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Intervertebral disc degeneration, local lumbar segmental morphology changes, and atrophy of
multifidus muscle have been considered to be associated with degenerative lumbar spondylolisthesis.
However, there remains a great deal of controversy. To further investigate their relationship with
degenerative lumbar spondylolisthesis, we conducted a retrospective study that included 67 patients
with degenerative spondylolisthesis and 182 control subjects. Propensity score matching was
employed to match the case group and the control group. Disc height was evaluated by the anterior
disc height index (DHIA) and posterior disc height index (DHIP). Local lumbar segmental morphology
was assessed by segmental lordosis (SL). The fatty infiltration and atrophy of multifidus muscle was
evaluated by multifidus muscle net content (MFNC). Our results indicate that DHIA, DHIP, SL, and
MFNC in the case group were significantly lower than in the control group. Furthermore, the DHIA,
DHIP, and MFNC of the slipped segment (L4/5) were lower than those of the non-slipped segment
(L3/4). Correlation analysis showed a high relationship between DHIA and MFNC and the degree of
degenerative lumbar spondylolisthesis. Logistic regression analysis revealed that DHIA and MFNC
might act as protective factors against the development of degenerative lumbar spondylolisthesis.
Additionally, a prognostic nomogram was developed and validated to assess the likelihood of patients
with severe symptoms requiring surgical intervention.

Lumbar spondylolisthesis is one of the most common causes of low back pain'2 It can be divided into several
types, including isthmic, traumatic, degenerative, pathologic, dysplastic, and postsurgical spondylolisthesis®. Of
these, degenerative spondylolisthesis is the most common subtype®. The incidence of degenerative lumbar spon-
dylolisthesis is approximately 6%, affecting individuals over 50, with a male-to-female ratio of 1:2-1:6, typically
involving the L4-L5 segment>>~%. The degree of slippage is usually mild, with an average of 14%°. While most
patients present with mild symptoms that can be managed conservatively, those with persistent severe low back
pain often require surgical intervention'®. The prevalence of degenerative lumbar spondylolisthesis is rising as
the aging population grows, posing a significant economic burden'®-'2. Therefore, a comprehensive investigation
of the risk factors associated with degenerative lumbar spondylolisthesis is critical for alleviating patient suffering
while lessening the social care burden.

The etiology of degenerative lumbar spondylolisthesis is multifaceted and complex. It is commonly acknowl-
edged that advanced age, female sex (particularly postmenopausal women with reduced estrogen levels), and
obesity are significant risk factors for degenerative lumbar spondylolisthesis®!*-'>. Moreover, alterations in the
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Figure 1. Propensity score matching results. (a) Distribution of propensity scores in the raw case group. (b)
Distribution of propensity scores in the matched case group. (c) Distribution of propensity scores in the raw
control group. (d) Distribution of propensity scores in the matched control group.

local structure and morphology of the lumbar spine also represent noteworthy factors in the etiology of degenera-
tive lumbar spondylolisthesis. Current research findings consistently indicate that disc degeneration constitutes
a significant association with degenerative lumbar spondylolisthesis and was an independent risk factor'®-°.
Furthermore, spinal-pelvic parameters exert a substantial impact on lumbar spinal stability, whereby sacral
slope (SS), pelvic incidence (PI), and lumbar lordosis (LL) were found to be related to degenerative lumbar
spondylolisthesis and positively associated with the extent of slippage®*-*%. Some researchers have also investi-
gated the role of paraspinal muscle and reported a potential association between the quality of these muscles
and lumbar spondylolisthesis*>**. Nevertheless, the etiology of degenerative lumbar spondylolisthesis is still not
fully understood, necessitating further investigation.

Propensity score matching (PSM) is a statistical technique that can effectively mitigate confounding vari-
ables, allowing for a more accurate comparison between case and control groups. As such, this study employed
propensity score matching to address potential bias related to age and gender differences between cases and
controls. We aimed to investigate the association between lumbar intervertebral disc degeneration, segmental
lordosis, and fatty infiltration and atrophy of the multifidus muscle with degenerative lumbar spondylolisthesis
using both X-ray and magnetic resonance imaging (MRI). Furthermore, we sought to construct a nomogram
capable of predicting the likelihood of patients with severe symptoms who may require surgical intervention.

