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BACKGROUND The long-term risk of coronary heart disease (CHD) and clinical models that predict this risk remain

understudied in blood or marrow transplantation (BMT) recipients.

OBJECTIVES This study sought to examine the risk of CHD after BMT and identify the associated risk factors.

METHODS Participants included patients transplanted between 1974 and 2014 at City of Hope, University of Minnesota,

or University of Alabama at Birmingham and those who survived $2 years after BMT. Multivariable logistic regression

models assessed CHD risk in BMT survivors compared with a sibling cohort. A self-reported questionnaire and medical

records provided information regarding sociodemographics, comorbidities, and therapeutic exposures, which were used

to develop a CHD risk prediction nomogram.

RESULTS Overall, 6,677 BMT recipients participated; the mean age at BMT was 43.9 � 17.7 years, 58.3% were male,

and 73.3% were non-Hispanic Whites. The median length of follow-up was 6.9 years (range: 2-46.2 years) from BMT.

CHD was reported in 249 participants, with a 20-year cumulative incidence of 5.45% � 0.39%. BMT survivors had a

1.6-fold greater odds of CHD compared with a sibling cohort (95% CI: 1.09-2.40). A nomogram was then developed to

predict the risk of CHD at 10 and 20 years after BMT including age at BMT (HR: 1.06/y; 95% CI: 1.04-1.08), male sex (HR:

1.89; 95% CI: 1.15-3.11), a history of smoking (HR: 1.61; 95% CI: 1.01-2.58), diabetes (HR: 2.45; 95% CI: 1.23-4.89),

hypertension (HR: 2.02; 95% CI: 1.15-3.54), arrhythmia (HR: 1.90; 95% CI: 0.89-4.06), and pre-BMT chest radiation (yes

vs no: HR: 2.83; 95% CI: 1.20-6.67; unknown vs no: HR: 0.88; 95% CI: 0.34-2.28). The C-statistic was 0.77 in the test set

(95% CI: 0.70-0.83).

CONCLUSIONS This study identified BMT recipients at high risk for CHD, informing targeted screening for

early detection and aggressive control of risk factors. (J Am Coll Cardiol CardioOnc 2023;5:504–517) © 2023

The Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an open
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AB BR EV I A T I O N S

AND ACRONYM S

BMI = body mass index

BMT = blood or marrow

transplantation

cGvHD = chronic graft-versus-

host disease

CHD = coronary heart disease

CVD = cardiovascular disease

CVRF = cardiovascular risk

factor

NDI = National Death Index

PBSC = peripheral blood stem

cell

TBI = total body irradiation
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C oronary heart disease (CHD) is the leading
cause of morbidity and mortality in the
United States.1 Risk factors for CHD in the

general population include hypertension, diabetes,
dyslipidemia (referred to as cardiovascular risk fac-
tors [CVRFs]), and smoking.1,2 Blood or marrow trans-
plantation (BMT) recipients are vulnerable to new-
onset CVRFs because of high-intensity therapeutic
exposures including total body irradiation (TBI).3-7

TBI and chest radiation are associated with acceler-
ated atherosclerosis8,9; endocrinopathies and chronic
graft-versus-host disease (cGvHD)-induced inflam-
mation further increase the risk.10-12 However, the
long-term risk of CHD and the associated risk factors
in BMT recipients remain understudied. The majority
of the previous studies that assessed the risk of CHD
in BMT recipients were single-center studies with
small sample sizes and a short follow-up or did not
examine CVRFs and therapeutic exposures.6,11,13-15

Using a large cohort study, the BMTSS (Bone Marrow
Transplant Survivor Study), we determined the risk of
CHD after BMT and sought to identify the association
between CHD and sociodemographic characteristics,
CVRFs, and other comorbidities as well as pre-BMT
and BMT-related therapeutic exposures. We used
this information to develop a risk prediction nomo-
gram to identify BMT survivors at risk for clinically
overt CHD.

METHODS

STUDY POPULATION. BMTSS includes patients
transplanted between January 1, 1974, and December
31, 2014, at City of Hope, University of Minnesota, or
University of Alabama at Birmingham. BMTSS aims to
examine the long-term health outcomes in in-
dividuals who survived $2 years after undergoing
BMT regardless of the current vital status. The Uni-
versity of Alabama at Birmingham Institutional Re-
view Board serves as the single Institutional Review
Board of record. The study participants provided
informed consent according to the Declaration
of Helsinki.

