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Abstract

Background: Although Degenerative Spondylolisthesis (DS) is a common osseous dysfunction, very few stud-

ies have examined the bony morphology of lumbar the neural arch in the population afflicted with DS. Therefore,
this study aimed to characterize the neural arch (NA) morphology along the entire lumbar spine in individuals with
degenerative spondylolisthesis (DS) and compare them to healthy controls.

Methods: One hundred CTs from a database of 500 lumbar CTs of spondylolisthesis were selected. We excluded ver-
tebral fractures, non-L4-L5 slips, previous surgeries, vertebral spondyloarthropathies, and scoliosis. Scans were divided
into a study group of 50 individuals with single-level DS (grades 1-2) at L4-5 (25 males and 25 females), and an age-
sex matched control group of 50 individuals. Linear and angular measurements from all lumbar segments included:
vertebral canals, intervertebral foramens, pedicles, and articular facets.

Results: Compared with the controls, all individuals with DS had greater pedicle dimensions in the lower

lumbar segments (A=1mm-2.14 mm) and shorter intervertebral foramens in all the lumbar segments

(Arange:1.85 mm-3.94 mm). In DS females, the lower lumbar facets were mostly wider (A= 1.73-2.86 mm) and more
sagittally-oriented (A10°) than the controls. Greater prevalence of grade-3 facet arthrosis was found only in the DS
population (DS =40-90%,controls = 16.7-66.7%). In DS males, degenerated facets were observed along the entire
lumbar spine (L1-5S1), whereas, in DS females, the facets were observed mainly in the lower lumbar segments (L4-S1).
Individuals with DS have shorter intervertebral foramens and greater pedicle dimensions compared with controls.

Conclusions: Females with DS have wider articular facets, more sagittally-oriented facets, and excessively degener-
ated facets than the controls. This unique NA shape may further clarify DS's pathophysiology and explain its greater
prevalence in females compared to males.
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Background

Degenerative lumbar spondylolisthesis (DS) is defined

as an anterior slip of one vertebra over an adjacent lower

vertebra, occurring in a degenerated spinal segment

[1-3]. DS is often observed at L4-L5, followed by L3-L4

and L5-S1 [4]. In ~66% of the cases, there is a double-
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and decreased levels of estrogen production [8]. Radicu-
lopathy with intermittent neurogenic claudication is also
associated with DS in aged individuals. However, this
condition is not uniquely associated with DS but can also
occur in patients afflicted with spinal stenosis, degenera-
tive scoliosis, and segmental instability [9-12].

Some researchers have implied that pathologi-
cal changes in the spine’s anterior elements, such as
degenerative disc disease, are associated with DS’s
pathogenesis [13]. Others have focused on changes in
the posterior elements [14—17]. Previous studies have
indicated that some of the anatomical components
of the neural arch (articular facets, pedicles, lamina,
spinous process, vertebral canal, and intervertebral
foramen) could be related to the pathomechanism of
DS [14-17]. Understanding whether the shape of the
neural arch is unique in individuals afflicted with DS
may help develop specific tools needed to predict either
the occurrence of vertebral slippage or its potential for
progression.

Although DS is an osseous dysfunction, very few stud-
ies have examined the bony morphology of the popula-
tion afflicted with DS. One study examined the whole
lumbar vertebral bodies (VBs) and intervertebral discs
(IVDs) with CT scans [13]. Those authors observed that
individuals afflicted with DS suffer from generalized
degenerative disc disease at all lumbar vertebral levels
and are characterized by decreased disc space heights
and a kyphotic posture in the upper lumbar segments.
Wider pedicles have been observed in various lumbar
degenerative diseases [3, 18-21], but only one study
directly assessed the neural arch [22]. Goyal et al. com-
pared lumbar vertebral morphology and vertebral dimen-
sions between isthmic spondylolisthesis and DS using
MRI and found that the osseous anatomy is significantly
different in patients afflicted with DS than those with
isthmic spondylolisthesis [22].

