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Objective: To identify risk factors for recurrent lumbar disc herniation (rLDH) after percutaneous endoscopic lumbar discectomy
(PELD) and to develop and internally validate a nomogram.

Methods: This retrospective, single-center study included 607 patients who underwent PELD between January 2018 and
December 2023. Thirty candidate predictors were collected. Predictor selection was performed using least absolute shrinkage and
selection operator (LASSO) regression, followed by multivariable logistic regression. A nomogram was constructed in accordance
with the Transparent Reporting of a multivariable prediction model for Individual Prognosis Or Diagnosis (TRIPOD) recommenda-
tions. Discrimination was assessed using the area under the receiver operating characteristic curve (AUC); for a binary outcome, the
concordance index (C-index) is numerically equivalent to the AUC and was therefore reported for internal validation. Calibration was
evaluated using the Hosmer—Lemeshow test and calibration curves. Internal validation was conducted using bootstrap resampling
(1,000 iterations) and 10-fold cross-validation. Decision curve analysis (DCA) was applied to evaluate clinical utility.

Results: During follow-up, 70 of 607 patients (11.5%) developed rLDH. Seven independent predictors were identified: postoperative
activity, body mass index (BMI), smoking, ligamentum flavum (LF) thickness, sagittal range of motion (sROM), Modic change, and
Pfirrmann grade. The nomogram achieved an AUC of 0.793 (95% CI: 0.736—0.850) and good calibration (Hosmer-Lemeshow P =
0.668). Internal validation showed a C-index of 0.763 (95% CI: 0.682—0.844) in bootstrap resampling and 0.775 in 10-fold cross-
validation. The calibration curve showed close alignment with the ideal curve. DCA demonstrated favorable clinical utility of the
model.

Conclusion: This internally validated nomogram integrates clinical and imaging predictors to provide individualized rLDH risk
prediction after PELD. It may assist in identifying patients at higher risk of recurrence who could benefit from closer postoperative
surveillance and individualized decision-making. External validation is warranted before broad clinical implementation.

Keywords: percutaneous endoscopic lumbar discectomy, recurrent lumbar disc herniation, nomogram prediction model, TRIPOD
guideline, risk factor

Introduction

Lumbar disc herniation (LDH) is a common degenerative disorder of the lumbar spine. It usually causes low-back and
leg pain, as well as sensorimotor deficits in the lower limbs. These symptoms can seriously affect daily activities and
reduce the quality of life." When symptoms persist despite conservative management (eg, medication, rest, physical
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therapy/rehabilitation, and adjunct modalities such as laser therapy), surgical intervention is generally considered®>
Compared with nonoperative care, surgical intervention can directly remove the extruded nucleus pulposus and markedly
alleviate symptoms With advances in minimally invasive spine techniques, percutaneous endoscopic lumbar discectomy
(PELD) has become increasingly established for the treatment of LDH. Relative to conventional open procedures, PELD
offers shorter operative time, reduced intraoperative blood loss, and a shorter postoperative immobilization period.*
However, with the widespread adoption of PELD, postoperative recurrence has become a relatively common and
challenging clinical complication, with an incidence ranging from approximately 3% to 18%.>° Recurrent lumbar disc
herniation (rLDH) is defined as a reherniation at the same spinal level after lumbar discectomy that produces corre-
sponding compressive symptoms following a pain-free interval, without a strict requirement for the duration of that

interval.”®

rLDH can exacerbate low-back and leg pain, and patients who do not respond well to conservative manage-
ment may require revision surgery. Because the initial operation often induces local fibrosis and scar formation around
the surgical site, revision surgery is typically more technically challenging than the primary procedure. This not only
substantially elevates the risk of intraoperative complications, such as nerve injury, dural tears, and cerebrospinal fluid
leakage, but also adds psychological and financial burdens to patients while consuming additional healthcare resources.®’
Therefore, identifying and understanding the risk factors associated with rLDH has important clinical implications. Such
knowledge may help reduce recurrence after PELD through risk-informed counseling and individualized perioperative
management, and it can also support shared decision-making when discussing treatment strategies in selected patients,
rather than prescribing a specific surgical approach.

