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Key Point

• Risky health behaviors
were associated with
increased hazard of
all-cause and
nonrelapse–related
late mortality after
BMT.
7028/2109847/blooda_adv-2023-010633-m
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We examined the association between risky health behaviors (smoking, heavy alcohol

consumption, and lack of vigorous physical activity) and all-cause and cause-specific late

mortality after blood or marrow transplantation (BMT) to understand the role played by

potentially modifiable risk factors. Study participants were drawn from the BMT Survivor

Study (BMTSS) and included patients who received transplantation between 1974 and 2014,

had survived ≥2 years after BMT, and were aged ≥18 years at study entry. Survivors

provided information on sociodemographic characteristics, chronic health conditions, and

health behaviors. National Death Index was used to determine survival and cause of death.

Multivariable regression analyses determined the association between risky health

behaviors and all-cause mortality (Cox regression) and nonrecurrence-related mortality

(NRM; subdistribution hazard regression), after adjusting for relevant sociodemographic,

clinical variables and therapeutic exposures. Overall, 3866 participants completed the

BMTSS survey and were followed for a median of 5 years to death or 31 December 2021; and

856 participants (22.1%) died after survey completion. Risky health behaviors were

associated with increased hazard of all-cause mortality (adjusted hazard ratio [aHR] former

smoker, 1.2; aHR current smoker, 1.7; reference, nonsmoker; aHR heavy drinker, 1.4;

reference, nonheavy drinker; and aHR no vigorous activity, 1.2; reference, vigorous

activity) and NRM (aHR former smoker, 1.3; aHR current smoker, 1.6; reference,

nonsmoker; aHR heavy drinker, 1.4; reference: nonheavy drinker; and aHR no vigorous

activity, 1.2; reference, vigorous activity). The association between potentially modifiable

risky health behaviors and late mortality offers opportunities for development of

interventions to improve both the quality and quantity of life after BMT.
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Introduction

Blood or marrow transplantation (BMT) is an established thera-
peutic option for patients with hematologic malignancies and other
life-threatening illnesses. Over 20 000 individuals in the United
States receive BMT every year.1,2 Although improvement in trans-
plantation strategies and supportive care have resulted in a decline
in early mortality, BMT recipients carry a significant burden of late-
occurring morbidity that is directly related to therapeutic exposures
and places the survivors at high risk for late mortality when
compared with the general population.3-14 Previous studies sug-
gest that the risk of mortality remains elevated for at least 30 years
after BMT.15-21 A recent report from the BMT Survivor Study
(BMTSS) showed that the excess mortality translates into 8.7 years
of life lost per person, conditional on surviving the first 2 years after
allogeneic BMT.22 Previous studies have identified nonmodifiable
factors associated with late mortality (eg, refractory disease and
therapeutic exposures for control of primary disease).21,22 The
association between modifiable factors such as risky health
behaviors (smoking, alcohol consumption, and lack of physical
activity) and cancer mortality has been documented in epidemio-
logical studies in nontransplant populations.23-28 However, the
association between risky health behaviors and late mortality (all-
cause and cause-specific) among BMT survivors, and the interac-
tion between these health behaviors and therapeutic exposures
remains unknown. We addressed this knowledge gap by using the
resources offered by BMTSS.

Materials and methods

Study participants and data collection

BMTSS is a cohort study, which examines the long-term outcomes
of individuals who survived ≥2 years after BMT performed between
1974 and 2014 at the University of Alabama at Birmingham, City of
Hope, or University of Minnesota. Study participation consisted of
completion of the BMTSS survey by transplant recipients to cap-
ture the following: sociodemographics (race/ethnicity, education,
annual household income, and health insurance), chronic health
conditions as diagnosed by health care providers, chronic graft-
versus-host disease (cGvHD), height and weight at the time of
study participation that allowed us to calculate body mass index,
health behaviors (smoking, alcohol consumption, and physical
activity), and mental health (using Brief Symptom Inventory-18).
Chronic health conditions were graded using the Common Ter-
minology Criteria for Adverse Events, v5.0.29 Brief Symptom
Inventory-18 includes 3 symptom subscales: somatization,
depression, and anxiety, with each subscale comprising 6 items;
raw scores are converted to T-scores based on gender-specific
normative data from community-dwelling US adults.30 Mental
health was classified as impaired if the T-score values were ≥63 on
any 2 of the 3 subscales.31 Survivors’ age at BMT, sex, primary
diagnosis (indication for BMT), type of transplant (autologous or
allogeneic), risk of relapse at BMT (standard risk or high risk),
conditioning regimen, and conditioning intensity (myeloablative
conditioning or nonmyeloablative/reduced intensity conditioning)
were retrieved from institutional transplant databases and/or par-
ticipants’ medical records. National Death Index Plus provided data
regarding the date and cause of death till 31 December 2020.32
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Additional data from Accurint databases extended vital status
information till 31 December 2021. The institutional review board
(IRB) at the University of Alabama at Birmingham served as the
single IRB of record and approved the study. Participants provided
informed consent according to the Declaration of Helsinki. A waiver
of consent was granted by the IRB for linking the cohort to National
Death Index and Accurint databases. This report includes survivors
who were aged ≥18 years at study participation.

Outcome

The primary outcome of interest was death after the completion of
the BMTSS survey. Suicides, homicides, and accidents were
classified as external causes of death. A cause of death matching
the pretransplant diagnosis was classified as recurrence-related
mortality (RRM). All other causes of death were classified as
nonrecurrence-related mortality (NRM: deaths due to malignant
diseases differing from the pretransplant diagnosis [subsequent
malignant neoplasms or SMNs], cardiovascular disease, late
infections, renal disease, etc).

Exposures

Primary exposures of interest included smoking, alcohol con-
sumption, and lack of vigorous physical activity, examined individ-
ually, as well as an ordinal variable: absence of any risky behavior or
presence of a single behavior, 2 behaviors, or 3 behaviors.

Smoking. Questions in the BMTSS survey and responses used to
classify participants into never smokers, former smokers, and cur-
rent smokers are detailed in supplemental Table 1.

Alcohol consumption. Questions in the BMTSS survey and
responses used to classify participants into never drinkers and
drinkers are in supplemental Table 1. Drinkers were further cate-
gorized as heavy drinkers and nonheavy drinkers (supplemental
Table 1).

Vigorous physical activity. Vigorous physical activity was esti-
mated as the self-reported number of exercise sessions per week
(frequency) multiplied by session duration (in minutes), weighted by
the standardized classification of energy expenditure for vigorous
exercise (ie, metabolic equivalent tasks [METs]) expressed as
average MET hour/week-1.33 Levels of vigorous physical activity
were defined as 0 MET hour/week-1 (<20 minutes of vigorous
exercise/week–1), 3 to <9 MET hour/week-1 (20 minutes to
<60 minutes of vigorous exercise/week), and ≥9 MET hour/week–1

(≥60 minutes of vigorous exercise/week) (supplemental Table 1).

