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Abstract

Background: The American Society of Hematology (ASH) recommends assessing venous
thromboembolism (VTE) and major bleeding risk to optimize pharmacological VTE prophylaxis for
medical inpatients. However, the clinical utility of model-guided approaches remains unknown.
Methods: Our objective was to estimate differences in VTE and major bleeding event rates and
efficiency with prophylaxis guided by risk models versus prophylaxis based on physician judgment.
Patients were adults admitted to one of 10 Cleveland Clinic hospitals between December 2017 and
January 2020. We compared physician practice with hypothetical prophylaxis recommended by model-
based prophylaxis strategies, including ASH-recommended risk scores (Padua and IMPROVE) and locally
derived Cleveland Clinic risk prediction models. For each strategy we quantified the prophylaxis rate,
VTE and major bleeding rates, and the incremental number-needed-to-treat (NNT) to prevent one event
(VTE or bleeding).

Results: Physicians prescribed prophylaxis to 62% of patients whereas model-based strategies
recommended prophylaxis for 17-87%. Model-guided prophylaxis produced more VTEs and fewer major
bleeds than physicians, but total events varied among strategies. Overall, per 1,000 patients, model-
based strategies produced 14.0-16.1 events compared with 14.3 for physicians. The Padua/IMPROVE
models recommended prophylaxis for the fewest patients but caused the most total events. The most
efficient model-based strategy recommended prophylaxis to 28% of patients with an incremental NNT
(relative to no prophylaxis) of 80. Compared to physicians, it reduced prophylaxis by 55% and total
events by 0.14%.

Conclusions: Physicians often prescribed inappropriate prophylaxis, highlighting the need for decision
support. A model-based strategy maximized efficiency, reducing both events and prophylaxis relative to

physicians.
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Introduction

Venous thromboembolism (VTE) affects 300,000 to 600,000 people and causes up to 100,000
deaths each year in the United States." At least half of all cases are attributable to current or recent
hospitalization.* Multiple randomized controlled trials (RCTs) in medical inpatients have demonstrated
that prophylactic anticoagulation reduces symptomatic VTE by 27% to 52% compared to placebo.*”’
However, anticoagulants carry risks of adverse effects; prophylactic doses increase major bleeding risk
by an estimated 37% to 92%.”~ Therefore, guidelines recommend assessing major bleeding risk and VTE

risk concurrently to decide which patients should receive pharmacological prophylaxis.®®%*

According
to the guidelines, patients should receive prophylaxis if they are at high risk for VTE and acceptable risk
for major bleeding.

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

1213 contemporary guidelines specifically endorse risk assessment for both

need for decision support,
VTE and bleeding. However, the real-world effects of model-based risk assessment are poorly
understood because they have not been prospectively tested. Ideally, patients at low VTE risk would not
receive prophylaxis, and those at high VTE risk would, if they were at low risk for major bleeding. These
judgments are hard to make in clinical practice,”** but validated prediction models could help guide

15-17

these decisions. The American Society of Hematology (ASH) guidelines recommend using the

Padua’® and IMPROVE® risk scores to assess VTE and major bleeding risk, respectively. Both models

performed poorly in external validation studies?**

and to date no one has assessed the clinical utility of
concurrent usage of these models. In contrast, the Cleveland Clinic VTE Model** (CCVM) and the
Cleveland Clinic Bleeding Model® (CCBM) have outperformed Padua and IMPROVE in the Cleveland Clinic
population.

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

models perform together, or whether either pair is better than physician judgment. To address this gap,
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we first characterized prophylaxis prescribing in a large cohort of medical inpatients. Next, we simulated
prophylaxis according to guideline-recommended risk assessment models (Padua and IMPROVE) and the
Cleveland Clinic models (CCVM and CCBM), as well as a strategy that simply avoided prophylaxis for
patients at high risk of bleeding.'” We estimated hypothetical incidence rates of VTE and major bleeding
and compared how efficiently different strategies minimized total events.
Methods
Setting and patients