Several prediction models and nomograms have been developed to estimate the risk of recurrent lumbar disc
herniation after discectomy, with predictors commonly including demographic factors and baseline imaging markers of
degeneration.'®'® However, these published models vary in candidate predictors and validation strategies, and few
simultaneously integrate modifiable postoperative behavioral factors with dynamic instability and degenerative imaging
parameters. In addition to regression-based nomograms, machine learning approaches have also been explored for LDH-
related prediction tasks, reflecting growing interest in data-driven risk stratification.'® Accordingly, an additional
comprehensively reported and internally validated model that integrates modifiable behavioral factors with degenerative
and dynamic imaging features may further support individualized risk stratification, particularly in patients undergoing
PELD.

Nomograms provide a user-friendly graphical representation of multivariable regression models and have been widely
used for individualized risk prediction in clinical practice.'> Guided by the Transparent Reporting of a multivariable
prediction model for Individual Prognosis Or Diagnosis (TRIPOD) recommendations for prediction model development
and internal validation, we aimed to develop and internally validate an interpretable nomogram for rLDH after PELD by
identifying independent clinical and imaging predictors and integrating multiple imaging parameters with modifiable
clinical/behavioral factors. Dual internal validation (bootstrap resampling and 10-fold cross-validation) was performed to

evaluate model stability and mitigate optimism bias in performance estimation.

Methods
Study Design and Participants

This retrospective observational study was conducted at a single tertiary center. Consecutive patients who underwent
PELD for single-level LDH between January 2018 and December 2023 were screened. The minimum follow-up duration
was 12 months. This study was developed and reported in accordance with the TRIPOD statement for prediction model
development and internal validation; external validation was not performed.

Inclusion and Exclusion Criteria
Inclusion Criteria
(1) Clinical manifestations consistent with imaging findings supporting a diagnosis of LDH; (2) single-level LDH; (3)

failure of standardized conservative treatment for at least 4 weeks; (4) complete clinical and imaging data.
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Exclusion Criteria

(1) History of prior open lumbar surgery; (2) incomplete imaging data; (3) combined with significant spinal canal
stenosis; (4) combined with lumbar spondylolisthesis; (5) far-lateral LDH; (6) sequestered LDH; (7) presence of definite
surgical contraindications; (8) loss to follow-up or refusal to participate.

Data Collection

Demographic variables, comorbidities, perioperative parameters, postoperative activity level, and radiological character-
istics were collected from medical records and follow-up evaluations. All surgeries were performed by the same spine
surgery team to minimize surgeon-related variability. No missing data were observed for the outcome or included
predictors; therefore, imputation was not performed.

The variables analyzed in this study included demographic characteristics, surgery-related data, and radiological
factors. Demographic and surgical information comprised gender, age, course of disease, BMI, smoking, drinking,
diabetes, hypertension, household registration type, high-risk occupation, postoperative activity, type of surgery, opera-
tion time, total protein, and albumin. Radiological factors included the level of herniated disc, herniation location, type of
herniation, disc migration, Schmorl’s nodes, Modic change, Pfirrmann grade, lumbar lordosis angle (LL), intervertebral
angle (IVA), disc height index (DHI), herniation base width, sagittal range of motion (SROM), scoliosis, ligamentum

flavum (LF) thickness, and anterior vertebral osteophyte.

Imaging Assessment and Reliability
Radiological parameters were assessed using magnetic resonance imaging (MRI), computed tomography (CT) scans, and
flexion—extension radiographs. Two spine surgeons independently assessed all imaging parameters and were blinded to
recurrence status. Interobserver reliability was evaluated in a random subset of 60 patients. For continuous measurements
(eg, LF thickness, SROM, LL, IVA, DHI, and herniation base width), intraclass correlation coefficients (ICC) were
calculated using a two-way random-effects model with absolute agreement (ICC[2,1]) For categorical variables, Cohen’s
k was used for nominal variables and weighted k for ordinal variables (eg, Modic type and Pfirrmann grade)
Disagreements were resolved by consensus for the final dataset. Reliability was interpreted as poor (<0.50), moderate
(0.50-0.75), good (0.75-0.90), or excellent (>0.90).

