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Venous thromboembolism (VTE) is a leading cause of preventable hospital- 

acquired morbidity and mortality. Despite the availability of effective 

prophylaxis, its application in clinical practice remains inconsistent, often due 

to uncertainty in risk stratification. This review evaluates the validity and 

implementation of VTE risk assessment models (RAMs) in medical inpatients. 

Seven widely used RAMs, Caprini, Padua, IMPROVE, IMPROVEDD, Wells, 

Geneva, and Kucher e-alert, are critically examined alongside emerging digital 

and biomarker-enhanced tools. The Padua and IMPROVE scores show 

consistent reliability across various medical populations, while the Caprini 

RAM remains the most accurate in surgical contexts. The Wells deep vein 

thrombosis (DVT) and revised Geneva scores are preferred for diagnosing 

suspected thrombosis and pulmonary embolism, respectively. Electronic 

alerts, such as the Kucher and Woller models, have shown promise in 

increasing prophylaxis adherence and reducing symptomatic VTE events. 

Nonetheless, challenges like limited external validation, gaps in clinician 

training, and inconsistent local protocols hinder their real-world application. 

Future research should recalibrate RAMs for underrepresented groups, 

incorporate biomarkers and mobility data, and create user-friendly AI tools 

that can optimize the balance between thrombosis and bleeding risks. The 

adoption of validated, user-friendly RAMs is essential for improving 

thromboprophylaxis, enhancing patient safety, and reducing the burden of 

hospital-associated VTE.
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1 Introduction

Venous Thromboembolism (VTE), which includes pulmonary 

embolism (PE), deep vein thrombosis (DVT), or both, represents a 

significant healthcare concern. Among hospitalized patients, VTE 

is recognized as a leading cause of preventable morbidity and 

mortality, primarily due to complications such as recurrent 

thrombosis, post-thrombotic syndrome, and chronic 

thromboembolic pulmonary hypertension (1, 2). Globally, the 

incidence of VTE is estimated to range from 0.2 to 2 cases per 

1,000 person-years, highlighting its widespread impact (3). The 

societal and economic burden posed by VTE is considerable. It 

contributes substantially to healthcare costs, including 

hospitalization, ongoing medical management, and associated 

disabilities. Recent estimates suggest a disability-adjusted life- 

year (DALY) rate of approximately 7.6 per 100,000 population, 

underscoring its significant impact on public health (4). 

Multiple factors elevate the risk of developing VTE, including 

acute medical illness, obesity (high body mass index), prolonged 

immobility, active malignancy, in4ammatory conditions, and the 

use of estrogen-containing medications such as oral 

contraceptives and hormone replacement therapies (5, 6). 

Enhanced recognition and understanding of these risk factors 

are crucial for effective prevention, timely diagnosis, and 

improved clinical outcomes for patients at risk for VTE.

International guidelines, including the American Society of 

Hematology (ASH) clinical practice guideline for hospitalized 

medical patients (7), the UK National Institute for Health and 

Care Excellence (NICE) guideline NG89 (8), and the American 

College of Physicians (ACP) guideline, all emphasize that 

structured risk assessment is the crucial first step in preventing 

hospital-acquired DVT and PE (9). In response, several risk- 

assessment models (RAMs), including the Caprini, Padua, Wells, 

and Kucher scores, have been developed to classify inpatients 

into low-to-high VTE risk and to guide thromboprophylaxis 

(10–13). Although validated across diverse surgical and medical 

cohorts, these instruments exhibit variable performance due to 

heterogeneity in study populations, inclusion criteria, and 

outcome definitions, which can compromise sensitivity and limit 

generalizability (14).

Accordingly, this review examines VTE RAMs across clinical 

settings, with a primary focus on their applicability to 

hospitalized medical patients. Evidence from surgical, obstetric, 

and oncology populations is included where relevant to 

provide contextual comparison and to clarify the strengths, 

limitations, and generalizability of individual RAMs when 

applied to medical inpatients. Special attention is given to 

populations in whom VTE risk assessment is particularly 

complex, including patients with active malignancy, pregnancy 

and the puerperium, and other under-represented inpatient 

groups. In addition to established clinical RAMs, this review 

discusses emerging approaches to enhance risk stratification, 

including biomarker-augmented models and artificial 

intelligence-based prediction tools. Finally, we address 

practical implementation challenges, including integration into 

electronic health records, clinician adoption, and the balance 

between thrombosis prevention and bleeding risk, and outline 

future directions for improving personalized VTE prevention 

in hospitalized patients.

2 Methods

This narrative review synthesized and critically appraised 

evidence on VTE RAMs relevant to hospitalized medical 

patients, including Caprini, Padua, IMPROVE/IMPROVEDD, 

Wells, Geneva, and electronic alert tools, with attention to 

implementation and special populations.

2.1 Information sources & search strategy

This review examines VTE RAMs across clinical settings, with 

a primary focus on their applicability to hospitalized medical 

patients. Evidence from surgical, obstetric, oncology, pediatrics, 

and geriatrics populations is included where relevant to provide 

contextual comparison and to highlight the strengths, 

limitations, and generalizability of individual models when 

applied to medical inpatients. PubMed, Scopus, Web of Science, 

and Google Scholar were searched from inception through 

September 2025 using MeSH and free-text terms for VTE, deep 

vein thrombosis, pulmonary embolism, risk assessment, 

hospitalized medical patients, thromboprophylaxis, and clinical 

decision support. Reference lists of key articles and guidelines 

were hand-searched to identify additional studies.

2.2 Eligibility criteria

Included sources comprised primary studies, validation/ 

derivation studies, comparative evaluations, implementation 

studies, and clinical guidelines addressing VTE RAMs in adult 

medical inpatients. Articles limited to purely surgical, 

pediatric, or outpatient settings were excluded unless they 

provided essential comparative context or model adaptations 

for inpatients.

Abbreviations  

VTE, venous thromboembolism; DVT, deep vein thrombosis; PE, pulmonary 
embolism; RAM, risk assessment Model; IMPROVE, international medical 
prevention registry on venous thromboembolism; IMPROVEDD, IMPROVE 
score enhanced with D-dimer levels; PADUA, padua prediction score for 
VTE risk in medical inpatients; Caprini Score, a surgical RAM assigning risk 
based on clinical and procedural factors; Wells Score, RAM used to estimate 
the probability of DVT or PE; Geneva Score, RAM for estimating pretest 
probability of PE; Kucher Score, electronic RAM used to prompt prophylaxis 
in high-risk medical inpatients; sP-selectin, soluble P-selectin, a biomarker of 
platelet activation and thrombosis; ETP, endogenous thrombin potential, 
used in thrombin generation assays; PRS, polygenic risk score, used for 
genomics-based risk prediction; AI, artificial intelligence; LMWH, low 
molecular weight heparin; ASH, American society of hematology; NICE, 
national institute for health and care excellence; JCI, joint commission 
international; DALY, disability-adjusted life year.
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2.3 Selection & data handling

Screening and full-text review were performed by the lead 

author, with targeted secondary verification for key data 

elements as needed. Extracted items included study 

design, setting/population, RAM components, validation 

metrics (e.g., AUC, sensitivity, specificity), clinical context, 

and implementation outcomes (e.g., uptake, effect on 

prophylaxis/VTE).

