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Background and Purpose: Deep vein thrombosis (DVT) is a major complication after lower extremity traumatic fractures. Current
nursing assessment is largely postoperative-centered and may overlook risk evolution during the preoperative waiting period.
Methods: In this prospective observational cohort study, 948 patients with lower extremity traumatic fractures were enrolled between
January 2019 and January 2026. Serial color Doppler ultrasound examinations were performed at five timepoints: admission,
preoperative, postoperative day 1, postoperative day 3, and discharge. Univariate and multivariate logistic regression analyses were
used to identify predictors of preoperative DVT. A dynamic nomogram was developed and evaluated using receiver operating
characteristic analysis, calibration, decision curve analysis, and SHAP-based interpretation.

Results: The overall incidence of perioperative DVT was 32.9% (312/948). DVT showed a distinct “twin-peak” temporal pattern, with
the highest incidence during the preoperative waiting period and a second peak on postoperative day 3. Thrombi also shifted from
predominantly distal veins at admission to greater proximal involvement after surgery. Independent predictors of preoperative DVT
were age >65 years, preoperative waiting time >3 days, D-dimer >1.85 mg/L, albumin <35 g/L, and time from injury to admission
>12 h. The nomogram showed good discrimination (AUC 0.905, 95% CI 0.882—0.928), outperforming individual predictors such as
D-dimer (AUC 0.796). Decision curve analysis demonstrated clinical net benefit, and SHAP analysis identified D-dimer and albumin
as the most influential variables.

Conclusion: Perioperative DVT after lower extremity fractures follows a dynamic pattern with a critical preoperative risk window.
The proposed nomogram may support stage-specific nursing assessment and targeted interventions, particularly by reducing pre-
operative delay and optimizing nutritional status.
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Introduction

Lower extremity traumatic fractures are a leading cause of hospitalization and disability worldwide, placing a substantial
burden on healthcare systems. Among the potential complications, DVT remains one of the most insidious, with reported
incidence rates ranging from 10% to 60% depending on the prophylaxis strategy and fracture type.'*” Despite the
widespread implementation of guidelines from the American College of Chest Physicians (ACCP), perioperative DVT

continues to pose significant risks, including fatal PE and debilitating post-thrombotic syndrome (PTS).>* Unlike elective
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orthopedic surgeries, trauma patients present with a distinct “perfect storm” of Virchow’s triad: severe endothelial injury
from the fracture, hemodynamic stasis due to immobilization, and a systemic hypercoagulable state triggered by the acute
inflammatory response.” While the association between trauma and thrombosis is well-established, managing this risk in
the chaotic acute care setting remains a persistent challenge for nursing professionals.®’ Current research and clinical
attention have focused primarily on postoperative DVT, whereas the preoperative waiting period and preoperative DVT
risk in lower extremity fracture patients remain relatively understudied.®® In many tertiary centers, trauma patients
frequently experience a “preoperative waiting period” ranging from several days to over a week to manage soft tissue
swelling or stabilize comorbid conditions.'®'?

Recent studies suggest that this interval acts as a “second hit” to the coagulation system; however, the dynamic
evolution of thrombosis during this specific window remains poorly mapped.'*'* Most existing literature relies on cross-
sectional screenings at discharge, potentially missing early-onset thrombi. Consequently, the temporal distribution of
DVT—specifically whether it follows a linear progression or a bimodal “twin-peak” pattern—and the topographical
propagation of thrombi from distal to proximal veins remain unclear.'” Understanding these dynamics is essential for
shifting nursing care from passive observation to stage-specific surveillance.'®'’

Furthermore, current nursing assessments rely heavily on static risk assessment models (RAMs) such as the Caprini
score. While effective in general surgery, these tools often fail to capture the rapid physiological fluctuations character-
istic of trauma patients.'® For instance, dynamic biomarkers like D-dimer and serum Albumin—a marker of nutritional
status and negative acute-phase reactant—have shown predictive value in retrospective studies but are rarely integrated
into bedside nursing assessments.!” Low albumin levels, indicative of malnutrition and inflammation, have been
independently associated with VTE risk, yet this modifiable factor is frequently overlooked. There is an urgent need
for an objective, dynamic prediction tool that integrates demographic, logistical, and biological variables to stratify risk
accurately.”’