LF thickness and sSROM were measured as illustrated in Figures 1 and 2; LF hypertrophy was defined as >4 mm and
increased mobility as SROM >10°.'!” Modic change and Pfirrmann grade were classified according to established
criteria (Figures 3 and 4).

Postoperative Activity Assessment
Postoperative physical activity was assessed during the early postoperative period, defined as the first 3 months after
surgery. Activity intensity was recorded at routine follow-up visits (or structured telephone follow-up when in-person
visits were not feasible) at approximately 1 month and 3 months postoperatively. At the 1-month follow-up, patients
reported their typical weekly activities during the preceding 4 weeks, including the type of activity, frequency, and
duration. At the 3-month follow-up, patients reported activities during postoperative weeks 5-12. Each reported
activity was assigned a metabolic equivalent of task (MET) value using the Compendium of Physical Activities
described by Ainsworth et al'® For each patient, the highest-intensity activity performed regularly across the first 3
postoperative months was used to classify early postoperative activity intensity. Patients were dichotomized into two
groups based on MET intensity: Low-intensity activity (< 6 METs), including light or moderate daily activities such as
walking or light housework; High-intensity activity (= 6 METs), including vigorous activities such as brisk walking,
running, or heavy manual labor. This threshold (6 METs) corresponds to the conventional boundary between moderate
and vigorous activity as defined by the American College of Sports Medicine and has been applied in postoperative
spine research.'%-*°

The study was approved by the Medical Ethics Committee of our hospital. Written informed consent was waived, and
verbal informed consent was obtained as approved by the committee.
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Figure | LF thickness was measured at the midpoint of the LF on axial MRI (red line indicates the measurement position).

Figure 2 Measurement of the extension IVA (A) and flexion IVA (B); SROM was defined as the difference between the flexion and extension Cobb angles at the index level
(red lines indicate the inferior endplate of the cranial vertebra and the superior endplate of the caudal vertebra used for Cobb angle calculation).

Statistical Analysis

Statistical analyses were performed using SPSS version 26.0 and R software version 4.5.1. Categorical variables were
compared between groups using chi-square tests under the following conditions: the Pearson chi-square test was applied
when the sample size was >40 and all expected frequencies were >5; the continuity-corrected chi-square test was used
when the sample size was >40 but any expected frequency was <5; and Fisher’s exact test was adopted when the sample
size was <40 or the minimum expected frequency was <lI.

4 https: Risk Management and Healthcare Policy 2026:19



Jiang et al

Normal

Type Il Type Il

.

Figure 3 The classification of Modic change. On TIWI and T2WI images, normal: isointense on TIWI and T2WI. Type |, hypointense on TIW!I and hyperintense on T2WI.
Type Il, hyperintense on TIWI and hyperintense or isointense on T2WI. Type lll, hypointense on TIWI and T2WI.

Figure 4 Pfirrmann grade classification on T2-weighted MRI. (A) Grade | normal disc structure and height with bright white, homogeneous high signal intensity. (B) Grade
II: mildly inhomogeneous structure with normal disc height; white signal with a clear distinction between the nucleus and annulus. (C) Grade lll: clearly inhomogeneous
structure with normal or slightly decreased disc height; intermediate gray signal with an unclear nucleus—annulus distinction. (D) Grade IV: severely inhomogeneous
structure with normal or moderately decreased disc height; dark gray, low signal intensity with loss of nucleus—annulus distinction. (E) Grade V severely disrupted disc with
collapsed disc space; complete loss of the nucleus—annulus distinction.

Model Development and Internal Validation (TRIPOD Workflow)

Step 1: Candidate predictors. Thirty candidate predictors were pre-specified based on clinical relevance and prior
literature. No missing data were observed for the outcome or included predictors; therefore, imputation was not
performed.

Step 2: Predictor selection. Least absolute shrinkage and selection operator (LASSO) logistic regression with 10-fold
cross-validation was used for predictor selection. To obtain a more parsimonious model and reduce overfitting, the
penalty parameter A was selected using the 1-standard-error rule based on the cross-validated binomial deviance.
Predictors with non-zero coefficients at the selected A (A_lse) were retained for subsequent multivariable logistic
regression.