Statistical analysis

Descriptive statistics were reported using mean (standard devia-
tion), median (range), or counts (percentages) as appropriate.
Kaplan-Meier analyses were used to calculate overall survival. Cox
proportional hazards regression analysis with time from completing
the survey to death or end of study (December 21) as the time axis
was used for identifying the association between each risky health
behavior (and clusters of risky health behaviors) and all-cause
mortality. Cox proportional hazards regression model assumption
was examined using Schoenfeld residuals. The following variables
were examined for their possible inclusion in the model: age at
RISKY HEALTH BEHAVIORS AND LATE MORTALITY AFTER BMT 7029
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BMT, sex, race/ethnicity, education, annual household income,
health insurance, body mass index, primary diagnosis, disease status
at BMT, BMT type (autologous, allogeneic), cGvHD, stem cell
source (bone marrow, peripheral blood stem cells, or cord blood),
conditioning intensity (myeloablative conditioning or non-
myeloablative/reduced intensity conditioning), conditioning regimen,
chronic health conditions, mental health, cancer-related pain and
anxiety, time from BMT to survey completion, and BMT era (1974-
1989, 1990-2004, and 2005-2014).1 Potential confounders were
selected to be included in the multivariable model on the basis of
their significant association with late mortality. Race/ethnicity and
stem cell source were included in the multivariable analysis because
of previous evidence for the association between racial/ethnic and
source of stem cell disparities and survival.22,34

Proportional subdistribution hazard (Fine-Gray) models35 were
used to examine the association between each risky health
behavior (and clusters of risky health behaviors) and NRM; RRM
and external causes of death served as competing risk. Survivors
with missing or unknown cause of death were excluded from the
proportional subdistribution hazard model. We also stratified the
analysis by age at study participation (≤56 years; >56 years), years
since BMT to study participation (≤10 years; >10 years), age at
BMT (<21 years; ≥21 years), and BMT type (autologous; alloge-
neic). We examined statistical interaction between sex and risky
health behaviors and between total body irradiation (TBI) and risky
health behaviors to assess whether the effect of risky health
behaviors was modified by sex or exposure to TBI.

We used 2003 age-sex–specific US life-table data from the Cen-
ters for Disease Control and Prevention36 to calculate expected
population mortality rates (the median year of BMT for the cohort in
this study was 2003).

We used the standardized mortality ratio, which is the ratio of
observed to expected number of deaths, and compared the mortality
experienced by this cohort with the age-, sex-, and calendar-specific
mortality of the US population.36 The Poisson regression method
was used to calculate 95% confidence intervals (CIs) of the stan-
dardized mortality ratio. We evaluated excess mortality, which was
calculated as the difference between the observed number of
deaths among BMT survivors who practiced risky health behaviors
and the average excepted number of deaths in the US population.

All analyses were performed using SAS v9.4 (SAS Institute, Cary,
NC). Findings noted with 2-sided tests were considered statisti-
cally significant at P < .05.

Results

Supplemental Figure 1 shows the CONSORT diagram for the study
participants. Of 4253 participants approached for study participa-
tion, 3866 completed the full version of the BMTSS survey at a
median of 9 years (range, 2-41) from BMT. The median length of
follow-up from BMTSS survey completion to death or end of follow-
up (December 2021) was 5 years (range, 0-22). Of the 3866 study
participants, 856 died (22.1%) after survey completion. Table 1
summarizes the clinical and demographic characteristics of the
study population. The median age at BMT was 45 years (range, 0-
74) and at survey completion was 56 years (range, 18-84). In this
cohort, 1944 participants were autologous BMT recipients (50.3%),
1736 were female (44.9%), and 2858 were non-Hispanic White
7030 BALAS et al
(73.9%). Primary indications for BMT included Hodgkin or non-
Hodgkin lymphoma (32.4%), acute lymphoblastic leukemia/ acute
myeloid leukemia/ myelodysplastic syndrome ( 31.6%), plasma cell
dyscrasias (17.8%), chronic myeloid leukemia (10.2%), and other
diagnoses (8.0%). Peripheral blood stem cells were used as the
source of stem cells for 2566 participants (66.4%) and myeloa-
blative conditioning regimens were used in 2673 patients (69.1%).
Of the 1922 allogeneic BMT recipients, 1040 carried a history of
cGvHD (54.1%). Fifty-eight percent of the survivors reported grade
3 or 4 chronic health conditions (n = 2254); 5% reported impaired
mental health, and 4.7% reported cancer-related anxiety.

Risky health behaviors

Smoking. Overall, 1415 participants (36.8%) were ever smokers;
of these, 1215 (85.9%) were former smokers and 200 (14.1%)
were current smokers. Supplemental Figure 2 shows the preva-
lence of tobacco products used by smokers. The median age at
smoking initiation was 17 years (interquartile range, 10-57). As
shown in Table 2, ever smokers were more likely to be male (59.7%
vs 52.3%) and non-Hispanic White (79.8% vs 70.7%). Smokers
were more likely to report ever drinking alcohol (70.2% vs 46.8%),
but the prevalence of participants engaging in vigorous physical
activity was comparable by smoking status (47.9% vs 48.8%).

Alcohol consumption. Overall, 2139 participants reported
consuming alcohol (56.3%); 190 were heavy drinkers (8.9%). As
shown in Table 2, participants who reported consuming alcohol
were more likely to be male (62% vs 45.9%) and non-Hispanic
White (80.8% vs 67.2%). In addition, those reporting alcohol con-
sumption were more likely to be smokers (46.5% vs 23.7%) and
more likely to practice vigorous physical activity (58.5% vs 34.6%).

Vigorous physical activity. Overall, 1975 participants reported
not engaging in vigorous physical activity (51.4%). Participants not
engaging in vigorous physical activity were more likely to be female
(50.6% vs 38.8%), report cancer-related pain (77.9% vs 58.5%),
and have grade 3 or 4 chronic health conditions (68.0% vs 48.1%)
compared with individuals who reported vigorous physical activity.
Furthermore, those not engaging in vigorous physical activity were
less likely to report consuming alcohol (44.7% vs 54.6%) (Table 2).

Mortality after completing BMTSS survey

Smoking. Smokers had inferior survival probability (Figure 1Ai)
and a higher cumulative incidence of NRM (Figure 1Bi) compared
with nonsmokers. As shown in Table 3, multivariable analysis
revealed significantly higher hazards of all-cause mortality among
ever smokers (adjusted hazard ratio [aHR], 1.2; 95% CI, 1.1-1.5;
reference, never smokers). Furthermore, all-cause mortality was
higher among former smokers (aHR, 1.2; 95% CI, 1.1-1.5) and
current smokers (aHR, 1.7; 95% CI, 1.2-2.5) than nonsmokers. The
adjusted hazard of NRM was 1.3-fold higher for former smokers
(aHR, 1.3; 95% CI, 1.0-1.8) and 1.6-fold higher for current smokers
(aHR, 1.6; 95% CI, 1.0-2.7) than for nonsmokers (Table 3).
Figure 2 shows the common causes of death among smokers
(RRM, 27.3%; SMNs, 18.3%; cardiovascular disease, 14%; and
pulmonary disease, 3%). The specific SMN-related deaths among
smokers were more likely because of smoking-related malignancies
(76% vs 24%), such as lung, bladder, esophagus, stomach,
hypopharynx, tongue, leukemia, colon, rectum, kidney, liver, and
28 NOVEMBER 2023 • VOLUME 7, NUMBER 22



Table 1. Clinical and demographic characteristics of study participants by vital status

Variables of interest

Vital status

P value

Alive

N = 3010 (77.9%)

Deceased

N = 856 (22.1%)

