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Abstract

Purpose

This study aimed to examine the vertebral body shape characteristics and spondylopelvic
alignment in L4 degenerative spondylolisthesis (DS) as well as the risk factors for the devel-
opment of DS.

Methods

This cross-sectional study compared vertebral morphology and sagittal spinopelvic align-
ment in female patients with lumbar DS and lumbar spinal stenosis (LSS). The degree of
lumbar lordosis (LL), pelvic incidence (PI), cross-sectional area (CSA), and vertebral body
height ratio (h./h,) of the lumbar spine were compared using full-length spine radiographs
and computed tomography in 60 females with DS and in 60 women with LSS.

Results

No significant differences in age or body mass index were observed between the two
groups; however, the DS and LSS groups significantly differed in Pl (mean, 58.9+10.8 vs.
47.2+11.6, P<0.001), L4 CSA (mean, 1,166.2 m? vs. 1,242.0 m?, P=0.002) and h,/h,
(mean, 1.134 vs. 1.007, P<0.001). The L4 h,/h, was significantly higher in the DS group
than in the LSS group. Additionally, LL values were negatively correlated with vertebral L5
CSAinthe DS group (r=-0.28, P< 0.05). The LSS and DS groups demonstrated positive
correlations between LL and L2, L3, and L4 h,/h, (r=0.331, 0.267, and 0.317; P<0.01, <
0.05, and < 0.05, respectively) and between LL and L4 and L5 h/h, (r=0.333, 0.331; P<
0.01, respectively). Multivariate regression analyses revealed that Pl and h./h, ratio may be
independent predictors of DS development.
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Conclusion

The DS group had significantly larger LL, PI, and L4 h./h, and smaller L4 CSA than the LSS
group. The lumbar vertebral body shape and sagittal spinopelvic alignment in females might
be independent predictors of DS development.

Introduction

The sagittal spinopelvic alignment influences the prognosis and treatment of adult spinal
deformities [1-3]. The parameters used to evaluate sagittal spine pelvic alignment below the
lumbar level include lumbar lordosis (LL), sacral slope, pelvic tilt, and pelvic incidence (PI).

LL refers to the anterior curvature of the lumbar spine and is a response to an upright pos-
ture in humans that develops during childhood, increases throughout adolescence, and is
more common in females than in males [1, 2]. LL is caused by variations in lumbar vertebral
morphogenesis, including the ratio of the heights of the anterior and posterior walls of the ver-
tebral body (vertebral body height ratio [h,/h,], vertebral wedging), height of the intervertebral
disc, vertebral cross-sectional area (CSA), and orientation of the lumbar facets [1, 2]. In con-
trast, PI is the angle of sacral tilt with respect to the pelvis; after bone maturity, PI is an individ-
ual-specific constant angle because the movement of the sacroiliac joint is negligible [4].
Lumbar degenerative spondylolisthesis (DS) typically occurs at the L4-L5 level in females aged
>50 years with a high PI [5, 6]. Large LL and PI were independent predictors of lumbar DS
(ventral slippage of the affected vertebra) [6-8].

In contrast, the CSA represents that of the vertebral body, and a smaller CSA in a growing
female vertebral body likely allows for a greater range of spinal motion and facilitates the LL
required during pregnancy [4]. However, a large LL may increase the risk of spinal disease, dis-
ability, disc height [2], vertebral wedging [5], spondylolysis [6], scoliosis [9], and vertebral frac-
tures [1]. Although the associations between a large LL and DS and between a large LL and
CSA have been investigated, an association between vertebral body shape and DS has not been
proven [6-8].

In the present study, we hypothesized that DS is associated not only with sagittal spine pel-
vic alignment, such as LL and PI [6, 9, 10], but also with vertebral body morphology, including
wedge-shaped vertebrae and a small CSA.

Materials and methods

The study protocol was approved by our institutional review board (IRB) for clinical investiga-
tions and was conducted in accordance with the Declaration of Helsinki and the Health Insur-
ance Portability and Accountability Act. Written informed consent was obtained from all
participants and their parents. All study participants were recruited from the Division of
Orthopaedic Surgery of our hospital. Our IRB approved this retrospective review of the patient
data (approval number:2021-11-R-06). On February 20, 2022, access was obtained from a
database containing records of spinal surgeries conducted at the hospital, and patient data
were collected.

