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Abstract

Background: Cancer-associated thrombosis (CAT) is a leading cause of death in pa-
tients diagnosed with cancer. However, pharmacologic thromboprophylaxis use in
cancer patients must be carefully evaluated due to a 2-fold increased risk of experi-
encing a major bleeding event within this population. The electronic health record CAT
(EHR-CAT) risk assessment model (RAM) was recently developed, and reports
improved performance over the widely used Khorana score. Extensive RAM external
validation is crucial to determine accuracy across diverse patient populations prior to
clinical utilization.

Obijectives: To externally validate EHR-CAT using data from 2103 patients with cancer
at the Boston Medical Center (BMC), New England’s largest safety-net hospital, and to
compare this RAM with the Khorana score.

Methods: We conducted a retrospective study of BMC cancer patients diagnosed
between January 2014 and December 2022 using data from the BMC tumor registry
and EHR system. We validated the RAM using measures of discrimination and
calibration.

Results: The EHR-CAT score exhibited a strong ability to discriminate the risk of CAT
(C statistic, 0.67), which was substantially higher than the classic Khorana score (C
statistic, 0.58). This increased discrimination power reflects the 20% of patients that
were reclassified into high or low risk by the expanded score. Model calibration was
also strong in this dataset.

Conclusion: In our external validation, the recently published EHR-CAT score showed
clear and improved separation of patients at high and low risk for CAT. The utilization
of this expanded CAT score could facilitate improved targeting of at-risk cancer pa-

tients for prophylactic therapy.
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Essentials

« |dentifying cancer patients at increased risk of venous thromboembolism is of clinical importance.

* We performed an external validation of the EHR-CAT score in BMC patients.

« The EHR-CAT score showed clear and improved separation of patients into high- and low-risk groups.

« Using this score could help target cancer patients for prophylactic therapy.

1 | INTRODUCTION

Venous thromboembolism (VTE) is a potentially preventable condition
that is responsible for significant patient morbidity and mortality
[1-5]. Cancer-associated thrombosis (CAT) accounts for as much
as 30% of all primary VTE events [6-12] and is a leading cause of
non—cancer-related death in ambulatory patients diagnosed with
cancer [3]. Both cancer-specific and treatment-related factors are
responsible for the 4- to 7-fold increased risk of VTE, which accom-
panies a cancer diagnosis [3,4,13-16]. Antithrombotics can reduce
VTE risk by 50% to 80% [17-20]. However, universal pharmacologic
thromboprophylaxis use in cancer patients is not justified due to a
2-fold increased risk of a major bleeding event within this population
[21]. Therefore, proper identification of which cancer patients are at a
dangerously elevated risk of CAT is crucial.

A novel risk assessment model (RAM) recently developed by Li
et al. [22,23], the electronic health record CAT (EHR-CAT) score, re-
ports improved discrimination of VTE events among cancer patients
compared with the widely used Khorana score. The Khorana score is a
clinical tool used to identify patients with an increased risk of CAT
[24]. This score incorporates patient-specific predictors (body mass
index, white blood cell count, hemoglobin, and platelet levels) as well
as cancer type to assign points that indicate patient risk level. The
EHR-CAT score refines the cancer type variable and incorporates
additional predictors pertaining to treatment type, VTE history, recent
paralysis or immobility, and Asian race.

EHR-CAT was developed using retrospective data from a
diverse patient population from the Harris Health System, the
largest safety-net hospital system in Texas. The model has been
validated using data from the National Veteran Affairs healthcare
system [22] and, separately, data from the MD Anderson cancer
center [23]. Rigorous external validation helps determine the
reproducibility and generalizability of models in diverse clinical
settings [25-28]. Accordingly, in the current study, we performed
external validation of the risk score in a cancer cohort from New
England’s largest safety-net hospital, the Boston Medical Center
(BMC). This cohort is regionally and ethnically distinct from all prior
applications of this score. The findings from this study could
improve confidence in this model and support its application as a

clinical tool across diverse patient populations.

