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PURPOSE Venous thromboembolism (VTE), especially pulmonary embolism (PE) and lower extremity deep vein
thrombosis (LE-DVT), is a serious and potentially preventable complication for patients with cancer undergoing
systemic therapy.

METHODS Using retrospective data from patients diagnosed with incident cancer from 2011-2020, we derived a
parsimonious risk assessment model (RAM) using least absolute shrinkage and selection operator regression
from the Harris Health System (HHSyn=19,769)@ndexternallyvalidateditusingthe Veterans/Affairs(VA)health
carersystemi(n=179;517). Bootstrapped c statistics and calibration curves were used to assess external model
discrimination and fit. Dichotomized risk strata using integer scores were created and compared against the
Khorana score (KS).

RESULTS Incident VTE and PE/LE-DVT at 6 months occurred in 590 (6.2%) and 437 (4.6%) patients in HHS and
4,027 (5.1%) and 3,331 (4.2%) patients in the VA health care system. Assessed at the time of systemic therapy
initiation, the new RAM included components of the KS with the modified cancer subtype, cancer staging,
systemic therapy class, history of VTE, history of paralysis/immobility, recent hospitalization, and Asian/Pacific
Islander race. The c statistic was 0.71 in HHS and 0.68 in the VA health care system (compared with 0.65 and
0.60, respectively, for KS). Furthermore, the new RAM appropriately reclassified 28% of patients and increased
the proportion of VTEs in the high-risk group from 37% to 68% in the validation data set.

CONCLUSION The novel RAM stratified patients with cancer into a high-risk group with 8%-10% cumulative
incidence of VTE and 7% PE/LE-DVT at 6 months (v3% and 2%, respectively, in the low-risk group). The model
had improved performance over the original KS and doubled the number of VTE events in the high-risk stratum.
We encourage additional external validation from prospective studies.
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INTRODUCTION

Venous thromboembolism (VTE), especially pulmo-
nary embolism (PE) and lower extremity deep vein
thrombosis (LE-DVT), is a serious and potentially
preventable complication for patients with cancer
undergoing systemic therapy.!? It is associated with
increased mortality and morbidity, including post-
thrombotic syndrome with chronic pain, decreased
performance status, prolonged hospitalization, and
increased cost of care.> Randomized controlled trials
have demonstrated that prophylactic administration of

absolute risk reduction was appreciably higher in trials
that selected patients with higher risk of VTE®” than
those with unselected patients.®® Furthermore, both
the efficacy-safety trade-off and cost-effectiveness are
favored in patients with the highest VTE risk. 10!
Therefore, adoption and implementation of pharma-
cologic thromboprophylaxis strategies in the real-world
setting depends on a personalized yet automated and
simple approach to accurately risk stratify patients for
VTE across diverse populations.'?

The Khorana score (KS) is the most widely used risk

low-molecular-weight heparin or direct oral anticoag-
ulants may significantly reduce the relative risk of VTE
incidence in patients with cancer; nonetheless, the

assessmenttool to predictincident VTE in patients with
ambulatory cancer initiating chemotherapy.'® KS 2 or
higher (2+) has been shown to be predictive of
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CONTEXT

Key Objective

Can we improve the existing clinical risk assessment model (RAM) for venous thromboembolism in patients with cancer
receiving systemic therapy?

Knowledge Generated

Using retrospective data collected from approximately 90,000 patients with newly diagnosed cancer from two large health
care systems in the United States, we performed the initial derivation and external validation study of a new RAM for
venous thromboembolism that outperformed the Khorana score at the time of initial systemic therapy initiation. The novel
RAM uses common data derivable directly from the electronic health record and works well in populations of differing
age, sex, race, and ethnicity.

Relevance (J.W. Friedberg)

With further validation, the novel RAM may replace the Khorana score as the preferred thrombosis risk stratification strategy
in patients with malignancy.*

*Relevance section written by JCO Editor-in-Chief Jonathan W. Friedberg, MD.

improved outcome with pharmacologic thromboprophy-
laxis in the aforementioned trials with a pooled 6-month
VTE incidence of 9.23% in the placebo arms.®”1° None-
theless, a recent systematic review and meta-analysis of
34,555 patients showed that the overall proportion of VTE
captured in the high-risk KS group was only 23%-55%
depending on the cutoff (3+ v2+).1* Furthermore, the KS
is exclusively used in patients with solid tumors and lym-
phomas (excluding most hematologic malignancy) re-
ceiving chemotherapy (excluding modern noncytotoxic
treatments). Various other models have been derived over
the past decade, such as the Vienna CATS,** PROTECHT, !¢
ONKOTEV,!” and COMPASS-CAT,® although most have
performed poorly in external cohort validations.'® Pabinger
et al?® recently published a simplified model with external
validation; however, the use of D-dimer biomarker has
precluded its wide adoption in the clinical setting. Finally,
most of the available models have been derived in a pre-
dominantly White or European homogeneous population.

Recent advancement in clinical informatics, especially in
enterprise data warehousing (EDW), machine learning, and
natural language processing (NLP), has allowed the con-
version of patient-level data into validated computable
phenotypes for updated clinical risk assessment.?! In this
study, we used cancer registry and EDW-linked data sets to
derive and externally validate a simplified VTE risk as-
sessment model (RAM) in patients with newly diagnosed
cancer receiving systemic therapy.