Our cohort consisted of adults admitted to one of 10 Cleveland Clinic Health System (CCHS)
hospitals between October 1, 2017 and January 31, 2020. Hospitals were located in Ohio and Florida and
varied in size from a 126-bed community hospital to a 1,400-bed quaternary care academic medical
center. We included patients aged 18 years or older who were admitted to a medical service, either
directly or from the emergency room. For patients with multiple admissions during the study period, we
randomly selected only one admission for inclusion. We excluded patients receiving therapeutic doses
of anticoagulation because they would not be eligible for pharmacological VTE prophylaxis. All patient
data were extracted from the Cleveland Clinic electronic health record (EHR) system and verified for
accuracy and completeness. Statistical analyses were performed using R version 4.2.3.% The study was
approved by the Cleveland Clinic Institutional Review Board (IRB #14-240).
Identification of venous thromboembolism

VTE was defined as upper and lower extremity deep vein thrombosis (DVT) or pulmonary
embolism (PE) occurring within 14 days of hospitalization. VTE outcomes included events previously
identified for the development and validation of the CCVM?*? plus additional events identified for
evaluation and updating of the current version of the model. Outcomes were identified using a
combination of International Classification of Diseases (ICD) codes, diagnostic imaging tests, treatment

records, and natural language processing, and verified by manual chart review.
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94  Identification of major bleeding
95 Major bleeding was assessed during hospitalization, using the definition from the International
96 Society on Thrombosis and Hemostasis (ISTH)—clinically overt and either fatal or associated with one of
97  the following: (a) fall in hemoglobin of 2 g/dL or more, (b) documented transfusion of at least 2 units of
98 packed red blood cells, or (c) involvement of a critical anatomical site (e.g., intracranial, pericardial,
99 intramuscular with compartment syndrome, retroperitoneal). Major bleeding outcomes for this cohort
100  were previously identified in the study of the development and validation of the CCBM® for major
101 bleeding risk assessment. That study used a combination of ICD codes and laboratory values to identify
102 major bleeds, all of which were verified by manual chart review.
103  Identification of prophylaxis receipt
104 We identified receipt of pharmacological prophylaxis from the EHR’s medication administration
105 record. Prophylaxis included unfractionated heparin (UFH; subcutaneous heparin 5,000 units 2—3 times
106  daily), low molecular weight heparin (LMWH; enoxaparin 40mg daily or dalteparin 5,000 units daily), or
107  afactor Xa inhibitor (fondaparinux 2.5mg daily) administered within 48 hours of admission.
108 Characterizing physician practice
109 To understand how physicians’ prescribed prophylaxis related to patient risk, we stratified
110 patients by VTE and major bleeding risk using the Cleveland Clinic (CC) models and calculated the
111 percentage of patients that received prophylaxis within each risk quantile.
112 Defining strategies for model-guided prophylaxis
113 We considered four possible prophylaxis strategies. Strategy 1 (Guidelines strategy) followed
114  the American Society of Hematology (ASH) guidelines for pharmacological VTE prophylaxis in medical
115 patients,® which recommend prophylaxis for patients with a Padua score of >4 points,'® indicating high
116  VTE risk, and an IMPROVE score <7 points,™ indicating low bleeding risk, and withholding prophylaxis

117  from all other patients. Strategy 2 (CC Minimize-Bleeding strategy) used the Cleveland Clinic (CC) models
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118  to define high-risk, i.e., recommending prophylaxis for patients with a 14-day VTE risk 21%>* and an in-
119  hospital bleeding risk <0.78%". Strategy 3 (CC Minimize-Events strategy) also used the CC models but
120 allowed prophylaxis for patients at high risk of both outcomes if their individual VTE risk outweighed
121 their major bleeding risk. Strategy 4 (Near-Universal strategy) simplified prescribing by giving

122 prophylaxis to all patients with low bleeding risk according to the CCBM, regardless of their VTE risk. We
123 used the CCBM rather than the IMPROVE model because CCBM outperformed IMPROVE in this dataset.’
124  Estimating clinical events

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

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

127  receive prophylaxis. For patients indicated to receive prophylaxis, their probabilities of VTE and major
128  bleeding risk as predicted by the CC models were adjusted by the relative risks of VTE efficacy and harm
129  (e.g., in the base case, probability of VTE was reduced by 52% and probability of major bleeding was
130 increased by 37%). If they did not receive prophylaxis, their predicted probabilities of VTE and major
131 bleeding were the unadjusted CCVM and CCBM values. For each strategy, we summed all patients’ risks
132 of events to get the total number of expected VTE and major bleeding events in the cohort. We divided
133 each number of events by the size of the cohort and then multiplied it by 1,000 to get the rate per 1,000
134  individuals.