2 | METHODS

This longitudinal cohort study was approved by the Boston Medical
Center Institutional Review Board prior to data collection and analysis
with a waiver of informed consent. Retrospective analysis was per-
formed on patients diagnosed with cancer at BMC between January 1,
2014, and December 31, 2022. Cancer type, diagnosis date, and
American Joint Committee on Cancer staging were obtained from the
BMC Tumor Registry. Other data, including patients’ visit details,
medication history, laboratory values, and imaging notes, were ob-
tained from EHR data in the BMC Clinical Data Warehouse.

The inclusion criteria were as follows: patients were required to
have a confirmed first-ever cancer diagnosis that was not benign, in
situ, or stage O; patients were also required to have systemic therapy
within 1 year of diagnosis; patients were excluded if they received an
anticoagulation prescription 30 days on or before therapy initiation or
if they experienced acute VTE within the 6 months prior to treatment;
patients were also excluded if they were missing key medical infor-
mation at the time of therapy initiation, such as cancer group, height,
weight, white blood cell count, and hemoglobin or platelet numbers;
patients with undisclosed race or American Joint Committee on
Cancer stage (except in cases of brain, leukemia, or myeloma) were
also excluded (Figure 1). Variable definitions are described in detail in
the data dictionary (Supplementary Table S1).

The primary outcome was overall VTE. This included radiologi-
cally confirmed symptomatic or incidental pulmonary embolism (PE),
lower extremity (LE) deep vein thrombosis (LE-DVT), and upper ex-
tremity DVT. The secondary outcome was PE and LE-DVT (PE/LE-
DVT). The index date was defined as the date of systemic therapy
initiation. Patients were followed from the index date 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, 2022. Outcomes were identified by Internal Classifi-
cation of Disease codes (Supplementary Table S2) and a natural lan-
guage processing algorithm applied to imaging notes [22], followed by
a manual chart review to adjudicate all putative VTE events. A cu-
mulative incidence competing risk model was used to calculate VTE
incidence accounting for the competing risk of death [29].

To assess performance, EHR-CAT was applied, and patients were

separated either by their tallied numeric risk score or into high- and
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BMC diagnosed cancer registry cancer cases 01/2014-12/2022 (n=14,759) |

Exclude if benign histology
Exclude if in-situ or stage 0
Exclude if not first/only or first/many

n=4,447

Exclude if no systemic or oral anti-cancer therapy within 1 year after dx
Exclude if no follow-up >30 days post index date

Exclude if received anticoagulation therapy 30 days before index date
Exclude if recent history of acute VTE within last 6 months

Exclude if missing height, weight, white blood cell, hemoglobin or platelet
Exclude if age < 18 or unknown Race/Ethnicity or unknown cancer stage

(n=5,988)
(n=1,294)
(n=258)
0=77)
(n=255)
(n=337)

Patients with 15t cancer diagnosis receiving 1%t line systemic therapy [index date] (n=2,103) l

| Screen outcome phenotype by ICD code & NLP radiology algorithm |

#2 PE and/or LE-DVT only (n=110, 6.4%)

Outcome assessment after therapy initiation at 180d
#1 Overall VTE (PE, LE-DVT, UE-DVT) (n=150, 8.4%)

FIGURE 1 Cohort and outcome definition. Cohort selection required stringent inclusion and exclusion criteria. The primary and secondary
outcomes were assessed at 180 days posttreatment initiation (index date) by Internal Classification of Disease (ICD) codes and natural language
processing (NLP) radiology algorithm. BMC, Boston Medical Center; LE-DVT, lower extremity deep vein thrombosis; PE, pulmonary embolism;
UE-DVT, upper extremity deep vein thrombosis; VTE, venous thromboembolism.

low-risk groups. We used previously published cutoffs to distinguish
low- vs high-risk groups [22,23]. Patients with a score of 2 or lower
were considered low risk, and those with a score of 3 or higher were
considered high risk. Discrimination was measured using the time-
dependent C statistic with bootstrapped Cls, and calibration was
evaluated by plotting predicted vs empirical risk in numeric risk score
groups. Subgroup analyses by age, sex, and race/ethnicity were per-
formed to ensure generalizability across appropriate populations. As
an additional point of reference, this analysis was repeated with the
Khorana score, and reclassification tables were used for comparison
between scores. For the Khorana score, patients with a score of 1 or
lower were considered low risk, and those with a score of 2 or higher
were considered high risk. A complete case analysis was performed,
and patients with missing covariates were excluded from the analysis.