Objectives

Since the neural arch of individuals with DS has been
relatively unstudied or compared to healthy popula-
tions, it is reasonable to examine possible correlations
between VBs and IVD’s unique shape with the neural
arch. Our main goal was to analyze the neural arch’s
morphometry, including the facets, pedicles, vertebral
canals, intervertebral foramens, and compare them
with healthy controls. Our second aim was to correlate
the neural arch’s morphometry with previously pub-
lished VBs and IVD data in the same populations [13].
We hypothesized that the shapes of the lumbar articu-
lar facets, pedicles, vertebral foramen, and interverte-
bral foramen along the lumbar spine would correlate
with DS.
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Materials and methods

Human ethics

This study was approved by the Institutional Review
board of Tel-Aviv university and the Institutional Review
Board of Carmel Hospital, from where the authors
obtained the CTs (IRB #2009053). Due to the retrospec-
tive nature of the study, both ethics committees waived
the need for informed consent. The trial was also pro-
spectively registered in the NIH (#HT5106).

Study design
Observational, retrospective cross-sectional.

Study sample

Following ethics approval, 100 lumbar CT scans of indi-
viduals aged 50 to 80 were randomly chosen from a
hospital database of 500 CTs of DS. The CT scans were
equally distributed to two groups: a study group (N=>50)
and a control group (N=50). The study group included
50 CT images of individuals with low back pain, symp-
toms in the lower-limbs, and single-level DS (grades
1-2) at L4-5 (25 males and 25 females). Diagnoses were
rendered separately by two senior spine surgeons from
Assuta Medical Center Israel based on supine CT scans
and standing X-rays images. The control group included
CT scans of 50 individuals who were not afflicted with
low back pain and DS and were matched according to
gender and age (25 males, 25 females, age range 50 to 80)
(Table 1). All CT scans with slips other than at L4-L5,
evidence of previous surgery, vertebral fractures, spondy-
loarthropathies, scoliosis, osteoporosis, transitional ver-
tebra, and isthmic spondylolisthesis were excluded [13].
Inclusion criteria for the control group included cases

Table 1 Subjects characteristics

Group Gender Age (years) Weight (kg) Height (cm) BMI

(SD) (SD) (SD) (SD)
Control Male 64.7 788 174 26.1
(n =25)
(7.8) (124) 8.2) (3.8)
Female 61.2 67.6 162.9 255
(n=25)
(7] (10.3) (54) 4.)
DS Male 65.6 82.2 174 27
(n=25)
(9.9 [17] (7.5) (44)
Female 68.6 69.2 1593 27.2
(n=25)
(9.3 [10] (3.8%) (3.7)

DS Degenerative spondylolisthesis, BMI body mass index; *Significant between
the two groups (control/DS) (p < 0.05)
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that were examined in the hospital but with no radiologi-
cal findings and no complaints of back pain.

Primary outcome measures

We extracted the following neural arch measurements
from all vertebrae from L1-S1 (Fig. 1): Foramens: supe-
rior vertebral canal length and width, and interverte-
bral foramen height; Pedicles: pedicle height length
and width; Articular facets: superior and inferior facet
widths and inter-facet widths, superior transverse facet
angles and superior transverse inter-facet angles and
finally, facet arthrosis degree.

Procedures

All the CT morphological measurements were taken
by the same examiner (SA), with 6 years of experience
conducting similar measurements, from 2D projections
using a computer software program (K-Pacs Workstation
Version 1.0.1). We performed Intra-reliability trials on
ten CT images before the study’s procedure. The intra-
reliability test was conducted by the first author who
repeated the exact measurements twice for the same set
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of 10 CTs. There was a 1-week interval between the two
tests.

The degree of facet arthrosis was assessed 6 months
after all the morphological measurements were com-
plete. The two examiners (First and second author)
were blinded to the diagnosis or identifying features and
assessed all 100 scans. Grading was based on the agree-
ment between the two examiners. They evaluated the
degree (0-3) and prevalence of facet arthrosis according
to Pathria’s classification [23]: 0=normal facets, 1 =nar-
rowing facets, 2=narrowing plus sclerosis, 3=severe
osteoarthritis with narrowing sclerosis, and osteophytes.
Although Pathria initially intended this classification for
x-ray interpretation, it was also used in studies examining
CTs and MRIs and showed good reliability [24—26].

