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abstract

PURPOSE Blood or marrow transplantation (BMT) is an integral part of consolidation and/or salvage therapy for
patients with acute myeloid leukemia (AML). With the growing population of AML survivors, there is a need to
understand the quality of their survival.

MATERIALS AND METHODS This multisite study included 1,369 2-year survivors who underwent BMT for AML
between 1974 and 2014 at age$ 21 years and 1,310 siblings. Using Common Terminology Criteria for Adverse
Events, severe/life-threatening and fatal chronic health conditions were identified. Multivariable regression
analysis was used to compare the risk of severe/life-threatening conditions and health status between survivors
and siblings, and to identify risk factors for health conditions among BMT survivors.

RESULTS The prevalence of severe/life-threatening conditions was 54.9% in BMT survivors compared with 28.5% in
siblings (P, .001), yielding 3.8-fold higher odds of severe/life-threatening conditions (95%CI, 3.1 to 4.7) among the
BMT survivors. The most prevalent conditions included subsequent neoplasms, diabetes, cataracts, venous
thromboembolism, and joint replacement. Survivors were more likely to report poor general health (odds ratio [OR],
3.8; 95%CI, 2.8 to 5.1), activity limitation (OR, 3.7; 95%CI, 3.0 to 4.5), and functional impairment (OR, 2.9; 95%CI,
2.3 to 3.6). Among BMT recipients, the 20-year cumulative incidence of severe/life-threatening/fatal conditions was
68%.History of chronic graft-versus-host diseasewas associatedwith a higher risk of pulmonary disease (hazard ratio
[HR], 3.1; 95% CI, 1.0 to 9.3), cataract (HR, 2.6; 95% CI, 1.4 to 3.8), and venous thromboembolism (HR, 2.3; 95%
CI, 1.3 to 4.7). Relapse-related mortality (RRM) plateaued at 30%, whereas non-RRM increased to 50% at 30 years.

CONCLUSION The burden of severe/life-threatening conditions is substantially higher in BMT recipients when
compared with an unaffected comparison group, contributing to an increasing incidence of non-RRM over time.
Chronic graft-versus-host disease was an important risk factor for severe/life-threatening/fatal conditions among
BMT recipients, informing the need for close monitoring to anticipate and manage morbidity.
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INTRODUCTION

Blood or marrow transplantation (BMT) is an estab-
lished curative treatment option for patients with acute
myeloid leukemia (AML).1,2 Improvement in trans-
plantation strategies, supportive care, and increased
donor source availability have led to an increase in the
number of patients with AML who are treated with
BMT, with notable increases in older recipients.1-3 In
fact, AML is themost common indication for allogeneic
BMT, with an estimated 3,500 patients undergoing
BMT for AML annually in United States.2,3 Survival
rates after BMT have improved steadily over the past 5
decades, resulting in a growing number of long-term
survivors.1,4 However, these survivors are at high risk of

developing severe or life-threatening chronic health
conditions and premature death, attributed to pre-
BMT therapeutic exposures, BMT-related condition-
ing, and persistent post-BMT complications such as
chronic graft-versus-host disease (cGVHD).5-9

There is a paucity of information regarding the burden
of morbidity carried by AML survivors treated
with BMT. Previous studies determining morbidity
after BMT have been limited to patients who under-
went BMT in childhood (, 21 years at BMT),10-13 or
have focused on health-related quality of life and not
the burden of morbidity,14,15 and have not included a
non-BMT comparison cohort.8,10,12,16 We addressed
these gaps by using the resources offered by the BMT
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Survivor Study (BMTSS). Specifically, we examined the
burden of morbidity for severe or life-threatening chronic
health conditions in adult survivors of AML treated with
BMT, compared this burden of morbidity with that expe-
rienced by a noncancer comparison group, examined the
association between BMT-related risk factors and chronic
health conditions among BMT recipients, and described
the overall and cause-specific late-mortality conditional on
surviving varying lengths of time after BMT.