Patients

Because sex differences in CSA and spinopelvic alignments, such as LL and PI, have been
reported, sex unification is required. The CSA was reported to be smaller in females than in
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males and larger in the LL and PI in females [8, 11]. In addition, it most commonly develops
in females and the pelvic morphology differs according to sex [8, 11]. Therefore, only female
patients were included in this study. Furthermore, female patients with L4 DS were included
in this study because DS is most common at the L4-L5 level and has a higher incidence in
female patients than in male patients [12].

Sixty consecutive L4-DS female patients who underwent lumbar posterior fusion at our
hospital after January 2018 were included in the study, and 60 consecutive female patients with
lumbar spinal stenosis (LSS) who underwent posterior decompression simultaneously were
included as the control group for the retrospective iconographic study. Three spinal surgeons
diagnosed these diseases based on subjective symptoms, neurological findings, and magnetic
resonance imaging findings. All patients underwent sagittal spinal radiography in a standing
position without support, spinopelvic computed tomography (CT), or magnetic resonance
imaging (MRI) before surgery. Patients with back and leg pain, abnormal neurological find-
ings, and imaging stenosis that could explain these findings were considered for surgery. We
diagnosed patients when there was stenosis due to degeneration, such as thickening of the yel-
low ligament on MRI. L4DS was diagnosed when the L4 vertebra slipped more than 3 mm
anteriorly from the L5 vertebra on lateral flexion-extension radiographs of the spine [13].

Iconographic study

On standing sagittal full-length radiographs of the spine, the angles created by intersecting
lines drawn from the midpoint of the femoral heads to the midpoint of the superior endplate
of the sacrum and a line perpendicular to the superior endplate of the sacrum were used to
measure the PI. The LL was measured as the angle between the superior endplates of L1 and
S1. Vertebral CSA was measured in the axial plane at the midportion of the pedicle on the spi-
nopelvic CT images (Fig 1). Vertebral height was measured anteriorly (h,) and posteriorly (h,)
in the sagittal plane of the midportion heights in the coronal and axial planes on spinopelvic
CT images in the range of L1 L5. Vertebral body height ratio was calculated by dividing the
anterior height by the posterior height (h./h,) [14].

Statistical analysis

The mean =+ standard deviation of quantitative data was calculated. The Student’s t-test was
used to compare data between the DS and LSS groups. Qualitative data were expressed as fre-
quencies (percentages). The chi-square test was used to compare data between the DS and LSS
groups. To assess the association between DS and iconographic characteristics, multiple multi-
variate logistic regression analysis was performed to calculate the adjusted odds ratio con-
trolled for age (years, continuous) and body mass index (kg/mz, continuous). The DS (0:
absent, 1: present) was used as the dependent variable, and LL (0: <30°, 1: 30-40°, and 2:
>40°), PI (0: <50°, 1: 50-60°, and 2: >60°), L4 VCSA (0: 1000-1200 m?, 1: <1000 m?, and 2:
>1201 m?), and L4 ha/hy, (0: >1.1, 1: 1.0-1.1, and 2: <1.0) were used as the independent vari-
ables. Statistical significance was set at P < 0.05. Data were analyzed using the JMP Pro soft-
ware version 16 (SAS Institute, Cary, NC, USA). A post hoc power analysis with a Student’s t-
test (setting of o = 0.05 and 2-tailed) was performed based on PI, LL, L4 VCSA, and L4 h,/h,
using G* Power 3.1.9.6 (Heinrich-Heine-Universitit Diisseldorf, Germany). A post hoc power
threshold of 80% was used. Inter-observer agreement between the two board certificated spine
surgeons of JSSR (The Japanese Society for Spine Surgery and Related Research Reserved), and
intra-observer agreement by one reader were analyzed in 30 cases. The intra- and inter-
observer agreement for the LL, PI, CSA and h,/h, were analyzed.
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Fig 1. CT images of the lumbar spine (A) sagittal and (B) axial for LSS, and (C) sagittal and (D) axial for DS. CT image showing the measurement of vertebral
CSA at the lumbar vertebrae. CSA was measured in the sagittal plane in the middle of the L4 pedicle. CT, computed tomography; LSS, lumbar spinal stenosis;
DS, degenerative spondylolisthesis; CSA, vertebral cross-sectional area.