Data analysis

Descriptive statistics were analyzed for all measurements.
The Kolmogorov-Smirnov test examined whether the
data were normally distributed. A multivariate regres-
sion analysis assessed the effects of age, weight, height,
and BMI of the measured spinal parameters. Analysis

Fig. 1 Neural arch measurements. I) Transverse facet angle (TFA) =the angle between line A and line C, Transverse inter-facet angle (TIFA) =the
angle between line A and line B; Il) The vertebral canal length (VCL) =the distance between A and B, the vertebral canal width (VCW) =the
distance between C and D; Ill) Facet width (FW) =the distance between A and C, Superior inter-facet width (SIFW) =the distance between A

and B, Inferior inter-facet widths (IIFW) =the distance between C and D; IV) The pedicle length (PL) =the distance between A and B, The pedicle
width (PW)=the distance between C and D; V) The vertebral foramen height (VFH) =the distance between A and B, The pedicle height (PH) =the
distance between C and D
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of variances examined the differences between the DS
group and controls. The intra-class correlation coefficient
(ICC) determined the intra-tester and inter-tester relia-
bility of the measurements. An ICC of >0.75 was consid-
ered good reproducibility, whereas an ICC; ;<0.75 was
regarded as poor reproducibility [27-29]. We calculated
the sample size assuming a 1 mm difference between the
means and a difference of 1 mm between the standard
deviation as previously observed [13]. For a power of 85%
and an alpha of .05, the recommended sample size was
45 subjects for each group. In the case of normally dis-
tributed data, the Pearson r correlation coefficients were
used to detect any significant correlations between the
various morphometrical variables of the neural arch as
examined in the current study, and the lumbar VBs and
IVDs as previously published in the same populations
using the same methodology [13].

Results

We analyzed a total of 9500 measurements from 100
lumbar CTs (19 measurements in each vertebral level x 5
vertebral levels x 100 CTs). All p-values for the Kolmog-
orov-Smirnov test were > 0.05, indicating a normal distri-
bution of all variables (0.11 <p <0.999). Both intra-tester
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and inter-tester reliability for all measurements were
good (0.85<ICC ; ;<1 and 0.85<ICC; ;<0.92, respec-
tively). Males were significantly taller and heavier than
the females in both the DS and control groups (p <0.05).
Multivariate regression analysis revealed that age, height,
weight, and BMI did not affect all measured spinal
parameters (0.53 <p<0.994) (Table 1). Patterns of shape
variation of all measured parameters along the lumbar
spine are described below and illustrated in Figs. 2, 3, 5,
6.

Articular facets (Table 2, Figs. 2, 3, 4)
The right and left facet width increased distally along the
lumbar spine (AL1-L5=4mm), the superior inter-facet
width increased from L1 to L2 (AL1-L2=1mm), remain-
ing unchanged from L2 to L3 and increased towards L5
(AL1-L5=7mm). The inferior inter-facet width remained
unchanged from L1 to L2 and increasing sharply towards
L5 (AL1-L5=16mm). The left and right transverse facet
angles decreased from L1 to L2 (~2°) and increased from
L2 to L5 (AL2-L5=12°-17°).

Compared with the controls, the left facet was nar-
rower at L3 in males afflicted with DS (A=1.9mm)
and wider at L5 in the afflicted females (A=2.2mm)
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(p<0.05). The right facet was wider at L4 and L5 in
females afflicted with DS than the controls (A=1.73—
2.86 mm). The left facet angle at L4 and inter-facet angles
at L2 and L4 were significantly more sagittally-oriented
in afflicted females than the controls (A=10°). No sig-
nificant differences in facet orientation were observed in
males in either group.

A greater prevalence of grade-3 facet arthrosis was
shown in the DS population compared to the controls
(DS=40-90%, controls=16.7-66.7%), especially at
L5-S1 in both males (80-85%) and females (83.3—90%)
and at L4-L5 only in females (86-90%) (Fig. 3). Moreo-
ver, a high prevalence of grade-3 facet arthrosis (>50%)
extended along with all lumbar segments in males
afflicted with DS, yet, was only concentrated in the
lower lumbar segments (L4-5 and L5-S1) in afflicted
females.

Intervertebral foramens and vertebral canals (Table 3

and Fig. 5)

The intervertebral foramen height increased from L1 to
L3, remained unchanged at L3-L4, and decreased towards
L5-S1 (~3mm). The superior vertebral canal width

increased from L1 to L2, remained unchanged at L3, and
increased again towards L5 (~3 mm). The superior verte-
bral canal length decreased from L1 towards L3 (~2mm)
and remained unchanged at L4, though, increased
towards L5.

