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 2 

Abstract 20 

Background: The American Society of Hematology (ASH) recommends assessing venous 21 

thromboembolism (VTE) and major bleeding risk to optimize pharmacological VTE prophylaxis for 22 

medical inpatients. However, the clinical utility of model-guided approaches remains unknown. 23 

Methods: Our objective was to estimate differences in VTE and major bleeding event rates and 24 

efficiency with prophylaxis guided by risk models versus prophylaxis based on physician judgment. 25 

Patients were adults admitted to one of 10 Cleveland Clinic hospitals between December 2017 and 26 

January 2020. We compared physician practice with hypothetical prophylaxis recommended by model-27 

based prophylaxis strategies, including ASH-recommended risk scores (Padua and IMPROVE) and locally 28 

derived Cleveland Clinic risk prediction models. For each strategy we quantified the prophylaxis rate, 29 

VTE and major bleeding rates, and the incremental number-needed-to-treat (NNT) to prevent one event 30 

(VTE or bleeding). 31 

Results: Physicians prescribed prophylaxis to 62% of patients whereas model-based strategies 32 

recommended prophylaxis for 17-87%. Model-guided prophylaxis produced more VTEs and fewer major 33 

bleeds than physicians, but total events varied among strategies. Overall, per 1,000 patients, model-34 

based strategies produced 14.0-16.1 events compared with 14.3 for physicians. The Padua/IMPROVE 35 

models recommended prophylaxis for the fewest patients but caused the most total events. The most 36 

efficient model-based strategy recommended prophylaxis to 28% of patients with an incremental NNT 37 

(relative to no prophylaxis) of 80. Compared to physicians, it reduced prophylaxis by 55% and total 38 

events by 0.14%. 39 

Conclusions: Physicians often prescribed inappropriate prophylaxis, highlighting the need for decision 40 

support. A model-based strategy maximized efficiency, reducing both events and prophylaxis relative to 41 

physicians. 42 

 43 
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 4 

Introduction 46 

Venous thromboembolism (VTE) affects 300,000 to 600,000 people and causes up to 100,000 47 

deaths each year in the United States.1 At least half of all cases are attributable to current or recent 48 

hospitalization.2,3 Multiple randomized controlled trials (RCTs) in medical inpatients have demonstrated 49 

that prophylactic anticoagulation reduces symptomatic VTE by 27% to 52% compared to placebo.4–7 50 

However, anticoagulants carry risks of adverse effects; prophylactic doses increase major bleeding risk 51 

by an estimated 37% to 92%.5–9 Therefore, guidelines recommend assessing major bleeding risk and VTE 52 

risk concurrently to decide which patients should receive pharmacological prophylaxis.6,8,10,11 According 53 

to the guidelines, patients should receive prophylaxis if they are at high risk for VTE and acceptable risk 54 

for major bleeding. 55 

Although some have argued in favor of simplified prescribing approaches that minimize the 56 

need for decision support,12,13 contemporary guidelines specifically endorse risk assessment for both 57 

VTE and bleeding. However, the real-world effects of model-based risk assessment are poorly 58 

understood because they have not been prospectively tested. Ideally, patients at low VTE risk would not 59 

receive prophylaxis, and those at high VTE risk would, if they were at low risk for major bleeding. These 60 

judgments are hard to make in clinical practice,9,14 but validated prediction models could help guide 61 

these decisions.15–17 The American Society of Hematology (ASH) guidelines recommend using the 62 

Padua18 and IMPROVE19 risk scores to assess VTE and major bleeding risk, respectively. Both models 63 

performed poorly in external validation studies20,21 and to date no one has assessed the clinical utility of 64 

concurrent usage of these models. In contrast, the Cleveland Clinic VTE Model22 (CCVM) and the 65 

Cleveland Clinic Bleeding Model9 (CCBM) have outperformed Padua and IMPROVE in the Cleveland Clinic 66 

population. 67 

It remains unknown how either the ASH guideline-recommended models or the Cleveland Clinic 68 

models perform together, or whether either pair is better than physician judgment. To address this gap, 69 
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we first characterized prophylaxis prescribing in a large cohort of medical inpatients. Next, we simulated 70 

prophylaxis according to guideline-recommended risk assessment models (Padua and IMPROVE) and the 71 

