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Background: Morphological features of foraminal stenosis in cervical spondylotic radiculopathy and the
adequate extent of facet resection in posterior cervical foraminotomy remain uncertain. Herein, we
evaluated quantitatively foraminal widths in cervical spondylotic radiculopathy on dynamic flexion-
extension computed tomography using a novel three-dimensional analysis method and determined
the extent of facet resection in posterior cervical foraminotomy.
Methods: Seventeen patients undergoing posterior cervical foraminotomy for cervical spondylotic rad-
iculopathy were evaluated. A neuroforamen three-dimensional model was built from preoperative im-
ages of flexion-extension computed tomography myelography, and an ordinary cervical spine coordinate
system and an original neuroforaminal coordinate system, were established. In the neuroforaminal co-
ordinate system, minimum areas perpendicular to the long axis by the slices from inlet to outlet of
neuroforamen and narrowest foraminal width in a slice of minimum area were measured. The location of
the narrowest region from inlet of the foramen was calculated. Ratios of minimum and sufficient facet
resection were obtained from the location of the narrowest region in the neuroforaminal coordinate
system.
Results: The narrowest foraminal widths (flexion/extension) in the cervical spine coordinate system and
the neuroforaminal coordinate systemwere 2.9/2.3 and 2.6/1.9 mm, respectively. The mean values of the
location of the narrowest region (flexion/extension) were 0.27/0.22 and 0.50/0.45 mm, respectively, and
the narrowest region in the neuroforaminal coordinate system was located on the outer side than in the
cervical spine coordinate system (p < 0.001). The ratios of minimum and sufficient facet resection were
23 ± 8% and 32 ± 9%, respectively.
Conclusions: The narrowest regions both in flexion and extension are located at the middle of the fo-
ramen based on the neuroforaminal coordinate system. Ordinary evaluation of axial computed tomog-
raphy images likely underestimates the extent of facet resection, whereas certain extent of facet
resection does not exceed 50% in cases with single-level cervical spondylotic radiculopathy.
Study design: A retrospective case control study.
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Table 1
Demographic data in the two groups.

Symptomatic
group (n ¼ 17)

Control group
(n ¼ 5)

Number of foramina 17 10
Level C5-6: 7, C6-7: 10 C5-6: 5, C6-7: 5
Evaluated side (Right) 7 6
Sex (male) 15 all
Age at surgery (years), mean ± SD 51.5 ± 10.0 51.8 ± 6.2
Body mass index (kg/m2), mean ± SD 24.1 ± 4.2 27.5 ± 3.9
Visual analog scale, mean ± SD
Pain/stiffness in neck/shoulder pre-op 56 ± 21 mm* e

Pain/stiffness 6 months post-op 22 ± 28 mm* e

Pain/numbness in arms/hands pre-op 58 ± 17 mmy e

Pin/numbness 6 months post-op 15 ± 25 mmy e

Abbreviations: pre-op, preoperatively; post-op, post-operatively; SD, standard de-
viation.
*p ¼ 0.002, yp < 0.001.
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1. Introduction

Cervical spondylotic radiculopathy (CSR) is characterized by
narrowing of the intervertebral foramen owing to degenerative
changes. The symptoms usually improve in the flexed position and
worsen in the extended position [1]. For resistant radicular pain or
muscle weakness, surgical treatment is occasionally indicated.
Anterior cervical discectomy with fusion has been established as an
effective procedure for CSR, despite the fact that it requires sacrifice
of the mobile segment or specific techniques to directly decompress
the nerve root through an anterior approach. Posterior cervical
foraminotomy has been established as an alternative, less-invasive
procedure that permits preservation of the mobile segment and
securely decompresses the entrapped nerve root [2,3]. With regard
to adequate extent of foraminal decompression, posterior cervical
foraminotomy should be limited to resecting less than half of the
intervertebral facet joint to prevent segmental instability according
to previous biomechanical studies [4]. However, posterior central
canal decompression with single unilateral total facetectomy and
single- or multilevel posterior cervical foraminotomy does not
adversely affect clinical outcomes or segmental stability in the
clinical setting [2,5e7]. Therefore, a new principle to determine the
adequate extent of foraminal decompression is needed.