The National Death Index (NDI) and Accurint
database were used to determine the date of death for
patients who died after surviving $2 years after BMT;
the NDI Plus was used for determining the cause
of death.16,17 Patients who were alive after
surviving $2 years after BMT were invited to com-
plete the BMTSS survey. Participants were asked to
report chronic health conditions diagnosed by their
health care provider along with age at diagnosis,
medications, history of cGvHD, relapse of primary
cancer, and subsequent neoplasms. Participants self-
reported key sociodemographic characteris-
tics (sex, race/ethnicity, education, house-
hold income, and health insurance), health
behaviors (smoking, alcohol use, and physical
activity), height, and weight at study partic-
ipation.18 Information regarding primary
cancer diagnosis, therapeutic exposures (pre-
BMT and BMT related), donor type (autolo-
gous or allogeneic), and stem cell source
(bone marrow, cord blood, or peripheral
blood stem cells [PBSCs]) was abstracted from
medical records. Details regarding these var-
iables are provided in Supplemental Table 1.
BMT participants provided information of
siblings willing to serve as a non-BMT com-
parison group. Siblings completed a survey

including sociodemographic and health conditions
but without BMT-specific questions.

PRIMARY OUTCOME. Al ive par t i c ipants . A diag-
nosis of clinically overt CHD was based on positive
responses to BMTSS survey questions that asked if
participants had hardening of the arteries, coronary
artery disease, or angina (chest pain caused by a lack
of oxygen to the heart requiring nitroglycerin). This
was confirmed by self-reported history of
percutaneous coronary intervention or coronary
artery bypass surgery.
Deceased pat ients . We considered a deceased pa-
tient to have CHD if CHD was included as a cause of
death on their death record (NDI or medical records);
the age of death served as the age at onset of CHD.

STATISTICAL ANALYSIS. We used SAS software v9.4
(SAS Institute Inc). Descriptive statistics were sum-
marized as appropriate and presented as counts with
percentages, mean � SD, and median with range. We
used the 2-sample t-test or Wilcoxon rank sum test
(for continuous variables) and the chi-square test (for
categoric variables) to compare differences between
groups. Two-sided tests with P < 0.05 were consid-
ered statistically significant.

RISK OF CHD IN BMT SURVIVORS VS SIBLINGS. We
used logistic regression to examine the risk of CHD in
BMT survivors compared with siblings, adjusting for
age at survey participation, sex, race/ethnicity, edu-
cation, annual household income, health behaviors,
body mass index (BMI), and comorbidities. The risk
was expressed as ORs with 95% CIs.
Risk of CHD in BMT rec ip ients . We calculated the
cumulative incidence of CHD in BMT recipients,
conditional on surviving $2 years after BMT, using
Fine and Gray methods, treating death caused by
causes other than CHD as competing risk.19 Using
proportional subdistribution hazards regression

https://doi.org/10.1016/j.jaccao.2023.03.013
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analysis,20 we examined the following factors for as-
sociation with CHD: age at BMT, sex, race/ethnicity,
primary cancer type, relapse risk (high vs standard),
BMT type (allogeneic vs autologous), stem cell
source, pre-BMT therapeutic exposures, conditioning
agents, and cGvHD. We also performed subanalyses
restricted to BMT recipients who were alive at the
time of the study using multivariable Cox regression
to examine the association between CHD and the
previously described risk factors, comorbidities, BMI,
and health behaviors.

Age at BMT and BMI were treated as continuous
variables; the remaining variables were considered
categoric. We categorized radiation exposure to the
neck, chest, cranium, spine, abdomen, pelvis, and
extremities; TBI and total lymphoid irradiation as yes
vs no and recorded the total radiation dose for each
field. We treated comorbidities, health behaviors,
relapse of primary cancer, or the development of
subsequent neoplasms and cGvHD (in allogeneic BMT
recipients) as time-varying covariates in the associa-
tion analysis. For patients who did not report their
age at the occurrence of the event, we used mean
imputation to impute the age of onset with values
from patients with the same age, primary diagnosis,
and era of BMT.21 Parsimonious models using back-
ward variable selection were created, keeping vari-
ables with P < 0.1 from the multivariable analysis in
the model.20

Backward variable selection guided by minimizing
the Akaike information criterion was used to create a
risk prediction nomogram for CHD in alive partici-
pants including all variables significantly associated
with CHD in the association analyses; comorbidities
and health behaviors were considered as risk factors
if present at the time of BMT. The data set was split
into training and test sets in a 6:4 ratio. The overall
calibration of the prediction model was measured by
a model-based goodness-of-fit test (Terry’s model) for
time-to-event data within the training set.22 The
model was developed in the training set, whereas the
discrimination of the model was assessed within the
test set by the index of concordance, or C-statistic,
which was obtained by Harrell’s method and takes
censoring into account in time-to-event models. We
used the ‘rms’ and ‘DynNom’ package in the RStudio
program (RStudio Team) to generate a nomogram for
the final predictive model.23

RESULTS

Of the 8,917 eligible BMT recipients, 2,801 (31.4%)
died after surviving $2 years post-BMT and were
included in the study. Among the 6,116 alive at the
study initiation, 838 (13.7%) were lost to follow-up. Of
the 5,278 BMT survivors approached, 1,340 (25.4%)
refused participation, and 3,938 (74.6%) participated
by completing the BMTSS survey; 62 (1.6%) had a
history of CHD before BMT and were excluded,
yielding a sample of 6,677 BMT recipients (alive and
deceased) in this analysis (Supplemental Figure 1).
The characteristics of BMTSS participants and non-
participants are shown in Supplemental Table 2.
Older, non-Hispanic Whites, autologous BMT re-
cipients, and patients transplanted before 2000 were
more likely to participate in the study.