2.4 Synthesis approach

Evidence was organized thematically (historical development, 

validation performance, comparative accuracy, clinical utility/ 

limitations, and implementation). Dedicated subsections 

summarized applications in oncology, pregnancy, and emerging 

biomarker/AI-enabled approaches. No meta-analysis or 

quantitative pooling was undertaken, consistent with a narrative 

review objective.

2.5 Ethics

This review synthesized publicly available literature and did 

not involve human subjects or patient-level data; therefore, 

institutional review board approval was not required.

We synthesized the evidence narratively. Below, we summarize 

established RAMs, their validation and implementation data, 

followed by special populations and emerging biomarker/ 

AI approaches.

3 Established clinical risk-assessment 
models

A variety of clinical RAMs have been developed over the past 

three decades to quantify VTE risk across diverse inpatient 

populations. These tools vary in complexity, target populations, 

and validation strength, yet collectively form the backbone of 

contemporary VTE prophylaxis strategies. Figure 1 provides a 

chronological overview of key RAMs, highlighting their 

development timelines, key features, and clinical applications. 

The following sections provide a detailed summary of each 

model’s design, clinical performance, and limitations.

3.1 Caprini RAM

3.1.1 Development, validation, and scoring system

The Caprini RAM was originally developed and extensively 

validated for surgical patients, and its strongest predictive 

performance has consistently been demonstrated in 

perioperative and postoperative settings. The Caprini RAM, 

introduced by Joseph Caprini in the early 1990s, remains the 

most extensively validated tool for estimating the risk of 

perioperative VTE. It assigns weighted points to evidence-based 

risk factors, including patient age, prior VTE, cancer status, and 

the type and duration of surgery, to generate an aggregate score 

that guides prophylaxis decisions. The original 20-item version, 

validated in general surgical cohorts, stratifies patients into low 

(0–1), moderate (2–4), and high risk (≥5) categories for 

postoperative VTE (10). Subsequent updates expanded the 

inventory to 36 variables applicable across multiple surgical 

specialties. Added factors include varicose veins, in4ammatory 

FIGURE 1 

Evolution of clinical and emerging approaches to VTE RAM. Timeline illustrating the development of established clinical RAMs, biomarker- 

augmented tools, and emerging AI–based approaches for VTE risk stratification. The figure summarizes key conceptual milestones rather than 

primary datasets and is adapted from original descriptions of the Caprini model (10, 15), PPS (11, 16, 17), IMPROVE (18–20), and IMPROVEDD (21, 

22) models and diagnostic Wells (12, 23–27) and Geneva scores (28–31), as well as contemporary reviews of biomarker- and AI-driven 

approaches (32–37).
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bowel disease, morbid obesity, cardiorespiratory disease, insulin- 

dependent diabetes, exposure to hormonal or chemotherapy 

agents, recurrent pregnancy loss, recent blood transfusion, and 

smoking history (15).

3.1.2 Clinical implications and limitations

Across surgical populations, the Caprini score exhibits robust 

diagnostic accuracy, with a sensitivity of approximately 96%, a 

specificity of approximately 92%, and positive and negative 

predictive values of roughly 93% and 95.5%, respectively (38), 

establishing it as a key element of personalized prophylaxis 

strategies. Its widespread use, however, is limited by the 

necessity to assess 36 individual variables (15), the lack of 

universally recognized risk-category thresholds, and a scarcity of 

validation data in medical or pediatric inpatient settings.

3.2 Padua prediction score

3.2.1 Development, validation, and scoring system
The Padua Prediction Score (PPS) was specifically developed 

to assess VTE risk in acutely ill hospitalized medical patients 

and is not intended for routine use in surgical or obstetric 

populations. It was introduced by Barbar and colleagues in 2010 

to stratify acutely ill medical inpatients based on 11 weighted 

clinical variables (total score: 0–20); a score of 4 or higher 

denotes a high thrombotic risk. In the 1,180-patient derivation 

cohort, omission of prophylaxis in the high-risk stratum 

translated into an approximately 11-fold increase in 

symptomatic VTE, underscoring the model’s discriminatory 

capacity (11). External validations, however, have yielded 

heterogeneous results. In septic medical patients, the PPS failed 

to predict in-hospital or one-year VTE, although higher scores 

were independently associated with inpatient mortality (39). 

Comparative surgical data suggest the score retains good 

discrimination for postoperative events (38). Among lung-cancer 

in-patients receiving immune checkpoint inhibitors, the PPS 

performs on par with the Caprini model (40). Conversely, 

studies in obstetric and peripartum cohorts reveal poor 

sensitivity, highlighting the paucity of validation in this 

population (41).

The Padua RAM scoring system comprises 11 risk factors for 

VTE, with a total score ranging from 0 to 20 points, depending on 

the number and weight of the identified risk factors (Table 1). 

Patients with a score of 4 or higher are classified as high-risk, 

while those with a score below four are classified as low-risk (11).

3.2.2 Clinical implications and limitations
Despite its broad validation and ease of integration into 

electronic health record systems (42), its utility across all 

hospitalized patients remains limited due to its lack of validity 

in specific populations, such as pregnant (16) and cancer 

patients (17). Additionally, the PPS has not been effectively 

validated in certain racial groups, such as the Chinese 

population (43). Furthermore, it may not be suitable for 

predicting VTE risk in patients with acute respiratory conditions 

(44). One study showed that the PPS did not improve clinical 

outcomes when restricted to patients admitted for 72 h or more, 

after excluding upper-extremity DVT as an outcome, and after 

including all-cause mortality in a composite outcome (45). 

These findings suggest that its lack of dynamic risk adjustment 

and limited generalizability necessitate further evaluation to 

enhance its predictive accuracy for VTE risk assessment.