Compared to the controls, in both males and females
in the DS group, the intervertebral foramen was found
significantly shorter in all lumbar segments (A range:
1.85mm-3.94mm). In the DS group, the females’ ver-
tebral canal was wider at L1 (22.15mm vs. 20.89 mm)
and L5 (26.31mm vs. 23.80mm) and longer at L3 in
females (15.84mm vs. 14.50mm) and males (15.17 mm
vs. 1349mm) and L4 in only females (15.46mm vs.
14.21 mm) compared to the controls.

Pedicles (Table 4, Fig. 6)

The left pedicle height decreased from L1 to L2 (1mm),
remained unchanged at L3, and decreased again at
L4-L5 (~3mm along the lumbar spine). The right pedicle
height decreased (~2mm), and the left and right pedicle
lengths decreased, both along the lumbar spine (~4mm).
The pedicle width increased along the lumbar spine and
sharply increased from L3-L5 (~6mm). At L1-L2, the
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Table 2 Lumbar facet measurements in control and degenerative spondylolisthesis groups

Facet measurements Gender Group L1 L2 L3 L4 L5
Mean in mm(SD) Mean in mm(SD) Mean in mm(SD) Mean in mm(SD) Mean in mm(SD)
Left Width Males Control  16.72 16.93 ©18.45 18.16 19.45
(2.21) (1.62) (1.89) (2.32) (2.69)
DS 16.23 16.28 ©16.62 1731 20.51
(1.98) (1.20) (1.47) (1.61) (2.42)
Females  Control  15.03 15.50 16.02 16.73 N7.71
(1.86) (2.40) (1.55) (1.81) (3.23)
DS 14.85 15.44 16.41 17.63 919.92
(1.24) (1.93) (2.04) (3.26) (3.45)
Right Width Males Control 16.88 16.58 18.16 17.85 19.09
(2.62) (2.24) (1.96) (2.08) (2.30)
DS 15.43 15.80 17.29 17.90 19.61
(2.2) (1.84) (2.19) (3.20) (2.71)
Females ~ Control ~ 14.98 1541 16.17 £16.03 17.52
(2.26) (2.27) (2.11) (1.59) (3.14)
DS 15.27 15.74 16.30 17.76 920.37
(1.84) (2.55) (1.54) (2.35) (4.93)
Superior Inter-facet Width Males Control  16.12 16.58 #15.56 517.13 22.74
(1.78) (2.12) (2.31) (2.45) (4.76)
DS 15.90 17.22 17.26 2047 24.74
(1.74) (2.73) (2.96) (4.83) (6.04)
Females  Control ~ 13.83 14.09 41476 516.01 20.80
(2.40) (2.98) (1.61) (2.85) (5.54)
DS 13.57 15.61 216.14 £20.22 19.62
(2.86) (2.66) (3.06) (4.53) (5.86)
Inferior Inter-facet Width Males Control  31.92 31.08 3351 37.19 48.56
(3.79) (4.68) (4.74) 6.21) (7.71)
DS 30.44 31.61 33.56 39.20 46.20
(2.56) (3.45) (6.10) (6.84) (12.71)
Females  Control ~ 29.75 29.10 3132 36.01 46.05
(3.65) (3.28) (3.50) (4.93) (8.73)
DS 28.31 29.04 3261 37.35 4541
(4.23) (3.70) (3.91) (5.67) (7.23)
Left Transverse facet Males Control ~ 33.10 29.13 3158 37.70 46.58
(7.95) (7.94) (10.45) (9.39) (9.10)
DS 30.71 3217 34.30 3761 38.14
(6.34) (7.94) (11.04) (11.54) (16.02)
Females  Control ~ 34.05 3356 3464 ©41.25 4568
(6.91) (8.94) (9.32) (9.10) (11.15)
DS 34.49 30.03 34.11 03325 4142
(7.64) (6.45) (5.83) (10.70) (10.31)
Right Transverse facet Males Control  31.38 29.71 33.08 36.22 4417
(8.36) (7.24) (8.30) (11.48) (13.17)
DS 29.67 28.06 3047 37.82 47.08
(9.66) (6.97) (8.96) (11.35) (12.84)
Females  Control 23324 30.52 3550 °39.84 4325
(7.97) (8.56) (6.89) (9.22) (12.50)
DS a28.57 26.21 32.50 #34.00 4547
(6.30) (7.49) (7.65) (10.42) (10.85)
Transverse Inter-facet Males Control  62.70 57.63 6142 7048 71.00
(15.80) (13.45) (15.48) (15.47) (11.23)
DS 56.73 5859 61.17 67.25 63.55
(9.57) (11.24) (17.65) (13.03) (15.79)
Ferales  Control 6890 °63.44 68.64 ?75.58 74.72
(13.22) (16.10) (13.35) (10.86) (10.94)
DS 61.80 b54.64 64.12 %65.57 7220
(10.73) (9.39) (12.18) (19.49) (12.52)