https://doi.org/10.1371/journal.pone.0301974.9001

Results
Reliability of LL and PI, CSA and ha/hp measurements

The kappa values for CSA were 0.91 (95% CI 0.87-0.93) for inter-observer and 0.94 (95% CI
0.92-0.96) for intra-observer. The kappa values for LL were 0.98 (95% CI 0.97-0.99) for inter-
observer and 0. 93 (95% CI 0.86-0.97) for intra-observer. The kappa values for PI were 0.95
(95% CI 0.91-0.98) for inter-observer and 0.93 (95% CI 0.85-0.96) for intra-observer. The
kappa values for ha/hp were 0.97 (95% CI 0.96-0.98) for inter-observer and 0.90 (95% CI
0.86-0.93) for intra-observer. The reliability of the parameter measurements and evaluations
was also confirmed.

Characteristics and parameter comparisons between the two groups

No significant differences in age or body mass index were observed between groups. In con-
trast, significant differences in PI, L4 CSA, and L4 ha/hp were observed between the DS and
LSS groups. The L4 h,/h, was significantly higher in the DS group than in the LSS group, indi-
cating that the vertebral bodies tended to have a wedge-shaped deformity with an anterior
opening. The participant characteristics are presented in Table 1.

The correlations between each spinal morphology parameter

The LL values negatively correlated with the vertebral L5 CSA in the DS group. The LSS group
presented a positive correlation between LL and L2, L3, and L4 h,/h,, whereas the DS group
presemterd a positive correlation between L4 and L5 h,/h,. However, no significant correlation
between the CSA and the h,/h, in the DS group was identified. The correlations between each
spinal morphological parameter and DS are shown in Table 2.

PLOS ONE | https://doi.org/10.1371/journal.pone.0301974  April 16, 2024 4/10


https://doi.org/10.1371/journal.pone.0301974.g001
https://doi.org/10.1371/journal.pone.0301974

PLOS ONE

Characteristics of the lumbar spine in patients with lumbar degenerative spondylolisthesis

Table 1. Characteristics of patients with DS and LSS.

Characteristics DS (n = 60) LSS (n = 60) P-value
Age, years 724 +52 73.6 £54 0.447
Body mass index, kg/m” 248+ 6.4 23.8+5.1 0.157
PI, degree 58.9 + 10.8 472+11.6 <0.001
LL, degree 40.1+12.0 31.1+14.1 <0.001
L1 CSA, mm? 874.9 £ 104.0 884.4 £93.7 0.602
L2 CSA, mm? 975.1 £112.3 996.7 £113.3 0.296
L3 CSA, mm? 1086.7 + 120.2 1130.8 + 113.8 0.041
L4 CSA, mm? 1166.2 + 116.2 1242.0 + 141.4 0.002
L5 CSA, mm? 1321.8 +129.3 1353.2 + 152.1 0.225
L1 hy/h, 0.906 + 0.060 0.894 + 0.051 0.227
L2 hy/h, 0.966 + 0.058 0.921 + 0.065 <0.001
L3 hy/h, 1.031 £ 0.072 0.956 + 0.057 <0.001
L4 h,,/hp 1.134 £ 0.091 1.007 £ 0.087 <0.001
L5 hu/hp 1.170 £ 0.089 1.123 £ 0.102 0.007

DS, degenerative spondylolisthesis; LSS, lumbar spinal stenosis; P, pelvic incidence; LL, lumbar lordosis; VCSA, vertebral cross-sectional area; h,/h,, vertebral body

height ratio calculated by dividing the anterior height by the posterior height.

https://doi.org/10.1371/journal.pone.0301974.t001

Multivariate regression analysis of factors contributing to DS development

Multivariate regression analysis with age and body mass index correction revealed that PI and
the h,/h, ratio were significantly associated with DS diagnosis (Table 3). LL and L4 CSA were
not significant independent predictors of DS development.

Post hoc powers of 99.9% at PI, 96.2% at LL, 88.9% at L4 VCSA, and 100% at L4 h,/h, were
provided. The post hoc power of the parameters was considered sufficient.

Table 2. Correlations between each parameter and DS scores.