Result

Propensity score matching. Prior to propensity matching, there were apparent differences in propensity
scores between the control group and the case group, indicating differences in age and gender between the two
groups. After propensity score matching, there were 50 patients in the case group and 50 in the control group
(Table 1), and the distribution of propensity scores was similar between the two groups (Fig. 1a-d). In the case
group, there were 14 male and 36 female participants, with an average age of 57.92 + 7.42. The control group con-
sisted of 15 male and 35 female participants, with an average age of 58.12 +7.36. The matching of the two groups

Case Control
N 50 50
Male (%) 14 (28.0%) 15 (30.0%)
Age (Mean+SD) 57.92+7.42 |58.12+7.36

Table 1. Age and gender information in the two groups after propensity score matching.
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was verified using the chi-square test and t-test, which revealed no statistically significant difference in terms of
gender and age (P=1.000 and 0.893, respectively) (Table 1).

Consistency test.

The intraclass correlation coefficients (ICCs) for all parameters surpassed 0.8 (Table 2),

and the Bland-Altman plots exhibited that nearly all data points fell within the boundaries of the dotted line, sig-
nifying a high degree of concordance between the measurements conducted by the two researchers (Fig. 2a-h).
The result of the Shapiro-Wilk test indicated the normal distribution of all data (Table 3). The average values
were used for subsequent data analysis.

Comparison between the case group and the control group. The homogeneity of variance was con-
firmed for DHIA, DHIP, SL, and MFNC by variance test (P>0.05). Subsequently, an independent sample t-test
was conducted, revealing significant differences in DHIA, DHIP, SL, and MENC between the case and control

groups (P<O0.

05) (Table 4).

95% CI

Parameter ICC | Lower | Upper
DHIA between the case group and the control group 0948 | 0923 |0.964
(L4/5)

DHIP between the case group and the control group (L4/5) | 0.881 | 0.828 0.918
DHIA in the case group (L3/4) 0.965 | 0.939 0.980
DHIP in the case group (L3/4) 0.821 |0.706 | 0.894
SL between the case group and the control group 0.980 |0.970 |0.986
MENC between the case group and the control group 0989 10983 |0.992
(L4/5)

MENC between the case group and the control group 0978 0962 |0.988
(L3/4)

LSR in the case group 0.969 | 0.946 0.982

Table 2. ICC test.
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Figure 2. Bland-Altman plots for testing the consistency of data measured by two researchers. (a) DHIA
between the case group and the control group (L4/5). (b) DHIP between the case group and the control group
(L4/5). (c) SL between the case group and the control group. (d) DHIA in the case group (L3/4). (e) DHIP in the
case group (L3/4). (f) LSR in the case group. (g) MFNC between the case group and the control group (L4/5).
(h) MFNC between the case group and the control group (L3/4).
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Parameter Mean+SD w P value
DHIA in the case group (L4/5) 12.162% +2.325% | 0.977 | 0.434
DHIA in the case group (L3/4) 16.061%+2.038% | 0.989 | 0.908
DHIA in the control group (L4/5) 16.944%+2.015% | 0.975 | 0.358
DHIP in the case group (L4/5) 8.493%+1.618% | 0.977 | 0.433
DHIP in the case group (L3/4) 9.890%+1.285% | 0.986 | 0.813
DHIP in the control group (L4/5) 10.613%+1.744% | 0.982 | 0.646
SL in the case group 14.830°+6.660° 0.964 |0.126
SL in the control group 18.820°+6.277° 0.980 | 0.564
MENC in the case group (L4/5) 72.160%+5.571% | 0.976 | 0.382
MENC in the case group (L3/4) 77.534%+5.125% | 0.969 | 0.203
MENC in the control group (L4/5) 81.608% +4.856% | 0.963 | 0.116

Table 3. The average values of each parameter and normality test. W: Indicator to judge the normal
distribution. When W is close to 1 and P is more significant than 0.05, the data can be considered to obey the
normal distribution.

Variance test | Independent sample t-test

F P t Df (P 95% CI

DHIA 0.223 | 0.638 | —10.991 |98 <0.001 | -5.645 -3.918
DHIP 1.063 | 0.305 -6.300 98 <0.001 | —2.788 —1.452
SL 0.001 |0.971 -3.083 98 0.003 | -6.558 -1.422
MEFNC 0.545 | 0.462 -9.041 98 <0.001 | —=11.522 | —-7.374

Table 4. Comparison between the case group and the control group. CI Confidence interval.