Currently there is a lack of high-precision imaging techniques
needed tomake the necessary anatomical evaluations. For instance,
assessments in previous studies have been based on two-
dimensional image analyses of foraminal stenosis using plain
computed tomography (CT) that cannot make accurate evaluations
of anatomical structures [8e10]. Therefore, we introduced a novel
CT based three-dimensional (3D) analysis method to visualize the
neuroforamen and enable accurate measurement of stenotic re-
gions. Our first aim was to use our 3D analysis method to evaluate
dynamic flexion-extension CT images, and to precisely measure the
neuroforaminal stenotic parameters in patients with CSR. Second,
we aimed to evaluate the adequate extent of facet resection based
on the aforementioned anatomical evaluation.

2. Materials and methods

2.1. Study population

This studywas approved by the institutional review board of our
institution, and informed consent was obtained from all partici-
pants. As a symptomatic group, seventeen patients (15 males, two
females; average age at surgery: 51.5 ± 10.0 years; average body
mass index: 24.1 ± 4.2 kg/m2) were recruited from a single spine
center between January 2008 and December 2016. They all suffered
from radiculopathy with positive Spurling tests or Jackson
compression tests because of degenerative neuroforaminal stenosis
at single C5-6 or C6-7 level. Dynamic flexion and extension
computed tomography myelography (CTM) was obtained before
surgery, and 17 symptomatic foramina were evaluated. All patients
underwent single-level posterior cervical foraminotomy which
relieved them of their radicular pain.

As a control group, five patients (all males, average age at sur-
gery: 51.8 ± 6.2 years, average body mass index: 27.5 ± 3.9 kg/m2)
with cervical disk intraforaminal herniation at other than C5-6 or
C6-7 levels were recruited during the same period. They showed
less degenerative change of intervertebral discs at C5-6 and C6-7
levels with Pfirrmann classification from grade I to III on mag-
netic resonance imaging [11]. They underwent dynamic flexion-
extension CTM preoperatively, and 10 target foramina at C5-6
and C6-7 levels on the asymptomatic side were evaluated. De-
mographic data of the symptomatic and control groups are shown
in Table 1.
Please cite this article as: Mizouchi T et al., Three-dimensional morphol
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2.2. CT evaluation of neuroforamen

CTM examination was performed using a 16-row CT system
(Aquilion; ToshibaMedical System Corporation, Tochigi, Japan). The
imaging conditions with the system were as follows: mean pixel
size, 0.29 mm2 (range: 0.23e0.35); slice thickness, 0.5 mm; slice
increment, 0.5 mm; voltage,120 kV; current, 300mA. The extended
position was acquired as patients stuck their chin out in the prone
position, while the flexed position was obtained as they put their
chin down with a pillow as much as possible.

From acquired CT DICOM data of the cervical spine in each full
flexion and full extension position, a 3D cervical spine model was
created automatically (the default bone threshold: 226e1736 HU)
using MIMICS® software (Materialise Japan Co., Ltd., Yokohama,
Japan). The lower vertebral body of the model in extension was
superimposed semi-automatically on the model in flexion, and
intra-foraminal area was calculated in both flexion and extension.
The lower vertebral body indicated C6 in cases of C5-6 CSR, and C7
in cases of C6-7 CSR.

We defined two rectangular coordinate systems to evaluate 3D
structures of the neuroforamen. One was the cervical spine coor-
dinate system (CCS), defined as follows: a plane bisected the lower
vertebral body (Fig. 1-A; green line), and another plane passed
through the intervertebral disc including the target neuroforamen
(Fig. 1-A; red line). This coordinate system aimed to evaluate
foraminal stenosis on the axial views as in ordinary clinical use. The
other was the neuroforamen coordinate system (NCS) to evaluate
the 3D structures of neuroforamen more precisely, defined as fol-
lows: a first plane based on the central line of the lower pedicle, a
second plane aligned parallel to the first plane touching the inner
borders of the ipsilateral upper and lower pedicles (Fig. 1-B; blue
line), and a third plane fixed perpendicular to each ipsilateral upper
and lower pedicle (Fig. 1-B; yellow line). This coordinate system
aimed to evaluate foraminal stenosis accurately along the long axis
of the neuroforamen. The border of the neuroforamen consisted of
the following components: 1) Top: inferior edge of the upper
pedicle; 2) Anterior wall: uncovertebral joint; 3) Bottom: the su-
perior edge of the lower pedicle; 4) Posterior wall: the anterior
margin of the pars interarticularis; and 5) the superior articular
process.