135  Sensitivity analyses

136 There is moderate uncertainty regarding the efficacy and harm of pharmacological prophylaxis.
137 Because these are key variables in our estimates, we evaluated the sensitivity of our primary outcomes
138  to these variables, calculating the expected number of VTE and major bleeding events throughout the
139  plausible ranges of efficacy (i.e., reduction in VTE) and harm (i.e., increase in major bleeding). Based on
140  published studies, efficacy ranged from 27% to 52%"”’ reduction in VTE and harm ranged from 37% to

141  92% increase in major bleeding.”™
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142  Comparing prophylaxis efficiency

143 There is a tension between the efficiency of prophylaxis and the goal of preventing events. More
144  prophylaxis always reduces the incidence of VTE and increases the incidence of major bleeding, but

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

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

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

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

— (PSZ B PSl)
(E51 - ESZ)

NNT
150 where P = the rate of prophylaxis per 100 eligible patients, E = the expected rate of total events per 100
151  individuals, [S;] denotes the baseline strategy, and [S,] denotes the comparator strategy. Thus, if the
152  first strategy required prophylaxis for 20% of patients, and those patients had an average expected
153  eventrate of 1.6%, and the second strategy required prophylaxis for 50% of patients, and those patients
154  had an average expected event rate of 1.3%, the NNT would be (50-20)/(1.6-1.3)=100.
155
156  Results
157  Patient characteristics
158 We identified 48,030 medical patients who were hospitalized during the study period. After
159 excluding 2,005 (4.2%) patients who were missing one or more variables needed to determine VTE risk,
160 major bleeding risk, or prophylaxis receipt, our final cohort contained 46,025 patients. Patients had a
161 mean age of 61.4 years (SD = 19.0 years), 52.5% of patients were female, and 72.3% of patients were
162  white. Patients’ 14-day VTE risk, computed by the CCVM, ranged from 0.31% - 45.3%, with a mean of

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

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

166 A total of 28,396 (61.7%) patients received prophylaxis. Across VTE risk quantiles as computed
167 by the CCVM, physician prophylaxis rates ranged from 50% to 87% (Figure 1). Physicians displayed

168  modest sensitivity to VTE risk and almost no sensitivity to major bleeding risk. Overall, physicians treated
169 >50% of low-risk patients and withheld prophylaxis from >20% of high-risk patients, according to the
170 CCVM. Physicians prescribed prophylaxis to 66% of patients at highest risk for major bleeding

171 (probability 210%) according to the CCBM.

172 Comparing physicians with model-guided prophylaxis

173 Figure 2 shows prophylaxis rates and clinical events for physicians and model-guided strategies.
174  All the strategies had similar rates of events but drastically different rates of prophylaxis. The Near-

175 Universal strategy had the highest prophylaxis rate and fewest events, while the guideline strategy had
176  the lowest prophylaxis rate and the most events. The CC Minimize-Events strategy had approximately
177  the same number of events as physicians, achieved with less than half the prophylaxis.

178  Comparing prophylaxis efficiency

179 Compared with no prophylaxis, the CC Minimize-Events strategy increased prophylaxis by 27.6%
180 and reduced total events by 3.5 per 1,000, yielding an incremental NNT of 80 (Figure 3). The Near-

181 Universal strategy required an additional 59.5% of patients to receive prophylaxis and further reduced
182 total events by 0.3 per 1,000, for an incremental NNT of 1,920. All other strategies were considered

183 “dominated;” that is, they used less prophylaxis but had more events per unit of prophylaxis than the CC
184 Minimize-Events strategy. For example, compared to the CC Minimize-Events strategy, physicians

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

186  Sensitivity analyses

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

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

190 physicians. The CC Minimize-Bleeding strategy (NNT = 105-280) dominated when prophylaxis harm was
191 high, but the CC Minimize-Events strategy (NNT = 80-180) was similar to or more efficient than all other
192  strategies in 3 of 4 analyses. Physicians and the Guidelines strategy did not exhibit dominant efficiency
193 in any analysis. The Near-Universal strategy had a minimum NNT >1,000 and was never the most

194  efficient strategy.