Comparison between slipped segment (L4/5) and non-slipped segment (L3/4) in the case
group. The variance test confirmed the homogeneity of variance for DHIA, DHIP, and MENC (P>0.05). A
paired sample t-test was subsequently conducted, revealing significant differences in DHIA, DHIP, and MFNC
between the slipped (L4/5) and non-slipped (L3/4) segments (P <0.05) (Table 5).

Correlation analysis. To begin with, we conducted a correlation analysis between LSR and several morpho-
logical parameters (DHIA, DHIP, SL, MENC). Our findings revealed that LSR exhibited a significant negative
correlation with DHIA (R=-0.430, P=0.002) (Fig. 3a) and MFNC (R=-0.560, P<0.001) (Fig. 3b), while no
significant correlation was observed between LSR and DHIP (R=-0.200, P=0.170) (Fig. 3c) or SL (R=-0.022,
P=0.880) (Fig. 3d).

Thereafter, an analysis was conducted to examine the correlations among DHIA, DHIP, SL, and MENC. The
findings revealed a positive correlation between DHIA and DHIP (R=0.410, P=0.0028) (Fig. 4a) as well as
between DHIA and SL (R=0.410, P=0.0029) (Fig. 4b), while no other significant correlations were observed
(P>0.05) (Fig. 4c-f).

Logistic regression. The findings of the stepwise logistic regression analysis revealed that DHIA
(OR=0.470, P<0.001) and MFNC (OR=0.731, P<0.001) exhibited a protective effect against the development
of degenerative spondylolisthesis (Table 6). This also suggested that a decrease in anterior disc height and fatty
infiltration and atrophy of the multifidus muscle were potential risk factors for degenerative spondylolisthesis.

Nomogram. Based on logistic regression analysis results, a prognostic model was established to predict
the likelihood of patients with severe symptoms requiring surgical intervention. Through vertical alignment

Variance test Paired sample t-test

F P Mean t Df P 95% CI
DHIA 0.255 0.615 —3.898 -11.946 49 <0.001 —4.554 -3.243
DHIP 1.281 0.261 -1.396 -6.250 49 <0.001 —1.845 —-0.947
MEFNC 0.378 0.540 -5.374 —11.549 49 <0.001 -6.310 —4.439

Table 5. Comparison between slipped segment (L4/5) and non-slipped segment (L3/4) in the case group. CI
Confidence interval.
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Figure 3. Correlation analysis showed that LSR was negatively correlated with the DHIA (a) and the MENC
(b), while there were no correlations between LSR and DHIP (c) and SL (d).

to the "Point’ row, each measured parameter yielded a corresponding point aggregated to obtain a total point.
Using this total point, we could infer the likelihood of a patient’s symptoms deteriorating and necessitating
surgical intervention. Most patients in our study had scores ranging from 0 to 200 (Fig. 5a). The nomogram
demonstrated favorable discrimination, evidenced by an AUC of 0.968 (95% confidence interval =0.938-0.998)
(Fig. 5b). The calibration curves of the nomogram showed high consistency between the predicted and observed
outcomes (Fig. 5¢). Internal validation using fivefold cross-validation, Jackknife validation, and Bootstrap vali-
dation yielded mean AUC values of 0.965, 0.958, and 0.968, respectively, as well as mean C-index values of 0.966,
0.958, and 0.968, respectively (Table 7). These results provided strong evidence of accuracy of the nomogram.
Decision curve analysis (DCA) also demonstrated that the nomogram exhibited a higher benefit for patients
across a broad spectrum of predicted probabilities (Fig. 5d). In conclusion, the nomogram exhibited consider-
able discriminative and calibrating abilities.