3.3 The IMPROVE predictive and associative 
scores

3.3.1 Development, validation, and scoring system

The IMPROVE model was derived from large cohorts of 

hospitalized medical patients and is designed to support VTE risk 

stratification in medical inpatient settings. It was developed from 

the multinational International Medical Prevention Registry on 

VTE (IMPROVE), which enrolled 15,156 acutely ill medical 

inpatients across 52 hospitals in 12 countries between 2002 and 

2006. The IMPROVE RAM enables clinicians to quantify baseline 

and evolving thrombotic risk. The four-item IMPROVE- 

Predictive Score is calculated upon admission (previous VTE = 3 

points, known thrombophilia = 3, age over 60 years = 1, active 

cancer =  1); scores of 0–1, 2–3, and ≥4 indicate low, 

intermediate, and high risk, respectively, with the high-risk group 

(Table 2) showing a 90-day VTE incidence of approximately 5.7% 

(18, 19, 46). Risk can then be adjusted in the hospital by adding 

three dynamic variables: lower-limb paralysis (2 points), 

immobilization for 7 days or more (1 point), and ICU/CCU 

admission (1 point), resulting in the seven-factor IMPROVE- 

Associative Score (range: 0–12) (Table 2) (19, 20). External 

validation by Cobben et al. confirmed that this combined seven- 

factor model demonstrated the best discriminative performance in 

their cohort (AUC 0.66, 95% CI: 0.56–0.75), supporting its 

clinical utility while highlighting the need for further refinement 

in various settings (47).

3.3.2 Clinical implications and limitations

The IMPROVE RAM was derived from a large, geographically 

diverse registry of acutely ill medical patients and has since been 

embedded in several electronic health record (EHR) order sets. 

TABLE 1 Padua prediction score.

Weighted score Risk factors

3 points • Active cancer

• Previous VTE (excluding superficial thrombosis)

• Reduced mobility for ≥3 days

2 points • Recent trauma or surgery (within 1 month)

1 point • Age ≥70 years

• Heart or respiratory failure

• Acute myocardial infarction or ischemic stroke

• Acute infection or rheumatologic disorder

• Obesity (BMI ≥30 kg/m2)

• Ongoing hormonal therapy

Components and scoring of the Padua Prediction Score used for VTE risk assessment in 

acutely ill hospitalized medical patients. Adapted from the original Padua Prediction 

Score derivation and validation studies and guideline summaries (11).
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However, it’s essential to note that the IMPROVE RAM was not 

designed to assess how thromboprophylaxis after admission 

affects the occurrence of VTE events, nor to determine how 

VTE prevention might in4uence the model’s results, as patients 

were not randomly assigned to receive prophylaxis. Another 

limitation could be the reliance on clinical endpoints rather than 

ongoing monitoring of VTE, which may have led to an 

underestimation of VTE cases (18). Additionally, the method 

doesn’t account for new risk factors or biomarkers, such as 

D-dimer, leukocyte, or platelet counts.

3.4 The IMPROVEDD score

3.4.1 Development, validation, and scoring 

system
Gibson and colleagues evaluated the association between 

D-dimer levels above twice the upper limit of normal (ULN) 

and the IMPROVE score’s ability to predict nonfatal pulmonary 

embolism, VTE-related death, or symptomatic DVT in a cohort 

of 7,441 hospitalized, medically ill patients from the APEX trial. 

When D-dimer exceeded 2x ULN, an extra 2 points were added 

to the IMPROVE score, creating the IMPROVEDD score 

(Table 2). Baseline D-dimer levels were independently linked to 

symptomatic VTE over 77 days (21). In hospitalized patients 

with medical conditions, the modified IMPROVE VTE risk 

score, which includes high D-dimer levels as a biomarker, 

identified a group at nearly three times higher risk for VTE. For 

these patients, extended thromboprophylaxis with rivaroxaban 

for up to 35 days provides a notable benefit (22).

3.4.2 Clinical implications and limitations

Gibson et al. emphasize that the IMPROVE clinical variables, 

combined with a D-dimer level at least twice the ULN, serve as 

independent predictors of in-hospital VTE. Since this evidence 

is based solely on the APEX trial, in which all participants 

received either standard enoxaparin or extended betrixaban, its 

relevance to settings with different or no prophylactic 

treatments is uncertain (21, 22). Importantly, elevated D-dimer 

levels may re4ect in4ammation, malignancy, or acute illness 

rather than thrombosis alone and should therefore be 

interpreted only within a validated multivariable framework.

3.5 The Geneva RAMs

3.5.1 Development, validation, and scoring system

The Geneva score is a diagnostic risk-assessment model 

designed to estimate the clinical probability of pulmonary 

embolism in patients with suspected VTE, primarily in 

emergency and outpatient settings. Wicki et al. first introduced 

the Geneva score in 2001 within a single-center Swiss cohort of 

TABLE 2 The IMPROVE predictive score, the IMPROVE associative score, the IMPROVEDD score.

The IMPROVE predictive score The IMPROVE associative score The IMPROVEDD score

Variables Points Variables Points Variables Points

Previous VTE 3 Previous VTE 3 Previous VTE 3

Malignancy Treated or untreated within the 

previous 6 months

1 Current Malignancy 2 Current Malignancy 2

Thrombophilia 3 Thrombophilia1 2 Thrombophilia1 2

Age >60 yrs 1 Age >60 yrs 1 Age >60 yrs 1

Immobilization for at least 7 days 1 Immobilization for at least 7 days 1

ICU or CCU admission 1 ICU or CCU admission 1

Paralysis of the lower extremities during 

hospitalization

2 Paralysis of the lower extremities during 

hospitalization

2

D-Dimer >2X Upper Limit Normal 2

VTE Risk on admission VTE Risk VTE Risk

Low: Observed VTE risk <1% Low Risk = 0–1.5 Predicted VTE Risk at 42-day

0–1 Moderate Risk = 2–3 Score 0 = 0.4%

Moderate High Risk = ≥4 Score 1 = 0.6%

2–3 Score 2 = 1.0%

High: Observed VTE risk 5.7% The ASH guidelines recommend VTE prophylaxis for 

a score of ≥2.

Score 3 = 1.7%

≥4 Score 4 = 2.9%

Score >5 = 7.2%

3-month VTE Risk Predicted VTE Risk at 77 days

0 = 0.4% Score 0 = 0.5%

1 = 0.6% Score 1 = 0.7%

2 = 1.0% Score 2 = 1.0%

3 = 1.7% Score 3 = 1.4%

4 = 2.9% Score 4 = 1.9%

≥5 = 7.2% Score >5 = 2.7%

Clinical variables included in the IMPROVE predictive and associative models and the D-dimer–augmented IMPROVEDD variant for hospitalized medical patients. Adapted from the 

original IMPROVE model derivation and validation studies and the IMPROVEDD biomarker-augmented analysis (18–22, 46). This table summarizes model structure and does not 

represent new model derivation.
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1,090 patients from the emergency department (28). The 0- to 