Age | Height |Weight |LL PI LICSA |L2CSA |L3CSA |L4CSA |L5CSA |Llha/hp |L2ha/hp | L3ha/hp |Ldha/hp
Height -0.432
Weight 0421 0349
LL -0.077|  -0.093| -0.038
PI 0284 -0291| -0202| 0.413
L1CSA 0380 0095 0052 0083 0.021
L2CSA 0379 0138 0.032| 0006 0062 0.866
L3CSA 0423 0096 0085 -0.059 | 0125 0842 0.864
L4CSA 0408 | 0033 0047 -0.146| 0085 0754 0758 |  0.851
L5CSA 0267 0041 0078 -0.284| -0067| 0485 0516 0.637| 0710
L1ha/hp 0109 -0.048| -0.170| 0200| 0273 -0252| -0.277| -0.200| -0.102| -0.242
L2ha/hp 0253 -0.117| -0.144| -0.001| 0.075| 0.004| -0.096| -0.060| -0.125| -0.037 0334
L3ha/hp 0.044| -0.053| -0246| 0.145| 0045 0.133| 0.129| -0.007| 0001  0.007 0.151 0.227
L4ha/hp 0.005| -0.236| -0.057| 0333| 0575 -0.042| -0.034| -0.017| -0.048  -0.156 0.043 -0.142 0.186
L5ha/hp 0343 -0.141| -0177| 0331| 0298 0341 0268 0.296| 0222 -0.009|  -0.099 0.145 0.032 0.281

DS, degenerative spondylolisthesis; LSS, lumbar spinal stenosis; P1, pelvic incidence; LL, lumbar lordosis; CSA, vertebral cross-sectional area; h,/h,, vertebral body
height ratio calculated by dividing the anterior height by the posterior height.
P <0.05 for | r | >0.251. P <0.01 for | r | >0.330.

https://doi.org/10.1371/journal.pone.0301974.t1002
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Table 3. Results of multivariate logistic regression analyses showing the relationship between DS diagnosis and
iconographic parameters.

Iconographic parameters Adjusted OR 95% CI P-value
LL

<30° 1.00 (Reference)

30-40° 1.48 0.439-4.982 0.528

>40° 1.53 0.400-5.879 0.532
PI

<50° 1.00 (Reference)

50-60° 3.40 1.055-10.959 0.040

>60° 6.68 1.385-32.258 0.018
L4 CSA

<1000 mm? 1.00 (Reference)

1000-1200 mm?> 0.45 0.047-4.308 0.487

>1201 mm? 1.00 0.105-9.539 0.999
L4 ho/h,

<1.0 1.00 (Reference)

1.0-1.1 2.45 0.561-10.725 0.233

>1.1 14.08 2.962-66.928 <0.001

DS, degenerative spondylolisthesis; OR, odds ratio; CI, confidence interval; PI, pelvic incidence; LL, lumbar lordosis;
CSA, vertebral cross-sectional area; h,/h,, vertebral body height ratio calculated by dividing the anterior height by the
posterior height.

https://doi.org/10.1371/journal.pone.0301974.t003

Discussion

The main findings of DS in female patients were as follows: (1) the DS group had significantly
larger LL, P1, and L4 h,/h,, (wedge-shaped deformity) and smaller L4 CSA than the LSS group;
(2) DS was negatively correlated with LL and L4 CSA and positively correlated with LL and L4
ha/hy; and (3) multivariate regression analysis indicated that PI and L4 h,/h, were significantly
more associated with the diagnosis of DS than LL and L4 CSA. To the best of our knowledge,
this is the first clinical study to investigate the relationship among h./h,, CSA, and DS in
female patients.

Generalized joint laxity [11], large LL and PI [1, 2, 11, 15], and vertebral wedge deformity
[5] have all been identified as risk factors for the development of DS and are most commonly
observed in middle-aged female patients. Surprisingly, the loss of elasticity of the paraspinal
ligaments caused by hormonal changes, such as decreased estradiol levels due to menopause
or ovariectomy, has also been reported to contribute to the development of degeneration and
L4-L5 vertebral slip [16]. In the present study, the DS group demonstrated larger LL, PI, and
wedge-shaped deformities with anterior openings than the LSS group, which is consistent with
previous reports. In previous reports, the selection of DS cases has varied widely from study to
study, with some studies limited to L4-L5 DS cases and others including all DS cases regardless
of level; the strength of this study is that it is limited to L4 DS.