To address these gaps, this prospective cohort study was designed to delineate the dynamic characteristics of
perioperative DVT. Unlike previous studies, we employed serial ultrasound screenings from admission to discharge to
capture the full trajectory of thrombogenesis. The primary objectives were to: (1) map the temporal and topographical
evolution of DVT; (2) identify stage-specific risk factors, focusing on the impact of preoperative waiting time; and (3)
construct and validate a dynamic nomogram to guide nursing interventions. By evaluating the clinical net benefit of this
model using DCA, this study aims to provide empirical evidence for establishing “Risk-Driven Nursing Intervention

Windows,” ultimately improving patient safety through precision nursing.

Methods
Study Design and Setting

This prospective observational cohort study was conducted at the Department of Orthopedics, Xiangyang Central
Hospital (a tertiary teaching hospital in Central China) between January 2019 and January 2026. The study protocol
was designed in accordance with the Declaration of Helsinki and approved by the Ethics Committee of Xiangyang
Central Hospital (Approval No. 2019—-47-07). Written informed consent was obtained from all participants or their legal
guardians upon admission. The reporting of this study follows the STROBE (Strengthening the Reporting of
Observational Studies in Epidemiology) guidelines.

Participants
We continuously recruited patients admitted for lower extremity traumatic fractures.

Inclusion criteria: (1) Age > 18 years; (2) Diagnosis of closed fractures of the hip (femoral neck, intertrochanteric),
femoral shaft, tibia/fibula, patella, or ankle confirmed by X-ray or CT imaging; (3) Scheduled for surgical intervention
(internal fixation or arthroplasty).

Exclusion criteria: (1) Pathological fractures (e.g., due to tumor or metastasis); (2) History of previous DVT or PE;
(3) Current use of anticoagulants or antiplatelet agents prior to injury; (4) Multiple trauma with Injury Severity Score
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(ISS) > 16 or requiring ICU admission; (5) Refusal to participate or inability to cooperate with the scheduled
ultrasound follow-up (eg., severe cognitive impairment).

Data Collection
Data were collected by two trained research nurses using a standardized case report form (CRF).

e Demographic and Clinical Characteristics: Age, gender, Body Mass Index (BMI), smoking status, comorbidities
(hypertension, diabetes, cardiovascular disease), and fracture location.

Logistical Factors: Time from injury to admission (hours) and Preoperative waiting time (days).

e Laboratory Biomarkers: Venous blood samples were drawn on admission (T1) under fasting conditions. Key
indicators included D-dimer, Serum Albumin, Hemoglobin, and neutrophil-to-lymphocyte ratio (NLR).

e Risk Assessment: The Caprini Risk Assessment Model (RAM) score was calculated for each patient upon
admission.

Perioperative Prophylaxis and Injury Severity Assessment

Additional perioperative management information, including duration of immobilization/bed rest and use of mechanical
prophylaxis, was reviewed from the medical charts when available. Trauma severity was partially controlled at enroll-
ment by excluding patients with multiple trauma, ISS >16, or ICU admission.

Dynamic DVT Screening Protocol

Unlike routine practice where screening is symptom-driven, this study employed a serial dynamic screening protocol.
Bedside color Doppler ultrasound (CUS) was performed by a designated team of three senior sonographers (with >5
years of vascular experience) who were blinded to the patients’ biomarkers. Screenings were performed at five specific
timepoints to capture the temporal evolution:

T1 (Admission): Within 24 hours of hospitalization (Baseline).
T2 (Preoperative): 1 day before the scheduled surgery.

T3 (Postoperative Early): Postoperative day 1.

T4 (Postoperative Peak): Postoperative day 3.

T5 (Discharge): Prior to discharge or on postoperative day 7.

DVT Diagnosis Criteria: DVT was diagnosed based on the loss of compressibility of the vein, intraluminal filling defects,
or absence of spontaneous flow using standard CUS criteria. Thrombosis was topographically classified as Proximal DVT
(popliteal, femoral, or iliac veins) or Distal DVT (anterior/posterior tibial, peroneal, or muscular calf veins). The primary
outcome of this study was serial ultrasound-defined perioperative DVT. Pulmonary embolism (PE) was not a prespecified
endpoint and was not systematically assessed because routine confirmatory chest imaging was not performed in all patients.

Sample Size Consideration

The final cohort included 948 patients, among whom 312 developed perioperative DVT. Considering that the final
multivariable preoperative model included five independent predictors, the available number of outcome events exceeded
the conventional minimum requirement of 10 events per variable for regression-based model development. Therefore, the
sample size was considered adequate for multivariable logistic regression and nomogram construction.

