
Late-occurring venous thromboembolism in allogeneic blood or marrow
transplant survivors: a BMTSS-HiGHS2 risk model

Radhika Gangaraju,1 Yanjun Chen,1 Lindsey Hageman,1 Jessica Wu,1 Liton Francisco,1 Michelle Kung,1 Daniel J. Weisdorf,2

Stephen J. Forman,3 Mukta Arora,2 Saro H. Armenian,3 and Smita Bhatia1

1Institute for Cancer Outcomes and Survivorship, University of Alabama at Birmingham, Birmingham, AL; 2Division of Hematology, Oncology and Transplantation, University of
Minnesota, Minneapolis, MN; and 3Pediatric Hematology/Oncology, City of Hope, Duarte, CA

Allogeneic blood or marrow transplant (BMT) recipients are at risk for venous

thromboembolism (VTE) because of high-intensity therapeutic exposures, comorbidities,

and a proinflammatory state due to chronic graft-versus-host disease (GVHD). The long-

term risk of VTE in allogeneic BMT survivors remains unstudied. Participants were drawn

from the Blood orMarrow Transplant Survivor Study (BMTSS), a retrospective cohort study

that included patients who underwent transplantation between 1974 and 2014 and sur-

vived $2 years after BMT. We analyzed the risk of VTE in 1554 2-year survivors of alloge-

neic BMT compared with 907 siblings. Using backward variable selection guided by

minimizing Akaike information criterion, we created a prediction model for risk of late-

occurring VTE. Allogeneic BMT survivors had a 7.3-fold higher risk of VTE compared with

siblings (95% CI, 4.69-11.46; P, .0001). After a median follow-up of 11 years, conditional on

surviving the first 2 years after BMT, the cumulative incidence of late-occurring VTE was

2.4% at 5 years, 4.9% at 10 years, and 7.1% at 20 years after BMT. The final model for VTE

risk at 2 years post-BMT included History of stroke, chronic GVHD, Hypertension, Sex (male

vs female) and Stem cell source (peripheral blood stem cells vs other) (“HiGHS2”) (corrected

C-statistics: 0.73; 95% CI 5 0.67-0.79). This model was able to classify patients at high and

low VTE risk (10-year cumulative incidence, 9.3% vs 2.4% respectively; P , .0001). The

BMTSS HiGHS2 riskmodel when applied at 2 years post-BMT can be used to inform targeted

prevention strategies for patients at high risk for late-occurring VTE.

Introduction

Venous thromboembolism (VTE) is a serious event in the general population, and is associated with a high
risk of subsequent mortality.1 Cancer is a well-recognized risk factor for VTE, likely due to the altered inflam-
mation and coagulation profile in cancer patients when compared with individuals without a history of can-
cer.2 The risk depends on both cancer-related factors (type and stage of cancer, therapeutic exposures) and
patient-related factors (age and comorbidities).3-6 Patients undergoing blood or marrow transplant (BMT)
are uniquely vulnerable to VTE due to the higher intensity of therapeutic exposures, prolonged hospitaliza-
tions and attendant immobility, the higher burden of preexisting as well as new-onset comorbidities, and the
proinflammatory state induced by graft-versus-host disease (GVHD) in allogeneic BMT recipients.7-9 We
have previously shown an increased risk of mortality in BMT survivors with a history of VTE.10

Advances in transplantation strategies have resulted in a growing number of BMT survivors, expected to
exceed 500000 by 2030 in the United States.11 Previous reports of VTE in BMT recipients have focused
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Key Points

� Two-year survivors of
allogeneic BMT have a
higher risk of late-
occurring VTE
compared with
siblings without
cancer.

� A clinical risk-
prediction model is
able to discriminate
BMT survivors at low
or high risk of late-
occurring VTE.
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on the early posttransplant period (first 100 days), with a widely vary-
ing incidence (0.5% to 23.5%) due to small samples and themethods
used for diagnosing VTE.12 A comprehensive assessment of the inci-
dence and risk factors for VTE in long-term allogeneic BMT survivors
remains unstudied. Furthermore, there are no risk-prediction models
for VTE in BMT survivors, given that the widely used Khorana VTE
risk score excluded BMT patients.13,14

We addressed these gaps by using the resources offered by the
Blood or Marrow Transplant Survivor Study (BMTSS) to determine
the risk of late-occurring VTE and developed a clinical risk-
prediction model for VTE in long-term survivors of allogeneic BMT.
We hypothesized that the risk of VTE would be elevated several years
after allogeneic BMT, likely due to continued inflammatory state from
chronic GVHD, endothelial damage from prior chemotherapy and
radiation, and comorbidities, and that key sociodemographic charac-
teristics, comorbidities, and prior therapeutic exposures would be
associated with VTE risk.

Materials and methods

Methods

BMTSS is a collaborative effort between City of Hope (COH), Univer-
sity of Minnesota (UMN), and University of Alabama at Birmingham
(UAB). BMTSS is a retrospective cohort study that aims to examine
the long-term outcomes in individuals who have survived $2 years
after undergoing BMT between 1 January 1974 and 31 December
2014 at 1 of the 3 institutions. Siblings of BMTSS participants serve
as a noncancer comparison group. The human subjects committees
at participating institutions approved the study; informed consent
was provided according to the Declaration of Helsinki. For the current
study, patients who were alive and 18 years or older at study were
included. The underlying hematologic conditions included acute mye-
loid leukemia (AML)/myelodysplastic syndrome (MDS), chronic mye-
logenous leukemia (CML), non-Hodgkin lymphoma (NHL), acute
lymphoblastic leukemia (ALL), and severe aplastic anemia (SAA).