As previous evidence suggests that vertebral CSA is a structural determinant of a large LL
and spinal flexibility [17], which are risk factors for DS development, we postulated and dem-
onstrated an association between vertebral CSA and DS. Regarding mechanical factors, a small
CSA is disadvantageous because it increases stress on the vertebrae during physical activity
[17]. This is because for axial compressive loads, the stress in the vertebral body is directly pro-
portional to the applied force and inversely proportional to the CSA [18, 19]. Therefore, a
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small CSA may increase stress on the lumbar spine and its segments, including the facet joints,
which can lead to DS. Furthermore, as Poorghasamians et al. pointed out, two biomechanical
properties associated with the cross-sectional growth of small vertebrae-low strength and high
flexibility-simultaneously indicate a possible mechanism for the development and progression
of vertebral wedging, which may also lead to DS [17]. Furthermore, the fifth lumbar vertebra is
supported between the iliac crests and anchored by the iliolumbar ligament; however, the
fourth lumbar vertebra is only partially protected, at which time the sacrum is relatively high,
making it susceptible to stress and L4 DS [20].

Longitudinal studies have reported that an increased vertebral wedge associated with a
smaller CSA is a predictor of LL progression [17]. In this study, the skeletal structure differed
significantly between patients with DS and those with LSS. Patients with DS had a smaller CSA
of the lumbar spine. The results of this study also demonstrated three characteristics of DS:
larger LL and PI, smaller CSA, and vertebral wedge deformity, similar to those in previous
reports. In multivariate analysis, PT and L4 h,/h, were identified as independent predictors of
DS, but both were positively correlated with LL, suggesting that LL, which was not identified
as an independent predictor, may be an important factor in the development of DS. Based on
previous reports and the present study, one possible mechanism for the development of DS is
that a large PI and small CSA cause an increase in the axial pressure load posteriorly on the
vertebral body, resulting in anterior wedging of the vertebral body over time, which in turn
causes an increase in LL. In addition, some studies have suggested that immature vertebral
plasticity may correct asymmetric growth in response to changes in mechanical stress, as
observed in pediatric patients with vertebral fractures caused by leukemia or hypercorticism
[21-26]. Therefore, various aspects of DS pathogenesis must be investigated.

The anatomical fact that the L4 CSA is lower in DS patients than in LSS patients alerts us to
the following lumbar spine surgery precautions. First, the anterolateral side of the vertebral
body may be more likely to be penetrated by the L4 pedicle screw placement (Fig 2). DS may
have less grafted bone matrix than LSS during intervertebral fusion. Therefore, DS requires
greater attention for intervertebral fusion than LSS.

The present study had several limitations. First, this study was a female-only examination,
as sex differences in the CSA, LL, and PI have been reported previously. Therefore, the extent
to which the results apply to males and non-Japanese individuals remains unknown. Second,

Fig 2. CT axial images of the LSS (A) and DS (B). The L4 pedicle screw had a higher risk of deviation from the front
lateral side in the DS group than in the LSS group. CT, computed tomography; LSS, lumbar spinal stenosis; DS,
degenerative spondylolisthesis.

https://doi.org/10.1371/journal.pone.0301974.g002
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the LSS group was used as a control group to match propensity scores and cases of the same
age, and to clarify variations in surgical precautions, such as pedicle screw placement, due to
differences in vertebral body geometry. Another limitation is that this was an observational
study, which requires a longitudinal study with a larger number of cases. Further studies are
required to corroborate and establish the generalizability of our results to other populations.
Further clinical and biomechanical studies are required to confirm these findings.

Conclusion

Female patients with L4DS had larger LL, PI, and ha/hp, and significantly smaller L4 CSA than
those with LSS. Multivariate analysis revealed that the PI and ha/hp ratio were independent
predictors of DS development. These results suggest that the lumbar vertebral body shape and
sagittal spinopelvic alignment in females might be independent predictors of DS development.

Supporting information

S1 Checklist. Human participants research checklist.
(DOCX)

Acknowledgments
We would like to thank Editage (www.editage.com) for the English language editing.

Author Contributions

Conceptualization: Tomohito Yoshihara, Tadatsugu Morimoto.

Formal analysis: Takaomi Kobayashi.

Investigation: Tomohito Yoshihara, Takaomi Kobayashi.

Methodology: Tomohito Yoshihara, Tadatsugu Morimoto.

Project administration: Tadatsugu Morimoto.

Supervision: Tadatsugu Morimoto, Masaaki Mawatari.

Writing - original draft: Tomohito Yoshihara, Tadatsugu Morimoto, Masatsugu Tsukamoto.

Writing - review & editing: Tomohito Yoshihara, Tadatsugu Morimoto, Yu Toda, Hirohito
Hirata, Takaomi Kobayashi, Satoshi Takashima, Masaaki Mawatari.