Age at completing the survey in y

Median (range) 56 (18-83) 60 (18-84) <.0001

Age at completing the survey, n (%)

≤56y 1492 (49.6) 328 (38.3) <.0001

>56y 1518 (50.4) 528 (61.7)

Follow-up from completing the survey to death or end of follow-up in y

Median (range) 6 (1-22) 4 (0-22) <.0001

BMT era, n (%)

1974-1989 210 (7.0) 108 (12.6) <.0001

1990-2004 1249 (41.5) 418 (48.8)

2005-2014 1551 (51.5) 330 (38.5)

Sex, n (%)

Female 1428 (47.4) 308 (36.0) <.0001

Male 1582 (52.6) 548 (64.0)

Race/ethnicity, n (%)

African American 154 (5.1) 30 (3.5) .1131

Non-Hispanic White 2204 (73.2) 654 (76.4)

Hispanic 398 (13.2) 112 (13.1)

Asian 168 (5.6) 34 (4.0)

Other* 83 (2.8) 26 (3.0)

Missing 3 (0.1) 0 (0.0)

Health insurance, n (%)

Not insured 98 (3.3) 34 (4.0) .2700

Insured 2887 (95.9) 801 (93.6)

Missing 25 (0.8) 21 (2.4)

Annual household income, n (%)

<$19 999 848 (28.2) 250 (29.2) <.0001

$20 000-$49 999 510 (16.9) 219 (25.6)

>$50 000 1366 (45.4) 313 (36.6)

Missing 286 (9.5) 74 (8.6)

Educational status, n (%)

High school or less 535 (17.8) 179 (20.9) .0411

Post high school education 2436 (80.9) 669 (78.2)

Missing 39 (1.3) 8 (0.9)

Age at BMT in y

Median (IQR) 43 (0-74) 50 (1-72) <.0001

Follow-up from BMT to completing the survey in y

Median (range) 9 (2-41) 7 (2-37) <.0001

BMI, n (%)

Underweight (<18.5 kg/m2) 97 (3.2) 32 (3.7) .3824

Normal weight (18.5-<25 kg/m2) 979 (32.5) 260 (30.4)

Overweight (25-<30 kg/m2) 897 (29.8) 243 (28.4)

ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; BMI, body mass index; CML, chronic myeloid leukemia; HL, Hodgkin lymphoma; IQR, interquartile range; MAC,
myeloablative conditioning; MDS, myelodysplastic syndrome; NMA, nonmyeloablative; NHL, non-Hodgkin lymphoma; PCD, plasma cell dyscrasias; RIC, reduced intensity conditioning.
Bold indicates statistically significant (P < 0.05).
*Race other includes multiracial (n = 94), American Indian (n = 13), and Pacific Islander (n = 2).
†Primary diagnosis other includes severe aplastic anemia, other leukemia, and other.
‡Mental health is impaired if T-score ≥63 on any 2 of symptom scales of the 3 Brief Symptom Inventory-18 items subscales (depression, somatization, or anxiety).
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Table 1 (continued)

Variables of interest

Vital status

P value

Alive

N = 3010 (77.9%)

Deceased

N = 856 (22.1%)

Obese (≥30 kg/m2) 592 (19.7) 138 (16.1)

Unknown 445 (14.8) 183 (21.4)

Primary diagnosis, n (%)

AML/MDS/ALL 986 (32.8) 237 (27.7) <.0001

CML 282 (9.4) 112 (13.1)

HL/NHL 978 (32.5) 273 (31.9)

PCD 475 (15.8) 213 (24.9)

Other† 289 (9.6) 21 (2.4)

Disease status at first BMT, n (%)

High risk 1246 (41.4) 483 (56.4) <.0001

Standard risk 1371 (45.5) 331 (38.7)

Missing 393 (13.1) 42 (4.9)

BMT type/cGvHD, n (%)

Autologous 1443 (47.9) 501 (58.5) <.0001

Allogeneic with cGvHD 794 (26.4) 246 (28.7)

Allogeneic without cGvHD 718 (23.8) 104 (12.2)

Allogeneic missing cGvHD 55 (1.8) 5 (0.6)

Stem cell source, n (%)

Bone marrow/cord blood 1034 (34.3) 265 (31.0) .0627

Peripheral stem cells 1975 (65.6) 591 (69.0)

Missing 1 (0.03) 0 (0.0)

Conditioning intensity, n (%)

MAC 2062 (68.5) 611 (71.4) <.0001

RIC/NMA 647 (21.5) 114 (13.3)

Missing 301 (10.0) 313 (15.3)

Conditioning agents, n (%)

TBI 1324 (44.0) 424 (49.5) .0040

Cyclophosphamide 1601 (53.2) 416 (48.6) .0177

Nitrosoureas 414 (13.8) 87 (10.2) .0058

Etoposide 1056 (35.1) 279 (32.6) .1765

Busulfan 363 (12.1) 48 (5.6) <.0001

Cytarabine 199 (6.6) 54 (6.3) .7519

Melphalan 782 (26.0) 226 (26.4) .8041

Fludarabine 519 (17.2) 80 (9.4) <.0001

Chronic health conditions, n (%)

Grade 3 or 4 1694 (56.3) 560 (65.4) <.0001

Mental health‡, n (%)

Not impaired 2892 (96.1) 779 (91.0) <.0001

Impaired 118 (3.9) 77 (9.0)

Some pain from cancer, n (%)

No 921 (30.6) 264 (30.8) .7931

Yes 2065 (68.6) 579 (67.6)

Missing 24 (0.8) 13 (1.5)

ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; BMI, body mass index; CML, chronic myeloid leukemia; HL, Hodgkin lymphoma; IQR, interquartile range; MAC,
myeloablative conditioning; MDS, myelodysplastic syndrome; NMA, nonmyeloablative; NHL, non-Hodgkin lymphoma; PCD, plasma cell dyscrasias; RIC, reduced intensity conditioning.
Bold indicates statistically significant (P < 0.05).
*Race other includes multiracial (n = 94), American Indian (n = 13), and Pacific Islander (n = 2).
†Primary diagnosis other includes severe aplastic anemia, other leukemia, and other.
‡Mental health is impaired if T-score ≥63 on any 2 of symptom scales of the 3 Brief Symptom Inventory-18 items subscales (depression, somatization, or anxiety).
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Table 1 (continued)

Variables of interest

Vital status

P value

Alive

N = 3010 (77.9%)

Deceased

N = 856 (22.1%)

Anxiety from cancer treatments, n (%)

Absent 2821 (93.7) 784 (91.6) .7439

Present 139 (4.6) 41 (4.8)

Missing 50 (1.7) 31 (3.6)

Ever smoke, n (%)

No 1992 (66.2) 438 (51.2) <.0001

Yes 1005 (33.4) 410 (47.9)

Missing 13 (0.4) 8 (0.9)

Smoking status, n (%)

Never smoker 1992 (66.2) 438 (51.2) <.0001

Former smoker 863 (28.7) 352 (41.1)

Current smoker 142 (4.7) 58 (6.8)

Missing 13 (0.4) 8 (0.9)

Ever drink alcohol, n (%)

No 1395 (46.3) 268 (31.3) <.0001

Yes 1577 (52.4) 562 (65.7)

Missing 38 (1.3) 26 (3.0)

Heavy drinker, n (%)

No 1464 (90.7) 485 (82.5) <.0001

Yes 113 (7.0) 77 (13.1)