Cleveland Clinic models (CCVM and CCBM), as well as a strategy that simply avoided prophylaxis for 72 

patients at high risk of bleeding.12 We estimated hypothetical incidence rates of VTE and major bleeding 73 

and compared how efficiently different strategies minimized total events. 74 

Methods 75 

Setting and patients 76 

Our cohort consisted of adults admitted to one of 10 Cleveland Clinic Health System (CCHS) 77 

hospitals between October 1, 2017 and January 31, 2020. Hospitals were located in Ohio and Florida and 78 

varied in size from a 126-bed community hospital to a 1,400-bed quaternary care academic medical 79 

center. We included patients aged 18 years or older who were admitted to a medical service, either 80 

directly or from the emergency room. For patients with multiple admissions during the study period, we 81 

randomly selected only one admission for inclusion. We excluded patients receiving therapeutic doses 82 

of anticoagulation because they would not be eligible for pharmacological VTE prophylaxis. All patient 83 

data were extracted from the Cleveland Clinic electronic health record (EHR) system and verified for 84 

accuracy and completeness. Statistical analyses were performed using R version 4.2.3.23 The study was 85 

approved by the Cleveland Clinic Institutional Review Board (IRB #14-240). 86 

Identification of venous thromboembolism 87 

 VTE was defined as upper and lower extremity deep vein thrombosis (DVT) or pulmonary 88 

embolism (PE) occurring within 14 days of hospitalization. VTE outcomes included events previously 89 

identified for the development and validation of the CCVM22 plus additional events identified for 90 

evaluation and updating of the current version of the model. Outcomes were identified using a 91 

combination of International Classification of Diseases (ICD) codes, diagnostic imaging tests, treatment 92 

records, and natural language processing, and verified by manual chart review. 93 
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Identification of major bleeding 94 

Major bleeding was assessed during hospitalization, using the definition from the International 95 

Society on Thrombosis and Hemostasis (ISTH)—clinically overt and either fatal or associated with one of 96 

the following: (a) fall in hemoglobin of 2 g/dL or more, (b) documented transfusion of at least 2 units of 97 

packed red blood cells, or (c) involvement of a critical anatomical site (e.g., intracranial, pericardial, 98 

intramuscular with compartment syndrome, retroperitoneal). Major bleeding outcomes for this cohort 99 

were previously identified in the study of the development and validation of the CCBM9 for major 100 

bleeding risk assessment. That study used a combination of ICD codes and laboratory values to identify 101 

major bleeds, all of which were verified by manual chart review. 102 

Identification of prophylaxis receipt 103 

We identified receipt of pharmacological prophylaxis from the EHR’s medication administration 104 

record. Prophylaxis included unfractionated heparin (UFH; subcutaneous heparin 5,000 units 2–3 times 105 

daily), low molecular weight heparin (LMWH; enoxaparin 40mg daily or dalteparin 5,000 units daily), or 106 

a factor Xa inhibitor (fondaparinux 2.5mg daily) administered within 48 hours of admission. 107 

Characterizing physician practice 108 

 To understand how physicians’ prescribed prophylaxis related to patient risk, we stratified 109 

patients by VTE and major bleeding risk using the Cleveland Clinic (CC) models and calculated the 110 

percentage of patients that received prophylaxis within each risk quantile. 111 

Defining strategies for model-guided prophylaxis 112 

 We considered four possible prophylaxis strategies. Strategy 1 (Guidelines strategy) followed 113 

the American Society of Hematology (ASH) guidelines for pharmacological VTE prophylaxis in medical 114 

patients,8 which recommend prophylaxis for patients with a Padua score of ≥4 points,18 indicating high 115 