Overfitting control. Given the relatively limited number of recurrence events compared with the number of candidate
predictors, penalization was used to limit model complexity. To mitigate optimism from fitting and evaluating the model
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in the same dataset, model performance was internally validated using bootstrap resampling (1,000 iterations) and 10-
fold cross-validation, providing a more realistic assessment of model stability and generalizability.

Step 3: Final model and nomogram. Retained variables were entered into a multivariable logistic regression model to
estimate odds ratios (ORs) with 95% confidence intervals (CIs). A nomogram was constructed based on the final
regression coefficients to estimate the probability of recurrence.

Step 4: Model performance and validation. Discrimination was assessed using the area under the receiver operating
characteristic curve (AUC). Model calibration was evaluated using calibration curves and the Hosmer-Lemeshow
goodness-of-fit test. Internal validation was performed using bootstrap resampling (1,000 iterations) and 10-fold cross-
validation. Clinical utility was assessed using decision curve analysis (DCA).

Results

Comparison of Clinical Characteristics Between the rLDH and Non-rLDH Groups
A total of 607 patients were included, with a follow-up duration ranging from 18 to 72 months. During follow-up, 70
patients developed rLDH, yielding a recurrence rate of 11.5%. Interobserver reliability was evaluated in a random subset
of 60 patients and showed good agreement: for continuous imaging measurements, ICCs indicated good-to-excellent
reliability, while for ordinal/categorical variables, Cohen’s k/weighted k also demonstrated good agreement (ICC range
0.81-0.93; w/weighted k range 0.83-0.87).

Significant differences between the rLDH and non-rLDH groups were observed for BMI, smoking status, post-
operative activity level, Modic change, Pfirrmann grade, sROM, and LF thickness (all P < 0.05). All baseline
characteristics are summarized in Table 1.

Table | Characteristics of Recurrence and Non-Recurrence Patients

Characteristics Non-Recurrence, Recurrence, P x
n=537 (%) n=70 (%)

Gender 0.08 3.057
Male 278(51.8) 44(62.9)
Female 259(48.2) 26(37.1)

Age 0.645 0.212
<60 427(79.5) 54(77.1)
>60 110(20.5) 16(22.9)

BMI 0.003 8.988
<24 271(50.5) 22(31.4)
224 266(49.5) 48(68.6)

Course of disease (month) 0.332 0.942
<6 324(60.3) 38(54.3)
26 213(39.7) 32(45.7)

Smoking 0.002 10.059
Yes 86(16.0) 22(31.4)
No 451(84.0) 48(68.6)

Drinking 0.874 0.025
Yes 58(10.8) 8(11.4)
No 479(89.2) 62(88.6)

Diabetes 0.120 2419
Yes 46(8.6) 10(14.3)
No 491(91.4) 60(85.7)

Hypertension 0.783 0.076
Yes 115(21.4) 16(22.9)
No 422(78.6) 54(77.1)

(Continued)
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Table | (Continued).

Characteristics Non-Recurrence, Recurrence, P xz
n=537 (%) n=70 (%)

Household registration type 0311 1.028
Urban 280(52.1) 41(58.6)
Rural 257(47.9) 29(41.4)

High risk occupation 0.262 1.260
Yes 284(52.9) 42(60.0)
No 253(47.1) 28(40.0)

Postoperative activity <0.001 21.483
High intensity 35(6.5) 16(22.9)
Low intensity 502(93.5) 54(77.1)

Level of herniated disc 0.903 0.015
L4/5 249(46.4) 33(47.1)
L5/S1 288(53.6) 37(52.9)

Type of surgery 0.681 0.169
PETD 450(83.8) 60(85.7)
PEID 87(16.2) 10(14.3)

Operation time (min) 0.106 2613
<60 352(65.5) 39(55.7)
>60 185(34.5) 31(44.3)

Total Protein 0.119 2436
265 343(63.9) 38(54.3)
<65 194(36.1) 32(45.7)

Albumin 0.989 <0.001
240 292(54.4) 38(54.3)
<40 245(45.6) 32(45.7)

Herniation location 0.067 5.393
Central 177(33.0) 21(30.0)
Paracentral 272(50.7) 44(62.9)
Foraminal 88(16.4) 5(7.1)