MATERIALS AND METHODS

BMTSS is a collaboration between the University of
Alabama at Birmingham, City of Hope, and University
of Minnesota, and examines the long-term outcomes
of individuals who have survived $ 2 years after BMT
performed at the participating institutions between 1974
and 2014. University of Alabama at Birmingham serves
as the single institutional review board of record, and
institutional review board approval was obtained at all
three participating institutions; participants provided
written informed consent according to the Declaration of
Helsinki. For the current report, eligibility included a
single BMT for AML between 1974 and 2014, survival
for $ 2 years after BMT, and age at BMT $ 21 years.
Vital status (alive or deceased) was ascertained as of
December 31, 2020, using the following resources:
National Death Index Plus, medical records, and insti-
tutional long-term follow-up efforts. Information on
cause of death was obtained from the National Death
Index Plus program and/or medical records. Of the
1,757 eligible patients, 529 had died after surviving
$ 2 years after BMT. Of the 1,228 alive patients, 388
(22.1%) were lost to follow-up or refused study partic-
ipation, yielding 840 (68.4%) participants followed for a
mean of 8.6 years (6 5.7) after transplant. Compared

with nonparticipants, participants were older at BMT,
more likely to be non-Hispanic White, to have bone
marrow as the stem-cell source, and to have undergone
an unrelated allogeneic transplant, but less likely to have
undergone BMT in recent years (Data Supplement,
online only).

The noncancer comparison group comprised 1,310 nearest-
age siblings of the larger cohort of BMT survivors17; selected
siblings were therefore not all directly related to the BMT
survivors included in the current study. The 840 alive sur-
vivors of AML and the 1,310 siblings completed a one-time
255-item BMTSS survey that included questions regarding
sociodemographic characteristics (race/ethnicity, educa-
tional level, marital status, employment, household income,
and insurance status), diagnosis by a health care provider of
specific chronic health conditions (Data Supplement) with
age at onset, and diagnosis of cGVHD. The BMTSS survey
also asked about the participant’s health status (poor general
health, functional impairment, activity limitation, and anxiety
or fear; Data Supplement).18,19 The reliability and accuracy of
the BMTSS questionnaire have been previously estab-
lished.20 We used Common Terminology Criteria for Adverse
Events version 5.0 to assign a level of severity to each
chronic health condition (grades: 1 5 mild, 2 5 moderate,
3 5 severe, 4 5 life-threatening/disabling, 5 5 fatal; Data
Supplement).7,21 Details regarding donor source (autologous
or allogeneic), relapse risk at BMT (high or standard risk),
stem-cell source (peripheral blood [PBSC], bone marrow,
or cord blood), conditioning therapy (chemotherapy agent
[yes/no] and total-body irradiation [TBI; yes/no]), and con-
ditioning intensity (myeloablative, reduced intensity, or
nonmyeloablative) were obtained from institutional BMT
databases.

CONTEXT

Key Objective
To determine the burden of late morbidity and mortality in survivors of acute myeloid leukemia after blood or marrow

transplantation (BMT), compare the burden of morbidity with that experienced by a noncancer comparison group, and
identify subgroups with increased risk.

Knowledge Generated
The burden of chronic health conditions was consistently greater in BMT survivors compared with the noncancer com-

parison group across nearly all health outcomes, contributing to an increasing incidence of non–relapse-related mortality
with time. Chronic graft-versus-host disease was an important risk factor for severe/life-threatening/fatal conditions
among BMT recipients.

Relevance
These findings may inform evidence-based health screening recommendations that account for the evolving pattern of

morbidity and mortality over time after BMT. Our findings support a long-term need for multidisciplinary management of
patients with a history of chronic graft-versus-host disease, setting the stage for screening, early detection, and in-
terventions to mitigate risk of adverse health outcomes.
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Statistical Analyses

BMT survivors compared with siblings. We compared
clinical and demographic characteristics of BMT survivors
and siblings who completed a questionnaire. We com-
pared the prevalence of any or multiple ($ 2) grade 3
(severe) or 4 (life-threatening) chronic health conditions,
as well as the domains of health status between BMT
survivors and siblings. For multiple conditions, time to
event was defined using the second condition. Missing
values were handled as a separate category in the ana-
lyses. Multivariable logistic regression was used to adjust
for potential confounders between the two groups, and to
describe the odds (expressed as odds ratio [OR]) of de-
veloping a severe/life-threatening chronic health condi-
tions or poor health status in survivors compared with
siblings, with associated 95% CIs. For each multivariable
model, we performed stepwise backward variable selec-
tion. Variables with P values, .1 were retained in the final
models and are presented in the Data Supplement. For the
analyses evaluating odds of reporting poor health status
among BMT survivors versus siblings, we created
two models, one with and one without chronic health
conditions.

