
Prediction of Vertebral Recollapse After
Percutaneous Pedicle Screw Fixation for Single-
Level Traumatic Thoracolumbar Fractures: Model
Development and Internal Validation
Xin Xu 

Affiliated 960th Hospital of PLA, Shandong Second Medical University
Linyang Song 

Qilu Hospital of Shandong University
Junlin Han 

Affiliated 960th Hospital of PLA, Shandong Second Medical University
Ang Li 

Affiliated 960th Hospital of PLA, Shandong Second Medical University
Ruoxian Song 

Affiliated 960th Hospital of PLA, Shandong Second Medical University

Research Article

Keywords: thoracolumbar fracture, percutaneous pedicle screw fixation, vertebral recollapse, prediction
model, Hounsfield units, facet joint violation

Posted Date: November 3rd, 2026

DOI: https://doi.org/10.21203/rs.3.rs-11271359/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Additional Declarations: No competing interests reported.

Page 1/35

https://doi.org/10.21203/rs.3.rs-11271359/v1
https://doi.org/10.21203/rs.3.rs-11271359/v1
https://doi.org/10.21203/rs.3.rs-11271359/v1
https://creativecommons.org/licenses/by/4.0/


Abstract

Background
Progressive loss of restored vertebral height can occur after percutaneous pedicle screw fixation (PPSF)
for traumatic thoracolumbar fractures, yet individualized prediction of vertebral recollapse remains
limited. We aimed to develop and internally validate an early postoperative prediction model for vertebral
recollapse after short-segment PPSF.

Methods
We retrospectively included 420 neurologically intact patients with single-level T11–L2 traumatic
fractures treated with a uniform four-screw, two-rod PPSF construct. Recollapse was defined as a > 20-
percentage-point increase in normalized anterior vertebral height loss (ΔHL) from the early postoperative
assessment to follow-up before planned implant removal. Twelve candidate predictors were evaluated
using least absolute shrinkage and selection operator (LASSO) regression followed by multivariable
logistic regression. Internal validation used 1,000 bootstrap resamples. Post hoc comparisons of four
nested models used a common stratified 10-fold cross-validation partition. Sensitivity analyses
examined alternative recollapse thresholds and continuous ΔHL using multivariable linear regression
with HC3 robust standard errors.

Results
Recollapse occurred in 98 patients (23.3%). Six predictors were retained: age, vertebral compression
degree, injured-vertebral Hounsfield unit (HU) value, screw-to-endplate distance, facet joint violation
(FJV) grade, and lower endplate destruction. The apparent and optimism-corrected areas under the
receiver operating characteristic curve (AUCs) were 0.851 and 0.829, respectively; the optimism-
corrected Brier score was 0.135 and the calibration slope was 0.883. In nested comparisons, cross-
validated AUC increased from 0.734 for age and compression to 0.834 for the full model, while Brier
score decreased from 0.158 to 0.132. The largest incremental gain occurred after addition of the
postoperative imaging block, whereas HU added little discrimination. Continuous-outcome analysis
showed concordant association directions, with residual uncertainty for HU.

Conclusions
The six-predictor model showed promising internally validated performance for early postoperative
prediction of vertebral recollapse. Post hoc comparisons suggested additional predictive information
from endplate integrity and the combined postoperative imaging variables, whereas the observed
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incremental contribution of HU was small. External validation and prospective clinical-impact
assessment are required before clinical implementation.

1 Introduction
The thoracolumbar junction is a biomechanically vulnerable transition between the relatively rigid
thoracic spine and the more mobile lumbar spine and is therefore particularly susceptible to traumatic
injury. In patients requiring surgical stabilization without open decompression, percutaneous pedicle
screw fixation (PPSF) can provide indirect reduction and posterior stabilization while reducing paraspinal
muscle dissection, intraoperative blood loss, and soft-tissue injury compared with conventional open
fixation [1]. The clinical effectiveness and feasibility of minimally invasive percutaneous fixation for
traumatic thoracolumbar fractures have also been supported by systematic reviews [2]. Nevertheless,
satisfactory early postoperative reduction does not necessarily ensure durable restoration of vertebral
morphology. Progressive vertebral-height loss, loss of kyphotic correction, and vertebral recollapse may
develop during follow-up despite initially satisfactory fixation [3].

Maintenance of vertebral height after posterior fixation depends in part on the residual structural
integrity of the injured anterior column. Endplate and intervertebral disc injuries have been associated
with postoperative correction loss after short-segment fixation of traumatic thoracolumbar fractures [4],
and disruption of the disc-endplate complex has similarly been linked to poorer maintenance of vertebral
height and sagittal alignment [5]. Improved restoration of the injured endplate may contribute to better
preservation of vertebral height after short-segment fixation [6]. Greater preoperative vertebral
compression has also been associated with subsequent vertebral-height loss after pedicle screw
fixation [7], while recent evidence suggests that fracture severity and bone quality may jointly influence
maintenance of vertebral height and kyphotic correction [8]. These findings suggest that postoperative
recollapse reflects the combined effects of initial structural damage and residual load-bearing capacity
rather than a single radiographic feature.

Local bone quality may further influence postoperative mechanical stability. Hounsfield unit (HU) values
obtained from routine computed tomography (CT) provide an opportunistic quantitative measure of
cancellous bone attenuation and correlate with vertebral bone strength and other biomechanical
indicators of bone quality [9, 10]. More recent evidence has linked lower CT-derived HU values to an
increased risk of mechanical complications after spinal instrumentation [11]. In traumatic thoracolumbar
fractures, HU measurements may therefore complement fracture morphology, particularly because
clinically relevant variation in local bone quality can persist even among patients without typical
osteoporotic or fragility fractures.

Technical characteristics of posterior instrumentation may also affect maintenance of fracture
reduction. Pedicle screw depth and position can influence screw-bone anchorage and postoperative
vertebral-height restoration [12]. Facet joint violation (FJV) is another relevant postoperative imaging
feature of percutaneous pedicle screw placement [13], and its occurrence may vary with screw-
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placement technique and local anatomy in thoracolumbar fracture fixation [14]. Screw-related imaging
features may therefore provide prognostic information beyond preoperative patient and fracture
characteristics. Integrating patient-related factors, fracture severity, local bone quality, endplate integrity,
and postoperative screw-related characteristics may offer a more comprehensive framework for
estimating subsequent recollapse risk.

Individualized prediction of vertebral recollapse after thoracolumbar fracture fixation has received
increasing attention. Xiong et al. reported a nomogram incorporating age, injury severity, screw
distribution, and preoperative vertebral compression [15], and machine-learning methods have also been
explored for treatment failure after short-segment posterior fixation [16]. However, published studies
differ substantially in patient selection, fixation strategy, predictor definition, and radiographic outcome
criteria. These differences limit direct comparison and may reduce transportability across clinical
settings. A model developed within a relatively homogeneous fixation strategy and evaluated at a clearly
defined postoperative prediction time point may therefore provide a more interpretable estimate of
recollapse risk.

