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Background: Kiimmell’s disease is a severe post-traumatic vertebral osteonecrosis characterized by delayed collapse and kyphosis
following osteoporotic vertebral compression fractures (OVCFs). The transition from acute fracture to nonunion remains poorly
understood. Using a single-center retrospective cohort, we aimed to develop and validate a nomogram to predict Kiimmell’s disease in
patients with acute OVCFs undergoing conservative management.

Methods: We included 626 patients (aged >50 years) with acute or subacute OVCFs treated conservatively between January 2021 and
October 2024, randomly partitioned into a training cohort (n=470) and a validation cohort (n=156). Demographic characteristics,
metabolic profiles, medication history, and radiological parameters including MRI-based paraspinal muscle metrics were analyzed.
LASSO regression-based feature selection identified candidate predictors from high-dimensional variables, followed by multivariate
logistic regression to construct a nomogram.

Results: Kiimmell’s disease developed in 12.6% of the training cohort and 10.9% of the validation cohort. Six independent predictors
were identified. Diabetes mellitus (OR 40.61, 95% CI 7.80-211.34), prolonged bed rest >2 weeks (OR 9.69, 95% CI 3.92-23.93), and
higher initial vertebral compression rate were risk factors. Anti-osteoporosis treatment (OR 0.02), higher lumbar bone mineral density,
and greater relative cross-sectional area of the multifidus muscle were protective. The nomogram achieved an area under the curve of
0.938 (95% CI 0.906-0.970) in the training cohort and 0.882 (95% CI 0.784—0.980) in the validation cohort.

Conclusion: This nomogram integrates metabolic, biomechanical, and pharmacological factors to predict Kiimmell’s disease.
Prolonged bed rest was associated with increased nonunion risk, while anti-osteoporosis pharmacotherapy and multifidus muscle
integrity were protective. This tool may support precision risk stratification, guiding a shift from passive observation to active
intervention for high-risk patients.
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Introduction

Osteoporotic vertebral compression fractures (OVCFs) represent a rapidly growing public health crisis in aging popula-
tions globally. Although they are the most prevalent fragility fractures, their clinical impact is frequently underestimated
until significant complications arise.' While conservative management, comprising analgesia, bracing, and varying
degrees of immobilization, remains the standard first-line treatment for stable fractures, a substantial and distinct subset
of patients fails to heal. These patients progress to Kiimmell’s disease, a severe form of post-traumatic vertebral
osteonecrosis characterized by the delayed development of an intravertebral vacuum cleft, progressive vertebral collapse,
and debilitating kyphosis.> This condition typically manifests insidiously weeks to months after an initially low-energy
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injury, often leading to severe neurological deficits and necessitating high-risk reconstructive spinal surgery.*> The
clinical and economic burden is immense, yet the transition from an acute and seemingly benign fracture to this
catastrophic nonunion remains poorly elucidated in current orthopedic practice.®

The pathogenesis of Kiimmell’s disease is widely believed to be multifactorial, involving a complex interaction
between ischemic necrosis and biomechanical instability, yet accurate risk stratification remains elusive.” Although
advanced age and low bone mineral density (BMD) are established risk factors for the initial fracture, they fail to
specifically predict which fractures will progress to nonunion.® Emerging evidence points to a broader constellation of
risk factors, including metabolic comorbidities like diabetes mellitus, which may impair bone microvascularity, and the
functional status of paraspinal musculature, often referred to as osteosarcopenia.g‘10 However, prior studies have largely
analyzed these variables in isolation or through univariate associations, and they have failed to capture the synergistic
effects of systemic metabolic health, local mechanical stability, and functional muscle integrity. Recent studies have
attempted to identify predictive factors for Kiimmell’s disease. Farrokhi et al reported incidence and risk factors
following vertebroplasty but did not construct a predictive model,® and Huang et al identified several associated factors
through conventional regression without integrating them into a clinically applicable tool.® No validated, multivariate
prediction model currently exists for this condition. Consequently, clinicians are forced to rely on reactive management
strategies, often identifying the disease only after irreversible deformity has been established.