Information regarding primary cancer diagnosis, transplant preparative
regimens, stem cell source, and graft type (bone marrow, cord blood,
or peripheral blood stem cells [PBSCs]) was obtained from institu-
tional databases and medical records. A BMTSS survey administered
to the eligible study participants covered the following content: diag-
nosis by a health care provider of specific chronic health conditions
(including VTE), along with age at diagnosis; relapse of primary cancer
and development of subsequent neoplasms; history of acute and
chronic GVHD; and medication use. Study participants were queried
about VTE by asking whether they were diagnosed with a blood clot in
their lung, arm, leg, head, or pelvis. If they indicated yes, then they were
asked about the age of diagnosis. The survey also asked for a self-
report of height and weight at study participation, and sociodemo-
graphic characteristics (sex, race/ethnicity, education, employment,
household income, and health insurance), history of smoking (age
when they started smoking, number of cigarettes per day, years of
smoking), alcohol use, and physical activity.15 Siblings completed
an identical survey, but without BMT-specific questions. The reliability
and validity of the BMTSS questionnaire has been tested, showing
that BMT survivors are able to report their outcomes with a high
degree of accuracy.16

Statistical analysis

Descriptive statistics including mean, standard deviation (SD),
median, range, and frequencies were used to characterize the study
population. The 2-sample t test or Wilcoxon rank-sum test (for contin-
uous variables) and the x2 test (for categorical variables) were used to
compare BMT survivors and siblings. We calculated cumulative inci-
dence of VTE in BMT survivors and siblings as a function of attained
age. Cox regression analysis was used to examine the risk of
late-occurring VTE in allogeneic BMT survivors compared with VTE
occurring in siblings. Backward variable selection was used to adjust
for relevant confounders; the following variables were examined: sex,
race/ethnicity, education, annual household income, smoking and
alcohol history, physical activity, body mass index (BMI), comorbidities
(hypertension, diabetes, dyslipidemia, chronic kidney disease, con-
gestive heart failure, arrhythmias, and stroke) and medications (oral
contraceptives and hormone replacement therapy).

In the analysis restricted to the BMT survivors, we calculated the
cumulative incidence of late-occurring VTE (occurring $2 years after
BMT) as a function of time fromBMT for the entire cohort as well as by
transplant era (arbitrarily set at before and after 1990). Multivariable
Cox regression analysis was used for identifying predictors of VTE
risk among BMT survivors.17 Risk factors evaluated included age at
BMT, sociodemographics, primary hematologic malignancy, pre-
BMT chemotherapy and radiation, stem cell source, conditioning reg-
imen, history of chronic GVHD, dyslipidemia, BMI, hypertension,
diabetes, chronic kidney disease, congestive heart failure, coronary
heart disease, stroke, arrhythmia, health behaviors, and medications
such as oral contraceptives, hormone replacement therapy, and immu-
nosuppressants. Relapse of primary hematologic malignancy and

Allo-BMT survivors eligible
for the study (n=3,315)

Participants approached to
complete survey (n=3,027)

Lost to follow up (n=288)

Participants refused/did not
respond to the survey (n=1,276)

Exclusion:
Pre-BMT history of VTE (n=106)
VTE within 2 years after BMT (n=91)

Participants that completed
BMTSS survey (n=1,751)

Number of participants
included in the final analysis

(n=1,554)

Figure 1. Consort diagram for participants included in the study. Allo-BMT,

allogeneic BMT.
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development of subsequent neoplasms, medications, chronic health
conditions, and chronic GVHD were treated as time-varying variables.
Given the relatively low rates of VTE, parsimonious models were cre-
ated using backward variable selection, keeping variables with P, .1
from the multivariable analysis in the model. Two-sided tests with a P
value, .05 were considered statistically significant. All analyses were
performed with SAS software version 9.4 (SAS Institute Inc,
Cary, NC).

A risk-prediction model for VTE was developed including potential
predictor variables including age at BMT, sex, race/ethnicity, health
behaviors, medications, primary hematologic malignancy, stem cell
source, conditioning regimen, BMI, chronic health conditions, and his-
tory of chronic GVHD at the 2-year timepoint from BMT. The overall
calibration of the prediction model was measured by a model-based
goodness-of-fit test for time-to-event data.18 A calibration plot was
used to visually describe the agreement between observed vs pre-
dicted rates at 5 years and 10 years after BMT; a slope of 1 indicated
perfect calibration. The discrimination of the model was assessed by
the index of concordance, or C-statistic, which takes censoring into
account in time-to-event models. The bias/optimism-corrected
C-statistic was obtained using 1000 bootstrap iterations to adjust
for optimism in a measure of predictive ability. In each bootstrap iter-
ation, based on the model coefficient fitted within bootstrap data,
C-statistics were estimated for bootstrap data, denoted as Cb, boot.,
as well as original data, denoted as Cb, orig. The bias/optimism was
calculated using the averaged difference between the Cb, boot. and
Cb, orig, denoted as Oc. The corrected C-statistics were thus calcu-
lated as original C-statistics minus OC. By doing so, the optimism
of C-statistics in the training set is corrected, which returns more
robust estimation of true C-statistics than splitting data into training
and testing sets (for validation), which might involve a huge sam-
pling variability. Low- and high-risk groups were identified based
on the risk scores obtained from the hazard ratios (HRs) from the
prediction model.