16-point scale assigns weighted values to eight objective 

variables: age ≥ 60 years, surgery within the past 4 weeks, prior 

DVT/PE, heart rate > 100 bpm, PaO2 < 82 mmHg, 

PaCO2 < 39 mmHg, and chest radiograph evidence of plate-like 

atelectasis or hemidiaphragm elevation. The resulting totals 

categorize clinical pre-test probability as low (0–4), intermediate 

(5–8), or high (>8) (Table 3). In 2006, Le Gal and colleagues 

simplified the score by removing chest radiography and arterial 

blood-gas measurements, resulting in the revised Geneva score 

(48). This version relies on eight easily accessible clinical 

variables: heart rate ≥ 75 bpm, age > 65 years, unilateral lower- 

limb pain with tenderness or edema, hemoptysis, prior DVT/PE, 

recent surgery or lower-limb fracture (<4 weeks), and active 

cancer, stratifying pulmonary embolism probability as low (0–3), 

intermediate (4–10), or high (≥11) points (Table 3). Later, in 

2008, Klok et al. introduced the simplified revised Geneva score, 

which uses the same eight clinical variables but assigns one 

point to each (heart rate ≥ 95 bpm receives two points). Scores 

of 0–1, 2–4, and 5–7 indicate low (approximately 8%), 

intermediate (approximately 29%), and high (approximately 

64%) pre-test probabilities, respectively. A binary cutoff of ≤2 

vs. ≥3 (“PE unlikely” vs. “PE likely”) supports D-dimer–guided 

exclusion strategies (Table 3) (29). External validation has 

confirmed the model’s strong discrimination and calibration; 

however, clinical use remains inconsistent, partly due to alert 

fatigue and the earlier, more cumbersome versions of the 

Geneva score, which may hinder the implementation of 

decision-support systems (30).

3.5.2 Clinical implications and limitations

The Geneva RAMs streamline pre-test assessments and can be 

combined with D-dimer testing to safely exclude PE without 

imaging. Prospective validation in the ADJUST-PE management 

TABLE 3 Geneva scores.

The original 
GENEVA risk 
prediction score

The revised GENEVA prediction score The simplified GENEVA risk prediction 
score

Age Age >65 years 1 Age >65 years 1

60–79 yrs 1 Previous DVT and or PE 3 Previous VTE event 1

80+ yrs 2 Surgery [under GA] or Lower Limb fracture in the previous 4 weeks 2 Previous surgery or fracture within 4 weeks 1

Previous VTE event Active Malignancy [solid or hematological—currently active or considered cured 

within 12 months]

2 Active malignancy 1

Yes 2 Unilateral lower limb pain 3 Unilateral lower limb pain 1

No 0 Hemoptysis 2 Hemoptysis 1

Previous surgery within 4 

weeks

Heart Rate Heart Rate

Yes 3 75–94 bpm 3 75–94 bpm 1

No 0 ≥95 bpm 5 ≥94 bpm 2

Heart rate >100 bpm Pain in the lower limb, deep venous palpation, and unilateral edema 4 Pain on deep palpation of the lower limb and 

unilateral edema

1

Yes 1

No 0

PaCO2 [Arterial blood]

<35 mmHg 2

35–39 mmHg 1

PaO2 [Arterial blood]

<49 mmHg 4

49–59 mmHg 3

60–71 mmHg 2

72–82 mmHg 1

CXR

Band atelectasis 

Elevated

1

hemidiaphragm 1

Interpretation

• <5 Points—low 

probability of PE

• 5–8 Points—moderate 

probability of PE

• >8 Points—high 

probability of PE

• Low clinical probability for PE: 0–3

• Intermediate clinical probability for PE: 4–10

D-dimer testing: 

– Negative: Consider stopping further investigation

– Positive: Imaging indicated

• High clinical probability for PE > 60% probability of PE: ≥11 Imaging indicated

• <2 Points—low probability of PE

• 2–4 Points—moderate probability of PE

• 5–7 Points—high probability of PE

Variables and point allocation of the original and revised Geneva scores used to estimate the pretest probability of pulmonary embolism in patients with suspected VTE. Adapted from the 

original Geneva score derivation and subsequent revisions and validation studies (28, 29, 48).
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trial confirmed that the simplified RAM maintained safety and 

accuracy in 1,621 outpatients (30). However, both revised and 

simplified versions, originating from emergency ward cohorts, 

show reduced discrimination in general medical inpatients 

(AUC ≈ 0.58 and positive predictive value ≈ 3% in a 2024 head- 

to-head comparison of risk models) (31), limiting their usefulness 

for hospital-acquired VTE surveillance or thromboprophylaxis 

decisions. Their use in ward-based or perioperative populations 

should await validation specific to those groups.

3.6 Well scores

3.6.1 Development, validation, and scoring 
system

The Wells score was developed to estimate the pretest 

probability of suspected VTE and is intended for diagnostic 

decision-making rather than routine thromboprophylaxis risk 

assessment. It was first proposed in 1995 and refined in 1997, 

which translates bedside findings into a quantitative pre-test 

probability (12). The updated model assigns +1 point for each of 

nine predictors: active cancer, paralysis/paresis or recent plaster 

immobilization of a lower limb, recent bed-rest > 3 days or major 

surgery within the previous 12 weeks, localized tenderness 

along the deep-venous system, entire leg swelling, calf 

circumference ≥ 3 cm larger than the asymptomatic leg, unilateral 

pitting oedema, collateral superficial (non-varicose) veins, and 

previous DVT, while an alternative diagnosis at least as likely as 

DVT carries −2 points. Totals stratify patients into low (≤0), 

intermediate (1–2), and high (≥3) probability groups, 

corresponding to observed proximal DVT prevalences of roughly 

5%, 17%, and 53%, respectively (Table 4) (12, 49). The original 

well model was revised in 2003 to become the modified Wells. 

Three modifications were made: Twelve weeks were added to the 

recovery period following major surgery, for previously confirmed 

DVT, a tenth predictor was added and assigned one point, and 

the associated risk was divided into likely (≥2) categories and 

DVT unlikely (<2 points) (Table 4) (23). In 2008, Gibson et al. 

simplified the PE Wells rule by retaining the original seven 

predictors and assigning each a point, with a total score of ≤1 

classifying PE as unlikely and a score > 1 as likely (Table 4). In 

their prospective cohort, the 3-month VTE rate after a negative 

D-dimer was nearly the same as that of the conventional and 

simplified rules (0.3% vs. 0.5%), confirming non-inferiority (24). 

A later single-center series by Al-Khafaji et al. showed that the 

Wells framework maintained excellent discrimination for DVT in 

both emergency department and ward patients (AUC ≈ 0.86) (25). 

Finally, Hendriksen and colleagues compared the original, 

modified, and simplified Wells rules with the revised and 

simplified Geneva scores in 598 outpatients. Failure rates after a 

normal D-dimer were lower with the Wells variants (1.2%–1.5%) 

than with either of the Geneva algorithms (2.7%–3.1%) (26).