METHODS
Study Design, Data Source, and Participants

We used retrospective data sets from two independent US
health care systems to derive and externally validate the
VTE RAM. The derivation data set consisted of patients with
cancer from the Harris Health System (HHS), which is an

2 © 2023 by American Society of Clinical Oncology

integrated safety-net health care system with two medical
centers and 18 outpatient clinics for patients from diverse
racial and ethnic backgrounds in the Houston metropolitan
area. The validation data set consisted of patients with
cancer from the national Veterans Affairs (VA) health care
system, which is the largest integrated health care system
with 171 medical centers and 1,113 outpatient clinics for
veterans. Patients have a high likelihood to receive unin-
terrupted oncologic care with longitudinal follow-up in
these integrated systems.

Patient linkage, data harmonization, cohort exclusion, and
variable extraction are described in detail in the Data
Supplement (online only). Briefly, we created an integrated
database that linked patients with first-ever invasive cancer
from the HHS cancer registry with EPIC Caboodle EDW.??
Our external collaborators from the Massachusetts Vet-
erans Epidemiology Research and Information Center used
a similar approach to link eligible patients from the national
VA Cancer Registry with the VA Corporate Data Ware-
house.?® Patients were excluded if they were not primary
users of the health care system, did not receive systemic
therapy within the first year of cancer diagnosis, received
therapeutic anticoagulation, or had missing key baseline
data at the time of initial therapy initiation (Fig 1). A list of 34
candidate predictors of VTE were defined to include
existing KS components and cancer-specific and patient-
specific factors (Data Supplement). The study was ap-
proved by the Institutional Review Board from Baylor
College of Medicine and VA Boston Healthcare System. A
waiver of informed consent from participants was granted
by each Institutional Review Board.

VTE Definition and Validation

The primary outcome was overall VTE defined as radiolog-
ically confirmed symptomatic or incidental PE, proximal or
distal LE-DVT, or upper extremity DVT.?* Secondary
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HHS Cancer Registry 2011-2020 + EPIC Caboodle database integration (n = 22,760) VA Cancer Registry 2011-2020 + Corporate Data Warehouse integration (n =527,481)
>

B c Exclude if no diagnostic confirmation Exclude if nonanalytic cases (keep if class = 10-22)

> -g Exclude if benign tumor Exclude if benign histology

= T:; Exclude if in situ or stage 0 (n=3,694) Exclude if in situ or stage 0 (n =197,947)
8 % Exclude if not first/only or first/many (keep if sequence = 00/01) Exclude if not first/only or first/many (keep if sequence = 00/01)
s

® . . . s . .

) . . . e " . _ Exclude if no systemic or oral anticancer therapy within 1 year after diagnosis (n =204,328)
3 < Bl 0 SysiEimlls OF @l | Emileesy fisiEpy Wil i veer eisrelEgiess (=G40 Exclude if not primary VA user (1+ workload in the past 2 years, > 30-day follow-up) (n = 18,625)
£ 9 Exclude if not primary HHS users (2+ encounters, > 30-day follow-up) (n =2,038) . : . " H

) . " N N . N Exclude if received anticoagulation therapy 30 days before the index date (n=6,801)
53 Exclude if received therapeutic anticoagulation 30 days before the index date (n =534) Exclude if missing cancer group, height, weight, WBC, Hb, or PIt (n=18.772)
2% (Sl i i) (e, Wi i, WWEC, 12, @ 7l (=) Exclude if recent?\istor o?acu?é VTIg w%thin?hel ast 6 mt;nths (n_f 1'491)
% @ Exclude if recent history of acute VTE within the past 6 months (n=147) 4 p c

a

Patients with first cancer diagnosis receiving first-line systemic therapy (index date) (n=9,769) Patients with first cancer diagnosis receiving first-line systemic therapy (index date) (n=79,517)

Screen outcome phenotype by ICD code + NLP radiology algorithms Screen outcome phenotype by ICD code + NLP radiology algorithms
Validate outcome by trained chart abstractors Validate outcome by trained chart abstractors

Outcome assessment after therapy initiation at 180 days Outcome assessment after therapy initiation at 180 days

#1 Overall VTE (PE, LE-DVT, and UE-DVT/CR-DVT) (n =590, 6.2%) #1 Overall VTE (PE, LE-DVT, and UE-DVT/CR-DVT) (n=4,027,5.1%)
#2 PE and/or LE-DVT only (n = 437, 4.6%) #2 PE and/or LE-DVT only (n =3,331, 4.2%)

FIG 1. Patient selection and exclusion in derivation and validation cohorts. CR-DVT, catheter-related deep vein thrombosis; Hb, hemoglobin; HHS, Harris
Health System; ICD, International Classification of Diseases; LE-DVT, lower extremity deep vein thrombosis; NLP, natural language processing; PE,
pulmonary embolism; Plt, platelet; UE-DVT, upper extremity deep vein thrombosis; VA, Veterans Affairs; VTE, venous thromboembolism.

outcomes included PE/LE-DVT. Superficial venous throm-
bosis, cerebral venous thrombosis, and splanchnic venous
thrombosis were excluded as events. Outcome was evalu-
ated from the index date of systemic therapy initiation until
the first outcome event, death, loss of follow-up defined as a
90-day gap without any clinical encounters, or administrative
censoring on December 31, 2021. For the RAM derivation
and validation, VTE outcomes were primarily evaluated at
6 months after therapy initiation.