Accordingly, we aimed to develop and internally validate a prediction model for vertebral recollapse after
short-segment PPSF in neurologically intact patients with single-level traumatic thoracolumbar fractures.
The intended prediction time point was after routine early postoperative CT assessment and before
hospital discharge. The primary outcome was progression in normalized anterior vertebral height loss
from the early postoperative assessment to follow-up before planned implant removal. We additionally
examined whether sequentially adding endplate integrity, HU, and postoperative screw-related imaging
features improved prediction beyond age and vertebral compression, and whether the observed
associations were consistent when height-loss progression was analyzed as a continuous outcome.

2 Materials and methods

2.1 Study design and participants
This retrospective cohort study consecutively included neurologically intact patients with single-level
traumatic thoracolumbar fractures at T11–L2 who underwent posterior PPSF at the 960th Hospital of
the Joint Logistics Support Force, affiliated with Shandong Second Medical University, between
December 2022 and December 2024. The patient-selection and study workflow is shown in Fig. 1.
Clinical data were de-identified using anonymous case codes before analysis.

Patients were eligible if they met the following criteria: (1) an acute single-level traumatic fracture
involving T11–L2 confirmed by imaging; (2) no neurological deficit; (3) treatment with posterior short-
segment PPSF; (4) availability of the clinical, preoperative imaging, and early postoperative imaging data
required for model development; and (5) radiographic follow-up at the time of planned implant removal.
Exclusion criteria were multilevel spinal fractures, pathological or osteoporotic/fragility fractures,
neurological deficits or a requirement for decompression or open surgery, previous surgery involving the
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fractured or adjacent levels, severe associated injuries, inadequate radiographic follow-up, or unavailable
data required to determine the primary outcome.

All eligible patients were included in the model-development cohort, and internal validation was
performed by bootstrap resampling.

The study was approved by the institutional ethics committee (No. 2024009), and the requirement for
informed consent was waived because of the retrospective design. The study was conducted in
accordance with the Declaration of Helsinki and reported in accordance with the TRIPOD statement [17].

2.2 Surgical procedure and postoperative management
All procedures were performed under general anesthesia with the patient in the prone position. Pedicle
screws were inserted percutaneously under C-arm fluoroscopic guidance. A uniform short-segment
construct was used, with bilateral pedicle screws placed one vertebra above and one vertebra below the
fractured level, resulting in a four-screw, two-rod construct. No screws were inserted into the fractured
vertebra.

Fracture reduction was achieved primarily by prone positioning and ligamentotaxis. Moderate distraction
or compression was applied through the screw-rod construct when necessary to restore vertebral height
and local alignment. Routine postoperative management included analgesia, thromboprophylaxis, wound
care, brace use, and progressive ambulation according to each patient’s clinical condition.

2.3 Prediction time point and primary outcome
The intended prediction time point was after the early postoperative CT assessment and before hospital
discharge.

Early postoperative imaging was routinely obtained during the initial postoperative hospitalization,
generally around postoperative day 3. Follow-up radiographs used for the final vertebral-height
assessment were obtained at the time of planned implant removal. Exact patient-level intervals between
surgery and the imaging examinations were not systematically extracted. The primary outcome was
vertebral recollapse assessed on these follow-up radiographs before implant removal. To reduce the
influence of differences in radiographic magnification between examinations, anterior vertebral height
was normalized separately at the early postoperative and follow-up assessments using the immediately
adjacent cranial and caudal vertebrae as internal references.

Normalized anterior vertebral height loss was calculated as:

HL(t) (%) = [1 − HF(t) / {(Hcranial(t) + Hcaudal(t))/2}] × 100

where HF(t), Hcranial(t), and Hcaudal(t) denote the anterior heights of the fractured, cranial adjacent, and
caudal adjacent vertebrae at assessment t, respectively. HU is reserved for CT attenuation and is not
used as a height symbol.
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ΔHL = HL(follow-up) − HL(early postoperative)

Previous studies have evaluated postoperative structural deterioration using vertebral-height loss,
correction loss, or vertebral recollapse, with heterogeneous outcome definitions [4, 7, 8, 15]. In the
present study, ΔHL > 20 percentage points was used as an author-defined operational radiographic
criterion for vertebral recollapse. The threshold was not optimized by maximizing model performance
and has not been established as a clinically validated cutoff. Representative measurements and the
outcome calculation are shown in Fig. 2F.

Alternative-threshold analyses and continuous ΔHL analyses were used to examine the robustness of
the findings to outcome specification. These analyses were not intended to establish the clinical validity
or optimality of the > 20-percentage-point criterion.

2.4 Candidate predictors and imaging assessment
Twelve candidate predictors were selected for model development based on clinical relevance, previous
evidence, routine availability, and availability at the intended prediction time point: age, body mass index
(BMI), injured vertebral compression degree, injured vertebral Hounsfield unit (HU) value, screw-to-
endplate distance, facet joint violation (FJV) grade, maximum screw breach distance, sex, current
smoking, upper endplate destruction, lower endplate destruction, and adjacent intervertebral disc injury.
Definitions and model specifications are summarized in Supplementary Table S1.

All imaging measurements were performed using the institutional picture archiving and communication
system. Representative measurement methods are shown in Fig. 2.

The injured-vertebral HU value was measured on preoperative CT using an elliptical region of interest
placed within cancellous bone while avoiding cortical bone, fracture lines, focal sclerosis, and the
posterior venous plexus (Fig. 2A).

Vertebral compression degree was calculated from the anterior heights of the cranial adjacent vertebra
(b1), fractured vertebra (b2), and caudal adjacent vertebra (b3):

Compression (%) = [1 − b2 / ((b1 + b3)/2)] × 100

Screw-to-endplate distance was defined as the shortest distance from each screw tip to the nearest
vertebral endplate on early postoperative sagittal CT; the minimum value among the four screws was
used as the patient-level measurement (Fig. 2C).

FJV was graded from 0 to 3 according to the classification described by Babu et al. [13], and the higher
bilateral grade was recorded (Fig. 2D). Upper and lower endplate destruction were assessed separately
according to cortical discontinuity, focal collapse, step-off deformity, or fracture-line involvement
(Fig. 2E). All patients underwent preoperative CT and MRI, and adjacent intervertebral disc injury was
assessed using both modalities. Maximum screw breach distance was defined as the greatest cortical
breach measured among the four pedicle screws.
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2.5 Interobserver reliability and missing data
One trained spine surgeon performed all imaging measurements and classifications for the full cohort.
For the interobserver reliability assessment, a second trained spine surgeon independently repeated the
same measurements and classifications in a randomly selected subset of 50 patients. Continuous
imaging variables were assessed using a two-way random-effects, absolute-agreement, single-measure
intraclass correlation coefficient [ICC(2,1)]. FJV grade was evaluated using quadratic-weighted Cohen’s
kappa, whereas binary imaging variables were assessed using unweighted Cohen’s kappa.