References

1. Gilsanz V, Wren TAL, Ponrartana S, Mora S, Rosen CJ. Sexual dimorphism and the origins of human
spinal health. Endocr Rev. 2018; 39: 221-239. https://doi.org/10.1210/er.2017-00147 Cited in: PMID:
29385433.

2. WrenTA, Aggabao PC, Poorghasamians E, Chavez TA, Ponrartana S, Gilsanz V. Association between
vertebral cross-sectional area and lumbar lordosis angle in adolescents. PLoS One. 2017; 12:
e€0172844. Epub 20170228. https://doi.org/10.1371/journal.pone.0172844 Cited in: PMID: 28245271.

3. Mac-Thiong J-M, Berthonnaud E, Il JRD, Betz RR, Labelle H. Sagittal alignment of the spine and pelvis
during growth. Spine. 2004; 29: 1642—47. https://doi.org/10.1097/01.brs.0000132312.78469.7b PMID:
15284510

4. Ponrartana S, Fisher CL, Aggabao PC, Chavez TA, Broom AM, Wren TA, et al. Small vertebral cross-
sectional area and tall intervertebral disc in adolescent idiopathic scoliosis. Pediatr Radiol. 2016; 46:
1424-9. Epub 20160516. https://doi.org/10.1007/s00247-016-3633-8 Cited in: PMID: 27183842.

5. WrenTA, Ponrartana S, Aggabao PC, Poorghasamians E, Gilsanz V. Association between vertebral
cross-sectional area and vertebral wedging in children and adolescents: a cross-sectional analysis. J

PLOS ONE | https://doi.org/10.1371/journal.pone.0301974  April 16, 2024 8/10


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0301974.s001
http://www.editage.com/
https://doi.org/10.1210/er.2017-00147
http://www.ncbi.nlm.nih.gov/pubmed/29385433
https://doi.org/10.1371/journal.pone.0172844
http://www.ncbi.nlm.nih.gov/pubmed/28245271
https://doi.org/10.1097/01.brs.0000132312.78469.7b
http://www.ncbi.nlm.nih.gov/pubmed/15284510
https://doi.org/10.1007/s00247-016-3633-8
http://www.ncbi.nlm.nih.gov/pubmed/27183842
https://doi.org/10.1371/journal.pone.0301974

PLOS ONE

Characteristics of the lumbar spine in patients with lumbar degenerative spondylolisthesis

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

Bone Miner Res. 2017; 32: 2257-2262. Epub 20170802. https://doi.org/10.1002/jomr.3210 Cited in:
PMID: 28667786

Wren TAL, Ponrartana S, Aggabao PC, Poorghasamians E, Skaggs DL, Gilsanz V. Increased lumbar
lordosis and smaller vertebral cross-sectional area are associated with spondylolysis. Spine. 2018; 43:
833-838. https://doi.org/10.1097/BRS.0000000000002480 Cited in: PMID: 29095410.

Bramble DM, Lieberman DE. Endurance running and the evolution of Homo. Nature. 2004; 432: 345—
352. https://doi.org/10.1038/nature03052 Cited in: PMID: 15549097.

Jaimes C, Chauvin NA, Delgado J, Jaramillo D. MR imaging of normal epiphyseal development and
common epiphyseal disorders. Radiographics. 2014; 34: 449-471. https://doi.org/10.1148/rg.
342135070 Cited in: PMID: 24617691.

Wren TAL, Ponrartana S, Poorghasamians E, Moreau S, Aggabao PC, Zaslow TL, et al. Biomechanical
modeling of Sspine flexibility and its relationship to spinal range of motion and idiopathic scoliosis.
Spine Deform. 2017; 5: 225-230. https://doi.org/10.1016/j.jspd.2017.01.007 Cited in: PMID: 28622896.

Doi T, Tono O, Tarukado K, Harimaya K, Matsumoto Y, Hayashida M, et al. A new sagittal parameter to
estimate pelvic tilt using the iliac cortical density line and iliac tilt: a retrospective X-ray measurement
study. J Orthop Surg Res. 2015; 10:115. Epub 20150722. https://doi.org/10.1186/s13018-015-0262-0
Cited in: PMID: 26195133.

