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Introduction

Lumbar spinal stenosis is a common condition in 
orthopedics, characterized by bone hyperplasia or fibrous 
tissue hyperplasia and hypertrophy caused by various 
factors. This results in the narrowing of the spinal canal 
and compression of the dural sac, spinal cord, or nerve 
roots, leading to corresponding neurological dysfunction1,2. 
Lumbar spinal stenosis typically has a subtle onset and a 
slow disease progression, and is most common in middle-

aged and elderly individuals. Its main clinical manifestations 
include lumbosacral pain, leg pain, progressive weakness 
and numbness in the lower limbs, intermittent claudication, 
and difficulty walking. In severe cases, it can also lead to 
paraplegia and urinary and fecal incontinence3. 

Cauda equina injury is a common nerve damage condition 
resulting from lumbar spine disease. When lumbar spinal 
stenosis occurs, the venous pressure in the spinal canal 
increases, leading to compression of the peripheral 
dural sac, inflammatory edema in the spinal canal, and 
compression of the cauda equina, resulting in ischemia and 
neuroinflammation, which causes secondary injury4,5. The 
main clinical manifestations of cauda equina injury include 
bladder motor nerve damage, leading to dysuria, saddle 
numbness, local tingling, and other muscle strength and 
sensory dysfunction6. Secondary cauda equina injury in 
patients with lumbar spinal stenosis indicates significant 
neurological damage, which has a considerable negative 
impact on their treatment and prognosis7. In recent years, 
potential risk factors for cauda equina injury, such as age, 
lumbar segment height, and the history of lumbar spinal 
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stenosis, have gradually attracted clinical attention8. 
Currently, there is no standardized clinical treatment 

process for cauda equina injury secondary to lumbar spinal 
stenosis. Therefore, it is essential to clarify the causes and 
risk factors of secondary cauda equina injury in lumbar 
spinal stenosis patients, which may provide theoretical 
support for diagnosing secondary cauda equina injury. 
This study collected data from patients with lumbar spinal 
stenosis, explored the risk factors for secondary cauda 
equina injury, and developed a risk prediction model that 
could assist in the clinical treatment and diagnosis of cauda 
equina injury.

Materials and Methods

Participants

200 patients with lumbar spinal stenosis admitted to our 
unit were selected and divided into two groups: a secondary 
injury group (90 cases) and a non-secondary injury group 
(110 cases), based on whether they had secondary cauda 
equina injury.

Inclusion Criteria:
• �patients who met the diagnostic criteria for lumbar spinal 

stenosis9.
• �patients who exhibited intermittent claudication 

symptoms, with a walking distance of ≤ 1000 m.
• �patients who were diagnosed with lumbar spinal stenosis 

based on lumbar MRI examination.
• patients who had complete imaging data available.

Exclusion Criteria:
• �Patients with dysfunction of important organs, such as the 

heart, liver, or kidneys.
• Patients with a history of lumbar spine surgery.
• Patients with severe acute or chronic infections.
• �Patients with congenital spinal developmental 

malformations.
• �Patients who had previously undergone invasive lumbar 

spine examinations.
• Patients with secondary lumbar spinal stenosis.
• Patients with severe scoliosis or trauma.
• Patients with malignant tumors.
• Patients with severe mental illness.

Methodology

Data collection

The following data were recorded: patients’ age, sex, 
BMI, disease course, most stenotic location, lumbar 
lordosis angle, type of stenosis, obvious lateral recess 
stenosis, number of stenosis segments, obvious stenosis 
of intervertebral foramen, effective sagittal diameter, 
median sagittal diameter, spinal canal cross-sectional area, 
segment length, segment height, cross-sectional area of 
the most stenosis segment, hypoproteinemia, diabetes 
mellitus, hypertension, chronic obstructive pulmonary 
disease (COPD), smoking and alcohol consumption.