The analytic dataset was checked for missingness before model development. No missing values were
present for the primary outcome or any of the 12 candidate predictors; therefore, statistical imputation
was not required.

2.6 Sample-size considerations
The sample size was determined by the available eligible cohort. There were 98 outcome events for 12
candidate predictor parameters. Sample-size adequacy was considered in light of contemporary
prediction-model guidance [18]; no prospective sample-size calculation determined the cohort size. A
post hoc calculation based on model fit in the development dataset cannot establish that the model is
free from overfitting.

2.7 Statistical analysis and model development
Continuous variables were summarized as mean ± standard deviation or median (interquartile range), as
appropriate, and categorical variables as number (percentage). Baseline characteristics were
descriptively compared between patients with and without vertebral recollapse using appropriate
parametric, nonparametric, or categorical tests. These comparisons were not used for predictor
screening.

All 12 candidate predictors were entered simultaneously into a least absolute shrinkage and selection
operator (LASSO) logistic regression model [19]. Continuous predictors were standardized before
penalized regression. The inverse regularization strength parameter (C) was tuned over a logarithmic
grid from 0.001 to 100 using 10-fold stratified cross-validation, and the 1-standard-error rule was applied
for predictor selection. Predictors retaining nonzero coefficients were then entered simultaneously into
an unpenalized multivariable logistic regression model to obtain interpretable regression coefficients,
odds ratios (ORs), and 95% confidence intervals (CIs).

No additional predictor elimination based on univariable or multivariable P values, Akaike information
criterion, or Bayesian information criterion was performed after LASSO selection. Continuous predictors
remained continuous, and ORs were expressed using clinically interpretable increments where
appropriate.
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Potential nonlinear associations for the four continuous predictors retained in the final model were
assessed using restricted cubic splines with five prespecified knots placed at the 5th, 27.5th, 50th,
72.5th, and 95th percentiles of each predictor distribution. Likelihood-ratio tests compared each spline
specification with the corresponding linear specification, with 3 degrees of freedom assigned to the
nonlinear component. The ordinal FJV term was additionally compared with a categorical specification
to assess the adequacy of a linear grade effect. Variance inflation factors were calculated to assess
multicollinearity. The final logistic regression equation was used to estimate individual probabilities of
vertebral recollapse, and a nomogram was constructed for graphical risk estimation.

2.8 Internal validation and model performance
Internal validation was performed using 1,000 patient-level bootstrap resamples. The entire model-
development procedure was repeated within each resample, including predictor standardization, LASSO
penalty tuning, predictor selection, and unpenalized logistic model refitting. Five-fold stratified cross-
validation was used for LASSO tuning within each bootstrap sample. Optimism was estimated from the
difference between bootstrap-sample and original-sample performance and used to derive optimism-
corrected estimates.

Model discrimination was quantified using the area under the receiver operating characteristic curve
(AUC), and overall predictive accuracy was evaluated using the Brier score. Calibration was assessed
using the calibration intercept, calibration slope, and graphical comparison of predicted and observed
probabilities; ideal intercept and slope values are 0 and 1, respectively [20].

Predictor-selection stability was assessed as the proportion of bootstrap resamples in which each of the
12 candidate predictors retained a nonzero LASSO coefficient.

For descriptive classification performance, the probability cutoff that maximized the Youden index was
calculated, and sensitivity, specificity, positive predictive value, negative predictive value, and accuracy
were reported. This cutoff was considered exploratory and was not interpreted as a validated clinical
decision or treatment threshold.

Decision curve analysis was used to evaluate model net benefit across threshold probabilities relative to
treat-all and treat-none strategies [21]. Patients were also ranked by predicted probability and divided
into deciles to compare mean predicted probabilities with observed recollapse rates. These displays
were descriptive assessments within the development cohort and were not used to define clinical
intervention thresholds.

All statistical tests were two-sided, with P < 0.05 used as the conventional reference for statistical
significance. Statistical significance was not used as a criterion for predictor inclusion or exclusion from
the prediction model.

2.9 Incremental predictive performance
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A post hoc analysis compared four nested logistic regression models to describe the additional
predictive information associated with successive predictor blocks. Model 1 included age and vertebral
compression degree. Model 2 added lower endplate destruction; Model 3 additionally included injured-
vertebral HU value; and Model 4 added screw-to-endplate distance and FJV grade, yielding the final six-
predictor model. Coding and scaling were identical to those used in the final model, and no interactions
were added.

All four models were assessed using the same stratified 10-fold partition (random seed 42). Within each
training set, the specified unpenalized logistic regression model was refitted and predictions were
generated for the held-out patients. AUC and Brier score were calculated from pooled out-of-fold
predictions. The cross-validated calibration slope was estimated by regressing the binary outcome on
the logit of these predictions. Apparent performance was also reported, and the change in cross-
validated AUC was calculated relative to the preceding model.

The predictor sets were fixed after development of the main model, and LASSO selection was not
repeated within this comparison. These estimates therefore characterize the specified model structures
conditional on prior selection and do not replace bootstrap assessment of the development procedure.
Differences were interpreted descriptively; no confidence intervals or hypothesis tests for between-
model differences were calculated.

2.10 Sensitivity analyses
The fixed six-predictor logistic model was assessed using recollapse thresholds of > 15, >17.5, > 20,
>22.5, and > 25 percentage points. Coefficients were refitted within the training folds, and 10-fold cross-
validated AUC and Brier score were reported for each outcome definition. For the primary > 20-
percentage-point outcome, the values correspond to Model 4 in the incremental analysis. Performance
across thresholds was interpreted descriptively because both outcome definition and event prevalence
changed.

To examine associations without dichotomizing height-loss progression, ΔHL was also analyzed as a
continuous outcome using ordinary least-squares regression with the same six predictors entered
simultaneously. Negative values were retained. Coefficients represent differences in ΔHL, in percentage
points, using the same predictor increments as in the logistic model. HC3 heteroskedasticity-robust
standard errors were used, with 95% confidence intervals and two-sided P values based on a t
distribution with 413 residual degrees of freedom. R² and adjusted R² were reported. This analysis was
complementary and used the same cohort; it was not an independent validation or an assessment of the
optimal binary threshold.

Restricted cubic spline analyses and figure generation were performed using R version 4.5.1 (R
Foundation for Statistical Computing, Vienna, Austria). The nested-model and continuous-outcome
analyses were implemented in Python using scikit-learn, NumPy, and SciPy.
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3 Results

3.1 Study population and baseline characteristics
Of 616 patients assessed for eligibility, 196 were excluded and 420 eligible patients were included in the
analysis (Fig. 1). Among the 420 included patients, 98 (23.3%) developed vertebral recollapse and 322
(76.7%) did not. The mean age was 52.45 ± 10.51 years, 294 patients (70.0%) were male, and the mean
BMI was 24.31 ± 3.28 kg/m².