Statistical Analysis
Data analysis was performed using SPSS version 26.0 (IBM Corp, Armonk, NY) and R software version 4.1.2 (The
R Foundation). Continuous variables were tested for normality using the Shapiro—Wilk test. Normally distributed data
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were expressed as mean + standard deviation (SD) and compared using the Student’s #-test. Non-normally distributed
data were expressed as median (interquartile range, IQR) and compared using the Mann—Whitney U-test. Categorical
variables were presented as frequencies (percentages) and analyzed using the Chi-square test or Fisher’s exact test.
Univariate logistic regression was first applied to screen for potential risk factors. Variables with p < 0.10 were entered
into the multivariate logistic regression model (Forward Stepwise method) to identify independent predictors for
preoperative and postoperative DVT. Results were reported as Odds Ratios (OR) with 95% Confidence Intervals (CI).

Based on the multivariate analysis results of the preoperative model, a prognostic nomogram was constructed using
the rms package in R. Evaluated using the ROC curve and the Area Under the Curve (AUC). The AUCs of the combined
model and individual predictors were compared using the DeLong test. Assessed using calibration plots with 1,000
bootstrap resamples to compare predicted vs. observed probabilities. The Brier score was calculated to quantify
predictive accuracy. DCA was performed using the rmda package to quantify the net benefit of the nomogram at
different threshold probabilities. Furthermore, to enhance model interpretability, SHAP (SHapley Additive exPlanations)
values were calculated to quantify the global and local contribution of each feature to the prediction model. A two-tailed
P-value < 0.05 was considered statistically significant.

Results

Baseline Demographic and Clinical Characteristics
During the study period, a total of 1,350 patients with lower extremity traumatic fractures were screened for eligibility.
As illustrated in the study flowchart (Figure 1), 402 patients were excluded based on strictly defined criteria, including

Excluded (n=370)
Assessed for eligibility Jan 2019 - Jan 2026 * Age< 18years (n=85)
Xiangyang Central Hospital (n=1350) * Pathological fractures (n= 32)
J| * Previous DVT/PE history (n= 45)
» Long-term anticoagulants (n = 28)
* Admission > 24h after injury (n= 120)
* Severe trauma/ICU (n=40)
» Refused consent (n = 20)

v

Enrolled / Baseline Assessment (T1) < 24h of admission
Bedside Ultrasound + Blood markers (n=980)

|

Pre-operative Waiting Period Standard Nursing Care
T

v

Pre-operative Assessment (T2) 1 day before surgery
(n=972)

|

Surgical Intervention Internal Fixation/ Arthroplasty
i ={ Loss (n = 7) (Early discharge/Death)

A J

Loss to follow-up (n= 8) (Transfer/Conservative)

Post-operative Assessment (T3)
Post-op Day 1 (n =965)

[ s

v | Loss (n=15) (Dressing obstruction/Refusal)

Post-operative Assessment (T4)
Post-op Day 3 (Peak Risk) (n =960)
I

¥ =i Loss (n=12) (Transfer / AMA)

Discharge Assessment (T5)
Discharge / Post-op Day 7 (n=948)

| Included in Final Analysis (n =948) |

v v
DVT Group Non-DVT Group
Detected at any timepoint (n=312) Negative at all timepoints (n =636)

Figure | Flowchart of study participants.
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Table 1 Comparison of Baseline Demographic and Clinical Characteristics Between Patients with and Without Perioperative DVT

Variable Total DVT Group Non-DVT Group Statistic (y2/t/Z) p-value
(N = 948) (n=312) (n = 636)

Demographics

Age (years) 58.5+12.4 65.2+10.8 54.1x11.6 —8.452 <0.001

Age >65 years, n (%) 380 (40.1%) 185 (59.3%) 195 (30.7%) 72.115 <0.001

Gender (Male), n (%) 480 (50.6%) 145 (46.5%) 335 (52.7%) 3.124 0.077

BMI (kg/m%, mean * SD) 24.2+3.1 26.1£3.5 23.3+2.8 —4.112 <0.001

Current Smoker, n (%) 210 (22.2%) 75 (24.0%) 135 (21.2%) 0.985 0.321

Comorbidities

Hypertension, n (%) 305 (32.2%) 130 (41.7%) 175 (27.5%) 19.24 <0.001

Diabetes Mellitus, n (%) 150 (15.8%) 65 (20.8%) 85 (13.4%) 8.56 0.003

CVD History, n (%) 85 (9.0%) 40 (12.8%) 45 (7.1%) 8.12 0.004

Fracture Characteristics

Location, n (%) 15.68 0.004

Hip (Femoral neck/Intertrochanteric) 350 (36.9%) 150 (48.1%) 200 (31.4%)