Missing 38 (2.3) 26 (4.4)

Vigorous physically active, n (%)

No 1572 (52.2) 403 (47.1) .029

Yes 1421 (47.2) 448 (52.3)

Missing 17 (0.6) 5 (0.6)

Levels of vigorous exercise (total metabolic equivalent h/wk-1)

0 MET h/wk-1 1748 (58.1) 578 (67.5) <.0001

3 to <9 MET h/wk-1 964 (32.0) 120 (14.0)

≥9 MET h/wk-1 281 (9.3) 153 (17.9)

Missing 17 (0.6) 5 (0.6)

ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; BMI, body mass index; CML, chronic myeloid leukemia; HL, Hodgkin lymphoma; IQR, interquartile range; MAC, myeloablative
conditioning; MDS, myelodysplastic syndrome; NMA, nonmyeloablative; NHL, non-Hodgkin lymphoma; PCD, plasma cell dyscrasias; RIC, reduced intensity conditioning.
Bold indicates statistically significant (P < 0.05).
*Race other includes multiracial (n = 94), American Indian (n = 13), and Pacific Islander (n = 2).
†Primary diagnosis other includes severe aplastic anemia, other leukemia, and other.
‡Mental health is impaired if T-score ≥63 on any 2 of symptom scales of the 3 Brief Symptom Inventory-18 items subscales (depression, somatization, or anxiety).
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pancreas. There was a significant interaction (P = .019) between
TBI and smoking, such that smokers who had received TBI had a
1.4-fold higher hazard of all-cause mortality (95% CI, 1.1-1.9),
whereas smokers who had not received TBI did not demonstrate a
higher hazard of all-cause mortality (HR, 1.1; 95% CI, 0.8-1.4). As
shown in Table 4, the never smokers, former smokers, and current
smokers were at a 4.3-fold, 4.5-fold, and 8.7-fold higher risk of
death than the age- and sex-matched general population, respec-
tively. The corresponding excess deaths per 1000 person-years
were 25.5, 36.9, and 39.4, respectively.

Alcohol consumption. We did not observe a significant differ-
ence in all-cause mortality (aHR, 1.1; 95% CI, 0.9-1.3) or NRM
28 NOVEMBER 2023 • VOLUME 7, NUMBER 22
(aHR, 1.1; 95% CI, 0.9-1.4) between patients who reported ever
drinking alcohol and those who did not (Table 3). Figure 1Aii,Bii
show that heavy drinkers had a lower risk of all-cause mortality and
NRM after BMT than nonheavy drinkers. However, after adjusting for
time from BMT to study entry, age at BMT, sex, race/ethnicity, BMT
era, stem cell source, primary diagnosis, disease status at BMT,
BMT type, cGvHD, conditioning intensity, TBI, cyclophosphamide,
nitrosoureas, busulfan, fludarabine, household income, chronic
health conditions, educational status, mental health, physical activity
status, and smoking status, a significantly higher hazard of all-cause
mortality was observed among heavy drinkers (aHR, 1.4; 95% CI,
1.0-1.8; reference, nonheavy drinkers). In addition, heavy alcohol
drinkers were at increased risk of NRM compared with nonheavy
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Table 2. Clinical and demographic characteristics of study participants by exposure of interest

Variables of interest

Ever smoke Ever drink alcohol Vigorous physically active

No

n = 2430 (63.0%)

Yes

n = 1415 (36.8%)

No

n = 1663 (43.7%)

Yes

n = 2139 (56.3%)

No

n = 1975 (51.4%)

Yes

n = 1869 (48.6%)

Age at completing the survey in y

Median (range) 54 (18-84) 59 (18-83) 57 (18-84) 56 (18-83) 60 (18-84) 52 (18-80)

P value <.0001 <.0001 <.0001

BMT era, n (%)

1974-1989 211 (8.7) 106 (7.4) 103 (6.2) 207 (9.7) 109 (5.5) 208 (11.3)

1990-2004 1043 (42.9) 614 (43.4) 670 (40.3) 957 (44.7) 730 (37.0) 931 (49.8)

2005-2014 1176 (48.4) 695 (49.1) 890 (53.5) 975 (45.6) 1136 (57.5) 730 (39.1)

P value .4311 <.0001 <.0001

Sex, n (%)

Female 1159 (47.7) 570 (40.3) 899 (54.1) 813 (38.0) 999 (50.6) 726 (38.8)

Male 1271 (52.3) 845 (59.7) 764 (45.9) 1326 (62.0) 976 (49.4) 1143 (61.2)

P value <.0001 <.0001 <.0001

Race/ethnicity, n (%)

African American 126 (5.2) 56 (4.0) 118 (7.1) 62 (2.9) 124 (6.3) 59 (3.2)

Non-Hispanic White 1719 (70.7) 1129 (79.8) 1118 (67.2) 1729 (80.8) 1430 (72.4) 1419 (75.9)

Hispanic 365 (15.0) 140 (10.0) 238 (14.3) 227 (10.6) 236 (11.9) 265 (14.2)

Asian 153 (6.3) 48 (3.4) 132 (8.0) 69 (3.2) 115 (5.8) 86 (4.6)

Other* 66 (2.7) 41 (2.9) 57 (3.4) 50 (2.3) 70 (3.5) 38 (2.0)

Missing 1 (0.04) 1 (0.1) 0 (0.0) 2 (0.1) 0 (0.0) 2 (0.1)

P value <.0001 <.0001 <.0001

Health insurance, n (%)

Not insured 84 (3.5) 48 (3.4) 58 (3.5) 74 (3.5) 48 (2.4) 83 (4.4)

Insured 2325 (95.7) 1344 (95.0) 1604 (96.4) 2061 (96.3) 1925 (97.5) 1743 (93.3)

Missing 21 (0.9) 23 (1.6) 1 (0.1) 4 (0.2) 2 (1.1) 43 (2.3)

P value .1010 .5632 <.0001

Annual household income, n (%)

<$19 999 659 (27.1) 435 (30.7) 571 (34.3) 506 (23.7) 665 (33.7) 426 (22.8)

$20 000-$49 999 418 (17.2) 310 (21.9) 252 (15.2) 460 (21.5) 314 (15.9) 413 (22.1)

>$50 000 1121 (46.1) 552 (39.0) 655 (39.4) 1018 (47.6) 812 (41.1) 862 (46.1)

Missing 232 (9.5) 118 (8.3) 185 (11.1) 155 (7.2) 184 (9.3) 168 (9.0)

P value <.0001 <.0001 <.0001

Educational status, n (%)

≤High school or less 383 (15.8) 327 (23.1) 353 (21.2) 319 (14.9) 419 (21.2) 288 (15.4)

Post high school 2011 (82.8) 1083 (76.5) 1283 (77.1) 1807 (84.5) 1532 (77.6) 1564 (83.7)

Missing 36 (1.5) 5 (0.4) 27 (1.6) 13 (0.6) 24 (1.2) 17 (0.9)

P value <.0001 <.0001 <.0001

Age at BMT in y

Median (range) 42 (0-74) 49 (0-74) 44 (0-74) 45 (0-74) 49 (0-74) 39 (0-72)

P value <.0001 <.0001 <.0001

Follow-up since BMT to study start in y

Median (range) 9 (2-41) 8 (2-41) 9 (3-41) 8 (2-41) 8 (3-41) 9 (2-41)