Measurement Method of Imaging Indexes

Lumbar Lordosis Angle:
In the sagittal position, a line connecting the anterior 

inferior angle and the anterior superior angle of the L5 
and S1 vertebral bodies was drawn. The midpoint of this 
line was taken, and a perpendicular line was drawn to the 
midpoint of the line connecting the posterior inferior angle 
and posterior superior angle of the L5 and S1 vertebral 
bodies. Similarly, a perpendicular line was drawn between 
the T12 and L1 vertebral bodies. The angle between the two 
perpendicular lines was measured as the lumbar lordosis.

Obvious Stenosis of Lateral Recess:
Stenosis of the lateral recess was considered when the 

width at the narrowest point of the lateral recess in the L3-
L5 segment was less than 2mm.

Obvious Stenosis of Intervertebral Foramen:
Obvious stenosis of the intervertebral foramen was 

identified by vertical and transverse perineural fat 
occlusion, nerve collapse, or morphological changes of the 
nerve roots.

Effective Sagittal Diameter:
This is measured as the median sagittal diameter.

Spinal canal cross-sectional area:
This is the area enclosed by the posterior longitudinal 

ligament of the segment and the medial edges of the 
bilateral pedicles, specifically the ligamentum flavum.

Segment Length:
A straight line was drawn from the posterior upper angle 

of the sagittal L1 vertebral body to the posterior upper 
angle of the L2 vertebral body. This process was repeated 
until reaching the posterior upper angle of the S1 vertebral 
body. The length was then measured.

Segmental Height:
This is the distance from the posterior superior angle of 

the L1 vertebral body to the posterior superior angle of the 
S1 vertebral body in the sagittal position.

Statistical analysis

SPSS 25.0 was used to analyze the data. Data with a 
normal distribution were described as x±s\overline{x} \
pm sx±s for measurement data. Repeated measurement 
data between multiple groups were analyzed using analysis 
of variance (ANOVA). The data between two groups 
were compared using the t-test, and counting data were 
presented as n (%). The Chi-square (χ2\chi^2χ2) test was 
used to evaluate statistical significance, with P < 0.05 
considered significant. Logistic regression analysis was 
performed to identify the influencing factors of secondary 
cauda equina injury in patients with lumbar spinal stenosis. 
A risk nomogram model was constructed, and the predictive 
performance of the model was evaluated using a receiver 
operating characteristic (ROC) curve and a calibration 
curve. The assessment value of injury was classified as 
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Table 1. Univariate Analysis of Secondary Cauda Equina Injury in Patients with Lumbar Spinal Stenosis [n (%)].

Factor
Secondary injury 

group (n=90)

Non-secondary 
injury group 

(n=110)
χ2/t

Sex

         Male 34 (37.78) 60 (54.55)
5.587 0.018

         Female 56 (62.22) 50 (45.45)

Age

         < 50 years old 23 (25.56) 49 (44.55)

16.118 <0.001         50-60 years old 28 (31.11) 41 (37.27)

         > 60 years old 39 (43.33) 20 (18.18)

BMI

         <18.50kg/m2 35 (38.89) 38 (34.55)

0.797 0.671         18.50-23.90kg/m2 29 (32.22) 42 (38.18)

         >23.90kg/m2 26 (28.89) 30 (27.27)

Disease course

         > 1 year 48 (53.33) 33 (30.00)
11.184 0.001

         ≤ 1 year 42 (46.67) 77 (70.00)

Effective sagittal diameter (mm) 8.32±1.16 9.75±1.44 7.613 <0.001

Median sagittal diameter (mm) 14.35±1.45 19.23±1.88 20.194 <0.001

Spinal canal cross-sectional area (mm2) 63.85±18.23 91.85±17.35 11.098 <0.001

Segment length (cm) 15.15±1.08 16.74±1.13 10.098 <0.001

Segment height (cm) 14.95±1.38 16.39±1.20 7.890 <0.001

Number of stenosis segments

         Single 40 (44.44) 66 (60.00)
4.808 0.028

         Multiple 50 (55.56) 44 (40.00)

Most stenotic location

         L
1-2

2 (2.22) 3 (2.73)

2.325 0.676

         L
2-3

8 (8.89) 5 (4.55)