3 | RESULTS

Between 2014 and 2022, 10,312 patients received a new invasive
cancer diagnosis at BMC, of whom 2103 received first-line systemic
therapy at BMC within 1 year of their first cancer diagnosis and met
other inclusion/exclusion criteria (Figure 1). There was an even dis-
tribution of patients by sex (50.9% female), with a median patient age
of 61 years. Most patients were non-Hispanic Black (45.6%), followed
by non-Hispanic White (30.2%), Hispanic (18.2%), and then non-
Hispanic Asian Pacific Islander (6.0%). The median time to treatment
was 55 days, with 67.4% of patients receiving chemotherapy, 21.2%
endocrine therapy, 9.5% targeted therapy, and 1.9% immune check-

point inhibitors as first-line treatment. The most prevalent cancer

diagnosis was breast (21.9%), followed by lung (11.7%) and prostate
(10.6%). A total of 54.3% of patients had an advanced cancer stage of
I1/1V, 11.8% had a pretherapy body mass index > 35 kg/m?, 13.6%
had a pretherapy white blood cell count >11,000 /mm?, 18.7% had
pretherapy hemoglobin levels <10 mg/dL, and 21.6% had a pre-
therapy platelet count > 350,000/mL. As for other risk predictors,
1.7% of patients had a lifetime history of VTE, 0.2% had a history of
paralysis or immobility in the 12 months prior to the index date, and
33.3% of patients had a hospitalization lasting >3 days in the 3 months
prior to the index date (Table 1) [30, 31]. The median follow-up time
was 222 days (IQR, 179-289), and 29 patients died during follow-up.
The EHR-CAT score [22] was calculated for each patient
(Supplementary Table S3), and patients were grouped together into
low- and high-risk categories. The cumulative incidence of overall VTE
for the low-risk group (n = 1271) was 5.0%, and for the high-risk group
(n = 832) was 13.3%, with a C statistic of 0.67 (95% Cl, 0.63-0.71;
Table 2). The cumulative incidence for PE/LE-DVT was 3.4% and
10.8% for the low- and high-risk groups, respectively, with a C statistic
of 0.68 (95% Cl, 0.63-0.72). To facilitate the comparison of this newly
expanded score to a current clinical tool, we then calculated the
Khorana score [24] for our patients. The cumulative incidence of
overall VTE for the Khorona et al. [24] stratified low-risk group was
7.4% (n = 1484), and the high-risk group (n = 619) was 10.6%, with a C
statistic of 0.58 (95% Cl, 0.54-0.63). The Khorana et al. [24] group
incidences for PE/LE-DVT were 5.8% and 7.8% for low and high risk,
respectively, with a C statistic of 0.59 (95% Cl, 0.54-0.64; Table 2).
The 2 scores concordantly classified 80% of the patients, while
the remaining 20% were differentially classified (Table 3). In contrast
to results obtained with the Khorana score, EHR-CAT placed 108
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TABLE 1 Cohort characteristics with risk assessment model predictor prevalence and point values.

Patient characteristics BMC cohort, n (%) EHR-CAT Khorana score
Age, y, median (IQR) 61 (53-69)
Sex

Male 1033 (49.1)

Female 1070 (50.9)

Race/ethnicity®

Non-Hispanic White 636 (30.2)
Non-Hispanic Black 958 (45.6)
Hispanic 382 (18.2)
Non-Hispanic Asian Pacific Islander 127 (6.0) -1

Cancer type®

Breast 461 (21.9)

Prostate 222 (10.6)

Lung 247 (11.7) +2 +1
Lower Gl/colorectal 166 (7.9) +1

Upper Gl/gastric and esophageal 85 (4.0) +3 +2
Liver 69 (3.3)

Biliary and gallbladder 28 (1.3) +3

Pancreas 61 (2.9) +3 +2
Head and neck 163 (7.8)