Type of herniation 0.963 0.002
Protrusion 336(62.6) 44(62.9)
Extrusion 201(37.4) 26(37.1)

Disc migration 0.788 0.073
Yes 244(45.4) 33(47.1)
No 293(54.6) 37(52.9)

Schmorl’s nodes 0.005 7.896
Yes 137(25.5) 29(41.4)
No 400(74.5) 41(58.6)

Modic change <0.001 16.014
Yes 163(30.4) 38(54.3)
No 374(69.6) 32(45.7)

Pfirrmann grade <0.001 16.117
-1 327(60.9) 25(35.7)
IV-v 210(39.1) 45(64.3)

LL 0.541 0.374
<40 380(70.8) 52(74.3)
>40 157(29.2) 18(25.7)

IVA 0.595 0.282
<10 225(41.9) 27(38.6)
>10 312(58.1) 43(61.4)

(Continued)
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Table | (Continued).

Characteristics Non-Recurrence, Recurrence, P xz
n=537 (%) n=70 (%)

DHI 0.066 3.386
<0.4 380(70.8) 42(60.0)
>0.4 157(29.2) 28(40.0)

Herniation base width (mm) 0.479 0.500
<15 361(67.2) 50(71.4)
>|5 176(32.8) 20(28.6)

sROM 0.002 9.506
<10 513(95.5) 60(85.7)
>10 24(4.5) 10(14.3)

Scoliosis 0.094 2.800
Yes 19(3.5) 6(8.6)
No 518(96.5) 64(91.4)

LF thickness (mm) <0.001 14.432
<4 519(96.6) 60(85.7)
>4 18(3.4) 10(14.3)

Anterior vertebral osteophyte 0.954 0.003
Yes 36(6.7) 4(5.7)
No 501(93.3) 66(94.3)

Construction of the Nomogram Prediction Model

Predictor selection was performed using LASSO logistic regression with 10-fold cross-validation. The penalty parameter
was selected using the 1-standard-error rule based on the cross-validated binomial deviance (A_lse = 0.0377), and
predictors with non-zero coefficients at A lse were retained for multivariable logistic regression (Figure 5). Seven
predictors with non-zero coefficients at A _1se were retained, including postoperative activity level, BMI, smoking status,
Modic change, Pfirrmann grade, sROM, and LF thickness. These variables were subsequently entered into
a multivariable logistic regression model, and all seven remained independent predictors of rLDH (all P < 0.05). The
corresponding ORs and ClIs are presented in Table 2.
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Figure 5 LASSO logistic regression for predictor selection. (A) Coefficient profiles of the 30 candidate predictors (each colored curve represents one predictor) plotted
against log(A). (B) 10-fold cross-validation curve of the binomial deviance. Red dots indicate the mean cross-validated deviance at each A, and gray error bars represent *|1
standard error. The vertical dotted lines denote A_min and A_lse. Numbers above the plot indicate the number of predictors with non-zero coefficients at each A.
Predictors with non-zero coefficients at A_|se were retained for subsequent multivariable logistic regression.
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Table 2 Multivariate Logistic Regression Analysis of Risk Factors
for rLDH After PELD

Risk Factors OR 95% CI P
Postoperative activity (High vs Low) | 3.971 | 1.909-8.263 <0.001
BMI (224 vs <24) 2.310 | 1.304-4.093 0.004
Smoking (Yes vs No) 2013 | 1.082-3.746 | 0.027
Modic change (Yes vs No) 2.386 | 1.375-4.142 | 0.002
Pfirrmann grade (IV-V vs I-ll) 2.580 | 1.469-4.532 | <0.00I
sROM (>10° vs <10°) 3.935 | 1.659-9.329 | 0.002
LF thickness (>4 mm vs <4 mm) 6.444 | 2.575-16.127 | <0.001

From a clinical perspective, postoperative activity intensity, BMI, and smoking are modifiable predictors that can be
targeted through risk-stratified rehabilitation guidance, weight management, and smoking cessation counseling. In
contrast, LF thickness, SROM, Modic change, and Pfirrmann grade are objective imaging markers reflecting canal
reserve, segmental stability, and degenerative burden, which may help identify patients who warrant closer surveillance
and more individualized perioperative planning.

