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Abstract

PURPOSE—To better understand the combined effects of pre-transplant, transplant, and post-
transplant factors in determining risks of serious cardiovascular disease following hematopoietic
cell transplantation (HCT).

METHODS—Hospitalizations and deaths associated with serious cardiovascular outcomes were
identified among 1,379 Washington State residents who received HCT (57% allogeneic; 43%
autologous) at a single center from 1985-2005, survived >2 years, and followed through 2008.
Using a nested-case-cohort design, relationships (hazard ratios, HR) between potential risk factors
and outcomes were examined among affected survivors and a randomly selected sub-cohort
(n=509).

RESULTS—After 7.0 years median follow-up (range 2.0-23.7), the 10-year cumulative
incidence of ischemic heart disease, cardiomyopathy, stroke, and all-cause cardiovascular death
was 3.8%, 6.0%, 3.5%, and 3.7%, respectively. In multivariable analysis, increased pre-transplant
anthracyclines was associated with cardiomyopathy. Active chronic graft vs. host disease was
associated with cardiovascular death (HR 4.0, 95% CI 1.1-14.7); risk was otherwise similar
between autologous vs. allogeneic HCT recipients. Independent of therapeutic exposures, pre-
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transplant smoking, hypertension, dyslipidemia, diabetes, and obesity conferred additional risk of
all outcomes except stroke (HR =1.5 for each additional risk factor, p<0.03). Hypertension and
dyslipidemia at one year with persistence of these conditions two or more years following HCT
also were associated with independent risks of multiple outcomes.

CONCLUSION—Hematopoietic cell transplant survivors with pre-existing or newly developed
and persistent cardiovascular risk factors remain at greater risk of subsequent serious
cardiovascular disease compared with other survivors, independent of chemo- and radiotherapy
exposures. These survivors should receive appropriate follow-up and be considered for primary
intervention.

INTRODUCTION

More than 60,000 patients receive some form of allogeneic or autologous hematopoietic cell
transplantation (HCT) annually worldwide(1). Although chronic graft versus host disease
(GVHD) and disease recurrence remain the leading causes of mortality in long-term HCT
survivors(2-4), investigators have recognized the increased risk of long-term cardiovascular
and other morbidities in HCT survivors compared with the general population(5-11).
Although many HCT recipients receive chemo- and radiotherapies that affect cardiovascular
health before HCT, few studies have examined the influence of pre-transplant exposures in
combination with transplant-related factors(12-14).

The goal of this nested case-cohort study was to measure the relative contributions of
selected pre-transplant therapeutic exposures and known cardiovascular risk factors (obesity,
hypertension, dyslipidemia, diabetes, smoking) in combination with transplant and
posttransplant exposures in determining subsequent risk of ischemic heart disease,
cardiomyopathy/heart failure, stroke, and all-cause cardiovascular death among =2-year
HCT survivors. Specifically, we wanted to investigate the importance of early
manifestations of posttransplant obesity, hypertension, dyslipidemia, and diabetes. This
information would inform the development of more appropriate screening and intervention
among HCT survivors, including earlier identification of at-risk patients(15;16).

METHODS

Patient Population and Outcomes Ascertainment

The original cohort and method for outcomes ascertainment have been described
previously(9). Briefly, eligible HCT recipients were Washington State residents treated at
the Fred Hutchinson Cancer Research Center (FHCRC) from 1985-2005 and alive =2 years
post-HCT (n=1,405). FHCRC is a National Cancer Institute-designated comprehensive
cancer center and the only accredited institution that performs allogeneic HCT in
Washington State. Study procedures were approved by the institutional review boards at
FHCRC and the Washington State Department of Health. After excluding residents who
emigrated out-of-state within 2 years after HCT (h=19) and those who withdrew consent for
future research (n=7), 1,379 survivors were available for analysis.

Primary outcomes (Table S1) were ischemic heart disease (acute myocardial infarct,
coronary artery bypass/angioplasty or related therapeutic interventions, atherosclerotic heart

Biol Blood Marrow Transplant. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Chow et al.