In this study, we aimed to bridge this knowledge gap by developing and validating a comprehensive and multivariate
clinical prediction nomogram for Kiimmell’s disease in patients with acute OVCFs. By systematically integrating a wide
array of potential predictors, such as detailed metabolic profiles, medication history including glucocorticoids and anti-
osteoporosis agents, fracture morphology, and quantitative paraspinal muscle metrics, we sought to mathematically
model the risk of nonunion. Our primary objective is to move beyond traditional passive observation and provide
clinicians with a robust and quantitative instrument. This tool aims to estimate individual risk precisely at the time of
diagnosis, thereby guiding more aggressive monitoring or early intervention to alter the natural history of this devastating
complication.

Materials and Methods
Study Design and Participants

We conducted a retrospective cohort study at our institution to develop a prediction model for Kiimmell’s disease. Ethical
clearance for this study was granted by the Ethics Committees of the First Affiliated Hospital of Zhengzhou University
(No. 2023001K). The research was performed in compliance with the guidelines of the Declaration of Helsinki. Given
the retrospective nature of the study and the anonymization of patient data, the requirement for informed consent was
waived.

We screened patients admitted to our institution between January 2021 and October 2024. The inclusion criteria were
as follows: (1) patients aged 50 years or older; (2) a confirmed diagnosis of acute or subacute OVCFs based on clinical
presentation (eg, back pain) and magnetic resonance imaging demonstrating bone marrow edema; (3) patients who opted
for conservative treatment strategies; (4) availability of complete clinical and radiological data, including BMD of the
lumbar spine and paraspinal muscle assessments; and (5) a minimum clinical follow-up period of 12 months to ascertain
the development of Kiimmell’s disease.

Patients were excluded if they met any of the following criteria: (1) vertebral fractures resulting from high-energy
trauma or pathological fractures secondary to malignancy; (2) presence of confounding spinal pathologies, such as severe
spinal stenosis, spinal infection, or ankylosing spondylitis; (3) history of prior surgical interventions at the index vertebral
level (eg, vertebroplasty, kyphoplasty, or pedicle screw fixation) before the diagnosis of Kiimmell’s disease; (4)
incomplete baseline data or loss to follow-up; or (5) contraindications preventing necessary imaging examinations.

Data Collection and Radiological Assessment
Data extraction was performed by two independent investigators using the hospital’s electronic medical record system.
Any discrepancies were resolved through consultation with a senior investigator.
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Demographic and Clinical Variables

Baseline characteristics included age, gender, smoking status, and history of comorbidities. Specifically, we recorded
diabetes status, history of systemic glucocorticoid use, and adherence to anti-osteoporosis treatment. Clinical outcomes
included the duration of bed rest (dichotomized as >2 weeks for analysis) and pain intensity, assessed using the Visual
Analogue Scale (VAS) at admission and at 1-month follow-up.

Radiological Parameters

Radiological data were obtained from the Picture Archiving and Communication System. The specific fracture segment
was recorded, with fractures located between T11 and L2 defined as thoracolumbar fractures. BMD of the lumbar spine
was measured using dual-energy X-ray absorptiometry. Vertebral body compression rate (%) was calculated on lateral
radiographs using the formula: compression rate = [1—(anterior vertebral height/posterior vertebral height)] x100%.

Paraspinal Muscle Measurement

To assess sarcopenia and muscle quality, the cross-sectional areas (CSA) of the psoas major, erector spinae, and
multifidus muscles were measured on axial T2-weighted magnetic resonance images at the level of the L3 pedicle. To
adjust for inter-patient variability in body size, the relative cross-sectional area (rCSA) was calculated using the
following formula: rCSA=CSA muscle/CSA L3 vertebral body. All radiological measurements were performed by two
experienced orthopedic surgeons blinded to the clinical outcomes, with the average values used for analysis to ensure
reliability.

Outcome Definition

The primary outcome of interest was the development of Kiimmell’s disease. This was defined based on established
radiographic criteria observed during the follow-up period (Figure 1A—C), specifically: (1) the presence of an intraver-
tebral vacuum cleft sign on plain radiographs or CT scans; or (2) distinct dynamic instability of the fractured vertebral
body observed on hyperextension and flexion lateral radiographs.