Compared with patients without recollapse, those who developed recollapse were older (55.99 ± 10.35
vs. 51.37 ± 10.33 years, P < 0.001), had greater preoperative vertebral compression (49.88 ± 12.17% vs.
41.22 ± 11.49%, P < 0.001), lower injured-vertebral HU values (113.03 ± 22.67 vs. 121.35 ± 27.16, P = 
0.003), and greater screw-to-endplate distances (5.38 ± 1.48 vs. 4.60 ± 1.56 mm, P < 0.001). Higher FJV
grades and lower endplate destruction were also more frequent among patients with recollapse. Other
baseline characteristics are summarized in Table 1.
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Table 1
Baseline and perioperative characteristics according to vertebral recollapse status

Characteristic Overall

(n = 420)

No recollapse

(n = 322)

Recollapse

(n = 98)

P value SMD

Continuous characteristics, mean ± SD

Age, years 52.45 ± 
10.51

51.37 ± 10.33 55.99 ± 10.35 < 0.001 0.447

BMI, kg/m² 24.31 ± 
3.28

24.34 ± 3.19 24.20 ± 3.55 0.716 0.044

Highest VAS score within
0–8 h postoperatively

3.23 ± 1.07 3.23 ± 1.04 3.26 ± 1.15 0.800 0.031

Injury-to-surgery interval,
days

3.02 ± 1.89 3.10 ± 1.96 2.77 ± 1.64 0.096 0.175

Operative time, min 116.07 ± 
29.69

116.23 ± 
30.36

115.53 ± 27.49 0.829 0.024

Intraoperative blood loss,
mL

114.60 ± 
75.52

113.49 ± 
73.64

118.23 ± 81.66 0.608 0.063

Time to first postoperative
ambulation, days

5.52 ± 2.96 5.57 ± 2.90 5.36 ± 3.14 0.559 0.071

Injured vertebral
compression degree, %

43.24 ± 
12.20

41.22 ± 11.49 49.88 ± 12.17 < 0.001 0.743

Injured vertebral HU value 119.41 ± 
26.39

121.35 ± 
27.16

113.03 ± 22.67 0.003 0.318

Screw-to-endplate
distance, mm

4.78 ± 1.57 4.60 ± 1.56 5.38 ± 1.48 < 0.001 0.506

Upper-level mean sagittal
screw angle, °

7.68 ± 3.75 7.66 ± 3.82 7.74 ± 3.55 0.851 0.021

Lower-level mean sagittal
screw angle, °

7.18 ± 4.12 7.20 ± 4.06 7.09 ± 4.33 0.832 0.025

Upper-level mean axial
convergence angle, °

30.62 ± 
4.57

30.56 ± 4.58 30.82 ± 4.58 0.621 0.057

Note: Data are presented as mean ± standard deviation, median (interquartile range), or number (%),
as appropriate. P values were calculated using Welch’s t test, the Mann–Whitney U test, Pearson’s χ²
test, or Fisher’s exact test, as appropriate, and were considered descriptive only. Standardized mean
differences were additionally reported to quantify between-group differences. For nominal variables
with more than two levels, the reported SMD represents the maximum absolute level-specific SMD.

Abbreviations: BMI, body mass index; FJV, facet joint violation; HU, Hounsfield unit; IQR, interquartile
range; SD, standard deviation; SMD, standardized mean difference; VAS, visual analog scale.
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Characteristic Overall

(n = 420)

No recollapse

(n = 322)

Recollapse

(n = 98)

P value SMD

Continuous characteristics, mean ± SD

Lower-level mean axial
convergence angle, °

31.81 ± 
4.51

31.77 ± 4.55 31.96 ± 4.42 0.720 0.041

Ordinal or non-normally distributed characteristics, median (IQR)

FJV grade (0–3) 0.00 (0.00–
1.00)

0.00 (0.00–
1.00)

1.00 (0.00–
2.00)

< 0.001 0.837

Grade 0 249 (59.3%) 219 (68.0%) 30 (30.6%)    

Grade 1 113 (26.9%) 72 (22.4%) 41 (41.8%)    

Grade 2 47 (11.2%) 28 (8.7%) 19 (19.4%)    

Grade 3 11 (2.6%) 3 (0.9%) 8 (8.2%)    

Maximum screw breach
distance, mm

0.80 (0.49–
1.17)

0.80 (0.49–
1.20)

0.81 (0.43–
1.11)

0.783 0.016

Categorical characteristics, n (%)

Male sex 294 (70.0%) 223 (69.3%) 71 (72.4%) 0.632 0.070

Current smoking 110 (26.2%) 87 (27.0%) 23 (23.5%) 0.570 0.082

Major medical comorbidity 43 (10.2%) 37 (11.5%) 6 (6.1%) 0.179 0.190

Injury mechanism       0.858 0.151

Fall 176 (41.9%) 132 (41.0%) 44 (44.9%)    

Fall from height 100 (23.8%) 75 (23.3%) 25 (25.5%)    

Traffic accident 83 (19.8%) 68 (21.1%) 15 (15.3%)    

Training-related injury 25 (6.0%) 19 (5.9%) 6 (6.1%)    

Crush injury by heavy
object

20 (4.8%) 15 (4.7%) 5 (5.1%)    

Sprain 16 (3.8%) 13 (4.0%) 3 (3.1%)    

Note: Data are presented as mean ± standard deviation, median (interquartile range), or number (%),
as appropriate. P values were calculated using Welch’s t test, the Mann–Whitney U test, Pearson’s χ²
test, or Fisher’s exact test, as appropriate, and were considered descriptive only. Standardized mean
differences were additionally reported to quantify between-group differences. For nominal variables
with more than two levels, the reported SMD represents the maximum absolute level-specific SMD.

Abbreviations: BMI, body mass index; FJV, facet joint violation; HU, Hounsfield unit; IQR, interquartile
range; SD, standard deviation; SMD, standardized mean difference; VAS, visual analog scale.
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Characteristic Overall

(n = 420)

No recollapse

(n = 322)

Recollapse

(n = 98)

P value SMD

Continuous characteristics, mean ± SD

Injured vertebral level       0.961 0.059

T11 36 (8.6%) 27 (8.4%) 9 (9.2%)    

T12 89 (21.2%) 67 (20.8%) 22 (22.4%)    

L1 198 (47.1%) 154 (47.8%) 44 (44.9%)    

L2 97 (23.1%) 74 (23.0%) 23 (23.5%)    

Brace compliance 340 (81.0%) 261 (81.1%) 79 (80.6%) 1.000 0.011

Upper endplate
destruction

161 (38.3%) 119 (37.0%) 42 (42.9%) 0.351 0.121

Lower endplate
destruction

165 (39.3%) 109 (33.9%) 56 (57.1%) < 0.001 0.481

Adjacent intervertebral
disc injury

202 (48.1%) 156 (48.4%) 46 (46.9%) 0.884 0.030

Hazardous screw breach
(≥ 2 mm)

45 (10.7%) 35 (10.9%) 10 (10.2%) 1.000 0.022

Screw-tail facet-capsule
impingement

84 (20.0%) 65 (20.2%) 19 (19.4%) 0.977 0.020

Note: Data are presented as mean ± standard deviation, median (interquartile range), or number (%),
as appropriate. P values were calculated using Welch’s t test, the Mann–Whitney U test, Pearson’s χ²
test, or Fisher’s exact test, as appropriate, and were considered descriptive only. Standardized mean
differences were additionally reported to quantify between-group differences. For nominal variables
with more than two levels, the reported SMD represents the maximum absolute level-specific SMD.