The cohort characteristics overall and by vital sta-
tus are summarized in Table 1. The mean age at BMT
was 43.9 � 17.7 years; 58.3% were male, and 73.3%
were non-Hispanic White. Alive participants were
transplanted at an older age compared with those
who were deceased, and there were more women and
non-Hispanic Whites among the alive participants.
The majority of study participants received PBSCs
(66.3%) for stem cells, and 4.7% had a history of chest
radiation before BMT (56% with Hodgkin lymphoma).
More participants in the deceased cohort received
PBSCs and myeloablative conditioning compared
with the alive participants. The median length of
follow-up was 6.9 years (range: 2-46.2 years) from
BMT for the 6,677 BMT recipients, whereas it was 9.2
years (range: 2-46 years) for the alive BMT survivors.

CHD RISK IN BMT SURVIVORS COMPARED WITH

SIBLINGS. The characteristics of the 3,876 alive BMT
survivors and 1,341 siblings are provided in Table 1.
Siblings were more likely to be older, female, and
non-Hispanic White and have higher education and
income. BMT survivors were more likely to have
comorbidities including diabetes, hypertension, dys-
lipidemia, stroke, arrhythmia, and venous thrombo-
embolism. After adjusting for sociodemographics,
comorbidities, and health behaviors, BMT survivors
were at 1.61-fold greater odds of CHD compared with
siblings (95% CI: 1.09-2.40) (Supplemental Table 3).
Allogeneic BMT survivors were at 2.07-fold greater
odds (95% CI: 1.30-3.28) and autologous BMT re-
cipients at 1.52-fold higher odds (95% CI: 0.99-2.33) of
CHD compared with siblings (Figure 1).

RISK OF CHD IN BMT RECIPIENTS. Overall, 249 BMT
recipients developed CHD after a median of 7.1 years
(range: 0-32 years) from BMT. The 20-year cumulative
incidence of CHD was 5.45% � 0.39% (Supplemental
Figure 2A). Older age at BMT (HR: 1.04/y; 95% CI:
1.03-1.05), male sex (HR: 1.77; 95% CI: 1.35-2.34), diag-
nosis of chronic myelogenous leukemia (HR: 2.14; 95%
CI: 1.01-4.53), and pre-BMT chest radiation (HR: 2.28;
95% CI: 1.37-3.81) were associated with increased CHD
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TABLE 1 Demographic and Clinical Characteristics of BMT Survivors and Siblings

All Patients
(N ¼ 6,677)

Alive Patients
(n ¼ 3,876)

Deceased Patients
(n ¼ 2,801)

P Value
(Alive vs
Deceased)

Siblings
(n ¼ 1,341)

P Value
(Alive vs
Siblings)

Coronary heart disease 249 (3.7) 130 (3.4) 119 (4.3) <0.001 34 (2.5) 0.14

Age at study participation, y NA 52.0 � 17.27 NA NA 55.4 � 14.7 0.007

Year of BMT

In or before year 2000 2,556 (38.3) 1,431 (36.9) 1,125 (40.2) 0.007 — —

After 2000 4,121 (61.7) 2,445 (63.1) 1,676 (59.8) —

Sex

Male 3,891 (58.3) 2,167 (55.9) 1,724 (61.6) <0.001 530 (39.5) <0.001

Race/ethnicity

Non-Hispanic Whites 4,897 (73.3) 2,909 (75.1) 1,988 (71.0) <0.001 1,158 (86.4) <0.001

Hispanic 847 (12.7) 460 (11.9) 387 (13.8) 91 (6.8)

Black 442 (6.6) 189 (4.9) 253 (9.0) 32 (2.4)

Asian 339 (5.1) 210 (5.4) 129 (4.6) 35 (2.6)

Other 152 (2.3) 108 (2.8) 44 (1.6) 25 (1.9)

Education

# High school NA 856 (22.1) NA NA 161 (12.0) <0.001

Some college NA 1,380 (35.6) NA NA 451 (33.6)

College graduate NA 1583 (40.8) NA NA 719 (53.6)

Missing NA 856 (22.1) NA NA 10 (0.8)