Page 3

disease, and angina/chronic ischemic heart disease), cardiomyopathy/heart failure (including
need for heart transplant/assist device), stroke (cerebrovascular accident, intracranial
hemorrhage, transient ischemic attack, brain/neck endarterecteomy/angioplasty or related
interventions), and any cardiovascular death occurring =2 years after the index HCT, as
ascertained by the state hospital discharge registry and the state death registry through
December 31, 2008. The hospital discharge registry included all discharges from non-
Federal facilities state-wide, with up to 9 diagnosis and 5 procedure codes (International
Classification of Diseases-9t" revision, ICD-9) per hospitalization. The death registry
records the primary and up to 6 contributing causes of death (ICD-10) and includes deaths of
Washington residents who die in neighboring states. FHCRC records, including health
surveys mailed annually to all HCT survivors, also were reviewed since cardiomyopathy/
heart failure may present less acutely and not be associated with hospitalization compared
with our other outcomes of interest. This review identified 3 additional residents with
clinically documented heart failure not ascertained by administrative data. Persons could
experience more than one outcome, but only the first occurrence for any given outcome was
counted.

Nested Case-Cohort Study

Given limited resources and the detailed medical record review required for exposure
assessment, we used a nested case-cohort study design. In contrast to a nested case-control
study, this design allows for analyses of multiple outcomes while using only a representative
subset of the entire cohort without need to select different comparison groups for each
outcome(17). A subset of the cohort (n=509 out of 1,379) was randomly selected to provide
approximately 10 comparison subjects per case; comparison subjects do not need to be
selected on the basis of any a priori matching criteria in a case-cohort study(17). In the
analysis of each outcome, we used this randomly selected sub-cohort plus all additional
subjects within the overall cohort who developed the specific outcome of interest. Thus, the
numbers available for analysis varied for different outcomes, ranging from 525 for stroke to
544 for cardiomyopathy (Figure 1). Overall, records of 629 survivors were reviewed in
detail. Subjects with a history of ischemic heart disease (n=11), cardiomyopathy (n=9), or
stroke (n=5) before HCT were excluded from the analysis of each respective outcome.

Exposure Ascertainment

Pre-transplant exposures ascertained from medical records included anthracyclines,
radiotherapy, smoking history (never, any, and current), and baseline medication use for
hypertension, dyslipidemia, or diabetes. Anthracycline doses were converted to the
equivalent doxorubicin dose: daunorubicin*0.83, epirubicin*0.67, idarubicin*5, and
mitoxantrone*4(18). Radiotherapy records were abstracted and exposures classified by the
body area exposed: brain, chest, and abdomen/pelvis. Fields that spanned multiple body
areas, e.g. spine (chest, and/or abdomen/pelvis depending on extent), had all relevant areas
coded as exposed.

Self-reported race/ethnicity, clinically-recorded body mass index (BMI) at the time of
transplant, and selected transplant-related exposures (donor type, stem cell source, and
conditioning regimen including total body or lymphoid irradiation) were obtained from the
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FHCRC transplant database. BMI was categorized as <18.5, 18.5-24, 25-29, and =30
kg/m2, corresponding to underweight, normal, overweight, and obese, respectively. For
subjects age 2—20 years, we used corresponding categories based on age- and sex-
standardized BMI percentiles(19). All radiotherapy records were reviewed (by EC and KW)
and the cumulative average cardiac dose from all pre-transplant and transplant-related
exposures was estimated based on available treatment records and comparison to sex and
body size matched recreated 3-dimensional radiation plan models(20).

Post-transplant exposures such as duration of systemic immunosuppressive therapy for
chronic GVHD, BMI at 1-year post-HCT, and use of medications for hypertension,
dyslipidemia, and diabetes throughout the entire post-HCT period were abstracted from the
medical records. We also examined available total cholesterol, triglyceride, and glucose
values one year after HCT among patients who returned to FHCRC for follow-up; these are
typically requested to be fasting.