VTE risk, and an IMPROVE score <7 points,19 indicating low bleeding risk, and withholding prophylaxis 116 

from all other patients. Strategy 2 (CC Minimize-Bleeding strategy) used the Cleveland Clinic (CC) models 117 
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to define high-risk, i.e., recommending prophylaxis for patients with a 14-day VTE risk ≥1%24 and an in-118 

hospital bleeding risk <0.78%9. Strategy 3 (CC Minimize-Events strategy) also used the CC models but 119 

allowed prophylaxis for patients at high risk of both outcomes if their individual VTE risk outweighed 120 

their major bleeding risk. Strategy 4 (Near-Universal strategy) simplified prescribing by giving 121 

prophylaxis to all patients with low bleeding risk according to the CCBM, regardless of their VTE risk. We 122 

used the CCBM rather than the IMPROVE model because CCBM outperformed IMPROVE in this dataset.9 123 

Estimating clinical events 124 

Our goal was to estimate how each strategy would affect rates of VTE and major bleeding 125 

compared with physicians. To do this, we first determined for each strategy which patients would 126 

receive prophylaxis. For patients indicated to receive prophylaxis, their probabilities of VTE and major 127 

bleeding risk as predicted by the CC models were adjusted by the relative risks of VTE efficacy and harm 128 

(e.g., in the base case, probability of VTE was reduced by 52% and probability of major bleeding was 129 

increased by 37%). If they did not receive prophylaxis, their predicted probabilities of VTE and major 130 

bleeding were the unadjusted CCVM and CCBM values. For each strategy, we summed all patients’ risks 131 

of events to get the total number of expected VTE and major bleeding events in the cohort. We divided 132 

each number of events by the size of the cohort and then multiplied it by 1,000 to get the rate per 1,000 133 

individuals. 134 

Sensitivity analyses 135 

 There is moderate uncertainty regarding the efficacy and harm of pharmacological prophylaxis. 136 

Because these are key variables in our estimates, we evaluated the sensitivity of our primary outcomes 137 

to these variables, calculating the expected number of VTE and major bleeding events throughout the 138 

plausible ranges of efficacy (i.e., reduction in VTE) and harm (i.e., increase in major bleeding). Based on 139 

published studies, efficacy ranged from 27% to 52%4–7 reduction in VTE and harm ranged from 37% to 140 

92% increase in major bleeding.5–9 141 
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Comparing prophylaxis efficiency 142 

 There is a tension between the efficiency of prophylaxis and the goal of preventing events. More 143 

prophylaxis always reduces the incidence of VTE and increases the incidence of major bleeding, but 144 

prophylaxis is not equally efficient across risk groups. We compared how efficiently prophylaxis 145 

minimized total events with different prophylaxis strategies by calculating the additional number of 146 

patients that would need to receive prophylaxis to prevent one additional event, compared with the 147 

prior strategy. This is defined as the incremental number needed to treat (NNT), calculated according to 148 

the formula: 149 

𝑁𝑁𝑇 =
(𝑃𝑆2 − 𝑃𝑆1)

(𝐸𝑆1 − 𝐸𝑆2)
 

where 𝑃 = the rate of prophylaxis per 100 eligible patients, 𝐸 = the expected rate of total events per 100 150 

individuals, [𝑆1] denotes the baseline strategy, and [𝑆2] denotes the comparator strategy. Thus, if the 151 

first strategy required prophylaxis for 20% of patients, and those patients had an average expected 152 

event rate of 1.6%, and the second strategy required prophylaxis for 50% of patients, and those patients 153 

had an average expected event rate of 1.3%, the NNT would be (50-20)/(1.6-1.3)=100. 154 

 155 

Results 156 

Patient characteristics 157 

 We identified 48,030 medical patients who were hospitalized during the study period. After 158 

excluding 2,005 (4.2%) patients who were missing one or more variables needed to determine VTE risk, 159 

major bleeding risk, or prophylaxis receipt, our final cohort contained 46,025 patients. Patients had a 160 

mean age of 61.4 years (SD = 19.0 years), 52.5% of patients were female, and 72.3% of patients were 161 

white. Patients’ 14-day VTE risk, computed by the CCVM, ranged from 0.31% - 45.3%, with a mean of 162 

1.26% and a median of 0.74%. Probabilities of major bleeding, computed by the CCBM, ranged from 163 

0.017% - 78.6%, with a mean of 0.52% and a median of 0.21%. 164 
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Characterizing physician practice 165 