Results

Overall, 3315 eligible BMT survivors were identified. Of these, 288
(8.7%) were lost to follow-up. Of the 3027 patients approached,
1751 (57.8%) participated by completing the survey (Figure 1).
Participants were older at BMT (mean age, 38 years vs 30 years;

Table 1. Demographic and clinical characteristics of allogeneic BMT

survivors and siblings

Variable

BMT survivors,

n 5 1554

Siblings,

n 5 907 P

VTE, n (%)

Yes 80 (5.15) 29 (3.20) .023

Age at survey, y

Mean (SD) 50.51 (15.38) 54.17 (14.65) ,.0001

Sex, n (%)

Male 830 (53.41) 361 (39.80) ,.0001

Race/Ethnicity, n (%) ,.0001

White 1137 (73.17) 783 (86.33)

Hispanic 236 (15.19) 66 (7.28)

Asian 30 (1.93) 19 (2.09)

Black 104 (6.69) 29 (3.20)

Other 47 (3.02) 10 (1.10)

Education, n (%) .0005

#High school 264 (16.99) 117 (12.90)

Some college 565 (36.36) 310 (34.18)

College graduate 679 (43.69) 473 (52.15)

Missing 46 (2.96) 7 (0.77)

Household income, n (%) ,.0001

#$50000 458 (29.47) 198 (21.83)

$50000-$100000 435 (27.99) 268 (29.55)

.$100000 633 (40.73) 347 (38.26)

Missing 28 (1.80) 94 (10.36)

History of smoking, n (%)

Ever 478 (30.76) 353 (38.92) ,.0001

Alcohol intake, n (%)

Yes 768 (48.42) 540 (59.54) ,.0001

Exercise, n (%)

Yes 1106 (71.17) 725 (79.93) ,.0001

Comorbidities, n (%)

Diabetes 228 (15.33) 38 (4.33) ,.0001

Hypertension 448 (33.09) 187 (22.48) ,.0001

Dyslipidemia 411 (30.22) 155 (18.59) ,.0001

Chronic kidney disease 58 (3.77) 33 (3.65) .877

Congestive heart failure 65 (4.20) 13 (1.44) .0002

Coronary heart disease 52 (3.35) 26 (2.87) .507

Arrhythmia 143 (9.43) 59 (6.58) .014

Stroke 50 (3.22) 14 (1.55) .012

Chronic GVHD 506 (34.47) Not applicable Not applicable

Medications, n (%)

Oral contraceptive use 446 (28.70) 407 (44.87) ,.0001

Female hormone
replacement

532 (34.23) 105 (11.58) ,.0001

Testosterone
replacement

235 (15.12) 40 (4.41) ,.0001

Immunosuppressants 959 (61.71) 44 (4.85) ,.0001

10% Cumulative incidence of VTE:
5y: 2.4±0.4%
10y: 4.9±0.6%
20y: 7.1±0.9%
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Figure 2. Cumulative incidence of VTE in allogeneic BMT survivors.
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P , .0001), were more likely to be female (46.6% vs 42.8%;
P 5 .04) and non-Hispanic Whites (78.1% vs 62.9%; P , .0001)
compared with nonparticipants. Patients with a history of VTE prior
to BMT (n5 106) or those who developed VTE within 2 years after
BMT (n 5 91) were excluded from the analysis because we were
interested in studying the risk of new-onset and late-occurring VTE
in BMT survivors. For those with missing age at diagnosis of VTE
(n 5 10), mean imputation was used to impute the age of onset
based on values from patients with same age, primary diagnosis,
and era of BMT. The final analysis included 1554 allogeneic BMT
survivors. Nine hundred seven siblings without a history of cancer
were included as a comparison group.

Patient characteristics

Demographic and clinical characteristics of the 1554 allogeneic BMT
survivors and the 907 siblings are summarized in Table 1. Mean age at
BMT was 37.4 years 6 18.4 years. BMT survivors were younger at
study participation (50.5 years 6 15.4 years) as compared with the
siblings (54.2 years 6 14.7 years; P , .0001). Median duration of
follow-up from BMT to study participation was 11 years (interquartile
range [IQR], 6-18 years). The BMT survivor cohort included 830 male
participants (53.4%) and 1137 non-Hispanic Whites (73.2%). Pri-
mary diagnoses included AML/MDS in 617 patients (39.7%), CML
in 260 patients (16.7%), ALL in 224 patients (14.4%), NHL in 207
patients (13.3%), and SAA in 87 patients (5.6%). PBSCs were the
source of stem cells for 744 patients (47.9%), bone marrow for
642 patients (41.3%), and cord blood for 168 patients (10.8%). Flu-
darabine/melphalan-based conditioning was the most commonly
used conditioning regimen and was used in 662 participants
(42.6%). Anthracyclines were used as part of pretransplant chemo-
therapy in 896 patients (57.7%), cytarabine was used in 764 patients
(49.2%), corticosteroids were used in 558 patients (35.9%), Vinca
alkaloids were used in 475 patients (30.6%), and alkylators were
used in 422 patients (27.2%). Radiation was used in 109 patients
(7.0%). Overall, 80 patients (5.2%) developed VTE 2 years after
BMT. The cumulative incidence of late-occurring VTE was 2.4% 6
0.4% at 5 years, 4.9% 6 0.6% at 10 years, and 7.1% 6 0.9% at
20 years post-BMT (Figure 2). The majority of our study participants
underwent BMT after 1990 (91%). The cumulative incidence of
VTE was significantly higher among those transplanted after 1990
compared with those who had BMT prior to 1990 (0.69% vs
5.39% at 10 years; P 5 .001).

Risk of VTE in BMT survivors vs siblings

Adjusting for sociodemographics, medications, health behaviors, and
chronic health conditions, the risk of developing a VTE was 7.3-fold
higher in allogeneic BMT survivors (HR 5 7.3; 95% confidence