Discussion

It is widely acknowledged that gender and age are risk factors for degenerative lumbar spondylolisthesis. Moreo-
ver, local instability of the lumbar spine may also contribute to its development. Current research suggests that
disc degeneration is the underlying cause of degenerative lumbar spondylolisthesis. Anderson et al. examined
lumbar spine radiographs of 304 patients with degenerative lumbar spondylolisthesis and found that the mean
disc height was 7 mm®. In contrast, Bach et al. discovered that the mean disc height at the L4/5 segment was
8.9 mm* 1.7 mm in healthy men and 8.6 mm + 1.8 mm in healthy women?®, indicating that disc height was
reduced to some extent in patients with degenerative lumbar spondylolisthesis. Additionally, Aono et al. con-
ducted a prospective study in which they followed 142 women without lumbar spondylolisthesis for an average
of 12 years and found that L4 degenerative lumbar spondylolisthesis was significantly associated with a reduc-
tion in anterior disc height of L4/5*. Chen et al. also found that disc height was substantially smaller in patients
with degenerative lumbar spondylolisthesis than in the control group and that reduced anterior disc height
was an independent predictor!”. Our study found that DHIA and DHIP were significantly lower in the case
group, especially the DHIA, which decreased to a greater extent, indicating that loss of disc height, particularly
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Figure 4. The correlation analysis showed that the DHIA positively correlated with the DHIP (a) and SL (b).
Other correlations were not observed (c—f).

95% CI
OR Lower | Upper | P

DHIA 0.470 |0.291 |0.672 <0.001
MENC | 0.731 |0.589 | 0.859 <0.001

Table 6. Logistic regression. CI Confidence interval.

anterior disc height, was associated with degenerative lumbar spondylolisthesis. Furthermore, similar results
were observed between slipped segment (L4/5) and the non-slipped segment (L3/4) in the case group. These find-
ings were consistent with previous studies. Further correlation analysis revealed a negative correlation between
DHIA and the LSR, while no correlation existed between DHIP and LSR. Logistic regression analysis revealed
that only DHIA was a protective factor for degenerative lumbar spondylolisthesis. Based on these results, we
speculated that although there was a simultaneous loss of anterior disc height and posterior disc height in patients
with degenerative lumbar spondylolisthesis, anterior disc height loss was predominant and might have a more
significant influence on posterior disc height loss.

Spinal-pelvic parameters play an important role in spinal balance. SL is the angulation between the superior
endplates of the upper segment and the inferior endplates of the lower segment, which could reflect the morphol-
ogy of the local lumbar spine. Although previous studies have examined the effect of SL on lumbar spine surgery,
its relationship with degenerative lumbar spondylolisthesis has been less explored?’-*. Recently, the French Spine
Society and Kepler et al. proposed the French classification®®*! and CARDS classification®? for degenerative
lumbar spondylolisthesis, respectively, both of which include the degree of preservation of SL as a classification
criterion. These classifications suggest that a decrease in SL, or even a change to negative values, indicates an
unstable local lumbar spine prone to slippage progression. In our study, we observed a significant difference in
SL between the case and control groups, with the case group exhibiting a significantly smaller SL than the con-
trol group. Correlation analysis revealed that SL was only associated with DHIA. However, logistic regression
analysis showed that SL was neither a protective nor risk factor for degenerative lumbar spondylolisthesis. Based
on previous findings that degenerative lumbar spondylolisthesis was associated with a more significant loss of
anterior than posterior disc height, we speculated that the imbalance of anterior and posterior disc height loss
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Figure 5. The development of a nomogram for predicting the likelihood of patients with severe symptoms
requiring surgical intervention. (a) Details of the nomogram. (b) The receiver operating characteristic (ROC)
curve indicated excellent discrimination by the nomogram. (c) The calibration curve exhibited strong agreement
between the predicted and observed outcomes. (d) The decision curve analysis (DCA) curve exhibited a higher
benefit for patients across a broad spectrum of predicted probabilities.

Validation methods Mean ROC | Mean C-index | Iteration times | Failed iterations
fivefold cross-validation | 0.965 0.966 200 0
Jackknife validation 0.958 0.958 100 0
Bootstrap validation 0.968 0.968 200 0

Table 7. Internal validation of the nomogram.

might cause the change in SL. Further research is required to understand better the pathological mechanisms
underlying changes in SL in patients with degenerative lumbar spondylolisthesis.