P value <.0001 <.0001 <.0001

ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; BMI, body mass index; CML, chronic myeloid leukemia; HL, Hodgkin lymphoma; IQR, interquartile range; MAC,
myeloablative conditioning; MDS, myelodysplastic syndrome; NMA, nonmyeloablative; NHL, non-Hodgkin lymphoma; PCD, plasma cell dyscrasias; RIC, reduced intensity conditioning; -, data
are not relevant or applicable.
Bold indicates statistically significant (P < 0.05).
*Race other includes multiracial (n = 93), American Indian (n = 12), and Pacific Island (n = 2).
†Primary diagnosis other includes severe aplastic anemia, other leukemia, and other.
‡Mental health is impaired outcome (T-score ≥63) in any of the 3 Brief Symptoms Inventory-18 items subscales (depression, somatization, or anxiety).
§Nonrecurrence cause of death includes SMN (n = 149), cardiac (n = 86), infection (n = 84), pulmonary (n = 29), renal (n = 22), stroke (n = 12), neurologic (n = 10), other (n = 8), hepatic

(n = 6), hemorrhage (n = 5), and VTE (n = 2).
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Table 2 (continued)

Variables of interest

Ever smoke Ever drink alcohol Vigorous physically active

No

n = 2430 (63.0%)

Yes

n = 1415 (36.8%)

No

n = 1663 (43.7%)

Yes

n = 2139 (56.3%)

No

n = 1975 (51.4%)

Yes

n = 1869 (48.6%)

BMI, n (%)

Underweight (<18.5 kg/m2) 93 (3.8) 35 (2.5) 75 (4.5) 52 (2.4) 68 (3.4) 61 (3.3)

Normal weight (18.5 to <25 kg/m2) 838 (34.5) 394 (27.8) 538 (32.3) 693 (32.4) 581 (29.4) 652 (34.9)

Overweight (25 to <30 kg/m2) 674 (27.7) 464 (32.8) 445 (29.8) 691 (32.3) 574 (29.1) 560 (30.0)

Obese (≥30 kg/m2) 429 (17.7) 298 (21.1) 356 (21.4) 369 (17.2) 456 (23.1) 271 (14.5)

Unknown 396 (16.3) 224 (15.8) 249 (15.0) 52 (2.4) 296 (15.0) 325 (17.4)

P value <.0001 <.0001 <.0001

Primary diagnosis†, n (%)

AML/MDS/ALL 796 (32.8) 420 (29.7) 549 (33.0) 653 (30.5) 605 (30.6) 612 (32.7)

CML 245 (10.1) 148 (10.5) 153 (9.2) 227 (10.6) 157 (7.9) 237 (12.7)

HL/NHL 709 (29.2) 531 (37.5) 471 (28.3) 766 (35.8) 641 (32.5) 601 (32.2)

PCD 429 (17.6) 257 (18.2) 322 (19.4) 356 (16.6) 433 (21.9) 248 (13.3)

Other† 251 (10.3) 59 (4.2) 168 (10.1) 137 (6.4) 139 (7.0) 171 (9.2)

P value <.0001 <.0001 .3239

Disease status at first BMT, n (%)

High risk 1038 (42.7) 681 (48.1) 726 (43.7) 976 (45.6) 959 (48.6) 758 (40.5)

Standard risk 1073 (44.2) 618 (43.7) 743 (44.7) 927 (43.3) 842 (42.6) 850 (45.5)

Missing 319 (13.1) 116 (8.2) 194 (11.7) 236 (11.0) 174 (8.8) 261 (14.0)

P value <.0001 .4661 <.0001

BMT type/cGvHD, n (%)

Autologous 1157 (47.6) 774 (54.7) 796 (47.9) 1123 (52.5) 1030 (52.2) 898 (48.0)

Allogeneic with cGvHD 685 (28.2) 349 (24.7) 470 (28.3) 545 (25.5) 532 (26.9) 504 (27.0)

Allogeneic without cGvHD 555 (22.8) 266 (18.8) 366 (22.0) 443 (20.7) 374 (18.9) 447 (23.9)

Allogeneic missing cGvHD 33 (1.4) 26 (1.8) 31 (1.9) 28 (1.3) 39 (2.0) 20 (1.1)

P value <.0001 .0256 .0002

Stem cell source, n (%)

Bone marrow/cord blood 867 (35.7) 427 (30.2) 541 (32.5) 721 (33.7) 537 (27.2) 760 (40.7)

Peripheral stem cells 1562 (64.3) 988 (69.8) 1121 (67.4) 1418 (66.3) 1438 (72.8) 1108 (59.3)

Missing 1 (0.04) 0 (0.0) 1 (0.1) 0 (0.0) 0 (0.0) 1 (0.05)

P value .0017 .3965 <.0001

Conditioning intensity, n (%)

MAC 1625 (66.9) 1032 (72.9) 1092 (65.7) 1534 (71.7) 1303 (66.0) 1354 (72.4)

RIC/NMA 498 (20.5) 258 (18.2) 381 (22.9) 373 (17.4) 449 (22.7) 309 (16.5)

Missing 307 (12.6) 125 (8.8) 190 (11.4) 232 (10.9) 223 (11.3) 206 (11.0)

P value <.0001 <.0001 <.0001

Conditioning regimen, n (%)

TBI 1102 (45.3) 635 (44.9) 687 (41.3) 1022 (47.8) 766 (38.8) 976 (52.2)

P value .7760 <.0001 <.0001

Cyclophosphamide 1249 (51.4) 756 (53.4) 815 (49.0) 1181 (55.2) 928 (47.0) 1081 (57.8)

P value .2246 .0001 <.0001

Nitrosoureas 289 (11.9) 207 (14.6) 191 (11.5) 306 (14.3) 272 (13.4) 226 (12.1)

P value .0147 .0105 .1210

ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; BMI, body mass index; CML, chronic myeloid leukemia; HL, Hodgkin lymphoma; IQR, interquartile range; MAC,
myeloablative conditioning; MDS, myelodysplastic syndrome; NMA, nonmyeloablative; NHL, non-Hodgkin lymphoma; PCD, plasma cell dyscrasias; RIC, reduced intensity conditioning; -, data
are not relevant or applicable.
Bold indicates statistically significant (P < 0.05).
*Race other includes multiracial (n = 93), American Indian (n = 12), and Pacific Island (n = 2).
†Primary diagnosis other includes severe aplastic anemia, other leukemia, and other.
‡Mental health is impaired outcome (T-score ≥63) in any of the 3 Brief Symptoms Inventory-18 items subscales (depression, somatization, or anxiety).
§Nonrecurrence cause of death includes SMN (n = 149), cardiac (n = 86), infection (n = 84), pulmonary (n = 29), renal (n = 22), stroke (n = 12), neurologic (n = 10), other (n = 8), hepatic

(n = 6), hemorrhage (n = 5), and VTE (n = 2).
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Table 2 (continued)

Variables of interest

Ever smoke Ever drink alcohol Vigorous physically active

No

n = 2430 (63.0%)

Yes

n = 1415 (36.8%)

No

n = 1663 (43.7%)

Yes

n = 2139 (56.3%)

No

n = 1975 (51.4%)

Yes

n = 1869 (48.6%)