Table 2. Risk of VTE in allogeneic BMT survivors compared with a

sibling cohort

Variable

Univariable Multivariable

HR 95% CI P HR 95% CI P

Cohort

Siblings 1.00

BMT cohort 8.21 (5.29-12.73) <.0001 7.33 (4.69-11.46) <.0001

Sex

Female 1.00

Male 1.53 (1.04-2.24) .029

Race/Ethnicity

Non-Hispanic Whites 1.00

Hispanic 0.75 (0.39-1.45) .394

Black 0.45 (0.06-3.25) .431

Asian 1.10 (0.48-2.53) .815

Other 0.85 (0.21-3.45) .819

Education

#High school 1.00

Some college 1.16 (0.64-2.08) .632

College graduate 1.06 (0.59-1.89) .848

Household income

#$50000 1.00

$50000-$100000 0.78 (0.47-1.30) .333

.$100000 0.96 (0.61-1.51) .853

Missing 0.73 (0.28-1.89) .519

Exercise, yes vs no

Any exercise 0.89 (0.59-1.34) .581

Vigorous exercise 1.14 (0.78-1.67) .508

Moderate exercise 0.82 (0.55-1.22) .321

History of smoking

Yes 0.28 (0.07-1.12) .072

Alcohol intake

Yes 0.85 (0.58-1.25) .406

Diabetes

Yes 2.90 (1.70-4.94) <.0001 1.57 (0.92-2.66) .096

Hypertension

Yes 2.44 (1.57-3.80) <.0001

BMI 1.02 (0.99-1.04) .267

Dyslipidemia

Yes 2.55 (1.60-4.06) <.0001

Chronic kidney disease

Yes 3.28 (1.51-7.10) .003 2.24 (1.03-4.87) .043

Congestive heart failure

Yes 1.05 (0.25-4.38) .946

Arrhythmia

Yes 2.21 (1.20-4.08) .011

Stroke

Yes 6.28 (2.82-13.96) <.0001 4.07 (1.84-9.01) .0005

Use of oral contraceptive pills

Yes 0.76 (0.31-1.87) .550

Bold values in the table body represent statistical significance.

Table 2. (continued)

Variable

Univariable Multivariable

HR 95% CI P HR 95% CI P

Female hormone replacement

Yes 1.15 (0.72-1.86) .559

Testosterone replacement

Yes 1.70 (0.79-3.67) .175

Bold values in the table body represent statistical significance.
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Table 3. Risk factors for VTE in allogeneic BMT survivors

Category

Univariable

Multivariable

(P , .2 in univariate) Parsimonious model*

HR 95% CI P HR 95% CI P HR 95% CI P

Age at BMT

Per year increase in age 1.03 1.02-1.05 <.0001 1.01 0.99-1.03 .30 1.02 1.01-1.04 .002

Sex (reference: female)

Male 1.57 (0.99-2.49) .055 1.56 (0.97-2.49) .064 1.52 (0.95-2.42) .080

Race (reference: non-Hispanic Whites)

Hispanic 0.79 (0.39-1.60) .518

Black 0.57 (0.08-4.09) .574

Asian 1.09 (0.44-2.72) .850

Other 0.82 (0.20-3.36) .785

Education (reference: �high school)

Some college 1.17 (0.59-2.30) .661

College graduate 1.38 (0.72-2.64) .332

Income (reference: <$50000)

$50000-$100000 0.96 (0.53-1.73) .892

.$100000 1.09 (0.64-1.85) .751

Missing 1.23 (0.29-5.19) .782

Health behaviors/Medications

Oral contraceptives 0.55 (0.22-1.36) .196

Female hormone replacement 0.94 (0.57-1.56) .811

Testosterone replacement 1.28 (0.59-2.79) .534

Immunosuppression 2.74 (1.74-4.31) <.0001 2.05 (1.25-3.35) .004 2.28 (1.41-3.68) .0008

Alcohol 1.18 (0.75-1.85) .484

Smoking 0.35 (0.09-1.41) .140 0.55 (0.20-1.52) .250

Comorbidities

Diabetes 2.18 (1.25-3.80) .006 1.15 (0.62-2.10) .662

Hypertension 2.24 (1.43-3.50) .0004 1.17 (0.70-1.95) .549

Dyslipidemia 2.25 (1.42-3.57) .0006 1.12 (0.66-1.90) .676

Obesity, BMI 1.05 1.01-1.08 .014 1.06 1.02-1.10 .006 1.06 1.02-1.10 .002

Chronic kidney disease 2.73 (1.19-6.3) .018 2.11 (0.88-5.06) .094 2.23 (0.95-5.19) .064

Congestive heart failure 0.91 (0.22-3.73) .901

Arrhythmia 1.75 (0.90-3.40) .099

Stroke 4.59 (2.10-9.99) .0001 3.12 (1.37-7.11) .007 3.71 (1.66-8.27) .001

Chronic GVHD 1.99 (1.27-3.10) .003 1.42 (0.87-2.33) .162 1.62 (1.00-2.60) .049

Relapse/secondary malignant neoplasm NA NA NA

Primary diagnosis (reference: NHL)

ALL 0.70 (0.33-1.50) .361 1.41 (0.48-4.13) .534 1.12 (0.51-2.46) .773

AML/MDS 0.70 (0.37-1.32) .272 1.31 (0.42-4.04) .641 0.84 (0.44-1.6) .601

CML 0.25 (0.10-0.62) .003 0.62 (0.14-2.66) .519 0.27 (0.11-0.69) .006

SAA 0.09 (0.01-0.71) .022 0.33 (0.04-3.07) .330 0.16 (0.02-1.23) .078

Other 0.97 (0.46-2.04) .936 2.52 (1.01-6.29) .048 1.915 (0.88-4.18) .103

Stem cell source (reference: bone marrow)

PBSCs 0.39 (0.17-0.89) .025 1.67 (0.79-3.52) .176 2.73 (1.65-4.50) <.0001

Cord Blood 1.65 (0.77-3.50) .195 1.02 (0.38-2.75) .964 1.87 (0.99-3.55) .055

Conditioning regimen (reference: others)

Fludarabine 1 melphalan based 3.34 (2.05- 5.44) <.0001 1.46 (0.78-2.75) .237

Bold values in the table body represent statistical significance.
*The parsimonious model was obtained using backward variable selection, keeping variables with P , .1 in the model.
†Radiation includes pre-BMT radiation and/or total-body irradiation.
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interval [CI] 5 4.69-11.46; P , .0001) as compared with siblings
(Table 2).