A nomogram model incorporating these seven risk factors was constructed to predict the probability of rLDH after
PELD (Figure 6). In this model, each variable was assigned a specific score, and the sum of all scores yielded a total
point value that corresponded to an individualized probability of recurrence.

Validation of the Nomogram Prediction Model

The AUC value was 0.793 (95% CI: 0.736-0.850), indicating that the model has good discriminatory ability (Figure 7).
Bootstrap resampling (1,000 iterations) showed that the concordance index (C-index) was 0.763 (95% CI: 0.682—-0.844),
and the C-index obtained by 10-fold cross-validation was 0.775. These findings indicate stable discrimination in internal
validation.

The Hosmer-Lemeshow goodness-of-fit test produced a P value of 0.668 (P > 0.05), suggesting satisfactory
calibration of the model. The calibration curve closely overlapped with the observed outcomes, demonstrating strong
agreement between the predicted and actual recurrence risks (Figure 8).

DCA indicated that the nomogram model provided substantial clinical net benefit across a wide range of threshold
probabilities, supporting its favorable clinical utility (Figure 9).
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Figure 6 Nomogram to predict the risk of rLDH after PELD.
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Figure 7 The ROC analysis for the nomogram.

Discussion

Owing to its advantages of minimal invasiveness, favorable clinical outcomes, and relatively low recurrence rate, PELD
has become increasingly favored by spine surgeons. Nevertheless, postoperative recurrence remains a concern, with
reported recurrence rates ranging from 3% to 18%; in the present study, the recurrence rate among patients with LDH
was 11.5%, consistent with previous findings.>*°

As a widely applied visual predictive instrument in clinical medicine, the nomogram incorporates multiple indepen-
dent risk factors and displays them graphically, allowing for the intuitive, individualized estimation of event probability
to facilitate clinical decision-making.?>*' In the present retrospective study, 30 potential risk factors were initially
included. Using LASSO regression and multivariate logistic regression analyses, seven independent risk factors were
ultimately identified: postoperative activity level, BMI, smoking, Modic change, Pfirrmann grade, sSROM, and LF
thickness. A risk prediction model for rLDH was subsequently developed based on these seven variables. Multiple
validation methods demonstrated good discrimination and calibration performance, indicating favorable clinical pre-
dictive value for estimating the risk of recurrence following PELD.

This study incorporated two complementary internal validation techniques—10-fold cross-validation and bootstrap
method (1000 iterations)—to assess model stability and generalizability. These approaches are widely endorsed by the
TRIPOD guideline when external data are unavailable, ensuring reliability without arbitrary data splitting.

Among the identified factors, postoperative activity, BMI, and smoking are modifiable clinical parameters, emphasiz-
ing the role of behavioral and perioperative management in reducing recurrence. From a risk-management perspective,
the model enables individualized prediction of recurrence probability before and after PELD, thereby allowing surgeons
to tailor rehabilitation intensity, weight-control interventions, and smoking cessation counseling according to predicted
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Figure 8 The calibration curves of the nomogram.

risk strata. Such stratified strategies may facilitate targeted perioperative counseling and more efficient follow-up
planning.

High-intensity activity in the first 3 postoperative months was associated with rLDH, consistent with prior
studies.''?*% In the early postoperative phase, the annular defect has not yet been fully repaired by mature fibrous
scar. High-load physical activity at this stage can sharply increase intradiscal pressure, subjecting the disc to substantial
biomechanical stress; when pressure is unevenly distributed, residual nucleus pulposus may reherniate through the
disrupted annulus. Therefore, during the first 3 months after PELD, it may be advisable to implement a structured, staged
rehabilitation program emphasizing activity modification and gradual functional exercises; thereafter, high-load activities
should be reintroduced progressively rather than abruptly to help reduce recurrence risk.

Higher BMI (>24) was also an independent predictor, consistent with previous findings.”* Excess body weight
increases mechanical demands on the operated segment and may impair annular healing, thereby increasing susceptibility
to reherniation, particularly during flexion/lifting.?>-*° Therefore, for patients with higher BMI, weight-control counseling
combined with avoidance of early high-load activities may be especially relevant.