Abbreviations: BMI, body mass index; FJV, facet joint violation; HU, Hounsfield unit; IQR, interquartile
range; SD, standard deviation; SMD, standardized mean difference; VAS, visual analog scale.

Interobserver agreement was good to excellent for the imaging measurements and classifications, with
ICCs ranging from 0.870 to 0.968 for continuous variables and kappa statistics ranging from 0.700 to
0.908 for categorical variables (Supplementary Table S2).

3.2 Predictor selection and final model
All 12 candidate predictors were entered into the LASSO logistic regression model. Using 10-fold
stratified cross-validation and the 1-standard-error rule, six predictors retained nonzero coefficients: age,
injured vertebral compression degree, injured vertebral HU value, screw-to-endplate distance, FJV grade,
and lower endplate destruction (Fig. 3 and Supplementary Table S3).
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These six predictors were subsequently entered into the multivariable logistic regression model
(Table 2). Greater age was associated with higher predicted risk of vertebral recollapse (OR per 10-year
increase, 1.620; 95% CI, 1.237–2.121; P < 0.001). Each 10-percentage-point increase in vertebral
compression was associated with approximately twofold higher odds of recollapse (OR, 2.002; 95% CI,
1.568–2.556; P < 0.001).

Table 2
Final six-predictor multivariable logistic regression model for vertebral recollapse

Predictor Unit/comparison β SE Adjusted
OR

95% CI P
value

Intercept — −8.65983 — — — —

Age Per 10-year
increase

0.48221 0.13762 1.620 1.237–
2.121

< 
0.001

Injured vertebral
compression
degree

Per 10-percentage-
point increase

0.69404 0.12474 2.002 1.568–
2.556

< 
0.001

Injured vertebral
HU value

Per 50-HU increase −0.47676 0.27010 0.621 0.366–
1.054

0.078

Screw-to-
endplate
distance

Per 1-mm increase 0.30333 0.09164 1.354 1.132–
1.621

< 
0.001

FJV grade Per 1-grade
increase

1.06277 0.17705 2.894 2.046–
4.095

< 
0.001

Lower endplate
destruction

Yes vs no 1.20997 0.28853 3.353 1.905–
5.903

< 
0.001

Note: Vertebral recollapse was defined as > 20-percentage-point progression in normalized anterior
vertebral height loss from the early postoperative assessment to follow-up before planned implant
removal. All six LASSO-selected predictors were entered simultaneously into an unpenalized
multivariable logistic regression model. No additional elimination based on P values or information
criteria was performed. Odds ratios for continuous predictors are reported using clinically
interpretable increments.

Abbreviations: β, regression coefficient; CI, confidence interval; FJV, facet joint violation; HU,
Hounsfield unit; OR, odds ratio; SE, standard error.

Greater screw-to-endplate distance was also associated with higher risk (OR per 1-mm increase, 1.354;
95% CI, 1.132–1.621; P < 0.001), as was increasing FJV grade (OR per grade, 2.894; 95% CI, 2.046–4.095;
P < 0.001). Lower endplate destruction was associated with substantially higher odds of recollapse (OR,
3.353; 95% CI, 1.905–5.903; P < 0.001). Higher HU values were associated with lower predicted risk (OR
per 50-HU increase, 0.621; 95% CI, 0.366–1.054), although the individual coefficient did not reach the
conventional level of statistical significance (P = 0.078).

The final prediction equation was:
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LP = − 8.65983 + 0.48221 × (Age/10) + 0.69404 × (Compression/10) − 0.47676 × (HU/50) + 0.30333 ×
Distance + 1.06277 × FJV + 1.20997 × LowerEndplate

where lower endplate destruction was coded as 1 when present and 0 when absent. The predicted
probability was calculated as:

P = 1 / (1 + e^(− LP))

A graphical representation of the final logistic regression model was generated to facilitate interpretation
of individual risk estimates (Fig. 4); the regression equation remains the primary specification of the
model.

3.3 Model diagnostics and predictor stability
Spline analyses using the prespecified five-knot specification did not provide strong evidence of
nonlinearity for age (P = 0.847), vertebral compression degree (P = 0.518), HU value (P = 0.555), or screw-
to-endplate distance (P = 0.113) (Supplementary Figure S1). Modeling FJV as a categorical variable did
not significantly improve model fit compared with treating it as an ordinal linear term (P = 0.140).
Variance inflation factors ranged from approximately 1.01 to 1.02, indicating no relevant multicollinearity
(Supplementary Table S4).

Bootstrap selection stability was high for all six predictors retained in the final model. Selection
frequencies were 99.4% for age, 100.0% for vertebral compression degree, 86.7% for HU value, 99.7% for
screw-to-endplate distance, 100.0% for FJV grade, and 99.9% for lower endplate destruction. In contrast,
the remaining candidate predictors were selected in only 29.6%–37.5% of bootstrap resamples
(Supplementary Table S5 and Supplementary Figure S2).

3.4 Model performance and internal validation
The final model yielded an apparent AUC of 0.851 (95% CI, 0.808–0.890). After full-pipeline bootstrap
correction, the optimism-corrected AUC was 0.829. The apparent and optimism-corrected Brier scores
were 0.125 and 0.135, respectively (Table 3 and Fig. 5A).
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Table 3
Performance of the final prediction model and bootstrap internal validation

Performance measure Apparent estimate Bootstrap-corrected estimate /
classification result

Area under the ROC curve 0.851 (0.808–0.890) 0.829

Brier score 0.125 (0.106–0.145) 0.135

Calibration intercept 0.000 −0.087

Calibration slope 1.000 0.883

Cox–Snell R² 0.267 —

Nagelkerke R² 0.404 —

Exploratory probability cutoff — 0.272

Sensitivity — 76.5%

Specificity — 81.4%

Positive predictive value — 55.6%

Negative predictive value — 91.9%

Accuracy — 80.2%

Note: Apparent estimates were obtained from the full development cohort. Optimism-corrected AUC,
Brier score, calibration intercept, and calibration slope were obtained from 1,000 patient-level
bootstrap resamples in which the full model-development pipeline—including predictor
standardization, LASSO penalty tuning, predictor selection, and unpenalized logistic regression
refitting—was repeated. Values in parentheses indicate 95% confidence intervals where available.
Ideal calibration intercept and slope values are 0 and 1, respectively. The Youden-derived cutoff of
0.272 was used only for descriptive classification performance and does not represent a validated
clinical decision or treatment threshold.

Abbreviations: AUC, area under the receiver operating characteristic curve; NPV, negative predictive
value; PPV, positive predictive value; ROC, receiver operating characteristic.