Risk factors for VTE among allogeneic BMT survivors

Risk factors associated with late-occurring VTE included older age at
BMT (HR 5 1.02 per year; 95% CI 5 1.01-1.04; P 5 .002), use of
immunosuppressive medications (HR 5 2.28; 95% CI 5 1.41-3.38;

P5 .0008), obesity (HR5 1.06 per unit increase in BMI; 95% CI5
1.02-1.10; P5 .002), history of stroke (HR5 3.71; 95% CI5 1.66-
8.27; P 5 .001), chronic GVHD (HR 5 1.62; 95% CI 5 1.00-2.60;
P 5 .049), and use of PBSCs (HR 5 2.73; 95% CI 5 1.65-4.50;

Table 3. (continued)

Category

Univariable

Multivariable

(P , .2 in univariate) Parsimonious model*

HR 95% CI P HR 95% CI P HR 95% CI P

Pre-BMT chemotherapy

Cytarabine 1.34 (0.85-2.10) .209

Cyclophosphamide/Ifosfamide 2.13 (1.33-3.43) .002 0.77 (0.30-2.00) .594

Platinum 2.45 (1.28-4.69) .007 1.11 (0.45-2.69) .826

Etoposide 1.33 (0.74-2.38) .345

Rituximab 3.14 (1.76-5.62) .0001 1.34 (0.53-3.35) .533

Steroid 1.68 (1.07-2.64) .025 0.95 (0.39-2.35) .913

Anthracycline 2.13 (1.31-3.47) .002 1.18 (0.60-2.34) .629

Vinca alkaloids 2.15 (1.36-3.38) .001 1.59 (0.46-5.51) .461

Hydroxyurea 0.45 (0.23-0.91) .026 0.98 (0.33-0.93) .025

Methotrexate 1.36 (0.82-2.24) .237

Asparaginase 1.46 (0.79-2.71) .229

Other 1.53 (0.97-2.42) .068

Radiation (reference: no radiation)†

Any radiation 1.24 (0.60-2.59) .564

Chest NA NA NA

Neck 1.75 (0.24-12.62) .577

Head 1.33 (0.53-3.31) .543

Abdomen 1.82 (0.25-13.12) .553

Extremity 1.82 (0.25-13.07) .554

Radiation dose, cGy (reference: no radiation)

,2000 2.22 (0.55-9.09) .265

2000-3000 1.11 (0.27-4.61) .881

3000-4000 2.18 (0.53-8.91) .277

.4000 1.58 (0.39-6.46) .524

Bold values in the table body represent statistical significance.
*The parsimonious model was obtained using backward variable selection, keeping variables with P , .1 in the model.
†Radiation includes pre-BMT radiation and/or total-body irradiation.

Table 4. HiGHS2 risk prediction model for VTE in long-term allo-

geneic BMT survivors

Variable b estimation SE HR 95% CI P Risk score

History of stroke 1.0755 0.5189 2.93 (1.06-8.10) .038 3

Chronic GVHD 0.3517 0.2527 1.42 (0.87-2.33) .164 1

Hypertension 0.6845 0.2579 1.98 (1.20-3.29) .008 2

Sex, male 0.6138 0.2578 1.85 (1.11-3.06) .017 2

Stem cell source, PBSC 1.0394 0.2739 2.83 (1.65-4.84) .0001 3

Hypertension, stroke, and chronic GVHD were evaluated at 2 years after BMT.
SE, standard error.
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P , .0001) as source of stem cells compared with bone marrow
(Table 3). Use of cord blood as the source of stem cells compared
with bone marrow (HR 5 1.87; 95% CI, 0.99-3.55; P 5 .055) and
history of chronic kidney disease (HR 5 2.23; 95% CI, 0.95-5.19;
P 5 .064) were also associated with increased VTE risk and
approached statistical significance. Diagnosis of CMLwas associated
with lower VTE risk (HR 5 0.27; 95% CI, 0.11-0.69; P 5 .006). Of
note, relapse of primary disease or development of new cancer
were not associated with increased risk of VTE.

Risk-prediction model for late-occurring VTE among

allogeneic BMT survivors

Backward variable selection guided by minimizing the Akaike informa-
tion criterion was used to create the risk-prediction model; we
included chronic health conditions and health behaviors as risk factors
only if they were present at the 2-year timepoint. The final model for
VTE risk applied at 2 years post-BMT, “HiGHS2,” included History
of stroke, chronic GVHD, Hypertension, Sex (male vs female), and
Stem cell source (PBSCs vs other) (Table 4). The corrected
C-statistics using the bootstrap method were 0.73 (95% CI, 0.67-
0.79). The goodness-of-fit statistics had a P value of .35, indicating
overall agreement between observed and predicted value. Receiver
operated characteristic curves for VTE risk by time after BMT are
shown in Figure 3. The calibration plots showed similar conclusion
to the goodness-of-fit test in a graphical way. We stratified patients
into 2 risk groups using the risk scores from the risk-prediction model:
the high-risk group included BMT survivors with a risk score $5. The
cumulative incidence of VTE at 5 years and 10 years after BMT was
5.3% 6 1.0% and 9.3% 6 1.5% in the high-risk group compared
with 0.9% 6 0.3% and 2.4% 6 0.5% in the low-risk group (P ,
.0001), respectively, among BMT survivors who entered the cohort
at 2 years post-BMT (Figure 4).

Discussion

We found the risk of VTE to be 7.3-fold higher among allogeneic BMT
survivors when compared with a sibling cohort without cancer.