The VTE ascertainment algorithm used a combination of
structured data (International Classification of Diseases codes,
medication) and unstructured data (NLP-extracted radiology
impressions).?® Study and site-specific validation for VTE is
further detailed in the Data Supplement. The final computable
phenotype algorithm had a sensitivity of 96% and a positive
predictive value (PPV) of 98% at HHS and a sensitivity of 96%
and a PPV of 91% at the VA health care system.

Statistical Analysis

Statistical analyses were performed independently by A.L.
and D.G. using Stata/SE 16.1 in the derivation cohort and
S.B.M. and J.L. using R 4.0.3/RStudio 1.4.1717 in the
validation cohort. The investigators did not have access to
the validation data set until the derivation model was final-
ized. Baseline covariates between the cohorts were com-
pared using the standardized mean difference (SMD) where
an SMD > 0.1 was considered significantly different.?®
Details on the model derivation and validation are given in
the Data Supplement. Briefly, we first reduced the number
of clinically plausible candidate covariates using the
least absolute shrinkage and selection operator penalized
regression.?” We then fitted multivariable logistic regression
models from the above covariates and kept those with odds
ratios (OR) > 1.2 or < 0.8. Finally, we created simplified
linear risk scores from the beta coefficient weights of the

Journal of Clinical Oncology

remaining covariates and the dichotomized risk group using
7%-8% overall VTE threshold as high-risk on the basis of a
previous meta-analysis.?®

For external model validation, the final covariates were
extracted from the VA database and assigned the same risk
score (0- to 5+) and dichotomized risk groups. To account
for censoring, bootstrapped time-dependent ¢ statistic at
6 months®® and calibration curves derived from predicted
versus observed incidence at 6 months (with death as
competing risk)*° were used to assess model discrimination
and fit, respectively. The new RAM was compared
against the KS through c statistic increment and the
concordance/reclassification table without the net reclas-
sification index.3*2 Subgroup analysis by age, sex, and
race/ethnicity was performed.

The sample size of the study was based on availability of
data; however, assuming 5% outcome prevalence, 80%
power, and a sample size of 9,769, the detectable OR for
binary predictors would be 1.28, 1.62, and 1.99 for
common (50%, eg, sex), uncommon (5%, eg, Asian race),
and rare (2%, eg, VTE history) predictors, respectively.
Complete-case analysis without imputation was performed.

RESULTS
Study Population in Derivation and Validation Cohorts

After applying stringent inclusion and exclusion criteria,
9,769 and 79,517 patients with cancer diagnosed from
2011-2020 were included in the HHS derivation and VA
health care system validation cohorts, respectively (Fig 1).
The two cohorts had very different baseline characteristics
with SMD > 0.1 for most baseline covariates (Table 1).
Patients from HHS were younger (median age, 55 years) and
diverse in sex (56.7% female) and race/ethnicity (15.1%
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TABLE 1. Baseline Covariates in the Derivation and Validation Cohorts

Patient Characteristic Derivation Cohort (n = 9,769) Validation Cohort (n = 79,517) SMD?
Age, years, median (IQR) 55 (46-62) 67 (62-73) 1.28
Female sex, No. (%) 5,541 (56.7) 3,893 (4.9) 1.36
Race/ethnicity, No. (%)
Non-Hispanic White 1,476 (15.1) 56,530 (71.1) 1.37
Hispanic 5,081 (52.0) 4,199 (5.3) 121
Non-Hispanic Black 2,576 (26.4) 16,513 (20.8) 0.13
API 549 (5.6) 1,483 (1.9) 0.20
Unknown 87 (0.9) 792 (1.0) 0.01
Cancer site/histology subtype, No. (%)
Breast 2,183 (22.3) 2,191 (2.8) 0.62
Prostate 567 (5.8) 13,232 (16.6) 0.35
Lung 812 (8.3) 17,005 (21.4) 0.37
Colorectal 1,152 (11.8) 6,051 (7.6) 0.14
Gastric and esophageal 394 (4.0) 4,003 (5.0) 0.05
Liver (hepatocellular carcinoma) 260 (2.7) 4,058 (5.1) 0.12
Biliary and gallbladder 152 (1.6) 650 (0.8) 0.07
Pancreas 221 (2.3) 2,389 (3.0) 0.04
Head and neck 525 (5.4) 6,252 (7.9) 0.10
Cervical 457 (4.7) 16 (< 0.1) 0.30
Ovarian 240 (2.5) 29 (< 0.1) 0.21
Uterine 272 (2.8) 51 (0.1) 0.23
Bladder 82 (0.8) 3,693 (4.6) 0.24
Kidney 81 (0.8) 1,424 (1.8) 0.09
Testicular 136 (1.4) 205 (0.3) 0.12
Soft tissue sarcoma 162 (1.7) 290 (0.4) 0.13
Brain (CNS) 122 (1.2) 770 (1.0) 0.02
Hodgkin's and indolent NHL® 403 (4.1) 3,769 (4.7) 0.03
Aggressive NHL® 537 (5.5) 2,376 (3.0) 0.12
Leukemia® 275 (2.8) 3,673 (4.6) 0.10
Multiple myeloma 202 (2.0) 2,676 (3.4) 0.09
Other solid tumor® 536 (5.5) 4,714 (5.9) 0.02
Pretherapy BMI
BMI, median (IQR) 27 (23-31) 28 (24-32) 0.14
BMI = 35, No. (%) 1,318 (13.5) 11,409 (14.3) 0.02
Pretherapy WBC count
WBC, median (IQR) 7.4 (5.79.7) 7.6 (5.99.7) 0.01
WBC > 11, No. (%) 1,652 (16.9) 12,955 (16.3) 0.02
Pretherapy Hb
Hb, median (IQR) 12.0 (10.3-13.3) 13.0 (11.4-14.3) 0.42
Hb < 10, No. (%) 2,042 (20.9) 9,734 (12.2) 0.24
Pretherapy PIt
PIt, median (IQR) 279 (216-361) 231 (179-296) 0.37
PIt = 350, No. (%) 2,700 (27.6) 11,276 (14.2) 0.33
KS, No. (%)
0 3,105 (31.8) 28,329 (35.6) 0.08
1 3,094 (31.7) 30,412 (38.2) 0.14