Etoposide 812 (33.4) 511 (36.1) 530 (31.9) 772 (36.1) 609 (30.8) 717 (38.4)

P value .0895 .0065 <.0001

Busulfan 273 (11.2) 135 (9.5) 223 (13.4) 182 (8.5) 223 (11.3) 184 (9.8)

P value .1000 <.0001 .1452

Cytarabine 137 (5.6) 114 (8.1) 99 (6.0) 151 (7.1) 153 (7.7) 98 (5.2)

P value .0038 .1722 .0017

Melphalan 598 (24.6) 404 (28.5) 470 (28.3) 527 (24.6) 642 (32.5) 358 (19.1)

P value .0072 .0117 <.0001

Fludarabine 379 (15.6) 216 (15.3) 293 (17.6) 302 (14.1) 363 (18.4) 234 (12.5)

P value .7839 .0032 <.0001

Chronic health conditions, n (%)

Grade 3 or 4 1394 (57.4) 847 (59.9) 1023 (61.5) 1215 (56.8) 1344 (68.0) 899 (48.1)

P value <.0001 .0034 <.0001

Mental health‡, n (%)

Not impaired 2317 (95.4) 1325 (93.6) 1579 (95.0) 2019 (94.4) 1858 (94.1) 1782 (95.4)

Impaired 113 (4.6) 90 (6.4) 84 (5.0) 120 (5.6) 117 (5.9) 87 (4.6)

P value .0222 .4480 .0794

Some pain from cancer, n (%)

No 791 (32.55) 388 (27.4) 454 (27.3) 701 (32.8) 419 (21.2) 761 (40.7)

Yes 1616 (66.5) 1016 (71.8) 1189 (71.5) 1424 (66.6) 1538 (77.9) 1093 (58.5)

Missing 23 (1.0) 11 (0.8) 20 (1.2) 14 (0.6) 18 (0.9) 15 (0.8)

P value .0030 .0004 <.0001

Anxiety from cancer treatments, n (%)

Absent 2280 (93.8) 1308 (92.4) 1559 (93.7) 2025 (94.7) 1849 (93.6) 1740 (93.1)

Present 104 (4.3) 74 (5.2) 85 (5.1) 93 (4.3) 108 (5.5) 70 (3.7)

Missing 46 (1.9) 33 (2.3) 19 (1.1) 21 (1.0) 18 (0.9) 59 (3.2)

P value .2507 .4773 .0170

Vital status, n (%)

Deceased 438 (18.0) 410 (29.0) 268 (16.1) 562 (26.3) 403 (20.4) 448 (24.0)

Alive 1992 (82.0) 1005 (71.0) 1395 (83.9) 1577 (73.7) 1572 (79.6) 1421 (76.0)

P value <.0001 <.0001 .0078

Cause of death, n (%)

Nonrecurrence§ 204 (46.6) 209 (51.0) 113 (42.2) 288 (51.2) 159 (39.4) 256 (57.1)

Recurrence 134 (30.6) 112 (27.3) 77 (28.7) 162 (28.8) 128 (31.8) 118 (26.3)

Unknown 95 (21.7) 80 (19.5) 78 (29.1) 98 (17.4) 113 (28.0) 63 (14.1)

External 5 (1.1) 9 (2.2) 0 (0.0) 14 (2.5) 3 (0.7) 11 (2.5)

P value .3161 <.0001 <.0001

Ever smoke, n (%)

No - - 1266 (73.1) 1138 (53.2) 1231 (62.3) 1186 (63.5)

Yes - - 394 (23.7) 994 (46.5) 735 (37.2) 678 (36.3)

Missing - - 3 (0.2) 7 (0.3) 9 (0.5) 5 (0.3)

P value - <.0001 .5071

ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; BMI, body mass index; CML, chronic myeloid leukemia; HL, Hodgkin lymphoma; IQR, interquartile range; MAC,
myeloablative conditioning; MDS, myelodysplastic syndrome; NMA, nonmyeloablative; NHL, non-Hodgkin lymphoma; PCD, plasma cell dyscrasias; RIC, reduced intensity conditioning; -, data
are not relevant or applicable.
Bold indicates statistically significant (P < 0.05).
*Race other includes multiracial (n = 93), American Indian (n = 12), and Pacific Island (n = 2).
†Primary diagnosis other includes severe aplastic anemia, other leukemia, and other.
‡Mental health is impaired outcome (T-score ≥63) in any of the 3 Brief Symptoms Inventory-18 items subscales (depression, somatization, or anxiety).
§Nonrecurrence cause of death includes SMN (n = 149), cardiac (n = 86), infection (n = 84), pulmonary (n = 29), renal (n = 22), stroke (n = 12), neurologic (n = 10), other (n = 8), hepatic

(n = 6), hemorrhage (n = 5), and VTE (n = 2).
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Table 2 (continued)

Variables of interest

Ever smoke Ever drink alcohol Vigorous physically active

No

n = 2430 (63.0%)

Yes

n = 1415 (36.8%)

No

n = 1663 (43.7%)

Yes

n = 2139 (56.3%)

No

n = 1975 (51.4%)

Yes

n = 1869 (48.6%)

Smoking status, n (%)

Former smoker - 1215 (85.9) 335 (85.0) 854 (85.9) 638 (86.8) 575 (84.8)

Current smoker - 200 (14.1) 59 (15.0) 140 (14.1) 97 (13.2) 103 (15.2)

Age at smoking initiation

Median (IQR) - 17 (10-57) 17 (10-48) 17 (10-57) 17 (10-57) 17 (10-50)

Total y of smoking

Median (IQR) - 15 (1-57) - - - -

Ever drink alcohol, n (%)

No 1266 (52.1) 394 (27.8) - - 1079 (54.6) 575 (30.8)

Yes 1138 (46.8) 994 (70.2) - - 883 (44.7) 1251 (66.9)

Missing 26 (1.1) 27 (1.9) - - 13 (0.7) 43 (2.3)

P value <.0001 - <.0001

Heavy drinker, n (%)

No 1058 (93.0) 884 (88.9) - 1949 (91.1) 839 (95.0) 1105 (88.3)

Yes 80 (7.0) 110 (11.1) - 190 (8.9) 44 (5.0) 146 (11.7)

P value .0011 - <.0001

Vigorous physical activity, n (%)

No 1231 (50.7) 735 (51.9) 651 (39.1) 626 (29.3) - -

Yes 1186 (48.8) 678 (47.9) 575 (34.6) 1251 (58.5) - -

Missing 13 (0.5) 2 (0.1) 437 (26.3) 262 (12.2) - -

P value .1362 - <.0001

Levels of vigorous exercise (total metabolic equivalent h/wk
-1
)

0 MET h/wk-1 1419 (58.4) 898 (63.5) 1157 (69.6) 1134 (53.0) 1975 (100.0) 351 (18.8)

3 to <9 MET h/wk-1 736 (30.3) 343 (24.2) 410 (24.6) 668 (31.2) - 1084 (58.0)

≥ 9 MET h/wk-1 262 (10.8) 172 (12.2) 87 (5.2) 332 (15.5) - 434 (23.2)