Conditional on surviving$2 years after allogeneic BMT and excluding
theparticipantswhohadVTEwithin 2 years ofBMT, the 10-year cumu-
lative incidence of VTE was 4.9%. Older age at BMT, transplantation
with PBSCs, obesity, a history of stroke, chronic GVHD, and use of
immunosuppression were associated with an increased risk of VTE.
We derived aHiGHS2VTE risk-predictionmodel for 2-year allogeneic
BMT survivors including 5 sociodemographic and clinical factors: sex,
use of PBSCs, history of hypertension, stroke, and chronic GVHD.

Previous studies examining the risk of VTE in allogeneic BMT patients
have focused on the peritransplant period with a short follow-up. The
cumulative incidence of VTE in these studies has ranged from 4.6% at
6 months7 to 7.1% at 2 years.19 The elevated risk of VTE around the
transplant period is likely due to indwelling central venous catheters,
transplant preparative regimens, prolonged hospitalization/immobiliza-
tion, and acute GVHD.7,19 Endothelial damage due to chemotherapy
and/or radiation used for conditioning, and acute-phase reaction due
to infection causes a procoagulant state in the early transplant period,
increasing the risk of VTE.8 Serum levels of tumor necrosis factor a
increase prior to adverse events such as severe acute GVHD, leading
to endothelial leak syndrome and veno-occlusive disease.20 Presence
of thrombocytopenia and bleeding complications in the immediate
posttransplant period preclude the use of anticoagulation, which
may also increase the risk of VTE.21,22

Cardiovascular risk factors (CVRFs) such as diabetes, hyperten-
sion, and dyslipidemia are common in long-term survivors of allo-
geneic BMT, and manifest at an earlier age.23 In addition, BMT
survivors are at increased risk of developing atherosclerosis and
arterial vascular events, especially in the presence of CVRFs.24

There has been a paucity of information regarding the long-term
risk of VTE among allogeneic BMT survivors. We found that con-
ditional on surviving the first 2 years after allogeneic BMT, the
cumulative incidence of VTE was 4.9% at 10 years and 7.1% at
20 years post-BMT. We also showed a 7.3-fold higher risk of
VTE in allogeneic BMT survivors when compared with a noncancer
sibling population. These findings provide evidence for ongoing
vigilance regarding this complication.

We confirmed the association between chronic GVHD and use of
immunosuppression with risk of VTE in BMT recipients.7,12,19,25 In a
previous study by Kekre et al, both acute and chronic GVHD were
associated with increased risk of VTE; the majority of the VTE events
occurredwithin the first year after BMT.19 This associationmay be due
to the increased inflammation seen in patients with GVHD, or from
treatment with immunosuppressive medications and steroids.26,27

VTE is predominantly a disease of the elderly28; we found that the
risk of VTE increased with age at BMT. We also found that the use
of PBSCs and cord blood for transplantation were associated with
a higher risk of VTE compared with bone marrow. PBSC use is asso-
ciated with increased risk of GVHD,29,30 and the immune dysregula-
tion and use of immunosuppressive medications for treatment may
lead to increased VTE risk. However, the association with PBSCs
and cord blood transplantation was independent of a history of
chronic GVHD and use of immunosuppression, suggesting that the
pathophysiology of this association needs further investigation.
Comorbidities such as obesity, chronic kidney disease, and stroke
were also associated with increased risk of VTE as seen in the general
population,31-34 and may be due to shared predisposing risk factors.
Our previous study in NHL patients surviving BMT also showed
increased risk of VTE in patients with obesity and chronic GVHD.35
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Although the use of oral contraception and hormonal therapy
increases the risk of VTE in women in the general population, our
study did not identify this association in BMT survivors.

Previous risk models for cancer-associated VTE have excluded
patients who underwent BMT. Studies assessing the risk of VTE in
BMT patients were limited by small sample sizes and short follow-
up. After a comprehensive evaluation of sociodemographics, comor-
bidities, health behaviors, and pre-BMT, and BMT-related therapeutic
exposures, we developed a risk model for late-occurring VTE in alloge-
neic BMT survivors that included sex, stem cell source (PBSCs vs
other), history of stroke, hypertension, and chronic GVHD. Immuno-
suppression was not included in the model due to collinearity with
GVHD. The model showed good discrimination between those at
high and low risk of late-occurring VTE.

Our study needs to be placed in the context of its limitations. The
study relied on self-report for identifying patients with VTE. However,
the validity of the BMTSS questionnaire examined previously showed
that BMT survivors were able to report the occurrence of adverse
medical conditions with accuracy.16 Because our study was based
on patient surveys, we could not capture complete details regarding
clinical presentation and laboratory abnormalities at the time of VTE
development. Furthermore, the BMTSS survey did not ask for the his-
tory of recurrent VTEs. Future studies aimed at identifying biomarkers
associated with VTE risk in BMT recipients are warranted. Information
regarding site of VTE was missing in several patients, and peripheral
arterial disease might have been classified as VTE in some partici-
pants as imaging studies were not used to confirm the diagnosis.
Recall bias is also a limitation because the survey was administered
only once. The survey included information regarding surgical history,
level of physical activity, use of corticosteroids, and immunosuppres-
sants at the time of survey completion, but we did not have this infor-
mation at the time of VTE development. Central venous catheters are
known risk factors for VTE in cancer patients.36 We do not have this
information in our cohort, although it is unlikely for the majority of these
patients to have a central line .2 years after BMT. The risk of VTE in
BMT recipients was conditional on surviving the first 2 years after
BMT. BMT recipients who died within the first 2 years were not
included in the analysis, likely resulting in an underestimation of VTE
risk after BMT. Our intention was to determine the risk of VTE in
long-term BMT survivors. Although the risk-prediction model was
not replicated in an independent population, the corrected
C-statistics returned a more robust estimate of the true C-statistics
that would be generated by creating training and test sets. These lim-
itations notwithstanding, the current study used a large population of
allogeneic BMT survivors with long-term follow-up. We were able to
assess the impact of pre-BMT and BMT-related therapeutic expo-
sures, in addition to sociodemographics and chronic health conditions
as risk factors for VTE, which is a major strength of the study. We
found that the risk of VTE remains high several years after transplant,

necessitating continued risk assessment and thromboprophylaxis in
high-risk patients.