Hiyama A et al. found that skeletal muscle mass was associated with spinal-pelvic parameters, especially
pelvic tilt**. The multifidus muscle is the skeletal muscle closest to the spine, playing a crucial role in controlling
segmental motion and maintaining the stability of the lumbar spine*. Multifidus muscle degeneration, charac-
terized by the decreased cross-sectional area (CSA) and increased fat infiltration, has been linked to low back
pain’®**®. Wallwork et al. compared the size and muscle activity of the multifidus muscle at L4 in 34 subjects. They
found that the CSA of the multifidus muscle was significantly smaller in those with chronic pain than in those
without”. Similarly, Goubert et al. assessed muscle structure characteristics and muscle activity for 55 adults with
non-specific low back pain and found greater fatty infiltration of the multifidus muscle in those with continuous
chronic low back pain*%. Since low back pain is a prominent symptom of degenerative lumbar spondylolisthesis,
there might be a relationship between multifidus muscle degeneration and degenerative lumbar spondylolisthesis.
In our study, we found that MFNC was significantly reduced in the case group, and that MFNC was negatively
correlated with the degree of spondylolisthesis. Logistic regression analysis also indicated that MFNC was a
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protective factor in degenerative lumbar spondylolisthesis. These results also suggested that fatty infiltration
and atrophy of the multifidus muscle was associated with degenerative lumbar spondylolisthesis and was a risk
factor. Other studies have reported similar results. Wang et al. found that the degree of atrophy of the multifidus
muscle was significantly greater in degenerative lumbar spondylolisthesis patients?*. Guo et al. found that CSA
of the multifidus muscle was significantly smaller in patients with degenerative lumbar spondylolisthesis than
people in the control group with lumbar disc herniation or lumbar spinal stenosis*®. Fatty infiltration and atrophy
of multifidus muscle might be associated with muscle disuse. It has been shown that after 60 days of bed rest,
subjects showed significant atrophy of the multifidus muscle at the L4 and L5, which was highly correlated with
low back pain. Furthermore, the reduction in CSA of the multifidus muscle was significantly greater than that of
erector spinae muscle in healthy individuals who were chronically bedridden®. The paravertebral muscle in adult
individuals undergoes progressive degeneration over time, with the multifidus muscle being particularly suscepti-
ble to this process®. Kjaer et al. also found that women were more likely than men to have fatty infiltration of the
multifidus muscle*!. Hiyama et al. suggested that increasing skeletal muscle mass through nutritional guidance
and muscle strengthening exercise might help to reduce pain in patients with spinal disorders*. O’Sullivan et al.
found that subjects who underwent a 10-week specific exercise treatment program involving the specific training
of the deep abdominal muscles, with co-activation of the lumbar multifidus muscle, had a statistically significant
reduction in pain intensity and functional disability levels*2. Hides et al. also revealed that patients, who received
specific exercise, experienced fewer recurrences of low back pain than those in the control group®. Based on
our findings, we supposed that the elderly or females might have less daily exercise and activity compared to
the youngers or males, which made the paravertebral muscles, especially the multifidus muscle, more prone to
fatty infiltration, disuse atrophy, and consequent weakening of the strength of the multifidus muscle. This could
make the local lumbar spine unstable and increase the risk of lumbar spondylolisthesis. Therefore, appropriate
functional exercises for the paravertebral muscles, especially the multifidus muscle, are recommended for the
elderly and females, which might play a crucial role in preventing low back pain.

Given that most patients diagnosed with degenerative lumbar spondylolisthesis exhibit mild clinical symp-
toms that can be relieved through conservative treatment, some of them may still experience disease progres-
sion and a worsening of clinical symptoms, it is imperative to forecast the likelihood of symptom exacerbation
in affected individuals accurately. As a result, we developed a nomogram capable of estimating the probability
of patients experiencing severe symptoms necessitating surgical intervention. If the nomogram predicts a high
probability of severe clinical symptoms, proactive implementation of physical therapy and other recommended
interventions should be prioritized to forestall the progression of degenerative spondylolisthesis.

However, this study also has limitations. Foremost, due to the study’s retrospective nature, causality between
the identified factors and the development of degenerative lumbar spondylolisthesis cannot be definitively estab-
lished. There might be other confounding factors that we have not taken into account, such as the association of
low back pain itself with fatty infiltration of the muscle. Furthermore, the sample size following propensity score
matching was relatively modest. As a result, future prospective investigations employing larger sample sizes are
warranted to elucidate these findings further.