The apparent calibration intercept was approximately 0 and the slope was 1.000, as expected when an
unpenalized logistic model is evaluated in its development data. After bootstrap correction, the intercept
was − 0.087 and the slope was 0.883, indicating optimism and some overfitting (Table 3). Apparent
grouped calibration is shown in Fig. 5B, together with the bootstrap-corrected summary calibration
metrics. The apparent Cox–Snell and Nagelkerke R² values were 0.267 and 0.404, respectively.

At the exploratory Youden-derived probability cutoff of 0.272, sensitivity was 76.5%, specificity was
81.4%, positive predictive value was 55.6%, negative predictive value was 91.9%, and overall accuracy
was 80.2%. This cutoff was used only to describe classification performance and was not considered a
clinical intervention threshold.
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Within the development cohort, decision curve analysis suggested greater net benefit for the model than
for the treat-all and treat-none strategies over portions of the displayed threshold range (Fig. 5C).
Observed recollapse rates generally increased across predicted-risk deciles (Fig. 5D). These findings
describe internal performance and do not establish clinical effectiveness.

3.5 Incremental predictive performance
The nested-model comparison is presented in Table 4 and Fig. 6. The model containing age and
vertebral compression alone had an apparent AUC of 0.742, a cross-validated AUC of 0.734, and a cross-
validated Brier score of 0.158. Adding lower endplate destruction increased cross-validated AUC to
0.769 (ΔAUC, 0.035) and reduced the Brier score to 0.152. Adding HU produced a cross-validated AUC of
0.770 (ΔAUC, 0.001) and a Brier score of 0.151.

Table 4
Incremental predictive performance of progressively extended prediction models

Model Predictors Apparent

AUC

10-
fold
CV

AUC

ΔCV-
AUC

Apparent

Brier
score

10-
fold
CV

Brier
score

CV
calibration

slope

Model
1

Age + 
compression

0.742 0.734 — 0.156 0.158 0.930

Model
2

Model 1 + lower
endplate
destruction

0.781 0.769 + 
0.035

0.148 0.152 0.924

Model
3

Model 2 + injured
vertebral HU
value

0.786 0.770 + 
0.001

0.146 0.151 0.901

Model
4

Model 3 + screw-
to-endplate
distance + FJV
grade

0.851 0.834 + 
0.065

0.125 0.132 0.905

Note: All models used the same 420 observations, including 98 recollapse events defined by > 20-
percentage-point height-loss progression. Continuous predictors were retained as continuous
variables; lower endplate destruction was binary and FJV grade was ordinal (0–3). Identical stratified
10-fold splits were used for all models (random seed 42). Unpenalized logistic regression was
refitted within each training set, and cross-validated AUC and Brier score were calculated from
pooled out-of-fold predictions. The cross-validated calibration slope was estimated by logistic
regression of the outcome on the logit of the out-of-fold probabilities. ΔCV-AUC is the difference
from the immediately preceding model, calculated before rounding. Predictor sets were fixed for this
post hoc comparison and selection was not repeated within folds; therefore, these estimates are
conditional on the specified predictor sets and are not equivalent to full-pipeline bootstrap correction.
Differences are descriptive, and no formal test of incremental performance is reported.

Abbreviations: AUC, area under the receiver operating characteristic curve; CV, cross-validation; FJV,
facet joint violation; HU, Hounsfield unit.
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Adding screw-to-endplate distance and FJV grade together yielded a cross-validated AUC of 0.834
(ΔAUC, 0.065) and a Brier score of 0.132. Cross-validated calibration slopes for Models 1–4 were 0.930,
0.924, 0.901, and 0.905, respectively. Thus, the largest observed increase between successive models
occurred after addition of the combined postoperative imaging block, whereas the additional
discrimination associated with HU at the preceding step was small. These descriptive comparisons do
not establish statistical significance of the increments or isolate the contribution of either postoperative
variable.

3.6 Alternative recollapse thresholds
Sensitivity analyses were performed using alternative thresholds for progression in normalized anterior
vertebral height loss (Supplementary Table S6 and Supplementary Figure S3).

The number of recollapse events decreased as the threshold increased, from 132 events (31.4%) at > 15
percentage points to 59 events (14.0%) at > 25 percentage points. The corresponding 10-fold cross-
validated AUCs were 0.748, 0.804, 0.834, 0.825, and 0.769 for thresholds of > 15, >17.5, > 20, >22.5, and
> 25 percentage points, respectively.

The corresponding cross-validated Brier scores were 0.181, 0.150, 0.132, 0.116, and 0.106. AUC
exceeded 0.80 for the > 17.5-, > 20-, and > 22.5-percentage-point outcomes but was lower for the > 15-
and > 25-percentage-point outcomes. Because event prevalence differed across definitions, lower Brier
scores at higher thresholds should not be interpreted as evidence of better performance for the same
prediction task. These analyses do not establish an optimal recollapse threshold.

3.7 Continuous height-loss progression
In the continuous-outcome analysis of all 420 patients, greater age, vertebral compression, screw-to-
endplate distance, FJV grade, and lower endplate destruction were associated with greater ΔHL
(Supplementary Table S7 and Supplementary Figure S4). Adjusted coefficients were 1.068 percentage
points per 10 years of age (95% CI, 0.297–1.839), 1.702 per 10-percentage-point increase in
compression (95% CI, 1.023–2.382), 0.750 per 1-mm increase in distance (95% CI, 0.213–1.287), and
3.091 per FJV grade (95% CI, 2.027–4.156). Lower endplate destruction was associated with a 3.338-
percentage-point greater ΔHL (95% CI, 1.582–5.093).

The coefficient for HU was negative but uncertain (− 1.099 percentage points per 50 HU; 95% CI, − 2.511
to 0.313; P = 0.127). R² was 0.216 and adjusted R² was 0.205. Association directions were concordant
with those in the logistic model, although most variation in continuous height-loss progression remained
unexplained.

4 Discussion

4.1 Principal findings
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We developed and internally validated a six-predictor model for vertebral recollapse after short-segment
PPSF in neurologically intact patients with single-level traumatic thoracolumbar fractures. The retained
predictors—age, injured vertebral compression degree, injured-vertebral HU value, screw-to-endplate
distance, FJV grade, and lower endplate destruction—represent complementary domains of patient
susceptibility, fracture severity, local bone quality, anterior-column integrity, and postoperative technical
imaging characteristics.

The model had an apparent AUC of 0.851 and an optimism-corrected AUC of 0.829. The corrected
calibration slope of 0.883 indicated some overfitting. In post hoc nested comparisons, cross-validated
AUC increased from 0.734 for age and compression to 0.834 for the full model, with the largest stepwise
increase occurring when screw-to-endplate distance and FJV were added together. Continuous ΔHL
analysis showed concordant association directions. These findings support further evaluation of the
model but do not establish external validity.