BMT survivors. Cumulative incidence rates for grade 3-5
chronic health conditions and for the more prevalent
conditions (. 5%) were calculated for the 1,369 BMTSS
participants who completed a questionnaire (n 5 840) or
were deceased after surviving$ 2 years (n5 529), treating
death due to nonchronic health conditions as a competing
risk.22 Fine-Gray proportional subdistributional hazard
models were developed to examine demographic and
treatment-related risk factors for individual chronic health
conditions; hazard ratios (HRs) with associated 95% CI
were used to describe the magnitude of risk. Variables
included in the models were selected as above and are
provided in the Data Supplement. Recognizing the need to
consider the changing practice of BMT over time, we
created two multivariable models, one that included
treatment era and one that did not. Next, we examined the
burden of grades 3-5 conditions among the 1,120 allo-
geneic BMT recipients (81.8% of overall cohort), stratified
by history of cGVHD. Survival estimates were calculated
using the Kaplan-Meier method, conditional on increasing
lengths of survival (2, 5, 10, 15, and 20 years) after
BMT.23,24 The cumulative incidence of relapse-related
(RRM) and non–relapse-related (NRM) mortality were
computed by treating non–relapse-related and relapse-
related deaths as competing risk, respectively.

Data were analyzed using SAS statistical software (version
9.4, SAS Institute, Inc, Cary, NC). All statistical tests were
two-sided, and P values, .05 were considered statistically
significant.

RESULTS

Demographic and Clinical Characteristics of

Study Participants

The demographic characteristics of the 840 BMT survivors
and 1,310 siblings are presented in Table 1. The mean age
at study participation (55.9 years v 56.2 years) was com-
parable. Siblings were more likely to be female (60.3% v
52.1%, P , .001), non-Hispanic White (87.6% v 75.0%,
P , .001), college graduates (55.0% v 46.7%, P , .001),
and have an annual household income . $20,000 US
dollars (84.6% v 77.0%, P , .001).

Disease and transplantation characteristics of the 1,369
BMT recipients are presented in Table 1. The mean age
(6 standard deviation) at BMT was 44.6 years (6 12.8),
and the mean interval between BMT and questionnaire
completion or death was 8.2 years (6 6.3). The majority
(86.1%) of the cohort had received allogeneic BMT (50.9%
related and 49.1% unrelated). Overall, 52.4% of the sur-
vivors underwent nonmyeloablative or reduced-intensity
conditioning, and the most frequently used regimen was
melphalan-/fludarabine-based (51.0%), followed by a TBI-
based regimen (38.7%). PBSCs were used in 66.3% of
survivors, and 62.7% were considered at low risk of relapse
at BMT. Two thirds (67.6%) of the allogeneic BMT re-
cipients carried a history of cGVHD.

Burden of Morbidity and Poor Health Status in BMT

Survivors Versus Siblings

As shown in the Data Supplement, the prevalence of having
any or multiple ($ 2) grade 3 or 4 chronic health conditions
was significantly greater in survivors compared with siblings
(any condition: 54.9% v 28.5%, P , .001; multiple con-
ditions: 23.9% v 7.8%, P , .001). BMT survivors had
higher odds of developing a grade 3 or 4 chronic health
condition (OR, 3.8; 95% CI, 3.1 to 4.7), multiple grade 3 or
4 conditions (OR, 4.3; 95% CI, 3.3 to 5.6), subsequent
malignant neoplasm (SMN; OR, 16.9; 95% CI, 11.5 to
24.8), diabetes (OR, 4.6; 95% CI, 2.8 to 7.5), venous
thromboembolism (OR, 3.5; 95% CI, 2.3 to 5.2), cataracts
(OR, 2.8; 95% CI, 2.1 to 3.8), or undergo joint replace-
ments (OR, 1.5; 95% CI, 1.1 to 2.1) compared with sib-
lings. Furthermore, survivors were significantly more likely
to report poor general health (OR, 3.8; 95% CI, 2.8 to 5.1),
functional impairment (OR, 2.9; 95%CI, 2.3 to 3.6), activity
limitation (OR, 3.7; 95% CI, 3.0 to 4.5), pain (OR, 2.2; 95%
CI, 1.7 to 2.7), and anxiety or fears (OR, 2.4; 95% CI, 1.8 to
3.1; Table 2). These differences were attenuated but
remained statistically significant when the model was ad-
justed for chronic health conditions (Table 2).