         L
3-4

10 (11.11) 15 (13.64)

         L
4-5

61 (67.78) 72 (65.45)

         L
5
-S

1
9 (10.00) 15 (13.64)

Cross-sectional area of the most stenotic segment (cm2) 0.35±0.13 0.46±0.15 5.475 <0.001

Lumbar lordosis angle (°) 31.20±5.45 32.45±5.56 1.596 0.112

Type of stenosis

         Lumbar disc herniation 66 (73.33) 72 (65.45)

         Vertebral spondylolisthesis 3 (3.33) 10 (9.09)

         Both 21 (23.33) 28 (25.45)

Obvious stenosis of intervertebral foramen

         Yes 29 (32.22) 20 (18.18)
5.275 0.022

         No 61 (67.78) 90 (81.82)

Obvious lateral recess stenosis

         Yes 37 (41.11) 31 (28.18)
3.687 0.055

         No 53 (58.89) 79 (71.82)

Hypoproteinemia

         Yes 15 (16.67) 13 (11.82)
0.966 0.326

         No 75 (83.33) 97 (88.18)

Diabetes mellitus

         Yes 20 (22.22) 22 (20.00)
0.147 0.701

         No 70 (77.78) 88 (80.00)

Hypertension

         Yes 15 (16.67) 23 (20.91)
0.579 0.447

         No 75 (83.33) 87 (79.09)
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follows: 0.50 < AUC ≤ 0.70 indicates low predictive ability; 
0.70 < AUC ≤ 0.90 indicates good predictive ability; and 
AUC > 0.90 indicates very high predictive ability, with P < 
0.05 considered statistically significant.

Results

Univariate Analysis of Influencing Factors for Secondary 
Cauda Equina Injury in Patients with Lumbar Spinal Stenosis

There were no statistically significant differences in 
BMI, most stenotic location, lumbar lordosis angle, type 

of stenosis, presence of obvious lateral recess stenosis, 
hypoproteinemia, diabetes mellitus, hypertension, chronic 
obstructive pulmonary disease (COPD), smoking, and 
alcohol consumption between the two groups (P > 0.05). 
The proportion of women, patients aged over 60 years, 
those with a disease duration greater than 1 year, a higher 
number of stenosis segments, and those with obvious 
stenosis of the intervertebral foramen were higher in the 
secondary injury group compared to the non-secondary 
injury group (P < 0.05). Additionally, the effective sagittal 
diameter, median sagittal diameter, cross-sectional area 
of the spinal canal, segment length, segment height, and 
cross-sectional area of the narrowest segment in the 
secondary injury group were significantly lower than those 
in the non-secondary injury group (P < 0.05) (Table 1).

Table 1. (Cont. from previous page).

Factor
Secondary injury 

group (n=90)

Non-secondary 
injury group 

(n=110)
χ2/t

COPD

         Yes 12 (13.33) 10 (9.09)
0.910 0.340

         No 78 (86.67) 100 (90.91)

Smoking

         Yes 38 (42.22) 44 (40.00)
0.101 0.751

         No 52 (57.78) 66 (60.00)

Alcohol consumption

         Yes 41 (45.56) 42 (38.18)
1.109 0.292

         No 49 (54.44) 68 (61.82)

Figure 1. Change trajectory of independent variable regression 
coefficients.

Figure 2. Cross-validation curve.
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LASSO-Logistic Regression Analysis of Influencing Factors 
for Secondary Cauda Equina Injury in Patients with Lumbar 
Spinal Stenosis

LASSO-logistic regression was used to identify the 
influencing factors of secondary cauda equina injury in 
patients with lumbar spinal stenosis, and the optimal λ 
value was determined through cross-validation. With 10-
fold cross-validation, the optimal λ value was found to be 
0.021 (log(λ) = -2.385). The selected factors included age, 
disease duration, number of stenosis segments, median 
sagittal diameter, spinal canal cross-sectional area, and 
segment length, as shown in Figures 1 and 2. Logistic 
regression analysis, using secondary cauda equina injury 
as the dependent variable and the six factors identified 

by LASSO as independent variables, revealed that age 
> 60 years, disease duration > 1 year, multiple stenosis 
segments, small median sagittal diameter, small spinal 
canal cross-sectional area, and small segment length were 
significant influencing factors for secondary cauda equina 
injury in patients with lumbar spinal stenosis (P < 0.05) 
(Table 2).