2 significant between the two groups (normal / pathological) <0.05

b significant between the two groups (normal / pathological) < 0.01; Bold = significant within each groups (males / females)
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Fig. 4 Prevalence (%) of facet arthrosis
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left pedicle width was significantly smaller in afflicted
females than the controls (A 1.3mm at L1, A 0.8 mm at
L2). At L3-L5, the following pedicle measurements were
greater in the DS population than in the controls: L3-right
lengths in males (A 1mm); L4-left heights in males (A
1.87mm) and females (A 1.75mm), left lengths in males
(A 1.07 mm) and females (A 1.47 mm) and right lengths (A
1.37 mm) and width in males (A 2.14mm); L5-left length
(A 1.26 mm) and height (A 1.89 mm) in only females.

Correlations between the neural arch, VBs, and IVDs

We compared the current neural arch’s measurements with
previous measurements of the VBs and adjacent IVDs in
the same populations for this aim [13]. Only in afflicted
females, the greater the lordotic L4 VB wedging and pos-
terior IVD height were, the greater the pedicle dimensions

appeared in L4 and L5 (0.41<Pearsons r<0.5; p<0.5)
(Table 5).

Discussion

To the best of our knowledge, this is the first study to
compare the entire neural arch’s morphology along the
entire lumbar spine in individuals afflicted with DS.
This morphological data is very similar to other pub-
lished data (normal and pathological) [30] from dif-
ferent populations and with varying sample sizes, thus
strengthening our methods and conclusions (Table 6)
[18, 19, 21, 30-37]. For example, in the mentioned stud-
ies, the pedicle width increases and the pedicle height
decreases along the lumbar spine (L1-L5). In the cur-
rent results, the neural arches of all individuals afflicted
with DS were characterized by shorter intervertebral
foramens in all lumbar segments and greater pedicle
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Table 3 Prevalence (%) of facet arthrosis levels of males and females

Page 8 of 13

Lumbar level Side Males Females
Control DS Control DS
T12-L1 0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3
Right 0 0 292 208 0 0 15 50 0 38 154 231 0 0 0 50
Left 0 4.2 125 333 0 O 10 55 0 0 192 231 0 0 6.7 433
L1-L2 Right 4.2 16.7 458 333 5 5 35 55 7.7 1.5 30.8 50 0 233 433 333
Left 4.2 292 333 333 0 10 35 55 77 77 423 423 0 10 367 50
L2-L3 Right 4.2 333 458 16.7 5 5 40 50 3.8 154 30.8 50 33 10 40 46.7
Left 0 417 292 292 5 15 20 60 38 231 423 308 O 6.7 533 40
L3-L4 Right 167 292 208 333 0 15 25 60 77 77 423 423 0 6.7 267 667
Left 12.5 29.2 375 20.8 0 25 15 60 3.8 19.2 53.8 231 0 10 433 46.7
L4-L5 Right 83 125 208 583 0 5 50 45 0 115 385 50 0 0 10 90
Left 83 0 4.7 50 0 5 30 65 3.8 77 50 385 0 6.7 6.7 86.7
L5-S1 Right 0 0 333 667 0 O 15 85 38 38 346 577 33 33 10 833
Left 0 0 375 62.5 0 0 20 80 0 7.7 346 57.7 0 33 6.7 90

DS Degenerative spondylolisthesis; 0 =Normal; 1 = Narrowing of facet joint; 2= Narrowing plus sclerosis or hypertrophy; 3 = Severe osteoarthritis with narrowing

sclerosis and osteophytes

Vertebral Foramen Height

20

18
16
€
£14
£12 4
@10
38
26
4
2
0 : : : ; :
L1-12 L2-13 13-L4 L4-L5 L5-51
Vertebrae