195

196  Discussion

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

198  hypothetical rates of VTE plus major bleeding for each. We also characterized patterns of real-world,
199  physician-prescribed prophylaxis in our cohort and compared it to model-guided prophylaxis. We found
200 that when physicians prescribed according to their clinical judgment, inappropriate prophylaxis was
201  common, including overuse in >50% of low-risk patients and underuse in >20% of high-risk patients,

202 consistent with other studies.?>?®

Compared to physicians, the model-based strategies would reduce
203 prophylaxis by at least half and up to nearly three-quarters without substantially increasing total

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

206 Although the models all outperformed the physicians, they were not all equally good. Compared
207 to the physicians, the ASH guidelines, which used the Padua and IMPROVE risk scores, reduced

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

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

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

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

212 VTE risk. Guiding VTE prophylaxis in this way, using the most accurate models and optimal probability

10
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213 thresholds,” could standardize practice across physicians and hospitals and improve risk communication

%2 This is an important distinction, because current guidelines

214  between physicians and patients.
215 emphasize not prescribing to patients at high risk of bleeding, even though many of them are at even
216  higher risk of VTE.

217 In recommending prophylaxis, guidelines have not explicitly considered efficiency, and some
218 authors have suggested a simplified approach of universal prophylaxis so long as patients are not at high
219 risk of bleeding.’? The Near-Universal strategy, which does just that, did indeed minimize total events.
220 However, compared to the CC Minimize-Events strategy, it required prophylaxing almost 2000 patients
221 to prevent one additional event, a number not likely acceptable to physicians. In fact, in a survey of

222 more than 200 hospitalists, when physicians were asked “What is the largest number of patients that
223 you would be willing to give prophylaxis to in order to prevent one VTE?”,?” the mean response was 87,
224  and only one physician said more than 1000. This suggests that the CC Minimize-Events strategy would
225 be acceptable to most physicians, whereas the Near-Universal strategy would not.

226 This study is to our knowledge the first to directly compare the clinical utility of model-guided
227  prophylaxis with physician practice using real-world data. Many studies have described patterns of

228  physician practice and highlighted the need for decision support. However, most available risk scores
229 have shown poor performance in external validation studies,*>*! in some cases offering no discernible
230 utility.”® In an attempt to determine the optimal prophylaxis approach, one study converted the

231 IMPROVE risk scores for VTE and bleeding into a fast-and-frugal decision tree (FFT), showing that it could
232 reduce unnecessary prophylaxis and lower costs.>? However, that study considered only the IMPROVE
233 risk scores, whereas the Padua risk score is widely used for VTE risk assessment and recommended by
234 the ASH guidelines.® More recently, the Cleveland Clinic VTE*® and bleeding’ prediction models have

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

236  terms of probability rather than a semi-quantitative point-based system, thereby allowing a direct

11


https://doi.org/10.1101/2025.05.29.25328593
http://creativecommons.org/licenses/by/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2025.05.29.25328593; this version posted May 31, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY 4.0 International license .

237  comparison of the two risks. Our work expands on the FFT study by considering several model-guided
238  prophylaxis strategies with different decision support tools and comparing both clinical outcomes and
239 efficiency of treatment. Our study provides the strongest evidence yet that model-guided prophylaxis
240  could safely reduce unnecessary prophylaxis.