(continued on following page)
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TABLE 1. Baseline Covariates in the Derivation and Validation Cohorts (continued)

Patient Characteristic Derivation Cohort (n = 9,769) Validation Cohort (n = 79,517) SMD?
2 2,177 (22.3) 15,093 (19.0) 0.08
S 1,393 (14.3) 5,683 (7.1) 0.23

Days to treatment initiation, median (IQR) b8 (32-99) 49 (26-88) 0.07

Initial cancer staging (AJCC), No. (%)

1 1,227 (12.6) 9,838 (12.4) 0.01
2 1,754 (18.0) 15,683 (19.7) 0.04
3 2,267 (23.2) 15,418 (19.4) 0.09
4 3,301 (33.8) 24,825 (31.2) 0.06
NA 1,220 (12.5) 13,753 (17.3) 0.14
First treatment regimen received, No. (%)
Chemotherapy 7,651 (78.3) 55,154 (69.4) 0.20
ICI 189 (1.9) 2,192 (2.8) 0.06
Targeted therapy 637 (6.5) 9,166 (11.5) 0.18
Endocrine therapy 1,292 (13.2) 13,005 (16.4) 0.09
Comorbidities and laboratory values, No. (%)
History of VTE 71 (0.7) 3,389 (4.3) 0.23
Hospitalization > 3 days in the past 3 months 4,289 (43.9) 23,874 (30.0) 0.29
Anticoagulant prescription in the past 3 months’ 102 (1.0) 2,614 (3.3) 0.16
Antiplatelet prescription in the past 3 months 697 (7.1) 14,011 (17.6) 0.32
Congestive heart failure 349 (3.6) 7,781 (9.8) 0.25
Cardiac arrhythmia 1,280 (13.1) 15,412 (19.4) 0.17
Cardiac valvular disease 585 (6.0) 3,712 (4.7) 0.06
Peripheral vascular disease 380 (3.9) 11,071 (13.9) 0.36
Chronic obstructive pulmonary disease 1,023 (10.5) 26,914 (33.8) 0.58
Paralysis or immobility 121 (1.2) 1,027 (1.3) 0.01
Diabetes 1,905 (19.5) 27,297 (34.3) 0.34
Hypertension 3,890 (39.8) 57,871 (72.8) 0.71
Renal disease 419 (4.3) 9,954 (12.5) 0.30
Liver disease 581 (5.9) 12,777 (16.1) 0.33
HIV/AIDS 309 (3.2) 864 (1.1) 0.15
Rheumatologic disease 110 (1.1) 3,022 (3.8) 0.18
Coagulopathy 604 (6.2) 4,995 (6.3) 0.01
Surgery in the past 3 months# 1,250 (12.8) NA NA
Myocardial infarction® 212 (2.2) NA NA
Cerebral vascular disease® 344 (3.5) NA NA
Creatine® 0.8 (0.63-1.0) NA NA
Total bilirubin® 0.4 (0.3-0.6) NA NA
Alanine transaminase® 24 (17-37) NA NA

Abbreviations: AJCC, American Joint Committee on Cancer; API, Asian/Pacific Islander; BMI, body mass index; Hb, hemoglobin; ICI, immune checkpoint
inhibitor; IQR, interquartile range; KS, Khorana score; NA, not assessed; NHL, non-Hodgkin’s lymphoma; Plt, platelet; SMD, standardized mean difference;
VTE, venous thromboembolism.

aSMD > 0.1 was considered to be statistically significant.

®Indolent lymphoma includes chronic lymphatic leukemia/small lymphocytic lymphoma, follicular, and mantle cell lymphoma.

cAggressive lymphoma includes diffuse large B-cell lymphoma, Burkitt lymphoma and leukemia, and T and natural killer cell lymphoma.

dLeukemia includes acute/chronic leukemia and myelodysplastic syndrome.