—o— Males control == Males DS —#— Females control =< Females DS — All

Fig. 5 Shape variation of vertebral canal length, width and vertebral foramen height

Vertebral Canal Length Vertebral Canal Width
30 30
28 28 T
2 26
Eza g 24 T I I
£ 22 < 22 -
w20 w 20
§1s 1 T | 5 18
S 16 S 16
14 - 14
12 12
10 ‘ . ‘ . .10 . . . ‘
1 12 13 L4 L5 1 12 13 L4 L5
Vertebrae Vertebrae




Abu-Leil et al. BMC Musculoskeletal Disorders (2021) 22:1026

Page 9 of 13

Table 4 Lumbar vertebral canal measurements in control and degenerative spondylolisthesis (DS) groups

Measurements Gender L1 L2 L3 L4 L5
Means in mm Means in mm Means in mm Means in mm Means in mm
(SD) (SD) (SD) (SD) (SD)
Control DS Control DS Control DS Control DS Control DS
Canal Length M 1642 16.98 14.81 16.24 13.49 *15.17 13.62 14.89 14.39 17.26
(2.91) (3.17) (2.44) (4.06) (1.61) (3.02) (1.75) (3.31) (2.22) 6.79)
F 16.33 17.14 15.14 16.27 14.50 **15.84 14.21 *15.46 14.84 15.79
(1.80) (3.14) (1.64) (2.79) (1.50) (2.38) (2.12) (2.36) (3.09) (3.14)
Canal Width M 22.68 22.63 22.59 23.01 2247 23.03 22.59 23.89 2523 2524
(2.67) (2.70) (2.35) (2.79) (2.73) (2.86) (2.66) (3.43) (3.69) (3.37)
F 20.89 22.15% 2165 2250 2197 2244 22.29 23.30 23.80 ¥26.31
(1.61) (2.01) (2.28) (2.10) (2.49) (3.47) (3.52) (2.59) (3.45) (4.32)
Vertebral foramen height M 16.66 14.15*% 17.10 *14.83 17.07 *15.08 15.78 11.84 13.64 *10.99
(2.05) (2.41) (2.72) (2.64) (2.73) (2.26) (3.20) (2.39) (3.00) (341)
F 15.14 *13.29 16.71 *13.61 16.49 *13.24 15.30 1146 13.50 *10.97
(1.80) (2.83) (2.23) (3.11) (2.38) (2.34) (2.06) (2.66) (2.23) (2.34)

(M) =Male, (F) =Female, (*) =significant between the two groups (control /study) respectively with gender (p < 0.05); Bold = significant between males and females

(p<0.05)

dimensions in the lower lumbar spine than the con-
trols! In females afflicted with DS, the lumbar neural
arch was characterized by wider articular facets, more
sagittally-oriented facets, and excessively degenerated
facets compared with the controls.

Previous studies have reported a clear correlation
between DS and the facet joints’ sagittal orientation [7,
14, 15, 17, 38]. Individuals with an increased sagittal
facet orientation at the L4-L5 are 25 times more likely
to suffer from DS than individuals with a lesser sagit-
tal facet orientation [38]. However, Hosoe and Ohmori
(2008) reported contrasting results showing no clear
correlation between the facet joints’ sagittal orientation
and DS [39].

The current results indicate that afflicted females’
lumbar spine is characterized by wider facets at L4 and
L5 and more sagittally-oriented facets at L2 and L4.
This finding is in line with previous data that observed
a correlation between sagittally-oriented facets at L4-5
and DS prevalence [15, 17, 38, 40]. When an increased
sagittal facet orientation is combined with excessively
degenerated facets at L4-L5, as indicated herein, it is
reasonable to suggest that this will further facilitate its
anterior slippage in females due to altered mechani-
cal forces and displacement of the center of gravity in a
lordotic lumbar spine. This explanation is further sup-
ported because we found that the lower lumbar facets
become wider, probably as a structural adaptation for
the increased mechanical stresses. Conversely, in the
current results, males’ facet orientation was not corre-
lated with DS; therefore, it may not play a significant role
in DS’s pathomechanism in this population. On the one

hand, this detail may explain the higher prevalence of DS
in women than in men [6]. On the other hand, we found
that degenerated facets in afflicted men extended along
the entire lumbar spine (L1-S1) compared with females
(L4-S1), which may facilitate the anterior slippage of
L4 in this population due to altered mechanical forces.
Love et al. claimed that the presence of increased sagit-
tal oriented facet joints at L4-5 in subjects afflicted with
DS was a consequence of arthritic changes rather than a
direct result of DS [41].

