed tomography HU values for
overall unilateral C2 laminae between the control and BI groups based on the diagnosis of atlas occipitalization

Control group BI group p-value’

Varisble st NowAls RO s Nowda

laminas occipitalization laminas occipitalization occipitalization Avs.B Avs.C Bvs.C

(A) (A) (B/C) (B) (©

Laminar length (cm) 406 3.16£0.27 282/128 2.95+0.43 3.12+0.29 <0.001 0.878 <0.001
Laminar thickness (mm) 406 5.80+1.18 282/128 5.36+1.29 5.34+1.19 <0.001 <0.001 0.860
Laminar angle (°) 406 49.53+£3.01 282/128  49.78+5.32 48.08 £4.39 1.000 <0.001 <0.001
Laminar height (cm) 404 1.24+0.13 162/120 1.14+0.19 1.15+0.13 <0.001 <0.001 1.000
Laminar HU values 406 257.48+100.99  282/128 222.78+118.51 233.78+128.84  <0.001 0.005 1.000

Values are presented as mean + standard deviation.
HU, Hounsfield unit; BI, basilar invagination.
"The p-value were obtained by analysis of variance test or Kruskal-Wallis test according to the result of the test for normal distribution. The

nominal p-value was adjusted as 0.05 for the multiple comparisons.
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Characteristics of C2 Laminae in BI

Supplementary Table 10. Subgroup comparisons of morphometric measurements and computed tomography HU values for
unilateral C2 laminae suitable for screw placement between the control and BI groups based on the diagnosis of C2-3 assimila-

tion
Control group BI group p-value’
No. of No. of
Variable unilateral Non-C2/3 unilateral C2/3 Non-C2/3
. . . s .. Avs.B Avs.C Bvs.C
laminas assimilation (A) laminas assimilation (B) assimilation (C)
(A) (B/C)
Laminar length (cm) 355 3.17+0.27 92/209 2.94+0.46 3.09+0.30 <0.001 0.013 <0.001
Laminar thickness (mm) 355 6.08+1.00 92/209 5.87+1.08 5.86+0.90 0.055 0.040 1.000
Laminar angle (°) 355 49.39+2.96 92/209 51.12+6.09 48.70+4.21 0.004 0.128 <0.001
Laminar HU values 355 255.92+98.66 92/209  212.04+102.38 213.09+107.25 0.001 <0.001 1.000

Values are presented as mean + standard deviation.
HU, Hounsfield unit; BI, basilar invagination.

"The p-value were obtained by analysis of variance test or Kruskal-Wallis test according to the result of the test for normal distribution. The
nominal p-value was adjusted as 0.05 for the multiple comparisons.
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Zhou LP, et al. Characteristics of C2 Laminae in BI

Supplementary Table 11. Subgroup comparisons of morphometric measurements and computed tomography HU values for
overall unilateral C2 laminae between the control and BI groups based on the diagnosis of C2-3 assimilation

Control group BI group p-value’
No. of No. of
Variable unilateral ~ Non-C2/3 unilateral C2/3 non-C2/3
. . . s .. Avs.B Avs.C Bvs.C
laminas assimilation (A) laminas assimilation (B) assimilation (C)

(A) (B/C)
Laminar length (cm) 408 3.16+0.27 128/282 2.88+0.50 3.06+0.33 <0.001 <0.001 <0.001
Laminar thickness (mm) 408 581+1.18 128/282 5.32+1.30 537+1.24 <0.001 <0.001 0.719
Laminar angle (°) 408 49.51+£3.04 128/282  50.70+5.81 48.59+4.61 0.024 0.006 <0.001
Laminar HU values 408 257.79+£100.27 128/282  222.40+103.40 227.94+129.40 0.002 <0.001 1.000

Values are presented as mean + standard deviation.
HU, Hounsfield unit; BI, basilar invagination.
"The p-value were obtained by analysis of variance test or Kruskal-Wallis test according to the result of the test for normal distribution. The

nominal p-value was adjusted as 0.05 for the multiple comparisons.
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Supplementary Table 12. Multiple linear regression on laminar length

Variable B SE Standard 8 t p-value VIF
(Intercept) 3.132 0.017 - 179.465 <0.001 -

Male sex 0.190 0.024 0.252 7.956 <0.001 1.010
HRVA -0.109 0.024 -0.154 -4.563 <0.001 1.145
Goel A -0.167 0.029 -0.216 -5.816 <0.001 1.398
C2/3 assimilation -0.079 0.036 -0.082 -2.191 0.029 1.405

SE, standard error; VIF, variance inflation factor; HRVA, high-riding vertebral artery.
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Supplementary Table 13. Multiple linear regression on laminar thickness

Variable B SE Standard 3 t p-value VIF
(Intercept) 5.823 0.070 - 83.642 <0.001 -
Male sex 0.353 0.090 0.132 3.931 <0.001 1.008
HRVA -0.430 0.088 -0.172 -4.899 <0.001 1.095
Goel B -0.249 0.112 -0.081 -2.225 0.026 1.184
Distance from the top of odontoid -0.025 0.008 -0.111 -2.961 0.003 1.254

to the Chamberlain line (mm)

SE, standard error; VIF, variance inflation factor; HRVA, high-riding vertebral artery.

WWw.e-neurospine.org https://doi.org/10.14245/ns.2244730.365



Zhou LP, et al.

Characteristics of C2 Laminae in BI

Supplementary Table 14. Multiple linear regression on laminar angle

Variable B SE Standard 3 t p-value VIF
(Intercept) 49.529 0.188 - 263.243 <0.001 -
Goel A 1.841 0.426 0.200 4.325 <0.001 1.866
C2/3 assimilation 1.461 0.454 0.127 3.219 0.001 1.360
Distance from the top of odontoid -0.195 0.032 -0.260 -6.076 <0.001 1.593

to the Chamberlain line (mm)

SE, standard error; VIF, variance inflation factor; HRVA, high-riding vertebral artery.
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Characteristics of C2 Laminae in BI

Supplementary Table 15. Multiple linear regression on laminar height

Variable B SE Standard 3 t p-value VIF
(Intercept) 1.234 0.009 - 144.243 <0.001 -

Male sex 0.068 0.012 0.206 5.929 <0.001 1.008
HRVA -0.041 0.011 -0.128 -3.646 <0.001 1.033
Goel B -0.052 0.015 -0.138 -3.472 <0.001 1.316
Distance from the top of odontoid -0.007 0.001 -0.241 -6.022 <0.001 1.338

to the Chamberlain line (mm)

SE, standard error; VIF, variance inflation factor; HRVA, high-riding vertebral artery.
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Supplementary Table 16. Multiple linear regression on laminar HU values

Valuable B SE Standard 3 t p-value VIF
(Intercept) 450.263 25.475 - 17.675 <0.001 -
Age -2.517 0.321 -0.282 -7.846 <0.001 1.002
Goel A -44.205 10.767 -0.154 -4.105 <0.001 1.086
Goel B -25.704 10.437 -0.093 -2.463 0.014 1.099
laminar thickness (mm) -11.706 3.396 -0.126 -3.447 0.001 1.034

HU, Hounsfield unit; SE, standard error; VIE, variance inflation factor.
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