Annual income

>$20,000 NA 2,905 (75.0) NA NA 1,123 (83.7) <0.001

#$20,000 NA 434 (11.2) NA NA 82 (6.11)

Missing NA 537 (13.9) NA NA 136 (10.1)

Health behaviors

Smoking, yes NA 1,301 (33.6) NA NA 432 (32.2) 0.37

Alcohol, yes NA 2,012 (51.9) NA NA 771 (57.5) <0.001

Age at BMT, y 43.9 � 17.7 49.7 � 15.0 37.7 � 18.1 <0.001 — —

Type of BMT

Allogeneic 3,232 (48.4) 2,067 (53.3) 1,165 (41.6) <0.001 — —

Autologous 3,445 (51.6) 1,809 (46.7) 1,636 (58.4) —

Indication for BMT

Non-Hodgkin lymphoma 1,544 (23.1) 954 (24.6) 590 (21.1) <0.001 — —

Acute myeloid leukemia/myelodysplasia 1,420 (21.3) 920 (23.7) 500 (17.9) —

Plasma cell dyscrasias 1,326 (19.9) 581 (15.0) 745 (26.6) —

Chronic myelogenous leukemia 586 (8.8) 367 (9.5) 219 (7.8) —

Hodgkin lymphoma 492 (7.4) 260 (6.7) 232 (8.3) —

Acute lymphoblastic leukemia 604 (9.1) 348 (9.0) 256 (9.1) —

Severe aplastic anemia 178 (2.7) 136 (3.5) 42 (1.5) —

Other 526 (7.9) 310 (8.0) 216 (7.7) —

Missing 1 (0) 0 (0) 1 (0) —

Stem cell source

Cord blood 370 (5.5) 261 (6.7) 109 (3.9) <0.001 — —

Peripheral blood stem cells 4,425 (66.3) 2,424 (62.5) 2,001 (71.4) —

Bone marrow 1,882 (28.2) 1,191 (30.7) 691 (24.7) —

Chronic graft-versus-host disease

Yes 1,795 (26.9) 1,049 (27.1) 746 (26.6) <0.001 — —

Select therapeutic exposures

Total body irradiationa 3,020 (45.4) 1,850 (47.8) 1,170 (42.1) <0.001 — —

Pre-BMT chest radiationb 216 (4.7) 140 (4.3) 76 (5.7) 0.048 — —

Pre-BMT anthracyclinesb 3,075 (66.8) 2212 (67.8) 863 (64.2) 0.018 — —

Conditioning intensity

Myeloablative conditioning 5,156 (77.8) 2,943 (75.9) 2,213 (79.0) <0.001 — —

Nonmyeloablative or reduced intensity conditioning 1,468 (22.2) 927 (23.9) 541 (19.3) —

Missing/other 53 (0.8) 6 (0.2) 47 (1.7) —

Body mass index, kg/m2 NA 26.26 � 5.8 NA NA 27.66 � 5.9 0.007

Continued on the next page
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TABLE 1 Continued

All Patients
(N ¼ 6,677)

Alive Patients
(n ¼ 3,876)

Deceased Patients
(n ¼ 2,801)

P Value
(Alive vs
Deceased)

Siblings
(n ¼ 1,341)

P Value
(Alive vs
Siblings)

Comorbiditiesc

Diabetes NA 486 (13.0) NA NA 62 (4.7) <0.001

Hypertension NA 1011 (29.3) NA NA 295 (23.2) <0.001

Dyslipidemia NA 860 (25.0) NA NA 275 (21.5) 0.014

Chronic kidney disease NA 157 (4.1) NA NA 60 (4.5) 0.56

Stroke NA 125 (3.2) NA NA 21 (1.6) 0.002

Arrhythmia NA 363 (9.6) NA NA 92 (6.9) 0.004

Venous thromboembolism NA 356 (9.3) NA NA 43 (3.2) <0.001

Values are n (%) or mean� SD. aTotal body irradiation information was missing for 24 participants (3 alive and 21 deceased participants). bPre-BMT treatment information was missing in 2,072 participants (in
615 alive and 1,457 deceased participants). cComorbidities information was missing in <5% participants.

— ¼ variables that were not relevant to siblings; BMT ¼ blood or marrow transplantation; NA ¼ not available.
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risk (Table 2). Among BMT recipients who were alive at
study participation, the 20-year cumulative incidence
of CHD (5.94% � 0.64%) was comparable to the entire
cohort (Supplemental Figure 3A). Similar to the overall
cohort, older age at BMT, male sex, and chest radiation
were associated with increased CHD risk (Table 2).