Our findings correspond well with previously pub-
lished data, where the same subjects afflicted with DS
exhibited a significantly greater prevalence of osteo-
phytes along the lumbar spine (L1-S1), thinner IVDs,
greater kyphotic IVD’s shapes in the upper lumbar seg-
ments (L1-L3), less lordotic IVDs at the lower segments
(L4-S1) in females, and more lordotic VBs of L5 in males
[13]. Accordingly, when combined with kyphotic degen-
erated IVDs in the upper lumbar spine (L1-L3), degen-
erated sagittally-oriented articular facets in the lower
lordotic segments (L4-L5) may facilitate the anterior
slippage of L4 [13]. These mentioned contributing ana-
tomical and mechanical factors could be added to a pre-
viously proposed interactive cyclical model explaining
DS’s pathomechanism [13].

We also found greater pedicle dimensions (lengths
and heights) at the lower lumbar segments in individu-
als afflicted with DS. Nevertheless, a comparison with
previously published data of the same populations found
that only in afflicted females, the greater the vertebral
lordosis of the slipped L4 vertebra was and the greater
the IVD posterior height at L4-5, the greater the pedicle
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dimensions were at L4-5 [13]. This detail may be a struc-
tural adaption and mechanical compensation for the slip-
page of L4. It may further explain why the prevalence
of DS is greater in females than in males [6]. Neverthe-
less, this “adaptive” explanation should be interpreted
cautiously as all CT’s were taken in the supine posi-
tion (ie. non weight-bearing position), thus probably

lacking correlation with spinopelvic parameters related
to posture.

Finally, as the pedicles act as the superior and infe-
rior osseous borders of the intervertebral foramen,
their greater dimensions shorten the foramen’s space
causing spinal stenosis in DS. Indeed, our results
demonstrated that all lumbar intervertebral foramens
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Table 5 Lumbar Pedicle measurements in control and degenerative spondylolisthesis group

Pedicle measurements Gender Group L1 L2 L3 L4 L5
Mean in mm(SD) Mean in mm(SD) Mean in mm(SD) Mean in mm(SD) Mean in mm(SD)

Left height Males Control 12.68 12.07 11.85 41091 9.50

(3.40) (3.29) (2.50) (3.15) (311

DS 13.85 1340 13.12 21279 11.36

(2.80) (2.25) (2.29) (2.41) (3.06)

Females  Control  11.98 1157 1220 51051 b8.88

(2.93) (2.72) (347) (2.70) (2.47)

DS. 12.24 177 1164 1226 51077

(2.52) (2.50) (2.51) (2.38) (2.17)

Right height Males Control ~ 13.56 1213 12.16 1123 9,88

(2.83) (2.62) (2.41) (3.20) (3.22)

DS 14.03 12.90 13.49 1268 1158

(2.38) (2.76) (1.99) (2.65) (2.47)

Females  Control 1272 11.86 11.93 11.02 5941

(2.27) (2.73) (1.97) (2.48) (2.59)

DS 11.89 1143 11.72 1174 51116

(242 (2.52) (2.19) 2.71) (241)

Left Length Males Control 6.74 5.59 3.88 337 272

(1.22) (1.23) (1.25) 08) (0.98)

Control 726 586 4.66 5444 333

(1.77) (1.43) (1.45) (1.37) (0.88)

Females DS 6.87 6.24 485 5328 52,60

(1.38) (148) (1.14) (1.13) (1.00)

Control ~ 7.10 6.04 5.18 04,75 0386

(1.62) (1.56) (1.47) (133) (1.21)

Right Length Males DS. 6.99 551 ©3.81 318 263

(141) (1.39) (1.30) (0.79) (0.91)

Control 751 6.44 °4.76 5455 315

(1.30) (1.75) (1.30) (147) (0.88)

Females DS 7.08 6.37 491 3.90 2.88

(133) (141) (1.39) (2.68) (1.20)