°Other solid tumors include anal, melanoma, Gl stromal tumor, Kaposi sarcoma, endocrine (neuroendocrine and thyroid), and others.

fPatients receiving anticoagulation in the month before the index date were excluded from analysis.

&NA in the Veterans Affairs health care system data set.
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White, 52.0% Hispanic, 26.4% Black, 5.6% Asian/Pacific
Islander [API], American Indian, or Alaskan Natives). By
contrast, patients from the VA health care system were older
(median age, 67 years), predominantly male (4.9% female),
and White (71.1% White, 5.3% Hispanic, 20.8% Black,
1.9% API). The cancer type distribution was significantly
different. The HHS cohort had more patients with colorectal
(11.8% v7.6%), breast (22.3% v2.8%), gynecologic (10.0%
v 0.1%), and testicular (1.4% v 0.3%) cancers; sarcoma
(1.7% v 0.4%); and aggressive lymphoma (5.5% v 3.0%),
whereas the VA health care system cohort had more patients
with lung (21.4% v 8.3%), prostate (16.6% v 5.8%), liver
(5.1% v2.7%), and bladder cancers (4.6% v0.8%). For the
first-line systemic therapy regimen, patients from HHS were
more likely to receive chemotherapy (78.3% v 69.4%),
whereas those from the VA health care system were more
likely to receive targeted monotherapy (11.5% v 6.5%).
Cancer staging (> 50% stage IlI-IV in both) and time to
treatment initiation were not significantly different. Although
more patients were recently hospitalized in HHS than the VA
health care system (43.9% v 30.0%), the VA health care
system patients had more concurrent comorbidities. Finally,
although body mass index (BMI) and WBC were similarly
distributed, significantly more patients from HHS than the
VA health care system had hemoglobin (Hb) < 10 g/dL
(209% v 12.2%) and platelet (PIt) = 350 X 10%L
(27.6% v14.2%). Consequently, more patients in HHS than
the VA health care system had KS 3+ (14.3% v 7.1%).

The median follow-ups for continuous VTE assessment
(censored if no clinical encounter for > 90 days) were
11.7 months (interquartile range [IQR], 5.8-21.2) in HHS
and 14.7 months (IQR, 5.9-31.4) in the VA health care
system. At 6-month post-treatment, there were 590 (inci-
dence of 6.2%) VTE and 437 (4.6%) PE/LE-DVT in HHS and
4,027 (5.1%) VTE and 3,331 (4.2%) PE/LE-DVT in the VA
health care system. The median follow-up for mortality as-
sessment was 27.8 months (IQR, 11.3-58.3) in HHS and
26.8 (IQR, 9.4-60.1) in the VA health care system. At
6 months post-treatment, there were 1,062 (8.9%) deaths in
HHS and 13,628 (17.1%) deaths in the VA health care
system. A total of 1,069 (10.9%) and 3,781 (4.8%) patients
had no evaluable data at 6 months because of loss to follow-
up in the HHS and VA health care system, respectively.

Model Development and Performance

From the initial list of 34 candidate predictors of VTE, 11
covariates were selected in the final model (Table 2). The
four-tier cancer subtype classification included a new
intermediate-risk group for colorectal cancer; a modified
high-risk group with aggressive non-Hodgkin lymphoma
(instead of all ymphoma), ovarian/uterine cancer (instead of
all gynecologic cancer), myeloma, brain cancer, and soft
tissue sarcoma in addition to traditional KS cancer subtypes
(lung, bladder, kidney, and testicular); and a modified
very high-risk group with cholangiocarcinoma/gallbladder
cancer in addition to traditional KS cancer subtypes

6 © 2023 by American Society of Clinical Oncology

(esophageal/gastric and pancreatic). The remaining solid
and hematologic cancers were grouped as low-risk. When
compared with low-risk, intermediate-, high-, and very
high-risk cancer types were associated with ORs of 1.36
(95% ClI, 1.01 to 1.82), 2.23 (95% CI, 1.81 to 2.74), and
2.26 (95% Cl, 1.69 to 3.03) for 6-month VTE. Pretreatment
BMI = 35, WBC > 11, Hb < 10, and Plt = 350 were
associated with ORs of 1.45 (95% Cl, 1.14 to 1.83), 1.34
(95% Cl, 1.09 to 1.65), 1.49 (95% ClI, 1.23 to 1.80),
and 1.24 (95% CI, 1.03 to 1.49), respectively. The other
four risk factors included cancer stage llI-IV (OR, 1.33
[95% Cl, 1.10 to 1.61] v stage I-ll or unstaged), recent
hospitalization > 3 days (OR, 1.52 [95% Cl, 1.26 to 1.83)),
history of VTE (OR, 1.67 [95% Cl, 0.71 to 3.94]), and history
of paralysis/immobility (2.22 [95% ClI, 1.31 to 3.75]). Two
protective factors included targeted/endocrine monotherapy
(OR, 0.48 [95% Cl, 0.34 to 0.67] v chemotherapy/immune
checkpoint inhibitor [ICI]) and API (OR, 0.33 [95% CI, 0.18
to 0.61] v other races). The above covariates had similar
magnitude and significance when we assessed the PE/LE-
DVT outcome instead of overall VTE (Table 2).