The cohort characteristics for autologous and
allogeneic BMT recipients are provided in
Supplemental Table 4. Importantly, autologous BMT
recipients were older at BMT and more likely to
receive pre-BMT chest radiation, myeloablative con-
ditioning, and PBSCs. Over half (55.5%) of the allo-
geneic BMT recipients carried a history of cGvHD. The
median length of follow-up was 8.2 years (range: 2-
FIGURE 1 Risk of CHD in BMT Survivors Compared to Siblings

Logistic regression analysis was used to compare the risk of coronary hea

with the sibling cohort and was adjusted for age, sex, race/ethnicity, educ

mass index, and comorbidities. BMT survivors were at 1.61-fold greater

autologous BMT survivors at 1.52-fold higher odds of CHD compared w
46.2 years) for allogeneic and 6.3 years (range: 2-35.6
years) for autologous BMT recipients. The 20-year
cumulative incidence of CHD was 4.61 � 0.51% for
allogeneic BMT recipients and 6.44 � 0.63% for
autologous BMT recipients (P < 0.001) (Supplemental
Figure 2B). Older age at BMT (HRallogeneic: 1.04/y; 95%
CI: 1.03-1.05; HRautologous: 1.04/y; 95% CI: 1.02-1.05)
and male sex (HRallogeneic: 1.80; 95% CI: 1.18-2.74;
HRautologous: 1.64; 95% CI: 1.14-2.35) were associated
with increased CHD risk (Supplemental Tables 5
and 6). Chest radiation was associated with
increased CHD risk in autologous BMT recipients
(HRautologous: 2.92; 95% CI: 1.73-4.92); for every 10-Gy
increase in dose of chest radiation, the risk of CHD
rt disease (CHD) in bone or marrow transplantation (BMT) survivors

ation, annual household income, smoking and alcohol history, body

odds of CHD; allogeneic BMT survivors were at 2.07-fold and

ith siblings.
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TABLE 2 Risk Factors Associated With Coronary Heart Disease in BMT Recipients

All BMT Recipients (Alive and Deceased)
Parsimonious Modela

All BMT Recipients
Parsimonious Modela

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

Age at BMT

Per year increase in age 1.04 1.03-1.05 <0.001 1.05 1.03-1.06 <0.001

Sex (ref: female)

Male 1.77 1.35-2.34 <0.001 1.80 1.22-2.64 0.003

Smoking at BMT (ref: no)

Current or past smoking — — — 1.54 1.08-2.20 0.018

Comorbidities (ref: absence of specific comorbidity)

Diabetes — — — 1.76 1.15-2.69 0.009

Hypertension — — — 1.52 1.04-2.22 0.029

Dyslipidemia — — — 1.83 1.23-2.72 0.003

Primary cancer diagnosis (ref: acute lymphoblastic
leukemia)

Chronic myelogenous leukemia 2.14 1.01-4.53 0.046 NR NR NR

Non-Hodgkin lymphoma 1.46 0.71-3.00 0.30 NR NR NR

Acute myeloid leukemia/myelodysplasia 1.69 0.82-3.47 0.15 NR NR NR

Plasma cell dyscrasias 1.21 0.58-2.53 0.61 NR NR NR

Hodgkin lymphoma 2.01 0.93-4.36 0.078 NR NR NR

Severe aplastic anemia 1.99 0.67-5.89 0.21 NR NR NR

Other 0.56 0.12-2.67 0.47 NR NR NR

Pre-BMT chest radiation (ref: no chest radiation)

Yes chest radiation 2.28 1.37-3.81 0.002 3.26 1.73-6.14 <0.001

aPotential covariates examined in univariable analysis included age at BMT, sex, race/ethnicity, cancer type, BMT type (allogeneic vs autologous), stem cell source, disease
status, and therapeutic exposures (total body irradiation, conditioning intensity, and pre-BMT chemotherapy and radiation) in all participants. In addition, the following po-
tential covariates were examined among alive participants: education, annual household income, comorbidities (diabetes, hypertension, dyslipidemia, chronic kidney disease,
venous thromboembolism, arrhythmia, stroke, and relapse of primary cancer or secondary neoplasm), body mass index at the time of survey, and health behaviors (smoking and
alcohol use). Multivariable analysis was obtained using covariates with P < 0.10 in the univariable analysis; we then obtained a parsimonious model using backward variable
selection using covariates with P < 0.10 in multivariable analysis. Only risk factors that are statistically significant are shown in this table.

— ¼ variables that were not included in the model including all BMT recipients because there was no information on comorbidities and health behaviors for the deceased
patients; BMT ¼ blood or marrow transplant; NR ¼ variable was not retained in the parsimonious model in alive BMT recipients.
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increased by 21% (HRautologous: 1.21; 95% CI: 1.11-1.30;
P < 0.001). Among patients who were alive at study
participation, the 20-year cumulative incidence of
CHD was similar to the entire cohort (4.13% � 0.68%
for allogeneic and 8.83% � 1.31% for autologous BMT
survivors; P < 0.001) (Supplemental Figure 3B). Risk
factors by BMT type in alive patients are shown in
Supplemental Tables 7 and 8 and were comparable to
those for the entire cohort.