Smoking emerged as another modifiable risk factor.”’*® As an avascular structure, the intervertebral disc relies
primarily on diffusion through the capillary network at the endplate—disc interface for its nutrient supply. Smoking can
induce arteriosclerosis of local arteries and arterioles, while nicotine acts on vascular smooth muscle to slow blood flow,
thereby impairing disc perfusion.?*** In addition, nicotine has been shown to inhibit cell proliferation and extracellular
matrix synthesis and to accelerate nucleus pulposus cell senescence, further exacerbating disc degeneration.’'~?
Therefore, smoking should be recognized as a modifiable risk factor in patients scheduled to undergo PELD.

Comprehensive perioperative smoking cessation education and systematic interventions are recommended to improve
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Figure 9 Decision curve for the risk of rLDH after PELD.

the local microenvironment of the intervertebral disc, reduce postoperative recurrence risk, and enhance long-term
outcomes.

Meanwhile, LF thickness, SROM, Modic change, and Pfirrmann grade are objective imaging indicators that capture
complementary aspects of segmental vulnerability, including degenerative burden, canal reserve, endplate—disc health,
and dynamic stability. Rather than providing redundant mechanistic explanations in isolation, these variables collectively
describe a biomechanical and structural context in which recurrent herniation is more likely to become symptomatic and
clinically relevant.

The results of this study indicate that LF thickness greater than 4 mm is an important risk factor for postoperative
recurrence. Under the combined influence of repeated mechanical stress, inflammatory stimulation, and abnormal repair
processes, pathological alterations such as disorganized collagen fiber arrangement, reduced elastic fibers, and fibrosis
may occur, leading to LF proliferation and thickening.>*** LF thickness >4 mm may reflect advanced degenerative
remodeling and reduced canal/lateral recess reserve, such that even a small recurrent protrusion can precipitate nerve root
compression and symptoms.

Kim et al reported that patients with sSROM > 10° had a postoperative recurrence rate as high as 26.5%, whereas those
with sSROM < 10° had a recurrence rate of only 4.1%, findings consistent with the present results.'” The underlying
biomechanical mechanism may lie in the fact that increased sSROM leads to reduced local stability of the operated
segment. Such segmental instability can cause abnormal loading and uneven stress distribution on the residual nucleus
pulposus, thereby increasing the risk of annular tear. A retrospective study on unilateral biportal endoscopic discectomy
further quantified this risk by developing a dynamic nomogram, demonstrating that the probability of rLDH rises
proportionally with increasing SROM.*
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Modic change reflects endplate pathology and impaired disc—endplate function, which may compromise nutrient
transport and reduce the disc’s ability to tolerate postoperative loading.%*38 Studies have shown that patients with
concurrent Modic change have a higher risk of developing rLDH after PELD, which is consistent with the results of this
study.®® Because the endplate structure is already compromised in such patients, and the interface between the
cartilaginous endplate and vertebral body is relatively weak, the endplate may herniate together with the nucleus
pulposus under load.** Moreover, removal of the nucleus pulposus during surgery may further injure the endplate,
thereby increasing the risk of rLDH after PELD.

Our findings indicate that Pfirrmann grade IV-V is a risk factor for rLDH. During disc degeneration, type I collagen
increases while type II collagen decreases; concomitantly, intradiscal proteoglycan and elastin contents decline, reducing
nucleus pulposus elasticity and leading to loss of disc height.*' Discs graded as Pfirrmann grade IV typically show
heterogeneous signal intensity, an indistinct nucleus—annulus boundary, and mild loss of disc height, placing the lumbar
segment in a biomechanically unstable state that predisposes to rTLDH. Although patients with Pfirrmann grade V may
exhibit reduced sSROM due to disc collapse, the severe disc destruction and annular compromise still confer a high
postoperative risk of rTLDH.** Prior studies likewise demonstrate that advanced lumbar disc degeneration is a risk factor
for rLDH, consistent with our results.'®

Taken together, these imaging parameters describe complementary aspects of segmental vulnerability and may help
identify patients who warrant closer surveillance and more individualized perioperative counseling. Importantly, the
nomogram is intended to support shared decision-making and follow-up planning rather than to mandate specific surgical
strategies. For patients classified as high risk, closer follow-up and more individualized surgical decision-making may be
considered; however, procedure selection should remain individualized and requires further external validation of the
model.