A total of 28,396 (61.7%) patients received prophylaxis. Across VTE risk quantiles as computed 166 

by the CCVM, physician prophylaxis rates ranged from 50% to 87% (Figure 1). Physicians displayed 167 

modest sensitivity to VTE risk and almost no sensitivity to major bleeding risk. Overall, physicians treated 168 

>50% of low-risk patients and withheld prophylaxis from >20% of high-risk patients, according to the 169 

CCVM. Physicians prescribed prophylaxis to 66% of patients at highest risk for major bleeding 170 

(probability ≥10%) according to the CCBM. 171 

Comparing physicians with model-guided prophylaxis 172 

 Figure 2 shows prophylaxis rates and clinical events for physicians and model-guided strategies. 173 

All the strategies had similar rates of events but drastically different rates of prophylaxis. The Near-174 

Universal strategy had the highest prophylaxis rate and fewest events, while the guideline strategy had 175 

the lowest prophylaxis rate and the most events. The CC Minimize-Events strategy had approximately 176 

the same number of events as physicians, achieved with less than half the prophylaxis. 177 

Comparing prophylaxis efficiency 178 

Compared with no prophylaxis, the CC Minimize-Events strategy increased prophylaxis by 27.6% 179 

and reduced total events by 3.5 per 1,000, yielding an incremental NNT of 80 (Figure 3). The Near-180 

Universal strategy required an additional 59.5% of patients to receive prophylaxis and further reduced 181 

total events by 0.3 per 1,000, for an incremental NNT of 1,920. All other strategies were considered 182 

“dominated;” that is, they used less prophylaxis but had more events per unit of prophylaxis than the CC 183 

Minimize-Events strategy. For example, compared to the CC Minimize-Events strategy, physicians 184 

prescribed 34.1% more prophylaxis and yet had slightly more total events, indicating net harm. 185 

Sensitivity analyses 186 

Each strategy produced a range of expected events and incremental NNTs due to uncertainty in 187 

the estimates of prophylaxis efficacy and harm (Table 1). For all combinations of prophylaxis efficacy and 188 
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harm, the Near-Universal and CC Minimize-Events strategies always produced fewer events than 189 

physicians. The CC Minimize-Bleeding strategy (NNT = 105-280) dominated when prophylaxis harm was 190 

high, but the CC Minimize-Events strategy (NNT = 80-180) was similar to or more efficient than all other 191 

strategies in 3 of 4 analyses. Physicians and the Guidelines strategy did not exhibit dominant efficiency 192 

in any analysis. The Near-Universal strategy had a minimum NNT >1,000 and was never the most 193 

efficient strategy. 194 

 195 

Discussion 196 

 In this study, we identified four strategies for model-guided prophylaxis and quantified 197 

hypothetical rates of VTE plus major bleeding for each. We also characterized patterns of real-world, 198 

physician-prescribed prophylaxis in our cohort and compared it to model-guided prophylaxis. We found 199 

that when physicians prescribed according to their clinical judgment, inappropriate prophylaxis was 200 

common, including overuse in >50% of low-risk patients and underuse in >20% of high-risk patients, 201 

consistent with other studies.25,26 Compared to physicians, the model-based strategies would reduce 202 

prophylaxis by at least half and up to nearly three-quarters without substantially increasing total 203 

expected events. These findings emphasize the need for clinical decision support using validated risk 204 

assessment models. 205 

 Although the models all outperformed the physicians, they were not all equally good. Compared 206 

to the physicians, the ASH guidelines, which used the Padua and IMPROVE risk scores, reduced 207 

prophylaxis the most, but at the cost of additional VTEs. The Cleveland Clinic models were more 208 

efficient, reducing prophylaxis in a more targeted way, so that VTEs were not increased relative to 209 

physicians. The most efficient approach used the Cleveland Clinic models to weigh the risks of VTE and 210 

major bleeding and prescribe prophylaxis whenever the former exceeded the latter in patients with high 211 

VTE risk. Guiding VTE prophylaxis in this way, using the most accurate models and optimal probability 212 
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thresholds,27 could standardize practice across physicians and hospitals and improve risk communication 213 

between physicians and patients.28,29 This is an important distinction, because current guidelines 214 

emphasize not prescribing to patients at high risk of bleeding, even though many of them are at even 215 

higher risk of VTE. 216 

In recommending prophylaxis, guidelines have not explicitly considered efficiency, and some 217 

authors have suggested a simplified approach of universal prophylaxis so long as patients are not at high 218 

risk of bleeding.12 The Near-Universal strategy, which does just that, did indeed minimize total events. 219 