Cervical 43 (2.0) +1
Ovarian 20 (1.0) +2 +1
Uterine 35 (1.6) +2 +1
Other gynecologic 13 (0.7) +1
Bladder 25 (1.2) +2 +1
Kidney 21 (1.0) +2 +1
Testicular 10 (0.5) +2 +1
Sarcoma 19 (0.9) +2

Brain (CNS) 20 (1.0) +2

Acute lymphocytic leukemia 2 (0.1) +2

Acute myeloid leukemia 28 (1.3)

Hodgkin’s and indolent non-Hodgkin lymphoma*“ 76 (3.6)

Aggressive non-Hodgkin lymphoma® 71 (3.4) +2 +1
Leukemia® 63 (3)

Multiple myeloma 88 (4.2) +2

Other solid tumors 67 (3.2)

Pretherapy BMI

BMI, median (IQR) 27 (23-31)

BMI > 35 249 (11.8) +1 +1
Pretherapy WBC count

WBC, median (IQR) 7.3 (5.7-9.4)

WBC > 11 285 (13.6) +1 +1

(Continues)
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Patient characteristics BMC cohort, n (%) EHR-CAT Khorana score
Pretherapy Hb
Hb, median (IQR) 12.3 (10.6-13.5)
Hb < 10 394 (18.7) +1 +1
Pretherapy PIt
Plt, median (IQR) 265 (207-337)
Plt > 350 454 (21.6) +1 +1
No. of days labs preceded treatment, median (IQR) 14 (34-6)
Cancer stage
1 353 (16.8)
2 445 (21.2)
3 468 (22.3) +1
4 673 (32.0) +1
Not applicablef 164 (7.8)
Days to treatment initiation, median (IQR) 55 (26-103)
Days of patient follow-up, median (IQR) 222 (179-289)
First treatment regimen received®
Chemotherapy 1418 (67.4)
Immune checkpoint inhibitors 40 (1.9)
Targeted therapy 200 (9.5) -1
Endocrine therapy 445 (21.2) -1
Comorbidities and laboratory values
History of VTE" 36 (1.7) +1 +1
Hospitalization >3 d in the past 3 mo 700 (33.3) +1 +1
Congestive heart failure 96 (4.6)
Cardiac arrhythmia 669 (31.8)
Cardiac vascular disease 5(0.2)
Peripheral vascular disease 54 (2.6)
Chronic obstructive pulmonary disease 64 (3.0)
Paralysis or immobility 4(0.2) +1 +1
Diabetes 234 (11.1)
Renal disease 29 (1.4)
Liver disease 118 (5.6)
Rheumatologic disease 6 (0.3)
History of myocardial infarction 72 (3.4)

BMC, Boston Medical Center; BMI, body mass index; CNS, central nervous system; EHR-CAT, electronic health record cancer-associated thrombosis; Gl,
gastrointestinal; Hb, hemoglobin; PIt, platelet; VTE, venous thromboembolism; WBC, white blood cell.

®Non-Hispanic Asian Pacific Islander category includes Native Americans, Alaskan Natives, Asian Pacific Islanders, and other people of Asian descent.
bCancer type was defined by Internal Classification of Disease-O-3 site and histology using the World Health Organization 2008 Cancer Classifications
for common solid tumors [30] and Rare Cancer Classifications for sarcoma, neuroendocrine cancers, and hematologic malignancies [31].

“Indolent non-Hodgkin lymphoma (NHL) includes chronic lymphatic leukemia/small lymphocytic lymphoma and follicular and mantel cell lymphoma.
dAggressive non-Hodgkin lymphoma includes diffuse large B cell lymphoma, Burkitt lymphoma, and T and natural killer cell lymphomas.

¢Leukemia includes acute/chronic leukemia and myelodysplastic syndrome.

fNot applicable cancer stage was considered acceptable only if the patient’s cancer type was brain/CNS, leukemia, or myeloma.

BRefer to Li et al. [22] for a list of systemic cancer therapy classifications.