Vertebral recollapse was characterized by progression in normalized anterior vertebral height loss.
Previous studies have used vertebral-height loss, correction loss, kyphotic progression, or recollapse
with heterogeneous measurement approaches [4, 5, 7, 8, 15, 22]. Normalization to the adjacent vertebrae
at each time point may reduce the influence of radiographic magnification while focusing the outcome
on relative loss of restored morphology. Nevertheless, the threshold used here remains an operational
radiographic definition, and its relationship with pain, function, and sagittal alignment requires further
study.

4.2 Fracture severity, age, local bone quality, and endplate
integrity
Preoperative vertebral compression was one of the strongest predictors. Greater compression may
reflect more extensive cancellous disruption and reduced residual load-bearing capacity of the anterior
column. This interpretation is consistent with the Load Sharing Classification [23] and with studies
linking fracture severity and vertebral compression to correction loss or fixation failure after short-
segment posterior fixation [7, 8, 24–27].

Age was also retained as a stable predictor. Increasing age may capture differences in trabecular
architecture, tissue quality, healing capacity, and spinal biomechanics rather than osteoporosis alone,
particularly because typical osteoporotic or fragility fractures were excluded. Age has also appeared in
previous models of vertebral recollapse and correction loss [15, 28].

The estimated association of higher injured-vertebral HU with lower recollapse risk was uncertain (OR
per 50 HU, 0.621; 95% CI, 0.366–1.054; P = 0.078). The continuous-outcome estimate was likewise
negative, with a confidence interval spanning zero. Moreover, adding HU to age, compression, and lower
endplate destruction increased cross-validated AUC by only 0.001. Thus, the present analyses provide
limited evidence of a substantial incremental contribution from HU within this cohort. HU was retained
because it was selected by the prespecified LASSO procedure, and no subsequent P-value-based

Page 19/35



elimination was performed. This does not demonstrate that HU is essential to a transportable model. CT-
derived attenuation remains a biologically plausible marker given its reported relationships with bone
quality, strength, and mechanical complications [9–11, 29–32].

Treatment selection may partly explain the limited incremental contribution of HU in this cohort. In
routine practice at our center, neurologically intact older patients with compression fractures and poor
bone quality are more often considered for vertebral augmentation, whereas PPSF is preferentially used
in relatively younger patients when posterior stabilization is indicated. Consequently, patients selected
for PPSF may represent a comparatively younger population with a narrower and generally more
preserved range of bone quality. Together with the exclusion of typical osteoporotic or fragility fractures,
this treatment pathway may have reduced between-patient variability in HU and attenuated its
independent prognostic contribution after adjustment for fracture severity and postoperative mechanical
factors. Because treatment selection and HU distributions among patients receiving alternative
procedures were not directly analyzed, this explanation should be considered hypothesis-generating
rather than definitive.

Lower endplate destruction was associated with substantially higher recollapse risk. The vertebral
endplate contributes to load transfer between the disc and vertebral body, and endplate or disc-endplate
injury has previously been linked to loss of correction after thoracolumbar fracture fixation [4–6, 28].
Early restoration of vertebral height may therefore be less durable when the injured endplate and
underlying anterior column remain structurally compromised.

4.3 Screw-related characteristics and facet joint violation
Screw-to-endplate distance emerged as a postoperative technical imaging marker. In the standardized
four-screw construct used here, this measure reflects screw position within the adjacent instrumented
vertebrae rather than within the fractured vertebra itself.

Screw depth, trajectory, and surrounding bone quality influence the screw-bone interface [12, 32–34]. A
shorter screw-to-endplate distance could reflect deeper purchase or greater engagement of subendplate
bone, although this interpretation remains mechanistic. The present data do not define an optimal screw
position and should not be interpreted as evidence that screws should deliberately be placed at a
specific endplate distance.

The relevance of adjacent-level screw anchorage may also depend on construct design. Meta-analyses
suggest that fracture-level screws can improve radiographic maintenance in selected patients [35–37],
whereas other evidence shows heterogeneity across fracture morphology, fixation strategy, and load-
sharing characteristics [38, 39]. The present model should therefore be viewed as specific to the four-
screw, two-rod construct in which it was developed.

FJV showed a strong graded association with vertebral recollapse. Although FJV has been studied
mainly in relation to adjacent-segment pathology and longer-term outcomes [13, 14, 40–43], altered
segmental mechanics provide a plausible explanation for its prognostic relevance. Alternatively, FJV may
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act as a marker of challenging anatomy or suboptimal trajectory rather than as a direct cause of
recollapse.

This distinction is important because the present data establish predictive association rather than
causation. The high bootstrap selection frequency of FJV supports its prognostic stability within this
dataset, but three-dimensional trajectory analysis and biomechanical studies are needed to determine
whether FJV is causally related to maintenance of fracture reduction.

4.4 Incremental prediction and clinical interpretation
Previous prediction studies have used nomograms or machine-learning methods to estimate vertebral
recollapse or treatment failure after thoracolumbar fixation [15, 16], while related studies have examined
risk factors for correction loss and fixation failure [24–27]. The present model differs by focusing on a
homogeneous single-level T11–L2 cohort treated with a uniform PPSF construct and by combining
preoperative characteristics with early postoperative screw-related imaging features.

The nested comparison assessed whether the complete model contained predictive information beyond
a simpler model based on age and vertebral compression. The observed improvement was concentrated
in lower endplate destruction and the combined postoperative imaging block, with little additional
discrimination from HU at the tested step. Incremental contributions depend on the order of variable
entry and correlations among predictors. The 0.065 AUC increase after adding distance and FJV is
therefore a joint contribution and cannot be attributed to either variable separately. Because the
candidate model structures were specified after predictor selection, these comparisons should be
viewed as exploratory rather than as an unbiased validation of the full selection process.

The optimism-corrected AUC of 0.829 and the fixed-model cross-validated AUC of 0.834 arose from
different validation procedures and should be interpreted separately. Bootstrap assessment evaluated
the development procedure, whereas the nested comparison refitted fixed predictor sets. The calibration
slope of 0.883 indicates residual overfitting. Decision curve analysis suggested potential net benefit
within the development cohort, but neither the DCA nor the exploratory Youden cutoff establishes a
validated clinical decision rule.

The most plausible near-term role of the model is risk-informed follow-up rather than treatment
selection. In future prospective studies, patients with higher predicted risk could be considered for closer
radiographic surveillance and more structured assessment of postoperative loading and rehabilitation.
Whether model-guided follow-up improves patient-centered outcomes remains unknown.

Screw-to-endplate distance and FJV are potentially modifiable postoperative imaging characteristics, but
the present findings do not establish that changing either variable will reduce recollapse. They should
therefore be considered candidate technical quality markers for external validation rather than
immediate operative targets.

4.5 Interpretation of outcome sensitivity analyses
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Agreement in the directions of association between the binary and continuous analyses suggests that
the main findings were not confined to dichotomization at exactly 20 percentage points. However, the
continuous model explained approximately 22% of outcome variation, indicating substantial unexplained
heterogeneity. These analyses reused the same cohort and predictors and do not constitute independent
replication.