However, compared to the CC Minimize-Events strategy, it required prophylaxing almost 2000 patients 220 

to prevent one additional event, a number not likely acceptable to physicians. In fact, in a survey of 221 

more than 200 hospitalists, when physicians were asked “What is the largest number of patients that 222 

you would be willing to give prophylaxis to in order to prevent one VTE?”,27 the mean response was 87, 223 

and only one physician said more than 1000. This suggests that the CC Minimize-Events strategy would 224 

be acceptable to most physicians, whereas the Near-Universal strategy would not. 225 

 This study is to our knowledge the first to directly compare the clinical utility of model-guided 226 

prophylaxis with physician practice using real-world data. Many studies have described patterns of 227 

physician practice and highlighted the need for decision support. However, most available risk scores 228 

have shown poor performance in external validation studies,30,31 in some cases offering no discernible 229 

utility.20 In an attempt to determine the optimal prophylaxis approach, one study converted the 230 

IMPROVE risk scores for VTE and bleeding into a fast-and-frugal decision tree (FFT), showing that it could 231 

reduce unnecessary prophylaxis and lower costs.32 However, that study considered only the IMPROVE 232 

risk scores, whereas the Padua risk score is widely used for VTE risk assessment and recommended by 233 

the ASH guidelines.8 More recently, the Cleveland Clinic VTE22 and bleeding9 prediction models have 234 

outperformed both Padua and IMPROVE and offer the distinct advantage of predicting patient risk in 235 

terms of probability rather than a semi-quantitative point-based system, thereby allowing a direct 236 
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comparison of the two risks. Our work expands on the FFT study by considering several model-guided 237 

prophylaxis strategies with different decision support tools and comparing both clinical outcomes and 238 

efficiency of treatment. Our study provides the strongest evidence yet that model-guided prophylaxis 239 

could safely reduce unnecessary prophylaxis. 240 

 Our findings should be considered in the context of this study’s limitations. These include our 241 

use of patient data from a single health system, which limits generalizability. We did not consider 242 

heparin-induced thrombocytopenia (HIT), although it is very rare with a prevalence <0.1%33 and 243 

therefore less important than major bleeding. Our event modeling made important assumptions that 244 

should be revisited in future work. We applied the same estimates of prophylaxis efficacy and harm to 245 

all patients, but heparin may exhibit different properties in different patients.34 Follow-up studies should 246 

investigate whether prophylaxis affects VTE and major bleeding risk differently for different 247 

subpopulations or risk groups. We also assumed that a VTE or a major bleed is equally harmful 248 

regardless of the patient. The dynamics of recurrence, long-term sequelae, and differences between 249 

symptomatic and asymptomatic VTE could influence how physicians decide to prioritize competing VTE 250 

and major bleeding risks in different patients.35,36 We adopted a global approach that assumes these 251 

differences are balanced at the population level, but future work should compare our approach among 252 

different subgroups of medical patients. Lastly, we calculated each patient’s risk based on the Cleveland 253 

Clinic models. To the extent that they are miscalibrated, our findings would be different. However, 254 

calibration in the Cleveland Clinic data is excellent.9,22 255 

Conclusion 256 

 We compared the clinical implications of physician practice for pharmacological VTE prophylaxis 257 

with multiple model-guided strategies. Each strategy increased VTEs but reduced major bleeds but there 258 

was a wide range of prophylaxis rates. Using the Padua and IMPROVE risk scores, as recommended by 259 
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the ASH guidelines, would minimize prophylaxis but increase total events. On the other hand, using the 260 

Cleveland Clinic models would most efficiently minimize total events and reduce prophylaxis. 261 
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Table 1. Sensitivity of modeled event rates and numbers needed to treat for physician prophylaxis and 387 
model-guided strategies to varying estimates of prophylaxis harm and efficacy.  388 