Construction of Training and Validation Cohorts
To ensure the robustness and generalizability of the predictive model, the study population was randomly partitioned into
a training cohort and a validation cohort at a ratio of 7:3. The randomization process was performed using computer-

Figure | Representative images of Kiimmell’s disease. (A) Lateral X-ray taken 9 months after minor trauma shows collapse of the L2 vertebral body with angular kyphosis.
(B) Sagittal CT image confirms L2 vertebral body collapse and signs of osteonecrosis with an intravertebral vacuum cleft. (C) T2-weighted MRI shows post-traumatic
avascular necrosis. The yellow arrowhead indicates the intravertebral vacuum cleft, a hallmark sign of Kiimmell’s disease.
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generated random numbers (R software) to avoid selection bias. The training cohort was utilized to identify independent
predictive factors and construct the nomogram, while the validation cohort was strictly reserved to evaluate the model’s
external performance and prevent overfitting. Baseline characteristics were compared between the two cohorts to ensure
balanced distribution.

Statistical Analysis

Continuous variables were examined for normality using the Shapiro—Wilk test. Normally distributed data were
expressed as mean =+ standard deviation and compared using the Student’s #-test. Non-normally distributed data were
presented as median and compared using the Mann—Whitney U-test. Categorical variables were expressed as frequencies
(%) and analyzed using the Chi-square test or Fisher’s exact test, as appropriate. In the training cohort, the Least
Absolute Shrinkage and Selection Operator (LASSO) logistic regression algorithm was employed to minimize colli-
nearity and select the most significant predictive features with non-zero coefficients. Multivariable logistic regression
analysis was then conducted to identify independent risk factors for Kiimmell’s disease, which were subsequently
incorporated into a nomogram prediction model. The performance of the nomogram was evaluated in both cohorts
using the receiver operating characteristic curve, with the area under the curve (AUC) quantifying discrimination ability.
Calibration plots were generated to assess the agreement between predicted probabilities and observed outcomes
(bootstrapping with 1000 resamples). Furthermore, Decision Curve Analysis was performed to evaluate the clinical
utility and net benefit of the model across a range of threshold probabilities. No formal a priori sample size calculation
was performed given the exploratory nature of this study; however, the training cohort included 59 events for 6
predictors, yielding an events per variable ratio of approximately 10, which meets the commonly recommended
minimum threshold for stable logistic regression estimates. All statistical analyses were performed using R software
(version 4.2.2). A two-sided P-value of <0.05 was considered statistically significant.

Results

Baseline Characteristics of the Study Population

A total of 626 patients with OVCFs were included in the final analysis. The cohort was divided into a training set (n =
470) and an internal validation set (n = 156). The incidence of Kiimmell’s disease was 12.6% (59/470) in the training
cohort and 10.9% (17/156) in the validation cohort. Baseline demographic and clinical characteristics were generally
well-balanced between the two cohorts (Table 1). No significant differences were observed in age, sex distribution,
comorbidities (diabetes, glucocorticoid use), or BMD, indicating that the datasets were comparable (p > 0.05). The only
exception was smoking history, which was more prevalent in the validation cohort (22.4% vs 15.1%, p = 0.034).

Variable Selection via LASSO Regression

To avoid overfitting and address multicollinearity, the LASSO regression was applied to the initial candidate variables in
the training cohort. Based on the optimal lambda value (A = 0.012), dimensionality reduction was performed, narrowing
down the potential predictors from the original comprehensive list to nine candidate variables with non-zero coefficients
(Figure 2A and B). These factors included diabetes, glucocorticoid use, anti-osteoporosis treatment, lumbar BMD, VAS
score at 1 month, duration of bed rest, vertebral compression rate, and paraspinal muscle metrics (rCSA of erector spinae
and multifidus). Receiver operating characteristic curve analysis for individual predictors of Kummell’s disease demon-
strated variable discriminatory performance, with area under the curve values ranging from 0.525 to 0.846 (Figure 2C).