3.6.2 Clinical implications and limitations
In trauma patients, DVT can be reliably excluded with a Wells 

score of less than 1 (27). A modified Wells score, combined with a 

negative D-dimer test, can confidently exclude DVT in outpatients 

or individuals in primary care settings, as indicated by Geersing 

et al. (50). However, the Wells score exhibits limited 

effectiveness in patients with distal DVT, older patients, and 

those with a history of prior DVT (51–53).

3.7 Kucher RAM

3.7.1 Development, validation, and scoring system

The Kucher RAM was created as a real-time, electronic alert 

embedded in the EHR to 4ag medical inpatients at an elevated 

risk of VTE (13). “Kucher alert” improved the prescribing of 

prophylactic anticoagulation and reduced 90-day symptomatic 

VTE by ∼approximately 40% (13). Sustained benefit was later 

confirmed in an observational follow-up, with a halving of VTE 

incidence when the alert system remained active (54). The RAM 

assigns weighted points to eight variables: prior VTE, active 

cancer, known hypercoagulability (3 points each); recent 

major surgery (2 points); and age > 75 years, body-mass 

index > 29 kg m2, bed rest ≥ 3 days, or estrogen/hormone 

therapy (1 point each). A cumulative score of 4 or higher 

triggers a “Kucher alert”, prompting clinicians to initiate 

pharmacological or mechanical prophylaxis; lower totals stratify 

patients into intermediate- and low-risk categories.

3.7.2 Clinical implications and limitations
Subsequent external validation in a 20-hospital U.S. cohort 

showed that the Kucher RAM had the weakest discrimination 

among five competing scores (c-statistic approximately 0.55). This 

raises concerns about its generalizability outside the environment 

TABLE 4 The wells PE score.

Criteria Original modified Simplified

An alternative diagnosis is less likely 

than PE

3 2 1

Clinical signs and symptoms of a 

DVT

3 2 1

Immobilization for >3 days or 

surgery in the previous 4 weeks

1.5 1 1

Heart Rate > 100 bpm 1.5 1 1

Previous DVT-PE 1.5 1 1

Active cancer [on treatment or 

treatment in previous 6 months or 

palliative]

1 1 1

Hemoptysis 1 1 1

Cut-off for PE unlikely ≤4 ≤2 ≤1

NOTE: The original WELLS score [1998] employed a seven-component clinical 

prediction rule for PE. 

• Score <2: Low risk for PE

• Score 2–6: Intermediate risk for PE

• Score of >6: High risk for PE

In 2000 the WELLS score for PE was revised to reduce the number of risk 

categories to two: 

Score >4: PE Likely 

• Score ≤ 4: PE Unlikely

Criteria and point allocation for the Wells DVT and PE rules used to estimate pretest 

probability in patients with suspected VTE. Adapted from the original Wells score 

derivation studies and subsequent revisions (12, 23–26, 49).
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in which it was developed. The study also found that most alerts 

were ignored, a pattern attributed to alert fatigue caused by the 

indiscriminate firing of alerts for all medical inpatients (55). 

Current guidance now recommends limiting e-alerts to truly 

high-risk patients and pairing them with a parallel bleed-risk 

prompt, an element missing from the original design (56).

4 Comparative evaluations of VTE RAM

Because VTE RAMs differ substantially in their derivation 

populations and intended clinical use, comparative 

interpretation should be guided by scenario-specific validation 

and awareness of population-specific limitations. Comparative 

evidence indicates that the discriminatory performance of VTE 

RAMs varies significantly across contexts. This variability is 

illustrated in Figure 1, which outlines the evolution of both 

established and emerging approaches to VTE risk assessment. In 

mixed medical-ward cohorts, the Caprini score has 

outperformed the Padua score, demonstrating better sensitivity, 

specificity, and overall accuracy. In surgical series, its prognostic 

usefulness is generally similar to that observed in the original 

derivation studies (38). For bedside diagnosis of suspected 

lower-limb thrombosis, the Wells DVT rule remains the most 

dependable, surpassing both the Caprini and Padua rules. 

Assessments of PE in adults aged 65 and older in ambulatory 

settings show comparable accuracy for the Wells and revised 

Geneva rules (57).

Electronic decision-support introduces an additional layer: the 

simplified four-factor model developed by Woller et al. (which 

includes previous VTE, cancer, immobility ≥ 3 days, and central 

venous line) demonstrates better 90-day predictive accuracy on 

medical wards compared to the original eight-factor Kucher 

alert (20). A systematic review of 18 validation studies indicates 

the most substantial evidence for the Caprini score in surgical 

groups and the Padua or IMPROVE scores in acutely ill medical 

inpatients. However, it also notes the scarcity of consistent, 

direct comparisons in homogeneous populations (58). Overall, 

these findings emphasize the importance of selecting models 

based on the clinical context: Caprini for diverse surgical or 

general inpatients, Padua or IMPROVE for non-surgical medical 

wards, Geneva derivatives for outpatient PE triage, and custom 

electronic algorithms where robust decision-support systems are 

available. A summary of RAM features and suitable clinical 

settings is provided in Table 5.

5 VTE RAM in special populations

5.1 Cancer patients

VTE remains one of the most consequential complications of 

malignancy, occurring five- to nine-fold more frequently than in 

the general population and affecting roughly 13% of patients 

within 12 months of starting chemotherapy (58, 60). This excess 

risk re4ects a convergence of tumor-related factors (site, stage, 

histology), treatment exposures (cytotoxic or anti-angiogenic 

agents, central venous catheters, recent surgery), and patient 

characteristics such as advanced age, immobility, obesity, and 

prior VTE (61, 62). Robust RAMs are therefore indispensable 

for guiding prophylaxis. The Khorana score, the most 

extensively validated oncology RAM, assigns points for tumor 

site, thrombocytosis, anemia, leukocytosis, and elevated body 

mass index; current guidelines define a score ≥ 2 as 

“intermediate-high risk” (Table 6), a threshold adopted after the 

AVERT and CASSINI trials demonstrated prophylactic benefit 

in this group (63, 64). Its evidence base, however, is derived 

almost entirely from ambulatory cohorts receiving 

chemotherapy, leaving its calibration for inpatients uncertain.

Several alternative RAMs (PROTECHT, CONKO, 

ONKOTEV, TiC-Onco, COMPASS-CAT) incorporate treatment- 

specific or biomarker variables, yet remain incompletely 

validated, particularly in hospitalized populations where 

immobility, perioperative status, and disease progression 

compound thrombotic risk (65–69). Current NCCN guidance 

accordingly recommends routine pharmacological prophylaxis 

for nearly all hospitalized oncology patients, emphasizing the 

need for individualized assessment in the absence of an 

inpatient-specific tool (62). Preliminary data suggest that a 

Khorana score of ≥2 retains some prognostic value in inpatient 

settings. However, it fails to capture the dynamic clinical and 

laboratory changes that characterize the inpatient course (70). 