Establishment of a Risk Nomogram Model for Secondary 
Cauda Equina Injury in Patients with Lumbar Spinal Stenosis

Using age, disease duration, number of stenotic segments, 
median sagittal diameter, cross-sectional area of the spinal 
canal, and segment length as predictors, a risk nomogram 
model for secondary cauda equina injury in patients with 
lumbar spinal stenosis was constructed. Based on the 
scores assigned to each variable, the total score was used 
to predict the probability of secondary cauda equina injury 
in these patients. The model indicated that for patients 
aged over 60 years, with a disease duration greater than 
1 year, multiple stenotic segments, smaller median sagittal 

Figure 4. ROC curve for predicting secondary cauda equina 
injury in lumbar spinal stenosis using the risk nomogram model 
based on independent risk factors.

Figure 3. Risk nomogram model constructed using independent 
risk factors for secondary cauda equina injury in lumbar spinal 
stenosis.

Table 2. Logistic Regression Analysis of Factors Associated with Secondary Cauda Equina Injury in Patients with Lumbar Spinal Stenosis.

Factor β S.E. Waldχ2 P value OR value 95%CI

Age 0.692 0.298 5.392 <0.001 1.998 1.185-3.607

Disease course 0.671 0.310 4.685 <0.001 1.956 1.116-3.587

Number of stenosis segments 0.71 0.342 4.310 <0.001 2.034 1.177-4.285

Median sagittal diameter 0.708 0.305 5.388 <0.001 2.030 1.168-4.550

Spinal canal cross-sectional area 0.667 0.299 4.976 <0.001 1.948 1.104-3.897

Segment length 0.706 0.325 4.719 <0.001 2.026 1.156-3.987
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diameter, smaller cross-sectional area of the spinal canal, 
and smaller segment length, the risk of secondary cauda 
equina injury was higher in patients with lumbar spinal 
stenosis, as shown in Figure 3.

Predictive Value of the ROC Curve Analysis of the Risk 
Nomogram Model for Secondary Cauda Equina Injury in 
Lumbar Spinal Stenosis

The predictive accuracy of the risk nomogram model 
was evaluated using the area under the receiver operating 
characteristic (AUC-ROC) curve. The ROC analysis showed 
that the AUC of the risk nomogram model was 0.865 (95% 
CI: 0.755–0.948), with a sensitivity of 91.11% (82/90), 
specificity of 93.64% (103/110), and accuracy of 92.50% 
(185/200), as shown in Figure 4.

Calibration Curve Validation of the Risk Nomogram Model

The calibration curve was constructed to validate the risk 
nomogram model. The results indicated a high degree of 
fit (χ2 = 3.347, df = 7, P = 0.341). Internal validation using 
Bootstrap showed a concordance index (C-index) of 0.823, 
suggesting that the model has good predictive accuracy, as 
shown in Figure 5.

Discussion

Cauda equina injury is often associated with lumbar 
degeneration and is one of the complications of lumbar 
spinal stenosis10. This injury can lead to morphological 
changes in the cauda equina nerves, which may result 
in serious conditions such as intraspinal tumors. These 

complications can significantly affect patients’ daily lives 
and prognosis, as well as increase the financial burden on 
families. Therefore, diagnosing cauda equina injury is of 
paramount importance11,12. Analyzing clinical data from 
patients with lumbar spinal stenosis, this study found 
that the incidence of secondary cauda equina injury was 
45.00%, which is consistent with findings from Νikjou DA 
et al.13, indicating a high incidence of cauda equina injury in 
patients with lumbar spinal stenosis.