Missing 13 (0.5) 2 (0.1) 9 (0.5) 5 (0.2) - -

P value .0001 <.0001 -

ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; BMI, body mass index; CML, chronic myeloid leukemia; HL, Hodgkin lymphoma; IQR, interquartile range; MAC, myeloablative
conditioning; MDS, myelodysplastic syndrome; NMA, nonmyeloablative; NHL, non-Hodgkin lymphoma; PCD, plasma cell dyscrasias; RIC, reduced intensity conditioning; -, data are not relevant
or applicable.
Bold indicates statistically significant (P < 0.05).
*Race other includes multiracial (n = 93), American Indian (n = 12), and Pacific Island (n = 2).
†Primary diagnosis other includes severe aplastic anemia, other leukemia, and other.
‡Mental health is impaired outcome (T-score ≥63) in any of the 3 Brief Symptoms Inventory-18 items subscales (depression, somatization, or anxiety).
§Nonrecurrence cause of death includes SMN (n = 149), cardiac (n = 86), infection (n = 84), pulmonary (n = 29), renal (n = 22), stroke (n = 12), neurologic (n = 10), other (n = 8), hepatic

(n = 6), hemorrhage (n = 5), and VTE (n = 2).
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drinkers (aHR, 1.4; 95% CI, 1.0-2.0) (Table 3). The most common
causes of death among heavy drinkers included disease recurrence
(18.2%), SMNs (27.3%), cardiovascular disease (13%), and infec-
tion (6.5%) (Figure 2). Alcohol consumption did not show any
interaction with TBI in increasing the hazard of all-cause mortality
(ever drinker: P = .627; heavy drinker: P = .136). As shown in
Table 4, the nonheavy and heavy drinkers were at a 4.0-fold and a
13.0-fold higher risk of death than the age- and sex-matched general
population, respectively. The corresponding excess deaths per 1000
person-years were 30.7 and 53.5, respectively.

Vigorous physical activity. Figure 1Aiii,Biii show that survivors
who exercised 3 to <9 MET hour/week-1 had the greatest survival
probability (all-cause mortality and NRM) after BMT compared with
the other groups. Increased hazard of all-cause mortality was
28 NOVEMBER 2023 • VOLUME 7, NUMBER 22
observed among those not engaging in vigorous physical activity
(HR, 1.2; 95% CI, 1.1-1.4; reference, reported vigorous physical
activity). Survivors who exercised 0 MET hour/week-1 were at a
higher risk of all-cause mortality than individuals who exercised ≥9
MET hour/week-1 (aHR, 1.3; 95% CI, 1.1-1.7). Individuals who
exercised 3 to <9 MET hour/week-1 were at 30% lower risk of
all-cause mortality than those who exercised ≥9 MET hour/week-1

(aHR, 0.7; 95% CI, 0.5-1.0) (Table 3). Individuals who exercised
0 MET hour/week-1 were at higher risk of NRM (aHR=1.3, 95%
CI=1.0-1.7) than individuals who exercised ≥9 MET hour/week-1.
Individuals who exercised 3 to <9 MET hour/week-1 were at lower
risk of NRM than those who exercised ≥9 MET hour/week-1 (aHR,
0.7; 95% CI, 0.6-1.0). As shown in Figure 2, the causes of death
did not differ by level of vigorous exercise, with the exception of
SMN-related deaths, in which the prevalence was highest among
RISKY HEALTH BEHAVIORS AND LATE MORTALITY AFTER BMT 7037



Kaplan-Meier curve (A.1 – A.3) showing risk of all-cause mortality by risky health behavior.
Cumulative incidence curve (B.1 – B.3) showing risk of non-recurrence related mortality by risky health behavior.
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Table 3. Risky health behaviors and hazard of subsequent all-cause and nonrecurrence–related late mortality

Variables of interest

Crude HR (95% CI) aHR (95% CI)

All-cause mortality All-cause mortality Nonrecurrence-related mortality

Ever smoke*

No Reference Reference Reference

Yes 1.5 (1.4-1.8) 1.2 (1.1-1.5) 1.3 (1.0-1.8)

Smoking status*

Non-smoker Reference Reference Reference

Former smoker 1.6 (1.4-1.8) 1.2 (1.1-1.5) 1.3 (1.0-1.8)

Current smoker 1.4 (1.1-1.9) 1.7 (1.2-2.5) 1.6 (1.0-2.7)

Ever drink alcohol†

No Reference Reference Reference

Yes 1.3 (1.1-1.5) 1.1 (0.9-1.3) 1.1 (0.9-1.4)

Heavy drinker†

No Reference Reference Reference

Yes 0.9 (0.7-1.2) 1.4 (1.0-1.8) 1.4 (1.0-2.0)

Vigorous physical activity for at least 10 min at a time§

Yes Reference Reference Reference

No 1.5 (1.3-1.7) 1.2 (1.1-1.4) 1.2 (1.0-1.6)

Levels of vigorous exercise (total metabolic equivalent h/wk-1)§

≥ 9 MET h/wk-1 Reference Reference Reference

3 to <9 MET h/wk-1 0.6 (0.4-0.8) 0.7 (0.5-1.0) 0.7 (0.6-0.1)

0 MET h/wk-1 1.4 (1.2-1.7) 1.3 (1.1-1.7) 1.3 (1.0-1.7)

Bolded values indicate statistical significance (CI does not include 1).
*Adjusted for sex, race/ethnicity, BMT era, time from BMT to study entry, age at BMT, primary diagnosis, stem cell source, disease status at BMT, BMT type, cGvHD, conditioning intensity,

TBI, cyclophosphamide, nitrosoureas, busulfan, fludarabine, household income, educational status, chronic health conditions, mental health, physical activity status, alcohol consumption (ever),
and total years of smoking. Survivors with missing smoking status were excluded from this analysis.
†Adjusted for sex, race/ethnicity, BMT era, time from BMT to study entry, stem cell source, age at BMT, primary diagnosis, disease status at BMT, BMT type, cGvHD, conditioning intensity,

TBI, cyclophosphamide, nitrosoureas, busulfan, fludarabine, household income, chronic health conditions, educational status, mental health, physical activity status, and smoking status (ever).
Survivors with missing alcohol consumption status were missing from this analysis.
§Adjusted for sex, race/ethnicity, BMT era, time from BMT to study entry, stem cell source, age at BMT, primary diagnosis, disease status at BMT, BMT type, cGvHD, conditioning intensity,

TBI, cyclophosphamide, nitrosoureas, busulfan, fludarabine, household income, chronic health condition, educational status, mental health, anxiety from cancer treatment, smoking status
(ever), and alcohol consumption (ever). Survivors with missing physical activity status were excluded from this analysis.
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those with the highest level of activity. However, the adjusted
hazards of SMN-related deaths revealed that survivors who exer-
cised 0 MET hour/week-1 had a higher risk of SMN-related deaths
than survivors who exercised ≥9 MET hour/week-1 (aHR, 1.9;
95% CI, 0.4-1.2) (supplemental Table 3). Vigorous physical activity
did not demonstrate a significant interaction with TBI in increasing
the hazard of all-cause mortality (P = .627). As shown in Table 4,
survivors who practiced 0 MET hour/week-1, 3 to >9 MET hour/
week-1, and ≥9 MET hour/week-1 were at a 4.9-fold, 2.4-fold, and
6.7-fold higher risk of death than the age- and sex-matched general
population, respectively. The corresponding excess deaths per
1000 person-years were 35.4, 11.0, and 30.4, respectively.