241 Our findings should be considered in the context of this study’s limitations. These include our
242 use of patient data from a single health system, which limits generalizability. We did not consider

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

244  therefore less important than major bleeding. Our event modeling made important assumptions that
245 should be revisited in future work. We applied the same estimates of prophylaxis efficacy and harm to
246  all patients, but heparin may exhibit different properties in different patients.** Follow-up studies should
247  investigate whether prophylaxis affects VTE and major bleeding risk differently for different

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

249  regardless of the patient. The dynamics of recurrence, long-term sequelae, and differences between
250  symptomatic and asymptomatic VTE could influence how physicians decide to prioritize competing VTE
251  and major bleeding risks in different patients.**® We adopted a global approach that assumes these
252 differences are balanced at the population level, but future work should compare our approach among
253 different subgroups of medical patients. Lastly, we calculated each patient’s risk based on the Cleveland
254 Clinic models. To the extent that they are miscalibrated, our findings would be different. However,

255  calibration in the Cleveland Clinic data is excellent.>*

256  Conclusion

257 We compared the clinical implications of physician practice for pharmacological VTE prophylaxis
258  with multiple model-guided strategies. Each strategy increased VTEs but reduced major bleeds but there

259  was a wide range of prophylaxis rates. Using the Padua and IMPROVE risk scores, as recommended by

12
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260  the ASH guidelines, would minimize prophylaxis but increase total events. On the other hand, using the
261  Cleveland Clinic models would most efficiently minimize total events and reduce prophylaxis.

262

263  Author Contributions

264 BGM and MBR contributed to study conception, design, data analysis, and interpretation. BGM drafted
265 the manuscript under the supervision of MBR.

266

267  Disclosures

268  Authors have no conflicts of interest to declare.

269

270  Sources of Funding

271  This study was supported by NIH grants 5T32GM007250-45, 5TL1TR002549-04, and T32GM152319. The

272 funders had no role in study design or completion.

13


https://doi.org/10.1101/2025.05.29.25328593
http://creativecommons.org/licenses/by/4.0/

273

274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318

medRxiv preprint doi: https://doi.org/10.1101/2025.05.29.25328593; this version posted May 31, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

It is made available under a CC-BY 4.0 International license .

References

10.

11.

12.

13.

14.

Beckman MG, Hooper WC, Critchley SE, Ortel TL. Venous Thromboembolism: A Public Health
Concern. Am J Prev Med. 2010;38(4):5495-S501. doi:10.1016/J. AMEPRE.2009.12.017

Heit JA, Melton LJ, Lohse CM, et al. Incidence of Venous Thromboembolism in Hospitalized
Patients vs Community Residents. Mayo Clin Proc. 2001;76(11):1102-1110.
doi:10.4065/76.11.1102

Noboa S, Mottier D, Oger E, et al. Estimation of a potentially preventable fraction of venous
thromboembolism: A community-based prospective study. Journal of Thrombosis and
Haemostasis. 2006;4(12):2720-2722. doi:10.1111/j.1538-7836.2006.02196.x

Alhazzani W, Lim W, Jaeschke RZ, Murad MH, Cade J, Cook DJ. Heparin thromboprophylaxis in
medical-surgical critically ill patients: A systematic review and meta-analysis of randomized trials.
Crit Care Med. 2013;41(9):2088-2098. doi:10.1097/CCM.0B013E31828CF104

Wein L, Wein S, Haas SJ, Shaw J, Krum H. Pharmacological Venous Thromboembolism Prophylaxis
in Hospitalized Medical Patients: A Meta-analysis of Randomized Controlled Trials. JAMA Intern
Med. 2007;167(14):1476-1486. doi:10.1001/ARCHINTE.167.14.1476

Qaseem A, Chou R, Humphrey LL, Starkey M, Shekelle P. Venous thromboembolism prophylaxis
in hospitalized patients: A clinical practice guideline from the American College of Physicians. Ann
Intern Med. 2011;155(9):625-632. d0i:10.7326/0003-4819-155-9-201111010-
00011/ASSET/IMAGES/11FF1.JPG

Alikhan R, Bedenis R, Cohen AT. Heparin for the prevention of venous thromboembolism in
acutely ill medical patients (excluding stroke and myocardial infarction). Cochrane Database of
Systematic Reviews. 2014;2014(5).
doi:10.1002/14651858.CD003747.PUB4/MEDIA/CDSR/CD003747/IMAGE_N/NCD003747-CMP-
002-08.PNG