General medical RAMs, such as Padua, IMPROVE, or Geneva, 

include “active cancer” as a binary variable, yet they omit 

cancer-specific nuances, which limits their discriminative 

capacity in this setting (11, 21, 46, 48). Accordingly, the 

development and prospective validation of an oncology-specific 

inpatient RAM that potentially integrates real-time biomarkers, 

performance status, and treatment details represents critical 

priorities to refine risk stratification, optimize prophylaxis 

strategies, and ultimately improve cancer-related outcomes. 

Although several oncology-specific RAMs exist, including the 

Khorana score and its derivatives, most were developed and 

validated exclusively in ambulatory cancer populations. 

Hospitalized oncology patients experience dynamic changes in 

mobility, in4ammatory burden, infection risk, treatment toxicity, 

and disease severity that are not captured by outpatient-derived 

models. As a result, extrapolation of these scores to inpatient 

settings may lead to misclassification of thrombotic risk. 

Population-specific recalibration and prospective validation of 

VTE RAMs tailored to hospitalized cancer patients are therefore 

needed, potentially incorporating dynamic clinical variables, 

biomarkers, and treatment-related factors.

5.2 Pregnant and the puerperium patients

VTE is a leading cause of maternal morbidity and mortality, 

responsible for 1.4–4.6 deaths per 100,000 live births, and its 

incidence is five to nine times higher during pregnancy than in 

the non-pregnant population (71). The risk peaks during the 

first six weeks postpartum, when rapid hemostatic rebound, 
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endothelial injury from delivery, and lingering immobility 

combine with venous stasis caused by the gravid uterus. 

Additional factors such as advanced age, obesity, inherited or 

acquired thrombophilia, malignancy, prolonged bed rest, and 

prior VTE further increase the risk, but precise clinical 

stratification remains challenging (72). Several RAMs aim to 

quantify this risk. The Royal College of Obstetricians and 

Gynecologists (RCOG) and the Swedish Society of Obstetrics & 

Gynecology (SFOG) use cumulative point systems that trigger 

low-molecular-weight heparin prophylaxis at predefined 

thresholds (73–75). In contrast, the American College of 

Obstetricians & Gynecologists (ACOG) depends on clinician 

judgment without formal scoring (76). Specialized tools include 

the dynamic Lyon score, which combines laboratory markers, 

and obstetric versions of the Caprini and Padua scores that 

account for factors like pre-eclampsia, C-section, and 

postpartum immobility (41, 77, 78). Validation data are 

inconsistent. A Chinese case-control cohort reported good 

discrimination for the RCOG model (AUC 0.83) (79); however, 

UK researchers found that adding biomarkers, including 

D-dimer, LDL, and white blood cell count, significantly 

improved its accuracy (75). In a 6,094-delivery series, RCOG 

and Caprini classified 62% and 94% of women as high-risk, 

respectively, whereas Padua 4agged fewer than 1%. None of the 

tools identified all postpartum events (41). A systematic review 

of 19 RAMs confirmed sensitivities and specificities ranging 

from 0% to 100%, indicating poor calibration and limited 

generalizability (73). The most recent prospective comparison 

showed that the modified Caprini and Swedish scores 

demonstrated the best overall discrimination (AUC 

approximately 0.80), although each sacrificed either sensitivity or 

specificity (80). Since no RAM has been prospectively validated 

for hospitalized obstetric patients, current guidelines 

recommend near-universal LMWH prophylaxis during obstetric 

TABLE 5 Comparison of VTE risk assessment tools.

Tool Sensitivity Specificity Predictive 
values

Clinical utility 
and ease of 

use

Strengths Weaknesses Best- 
validated 

population

Caprini 

Score

High for surgical 

patients, 

particularly in 

identifying those 

at high risk of 

VTE

Moderate, as it 

may overestimate 

risk in some low- 

risk patients

High PPV for 

identifying surgical 

patients likely to 

benefit from 

prophylaxis; NPV 

moderate in non- 

surgical settings

Easy to use, widely 

validated

Tailored for surgical 

patients; 

comprehensive; 

identifies high-risk 

individuals effectively

Limited utility 

outside of surgical 

populations; scoring 

may vary depending 

on clinical 

interpretation

Surgical patients

Padua 

Score

High for 

identifying 

medical patients 

at risk of VTE 

during 

hospitalization

Moderate, with 

potential false 

positives in 

patients with 

borderline scores

High PPV for 

hospitalized patients 

who meet criteria for 

prophylaxis; NPV 

moderate for 

patients not 

requiring 

intervention

Simple checklist 

approach

Specific to hospitalized 

medical patients; 

validated for non- 

surgical populations

Less useful in mixed 

or surgical settings; 

may not capture all 

risk factors

Medical inpatients

Wells Score Moderate for 

detecting 

symptomatic 

VTE, varies based 

on cutoffs

High for ruling 

out VTE in low- 

probability 

patients, especially 

with D-dimer 

testing

High PPV for 

symptomatic DVT/ 

PE in high- 

probability patients; 

NPV high when 

combined with 

D-dimer testing

Straightforward 

with clinical 

judgment

Effective for 

symptomatic DVT/PE; 

stratifies patients into 

categories for diagnostic 

decisions

Requires clinical 

judgment, which may 

introduce variability; 

less applicable for 

asymptomatic 

patients

Ambulatory, 

outpatient, or 

emergency 

department 

patients with 

suspected VTE

Kucher 

Score

Moderate, 

particularly in 

ICU populations 

where the tool is 

most applicable

Moderate, as it 

may not capture 

all at-risk ICU 

patients

Moderate PPV for 

predicting VTE in 

critically ill patients; 

NPV also moderate 

in the absence of 

other significant risk 

factors

Focused on critically 

ill patients

Useful in ICU settings; 

identifies at-risk 

patients who may 

benefit from 

thromboprophylaxis

Limited validation 

outside ICU; may 

underestimate risk in 

non-ICU patients

Medical inpatients

IMPROVE 

Score

Moderate for 

hospitalized 

medical patients, 

particularly those 

with multiple risk 

factors

High, as it 

incorporates both 

VTE and bleeding 

risk, leading to 

more targeted 

assessments

Moderate PPV due 

to its focus on 

concurrent VTE and 

bleeding risk; NPV 

higher for patients 

with low combined 

risk scores

Slightly more 

complex than others 

as it incorporates 

multiple variables 

that assess the risk 

of VTE

Validated for 

hospitalized medical 

patients; incorporates 

bleeding risk alongside 

thrombosis risk

More complex 

scoring system; 

potential for lower 

applicability outside 

medical patients

Medical inpatients

VTE, venous thromboembolism; DVT, deep vein thrombosis; PE, pulmonary embolism; PPV, positive predictive value—the likelihood that patients identified as high-risk truly develop VTE; 

NPV, negative predictive value—the likelihood that patients identified as low-risk truly do not develop VTE.