|dentification of Independent Predictors

Multivariable logistic regression analysis was performed on the candidate variables to identify independent risk factors
for Kiimmell’s disease. The final model identified six independent predictors (Table 2). Significant risk factors associated
with disease progression included a history of diabetes (adjusted odds ratio [OR] 40.61, 95% CI 7.80-211.34; p < 0.001),
prolonged bed rest >2 weeks (adjusted OR 9.69, 95% CI 3.92-23.93; p < 0.001), and a higher initial vertebral
compression rate (adjusted OR 1.42 per percentage increase, 95% CI 1.23—-1.63; p < 0.001). Conversely, protective
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Table | Patient Demographics and Baseline Characteristics

Characteristic Cohort p-value
Training Cohort | Internal Test Cohort
N = 470 N =156
Age, Mean * SD 67 + 11 68 + 12 0.337%
Sex, n (%) 0.271°
Female 281 (59.8%) 101 (64.7%)
Male 189 (40.2%) 55 (35.3%)
Smoking, n (%) 0.034°
No 399 (84.9%) 121 (77.6%)
Yes 71 (15.1%) 35 (22.4%)
Diabetes, n (%) 0.113°
No 407 (86.6%) 127 (81.4%)
Yes 63 (13.4%) 29 (18.6%)
Glucocorticoid, n (%) 0.291°
No 437 (93.0%) 141 (90.4%)
Yes 33 (7.0%) 15 (9.6%)
Anti-osteoporosis, n (%) 0.223°
No 210 (44.7%) 61 (39.1%)
Yes 260 (55.3%) 95 (60.9%)
BMD of lumbar vertebra, Mean * SD —3.06 £ 1.07 -320 % 1.10 0.166%
Segment, Mean * SD 1.20 + 0.52 1.15 + 0.46 0.248°
Thoracolumbar (T11~L2), n (%) 0.506°
No 198 (42.1%) 61 (39.1%)
Yes 272 (57.9%) 95 (60.9%)
VAS, Mean £ SD 439 £ |51 430 £ 1.49 0.525%
VAS-1 month, Mean * SD 2.05 £ 1.09 1.94 £ 0.99 0.229*
Bed rest > 2 weeks, n (%) 0.972°
No 376 (80.0%) 125 (80.1%)
Yes 94 (20.0%) 31 (19.9%)
Compression rate (%), Mean = SD 232 + 34 229 + 39 0.301°
rCSA of psoas, Mean = SD 1.28 £ 0.17 1.30 £ 0.20 0.347¢
rCSA of erector spinae, Mean * SD 1.54 £ 0.26 1.51 £0.26 0.286%
rCSA of multifidus, Mean * SD 0.96 £ 0.23 0.97 £ 0.26 0.810*

Notes: *Welch Two Sample t-test. ®Pearson’s Chi-squared test.
Abbreviations: SD, Standard deviation; BMD, Bone mineral density; VAS, Visual analogue scale; CSA, Cross-sectional area.

factors included receiving anti-osteoporosis treatment (adjusted OR 0.02, 95% CI 0.00-0.09; p < 0.001), higher lumbar
BMD (adjusted OR 0.41, 95% CI 0.28-0.62; p < 0.001), and a greater rCSA of the multifidus muscle (p < 0.001).

Development and Validation of the Prediction Model

A diagnostic nomogram was constructed based on the six independent predictors (Figure 3A). The model demonstrated
excellent discrimination performance. In the training cohort, the AUC was 0.938 (95% CI 0.906-0.970). This high
predictive accuracy was maintained in the independent validation cohort, with an AUC of 0.882 (95% CI 0.784-0.980),
suggesting robust generalizability (Figure 3B). Calibration plots for both cohorts showed good agreement between the
nomogram-predicted probabilities and the actual observed outcomes, with the curves fitting close to the ideal diagonal
line (Figure 3C and D).

Clinical Utility
Decision Curve Analysis was performed to evaluate the clinical utility of the nomogram. The decision curve analysis
showed that using this nomogram to predict Kiimmell’s disease provided a greater net benefit than treating either all or no
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Figure 2 Variable screening using the LASSO regression. (A) LASSO coefficient profiles of the candidate variables. Each colored line represents a candidate predictor; the
x-axis shows the log(X) value and the y-axis shows the coefficient magnitude. As the regularization penalty increases (left to right), less informative variables are shrunk to
zero. (B) Selection of the optimal tuning parameter (1) via ten-fold cross-validation. The left dashed vertical line indicates the A with minimum deviance (Amin = 0.012), which
retained nine variables with non-zero coefficients. (C) Receiver operating characteristic curves for individual predictors evaluated by univariate logistic regression, with AUC
values ranging from 0.525 to 0.846.

patients across a wide range of threshold probabilities (Figure 4A and B). This indicates that the model is clinically
useful for decision-making without increasing the rate of false positives unnecessarily.