Schiinemann HJ, Cushman M, Burnett AE, et al. American Society of Hematology 2018 guidelines
for management of venous thromboembolism: prophylaxis for hospitalized and nonhospitalized
medical patients. Blood Adv. 2018;2(22):3198-3225. doi:10.1182/BLOODADVANCES.2018022954
Mittman BG, Sheehan M, Kojima L, et al. Development and internal validation of the Cleveland
Clinic Bleeding Model to predict major bleeding risk at admission in medical inpatients. Journal of
Thrombosis and Haemostasis. 2024;22(10):2855-2863. doi:10.1016/J.JTHA.2024.06.025

Kearon C, Akl EA, Comerota AJ, et al. Antithrombotic therapy for VTE disease: Antithrombotic
therapy and prevention of thrombosis, 9th ed: American College of Chest Physicians evidence-
based clinical practice guidelines. Chest. 2012;141(2 SUPPL.):e4195-e496S. doi:10.1378/chest.11-
2301

Cushman M, Barnes GD, Creager MA, et al. Venous thromboembolism research priorities: A
scientific statement from the american heart association and the international society on
thrombosis and haemostasis. Circulation. 2020;142(6):E85-E94.
doi:10.1161/CIR.0000000000000818

Horner DE, Davis S, Pandor A, et al. Evaluation of venous thromboembolism risk assessment
models for hospital inpatients: the VTEAM evidence synthesis. Health Technol Assess (Rockv).
2024;28(20). doi:10.3310/AWTW6200,

Pandor A, Tonkins M, Goodacre S, et al. Risk assessment models for venous thromboembolism in
hospitalised adult patients: A systematic review. BMJ Open. 2021;11(7). doi:10.1136/BMJOPEN-
2020-045672,

Klok FA, Huisman M V. How | assess and manage the risk of bleeding in patients treated for
venous thromboembolism. Blood. 2020;135(10):724-734. doi:10.1182/BLO0OD.2019001605

14


https://doi.org/10.1101/2025.05.29.25328593
http://creativecommons.org/licenses/by/4.0/

319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366

medRxiv preprint doi: https://doi.org/10.1101/2025.05.29.25328593; this version posted May 31, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

It is made available under a CC-BY 4.0 International license .

Jaspers MWM, Smeulers M, Vermeulen H, Peute LW. Effects of clinical decision-support systems
on practitioner performance and patient outcomes: a synthesis of high-quality systematic review
findings. Journal of the American Medical Informatics Association. 2011;18(3):327-334.
doi:10.1136/AMIAIJNL-2011-000094

Kwan JL, Lo L, Ferguson J, et al. Computerised clinical decision support systems and absolute
improvements in care: meta-analysis of controlled clinical trials. BMJ. 2020;370:3216.
doi:10.1136/BMJ.M3216

Bright TJ, Wong A, Dhurjati R, et al. Effect of clinical decision-support systems: A systematic
review. Ann Intern Med. 2012;157(1):29-43. doi:10.7326/0003-4819-157-1-201207030-00450
Barbar S, Noventa F, Rossetto V, et al. A risk assessment model for the identification of
hospitalized medical patients at risk for venous thromboembolism: The Padua Prediction Score.
Journal of Thrombosis and Haemostasis. 2010;8(11):2450-2457. doi:10.1111/j.1538-
7836.2010.04044.x

Decousus H, Tapson VF, Bergmann JF, et al. Factors at Admission Associated With Bleeding Risk in
Medical Patients: Findings From the IMPROVE Investigators. Chest. 2011;139(1):69-79.
doi:10.1378/CHEST.09-3081

Hafliger E, Kopp B, Darbellay Farhoumand P, et al. Risk Assessment Models for Venous
Thromboembolism in Medical Inpatients. JAMA Netw Open. 2024;7(5):e249980-e249980.
doi:10.1001/JAMANETWORKOPEN.2024.9980