From the final list of 11 predictors in the HHS derivation
cohort, we created a new VTE risk score by adding weighted
integer scores (median, 3 [IQR, 2-5]). In this final model, we
further simplified the risk score into six groups (O- to 5+)
with relatively even distribution of overall patients and in-
cremental VTE events (Table 3 and Fig 2). The derivation ¢
statistic of this simplified RAM was 0.71 (95% ClI, 0.69 to
0.72) for overall VTE and 0.72 (95% ClI, 0.70 to 0.74) for
PE/LE-DVT. In the external validation, the patient group
assignment and VTE increment were similar in the VA health
care system cohort (Table 3). The external validation c
statistic was 0.68 (95% ClI, 0.67 to 0.69) for overall VTE and
0.68 (95% Cl, 0.67 to 0.69) for PE/LE-DVT. As shown in the
calibration curves, the external model calibration for both
outcomes was adequate with no significant systemic devi-
ations, except those with a risk score of 5 or higher had a
slightly lower observation than predicted (Data Supplement).

Model Risk Group and Comparison With the
Existing Model

To mimic the KS classification implemented in previous
clinical trials, we dichotomized the risk groups on the basis
of a predetermined clinical threshold of 7%-8% overall VTE
at 6 months, which corresponded to a score of 3+ for the
high-risk group. In the derivation cohort, 49.2% of patients
were classified as high-risk with 9.8% VTE incidence and
50.8% were classified as low-risk with 2.8% VTE incidence
observed at 6 months. In the validation cohort, 44.8% of
patients were classified as high-risk with 7.8% VTE inci-
dence and 54.2% were classified as low-risk with 3.0% VTE
incidence observed at 6 months (Data Supplement).

The new RAM grouping had improved discrimination and
classification when compared with the KS with the 2+
cutoff. The ¢ statistic for overall VTE prediction improved
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TABLE 2. Derivation of the New Risk Assessment Model for VTE at 6 Months After Systemic Therapy Initiation in the Harris Health System Cohort

Risk Assessment Model for Cancer-Associated Thrombosis

Risk Category Risk Predictors No. (%) OR for VTE (95% CI)  OR for PE/LE-DVT (95% CI) Point
KS risk factors  Cancer subtype risk
Other solid or heme cancers® 5,206 (53.3) Reference Reference 0
Colorectal cancer 1,152 (11.8) 1.36 (1.01 to 1.82) 1.70 (1.20 to 2.41)
Lung, ovarian, uterine, bladder, kidney, testicular, 2,644 (27.1) 2.23 (1.81 to 2.74) 2.74 (2.14 to 3.52) 2
aggressive NHL®, myeloma, brain, and soft tissue
sarcoma®
Pancreas, gastric, esophageal, cholangiocarcinoma, 767 (7.9) 2.26 (1.69 to 3.03) 3.23 (2.32 to 4.50) 3
and gallbladder
Pretherapy BMI = 35 1,318 (13.5) 1.45 (1.14 to 1.83) 1.52 (1.16 to 1.99) 1
Pretherapy WBC > 11 1,652 (16.9) 1.34 (1.09 to 1.65) 1.44 (1.14 t0 1.82) 1
Pretherapy Hb < 10 2,042 (20.9)  1.49 (1.23 to 1.80) 1.41 (1.13 to 1.75) 1
Pretherapy Plt = 350 2,700 (27.6) 1.24 (1.03 to 1.49) 1.36 (1.10 to 1.69) 1
Cancer-specific  Cancer staging IlI-IV 5,568 (57.0) 1.33(1.10to 1.61) 1.35(1.08 to 1.68) 1
risk factors 74 rgeted or endocrine monotherapy” 1929 (19.7) 048(03410067)  070(04910100) -1
Patient-specific  History of VTE lifetime® 71 (0.7) 1.67 (0.71 to 3.94) 1.86 (0.73 to 4.73) 1
risk factors | istory of paralysisfimmobility in the past 12 months 121 (1.2) 2.22 (1.31 to 3.75) 2.92 (1.70 to 5.01) 1
Recent hospitalization > 3 days in the past 3 months 4,289 (43.9) 1.52 (1.26 to 1.83) 1.41 (1.13 t0 1.75) 1
API race’ 549 (5.6) 0.33 (0.18 to 0.61) 0.24 (0.11 to 0.55) -1

Intercept 0.024 (0.019 t0 0.030)  0.014 (0.011 to 0.018)

Abbreviations: API, Asian/Pacific Islander; BMI, body mass index; Hb, hemoglobin; KS, Khorana score; LE-DVT, lower extremity deep vein thrombosis;
NHL, non-Hodgkin’s lymphoma; OR, odds ratio; PE, pulmonary embolism; Plt, platelet; VTE, venous thromboembolism.

@This category includes breast, prostate, head/neck, liver, anal, cervical, acute/chronic leukemia, myelodysplasia, indolent non-Hodgkin lymphoma
(chronic lymphocytic leukemia, follicular, and mantle cell), Hodgkin lymphoma, melanoma, Gl stromal tumor, Kaposi sarcoma, neuroendocrine, thyroid, and
others.