In conclusion, allogeneic BMT survivors have a 7.3-fold higher risk of
VTE when compared with siblings without a history of cancer. The risk
continues to increase for at least 10 years post-BMT. Although throm-
boprophylaxis is effective in preventing VTE in cancer patients, it is
associated with substantial bleeding complications especially when
patients are actively receiving chemotherapy and have thrombocyto-
penia.37,38 Ongoing risk assessment to identify high-risk populations
is important to inform decisions regarding thromboprophylaxis. We
developed a clinical risk-prediction model for VTE in allogeneic BMT
survivors that was able to discriminate BMT survivors with low and
high risk of VTE. The high incidence of VTE several years after BMT
merits a discussion about thromboprophylaxis in high-risk patients in
the absence of bleeding complications and thrombocytopenia. BMT
survivors should be followed closely for timely diagnosis and treatment
of cardiovascular risk factors. Our risk-prediction model will help in
future prospective interventional studies and in proposing risk-based
recommendations for thromboprophylaxis.

Acknowledgments

This work was supported in part by National Institutes of Health
National Cancer Institute grants R01 CA078938 and U01
CA213140, and Leukemia & Lymphoma Society grant R6502-
16 (S.B.).

Authorship

Contribution: R.G., L.H., J.W., L.F., D.J.W., S.J.F., M.A., S.H.A., and
S.B. contributed to the study design; L.H., J.W., L.F., M.K., S.H.A.,
M.A., and S.B. contributed to data collection; R.G., Y.C., L.H., J.W.,
S.H.A., and S.B. contributed to analyses and interpretation of results;
R.G and S.B. wrote the manuscript; and all authors critically revised
the manuscript for important intellectual content and approved the
final manuscript.

Conflict-of-interest disclosure: R.G. serves as a consultant for
Sanofi Genzyme and Alexion. D.J.W. received research funding
from Fate Therapeutics and Incyte. M.A. received research funding
from Pharmacyclics, Kadmon, and Sundax, and serves as a consultant
for Fate Therapeutics. The remaining authors declare no competing
financial interests.

ORCID profiles: R.G., 0000-0002-5542-4754; D.J.W., 0000-
0001-8078-8579; M.A., 0000-0001-9362-0556; S.H.A., 0000-
0003-2604-8603.

Correspondence: Radhika Gangaraju, Institute for Cancer Out-
comes and Survivorship, University of Alabama at Birmingham,
1600 7th Ave S, Lowder 500, Birmingham, AL 35233; e-mail:
rgangaraju@uabmc.edu.

References

1. Søgaard KK, Schmidt M, Pedersen L, Horv�ath-Puh�o E, Sørensen HT. 30-year mortality after venous thromboembolism: a population-based cohort
study. Circulation. 2014;130(10):829-836.

2. Panova-Noeva M, Schulz A, Arnold N, et al. Coagulation and inflammation in long-term cancer survivors: results from the adult population. J Thromb
Haemost. 2018;16(4):699-708.

26 OCTOBER 2021 • VOLUME 5, NUMBER 20 RISK MODEL FOR VTE IN ALLOGENEIC BMT SURVIVORS 4109

https://orcid.org/0000-0002-5542-4754
https://orcid.org/0000-0001-8078-8579
https://orcid.org/0000-0001-8078-8579
https://orcid.org/0000-0001-9362-0556
https://orcid.org/0000-0003-2604-8603
https://orcid.org/0000-0003-2604-8603
mailto:rgangaraju@uabmc.edu


3. Brose KM, Lee AY. Cancer-associated thrombosis: prevention and treatment. Curr Oncol. 2008;15(11 suppl 1):S58-S67.

4. Khorana AA, Francis CW. Risk prediction of cancer-associated thrombosis: appraising the first decade and developing the future. Thromb Res. 2018;
164(suppl 1):S70-S76.

5. ShethRA,NiekampA,Quencer KB, et al. Thrombosis in cancer patients: etiology, incidence, andmanagement.CardiovascDiagn Ther.2017;7(suppl 3):
S178-S185.

6. Levitan N, Dowlati A, Remick SC, et al. Rates of initial and recurrent thromboembolic disease among patients with malignancy versus those without
malignancy. Risk analysis using Medicare claims data. Medicine (Baltimore). 1999;78(5):285-291.

7. Gerber DE, Segal JB, Levy MY, Kane J, Jones RJ, Streiff MB. The incidence of and risk factors for venous thromboembolism (VTE) and bleeding among
1514 patients undergoing hematopoietic stem cell transplantation: implications for VTE prevention. Blood. 2008;112(3):504-510.

8. Tsakiris DA, Tichelli A. Thrombotic complications after haematopoietic stem cell transplantation: early and late effects. Best Pract Res Clin Haematol.
2009;22(1):137-145.

9. Kekre N, Connors JM. Venous thromboembolism incidence in hematologic malignancies. Blood Rev. 2019;33:24-32.

10. Gangaraju R, Chen Y, Hageman L, et al. Late mortality in blood or marrow transplant survivors with venous thromboembolism: report from the Blood or
Marrow Transplant Survivor Study. Br J Haematol. 2019;186(2):367-370.

11. Majhail NS, Tao L, Bredeson C, et al. Prevalence of hematopoietic cell transplant survivors in the United States. Biol Blood Marrow Transplant. 2013;
19(10):1498-1501.

12. Zahid MF, Murad MH, Litzow MR, et al. Venous thromboembolism following hematopoietic stem cell transplantation-a systematic review and meta-
analysis. Ann Hematol. 2016;95(9):1457-1464.