Sensitivity Analysis Iteration 
VTE Events 
per 1,000 

Major Bleeding 
Events per 1,000 

Total Events 
per 1,000 

Incremental 
NNT 

Low Efficacy (27%), Low Harm (37%) 

     Physicians 10.09 6.52 16.61 - 

     Guidelines 11.51 5.53 17.04 - 

     CC Minimize-Bleeding 11.20 5.46 16.66 - 

     CC Minimize-Events 10.43 5.84 16.27 180 

     Near-Universal 10.20 5.99 16.19 7,440 

Low Efficacy (27%), High Harm (92%) 

     Physicians 10.09 8.45 18.54 - 

     Guidelines 11.51 5.99 17.50 - 

     CC Minimize-Bleeding 11.20 5.83 17.03 280 

     CC Minimize-Events 10.43 6.77 17.20 - 

     Near-Universal 10.20 7.13 17.33 - 

High Efficacy (52%), Low Harm (37%) 

     Physicians 7.79 6.52 14.31 - 

     Guidelines 10.52 5.53 16.05 - 

     CC Minimize-Bleeding 9.92 5.46 15.38 - 

     CC Minimize-Events 8.45 5.84 14.29 80 

     Near-Universal 7.99 5.99 13.98 1,920 

High Efficacy (52%), High Harm (92%) 

     Physicians 7.79 8.45 16.24 - 

     Guidelines 10.52 5.99 16.51 - 

     CC Minimize-Bleeding 9.92 5.83 15.75 105 

     CC Minimize-Events 8.45 6.77 15.22 110 

     Near-Universal 7.99 7.13 15.12 5,950 

Note: VTE, venous thromboembolism; NNT, number needed to treat; CC, Cleveland Clinic. Estimates of 389 
prophylaxis efficacy (decrease in VTE risk) and harm (increase in major bleeding risk) were identified 390 
from published literature. NNT values are only shown for strategies that exhibited dominant efficiency in 391 
the respective analysis. Overall, event rates and NNTs displayed modest sensitivity to varying estimates 392 
of prophylaxis efficacy and harm. The difference in total events between physicians and every other 393 
strategy overlapped with zero. However, the Guidelines strategy was most likely to increase total events 394 
compared with physicians, whereas the CC Minimize-Events strategy was most likely to reduce events. 395 
The Guidelines strategy and Physicians never exhibited dominant efficiency. 396 
  397 
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 398 
Figure 1. Observed prophylaxis rates stratified by VTE risk (left) and major bleeding risk (right). Risk 399 
probabilities were calculated using the Cleveland Clinic VTE model (CCVM) and Cleveland Clinic Bleeding 400 
model (CCBM). The value beneath each bar is the number of patients within that risk group. The 401 
percentage at the top of each bar is the observed rate of events within that risk group, demonstrating 402 
good concordance between actual and predicted risk for both models. Event rates are not adjusted for 403 
prophylaxis, which reduces risk of VTE and increases risk of major bleeding. As a result, predicted rates 404 
of VTE appear somewhat overestimated and risks of bleeding appear underestimated. The vertical red 405 
lines indicate the high-risk thresholds for the CCVM (1.0%) and CCBM (0.78%). 406 
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 408 
Figure 2. Prophylaxis and event rates for physicians (blue) versus four model-guided prophylaxis 409 
strategies: Cleveland Clinic (CC) models with prophylaxis for all patients regardless of VTE risk, except 410 
those with high major bleeding risk (pink); CC models with VTE and major bleeding equally balanced for 411 
high-risk patients (green); baseline CC models, with prophylaxis for high VTE risk and low major bleeding 412 
risk patients (purple); and guideline-recommended models, Padua and IMPROVE (orange). Bar heights 413 
are lower-bound event estimates based on high efficacy and high harm of prophylaxis; error bars are 414 
upper-bound estimates based on low efficacy and low harm. 415 
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 417 
Figure 3 Efficiency curve showing prophylaxis rates versus total event rates for each prophylaxis 418 
strategy. Event rates shown are lower bound estimates from sensitivity analyses. Incremental NNTs 419 
(boxed values) are shown only for strategies along the efficiency frontier, i.e., the set of points with 420 
dominant efficiency. 421 
 422 
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