Matsunaga S, Sakou T, Morizono Y, Masuda A, Am D. Natural history of degenerative spondylolisth-
esis. Pathogenesis and natural course of the slippage. Spine. 1990; 15: 1204—1210. https://doi.org/10.
1097/00007632-199011010-00021 PMID: 2267617

Zhang S, Ye C, Lai Q, Yu X, Liu X, Nie T, et al. Double-level lumbar spondylolysis and spondylolisthesis:
a retrospective study. J Orthop Surg Res. 2018; 13: 55. eng. Epub 20180316. https://doi.org/10.1186/
513018-018-0723-3 Cited in: PMID: 29548343.

Lawhorne TW 3rd, Girardi FP, Mina CA, Pappou I, Cammisa FP Jr. Treatment of degenerative spondy-
lolisthesis: potential impact of dynamic stabilization based on imaging analysis. Eur Spine J. 2009; 18:
815-822. Epub 20090328. https://doi.org/10.1007/s00586-009-0941-9 Cited in: PMID: 19330364.

Taton G, Rokita E, Korkosz M, Wrobel A. The ratio of anterior and posterior vertebral heights reinforces
the utility of DXA in assessment of vertebrae strength. Calcif Tissue Int. 2014; 95: 112—-121. Epub
20140523. https://doi.org/10.1007/s00223-014-9868-1 Cited in: PMID: 24854 155.

Barrey C, Jund J, Noseda O, Roussouly P. Sagittal balance of the pelvis-spine complex and lumbar
degenerative diseases. A comparative study about 85 cases. Eur Spine J. 2007; 16: 1459-67. Epub
20070109. https://doi.org/10.1007/s00586-006-0294-6 Cited in: PMID: 17211522.

Imada K, Matsui H, Tsuji H. Oophorectomy predisposes to degenerative spondylolishtesis. J Bone Joint
Surg. 1995; 77-B:126-130.

Poorghasamians E, Aggabao PC, Wren TAL, Ponrartana S, Gilsanz V. Vertebral cross-sectional
growth: a predictor of vertebral wedging in the immature skeleton. PLoS One. 2017; 12:e0190225.
Epub 20171227. https://doi.org/10.1371/journal.pone.0190225 Cited in: PMID: 29281728.

Bruno AG, Anderson DE, D’Agostino J, Bouxsein ML. The effect of thoracic kyphosis and sagittal plane
alignment on vertebral compressive loading. J Bone Miner Res. 2012; 27:2144-2151. https://doi.org/
10.1002/jomr.1658 Cited in: PMID: 22589006.

Ruyssen-Witrand A, Gossec L, Kolta S, Dougados M, Roux C. Vertebral dimensions as risk factor of
vertebral fracture in osteoporotic patients: a systematic literature review. Osteoporos Int. 2007;
18:1271-1278. Epub 20070306. https://doi.org/10.1007/s00198-007-0356-6 Cited in: PMID:
17340217.

Fitzgerald JAW, Southampton, Newman PH. Degenerative spondylolisthesis. J Bone Joint Surg. 1976;
58-B:184—-192. https://doi.org/10.1302/0301-620X.58B2.932080 PMID: 932080

Cummings EA, Ma J, Fernandez CV, Halton J, Alos N, Miettunen PM, et al. Incident vertebral fractures
in children with leukemia during the four years following diagnosis. J Clin Endocrinol Metab. 2015;
100:3408-3417. Epub 20150714. https://doi.org/10.1210/JC.2015-2176 Cited in: PMID: 26171800.

Trementino L, Appolloni G, Ceccoli L, Marcelli G, Concettoni C, Boscaro M, et al. Bone complications in
patients with Cushing’s syndrome: looking for clinical, biochemical, and genetic determinants. Osteo-
poros Int. 2014; 25:913-921. Epub 20131015. https://doi.org/10.1007/s00198-013-2520-5 Cited in:
PMID: 24126765.

Mostoufi-Moab S, Halton J. Bone morbidity in childhood leukemia: epidemiology, mechanisms, diagno-
sis, and treatment. Curr Osteoporos Rep. 2014; 12:300-312. https://doi.org/10.1007/s11914-014-
0222-3 Cited in: PMID: 24986711.