Morbidity in BMT Recipients

The 10-year cumulative incidence of severe, life-
threatening, or fatal (grades 3-5) chronic health condi-
tions was 55% after BMT (Fig 1). The 10-year cumulative
incidence was highest for SMNs (29.5%), followed by
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TABLE 1. Demographic and Clinical Characteristics of the Study Participants
Characteristic Survivors (n 5 840)a Siblings (n 5 1,310)a P

Age at survey, years

Mean 6 SD 55.9 6 12.4 56.2 6 13.7 .560b

Categorical, years, No. (%)

, 40 107 (12.7) 196 (15.0) .180c

40-59 366 (43.6) 525 (40.0)

$ 60 367 (43.7) 589 (55.0)

Sex, No. (%)

Female 438 (52.1) 790 (60.3) , .001b

Race/ethnicity, No. (%)

Non-Hispanic White 630 (75.0) 1,148 (87.6) , .001c

Hispanic 99 (11.8) 80 (6.1)

Black 17 (2.0) 32 (2.4)

Asian 70 (8.3) 35 (2.7)

Other 24 (2.9) 15 (1.2)

Education level, No. (%)

, High school 53 (6.3) 29 (2.2) , .001c

High school and some college 383 (45.6) 555 (42.4)

College graduate and postgraduate 392 (46.7) 720 (55.0)

Missing data 12 (1.4) 6 (0.4)

Annual household income, USD, No. (%)

$ $20,000 647 (77.0) 1,108 (84.6) , .001c

, $20,000 75 (8.9) 76 (5.8)

Missing data 118 (14.1) 126 (9.6)

Current health insurance, No. (%)

Yes 801 (96.4) 1,283 (97.9) .030c

Characteristic Survivors (n 5 1,369)d Siblings (n 5 1,310)a

Age at BMT, years

Mean 6 SD 44.6 6 12.8 NA

Interval between BMT and survey or death, yearse

Entire cohort (mean 6 SD) 8.2 6 6.3 NA

Alive at survey completion (mean 6 SD); n 5 840 8.6 6 5.7 NA

Deceased (mean 6 SD); n 5 529 6.2 6 5.1 NA

BMT type, No. (%)

Allogeneic, related 600 (43.8) NA

Allogeneic, unrelated 579 (42.3) NA

Autologous 190 (13.9) NA

BMT era, No. (%)

, 2000 392 (28.7) NA

2000-2004 226 (16.5) NA

2005-2009 365 (22.7) NA

$ 2010 386 (28.2)

(continued on following page)
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cataracts (15.6%), joint replacement (10.1%), venous
thromboembolism (8.3%), and diabetes (6.8%; Fig 2). The
most frequent SMN types included melanoma or squa-
mous cell carcinoma of the skin (68.9%), breast cancer
(6.7%), and colon cancer (1.8%). The latency for chronic
health conditions varied, with longer latencies for SMN and
cardiovascular diseases (Data Supplement). Compared
with bonemarrow recipients, PBSC or cord blood recipients
were more likely to have a grade 3-5 chronic health con-
dition, multiple conditions, cataracts, diabetes, or venous
thromboembolism; individuals at high risk of relapse at
BMT were also more likely to report cataracts (Data Sup-
plement). However, these associations were no longer
significant when the multivariable model was adjusted for
treatment era (Data Supplement). Allogeneic BMT recipi-
ents were at increased risk of developing nearly all health
outcomes, compared with autologous transplant recipients

(Data Supplement), and this association remained signif-
icant for any grade 3-5 chronic health condition, multiple
conditions, joint replacement, and cardiovascular disease,
irrespective of adjustment for treatment era in the model
(Data Supplement).