2.3. Measurement of the neuroforamen in the cervical spine
coordinate system

In the CCS, foraminal width and location of the narrowest region
within the neuroforamen were calculated on axial images. The
foraminal width was calculated automatically in all distances
ogical analysis of cervical foraminal stenosis using dynamic flexion-
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Fig. 1. A) Cervical spine coordinate system: Green plane aligned along the center of the vertebral body. Red plane aligned along the intervertebral disc. B) Neuroforamen coordinate
system: Blue plane aligned along the central line of the lower pedicle and parallel to the plane touching the inner edges of upper and lower pedicles. Yellow plane was fixed
perpendicular to each upper and lower pedicle. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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between anterior contour pixels and posterior distances of binary
contour neuroforamen images using an original programwritten in
MATLAB (MathWorks Inc., MA, USA). The location of the narrowest
region was obtained from the following formula: distance from
inlet to the narrowest region/total distance along the long axis of
neuroforamen. This means that the slice of interest was located
close to the inlet of the neuroforamen if the value was close to 0,
and close to the outlet if the value was close to 1. These measure-
ments and calculations were performed in flexion and extension
separately.

2.4. Measurement of the neuroforamen in neuroforamen coordinate
system

In the NCS, the neuroforamen 3D model was created by sub-
tracting the cervical spine 3D model from the cervical spine 3D
model that contained the neuroforaminal space (Fig. 2). Intra-
foraminal areas in each slice per pixel along the long axis from
inlet to outlet were calculated by the software. Minimum area, inlet
and outlet area were evaluated, and location of the narrowest re-
gion within the neuroforamen was calculated. The location of the
narrowest region was obtained from the following formula: dis-
tance from the inlet to the minimum area slice/total distance along
the long axis of the neuroforamen. This means that the interest slice
was located close to the inlet of the neuroforamen if the value was
close to 0, and close to the outlet if the value was close to 1 (Fig. 3).
Fig. 2. 3D neuroforamen model was created using MIMICS® software, and lower vertebral
foraminal area was calculated. The orange part indicates extension. Pink plus orange indica
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Similar to the CCS, five parameters of foraminal width along the
anteroeposterior axis were calculated using MATLAB from binar-
ized images at the following five levels: D1, superior articular
process; D2, uncinate joint; D3, midpoint between the top and the
uncinate joint; D4, midpoint between the uncinate joint and the
bottom; and D5, the centroid of the foramen. The foraminal width
in the narrowest region was detected using these five parameters
(Fig. 4). These measurements and calculations were performed in
flexion and extension, separately. Finally, the coincidence rates
among the five parameters (from D1 to D5) between the narrowest
parameters in flexion and those in extension, and the distribution
of stenotic levels were calculated.

2.5. Adequate extent of facet resection in the cervical spine
coordinate system

In the NCS, the neuroforamen 3D model in the extension posi-
tion was divided into three parts: medial (green), middle (pink),
and lateral (blue) parts. The medial part indicates the space be-
tween the inlet and narrowest region in extension, and the lateral
part indicates the space between the outlet and the safety region
with same area as narrowest region in flexion (Fig. 5-A). Because
radiculopathy reduced in the flexed position, the minimum area in
flexion position was considered to be the threshold value of the
intra-foraminal area indicating sufficient decompression of the
nerve root. Finally, the 3D model was converted to the CCS (Fig. 5-
body of the model in extension was superimposed on the model in flexion, and intra-
tes flexion.

ogical analysis of cervical foraminal stenosis using dynamic flexion-
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Fig. 3. Intra-foraminal areas per slices. a and b indicate the distances from inlet to the
narrowest region in extension (*) and from inlet to the region in the extension with
same area as the minimum area in the flexion (y).
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B), and a length from the inner edge of the facet joint to the nar-
rowest region (Fig. 5-B(a)), a length from inner edge of facet joint to
the safety region (Fig. 5-B (b)), and a total length from inner to the
outer edge of the facet joint (Fig. 5-B (c)) along the horizontal axis
were calculated. Ratios of minimum and sufficient facet resection
were calculated to confirm adequate extent of facet resection on
ordinary axial CT images using the formula: a/c � 100 (%), and b/
c � 100 (%).
2.6. Actual facet resection after foraminotomy