Conclusion

The reduction of disc height, particularly in the anterior region, as well as the decrease of SL and the infiltration
of fat and atrophy of the multifidus muscle, were observed to be more pronounced in patients suffering from
degenerative lumbar spondylolisthesis compared to both their non-slipped segments and the general population.
These findings suggest that the loss of anterior disc height, as well as fat infiltration and multifidus muscle atro-
phy, may serve as potential risk factors for the development of degenerative spondylolisthesis. Furthermore, we
developed a nomogram to assess the likelihood of patients with severe symptoms requiring surgical intervention.

Methods

Inclusion and exclusion criteria. This is a retrospective study. We collected clinical data, lumbar spine
MR], and X-ray data from a cohort of 67 patients with L4 degenerative spondylolisthesis who exhibited symp-
toms severe enough to warrant surgical intervention, as well as 182 asymptomatic outpatients between January
2016 and July 2020 at Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology.
The case group was selected based on the following inclusion criteria: (1) patients underwent anteroposterior
and lateral lumbar standing X-ray radiographs and MRI examinations; (2) patients were diagnosed with L4
degenerative lumbar spondylolisthesis. The exclusion criteria were as follows: (1) presence of multiple segmental
lumbar spondylolisthesis, (2) diagnosis of isthmic spondylolisthesis, (3) presence of retrolisthesis, (4) presence
of other conditions such as deformity, trauma, infection, tumor, or previous lumbar surgery. Meanwhile, the
inclusion criteria for the control group were as follows: (1) patients who received anteroposterior and lateral
lumbar standing X-ray radiographs and MRI examination, and (2) patients who had no clinical symptoms or
only had low back pain, and imaging data excluded lumbar spondylolisthesis. Exclusion criteria for the control
group included: (1) lumbar spondylolisthesis and (2) conditions such as deformity, trauma, infection, tumor,
and previous lumbar surgery. This study was approved by the Ethics Committee of Tongji Hospital, Tongji
Medical College, Huazhong University of Science and Technology (T]-IRB20210501). Informed consent was
exempted by Ethics Committee of Tongji Hospital, Tongji Medical College, Huazhong University of Science and
Technology (TJ-IRB20210501). And here is the workflow of our study (Fig. 6).

Propensity score matching. Based on the epidemiological investigation results, it was observed that the
predilection for degenerative spondylolisthesis was among older women. However, as comparisons between the
case and control groups could be confounded by differences in gender and age, their conclusions were subject to
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Figure 6. The workflow of our study.

limited certainty. To address this issue, the present study utilized propensity score matching (PSM) to establish
a well-balanced case and control groups. The nearest neighbor method in the “MatchlIt” package of R software
(version 3.6.2) was employed to calculate the propensity scores, considering both the gender and age of each
patient. Subsequently, the propensity scores were employed to match the two groups of patients on a 1:1 ratio
with an error rate of less than 0.02 (caliper value =0.02). Finally, the “tableone” package was employed to validate
the results of the matching procedure.

Image evaluation. All individuals underwent anteroposterior and lateral lumbar X-ray radiography, as
well as magnetic resonance imaging (MRI). Film viewing and parameter measurements were performed using
the Picture Archiving and Communication System (PACS), specifically Fujifilm’s Synapse Workstation (Version
3.2.1).

Evaluation of intervertebral disc degeneration and slippage. On the lateral radiographs of the
lumbar spine, we assessed several parameters, including anterior disc height (Ha), posterior disc height (Hp),
superior disc depth (Ds), and inferior disc depth (Di) (Fig. 7). To evaluate disc height, we utilized the ante-
rior disc height index (DHIA) and posterior disc height index (DHIP) based on established methodologies
found in relevant literature***. Specifically, we calculated DHIA as [Ha/ (Ds+ Di)] *100% and DHIP as [Hp/
(Ds+Di)] *100%. In the case group, we analyzed these parameters separately for the slipped segment (L4/5) and
the non-slipped segment (L3/4). For the control group, we evaluated these parameters in the L4/5 segment. It is
important to note that smaller DHIA or DHIP values indicate more severe disc degeneration.

Evaluation of the degree of lumbar spondylolisthesis. In the case group, we quantified the degree
of lumbar spondylolisthesis by measuring the displacement between the superior and inferior vertebral bodies.
This displacement was expressed as the lumbar spondylolisthesis ratio (LSR), calculated as (slipped distance/
Di) *100%.