PHistory of VTE and paralysis were defined by Internal Classification of Disease codes listed in Supplementary Table S2.
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TABLE 2 Patient high-low score groups.
Overall VTE incidence C statistic PE/LE-DVT incidence C statistic
Risk score Classification n at 6 mo, % (n) (95% Cl) at 6 mo, % (n) (95% Cl)
EHR-CAT (0-5+) Low risk (2-) 1271 5(52) 0.67 (0.63-0.71) 3.4 (34) 0.68 (0.63-0.72)
High risk (3+) 832 13.3 (98) 10.8 (76)
Khorana score (0-3+) Low risk (1-) 1484 7.4 (92) 0.58 (0.54-0.63) 5.8 (69) 0.59 (0.54-0.64)
High risk (2+) 619 10.6 (58) 7.8 (41)

EHR-CAT, electronic health record cancer-associated thrombosis; LE-DVT, lower extremity deep vein thrombosis; PE, pulmonary embolism; VTE, venous

thromboembolism.

patients with a cumulative VTE incidence of 3.2% into the low-risk
group and 321 patients with a cumulative VTE incidence of 15.3%
into the high-risk group. EHR-CAT performed well across subgroups
of age, sex, and race/ethnicity (Supplementary Table S4; C statistics
0.63-0.74 vs 0.51-0.65 for the Khorana score), and a calibration plot
shows a good model fit in the BMC data (Supplementary Figure S1).

4 | DISCUSSION

Several RAMs and accompanying scores have been developed to
identify cancer patients who are at an increased risk for VTE
[14,22,24,32-35]. Unfortunately, many of these models perform
poorly in external validation and remain limited for solid malignancies
and patients receiving chemotherapy [14,32,33,35-37]. The novel
EHR-CAT score developed by Li et al. [22,23] overcomes these limi-
tations and has shown success in stratifying VTE risk in various
diverse cohorts now encompassing a total of 112,531 patients. The
characteristics of the patients within the 4 cohorts utilized to date
encompass significant cancer, medical history, regional, and racial/
ethnic breadth [22,23].

In this external validation, the EHR-CAT score accurately strati-
fied 2103 patients from a regionally distinct safety-net hospital into
high- and low-risk groups, with a C statistic of 0.67 for VTE and 0.68
for PE/LE-DVT. This C statistic was greater than the C statistic of 0.58
for VTE and 0.59 for PE/LE-DVT obtained with the Khorana score.
This reflects the improved discrimination power of this score, visually
represented in Figure 2. These values are very similar to the VTE and
PE/LE-DVT C statistics obtained in the derivation cohort (0.71 and

TABLE 3 Patient reclassification table.
Khorana Overall VTE incidence
Category score EHR-CAT n at 6 mo, % (n)
Concordant (80%) Low risk  Low risk 1163 5.1 (49)
High risk High risk 511  12.1 (55)
Reclassified (20%) Low risk  High risk 321 15.3 (43)
High risk Low risk 108 3.2 (3)
Total All All 2103 8.4 (150)

0.72), the external validation in the Veterans Affairs healthcare sys-
tem cohort (0.68 and 0.68), and the external validation in the MD
Anderson cancer center cohort (0.71 and NA). The incorporation of
additional predictors beyond those utilized by the current clinical
standard facilitated the score’s improved performance, reported here
and in prior applications [22,23].

Our study has limitations. First, our study’s cohort sample size is
relatively small compared with the total number of patients diagnosed
with cancer at BMC (Figure 1). This is primarily due to the fact that a
substantial number of patients were excluded because they did not begin
systemic anticancer treatment or lost to follow-up shortly after cancer
diagnosis within 1 year of diagnosis at BMC. These excluded patients
include many whose diagnosis did not require immediate systemic
therapy, such as those with early-stage cancer or cancer types that do not
require immediate systemic therapy (Supplementary Table S5), and
possibly some that were referred elsewhere for treatment. Note, the
percentage of BMC patients who received systemic treatment within 1
year of diagnosis is consistent with data on similar cohorts in other
studies reporting frequency of systemic treatment initiation at 27%
within 90 days of diagnosis [38] or 59% within 1 year of diagnosis [39]. We
acknowledge that the exclusion of patients who do not meet the criteria
to initiate systemic treatment for cancer limits our understanding of how
these scores would perform in other settings (eg, patients receiving later
lines of treatment and patients not initially treated with systemic ther-
apy), and risk-stratification in these patients is of interest in future work.
Furthermore, the sample size of the final cohort was still amply adequate
to demonstrate that the EHR-CAT score offers improved stratification of
patients into high- and low-risk groups compared with the Khorana score