Among allogeneic BMT recipients, the 10-year incidence of
grade 3-5 conditions was significantly higher among those
with a history of cGVHD (63.8% v 43.8%, P , .001, Data
Supplement). Multivariable analyses revealed that history of
cGVHD was associated with increased risk of grade 3-5
condition (HR, 1.3; 95% CI, 1.0 to 1.6), multiple grade 3-5
conditions (HR, 2.4; 95% CI, 1.6 to 3.5), pulmonary dis-
ease (HR, 3.1; 95%CI, 1.0 to 9.3), cataracts (HR, 2.6; 95%
CI, 1.4 to 3.8), and venous thromboembolism (HR, 2.3;
95% CI, 1.3 to 4.7; Data Supplement). Patients with
cGVHD were more likely to report poor general health (HR,
2.4; 95%CI, 1.5 to 4.1), activity limitation (HR, 2.5; 95%CI,

TABLE 1. Demographic and Clinical Characteristics of the Study Participants (continued)
Characteristic Survivors (n 5 1,369)d Siblings (n 5 1,310)a

BMT stem-cell source, No. (%)

Peripheral blood 907 (66.3) NA

Bone marrow 333 (24.3) NA

Cord blood 129 (9.4) NA

Relapse risk at BMT, No. (%)f

High 458 (33.5) NA

Standard 858 (62.7) NA

Missing data 53 (3.9) NA

Conditioning, No. (%)

Fludarabine, melphalan 698 (51.0) NA

TBI, cyclophosphamide 232 (17.0) NA

TBI, etoposide 124 (9.1) NA

TBI, cyclophosphamide, etoposide 120 (8.8) NA

Busulfan, cyclophosphamide 68 (5.0) NA

TBI, busulfan, etoposide 53 (3.9) NA

Other 74 (5.4) NA

Conditioning intensity, No. (%)

Nonmyeloablative 137 (10.0) NA

Reduced intensity 580 (42.4)

Myeloablative 652 (47.6) NA

Chronic GVHD, No. (%)g

Yes 797 (67.6) NA

Abbreviations: BMT, blood or marrow transplantation; GVHD, graft-versus-host disease; NA, not available; SD, standard deviation; TBI, total-body
irradiation; USD, US dollars.

aSurvivors and siblings who were alive and completed the BMT Survivor Study questionnaire.
bT-test.
cChi-squared test.
dAlive or deceased $ 2 years after BMT.
eFor alive, time from BMT to survey completion; for deceased, time from BMT to death.
fPatients transplanted in first or second complete remission were considered at standard risk for relapse, and all others were considered at high risk.
gLimited to 1,179 allogeneic BMT survivors.
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TABLE 2. Prevalence and Risk of Poor Health Status Among Blood or Marrow Transplantation Survivors and Sibling Controls

Outcome
Survivors (n 5 840),

No. (%)
Siblings (n 5 1,310),

No. (%) P a Multivariable Regression (Model 1), OR (95% CI) P b Multivariable Regression (Model 2), OR (95% CI) P b

Poor general health 167 (22.5) 84 (6.6) , .001 3.8 (2.8 to 5.1) , .001 2.9 (2.0 to 2.4) , .001

Functional impairment 260 (34.3) 214 (16.4) , .001 2.9 (2.3 to 3.6) , .001 2.5 (2.0 to 3.2) , .001

Activity limitation 355 (47.0) 258 (19.7) , .001 3.7 (3.0 to 4.5) , .001 3.1 (2.5 to 3.8) , .001

Pain 205 (30.3) 197 (16.1) , .001 2.2 (1.7 to 2.7) , .001 1.9 (1.5 to 2.5) , .001

Anxiety/fears 127 (18.9) 112 (9.3) , .001 2.4 (1.8 to 3.1) , .001 2.2 (1.7 to 3.0) , .001

NOTE. Model 2: adjusted for all the variables included in each outcome of interest for model 1 plus the presence of any (yes/no) grades 3 or 4 chronic health conditions.
Abbreviation: OR, odds ratio.
aChi-squared test.
bLogistic regression.
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FIG 1. Cumulative incidence of grade 3-5 conditions among BMT survivors. BMT, blood or marrow
transplantation.