Risky health behaviors and late mortality by clinical/
demographic characteristics. The association between risky
health behaviors of interest and all-cause late mortality did not differ
based on sex. Time from BMT to study participation, age at BMT,
and BMT type were not effect-modifiers (supplemental Table 2).
Analyses stratified by age at survey completion (<56 years; ≥56
years) revealed that the magnitude of association between risky
health behaviors and late mortality did not differ by age at study
participation, with the exception that the association between lack
28 NOVEMBER 2023 • VOLUME 7, NUMBER 22
of physical activity and mortality was higher in the younger age
group (supplemental Figures 3-5).

Risk health behaviors in clusters. Supplemental Figure 6
shows the numbers of participants practicing risky health behav-
iors in clusters. The hazard of all-cause mortality and NRM
increased with the number of risk behaviors. The hazard of
all-cause mortality (aHR, 3.7; 95% CI, 1.8-7.6; reference, no risky
behavior) and NRM (aHR, 2.9; 95% CI, 0.8-9.5; reference, no risky
behavior) was highest among participants who reported practicing
all 3 risky behaviors (smoking, heavy alcohol drinking, and lack of
physical activity) compared with those practicing no risky behaviors
(supplemental Table 4).

Discussion

This analysis of a large cohort of adult BMT survivors followed for a
median of 15 years from BMT, including 5 years after completing a
comprehensive health-related survey, indicates that risky health
behaviors were associated with increased risk of all-cause mortality.
In particular, smoking (current or former), heavy drinking, and not
engaging in vigorous physical activity increased the risk of NRM.
RISKY HEALTH BEHAVIORS AND LATE MORTALITY AFTER BMT 7039
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Table 4. Study participants’ age- and sex-standardized mortality

ratio compared with US general population and excess deaths

per 1000 person-years

SMR (95% CI)

Excess deaths

per 1000 person-y

(95% CI)

Smoking status

Never 4.3 (3.8-4.7) 25.5 (22-29)

Former 4.5 (4.0-5.0) 36.9 (32-42)

Current 8.7 (6.4-10.9) 39.4 (28-51)

Alcohol consumption status

Nonheavy drinker 4.0 (3.6-4.3) 30.7 (28-34)

Heavy drinker 13.0 (10.0-15.9) 53.5 (40-67)

Levels of vigorous exercise (total metabolic equivalent h/wk-1)

0 MET h/wk-1 4.9 (4.4-5.2) 35.4 (32-39)

3 to <9 MET h/wk-1 2.4 (1.9-2.8) 11.0 (7-15)

≥9 MET h/wk-1 6.7 (5.7-7.9) 30.4 (24-36)

SMR, standardized mortality ratio.
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Although former smokers were at a 20% higher hazard of all-cause
mortality, current smokers were at 70% higher risk. Furthermore,
current smokers were at a 60% higher risk of NRM than non-
smokers. The most common causes of nonrecurrence-related
death were subsequent malignancies and cardiovascular disease.
Our findings are consistent with previous studies in the general
population demonstrating a definitive association between smoking
and twofold to threefold higher hazards of all-cause mortality.37-45

Epidemiologic studies strongly support the association between
cigarette smoking and cardiovascular events and mortality.46-48

Even low-tar cigarette smoking is associated with an increased
risk of cardiovascular events and mortality in comparison with not
smoking.49,50 Cigarette smoking causes endothelial dysfunction,
resulting in thrombotic lesions.51 However, given the high risk of
late mortality among BMT recipients,22,52 the addition of smoking,
especially in the setting of TBI increases the risk even further.

Heavy alcohol consumption was associated with a 40% higher
hazard of all-cause mortality and NRM. Common causes of
nonrecurrence-related mortality included subsequent malignancies
and cardiovascular disease. Our findings are consistent with
several previous studies among cancer and noncancer pop-
ulations.53-56 Observational studies have consistently shown a
higher risk of all-cause and cardiovascular mortality in people with
high level of alcohol consumption in the general population.57,58

High doses of alcohol are associated with the development of
hypertension, coronary and peripheral atherosclerosis, changes in
lipid profile, and an increased risk of stroke.59,60

Physical inactivity increases the risk of coronary heart disease,
type 2 diabetes, and breast and colon cancers, resulting in a
shortened life expectancy.61 We found that lack of vigorous
exercise among BMT survivors was associated with a higher risk
of all-cause mortality and NRM. Survivors who did not exercise
vigorously had a 20% higher risk of all-cause mortality and NRM
than those who did. Previous studies in the general population
report higher hazards of all-cause mortality among participants
who are inactive.62,63 A report from the Childhood Cancer
28 NOVEMBER 2023 • VOLUME 7, NUMBER 22
Survivor Study suggested that vigorous exercise is associated
with a lower risk of mortality in adult survivors of childhood can-
cer.64 When examining the intensity of vigorous activity, we found
a 30% higher hazard of all-cause mortality and NRM among
participants who exercised 0 MET hour/week-1 than those who
exercised ≥9 MET hour/week-1. Interestingly, the hazard of all-
cause mortality and NRM among participants who reported 3 to
>9 MET hour/week-1 vigorous physical activity was lower than in
individuals who exercised ≥9 MET hour/week-1. Previous studies
suggest that exercise dose-response associations with mortality
are not necessarily linear.63,65 Several studies have demonstrated
a U-shaped or a reverse J-shaped relationship between physical
activity and mortality (ie, the mortality risk reduction is attenuated
or eliminated at a high threshold of physical activity).66 Long-term
excessive exercise may induce pathologic structural remodeling
of the heart and large arteries. Emerging data suggest that
excessive exercise can cause transient acute volume overload of
the atria and right ventricle, with transient reductions in right
ventricular ejection fraction and elevations of cardiac biomarkers,
all of which return to normal within 1 week. Over months to years
of repetitive injury, this process, in some individuals, may lead to
patchy myocardial fibrosis, particularly in the atria, interventricular
septum, and right ventricle, creating a substrate for atrial and
ventricular arrhythmias. Additionally, long-term excessive sus-
tained exercise may be associated with coronary artery calcifi-
cation, diastolic dysfunction, and large-artery wall stiffening.67

From a public health perspective, addressing risky health behaviors
and promoting positive health behaviors is important because they
are potentially modifiable.68 Previous studies in the general popu-
lation report that smoking, alcohol-related disorders, and physical
inactivity can directly affect health–related quality of life.69-74 The
association between these potentially modifiable factors and late
mortality offers opportunities for development of interventions to
improve both the quality and quantity of life after BMT.

This study needs to be placed in the context of its limitations. Our
analysis relied on self-reported measures, which are subject to
reporting and recall bias. There is a potential for survival bias
because the time from BMT to survey completion varied between
survivors. We adjusted for time from BMT to survey completion to
address this concern, and the magnitude of the association
between risky behaviors and mortality did not differ when stratified
by time from BMT to survey completion. There is a potential for
behavior change between completion of the survey and last follow-
up or death. We attempted to address this by using the time from
survey to death or end of follow-up as the time axis in the analysis.
These limitations notwithstanding, to our knowledge, this is the first
large, multi-institutional study with mature follow-up that evaluated
risky health behaviors and their association with late mortality.
Investigating these risky health behaviors could inform the devel-
opment of interventions to reduce late mortality after BMT. It also
highlights the importance of educating survivors and their health
care providers about their risks and the need for long-term
surveillance.
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