Femoral shaft 180 (19.0%) 60 (19.2%) 120 (18.9%)

Tibial plateau/shaft 250 (26.4%) 70 (22.4%) 180 (28.3%)

Patella/Ankle/Foot 168 (17.7%) 32 (10.3%) 136 (21.4%)

Injury Mechanism (High-energy), n (%) 400 (42.2%) 140 (44.9%) 260 (40.9%) 1.34 0.247

Time from injury to admission (hours) 17.1 £ 14.2 264 + 185 12.5 + 84 12.65 <0.001

Preoperative Waiting Time (days) 38+£24 52+28 3. £ 19 12.35 < 0.001

Pre-op Waiting Time > 3 days, n (%) 488 (51.5%) 229 (73.4%) 259 (40.7%) 92.45 < 0.001

Laboratory Indices (Admission)

Hemoglobin (g/L) 115.4+18.2 108.2+16.5 118.8+19.1 2.56 0.011

Albumin (g/L) 36.5+4.2 33.1+3.8 38.2+4.5 543 <0.001

D-dimer (mg/L) 2.5+3.1 5.8+4.2 1.2£1.5 —12.56 <0.001

NLR (Neutrophil/Lymphocyte) 4.2+25 6.8+3.1 3.5¢1.8 —6.78 <0.001

PLR (Platelet/Lymphocyte) 145.2455.6 168.4+62.1 134.5+48.2 -3.21 0.001

Risk Assessment

Caprini Score (Admission) 6.5%2.1 82+24 5.6%1.8 —9.85 <0.001

Abbreviations: BMI, body mass index; DVT, deep vein thrombosis; CVD, cardiovascular disease; NLR, neutrophil-to-lymphocyte ratio.

age <18 years, pathological fractures, prior history of thromboembolism, or refusal to participate. Ultimately, 948
patients were enrolled in the final analysis. The overall incidence of perioperative DVT was 32.9% (312/948). The
baseline demographic and clinical characteristics of the DVT and Non-DVT groups are summarized in Table 1. Patients
in the DVT group were significantly older (65.2 + 10.8 vs. 54.1 + 11.6 years, p<0.001) and exhibited a higher Body Mass
Index (BMI) compared to the Non-DVT group (p<0.001).

Logistical and physiological admission parameters differed significantly between the two groups. The DVT
group experienced a significantly longer delay from injury to admission (26.4 £ 18.5 vs. 12.5 + 8.4 hours, p <
0.001). Furthermore, the preoperative waiting time was significantly prolonged in the DVT group compared to the
Non-DVT group (5.2 + 2.8 vs. 3.1 £ 1.9 days, p < 0.001). Laboratory findings on admission revealed a distinct
hypercoagulable and inflammatory state in the DVT group, characterized by significantly elevated D-dimer levels
(5.8 £ 42 vs. 1.2 £ 1.5 mg/L, P<0.001) and a higher Neutrophil-to-Lymphocyte Ratio (NLR) (p<0.001).
Conversely, serum albumin levels were markedly lower in the DVT group (33.1 + 3.8 vs. 38.2 + 4.5 g/L,
p<0.001) (Table 1).

Dynamic Temporal and Topographical Evolution of Perioperative DVT
Serial ultrasound screening showed a dynamic temporal pattern of perioperative DVT. The incidence of DVT did not
follow a linear progression but exhibited a distinct “twin-peak” distribution. The first and highest peak occurred during
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Figure 2 (A) Dynamic temporal distribution of perioperative Deep Vein Thrombosis (DVT) incidence. The combination chart illustrates the incidence of new DVT cases
(bars) and the cumulative incidence rate (line) across five key timepoints: Tl (within 24h of admission), T2 (preoperative day), T3 (postoperative day ), T4
(postoperative day 3), and T5 (discharge). (B) Topographical evolution of thrombus distribution throughout the perioperative period. Stacked bar chart displaying the
changing proportions of thrombus locations over time. Blue bars represent distal thrombosis (isolated in calf muscle veins), while Orange barsrepresent proximal thrombosis
(involving popliteal or femoral veins). (C) Longitudinal trajectories of plasma D-dimer levels stratified by DVT status across three defined nursing intervention windows.
Window | (Admission Screening, grey), Window Il (Preoperative Optimization, orange), and Window Ill (Postoperative Surveillance, blue). (D) Heatmap visualization of the
Risk-Driven Nursing Intervention Matrix. This diagram correlates the patient’s daily dynamic risk score with the corresponding intensity of nursing interventions. The X-axis
represents the length of hospital stay (days), and the color intensity reflects the risk magnitude (Red = High Risk; Green = Low Risk).