Discrimination also varied with the binary outcome definition, with lower AUCs at the most permissive
and strictest thresholds. The > 20-percentage-point definition remains an operational radiographic
endpoint. Neither the threshold analysis nor the continuous-outcome analysis establishes its clinical
importance, identifies an optimal cutoff, or demonstrates correspondence with pain, disability, or a need
for further intervention.

4.6 Strengths, limitations, and future directions
Strengths of this study include the uniform fracture-level range and fixation construct, assessment of
predictors available at a defined early postoperative time point, retention of continuous predictors in
continuous form, and evaluation of calibration and predictor-selection stability. The added nested-model
comparison and continuous-outcome analysis further clarify the observed contributions of predictor
groups and the dependence of the findings on outcome definition.

Several limitations should be considered. First, the retrospective single-center design remains
susceptible to selection bias, measurement error, and residual confounding. Exact screw dimensions,
three-dimensional trajectory, reduction quality, residual vertebral voids, surgeon effects, rehabilitation
intensity, and postoperative loading could not be measured uniformly.

Second, the primary outcome was radiographic and its clinical importance remains uncertain. Adjacent-
threshold and continuous-outcome analyses provide complementary descriptions but cannot validate
the > 20-percentage-point cutoff. Future studies should assess relationships with pain, function, sagittal
alignment, and subsequent intervention. Although imaging was obtained according to a relatively
consistent institutional follow-up protocol, exact patient-level imaging intervals were not available for
analysis, and minor variation in assessment timing may have influenced the magnitude of observed
vertebral-height loss.

Third, HU measurements may vary with scanner calibration, acquisition parameters, reconstruction
algorithms, acute fracture-related trabecular impaction, and region-of-interest placement. Interobserver
reliability was high in the present study, but reproducibility across institutions and imaging platforms
remains to be established.

Fourth, all validation was internal. The nested-model comparisons were post hoc, conditional on prior
predictor selection, and based on a single 10-fold partition. Uncertainty intervals for performance
differences were not estimated. The continuous analysis likewise reused the selected variables and
should be regarded as exploratory. Independent external validation is required before absolute risk
estimates or incremental performance can be considered transportable.
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Finally, the model applies specifically to neurologically intact patients with single-level traumatic T11–L2
fractures treated with a four-screw, two-rod PPSF construct without fracture-level screws and excludes
typical osteoporotic or fragility fractures. Generalizability to other levels, fracture patterns, osteoporotic
fractures, open or long-segment procedures, and constructs incorporating fracture-level screws is
unknown [37, 38, 44]. Longer follow-up is also needed because radiographic deterioration may continue
beyond the observation period assessed here [45].

Independent multicenter external validation should therefore be the next step. If transportability is
confirmed, prospective impact studies should evaluate whether model-informed surveillance or technical
optimization improves radiographic and patient-centered outcomes.

5 Conclusions
A six-predictor model showed promising internally validated performance for early postoperative
prediction of vertebral recollapse after four-screw, two-rod PPSF in neurologically intact patients with
single-level traumatic T11–L2 fractures. Post hoc comparisons suggested additional predictive
information from endplate integrity and the combined postoperative imaging variables, while the
observed incremental contribution of HU was small. Continuous-outcome analysis showed concordant
association directions but did not validate the binary threshold. Multicenter external validation and
prospective clinical-impact assessment are required before clinical use.
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Figure 1

Patient selection and model-development workflow

Of 616 patients assessed for eligibility, 196 were excluded and 420 were included; 98 met the primary
recollapse outcome. Twelve candidate predictors were considered, six were retained by LASSO, and the
final logistic model was internally assessed using bootstrap resampling. The primary outcome was >20-
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percentage-point progression in normalized anterior vertebral height loss from the early postoperative
assessment to follow-up before planned implant removal.

Figure 2

Imaging assessment and definition of vertebral recollapse

(A) Injured-vertebral HU measurement on preoperative CT. (B) Anterior heights of the cranial adjacent
vertebra (b1), fractured vertebra (b2), and caudal adjacent vertebra (b3), used to calculate compression
degree. (C) Screw-to-endplate distance on early postoperative sagittal CT; the minimum among the four
screws was recorded. (D) FJV grades 0–3. (E) Lower endplate destruction. (F) Early postoperative and
follow-up standing lateral radiographs obtained before planned implant removal. The labels f1/f2/f3 and
f4/f5/f6 denote the cranial adjacent, fractured, and caudal adjacent anterior vertebral heights at the two
assessments. At each assessment, HL (%) = [1 − HF/{(Hcranial + Hcaudal)/2}] × 100. ΔHL is the follow-up
value minus the early postoperative value; recollapse is defined as ΔHL >20 percentage points. CT,
computed tomography; FJV, facet joint violation; HU, Hounsfield unit.
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Figure 3

LASSO predictor selection

(A) Standardized coefficient profiles across inverse regularization strength C. (B) Mean 10-fold cross-
validated log loss with one-standard-error bars. The 1-standard-error rule selected C = 0.100 and retained
age, compression degree, HU, screw-to-endplate distance, FJV grade, and lower endplate destruction.
LASSO, least absolute shrinkage and selection operator.
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Figure 4

Graphical representation of the final prediction model

The nomogram maps the six predictor values to an estimated probability of vertebral recollapse. The
regression equation in Section 3.2 is the primary model specification. This is an early postoperative
prediction model and not a preoperative treatment-selection rule.
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Figure 5

Model performance and clinical utility

(A) Receiver operating characteristic curve of the final six-predictor model. The apparent AUC was 0.851
(95% CI, 0.808–0.890), and the optimism-corrected AUC obtained from full-pipeline bootstrap validation
was 0.829. (B) Apparent grouped calibration based on deciles of predicted probability. Bootstrap-
corrected summary estimates were a calibration intercept of −0.087, calibration slope of 0.883, and Brier
score of 0.135; the plotted grouped calibration curve itself represents apparent development-cohort
calibration. (C) Decision curve analysis comparing the prediction model with treat-all and treat-none
strategies. Threshold probabilities from 0.05 to 0.50 are displayed for visualization and should not be
interpreted as validated clinical intervention thresholds. (D) Mean predicted probability and observed
recollapse rate across deciles of predicted risk. The decision-curve and risk-decile analyses are
descriptive assessments within the development cohort and do not establish clinical effectiveness or
validated risk categories. AUC, area under the ROC curve; CI, confidence interval; ROC, receiver operating
characteristic.
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Figure 6

Incremental predictive performance across progressively extended models

(A) Apparent and cross-validated AUC. (B) Apparent and cross-validated Brier score. Model 1 included
age and compression; Model 2 added lower endplate destruction; Model 3 added HU; and Model 4 added
screw-to-endplate distance and FJV grade. Cross-validated estimates used pooled out-of-fold
predictions from a common stratified 10-fold partition. Predictor sets were fixed, and LASSO selection
was not repeated. Comparisons are descriptive and conditional on prior selection.
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