Alos N, Grant RM, Ramsay T, Halton J, Cummings EA, Miettunen PM, et al. High incidence of vertebral
fractures in children with acute lymphoblastic leukemia 12 months after the initiation of therapy. J Clin

PLOS ONE | https://doi.org/10.1371/journal.pone.0301974  April 16, 2024 9/10


https://doi.org/10.1002/jbmr.3210
http://www.ncbi.nlm.nih.gov/pubmed/28667786
https://doi.org/10.1097/BRS.0000000000002480
http://www.ncbi.nlm.nih.gov/pubmed/29095410
https://doi.org/10.1038/nature03052
http://www.ncbi.nlm.nih.gov/pubmed/15549097
https://doi.org/10.1148/rg.342135070
https://doi.org/10.1148/rg.342135070
http://www.ncbi.nlm.nih.gov/pubmed/24617691
https://doi.org/10.1016/j.jspd.2017.01.007
http://www.ncbi.nlm.nih.gov/pubmed/28622896
https://doi.org/10.1186/s13018-015-0262-0
http://www.ncbi.nlm.nih.gov/pubmed/26195133
https://doi.org/10.1097/00007632-199011010-00021
https://doi.org/10.1097/00007632-199011010-00021
http://www.ncbi.nlm.nih.gov/pubmed/2267617
https://doi.org/10.1186/s13018-018-0723-3
https://doi.org/10.1186/s13018-018-0723-3
http://www.ncbi.nlm.nih.gov/pubmed/29548343
https://doi.org/10.1007/s00586-009-0941-9
http://www.ncbi.nlm.nih.gov/pubmed/19330364
https://doi.org/10.1007/s00223-014-9868-1
http://www.ncbi.nlm.nih.gov/pubmed/24854155
https://doi.org/10.1007/s00586-006-0294-6
http://www.ncbi.nlm.nih.gov/pubmed/17211522
https://doi.org/10.1371/journal.pone.0190225
http://www.ncbi.nlm.nih.gov/pubmed/29281728
https://doi.org/10.1002/jbmr.1658
https://doi.org/10.1002/jbmr.1658
http://www.ncbi.nlm.nih.gov/pubmed/22589006
https://doi.org/10.1007/s00198-007-0356-6
http://www.ncbi.nlm.nih.gov/pubmed/17340217
https://doi.org/10.1302/0301-620X.58B2.932080
http://www.ncbi.nlm.nih.gov/pubmed/932080
https://doi.org/10.1210/JC.2015-2176
http://www.ncbi.nlm.nih.gov/pubmed/26171800
https://doi.org/10.1007/s00198-013-2520-5
http://www.ncbi.nlm.nih.gov/pubmed/24126765
https://doi.org/10.1007/s11914-014-0222-3
https://doi.org/10.1007/s11914-014-0222-3
http://www.ncbi.nlm.nih.gov/pubmed/24986711
https://doi.org/10.1371/journal.pone.0301974

PLOS ONE Characteristics of the lumbar spine in patients with lumbar degenerative spondylolisthesis

Oncol. 2012; 30:2760-2767. Epub 20120625. https://doi.org/10.1200/JC0.2011.40.4830 Cited in:
PMID: 22734031.

25. Halton J, Gaboury |, Grant R, Alos N, Cummings EA, Matzinger M, et al. Advanced vertebral fracture
among newly diagnosed children with acute lymphoblastic leukemia: results of the Canadian Steroid-
Associated Osteoporosis in the Pediatric Population (STOPP) research program. J Bone Miner Res.
2009; 24:1326—1334. https://doi.org/10.1359/jbmr.090202 Cited in: PMID: 19210218.

26. Tauchmanova L, Pivonello R, Di Somma C, Rossi R, De Martino MC, Camera L, et al. Bone deminerali-
zation and vertebral fractures in endogenous cortisol excess: role of disease etiology and gonadal sta-
tus. J Clin Endocrinol Metab. 2006; 91:1779—1784. Epub 20060307. https://doi.org/10.1210/jc.2005-
0582 Cited in: PMID: 16522701.

PLOS ONE | https://doi.org/10.1371/journal.pone.0301974  April 16, 2024 10/10


https://doi.org/10.1200/JCO.2011.40.4830
http://www.ncbi.nlm.nih.gov/pubmed/22734031
https://doi.org/10.1359/jbmr.090202
http://www.ncbi.nlm.nih.gov/pubmed/19210218
https://doi.org/10.1210/jc.2005-0582
https://doi.org/10.1210/jc.2005-0582
http://www.ncbi.nlm.nih.gov/pubmed/16522701
https://doi.org/10.1371/journal.pone.0301974