For sensitivity, specificity, and predictive values, High: ≥90% Moderate: 70%–89%, Low: <70%.

Comparison of derivation populations intended clinical use, strengths, limitations, and best-validated populations across established VTE RAMs. Synthesized from original model 

publications, external validation studies, and clinical guideline recommendations (10–15, 38–40, 57–61).This table represents a narrative comparison rather than a pooled 

quantitative analysis.

Alfehaid et al.                                                                                                                                                          10.3389/fcvm.2025.1738139

Frontiers in Cardiovascular Medicine 09 frontiersin.org

https://doi.org/10.3389/fcvm.2025.1738139


admissions, while highlighting the importance of personalized 

assessment (74, 76). Improving existing models or creating new, 

inpatient-specific tools that include real-time biomarkers, 

mobility measures, and treatment details remains an essential 

research focus to optimize prophylaxis and decrease pregnancy- 

related VTE. Despite the availability of several obstetric-specific 

RAMs, none have undergone robust prospective validation in 

hospitalized pregnant or postpartum populations. Pregnancy- 

specific physiological changes, including progressive 

hypercoagulability, venous stasis, and abrupt postpartum 

hemostatic shifts, are incompletely captured by existing models. 

Consequently, current RAMs may either overestimate or 

underestimate VTE risk in this population. These limitations 

highlight the need for population-specific recalibration and 

prospective validation of VTE RAMs designed specifically for 

hospitalized obstetric patients.

5.3 Pediatric patients

No widely accepted or prospectively validated VTE RAM 

currently exists for hospitalized pediatric patients. Pediatric VTE 

prevention strategies are primarily guided by expert consensus 

recommendations and identification of individual risk factors 

rather than formalized scoring systems (80, 81). Although 

clinical practice guidelines describe pediatric-specific thrombotic 

risk factors, these do not constitute validated RAM (80).

A pediatric hospital-acquired thrombosis risk model has been 

proposed by the Children’s Hospital-Acquired Thrombosis 

Consortium (82); however, this model remains limited to 

derivation and early validation cohorts and has not yet been 

externally validated or incorporated into major clinical 

guidelines (80). Consequently, pediatric VTE risk assessment in 

routine practice continues to rely primarily on institutional 

protocols and clinical judgment. Adult-derived RAMs, including 

Caprini, Padua, and IMPROVE, are not directly applicable to 

pediatric populations due to age-dependent differences in 

hemostatic physiology and provoking risk factors, underscoring 

a persistent evidence gap (81).

5.4 Geriatrics patients

Although advanced age is incorporated as a risk variable in 

several adult VTE risk-assessment models, no VTE RAM has, to 

date, explicitly been derived or prospectively validated for 

geriatric inpatients. Older adults present unique challenges due 

to frailty, multimorbidity, reduced mobility, sarcopenia, renal 

dysfunction, and polypharmacy, all of which in4uence both 

thrombotic and bleeding risk but are not adequately captured by 

existing models (83).

Evidence from diagnostic studies indicates that the 

performance of commonly used clinical prediction rules and 

biomarkers declines with advancing age. In particular, the 

specificity of D-dimer testing decreases substantially in older 

adults, leading to higher false-positive rates, although age- 

adjusted cutoffs improve diagnostic efficiency without 

constituting a prophylactic risk-assessment model (52). 

Consequently, VTE risk stratification in geriatric inpatients 

continues to rely on imperfect extrapolation of adult-derived 

RAMs combined with clinical judgment. These limitations 

underscore the need for geriatric-specific recalibration or 

derivation studies that incorporate functional status, frailty, and 

competing bleeding risks (83, 84).

Overall, currently available VTE RAMs were developed mainly 

in general adult populations and do not perform uniformly across 

all inpatient subgroups. In patients with malignancy, pregnancy 

and the puerperium, pediatric populations, and older adults, 

distinct physiological features, evolving clinical risk profiles, and 

competing bleeding risks reduce the accuracy of existing tools. 

These gaps highlight the need for population-specific 

recalibration and prospective validation to support 

individualized thromboprophylaxis in these settings better. 

Population-specific recalibration and prospective validation, 

particularly in inpatient settings, are essential.

6 Emerging biomarkers, genomic 
insights, and AI-Driven tools for VTE 
risk prediction

Novel biomarkers and data science approaches are being 

explored to address the poor specificity of D-dimer and to shift 

VTE prediction from a “rule-out” approach to accurate risk 

stratification. Soluble P-selectin (sP-selectin), released by 

activated platelets and endothelial cells, consistently indicates a 

thrombogenic state; plasma levels predict both initial and 

recurrent events with discrimination similar to that of D-dimer, 

especially in cancer-related VTE (85, 86). Thrombin generation 

(TG) assays combine multiple pro- and anticoagulant in4uences. 

Elevated peak thrombin or endogenous thrombin potential 

TABLE 6 Khorana score for prediction of VTE in cancer patients.

Variable Points

1. Site of cancera

○ Very high-risk cancer (stomach, pancreas) 2

○ High-risk cancer (lung, lymphoma, gynecological, bladder, or 

testicular)

1

2. Prechemotherapy platelet count ≥350 × 109/L 1

3. Prechemotherapy hemoglobin level <100 g/L or use of red cell 

growth factors

1

4. Prechemotherapy leukocyte count >11 × 109/L 1

5. Body mass index ≥35 kg/m2 1

Risk categories

Intermediate or high risk for VTE ≥2

Low risk <2

Variables and point allocation of the Khorana score used to estimate venous 

thromboembolism risk in ambulatory patients with cancer initiating systemic therapy. 

Adapted from the original Khorana score derivation study and subsequent validation and 

guideline summaries (63, 64).
aThe AVERT trial included brain tumors as very high-risk cancer and myeloma as high-risk 

cancer (63).
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(ETP) independently forecasts first VTE and recurrence, although 

variability between laboratories still limits clinical application. 

Conversely, common in4ammatory markers (CRP, IL-6) lose 

predictive power when obesity and coexisting conditions are 

considered and are not viewed as standalone risk indicators (32).

Genomics is reshaping risk profiling. A 2023 genome-wide 

meta-analysis identified 93 loci—62 of which were previously 

unknown. It showed that a polygenic risk score (PRS) places 

individuals in the top 0.1% at a risk comparable to that of 

Factor V Leiden carriers, while those in the lowest decile 

approach the population baseline. Integrating PRS with clinical 

factors significantly improves discrimination and may limit 

unnecessary anticoagulation (33).