Statistical Analysis

Chi-square and Wilcoxon rank sum tests were used to test for differences among proportions
and non-normally distributed continuous outcomes. We used multivariable proportional
hazards models to calculate hazard ratios (HRs) and 95% confidence intervals (Cl) for each
of the 4 outcomes, starting two years after HCT. Primary models adjusted for demographic
characteristics (sex, age at and year of HCT, and non-Hispanic White race/ethnicity vs.
other); anthracycline dose (none, <200, 200-299, =300 mg/m?); cardiac radiation dose
including total body irradiation (TBI; <1, 1-19, 220 Gy); any radiotherapy exclusive of TBI
to the brain or abdomen/pelvis (yes/no); TBI dose separately (<10/=10 Gy); donor type
(autologous, related allogeneic, unrelated allogeneic); chronic GVHD (none, active,
resolved); and any relapse of one’s primary disease following HCT (yes/no). Relapse and
chronic GVHD were modeled as separate time-dependent covariates. In lieu of cardiac
radiotherapy dose, any chest radiotherapy other than TBI also was examined with similar
results.

Secondary models examined any additional influence of the following pre-HCT factors
added to the primary models: BMI at time of HCT (normal/underweight, overweight,
obese), current smoking (yes/no), and medications for hypertension, dyslipidemia, or
diabetes (each yes/no). The influence of BMI one year post-transplant also was examined,
along with post-transplant use of medications for hypertension, dyslipidemia, and/or
diabetes as time-dependent covariates. Given our case-cohort study design, we used robust
variance estimators for all models(21). For the 4 outcomes we examined, we only counted
the first occurrence of that specific outcome; follow-up was otherwise censored at December
31, 2008, or when patients migrated out-of-state. Death from causes other than the specific
outcome being examined was treated as a competing risk event(22). Given the possibility of
introducing bias and losing precision with overly adjusted models, we also examined
simpler models with at least 5 events per covariate, with overall similar results(23).
Analyses were performed using Stata, version 12 (StataCorp, College Station, TX).
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Baseline demographic and HCT-related characteristics were similar between the full study
cohort and the randomly selected sub-cohort (Table 1). Among the sub-cohort, the median
age at time of HCT was 40 years (range 0-69) with median follow-up 7.0 years (range 2.0—
23.7). After accounting for out-of-state migration >2-years post-HCT (n=17) and death
(n=144), 348 subjects (68.4%) remained alive as of 12/31/2008. Most sub-cohort subjects
were treated for hematologic malignancies (80.6%), and most had received prior alkylating
agents (54.5%) or anthracyclines (70.2%), although few had received any radiotherapy
before HCT (e.g. 10.4% prior chest exposure). Most received an allogeneic transplant
(57.2%), with 60.1% requiring subsequent systemic immunosuppressive therapy for chronic
GVHD. Nearly half (48.9%) received some form of TBI-based conditioning for HCT; all
TBI doses were fractionated. Inclusive of TBI, 8.5% of the sub-cohort received an average
of 1-9 Gy to the heart, 45.2% received 10-19 Gy, 2.6% received 20-29 Gy, and 2.0%
received 230 Gy.

Between time of transplant and one year later, rates of obesity and use of lipid-lowering
medications remained stable (22.9% vs. 21.0% and 3.0% vs. 2.8%, respectively; Table 2),
but use of antihypertensives and diabetes medications was much more frequent at 1-year
post-HCT (6.7% vs. 19.6% and 4.1% vs. 12.9%). The proportions of survivors on
hypertension and lipid-lowering medications increased further by time of last follow-up,
although 34 of 65 patients on diabetes medications at 1-year post-HCT had discontinued
treatment by time of last follow-up. Rates of chronic GVHD did not differ significantly
among subjects who discontinued treatment for hypertension, dyslipidemia, and diabetes
between one year and last follow-up compared with those who remained on treatment (data
not shown).