Rosenberg DJ, Press A, Fishbein J, et al. External validation of the IMPROVE bleeding Risk
Assessment Model in medical patients. Thromb Haemost. 2016;116(3):530-536.
doi:10.1160/TH16-01-0003/ID/JRO003-8

Rothberg MB, Hamilton AC, Greene MT, et al. Derivation and Validation of a Risk Factor Model to
Identify Medical Inpatients at Risk for Venous Thromboembolism. Thromb Haemost.
2022;122(7):1231-1238. doi:10.1055/A-1698-6506/I1D/JR210284-5/BIB

R Core Team. R: A language and environment for statistical computing. Published online 2022.
Mittman BG, Hu B, Schulte R, et al. What Constitutes High Risk for Venous Thromboembolism?
Comparing Approaches to Determining an Appropriate Threshold. medRxiv. Published online
September 1, 2024:2024.08.30.24312871. doi:10.1101/2024.08.30.24312871

Djulbegovic M, Chen K, Sureshanand S, Chaudhry S. Overuse of Primary Thromboprophylaxis in
Medical Inpatients at Low Risk of Venous Thromboembolism. J Gen Intern Med. 2021;36(9):2883.
doi:10.1007/511606-020-05993-x

Grant PJ, Conlon A, Chopra V, Flanders SA. Use of Venous Thromboembolism Prophylaxis in
Hospitalized Patients. JAMA Intern Med. 2018;178(8):1122-1124.
doi:10.1001/JAMAINTERNMED.2018.2022

Mittman BG, Hu B, Schulte R, et al. What Constitutes High Risk for Venous Thromboembolism?
Comparing Approaches to Determining an Appropriate Threshold. medRxiv. Published online
September 1, 2024. doi:10.1101/2024.08.30.24312871

Hoffmann TC, Del Mar C, Santhirapala R, Freeman A. Teaching clinicians shared decision making
and risk communication online: an evaluation study. BMJ Evid Based Med. 2021;26(5):253-253.
doi:10.1136/BMJEBM-2020-111521

Malloy-Weir LJ, Schwartz L, Yost J, McKibbon KA. Empirical relationships between numeracy and
treatment decision making: A scoping review of the literature. Patient Educ Couns.
2016;99(3):310-325. doi:10.1016/J.PEC.2015.10.002

Ruiz-Artacho P, Velilla MO, Chaib FB, et al. Comparative Validation of Risk Assessment Models for
Venous Thromboembolism Risk in Hospitalized Medical Patients: Insights from a Multicenter
Prospective Cohort Study. Am J Med. Published online March 2025.
doi:10.1016/J.AMJMED.2025.03.027

15


https://doi.org/10.1101/2025.05.29.25328593
http://creativecommons.org/licenses/by/4.0/

367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386

medRxiv preprint doi: https://doi.org/10.1101/2025.05.29.25328593; this version posted May 31, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

31.

32.

33.

34.

35.

36.

It is made available under a CC-BY 4.0 International license .

Pandor A, Tonkins M, Goodacre S, et al. Risk assessment models for venous thromboembolism in
hospitalised adult patients: a systematic review. BMJ Open. 2021;11(7). doi:10.1136/BMJOPEN-
2020-045672

Djulbegovic B, Boylan A, Kolo S, et al. Converting IMPROVE bleeding and VTE risk assessment
models into a fast-and-frugal decision tree for optimal hospital VTE prophylaxis. Blood Adv.
2024;8(12):3214-3224. doi:10.1182/bloodadvances.2024013166

Kaur J, Arsene C, Yadav SK, et al. Risk Factors in Hospitalized Patients for Heparin-Induced
Thrombocytopenia by Real World Database: A New Role for Primary Hypercoagulable States. J
Hematol. 2021;10(4):171. doi:10.14740/JH876

Hirsh J, Raschke R, Warkentin TE, Dalen JE, Deykin D, Poller L. Heparin: Mechanism of action,
pharmacokinetics, dosing considerations, monitoring, efficacy, and safety. Chest. 1995;108(4
SUPPL.):2585-275S. d0i:10.1378/chest.108.4_supplement.258s