Machine-learning (ML) models further enhance prediction. In 

a young-to-middle-aged inpatient cohort, a support vector 

machine algorithm that incorporated routine laboratory tests 

(e.g., fibrinogen, prothrombin time) achieved 87% accuracy and 

an AUC of 0.94, surpassing that of logistic regression (34). 

A meta-analysis of 12 studies (>51,000 patients) confirmed high 

pooled sensitivity and specificity for AI-based tools. However, 

interpretability and prospective validation remain barriers to 

deployment (35). Clinician surveys reinforce these concerns, 

highlighting the importance of transparent algorithms and the 

need for ongoing bedside judgment (36).

Despite their promise, several significant barriers remain that 

hinder the translation of promising research into routine clinical 

practice. For example, integration into existing clinical 

work4ows proves challenging: many healthcare institutions still 

rely on legacy systems, and AI tools may not smoothly interface 

with EHR, laboratory systems, or hospital information systems, 

a barrier commonly reported in implementation studies (37, 87).

Strong safeguards are required to protect data privacy, 

confidentiality, and informed consent, especially when AI relies 

on continuous monitoring and cloud-based systems (88, 89). 

Regulatory compliance (e.g., GDPR, HIPAA) and robust 

cybersecurity measures are essential to prevent breaches that 

could jeopardize patient safety (90, 91). Additionally, the “black- 

box” nature of many ML models raises concerns about 

transparency and accountability, hindering clinician trust and 

adoption. Therefore, ethical frameworks promoting 

explainability, governance, and professional oversight are 

necessary for safe bedside use. AI should complement, not 

replace, clinical judgment, and wider implementation will 

depend on secure integration and prospective validation (92–94).

7 Translating VTE-RAM into routine 
care: guidelines, barriers, and 
successful system solutions

The 2024 International Consensus on preventing VTE 

highlights VTE risk stratification and reviews validated RAMs 

for medical, surgical, pregnant, postpartum, and cancer patients 

(95). The 2018 ASH guideline recommends using the Padua and 

IMPROVE models for VTE risk and the IMPROVE model for 

bleeding risk, advocating for integrated assessments in clinical 

decision-making (7). In 2020, the American Heart Association 

called for a 20% reduction in hospital-acquired VTE by 2030, 

stressing the importance of risk assessments and reporting for 

hospitalized patients to enable benchmarking and pay-for- 

performance (96). The Joint Commission International (JCI) 

views VTE prevention as vital to patient safety, requiring 

hospitals to utilize measurement data to evaluate services for 

high-risk patients, incorporate findings into quality initiatives, 

enhance safety practices, and assess the effectiveness of actions 

within set timeframes (97).

Despite existing guidelines’ recommendations and JCI 

endorsement, a significant gap remains in transitioning towards 

individualized risk assessment using RAM instead of standard, 

universal prophylaxis or under-prescribing (98). A 2019–2020 

World Thrombosis Day survey of 213 hospitals in 34 countries 

found that although 84% of institutions reported using a RAM, 

only 68% made completion compulsory, and fewer than 9% of 

countries had a national mandate for routine assessment (99). 

Knowledge gaps contribute to the fact that almost 45% of 

clinicians in separate audits had never been trained to apply a 

RAM, and barely one-third based prophylaxis decisions on one 

(100). High clinical workload, documentation demands, and 

“click fatigue” further erode compliance, while cognitive bias 

can cause clinicians to override electronic prompts. Defensive 

practice driven by liability fears adds to inappropriate 

anticoagulant use, and variable local protocols create confusion 

across wards and institutions (101).

Several institution-level solutions have proven effective. 

England’s mandatory electronic tool, linked to reimbursement, 

has prevented over 900 fatal postoperative PEs within two years 

(102). A University of Michigan study involving 223,405 

inpatients (2008–2016) compared mandatory with voluntary 

Caprini risk assessments. Making assessments mandatory 

increased prophylaxis orders from 65% to 79%. The risk of VTE 

dropped by 14%, mainly due to a 36% reduction in in-hospital 

events. Reversing the mandate negated these gains, but re- 

establishing the requirement restored them (103). Additionally, 

in a before–after study at Boston University Medical Center 

involving patients undergoing general and vascular surgery, 

introducing the mandatory Caprini-score pathway reduced the 

incidence of DVT from 1.9% to 0.3%, representing an 84% 

relative decrease, and decreased the incidence of PE by 55% 

(104). Overall, integrating mandatory electronic risk scoring at 

admission and when clinical status changes, with targeted 

education, audit-feedback processes, and standardized protocols, 

offers a practical way to bridge the implementation gap and 

fully achieve appropriate thromboprophylaxis.

8 Conclusions and future directions

VTE continues to rank among the most preventable causes of 

in-hospital morbidity and mortality. Over the past three decades, 

a diverse portfolio of RAM, including Caprini, Padua, 

IMPROVE, Wells, Geneva, Kucher e-alerts, and more recent 

biomarker- or machine-learning-enhanced tools, has emerged 
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to replace empiric, “one-size-fits-all” prophylaxis with risk- 

tailored strategies. When applied within their intended 

populations, these RAMs reduce both undertreatment and 

unnecessary anticoagulation, thereby improving clinical 

outcomes and resource utilization.

Despite progress, several issues remain. Performance stays 

context-dependent; the model’s ability to discriminate often 

worsens when a RAM is used outside its original cohort. High- 

quality validation is especially limited in hospitalized oncology, 

obstetric, pediatric, and geriatric populations. Additionally, 

implementation data highlight system-level challenges, including 

inadequate clinician training, cognitive biases, documentation 

overload, alert fatigue, and variability in local protocols, all of 

which hinder adherence to guideline-based risk stratification. 

However, experience from national efforts in the UK and single- 

center programs using mandatory, work4ow-integrated 

electronic RAMs shows these barriers can be addressed, leading 

to long-term reductions in VTE rates.

Future priorities should therefore include (i) rigorous external 

validation and recalibration of existing RAMs in underrepresented 

patient groups; (ii) incorporation of dynamic variables such as 

laboratory biomarkers, mobility metrics, and evolving treatment 

exposures into adaptable algorithms; and (iii) development of 

transparent, user-centered digital decision-support systems that 

seamlessly integrate thrombosis and bleeding risk, minimize 

cognitive load, and are supported by audit-feedback mechanisms 

and institutional incentives. Addressing these areas is crucial for 

translating methodological advances into consistent bedside 

practice and for achieving meaningful, system-wide reductions 

in hospital-associated VTE.
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