Among survivors with data available one year after HCT, 10.8% (29 of 268) had glucose
>126 mg/dl, and the proportions with total cholesterol =240 mg/dl and triglyceride =150
mg/dl were even greater (28.2% and 58.0%, respectively; n=241). The proportions were
similar after excluding patients taking diabetes and/or lipid-lowering medications: 8.6%,
28.5%, and 57.8%, respectively. Overall, subjects with laboratory data were more likely to
have been transplanted in more recent years, and to reflect the population more likely to
return to the transplant center for an in-person evaluation (allogeneic vs. autologous HCT,
and among allogeneic recipients, those with a history of chronic GVHD).

Overall, 135 individuals (9.8%) experienced at least one of the serious cardiovascular
complications ascertained by this study. The 10-year cumulative incidence of serious
cardiovascular disease associated with hospitalization/death ranged from 3.5% (stroke) to
6.0% (cardiomyopathy; Figure 1). The median time from HCT to onset of these
complications was 5.0 years (range 2.0-20.7).

In multivariable analyses, increased anthracycline dose was associated with cardiomyopathy
(Table 3). Radiotherapy, including cardiac radiation, was not significantly associated with
any adverse outcome although estimates were imprecise. Among transplant-related
exposures, having active chronic GVHD was associated with an increased risk of
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cardiovascular death (HR 4.0, 95% CI 1.1-14.7) although the relative hazard was attenuated
after GVHD resolution. Nine of the 12 cardiovascular deaths among individuals with active
chronic GVHD listed codes consistent with underlying/chronic heart disease. Finally, any
history of original disease relapse after HCT was associated with a significantly increased
risk of all cardiovascular complications except ischemic heart disease, suggesting that
relapse may be acting as a surrogate marker for additional cardiotoxic exposures.

Increased HRs were observed for most pre-transplant cardiovascular risk factors (smoking,
obesity, hypertension, diabetes) although individual confidence intervals did not meet
statistical significance (Table 4). However, having an increasing number of these adverse
risk factors pre-transplant was associated with all subsequent cardiovascular complications
(HR =1.5 for each additional risk factor, p<0.03) except stroke. Estimates were similar even
if smoking status was not counted.

Having an increased number of these risk factors at 1-year remained predictive of
subsequent ischemic heart disease (HR 1.7, 95% CI 1.1-2.7; Table 4). Compared with pre-
transplant estimates, HRs for multiple risk factors at 1-year associated with cardiovascular
death and cardiomyopathy became attenuated. However, when only subjects who had
persistent conditions (i.e. present both at 1-year and at last follow-up) were classified as
exposed, the magnitude of resulting associations was increased, more similar to the effect of
having these conditions before HCT (Table S2).

Since most survivors with abnormal glucose, cholesterol, and triglyceride values one year
after HCT did not appear to be receiving targeted treatment, we also examined whether
subjects who developed subsequent adverse cardiovascular complications would have
different values compared with those who were unaffected and alive at last follow-up (Table
S3). Excluding subjects receiving concurrent lipid-lowering or diabetes medications, those
who developed cardiovascular disease generally had greater total cholesterol and
triglyceride median values. This was most marked for ischemic heart disease (triglyceride
280 vs. 160 mg/dL [3.16 vs. 1.81 mmol/L], p=0.03; cholesterol 213 vs. 195 mg/dL [5.52 vs.
5.05 mmol/L], p=0.06).

Hypertension and diabetes at >2-years post-HCT remained important predictors of
subsequent cardiovascular disease (Table 4). Hypertension was significantly associated with
increased risks of ischemic heart disease and cardiomyopathy (HRs >2.8, p<0.01) whereas
diabetes was associated with an increased risk of all-cause cardiovascular mortality and
ischemic heart disease (HRs =2.8, p<0.05). Risk estimates for dyslipidemia were not
statistically significant, although they generally indicated increased risk. In these time-
dependent models, we did not observe any secular effect associated with any of our
outcomes, except for a decreased risk of cardiovascular death among patients transplanted in
later years (HR 0.3-0.4 for 1990-1999 and 2000-2005 compared with pre-1990, p<0.05).