No. at risk: 2 years 5 years 10 years 15 years 20 years 25 years
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FIG 2. Cumulative incidence of select grade 3-5 conditions among BMT survivors. BMT, blood or marrow
transplantation; SMN, subsequent malignant neoplasm.
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1.7 to 3.6), pain (OR, 2.0; 95% CI, 1.3 to 3.1), and anxiety
or fears (OR, 1.7; 95% CI, 1.0 to 2.9), compared with those
without cGVHD.

Late Mortality in BMT Recipients

Conditional on having surviving 2 years, the 5-year overall
survival for this cohort was 76.4% (Fig 3). There was an
improvement in 5-year survival rates conditional on having
survived 5 years and 10 years (80.9% and 88.2%, re-
spectively; Fig 3). As seen in Figure 4, the incidence of
RRM plateaued at 30%, whereas the incidence of NRM
continued to increase, approaching 50% at 30 years and
crossing over the RRM rate at 12 years after BMT. Of note,
the incidence of late relapse largely mirrored the incidence
of RRM in this cohort (Data Supplement). Among 2-year

survivors, the most common causes of death were primary
disease (43.8%) and infection (21.3%), whereas the most
common causes of death among 15-year and 20-year
survivors were SMN (16.5% [15 years] and 21.4% [20
years]) and cardiovascular disease (16.5% [15 years] and
16.7% [20 years]).

DISCUSSION

Patients diagnosed with AML have benefited greatly from
therapeutic advances over the past 4 decades, resulting in
greater utilization of BMT and an overall improvement in
survival rates.1,2 However, it is increasingly recognized that
these treatment advances have come at a cost.5-9,25 We
previously reported on the health outcomes of 401 survivors
of acute lymphoblastic leukemia (n 5 120) or myeloid
leukemia (n 5 281) who underwent BMT with mostly TBI-
based myeloablative conditioning (acute lymphoblastic
leukemia: 100%; AML: 86%) between 1974 and 1998 and
a sibling comparison group.26 The current study builds on
our previous report, and includes a larger (N 5 1,369) and
expanded cohort of patients with AML who underwent BMT
during a more recent era (71% underwent BMT after
2000), with contemporary approaches (eg, non–TBI-based
and/or nonmyeloablative conditioning, PBSC, or cord blood
stem-cell source), were older at BMT, and had a longer
follow-up after BMT.

This study represents the most comprehensive assessment
of health outcomes in the largest cohort of long-term adult
survivors of AML treated with BMT. The burden of chronic
health conditions remained consistently greater in BMT
survivors compared with siblings across nearly all out-
comes, and this burden increased with longer follow-up
after BMT. The magnitude of risk varied across health
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FIG 3. Five-year survival probability stratified on time survived since BMT ($ 2, $ 5, $ 10, $ 15,
and $ 20 years) among BMT survivors. BMT, blood or marrow transplantation.
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outcomes, ranging from 17.0-fold for SMN to 1.5-fold for
joint replacement. Importantly, the latency for certain
chronic health conditions such as SMN and cardiovascular
disease was long (median 5 years after BMT [range, 2-30
years]), with no plateau in incidence over time, emphasizing
the need for lifelong vigilance and for consideration of more
aggressive screening strategies than what is currently rec-
ommended for this population.27 Nearly one in four BMT
survivors rated their health as poor, and half reported sig-
nificant activity limitations. Although health status was im-
paired across all domains, the magnitude of impairment was
highest for activity limitation, and this was independent of the
severity of the chronic health conditions. These findings
highlight the increasingly recognized need for specialized,
multidisciplinary, long-term follow-up care for AML survivors
that incorporates physical function assessments in addition
to surveillance for specific chronic health conditions.5

By 10 years after BMT, nearly 30% of survivors developed an
SMN and 16% developed cataracts. By contrast, in a recent
study of 1-year adolescent and young adult (15-39 years at
diagnosis) survivors of AML, the 10-year incidence of SMN
and cataracts was 4% and 10%, respectively.10 The differ-
ence in the incidence rates between the two studies may be
attributable, in part, to the older demographic of our study
population and differences in ascertainment of health out-
comes. The findings from the current study may provide
much-needed insight into the anticipated burden of mor-
bidity in AML survivors, given the steady increase in average
age at transplantation for AML over the past 4 decades.2,3,28