In this study, LASSO-Logistic regression was employed 
to analyze the risk factors for secondary cauda equina 
injury in patients with lumbar spinal stenosis. Based on 
these factors, a line-like diagram prediction model was 
constructed. The model revealed that for patients aged over 
60 years, with a disease course longer than 1 year, multiple 
stenotic segments, smaller median sagittal diameter, 
smaller cross-sectional area of the spinal canal, and shorter 
segment length, there was an increased risk of secondary 
cauda equina injury in lumbar spinal stenosis patients. 
Previous studies have shown that the incidence of cauda 
equina injury in patients with multi-segment lumbar spinal 
stenosis is significantly higher than in those with single-
segment stenosis14. The greater the number of stenotic 
segments, the higher the compression on the cauda equina 
nerve. The activity of the cauda equina nerve in patients 
with multi-segmental spinal stenosis is greatly restricted, 
affecting nerve root function. During spinal movement, the 
cauda equina nerve is subjected to more stress, which leads 
to nerve damage. Additionally, lumbar spinal stenosis can 
impair blood circulation, resulting in ischemic damage to 
the cauda equina15,16.

The median sagittal diameter is a key indicator of 
stenosis in the central region of the spinal canal, while the 
cross-sectional area of the spinal canal is a direct indicator 
of the degree of lumbar spinal stenosis. A smaller median 
sagittal diameter reflects a narrower central spinal canal, 
and a smaller cross-sectional area of the spinal canal 
correlates with more severe stenosis17. The lumbar spinal 
canal contains densely packed nerve roots, and proper 
microcirculation is crucial for maintaining pressure balance 
and metabolism in the cauda equina nerve. A smaller 
cross-sectional area can lead to arteriole hyperperfusion, 
insufficient blood supply, and poor venous return, damaging 
the ultrastructure of the cauda equina nerve. Furthermore, 
a narrower spinal canal increases the compression and 
friction on the nerve roots, leading to mechanical traction 
on the cauda equina nerve, reducing its blood supply, and 
causing nerve damage18,19.

Segment length is also an important indicator of lumbar 
spinal stenosis severity. A shorter segment length causes 
a mismatch between the cauda equina nerve and the spinal 
canal, leading to excessive length of the cauda equina. 
This results in nerve root compression by the spinal canal, 
which inhibits proper blood supply to the cauda equina 
nerve and ultimately causes nerve damage20. As patients 
age and the duration of their disease increases, physical 
function declines. Spinal stenosis caused by osteophytes, 

Figure 5. Calibration curve of the risk nomogram model based 
on independent risk factors for secondary cauda equina injury 
in lumbar spinal stenosis.
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ligament hypertrophy, and calcification within the spinal 
canal worsens with age. Therefore, the longer the disease 
duration, the more severe the stenosis, the stronger the 
compression on the cauda equina nerve, and the greater the 
risk of cauda equina injury21.

In this study, a nomogram risk prediction model for 
secondary cauda equina injury in patients with lumbar spinal 
stenosis was constructed based on identified risk factors. 
ROC evaluation revealed that the model had an AUC of 
0.865, falling within the range of 0.7 to 0.9, with sensitivity 
and specificity values of 91.11% and 93.64%, respectively. 
These results suggest that the model has high predictive 
accuracy and sensitivity. Internal validation through the 
calibration curve showed good alignment with the ideal 
curve, and the model’s C-index was 0.823, indicating strong 
accuracy. This demonstrates that the model exhibits high 
consistency in predicting secondary cauda equina injury in 
patients with lumbar spinal stenosis. Therefore, this model 
can be used in clinical practice to accurately assess the risk 
of secondary cauda equina injury in these patients.

In conclusion, the risk nomogram model based on the risk 
factors for secondary cauda equina injury in patients with 
lumbar spinal stenosis demonstrates high predictive value, 
accuracy, and specificity in identifying the occurrence of 
secondary cauda equina injury. This model allows for the 
clinical evaluation of the risk of secondary cauda equina 
injury by assessing relevant risk factors in patients with 
lumbar spinal stenosis. It is valuable for early prevention and 
treatment, which can significantly improve the prognosis 
and survival rate of patients with lumbar spinal stenosis.
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