DISCUSSION

Our prior analysis compared the incidence rates of major cardiovascular complications
among this cohort of greater than 1,300 HCT survivors with a matched general population
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sample from the same geographic region(9). In that study we found that HCT survivors had
a significantly greater cumulative incidence of cardiovascular complications including
conditions such as hypertension, dyslipidemia, and diabetes. That study was limited by lack
of information on pre-transplant treatment and the temporal relationship of hypertension,
dyslipidemia, and diabetes on subsequent risk of cardiovascular disease. We extended that
work here by additionally considering important therapeutic and non-therapeutic exposures
along the entire treatment continuum, including detailed ascertainment of chronic GVHD,
hypertension, dyslipidemia, and diabetes status over time. Our results underscore the
important continued influence of conventional risk factors on subsequent cardiovascular
disease among heavily-treated HCT survivors, and provide further insight into subsets of
survivors who may benefit from additional intervention and prevention strategies.

Among pre-transplant therapeutic exposures, our results confirm the known association
between greater anthracycline dose and cardiomyopathy(12;24;25). Similar to some other
studies of HCT survivors, no associations between cardiac radiotherapy and subsequent
cardiomyopathy(12;24) or other cardiovascular complications(5;7) were observed. These
results contrast with the well-documented dose-response associations reported in other
studies of HCT and non-transplant cancer survivors(13;14;26-28). However, most irradiated
survivors in our study received relatively low cardiac exposure (<5% of our sub-cohort
received =20 Gy to the heart) and our median follow-up also was relatively short. Both
factors likely limited our ability to detect significant differences.

There was no difference in risk of cardiovascular outcomes between autologous or
allogeneic recipients after accounting for other treatment exposures and chronic GVHD
status. However, having active chronic GVHD was associated with an increased risk of
cardiovascular death. Chronic GVHD, as a chronic inflammatory condition has been
hypothesized to contribute to atherosclerotic disease(11;29), and importantly,
immunosuppressants used to treat GVHD (e.g. glucocorticoids, calcineurin inhibitors,
sirolimus) often have cardiovascular side effects including hypertension, insulin resistance,
renal dysfunction, and dyslipidemia(30). In other studies, even after accounting for effects of
active chronic GVHD and/or its treatment, allogeneic HCT survivors still appear to have an
increased risk of developing hypertension, dyslipidemia, and diabetes which predispose
towards more serious cardiovascular disease compared with other cancer survivors or the
general population(6;11;14;31-34).

However, data from our study and others have shown that although these cardiovascular risk
factors develop frequently after HCT, especially following allogeneic transplant, it appears
that many HCT survivors do not receive specific treatment for these conditions(32;35;36).
Our reliance on medication status to define cardiovascular risk factors in this study likely
underestimates the true prevalence of these conditions. This may be because clinicians
believe that these conditions often improve within 2 years among some transplant recipients,
especially after patients are tapered off chronic immunosuppression agents (e.g.
corticosteroids, calcineurin inhibitors, sirolimus) which not infrequently have hypertension,
glucose-intolerance, and dyslipidemia as medication side-effects(37). This may also explain
why our estimates examining the influence of these risk factors (as classified by medication
status) at 1-year post-transplant tended to be less strongly associated with future morbidity
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compared with the presence of risk factors before transplantation or at =2 years. Although
we did not observe a significant secular effect for most of the outcomes we studied, practice
patterns with respect to the monitoring and treatment of cardiovascular risk factors have
likely evolved to some degree over the 20+ years covered by this study(36).