This category includes diffuse large B-cell lymphoma, Burkitt lymphoma, acute lymphoblastic leukemia, and T/natural killer cell lymphoma.

°This category includes most soft tissue sarcomas but excludes unique sites like GI stromal tumor or Kaposi sarcoma.

9This category is defined by patients not receiving cytotoxic chemotherapy or immune check point inhibitor (see the Data Supplement for exact
classifications).

This category includes remote VTE history > 6 months before the therapy date since patients with acute VTE < 6 months were excluded from the analysis
because of strong indication for therapeutic anticoagulation.

This category also includes American Indian or Alaska Native although very few patients had this classification.

from 0.65 to 0.71 (increment of 0.06 at HHS) and from derived and externally validated an intuitive yet simple RAM

0.60 to 0.68 (increment of 0.08 at the VA health care
system; Data Supplement). Furthermore, the new risk
score reclassified 22.2% (HHS) and 27.6% (VA health care
system) of patients from the original KS risk groups into
revised strata with better concordance with the observed
VTE risk (Table 4). This reclassification increased the total
proportion of potentially preventable VTEs in the high-risk
group from 57.6% to 77.8% (20.2% increase at HHS) and
37.1% to 68.4% (31.3% increase at the VA health care
system). The new RAM also stratified patients into distinct
survival groups (Data Supplement). Finally, we tested the
model’s performance in demographic subgroups to ensure
generalizability. The new RAM had similar discrimination in
age, sex, and race/ethnicity subgroups in both HHS and VA
health care system cohorts (Data Supplement).

DISCUSSION

Using independent data sets from two racially and ethni-
cally diverse populations with cancer in the United States, we

Journal of Clinical Oncology

for VTE. The model included the original KS components with
revised cancer subtypes, two cancer-specific predictors
(advanced stage and targeted/endocrine therapy), and four
patient-specific predictors (history of PE/DVT, history of
paralysis/immobility, recent hospitalization, and API). The
new RAM stratified approximately 50% of patients with
cancer types receiving modern systemic therapy into a
high-risk group with a 6-month VTE risk of 8%-10%
(7% PE/LE-DVT), and the other half into a low-risk group with
a corresponding risk of 3% (2% PE/LE-DVT). Although
this was the initial derivation/validation effort, the novel
RAM appeared generalizable in different age, sex, and
race/ethnicity subgroups.

When compared with the existing risk scores, there are
several advantages in our improved RAM (Data Supple-
ment). First, as a modified version of the original KS, the new
model further clarified the cancer subtype definition and
expanded the eligible population to include all cancer and
therapy types. From the increased covariate granularity, we
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TABLE 3. Performance of the Simplified VTE Risk Assessment Model in Derivation and Validation Data Sets

C Statistic (95% CI)®

Data Set Risk Score Classification Overall VTE Incidence at 6 Months, No. (%)? C Statistic (95% CI)® PE/LE-DVT Incidence at 6 Months, No. (%)?
HHS derivation cohort 0-(n = 1,938) Low-risk 14 (0.8) 0.71 (0.69 to 0.72) 7 (0.4) 0.72 (0.70 to 0.74)
1(n=1,483) 47 (3.3) 29 (2.0)
2 (n = 1,537) 70 (4.7) 51 (3.4)
3 (n = 1,644) High-risk 114 (7.2) 80 (5.0)
4 (n =1,523) 135 (9.1) 105 (7.1)
5+ (n = 1,644) 210 (13.0) 165 (10.2)
VA health care system validation cohort ~ O- (n = 18,022)  Low-risk 267 (1.5) 0.68 (0.67 to 0.69) 211 (1.2) 0.68 (0.67 to 0.69)
1(n = 12,551) 411 (3.3) 329 (2.7)
2 (n = 13,321) 594 (4.5) 478 (3.7)
3 (n = 14,969) High-risk 888 (6.0) 730 (5.0)
4 (n =11,381) 915 (8.1) 765 (6.8)
5+ (n = 9,273) 952 (10.3) 800 (8.7)

Abbreviations: HHS, Harris Health System; LE-DVT, lower extremity deep vein thrombosis; PE, pulmonary embolism; VA, Veterans Affairs; VTE, venous thromboembolism.
2Incidences of overall VTE and PE/LE-DVT were estimated from competing risk models at 6 months.
oC statistics were estimated from time-dependent receiver operating characteristic at 6 months to account for censoring.
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FIG 2. Incidence of VTE stratified by the new risk assessment model in derivation and validation cohorts. (A) Overall VTE and (B) PE/LE-DVT in
Harris Health System derivation cohort; (C) overall VTE and (D) PE/LE-DVT in the Veterans Affairs health care system validation cohort. LE-DVT,
lower extremity deep vein thrombosis; PE, pulmonary embolism; VTE, venous thromboembolism.

reclassified a quarter of patients in the KS prediction into
more appropriate risk groups, thereby increasing the dis-
crimination (c statistic increment of 0.08) and coverage (31%
increase of potentially preventable VTE in the high-risk group)
in the validation cohort. Second, the new RAM relied only on
clinical predictors without specialized biomarkers. The
simple additive score could be easily implemented and
calculated in real time without requiring an external website
or nomogram.