the preoperative waiting period (T2). After a transient decline at T3, a second peak was observed on postoperative day 3
(T4). In terms of topographical evolution, the anatomical distribution of thrombi changed during the perioperative course.
At admission (T1), most thrombi were located in the distal deep veins, particularly the muscular calf veins. As
hospitalization progressed, a progressive proximal shift was observed. By T4, the proportion of proximal DVT involving
the popliteal and femoral veins had increased (Figure 2).

Identification of Stage-Specific Risk Factors

To facilitate targeted nursing interventions, independent risk factors were identified separately for the preoperative and
postoperative phases using multivariate logistic regression. For preoperative DVT, five independent risk factors were
identified: Age > 65 years (OR=1.95, p=0.002), Preoperative Waiting Time > 3 days (OR=3.10, p<0.001), Admission
D-dimer > 1.85 mg/L (OR=3.55, p<0.001), Low Albumin < 35 g/L. (OR=2.25, p=0.004), and Time from injury to
admission > 12h (OR=1.72, p=0.015). Notably, while the Neutrophil-to-Lymphocyte Ratio (NLR) was included in the
initial analysis, it failed to reach statistical significance in the multivariate model (OR=0.81, p=0.052) and was therefore
excluded from the final prediction model. The strong association between prolonged waiting time and DVT risk further
validates the “twin-peak” observation, identifying the waiting period as a modifiable risk factor (Table 2).

For new-onset postoperative DVT, the risk profile shifted towards surgical and care-related factors. Independent
predictors included Surgery Duration >120 min (OR=1.85, p=0.007), Intraoperative Blood Loss >400 mL (OR=1.55,
p=0.038), Postoperative Bed Rest >3 days (OR=2.55, p<0.001), and Lack of Mechanical Prophylaxis (OR=1.95,
p=0.004) (Table 3).
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Table 2 Univariate and Multivariate Logistic Regression Analysis of Risk Factors Associated with Preoperative

DVT
Variable Univariate OR (95% CI) | p-value | Multivariate OR (95% CI) | p-value
Age >65 years 2.14 (1.45-3.12) <0.001 1.95 (1.32-2.88) 0.002
Time from injury to admission >24h | 1.85 (1.20-2.80) 0.005 1.72 (1.10-2.65) 0.015
Pre-op Waiting Time >3 days 3.45 (2.10-5.65) <0.001 3.10 (1.85-5.15) <0.001
D-dimer (Admission) >0.5 mg/L 4.12 (2.50-6.80) <0.001 3.55 (2.15-5.85) <0.001
Low Albumin (<35 g/L) 2.65 (1.55-4.50) 0.001 2.25 (1.30-3.95) 0.004
NLR >4.0 (High Inflammation) 2.05 (1.35-3.10) 0.033 0.81 (0.65-1.15) 0.052

Abbreviations: OR, odds ratio; Cl, confidence interval; NLR, neutrophil-to-lymphocyte ratio; Pre-op, preoperative.

Table 3 Univariate and Multivariate Logistic Regression Analysis of Independent Predictors for New-Onset
Postoperative DVT

Variable Univariate OR (95% CI) | p-value | Multivariate OR (95% CI) | p-value
General Anesthesia 1.15 (0.75-1.75) 0.52 - -
Surgery Duration > 120 min 1.92 (1.25-2.95) 0.003 1.85 (1.18-2.88) 0.007
Intraoperative Blood Loss >400 mL | 1.65 (1.10-2.45) 0.015 1.55 (1.02-2.35) 0.038
Blood Transfusion 1.75 (1.15-2.65) 0.009 1.45 (0.95-2.20) 0.085
Post-op Bed Rest > 3 days 2.85 (1.80—4.50) <0.001 2.55 (1.60—4.05) <0.001
Lack of Mechanical Prophylaxis 2.10 (1.35-3.25) 0.001 1.95 (1.25-3.05) 0.004

Abbreviations: OR, odds ratio; Cl, confidence interval; post-op, postoperative.