To assess the actual facet resection after surgery, a length of the
resected facet joint was measured on axial CT images in the CCS,
and the ratio of actual facet resection was calculated using the
following formula: [1 e (length of resected facet joint)/(total length
from inner to the outer edge of the facet joint before
surgery)] � 100 (%).
2.7. Surgical procedure

The foraminotomy containing C5-6 or C6-7 foramen was per-
formed under microscopy using a high-speed drill with a 2-mm
Fig. 4. Measurement of the foraminal width in a slice of minimum area at fi
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diamond burr and a microsharp curette. The medial facet joints,
including both superior and inferior articular processes, were
resected to the extent that a microball tip (1 mm) could be inserted
easily around the nerve root.
2.8. Statistical analysis

The differences between the symptomatic and control groups
and the changes in investigated parameters of CT from flexion to
extension were evaluated using the parametric two sample t-test
and paired t-test respectively. Data were analyzed using the SPSS
22 statistical software package (SPSS, Inc., Chicago, IL), and p
values < 0.05 were considered to indicate statistical significance.
3. Results

Radiological parameters in both CCS and NCS are shown in
Table 2. Therewere no significant differences of foraminal widths in
the CCS between the symptomatic and the control groups. In NCS,
minimum area, foraminal width of D2 and the narrowest width
within the minimum area from D1 to D5 in the symptomatic group
were significantly smaller than those in the control group (all
comparisons, ps < 0.05).
3.1. Foraminal width

In the CCS, foraminal widths were found to be significantly
smaller in extension (flexion: 2.9 mm, extension: 2.3 mm;
p ¼ 0.014). In the NCS, foraminal widths at all five levels were
significantly smaller in extension (flexion (D1-D5): 5.2, 3.0, 5.3, 3.7,
3.8 mm; extension (D1-D5): 4.0, 2.4, 3.4, 3.3, 3.4; ps < 0.05). The
narrowest width from D1 to D5 was also significantly smaller in
extension (flexion: 2.6 mm, extension: 1.9 mm, p ¼ 0.001). How-
ever, there was no significant difference between the foraminal
width in extension in the CCS and the narrowest width in the NCS
(p ¼ 0.77). Coincidence rate between the narrowest parameter
from D1 to D5 in flexion and that in extension was 53%. The dis-
tribution of stenotic levels, including duplication of the narrowest
width in flexion, was D16%, D2 53%, D3 0%, D4 47%, and D512%, and
that in extension was D1 12%, D2 53%, D3 18%, D4 29%, and D5 0%.
ve levels (from D1 to D5) using an original program written in MATLAB.

ogical analysis of cervical foraminal stenosis using dynamic flexion-
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Fig. 5. A) The 3D extension foramen model was divided into medial (green), middle
(pink), and lateral (blue) parts according to a and b that indicate spaces between the
inlet and narrowest region and between the inlet and safety region, respectively. B)
When the 3D model was converted to the ordinal axial image, a, b, and c indicate
lengths from the inner edge of the facet joint to the narrowest region, to the safety
region, and the total facet joint, respectively.

Table 2
Radiographic evaluation of cervical foraminal stenosis.

Symptomatic
group

Control
group

p value

(mean ± SD) (mean ± SD)

Cervical spine coordinate system
Foraminal width (mm)
flexion 2.9 ± 1.2 3.4 ± 1.6 0.32
extension 2.3 ± 1.0a 3.1 ± 1.7a 0.11

Location of narrowest region
flexion 0.27 ± 0.15 0.40 ± 0.18 0.069
extension 0.22 ± 0.16 0.38 ± 0.20a 0.028*