inthis independent setting with a highly diverse patient population froma

C statistic PE/LE-DVT incidence C statistic
comparison at 6 mo, % (n) comparison
0.58 (Khorana score) 3.6 (33) 0.59 (Khorana score)
vs 0.67 (EHR-CAT) 9.1 (40) vs 0.68 (EHR-CAT)
13.3 (36)
1.1 (1)
6.4 (110)

EHR-CAT, electronic health record cancer-associated thrombosis; LE-DVT, lower extremity deep vein thrombosis; PE, pulmonary embolism; VTE, venous

thromboembolism.
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FIGURE 2 Outcome cumulative incidence plots by group. (A) Cumulati

ve incidence competing risk curves show venous thromboembolism

(VTE) incidence over time following the initiation of systemic therapy for score-defined patient groups. The vertical line draws attention to the
6-month values reported in Table 2, with an electronic health record cancer-associated thrombosis (EHR-CAT) C statistic of 0.68 and a Khorana
score C statistic of 0.59. (B) This analysis was repeated for the secondary outcome, pulmonary embolism/lower extremity deep vein thrombosis

(PE/LE-DVT). The EHR-CAT C statistic for PE/LE-DVT at 6 months was O.

safety-net hospital. Second, our cohort has a lower proportion of patients
receiving immune checkpoint inhibitors and targeted therapy compared
with national trends [40,41], likely related to the challenge of therapy
access in an underserved patient population, and further work could be
necessary to definitively evaluate performance in cohorts receiving a
higher proportion of contemporary anticancer therapies. Third, since the

69 vs 0.59 for this outcome with the Khorana score.

VTE outcome was ascertained from EHR data, it is possible we mis-
identified some events. However, we addressed this limitation by using a
sensitive algorithm [22] that looks for outcomes both using medical codes
and by parsing text in clinical notes, followed by full manual adjudication
of all putative events in order to ensure specificity. In addition, we

censored at the end of continuous follow-up in BMC. Nevertheless, it is
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still possible that some events occurring outside BMC may be missed,
which is an issue inherent to any analysis based on a single institution’s
EHRs. Fourth, mortality data are incomplete at BMC. Death is not the
outcome of this study, but the incompleteness of mortality data will result
in some patients being coded as lost to follow-up rather than as having
experienced the competing risk of death. Finally, the study cohort in-
cludes patients with lymphoma who have unique risk predictors that are
not fully accounted for in the EHR-CAT score [42]. However, we saw no
significant difference when our validation of EHR-CAT was repeated
after the exclusion of patients with acute or chronic lymphocytic leuke-
mia as well as those with acute or chronic myeloid leukemia (n = 2019;
VTE C statistic, 0.67; PE-DVT C statistic, 0.68; data not shown).

Future work is possible in several directions. First, although EHR-
CAT represents a substantial improvement in the state-of-the-art, the
absolute percentage of high-risk patients who experience VTE is still
relatively low, and future work is of interest to gain further im-
provements in accuracy, especially in later lines of therapy settings.
Second, future work can incorporate patient bleeding risk into the risk
calculation, as bleeding risk is a critical consideration for CAT pro-
phylaxis. Finally, the construction and incorporation of these risk de-
cision support tools in EHRs is an important next step for ease of
clinical use. Toward that end, a Shiny application for EHR-CAT is
available for clinician use [43].

Cancer-associated risk assessment scores are widely used in the
clinic to identify patients at an increased risk of experiencing a VTE
event. Our work, along with other recently published studies [22,23],
support the enhanced performance of the EHR-CAT score and further

endorse it for clinical consideration.
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