Discussion

This study successfully established and validated a novel clinical nomogram to predict the risk of Kiimmell’s disease,
demonstrating exceptional discriminatory performance with an AUC of 0.938 in the training cohort and 0.882 in the
independent validation cohort. By employing LASSO and multivariate logistic regression, we distilled a complex clinical
profile into six independent predictors: diabetes mellitus, prolonged bed rest, higher initial vertebral compression rate,

6 https: Clinical Interventions in Aging 2026:21



Chen et al

Table 2 Results of Multivariate Logistic Regression for Training Cohort

Characteristic N | Event N | OR 95% CI p-value
Diabetes

No 407 46 - -

Yes 63 13 40.61 | 7.80,211.34 | <0.001
Anti-osteoporosis

No 210 45 - -

Yes 260 14 0.02 0.00, 0.09 <0.001
BMD of lumbar vertebra | 470 59 0.41 0.28, 0.62 <0.001
Bed rest > 2 weeks

No 376 31 - -

Yes 94 28 9.69 3.92,23.93 <0.001
Comepression rate (%) 470 59 1.42 1.23, 1.63 <0.001
rCSA of multifidus 470 59 0.00 0.00, 0.02 <0.001

Abbreviations: OR, Odds ratio; Cl, Confidence interval.

lower lumbar BMD, reduced relative cross-sectional area of the multifidus muscle, and the absence of anti-osteoporosis
treatment. These findings provide a multi-dimensional view of fracture nonunion, suggesting that it is not merely
a consequence of bone fragility but the result of a pathological convergence of metabolic compromise, mechanical
instability, and inadequate biological repair. This model significantly outperforms reliance on any single risk factor and
offers a precision medicine tool that can be immediately integrated into clinical workflows.

The most striking finding of our analysis is the profound impact of systemic metabolic and bone health on the healing
process. Diabetes mellitus was identified as a strong risk factor with an adjusted odds ratio of 40.61 (95% CI
7.80-211.34). The wide confidence interval reflects the relatively small number of diabetic patients with events (13 of
63) and should be interpreted with caution, as the point estimate may overstate the true effect size. Residual confounding
from unmeasured variables such as glycemic control (HbA1c), diabetes duration, and diabetic microvascular complica-
tions cannot be excluded. Nonetheless, the direction and statistical strength of this association are consistent with the
established pathophysiology of diabetic bone disease, in which hyperglycemia, oxidative stress, and the accumulation of
advanced glycation end-products deteriorate collagen quality and impair osteoblast function, rendering the bone micro-
environment incapable of bridging the fracture gap.'''* Conversely, the use of anti-osteoporosis medication provided
near-complete protection with an adjusted odds ratio of 0.02. This finding strongly validates the mechanistic theory that
stabilizing bone turnover, whether through anti-resorptives like bisphosphonates and denosumab or through anabolic
agents, is essential to prevent the resorption of the fracture callus.'*'> It highlights that treating the underlying
osteoporosis is as critical as managing the fracture itself, yet a significant deficiency in appropriate pharmaceutical
management persists in clinical practice.

From a biomechanical perspective, our results illuminate the critical role of dynamic spinal stability. We found that
atrophy of the multifidus muscle, which serves as a key stabilizer of the lumbar spine, was a significant predictor of
progression to Kiimmell’s disease. This supports the concept of osteosarcopenia, in which the loss of deep muscular
support transfers excessive load onto the already compromised vertebral body, accelerating collapse and preventing
union.'®!” Furthermore, our data challenges the dogma of strict bed rest. We found that bed rest exceeding two weeks
significantly increased the risk of nonunion. Rather than protecting the spine, prolonged immobilization appears to fuel
a deleterious cycle of disuse osteoporosis and rapid paraspinal muscle atrophy, further destabilizing the fracture site.
Additionally, a higher initial compression rate indicates severe disruption of the trabecular architecture and vascular
supply, creating a mechanical defect that is too large for spontaneous healing.'®