Persistence of these cardiovascular risk factors for longer periods is clearly important. Long-
term HCT survivors who develop serious cardiovascular complications have been shown to
be more likely to be smokers, and/or have hypertension, dyslipidemia, or diabetes at last
follow-up(7;9;11;13;24). The combined effect of cardiotoxic cancer treatment exposures and
subsequent development of conventional cardiovascular risk factors may be more than
additive(38). However, our study was not sufficiently large enough to reliably assess these
interaction effects. Our results and those of others also demonstrate that survivors with
preexisting cardiovascular conditions are at greater risk(5;13;37). Greater cumulative steroid
exposure also has been identified as a risk factor for persistent diabetes beyond 2 years(37).
Since the median interval between transplant and a more serious complication was only 5
years among our cohort of =2 year survivors, the window of opportunity for intervention and
control of cardiovascular risk factors may be limited. As it remains difficult for clinicians to
easily predict in advance which patients with cardiovascular risk factors present one year
after HCT will have persistent conditions, more aggressive screening and treatment early on
may be indicated. Prospective studies also are needed to determine whether standard
interventions provide the same level of risk reduction as seen in the general
population(36;39).

Ascertainment of late adverse effects many years after HCT poses a challenge because many
survivors may no longer communicate with, or receive care at their original transplant
center(40). Our use of administrative datasets minimized the influence of these response and
survival biases. Although our results are based on patients transplanted at one center, the
broad range of years covered, ascertainment of outcomes from state registries similar in
design to those available in many other states, and consideration of multiple exposures
similar to those received by HCT patients elsewhere should permit generalization of our
relative risk estimates. Prevalence estimates should be interpreted in the context that
regional differences in cardiovascular health have been well-described, with Washington
State in general having average indices of cardiovascular health compared with the nation
at-large(41). Although our numbers of each specific cardiovascular outcome were not large
in absolute terms, limiting our power to detect smaller effects, to our knowledge this study
still represents the one of the largest compilation of serious cardiovascular events among
HCT survivors published to date.

In general, the specificity of hospitalization administrative databases is typically >90%
although sensitivity may be more variable when compared with chart review(42-48).
Sensitivity for serious acute illness such as stroke and myocardial infarction typically
diagnosed in the hospital setting is >70%(42-44,47), while sensitivity for diagnoses that
may present less acutely such as heart failure can be more variable(44-46;48). We addressed
this latter limitation in part by searching for and including additional clinical heart failure
cases (n=3) identified in institutional records. Importantly, misclassification of individuals
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with cardiovascular disease not requiring hospitalization as “unaffected” would be expected
to bias our results towards the null.

Other factors not examined in our study such as iron overload, diet, and physical inactivity
may also influence subsequent cardiovascular health. Given the relatively young age of the
average transplant recipient, awareness of and surveillance for premature cardiovascular
disease may be more easily overlooked(16;49). Efforts to promote smoking cessation and a
healthy lifestyle should be strongly encouraged, as these behaviors have been shown to
influence subsequent cardiovascular morbidity even among HCT survivors(11). Although
our results indicate that patients with cardiovascular risk factors merit special attention,
particularly those with pre-existing and newly developed and persistent conditions, the
optimal intervention strategy remains an active area for investigation.
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2-year HCT survivors,
Washington State resident,
transplanted Jan 1, 1985 - Dec 31, 2005
n=1,405

Excluded:
— No consent for future research, n=7
Migrated out-of-state before 2 years, n=19

Eligible for sub-cohort
selection, n=1379

Random sub-cohort selected, n=509  Unselected, n=870 No. in analysis 10-year cumulative
Includes: Remaining cases: Cases / Total: incidence (95% CI)*:
Cardiovascular death, n=19 21 40/530 3.7% (2.1-6.0)
Ischemic heart disease, n=22 33 55 /542 3.8% (2.2-6.1)1
Cardiomyopathy, heart failure, n=29 35 64 /544 6.0% (3.8-8.8)*
Stroke, n=16 16 321/525 3.5% (2.0-5.6)5
FIGURE 1.

CONSORT diagram outlining the analytic population used for the nested case-cohort study.
*Based on sub-cohort and excludes individuals with history of ischemic heart disease
(n=11"), cardiomyopathy (n=9%), and stroke (n=5%) prior to HCT
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