Construction and Validation of the Dynamic Nursing Assessment Model

ROC curve analysis revealed that the combined nomogram achieved an AUC of 0.905 (95% CI: 0.882—0.928), which was
higher than that of D-dimer (AUC=0.796), Age (AUC=0.745), Preoperative Waiting Time (AUC=0.701), Albumin
(AUC=0.659), and Time from Injury to Admission (AUC=0.601) (all p < 0.001) (Figure 3A and Table 4). Based on the
identified predictors, including Age, Preoperative Waiting Time, D-dimer, Albumin, and Time from Injury to Admission,
a dynamic nomogram was then constructed (Figure 3B). At the optimal cut-off value (>125 points), the nomogram showed
a sensitivity of 87.5% and a specificity of 82.4%. The calibration curve showed agreement between the predicted probabilities
and the observed frequencies of DVT (Figure 3C). Decision curve analysis showed that the nomogram provided a higher net
benefit than the treat-all and treat-none strategies across threshold probabilities of approximately 0%—80% (Figure 3D).

Model Interpretability and Feature Importance Analysis

SHAP analysis was performed to visualize the contribution of each predictor to the model output. The SHAP summary
plot showed the directional impact of each feature on DVT prediction. Higher values of D-dimer and Preoperative
Waiting Time were associated with positive SHAP values, whereas higher Albumin levels were associated with negative
SHAP values (Figure 4A). The global feature importance ranking demonstrated that D-dimer had the highest mean |
SHAP| value (1.85), followed by Albumin (1.17), Preoperative Waiting Time (0.92), Age (0.80), and Time from Injury to
Admission >12 h (0.54) (Figure 4B).

Discussion

This prospective cohort study demonstrated that perioperative DVT after lower extremity traumatic fractures follows
a dynamic pattern, with the preoperative waiting period representing a clinically important risk window. These findings
support a shift from static postoperative-centered prophylaxis toward a dynamic, stage-specific nursing strategy guided
by evolving perioperative risk.
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Figure 3 Development and validation of the dynamic nomogram for preoperative DVT prediction. (A) Receiver operating characteristic (ROC) curve analysis. The
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threshold probabilities.

The “Twin-Peak” Phenomenon: Rethinking the Preoperative Window

A key finding of this study was the identification of a “twin-peak” pattern of DVT incidence, with a notable preoperative
peak at T2. DVT is traditionally considered a postoperative complication triggered by surgical trauma.>' In contrast, our
data indicate that thrombotic risk may begin to increase before surgery, likely under the combined effects of fracture-
related injury and preoperative immobilization. These findings suggest that the clinically relevant prevention window
starts at admission, highlighting the need for earlier perioperative prophylactic assessment and intervention.

This finding suggests a need to reconsider the traditional “postoperative-centric” perspective presented in earlier
guidelines. While foundational studies, such as those by Geerts et al, primarily emphasized postoperative risks, our
results appear to be more consistent with emerging trauma-specific evidence.”> Zhu et al recently reported a high
prevalence of preoperative DVT in tibial fractures, attributing it to injury severity.> Our study advances this knowledge
by identifying “Preoperative Waiting Time >3 days” as a modifiable independent risk factor (OR=3.10). Unlike non-
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Table 4 Comparison of Diagnostic Performance Between the Combined Model and Individual Predictors for Perioperative DVT

Predictors AUC (95% CI) Sensitivity (%) | Specificity (%) | Cut-off Value® | Youden Index | p-value®
D-dimer 0.796 (0.765-0.827) | 83.2° 66.8 > |.85 mg/L 0.5 <0.001
Age 0.745 (0.712-0.778) | 71.5 68.2 > 65 years 0.397 <0.001
Pre-op Waiting Time 0.701 (0.665-0.737) | 73.5 59.2 > 3 days 0.327 <0.001
Albumin 0.659 (0.620-0.698) | 60.5 68.1 <35gL 0.286 <0.001
Time from injury to admission | 0.601 (0.558-0.644) | 52.4 67.8 > |2 hours 0.202 <0.001
Combined Nomogram 0.905 (0.882-0.928) | 87.5 82.4 > |25 points 0.699 Reference

Notes: *Cut-off Value: Determine by the maximum Youden index (Sensitivity + Specificity - 1). °p-value: Calculated using the DelLong test. The diagnostic performance of
each single predictor was compared against the Combined Model (Reference). All individual predictors showed significantly lower AUCs compared to the combined
model (p < 0.001).