The clinical implications of this nomogram are transformative for the management of acute OVCFs. Currently, many
patients are managed with a standard protocol of bracing and pain control, but our model suggests this approach is
inadequate for high-risk groups. For a patient identified by the nomogram as high-risk, such as a diabetic patient with

sarcopenia and a severe compression fracture, the standard of care should shift from passive observation to active
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Figure 3 Development and validation of the prediction model. (A) Nomogram for predicting the probability of Kiimmell’s disease after osteoporotic vertebral compression
fractures. (B) Receiver operating characteristic curves for the training and validation cohorts. (C) Calibration plot of the nomogram in the training cohort. (D) Calibration
plot of the nomogram in the validation cohort.

intervention. This includes the immediate initiation of anti-osteoporosis pharmacotherapy, strict glycemic control, and
targeted rehabilitation to preserve muscle tone rather than prolonged bed rest. Furthermore, early surgical stabilization
techniques such as percutancous vertebral augmentation might be indicated for these patients before the development of
a vacuum cleft or neurological deficit, effectively serving as a prophylactic measure against collapse.'’

Despite its strengths, this study has limitations that merit consideration. First, the retrospective single-center design
introduces potential selection bias. Patients who were lost to follow-up or transferred to other institutions were
excluded, which may have led to an underrepresentation of more severe or less compliant cases. Treatment decisions,
including the initiation of anti-osteoporosis therapy and the duration of bed rest, were not standardized but reflected
individual physician judgment, introducing indication bias that cannot be fully adjusted for in a retrospective analysis.
Second, internal validation was performed using a random cohort split rather than k-fold cross-validation or boot-
strapped internal validation, which may provide more stable performance estimates. External validation using
independent multicenter datasets is needed to confirm the generalizability of the model across different ethnic groups
and healthcare settings. Third, MRI-based paraspinal muscle measurements are subject to inter-observer variability.
Although our measurements were performed by trained radiologists, we did not report inter-rater or intra-rater
reliability coefficients, and this measurement may not be routinely available in resource-limited settings. Future
studies should assess measurement reproducibility and explore more accessible surrogates such as CT-based muscle
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strategy of treating all patients, and the horizontal black line represents treating none. The nomogram provides a greater net benefit than both default strategies across
a wide range of threshold probabilities.

indices or functional assessments. Finally, translating this nomogram into clinical practice requires consideration of
practical and ethical challenges. Implementing risk-stratified early intervention, particularly recommending early
surgical stabilization for high-risk patients, necessitates shared decision-making with patients and validation through
prospective interventional trials before it can be adopted as a standard of care. Nevertheless, this study represents
a significant step forward as it provides a validated and evidence-based framework to identify fractures susceptible to
nonunion and prevent the transition to Kiimmell’s disease, ultimately improving long-term functional outcomes for this

fragile patient population.

Conclusion

This study addresses the lack of precision tools for predicting vertebral osteonecrosis by establishing and validating
a novel, multidimensional clinical nomogram for Kiimmell’s disease. The model achieved high predictive accuracy by
synthesizing systemic metabolic health, local biomechanics, and treatment history. A notable finding is the association
between prolonged bed rest and increased risk of Kiimmell’s disease, suggesting that immobilization may contribute to
a cycle of disuse osteoporosis and paraspinal muscle atrophy rather than serving as a protective measure. Furthermore,
the study quantifies the profound protective effect of anti-osteoporosis medication and the severe risk posed by diabetes.
This evidence-based framework empowers clinicians to identify high-risk patients at diagnosis, advocating for
a paradigm shift towards early mobilization, aggressive metabolic management, and pharmacotherapy to prevent
irreversible spinal deformity. Prospective, multicenter validation across diverse populations and healthcare settings is
warranted to confirm the generalizability of this nomogram before its widespread clinical adoption.

Abbreviations
OVCEF, Osteoporotic vertebral compression fracture; BMD, Bone mineral density; VAS, Visual Analogue Scale; CSA,
Cross-sectional areas; LASSO, Least Absolute Shrinkage and Selection Operator; AUC, Area under the curve.
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