Allogeneic BMT recipients had a nearly two-fold higher risk of
developing a grade 3-5 chronic health conditions, and a
three-fold risk of developing multiple conditions, compared
with autologous BMT recipients. However, use of autologous
BMT, once considered a viable treatment strategy for AML,
has steadily declined over time in favor of allogeneic BMT.1,3

Acknowledging this change in clinical practice, we performed
subanalyses that were limited to survivors of allogeneic BMT,
with a focus on cGVHD. cGVHD was associated with a 1.3-
fold risk of having at least one grade 3-5 conditions and a 2.4-
fold risk of havingmultiple such conditions, likely contributing
to worse health status across nearly all domains examined.
cGVHD was associated with increased risk of pulmonary
disease, cataracts, and venous thromboembolism. These
findings are in line with previous studies that have docu-
mented the association between cGVHD and/or its treatment
and these health outcomes (ie, corticosteroid-associated
cataracts,28,29 inflammation, and/or immobility leading to
venous thromboembolism10,19,21), and underscore the im-
portance of efforts to reduce the risk of GVHD at the time of
BMT (eg, T-cell depletion and use of bone marrow stem-cell
source) and continued efforts devoted toward developing
treatments to reduce the severity of cGVHD after BMT.

The overall 5-year survival rate conditional on having survived
2 or more years was 76.4%, and there was a steady increase
in survival, conditional on having lived at least 5 and 10 years.

There was a modest decline in the 5-year survival rate
conditional on surviving 15 years, largely because of the
competing risk of NRM, including deaths due to SMN and
cardiovascular disease. This is not surprising, given that
cancer and cardiovascular diseases are leading causes of
aging-related mortality in the United States. Nevertheless,
studies examining cause-specific mortality in BMT survivors
have shown that the relative risk of death due to these aging-
related diseases remains greater than in the general pop-
ulation, even after adjusting for sociodemographic
confounders.23,24,30 We also found a corresponding decline
in RRM over time. Similar trends in cause-specific mortality
with time from cancer diagnosis have been reported in
childhood and adult cancer survivors and support the need
to dynamically evaluate mortality risk after BMT.23,24,30-32

The findings from this study must be considered in the
context of its limitations. We acknowledge differential par-
ticipation rates by age, race/ethnicity, and certain transplant-
related characteristics, which may have affected the gen-
eralizability of our findings. BMTSS relies on self-report for
measuring chronic health conditions. Thus, this study
summarizes the prevalence of and risk factors for chronic
health conditions diagnosed by the health care system and
communicated to cancer survivors and the noncancer
comparison group. The reporting of health conditions is,
therefore, a reflection of study participants’ access to care,
awareness among the health care providers of the risk of
long-term complications, and communication of these
outcomes to their patients. We have previously shown ex-
cellent correlation between medical records and self-
reported outcomes, including cGVHD,20 and are confident
that self-report can be used effectively to describe post-
treatment complications that are diagnosed as part of routine
health care delivery. Importantly, for the current study, we
limited our outcomes of interest to those considered severe
or life-threatening, which typically requiremedical or surgical
intervention, thus minimizing the risk of recall bias.

In conclusion, this study provides a global assessment of
the burden of morbidity in survivors of AML treated with
BMT and finds that, compared with unaffected individuals,
BMT survivors are at increased risk for severe/life-threat-
ening health-related complications across nearly all do-
mains. The overall burden of chronic conditions increases
sharply with longer follow-up, contributing to a rising in-
cidence of nonrelapse mortality. These findings may inform
evidence-based health screening recommendations that
account for the evolving pattern of morbidity and mortality
over time for BMT survivors. Among allogeneic BMT re-
cipients, those with a history of cGVHD were at highest risk
of chronic health conditions and for reporting worse health
status. These findings support a long-term need for mul-
tidisciplinary management of patients with a history of
cGVHD, setting the stage for screening, early detection, and
interventions to mitigate the risk of adverse health out-
comes. The growing population of acute leukemia survivors
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treated with BMT (estimated. 40,000 in the United States
alone by 2030)4 makes the development of such strategies

imperative, to ensure these survivors live long and healthy
lives well after their BMT.
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