ROLE OF CVRFs IN THE RISK OF CHD. The role of
CVRFs was evaluable only among those who were
alive at study participation because the source of this
information was from self-report. Diabetes (HR: 1.76;
95% CI: 1.15-2.69), hypertension (HR: 1.52; 95% CI:
1.04-2.22), dyslipidemia (HR: 1.83; 95% CI: 1.23-2.72),
and smoking (HR: 1.54; 95% CI: 1.08-2.20) were
associated with increased CHD risk (Table 2). When
examining by BMT type, diabetes (HRallogeneic: 1.89;
95% CI: 1.02-3.48), hypertension (HRallogeneic: 3.25;
95% CI: 1.74-6.06), smoking (HRautologous: 1.78; 95%
CI: 1.12-2.84), and dyslipidemia (HRautologous: 1.69;
95% CI: 1.02-2.79) were associated with increased
CHD risk (Supplemental Tables 7 and 8). The 20-year
cumulative incidence of CHD was 14.7% � 3.5% for
those with at least 1 CVRF at BMT compared with 4.9
� 0.6% among those without CVRFs (P < 0.001)
(Figure 2A). Similar findings were observed when
examining this risk by BMT type. The 20-year cumu-
lative incidence of CHD was 12.9% � 4.2% vs 3.3% �
0.7% (P < 0.001) among allogeneic BMT survivors
(Figure 2B) and 15.6% � 6.4% vs 7.6% � 1.3% (P <

0.001) among autologous BMT survivors with and
without CVRFs, respectively (Figure 2C). These esti-
mates were similar when CVRFs were assessed at 2
years after BMT (results not shown). Both pre-BMT
CVRFs and new-onset CVRFs after BMT were associ-
ated with increased CHD risk as shown in
Supplemental Table 9.

RISK PREDICTION NOMOGRAM FOR CHD IN BMT

SURVIVORS. We created a risk prediction nomogram
for CHD in alive participants including all variables
significantly associated with CHD in the association
analyses (Central Illustration); comorbidities and
health behaviors were considered as risk factors if
present at the time of BMT. The final model for CHD
risk applied at BMT included age at BMT (HR: 1.06/y

https://doi.org/10.1016/j.jaccao.2023.03.013
https://doi.org/10.1016/j.jaccao.2023.03.013
https://doi.org/10.1016/j.jaccao.2023.03.013
https://doi.org/10.1016/j.jaccao.2023.03.013
https://doi.org/10.1016/j.jaccao.2023.03.013
https://doi.org/10.1016/j.jaccao.2023.03.013


FIGURE 2 CHD Incidence in BMT Survivors With and Without CVRFs

CVRFs included diabetes, hypertension, and dyslipidemia. (A) CHD incidence in alive BMT survivors by CVRFs. Cumulative incidence of CHD is

shown in alive BMT survivors with (blue) and without (orange) CVRFs at BMT. (B) CHD incidence by CVRFs in alive allogeneic BMT survivors.

The cumulative incidence of CHD is shown in alive allogeneic BMT survivors with (blue) and without (orange) CVRFs at BMT. (C) CHD incidence

by CVRFs in alive autologous BMT survivors. The cumulative incidence of CHD is shown in alive autologous BMT survivors with (blue) and

without (orange) CVRFs at BMT. Abbreviations as in Figure 1.

Continued on the next page
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increase in age; 95% CI: 1.04-1.08), male sex (HR:
1.89; 95% CI: 1.15-3.11), history of smoking (HR: 1.61;
95% CI: 1.01-2.58), diabetes (HR: 2.45; 95% CI: 1.23-
4.89), hypertension (HR: 2.02; 95% CI: 1.15-3.54),
arrhythmia (HR: 1.90; 95% CI: 0.89-4.06), and pre-
BMT chest radiation (yes vs no: HR: 2.83; 95% CI:
1.20-6.67; unknown vs no: HR: 0.88; 95% CI: 0.34-
2.28) (Supplemental Table 10). The C-statistics were
0.80 (95% CI: 0.74-0.83) for the training set and 0.77
(95% CI: 0.70-0.83) in the test set. The goodness-of-fit
statistics had a P value of 0.29, indicating the model
was well calibrated when comparing observed and
predicted values. Using the variables from the risk
prediction model, we developed a nomogram to pro-
vide a precise and simple CHD risk analysis tool for
each individual. The nomogram is characterized by
1 scale corresponding to each variable, a score scale, a
total risk score scale, and a CHD rate scale that shows
CHD probability at 10 years and 20 years after BMT
(Figure 3A). Using the nomogram, the probability of
developing CHD in a hypothetical male patient who
underwent BMT at 60 years with a history of diabetes
and pre-BMT chest radiation would be 30% at 10 years
and 72% at 20 years (Figure 3B).