Abbreviations: AUC, area under the receiver operating characteristic curve; Cl, confidence interval.

modifiable factors like age, waiting time is logistical. This provides a compelling evidence base for nursing managers to
advocate for “Fast-Track™ protocols, viewing the reduction of Door-to-OR time not just as an efficiency metric, but as
a critical patient safety intervention.

Furthermore, the bimodal distribution supports stage-specific nursing interventions. During the preoperative peak,
priority should be given to minimizing immobilization and strengthening mechanical prophylaxis, whereas during the
postoperative peak, emphasis should shift to early mobilization and closer surveillance for complications. Recognizing
these distinct high-risk windows may help optimize nursing resource allocation and improve the timing of perioperative

prevention.

Albumin and Inflammation: The Hidden Link Between Nutrition and Thrombosis
Our study identified serum albumin as an independent predictor of DVT. In routine nursing assessment, albumin is often
regarded primarily as a nutritional marker related to wound healing.** However, our findings suggest that it may also be
linked to thrombogenesis. Hypoalbuminemia may promote edema, hemoconcentration, and increased blood viscosity by
reducing plasma oncotic pressure, thereby disturbing vascular homeostasis. In addition, as a negative acute-phase
reactant, low albumin may reflect systemic inflammation and endothelial dysfunction rather than nutritional deficiency
alone.?> >’ This combined hemodynamic and inflammatory relevance may explain its prognostic value in trauma patients.
This study helps refine thrombotic risk assessment by addressing an important limitation of existing predictive tools.
Although the widely used Caprini Risk Assessment Model is comprehensive, it does not include markers of nutritional or

A High B
. D-dimer (mg/L)
D-dimer (mg/L)
Albumin (g/L)
Abumin @) *°
3
g Preop Waiting Time (days)
Preop Waiting Time (days) g
H
Age (years)
Age (years)
Time from injury to admission > 24h
Time from injury to admission > 24h ' l

Low 0.00 025 0.50 0.75 1.00 125 150 175
mean(|SHAP valuel) (average impact on model output magnitude)

-5.0 =25 0.0 25 50 75 10.0 25
SHAP value (impact on model output)

Figure 4 Model interpretability and feature importance analysis using SHAP values. (A) SHAP summary plot. The graph visualizes the distribution of SHAP values for each
risk factor, illustrating their impact on the model’s output. The x-axis represents the SHAP value, where a positive value indicates an increased risk of DVT. Each dot
corresponds to an individual patient. The color gradient reflects the feature value, with red indicating high values and blue indicating low values (e.g., higher D-dimer levels
and lower Albumin levels are associated with positive SHAP values). (B) Global feature importance ranking. The bar chart displays the mean absolute SHAP value (mean |
SHAP value|) for each predictor, quantifying their overall contribution to the predictive model. D-dimer (1.85) was identified as the most significant predictor, followed by
Albumin (1.17) and Preoperative Waiting Time (0.92).
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inflammatory status such as serum albumin. Consequently, some patients with marked hypoalbuminemia may have their
thrombotic risk underestimated. Our findings are consistent with those of Chi et al, who reported an independent
association between hypoalbuminemia and VTE risk in medical inpatients.”® In addition, studies by Ma et al and
Zhang et al showed that incorporating albumin into the Caprini framework improved discrimination for postoperative
DVT.?*° Together, these findings support the inclusion of albumin in dynamic risk screening for acute fracture patients.
The present findings support the interplay between nutrition, inflammation, and thrombosis. In addition to conven-
tional prophylactic measures such as compression and anticoagulation, optimizing nutritional status may represent
a complementary strategy for DVT prevention. Previous studies have shown that early enteral nutrition and albumin
supplementation in malnourished or hypoproteinemic patients may help restore oncotic pressure, reduce systemic
inflammation, and improve vascular homeostasis.*'*> From this perspective, nursing care may extend beyond coagula-
tion monitoring to include nutritional and metabolic management as part of a multidisciplinary prevention strategy.*

Distal-to-Proximal Propagation: The Necessity of Dynamic Surveillance

Regarding the topographical evolution of thrombosis, serial ultrasound demonstrated a distal-to-proximal shift during the
perioperative period. Most thrombi identified at admission were located in the distal calf muscular veins, whereas the
proportion of proximal thrombi increased postoperatively. This finding suggests possible propagation of distal thrombi
during the perioperative course, potentially facilitated by perioperative immobilization and surgical factors.