Control 755 6.60 5.70 477 3.69

(1.62) (1.61) (1.67) (1.76) (127)

Left Width Males DS 7.63 8.83 10.50 1078 15.51

(2.91) (2.48) (2.66) (3.96) (4.56)

Control  8.00 8.17 10.67 1231 16.09

(1.41) (1.91) (1.60) (1.90) (3.12)

Females  Control  °7.36 37.21 8.65 10.25 12.74

(1.34) (1.29) (2.04) (2.59) (3.84)

DS °6.06 °6.42 9.27 1137 14.62

(1.38) (1.38) (2.02) (2.24) (3.09)

Right Width Males Control 735 8.43 9.46 21065 15.38

(2.20) (2.20) (2.97) (348) (4.46)

DS 8.31 8.84 10.93 212,79 17.10

(1.99) (1.59) (2.09) (2.50) (2.84)

Females Control 6.95 7.23 8.66 10.02 12.90

(1.30) (1.58) (1.97) (3.09) (3.87)

DS 6.27 6.62 8.77 1101 14.67

(1.29) (1.55) (2.21) (2.56) (2.27)

Transverse Pedicle Males Control 10.25 10.38 10.67 10.58 13.83

(3.91) (4.79) (447) (3.93) (5.28)

DS 10.85 1155 13.00 11.55 1036

(2.96) (3.99) (3.63) (4.62) (5.77)

Females  Control 1146 11.12 1235 ©13.80 1281

(3.55) @11) (3.78) (4.58) (6.94)

DS 1214 1264 12.25 °12.70 1242

(4.36) (4.94) (4.98) (4.87) (6.48)

DS degenerative spondylolisthesis; 2= significant between the two groups (normal / pathological) <0.05;°=significant between the two groups (normal / pathologi-

cal) <0.01; Bold = significant within each groups (males / females)
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Table 6 Mean pedicle measurements in the current study compared with previous radiological studies (in control groups)

Study Population Sample size (n) Mean diameter L1 L2 L3 L4 L5
(mm)
Current study Israeli 50 PW 73 79 93 104 14.1
PH 124 12.06 12.03 109 94
Singh et al. [31] Indian 302 PW 9 9.5 10.7 1.8 14.3
Abbas et al. [30] Israeli 180 PW 7 7.3 8.8 10.7 15.2
PH 14.9 141 14 13 1.7
Mohanty et al. [21] Indian 102 pPW 72 76 8.4 10.1 13
Marasini et al. [32] Nepalese 246 PW 7.2 76 9.5 10.6 1.3
PH 15 153 15.2 135 12.6
Acharya et al. [33] Indian 50 PW 7.2 7.6 89 11.1 139
Chadha et al. [18] Indian 20 PW 6.7 7.2 84 10.8 135
Kadioglu et al. [34] Eastern Anatolian 29 PW 88 9.7 10.3 10.8 146
PH 14.7 14.5 136 136 134
Mitra et al. [35] Indian 20 PW 73 7.5 8.5 9.7 14.5
PH 164 15.6 15.2 153 15.2
Cheung et al. [36] Chinese 134 PW 53 6.7 95 115 14.7
Bernard and Seibert [19] American 154 PW - 8.1 8.7 10.9 145
Olsewski et al. [37] American 42 PW 82 83 10.0 126 16.6
PH 182 17.2 16.9 15.6 138

PW Pedicle width, PH Pedicle height

were shorter in the DS group compared to the con-
trols. Although the DS population’s clinical symptom-
atology and functional disabilities were beyond this
paper’s scope, this anatomical finding most probably
contributed to DS’s clinical presentation in females
and males. This aspect is supported by the fact that
radiculopathy with intermittent neurogenic claudica-
tion is a condition commonly associated with DS in
elderly individuals [9-12].

Conclusion

In all individuals afflicted with DS, the neural arch is
characterized by shorter intervertebral foramens in all
lumbar segments and greater pedicle dimensions in the
lower lumbar spine than controls. In females afflicted
with DS, the lumbar neural arch is characterized by wider
articular facets, more sagittally-oriented facets, and
excessively degenerated facets compared with the con-
trols. This unique shape of the neural arch along the lum-
bar spine could be related to DS’s pathomechanism and
may explain the greater prevalence of DS in females than
males.
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