Clinical Application Perspective

Because postoperative activity intensity is assessed during early follow-up, the proposed nomogram is best used as
a dynamic risk-updating tool rather than a discharge-only predictor. At discharge, clinicians may estimate baseline risk
using readily available clinical and imaging predictors (eg, BMI, smoking status, LF thickness, SROM, Modic change,
and Pfirrmann grade) to guide counseling, prescribe an activity plan, and reinforce symptom monitoring At early follow-
up (typically at 1 month and updated at 3 months), once early postoperative activity intensity has been ascertained, the
nomogram can be recalculated using all predictors to provide an updated individualized rLDH risk and to support risk-
stratified follow-up and rehabilitation planning.

Example 1 (low-risk profile). A patient with low-intensity activity during the first 3 postoperative months, BMI < 24,
non-smoker, no Modic change, Pfirrmann [-III, sSROM < 10°, and LF thickness < 4 mm would accumulate minimal
points, corresponding to a low predicted recurrence risk (<0.10). In practice, standard rehabilitation and routine follow-up
may be sufficient.

Example 2 (intermediate-risk profile). A patient with BMI > 24 and smoking, combined with one unfavorable
imaging marker (eg, Modic change present or Pfirrmann IV—V) but otherwise favorable parameters (eg, low-intensity
activity and no marked instability), would yield a higher point total, mapping to an intermediate predicted risk (010-0.30)
depending on the overall score. Clinically, this scenario supports intensified counseling on weight control/smoking
cessation and a more structured, staged activity prescription, with earlier reassessment if symptoms recur.

Example 3 (high-risk profile). A patient with multiple adverse imaging markers (eg, SROM > 10°, Modic change, and
Pfirrmann IV-V) together with at least one additional clinical risk factor (BMI > 24 and/or current smoking) would
accumulate a high point total, corresponding to a high predicted recurrence risk (>030) depending on the overall score. In
practice, this profile supports a more conservative discharge plan, including stricter early activity restriction with
a supervised, graded rehabilitation program, explicit avoidance of high-intensity loading and repetitive flexion/lifting,
and closer follow-up with earlier reassessment if symptoms recur. Reinforcement of modifiable risk-reduction strategies
(weight management and smoking cessation) should be prioritized during early recovery.

Importantly, the nomogram is intended to facilitate shared decision-making and follow-up planning, and it should not
be used as the sole basis for procedure selection. Given the retrospective single-center design and the absence of external
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validation, any inference regarding alternative surgical strategies (eg, fusion) should be interpreted cautiously and
considered hypothesis-generating To enhance usability and implementation, the model could be translated into an
electronic calculator (web-based tool or mobile application) embedded into postoperative follow-up workflows.
Prospective multicenter studies with external validation and impact analyses are warranted to determine whether
nomogram-guided follow-up and rehabilitation strategies improve outcomes and optimize resource allocation.

This study has several limitations. First, its retrospective, single-center design may introduce selection bias (eg,
referral patterns, local indications for PELD, and follow-up completeness), potentially inflating apparent model perfor-
mance and limiting transportability to other settings Second, although all procedures were performed by the same
surgical team, center-specific technical and perioperative practice patterns (eg, extent of nucleus removal, endplate
handling, and rehabilitation advice) may influence recurrence risk and could affect calibration when the model is applied
elsewhere Third, despite robust internal validation, external validation was not performed; therefore, the nomogram
should be used as a decision-support tool rather than as a determinant of procedure selection. Prospective multicenter
studies with standardized assessment of postoperative activity and independent external validation are warranted to
confirm generalizability and refine the model.

Conclusion

Recurrent lumbar disc herniation after PELD remains clinically relevant, and existing prediction models vary in included
predictors and validation strategies. We identified seven independent predictors (postoperative activity intensity, BMI,
smoking, LF thickness, SROM, Modic change, and Pfirrmann grade) and developed an interpretable nomogram with
good discrimination, calibration, and dual internal validation. This tool integrates modifiable behaviors with objective
imaging markers to support individualized risk stratification and postoperative management; external validation is
warranted before broad implementation.
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