Neuroforaminal coordinate system
Foraminal width (mm)
D1 flexion 5.2 ± 1.9 6.2 ± 2.7 0.24

extension 4.0 ± 2.3a 4.3 ± 2.2a 0.71
D2 flexion 3.0 ± 1.4 4.5 ± 1.4 0.015*

extension 2.4 ± 1.4a 3.9 ± 1.7 0.019*
D3 flexion 5.3 ± 1.9 6.3 ± 2.2 0.22

extension 3.4 ± 1.9a 4.6 ± 2.3a 0.16
D4 flexion 3.7 ± 1.0 4.1 ± 0.9 0.31

extension 3.3 ± 0.8a 3.8 ± 1.2 0.21
D5 flexion 3.8 ± 1.2 5.5 ± 1.8 0.008**

extension 3.4 ± 1.3 4.4 ± 1.6a 0.078
Narrowest width in D1-5
flexion 2.6 ± 1.0 3.8 ± 1.1 0.006**
extension 1.9 ± 1.1a 3.1 ± 1.3a 0.022*

Intra-foraminal area along long axis (mm2)
Minimum area
flexion 21.6 ± 4.7 27.2 ± 6.9 0.02*
extension 16.2 ± 4.5a 20.2 ± 6.5a 0.076

Inlet area
flexion 41.6 ± 8.9 49.7 ± 14.5 0.08
extension 31.1 ± 10.7a 37.0 ± 15.9a 0.26

Outlet area
flexion 44.0 ± 12.2 52.2 ± 8.3 0.072
extension 39.0 ± 10.5a 48.9 ± 8.3a 0.018*

Location of narrowest region
flexion 0.50 ± 0.05 0.49 ± 0.11 0.76
extension 0.45 ± 0.08a 0.39 ± 0.11a 0.15

Total distance along long axis (mm) 6.0 ± 0.9 5.8 ± 1.0 0.54

Abbreviations: SD, standard deviation.
*p < 0.05, **p < 0.01.

a The radiographic parameter in extension was significantly less than that in
flexion (p < 0.05).
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3.2. Location of the narrowest region

In the CCS, the location of the narrowest region (flexion/exten-
sion) was 0.27/0.22 on average (p¼ 0.16). In the NCS, the location of
the narrowest region (flexion/extension) was 0.50/0.45 on average
(p ¼ 0.03), suggesting that the narrowest region in the NCS was
located closer to the outlet than in the CCS (p < 0.001) (Fig. 6).
3.3. Adequate extent of facet resection in cervical spine coordinate
system

The lengths from the inner edge of the facet joint to the nar-
rowest and safety regions were 6.3 ± 0.6 mm and 7.5 ± 1.9 mm,
Please cite this article as: Mizouchi T et al., Three-dimensional morphol
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respectively. The ratios of minimum and sufficient facet resection
were 23 ± 8% (range, 5%e42%), and 32 ± 9% (range, 15%e49%),
respectively (Table 3).

3.4. Actual facet resection after foraminotomy in cervical spine
coordinate system

The ratio of actual facet resection was 47 ± 11% (range, 29%e
68%). The ratios of actual facet resection in all patients were higher
than the ratios of sufficient facet resection expected from preop-
erative CT images (Table 3).

4. Discussion

4.1. Evaluation of neuroforaminal stenotic regions using the novel
3D analysis method

In this study, a 3Dmodel was established from flexion-extension
CT images in which the narrowest regionwithin the foramen could
be visualized in the NCS. The narrowest foraminal widths in
extension were significantly shorter than those in flexion, which
was compatible with findings of clinical practice where deterio-
rating radiculopathy causes the foraminal width to be narrower in
the extended position [1]. In 3D analysis of the narrowest foraminal
width, stenotic level was most frequently located at the uncinate
ogical analysis of cervical foraminal stenosis using dynamic flexion-
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Fig. 6. Comparison of the location of the narrowest region in extension between the cervical spine and neuroforaminal coordinate system. The narrowest region in the neuro-
foraminal coordinate system was located on the outer side than in the cervical spine coordinate system.
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joint, whereas the distribution of the stenotic levels was unequal
between the top and the bottom of the neuroforamen.

As for cervical foraminal stenosis, several reports emphasized
that evaluation of multi-planar views or 3D images was better than
that of single axial or sagittal views [9,12,13]. Although the benefits
of oblique reformation perpendicular to the long axis of the neural
foramen were reported for both diagnosis and evaluation of ste-
notic lesions using CT and MRI [8,10], MRI analysis is limited in
terms of evaluating bone structures in detail [3,9,14]. In addition,
few studies have been conducted to quantitatively evaluate the
anatomy and severity of stenotic regions using CT image analysis in
cervical foraminal stenosis. Therefore, we conducted quantitative
evaluations using our 3D analysis method that resolves previous
problems by measuring dynamic changes in the intra-foraminal
area. In this study, CTM was used because it was taken routinely
to assess cervical cord entrapment; however, plane CT can be
substituted for CTM in our 3D analysis method.