This observation adds to the ongoing discussion regarding the management of isolated distal deep vein thrombosis
(IDDVT). Current ACCP guidelines recommend serial ultrasonographic surveillance rather than routine anticoagulation
for low-risk patients.** However, accumulating evidence suggests that trauma-related IDDVT may carry a higher risk of
propagation because of the pronounced hypercoagulable state. In a cohort of critically ill trauma patients, early antic-
oagulation reduced thrombus progression by nearly 70%, and trauma was identified as an independent risk factor for
propagation.®> These findings differ from those of outpatient studies involving predominantly medical patients and
suggest that distal thrombi in trauma patients may serve as a source of proximal extension and PE.>®>’

Accordingly, a single screening approach may be insufficient to detect the dynamic evolution of perioperative
thrombosis. Our findings support serial ultrasound surveillance, or at least targeted re-scanning for patients with distal
thrombi. Nursing assessment is important in this context, as subtle changes in calf tenderness or swelling may prompt
earlier ultrasound reassessment.

Clinical Utility of the Nomogram: From “One-Size-Fits-All” to Precision Nursing

To enhance clinical applicability, we developed a nomogram with good diagnostic performance and calibration. Decision
curve analysis further showed a higher net benefit than the treat-all and treat-none strategies across threshold probabilities
of 0%—-80%. These findings support its potential value in perioperative risk stratification.

Compared with conventional static tools such as the Caprini and Wells scores, our dynamic nomogram may offer
advantages in orthopedic trauma populations. Although the Caprini model remains widely recommended for VTE
prevention, it often shows a “ceiling effect” in fracture patients, with most individuals classified as high risk and limited
discrimination of those at particularly high or imminent risk.>®

Recent studies have refined the Caprini framework by incorporating biochemical and temporal variables to improve

prediction. For example, Guo et al*’

added D-dimer and injury-to-admission time in elderly hip fracture patients and
reported improved discrimination, while Wu et al** combined the Caprini score with thrombotic molecular markers and
achieved higher diagnostic accuracy in trauma patients. These findings highlight the value of incorporating dynamic
physiological information beyond fixed baseline variables.

Building upon this evidence, our model introduces two key dynamic predictors—preoperative waiting time and
D-dimer levels—to represent the evolving hypercoagulable state that characterizes the perioperative course of fracture
patients. While Prabhakaran et al previously attempted to modify trauma-specific risk stratification, few prior studies
have quantified the mechanistic contribution of preoperative delay to thrombogenesis.*' By addressing this gap, our
model offers a real-time and individualized approach that better reflects the temporal evolution of risk, thereby improving
early identification and preventive nursing strategies for high-risk trauma patients.
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Strengths and Limitations

The main strength of this study lies in its prospective design and five-timepoint ultrasound surveillance, which enabled
dynamic characterization of perioperative DVT evolution. In addition, SHAP analysis improved the interpretability of the
prediction model by illustrating the contribution of each risk factor. However, several limitations should be acknowl-
edged. First, this was a single-center study, and the findings require external validation in multicenter cohorts. Second,
PE was not systematically assessed because routine CTPA screening was not performed in all patients; future studies
should therefore include concurrent PE surveillance. Third, long-term follow-up for PTS was not included. Future
research should extend the observation period and explore additional markers, including genomic indicators, to further
refine the prediction model.

Conclusions

In conclusion, this study establishes that perioperative DVT in patients with lower extremity traumatic fractures follows
a dynamic “twin-peak” evolution, identifying the preoperative waiting period as a critical, high-risk window that is
frequently overlooked in current practice. By integrating dynamic variables—specifically preoperative waiting time,
Time from injury to admission, and serum albumin—into a validated nomogram (AUC 0.905) we provide a robust,
evidence-based tool that significantly outperforms traditional static risk models in predicting thrombotic events. These
findings advocate for a fundamental paradigm shift in nursing management from standardized, postoperative-centric
prophylaxis to a dynamic, stage-specific strategy that prioritizes the minimization of logistical delays and early nutri-
tional optimization to effectively reduce patient risk.
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