13. Khorana AA, Kuderer NM, Culakova E, Lyman GH, Francis CW. Development and validation of a predictive model for chemotherapy-associated
thrombosis. Blood. 2008;111(10):4902-4907.

14. Ay C, Dunkler D, Marosi C, et al. Prediction of venous thromboembolism in cancer patients. Blood. 2010;116(24):5377-5382.

15. Sun CL, Francisco L, Kawashima T, et al. Prevalence and predictors of chronic health conditions after hematopoietic cell transplantation: a report from
the Bone Marrow Transplant Survivor Study. Blood. 2010;116(17):3129-3139.

16. Louie AD, Robison LL, Bogue M, Hyde S, Forman SJ, Bhatia S. Validation of self-reported complications by bone marrow transplantation survivors.
Bone Marrow Transplant. 2000;25(11):1191-1196.

17. Cox DR. Regression models and life-tables. J R Stat Soc Series B Stat Methodol. 1972;34(2):187-220.

18. Crowson CS, Atkinson EJ, Therneau TM. Assessing calibration of prognostic risk scores [published correction appears in Stat Methods Med Res.
2017;26(4):1992–1993]. Stat Methods Med Res. 2016;25(4):1692-1706.

19. Kekre N, Kim HT, Ho VT, et al. Venous thromboembolism is associated with graft-versus-host disease and increased non-relapse mortality after allo-
geneic hematopoietic stem cell transplantation. Haematologica. 2017;102(7):1185-1191.

20. Holler E, Kolb HJ, M€oller A, et al. Increased serum levels of tumor necrosis factor alpha precede major complications of bone marrow transplantation.
Blood. 1990;75(4):1011-1016.

21. Labrador J, Gonz�alez-Rivero J, Monroy R, et al. Management patterns and outcomes in symptomatic venous thromboembolism following allogeneic
hematopoietic stem cell transplantation. A 15-years experience at a single center. Thromb Res. 2016;142:52-56.

22. Zeidan AM, Wellman J, Forde PM, Bola~nos-Meade J, Streiff MB. Venous thromboembolism prophylaxis in hematopoietic stem cell transplantation
patients: an international web-based survey of healthcare providers. J Thromb Thrombolysis. 2014;37(4):524-526.

23. Baker KS, Ness KK, Steinberger J, et al. Diabetes, hypertension, and cardiovascular events in survivors of hematopoietic cell transplantation: a report
from the bone marrow transplantation survivor study. Blood. 2007;109(4):1765-1772.

24. Bhatia S. Long-term health impacts of hematopoietic stem cell transplantation inform recommendations for follow-up. Expert Rev Hematol. 2011;4(4):
437-452.

25. Pihusch M, Lohse P, Reitberger J, et al. Impact of thrombophilic gene mutations and graft-versus-host disease on thromboembolic complications after
allogeneic hematopoietic stem-cell transplantation. Transplantation. 2004;78(6):911-918.

26. Antin JH. Acute graft-versus-host disease: inflammation run amok? J Clin Invest. 2001;107(12):1497-1498.

27. Presland RB. Biology of chronic graft-vs-host disease: immune mechanisms and progress in biomarker discovery.World J Transplant. 2016;6(4):608-
619.

28. Cushman M. Epidemiology and risk factors for venous thrombosis. Semin Hematol. 2007;44(2):62-69.

29. Anasetti C, Logan BR, Lee SJ, et al; Blood and Marrow Transplant Clinical Trials Network. Peripheral-blood stem cells versus bone marrow from
unrelated donors. N Engl J Med. 2012;367(16):1487-1496.

30. Gallardo D, de la C�amara R, Nieto JB, et al. Is mobilized peripheral blood comparable with bone marrow as a source of hematopoietic stem cells for
allogeneic transplantation from HLA-identical sibling donors? A case-control study. Haematologica. 2009;94(9):1282-1288.

31. Rinde LB, Småbrekke B, Mathiesen EB, et al. Ischemic stroke and risk of venous thromboembolism in the general population: the Tromsø study. J Am
Heart Assoc. 2016;5(11):e004311.

32. Christiansen CF, Schmidt M, Lamberg AL, et al. Kidney disease and risk of venous thromboembolism: a nationwide population-based case-control
study. J Thromb Haemost. 2014;12(9):1449-1454.

4110 GANGARAJU et al 26 OCTOBER 2021 • VOLUME 5, NUMBER 20



33. Wattanakit K, Cushman M, Stehman-Breen C, Heckbert SR, Folsom AR. Chronic kidney disease increases risk for venous thromboembolism. J Am Soc
Nephrol. 2008;19(1):135-140.

34. Severinsen MT, Kristensen SR, Johnsen SP, Dethlefsen C, Tjønneland A, Overvad K. Anthropometry, body fat, and venous thromboembolism: a Danish
follow-up study. Circulation. 2009;120(19):1850-1857.

35. Gangaraju R, Chen Y, Hageman L, et al. Risk of venous thromboembolism in patients with non-Hodgkin lymphoma surviving blood or marrow trans-
plantation. Cancer. 2019;125(24):4498-4508.

36. Kuter DJ. Thrombotic complications of central venous catheters in cancer patients. Oncologist. 2004;9(2):207-216.

37. Prandoni P, Lensing AW, Piccioli A, et al. Recurrent venous thromboembolism and bleeding complications during anticoagulant treatment in patients
with cancer and venous thrombosis. Blood. 2002;100(10):3484-3488.

38. Kuderer NM, Khorana AA, Lyman GH, Francis CW. A meta-analysis and systematic review of the efficacy and safety of anticoagulants as cancer
treatment: impact on survival and bleeding complications. Cancer. 2007;110(5):1149-1161.

26 OCTOBER 2021 • VOLUME 5, NUMBER 20 RISK MODEL FOR VTE IN ALLOGENEIC BMT SURVIVORS 4111


	TF2
	TF3
	TF4
	TF5
	TF6
	TF7