The risk predictors in the current VTE RAM are intuitive and
consistent with the previously published literature. The bi-
nary classification of WBC, Hb, Plt, and BMI was the
foundation of the original KS.'* Thelmodification'of cancer
subtype risk with colorectal cancer,?° sarcoma,?® myeloma,
brain cancers, and gallbladder/cholangiocarcinoma® has
been used in previous studies. History of VTE, advanced

Journal of Clinical Oncology

staging, and recent hospitalization have also been shown to
be prognostic in similar previous studies,'”'833 while history
of paralysis/immobility is a well-known predictor.3*35 We
chose to include API as a predictor because the reported
cancer-associated VTE incidence was considerably lower in
cohort studies in Asia®***” than comparable studies in
Europe.®®3° API| as a predictor has also been incorporated
into other cancer-specific VTE risk models.*%#! Although we
also observed variable VTE risks among Black patients and
Hispanic patients compared with White patients,?? we chose
not to include them in the final model as their definitions are
imprecise and more likely to represent a social construct
rather than continental origin. Nonetheless, the new model
had similar performance in each race/ethnicity subgroup.
Finally, the differential risk associated with chemotherapy
and/or ICI versus targeted or endocrine monotherapy has
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TABLE 4. Comparison of the New Risk Assessment Model With Original KS

Overall VTE Incidence at PE/LE-DVT Incidence at
Data Set Category KS New RAM No. 6 Months, No. (%)? C Statistic® Comparison 6 Months, No. (%)? C Statistic” Comparison
HHS derivation cohort Concordant (78%) Low-risk Low-risk 4,495 112 (2.6) 0.65 (KS) v0.71 (new) 74 (1.7) 0.66 (KS) v 0.72 (new)
High-risk High-risk 3,107 321 (10.5) 246 (8.1)
Reclassified (22%) Low-risk High-risk 1,704 138 (8.4) 104 (6.3)
High-risk Low-risk 463 19 (4.3) 13 (3.0)
Total All All 9,769 590 (6.2) 437 (4.6)
VA health care system validation cohort Concordant (72%) Low-risk Low-risk 40,360 1,184 (3.0) 0.60 (KS) v 0.68 (new) 951 (2.4) 0.60 (KS) v 0.68 (new)
High-risk High-risk 17,242 1,406 (8.2) 1,167 (6.9)
Reclassified (28%) Low-risk High-risk 18,381 1,349 (7.4) 1,128 (6.2)
High-risk Low-risk 3,534 88 (2.5) 67 (1.9)
Total All All 79,517 4,027 (5.1) 3,313 (4.2)

Abbreviations: HHS, Harris Health System; KS, Khorana score; LE-DVT, lower extremity deep vein thrombosis; PE, pulmonary embolism; RAM, risk assessment model; VA, Veterans Affairs; VTE, venous
thromboembolism.

2Incidences of overall VTE and PE/LE-DVT were estimated from competing risk models at 6 months.

oC statistics were estimated from time-dependent receiver operating characteristic at 6 months to account for censoring.
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not been systematically incorporated into RAMs although
there have been several studies reporting the increased VTE
risk associated with IC.%>%3 In summary, we validated an
explanatory RAM supported by both clinical knowledge and
literature evidence.

It is important to consider limitations of the study. First, we
realize that it is unusual to derive a RAM in a smaller cohort
and validate it in a larger one; however, HHS had the gender
and racial/ethnic diversity better suited for model derivation.
Second, this was a retrospective cohort study with outcomes
captured on the basis of computable phenotype algorithms.
Although we used the same International Classification of
Diseases—based algorithm for outcome ascertainment in
both cohorts, the NLP text recognition algorithm was tailored
to each health care system because of the differences
in missing data and radiology dictation pattern. The final
computable phenotype algorithm for VTE was independently
validated using a subset of manually reviewed patients in
both the derivation cohort (PPV 98%, sensitivity 96%)?° and
the validation cohort (PPV 91%, sensitivity 96%). None-
theless, confirmation in a large prospective study that
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includes patients with all cancer types receiving all modern
systemic therapies with prospectively captured VTE outcome
data is recommended. Third, although the novel RAM in-
cluded all cancer subtypes, including acute/chronic leu-
kemia or myelodysplasia, there were relatively few patients
in this category. Since many patients with hematologic
malignancy have prolonged therapy-associated thrombo-
cytopenia, the utility of any VTE RAM in this population
remains unclear. Finally, our new RAM, like all others except
the KS, has not been tested as a predictive biomarker for
pharmacologic thromboprophylaxis.

In conclusion, we derived and externally validated a new
clinical RAM for VTE in patients with cancer receiving
modern systemic therapy. We found 11 clinically relevant
risk predictors that could be extracted from retrospective
analysis of integrated data warehouses to calculate a simple
risk score that outperforms existing clinical models. We
believe that this improved cancer-associated thrombosis
model has the potential to improve patient selection for
personalized thromboprophylaxis across diverse cancer
patient populations.
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