DISCUSSION

In this cohort of BMT recipients who had survived $2
years, the 20-year cumulative incidence of CHD was
5.5%. Allogeneic BMT survivors were at 2.1-fold and

https://doi.org/10.1016/j.jaccao.2023.03.013


FIGURE 2 Continued
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autologous BMT recipients at 1.5-fold higher odds of
developing CHD compared with non-BMT controls.
Older age at BMT, male sex, history of diabetes, hy-
pertension, smoking, arrhythmia, and pre-BMT chest
radiation were associated with increased CHD risk.
These variables were used to create a nomogram to
predict the individual risk of CHD.

Chest radiation predisposes to atherosclerosis.24-26

Comorbidities such as hypertension, dyslipidemia,
and diabetes further increase the risk of cardiovas-
cular disease (CVD).6,12,13,27 In 548 BMT survivors,
Tichelli et al28 observed 20 patients with arterial
events (CHD, stroke, or peripheral vascular disease),
yielding a 15-year cumulative incidence of 6%; the
incidence was higher in older patients and those
with CVRFs.28 In a previous BMTSS report in allo-
geneic BMT recipients, although the prevalence of
CVRFs was high, <2% developed arterial events,
likely because of a younger patient population and
a shorter follow-up.13 With 249 post-BMT CHD
events, the current study is the largest to analyze
CHD risk in long-term BMT survivors to our
knowledge.
In a previous study, the risk of CVD was higher
after allogeneic BMT with a 15-year cumulative inci-
dence of 7.5% vs 2.3% after autologous BMT.11 This
study compared the risk of CVD in 365 allogeneic BMT
survivors with 145 autologous BMT survivors and
included cerebrovascular disease, CHD, and periph-
eral vascular disease in the outcome, with only
10 patients with CHD. The median age at BMT was
27 years for allogeneic and 44.5 years for autologous
BMT survivors, which is lower than our study popu-
lation. In our study, the risk of CHD was higher in
autologous BMT survivors and is mediated by older
age of autologous BMT survivors compared with
allogeneic BMT survivors; older age was associated
with CHD risk in both groups. However, allogeneic
BMT recipients had a higher magnitude of CHD risk
than autologous when compared with siblings in
the adjusted analysis. In the general
population <50 years of age, the incidence of CHD is
higher in men compared with women.29 The median
age at BMT was 43.9 years, and the younger study
population partly explains the elevated risk of CHD in
men in our study. Age is an independent risk factor



FIGURE 2 Continued
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for CHD30 and is incorporated in the Framingham risk
score and the pooled cohort equations for CVD risk
assessment.31,32 Aging is also associated with the
acquisition of modifiable CVRFs that contribute to
CVD risk. Furthermore, the presence of CVRFs ac-
centuates age-associated CVD risk, and the absence of
these risk factors results in a reduction of CVD risk.2 A
previous study comparing the risk of CVD in 1-year
BMT survivors with the general population showed
a high risk of CVRFs, including hypertension, dysli-
pidemia, diabetes, and smoking (all independent risk
factors for CHD).14,15 A CVD risk prediction model
developed by Armenian et al33 focused on both heart
failure and CHD as a CVD outcome; a smaller number
of CHD events (n ¼ 43) and the inclusion of
anthracycline-related heart failure in the same model
presented an opportunity for a risk prediction model
focusing only on CHD in a larger sample size with
extensive information on sociodemographics, thera-
peutic exposures, dose of chest radiation, and
comorbidities. Chest radiation is associated with
atherosclerosis and CHD risk because of sustained
inflammation.9,34 Similar to cancer survivors treated
with conventional (non-BMT) treatments,35,36 we
found a dose-dependent association between chest
radiation and CHD. We did not find an association
between TBI or cGvHD and CHD risk.

The Center for International BMT Research and the
European Group for BMT Late Effects Working Group
guidelines provide consensus recommendations for
screening and management of CVRFs and CVD in BMT
recipients.37 They acknowledge that the low inci-
dence of CHD in BMT survivors is likely caused by
under-reporting because of attrition in long-term
survivors. They recommend a similar approach for
CHD assessment as in the general population. How-
ever, the recommendations for the general popula-
tion do not account for factors that place BMT
survivors at high risk for CHD. Jain et al38 have pre-
viously shown that the Framingham risk score is an
ineffective screening strategy and underestimates
CHD compared with the coronary artery calcium score



CENTRAL ILLUSTRATION Risk Prediction Nomogram for Coronary Heart Disease After Blood or
Marrow Transplantation

Gangaraju R, et al. J Am Coll Cardiol CardioOnc. 2023;5(4):504–517.