A previous cadaveric study demonstrated that the diameters of C6
and C7 nerve roots were 5.8 mm and 4.8 mm, respectively [15].
Foraminal widths in this study were small enough to suffer from
nerve root entrapment. This study also demonstrated changes of
intra-foraminal area and width from flexion to extension. Although
the location of the narrowest region did not change regardless of
cervical position, the distributions of the stenotic levels fromD1 toD5
were unequal between flexion and extension. Since the anatomical
structures compressing the nerve root in the foramina vary among
individuals, these measurements can be used to recommend the
extent of resection fromupper and lower pedicles needed to achieve a
certain level of decompression in the vertical direction [16].
4.2. Adequate extent of facet resection in the inside and outside
directions

Significantly, we found that the narrowest regionwas located on
the outer side in the NCS, compared to its more inner location in the
Table 3
Ratios of facet resection.

Ratio (mean ± SD) Range

Minimum facet resection (%) 23 ± 8 5e42
Sufficient facet resection (%) 32 ± 9 15e49
Actual facet resection (%) 47 ± 11 29e68

Abbreviations: SD, standard deviation.

Please cite this article as: Mizouchi T et al., Three-dimensional morphol
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CCS. This mismatch in location, clarified using our 3D image anal-
ysis, might lead to insufficient decompression in posterior cervical
foraminotomy. When the location of the narrowest region was
converted from the NCS into CCS, the ratio of sufficient facet
resection ranged from 15% to 49%.

Previous studies suggested that the ratio of facet resection
should be approximately one-third to half to avoid postoperative
intervertebral instability [4] and to achieve good clinical outcomes
[2,16e18]. In this study, the ratio of actual facet resection was
47 ± 11% (range, 29%e68%), which was sufficient based on current
knowledge. However, due to a lack of high-precision imaging tools,
only a few studies have performed anatomical evaluation before
surgery and reported morphologic characteristics such as simple
classification of cervical foraminal stenosis. Gu et al. [19] morpho-
logically classified two types (v-shaped and parallel-shaped
foraminal stenoses) on ordinal CT axial images and reported a
higher possibility of insufficient decompression in parallel-shaped
foraminal stenosis. The present study first showed that the ratio
of sufficient facet resection was 32% on average, ranging from 15%
to 49%, from the anatomical viewpoint of quantitative evaluation.
These facts are important for preoperative evaluation, and an
extent of resection up to 50% can be recommended to achieve
sufficient decompression in cases with single-level cervical
foraminal stenosis. This guideline is consistent with our practical
experience of actual facet resection in the present study. However,
in cases with severe degenerative changes with multiple discs or
facet lesions, more than half of the facet joint may need to be
resected.

4.3. Limitations

The present study has several limitations. First, the sample size
was too small to analyze other contributing factors such as age, sex,
body mass index, and severity of facet degeneration in the symp-
tomatic group. Although these matters need further investigation
using larger sample sizes or including various degenerative
changes in the future, this study provided informative morphologic
features of cervical foraminal stenosis based on a relatively ho-
mogeneous patient population, without central canal stenosis or
intra-foraminal disc herniation. Second, because the evaluationwas
performed using only CT images, soft tissues such as ligaments and
bulging discs could not be evaluated, both of which potentially
contribute to nerve root compression. Therefore, further study, in
ogical analysis of cervical foraminal stenosis using dynamic flexion-
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combination with high-resolution MRI or image matching
methods, is needed to improve the precision of the evaluations.

In summary, our 3D model could visualize and quantitatively
evaluate the narrowest region within the neuroforamen in both
flexion and extension. The narrowvest foraminal widths in exten-
sion were significantly less than those in flexion. In the NCS, the
narrowest regions in both flexion and extensionwere located at the
middle of the neuroforamen on average. The ordinary evaluation on
axial CT images was very likely to underestimate the extent of facet
resection, whereas sufficient extent of facet resection did not
exceed 50% in this series.
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