Bikdeli B, Moustafa F, Nieto JA, et al. Clinical characteristics, time course, and outcomes of major
bleeding according to bleeding site in patients with venous thromboembolism. Thromb Res.
2022;211:10-18. d0i:10.1016/j.thromres.2022.01.007

Heit JA, Mohr DN, Silverstein MD, Petterson TM, O’Fallon WM, Melton LJ. Predictors of
Recurrence After Deep Vein Thrombosis and Pulmonary Embolism: A Population-Based Cohort
Study. Arch Intern Med. 2000;160(6):761-768. doi:10.1001/ARCHINTE.160.6.761

16


https://doi.org/10.1101/2025.05.29.25328593
http://creativecommons.org/licenses/by/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2025.05.29.25328593; this version posted May 31, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY 4.0 International license .

387  Table 1. Sensitivity of modeled event rates and numbers needed to treat for physician prophylaxis and
388 model-guided strategies to varying estimates of prophylaxis harm and efficacy.

T - VTE Events Major Bleeding Total Events Incremental
per 1,000 Events per 1,000 per 1,000 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

389 Note: VTE, venous thromboembolism; NNT, number needed to treat; CC, Cleveland Clinic. Estimates of
390 prophylaxis efficacy (decrease in VTE risk) and harm (increase in major bleeding risk) were identified

391  from published literature. NNT values are only shown for strategies that exhibited dominant efficiency in
392  the respective analysis. Overall, event rates and NNTs displayed modest sensitivity to varying estimates
393  of prophylaxis efficacy and harm. The difference in total events between physicians and every other

394  strategy overlapped with zero. However, the Guidelines strategy was most likely to increase total events
395  compared with physicians, whereas the CC Minimize-Events strategy was most likely to reduce events.
396  The Guidelines strategy and Physicians never exhibited dominant efficiency.

397
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399  Figure 1. Observed prophylaxis rates stratified by VTE risk (left) and major bleeding risk (right). Risk

400 probabilities were calculated using the Cleveland Clinic VTE model (CCVM) and Cleveland Clinic Bleeding
401 model (CCBM). The value beneath each bar is the number of patients within that risk group. The

402 percentage at the top of each bar is the observed rate of events within that risk group, demonstrating
403 good concordance between actual and predicted risk for both models. Event rates are not adjusted for
404 prophylaxis, which reduces risk of VTE and increases risk of major bleeding. As a result, predicted rates
405 of VTE appear somewhat overestimated and risks of bleeding appear underestimated. The vertical red

406 lines indicate the high-risk thresholds for the CCVM (1.0%) and CCBM (0.78%).
407

18


https://doi.org/10.1101/2025.05.29.25328593
http://creativecommons.org/licenses/by/4.0/

408
409

410
411
412
413
414
415
416

medRxiv preprint doi: https://doi.org/10.1101/2025.05.29.25328593; this version posted May 31, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY 4.0 International license .

100

Prophylaxis Strategy
[] Near-Universal [] physicians
[] cC Minimize-Events [] CC Minimize-Bleeding
75 [] Guidelines

50

Rate per 100 (Prophylaxis)
or per 1,000 (Events)

25

T T

Prophylaxis Total Events VTE Events Major Bleeding Events
Rate Type

Figure 2. Prophylaxis and event rates for physicians (blue) versus four model-guided prophylaxis
strategies: Cleveland Clinic (CC) models with prophylaxis for all patients regardless of VTE risk, except
those with high major bleeding risk (pink); CC models with VTE and major bleeding equally balanced for
high-risk patients (green); baseline CC models, with prophylaxis for high VTE risk and low major bleeding
risk patients (purple); and guideline-recommended models, Padua and IMPROVE (orange). Bar heights
are lower-bound event estimates based on high efficacy and high harm of prophylaxis; error bars are
upper-bound estimates based on low efficacy and low harm.
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417
418 Figure 3 Efficiency curve showing prophylaxis rates versus total event rates for each prophylaxis
419 strategy. Event rates shown are lower bound estimates from sensitivity analyses. Incremental NNTs
420 (boxed values) are shown only for strategies along the efficiency frontier, i.e., the set of points with
421 dominant efficiency.
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