Older age at blood or marrow transplantation (BMT), male sex, pre-BMT comorbidities, smoking, and chest radiation increase the risk of

coronary heart disease (CHD) and can be used to predict CHD probability at 10 years and 20 years after BMT using the nomogram.
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in allogeneic BMT survivors. Our nomogram to
determine individual CHD risk is easy to use and
could guide surveillance for the detection of CHD
early in the course of BMT and identify patients who
can be referred for computed tomography angiog-
raphy or estimation of the coronary artery calcium
score such that targeted interventions can be applied.
Healthy lifestyle attenuates the CVD risk associated
with BMT,15 underscoring the importance of diet and
physical activity interventions. Clinical trials evalu-
ating the role of screening for CVRFs, aggressive
management of modifiable CVRFs, screening stress
tests among older patients who received chest
radiation, and the role of antiplatelet therapies and



FIGURE 3 Risk Prediction Nomogram to Determine the Risk of CHD After BMT

(A) The risk prediction nomogram for post-BMT CHD. The nomogram is characterized by 1 scale corresponding to each variable, a score scale, a total risk score scale, and

a CHD rate scale that shows CHD probability at 10 years and 20 years after BMT. (B) The risk prediction nomogram for calculating CHD risk in a hypothetical patient.

CHD probability estimation: a line is drawn from the value of each category to the score line. Age at BMT 60 years, score ¼ 75; male sex, score ¼ 14; history of diabetes

at BMT, score ¼ 20; and pre-BMT chest radiation, score ¼ 25. The points are then added to determine the total score (134), and a line is drawn downward from the

total points scale to find the CHD rate at 10 years (30%) and at 20 years (72%).
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statins for primary CHD prevention are of utmost
importance in this population.

STUDY STRENGTHS AND LIMITATIONS. The current
study used a large population of BMT recipients with
a long follow-up. Siblings served as a comparison
cohort, representing the general population. We were
able to assess the impact of pre-BMT and BMT-related
therapeutic exposures in addition to sociodemo-
graphics, chronic health conditions, and health be-
haviors as risk factors for CHD. Because our study
relied on self-report, we could not capture complete
details regarding clinical presentation and laboratory
abnormalities at the time of CHD development.
Although BMTSS collected information regarding
medications, the exact time period for medication use
such as antihypertensives was not available and not
included in the analytical models. Furthermore, recall
bias is a limitation because the survey was adminis-
tered at a single time point several years after BMT.
However, we have shown that BMT survivors are able
to report adverse medical conditions with accuracy.39
Furthermore, because the non-BMT comparison
group also provided self-reported data, there should
not be systematic differences by case or control sta-
tus. Other known risk factors for CHD such as family
history were not assessed. Our intention was to
determine the risk of CHD in long-term BMT survi-
vors, and BMT recipients who died within the first
2 years were not included in the analysis, potentially
resulting in an underestimation of CHD risk after
BMT, if fatal CHD events occurred during the first
2 years. In addition, our study included only CHD
events confirmed by percutaneous coronary inter-
vention or coronary artery bypass surgery, and we
may have excluded subclinical or milder cases of
CHD. The CHD outcome was assigned differently for
alive BMT survivors and deceased participants;
however, both had a similar frequency of CHD events
(3.35% vs 4.25%). Our study included BMT recipients
from 1974 to 2014, and we acknowledge that trans-
plant practices have changed over time, which may
impact the risk of CHD. This risk model needs to be
validated in independent cohorts.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: BMT survivors

have an increased risk of CHD compared with a sibling compari-

son group without cancer. Older age at BMT, male sex, cardio-

vascular risk factors, and prior chest radiation increase the risk of

CHD. We developed a nomogram to provide a precise and simple

CHD risk analysis tool for each individual, which, with further

study, can be applied in BMT survivorship or primary care clinics.

TRANSLATIONAL OUTLOOK: Given the elevated risk of CHD,

older BMT survivors with cardiovascular risk factors and those

exposed to pre-BMT chest radiation should be considered for

enhanced screening and aggressive control of cardiovascular risk

factors.
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CONCLUSIONS

These limitations notwithstanding, we showed that
BMT survivors are at 61% higher odds of CHD
compared with a control group, suggesting a need for
increased awareness. Older age at BMT, male sex, and
CVRFs are independent risk factors for CHD. Pre-BMT
chest radiation further increases this risk in autolo-
gous BMT survivors. It is particularly important to
understand CHD risk in long-term BMT survivors
because of the long latency for development and
proven efficacy of early intervention through lifestyle
modifications and control of CVRFs.
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