Segmental lordosis. On the lateral radiographs of the lumbar spine, we assessed the segmental lordosis
(SL) by measuring the angle between the superior endplates of L4 and the inferior endplates of L5. This measure-
ment serves as an indicator of the local lumbar spine morphology.

Evaluation of multifidus muscle. The present study evaluated multifidus muscle morphology using T-2
weighted lumbar spine MRI. Total multifidus muscle cross-sectional area (TCSA) (Fig. 8a) and fat-free multifi-
dus muscle cross-sectional area (FCSA) (Fig. 8b) were measured to assess muscle morphology. Fatty infiltration
and atrophy of multifidus muscle were evaluated using multifidus muscle net content (MFNC), calculated as
(FCSA/TCSA) *100%. In the case group, the above parameters were measured separately for the slipped segment
(L4/5) and non-slipped segment (L3/4), while in the control group, the parameters were measured in the L4/5
segment. A lower MFNC value indicated a greater degree of multifidus atrophy.

Consistency test. The parameters were independently measured and calculated by two researchers, and the
mean values were utilized for subsequent statistical analysis by another researcher. The three researchers were
blind to each other. Microsoft Excel 2019 was employed for data input and storage, while R software (V3.6.2) and
related R program packages were used for data analysis. The “irr” package was employed to evaluate the intra-
class correlation coeflicient (ICC)* for data consistency between the two researchers. When ICC (1) >0.800,
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Figure 7. Parameters measured on X-ray radiographs. Anterior disc height index (DHIA) = [Ha/
(Ds +D1i)] *100%. Posterior disc height index (DHIP) = [Hp/(Ds + Di)] *100%.

Figure 8. Parameters measured on MRI. (a) Total multifidus muscle cross-sectional area (TCSA). (b) Fat-free
multifidus muscle cross-sectional area (FCSA).

the results of the two researchers were deemed consistent. The “BlandAltmanLeh” package was also utilized to
evaluate the data consistency of the two researchers’ measurements.

Comparison of the parameters between the control group and the case group. Before compar-
ing, the “Shapiro function” of the “car” package was employed to conduct the Shapiro-Wilk test, which ascer-
tains whether the data was normally distributed. The variance test was performed using the R software base
package’s “leveneTest function”. Based on the results of the Shapiro-Wilk test and variance test, we performed
either an independent sample t-test or Wilcoxon rank-sum test to compare the case group and the control group.
P<0.05 was considered statistically significant.
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Comparison of the parameters between the slipped segment (L4/5) and non-slipped segment
(L3/4)in the case group. Similarly, we first test whether the data follow a normal distribution and whether
the variances were heterogeneous. We then used a paired t-test or Wilcoxon rank-sum test to compare the
slipped segment (L4/5) and non-slipped segment (L3/4). P<0.05 was considered statistically significant.

Correlation analysis. Pearson correlation analysis was carried out by using the “limma” package®’, and the
correlation scatter plots were graphed using “ggplot2”, “ggpubr’, and “ggExtra” packages. P <0.05 was considered
statistically significant.

Logistic regression. Logistic regression was employed to analyze risk and protective factors for degenera-
tive spondylolisthesis, and the odds ratios (OR) were calculated. P<0.05 was considered statistically significant.

Nomogram. In order to predict the probability of patients with severe symptoms requiring surgical inter-
vention, we constructed a predictive nomogram using the “nomogram” package, which was based on the results
of logistic regression. We then internally validated the model using fivefold cross-validation, Jackknife valida-
tion, and bootstrap validation, with 200 iterations for fivefold cross-validation and bootstrap validation, and 100
iterations for Jackknife validation. P<0.05 was considered statistically significant.

Ethics approval and consent to participate. This is a retrospective study, and the data collected and
analyzed was the imaging data of the patients. According to the requirements of the ethics committee, informed
consent can be exempted from a retrospective study. As a result, we made an application and received written
approval from the Ethics Committee of Tongji Hospital, Tongji Medical College, Huazhong University of Sci-
ence and Technology (Ethical approval number: TJ-IRB20210501). Informed consent was exempted by Ethics
Committee of Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology (TJ-
IRB20210501). All methods were performed in accordance with the relevant guidelines and regulations.

Data availability
The datasets generated during and analyzed during the current study are available from the corresponding author
upon reasonable request.
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