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Abstract

Background: Comprehensive assessment of morbidity after allogeneic BMT performed in
childhood remains understudied.

Methods: Seven hundred and eighty-nine allogeneic BMT recipients who had survived =2y after
BMT performed between 1974 and 2014 at age <22y, and 690 siblings completed a 255-item
survey, self-reporting sociodemographics and chronic health conditions. A severity score (grade

3 [severe], 4 [life-threatening] or 5 [fatal]) was assigned to the conditions using CTCAE, v5.0.
For the BMT cohort, the cumulative incidence of chronic health conditions was calculated as a
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function of time from BMT. Proportional subdistribution hazards models were used to determine
predictors of grade 3-5 conditions. Logistic regression was used for estimating the risk of grade
3-4 conditions in BMT recipients alive at study compared to siblings.

Results: Median age at transplantation was 11.3y (range: 0.4-22.0); median length of follow-up
was 11.7y (2.0-45.3). The most prevalent primary diagnoses were acute lymphoblastic leukemia
(30.7%), and acute myeloid leukemia/myelodysplastic syndrome (26.9%). At age 35y, the
cumulative incidence of a grade 3—4 condition was 53.8% (95%Cl; 46.7-60.3). The adjusted odds
ratio of a grade 3—4 condition was 15.1 in survivors (95%C1=9.5-24.0) compared to siblings. The
risk of a grade 3-5 condition increased with age at BMT (hazard ratio [HR]=1.03, 95%CI=1.01-
1.05) and was higher among females (HR=1.27, 95%CIl; 1.02-1.59), patients receiving TBI
(HR=1.71, 95%Cl; 1.27-2.31), and those reporting chronic GVHD (HR=1.38, 95%Cl; 1.09-1.74).

Conclusion: Two-year survivors of allogeneic BMT in childhood have an increased risk of grade
3-4 chronic health conditions compared to siblings, suggesting the need for long-term follow-up.
Condensed abstract:

Two-year survivors of allogeneic BMT in childhood have a substantially increased risk of chronic
health conditions compared to siblings.

By the age of 35 years, more than half of BMT recipients have a severe or life-threatening chronic
health condition.

Keywords
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INTRODUCTION

Allogeneic blood or marrow transplantation (BMT) is used with curative intent for children
with several malignant and non-malignant disorders. Survivors of childhood cancer treated
in a non-transplant setting are at increased risk of late morbidity that is directly related

to therapeutic exposures.l 2 The additional therapeutic exposures in the transplant setting
potentially further increases the burden of late morbidity. Previous studies have reported

a high burden of long-term morbidity borne by allogeneic BMT survivors; however, these
studies either focused exclusively on adults or on cohorts that consisted largely of adults.3~
10 studies focusing exclusively on survivors of BMT performed in childhood are limited
by small samples.11-18 Armenian et a/ compared morbidity in survivors of childhood
cancer undergoing BMT with those treated with conventional therapy and found that

BMT recipients had a higher burden of adverse health.1® However, this study included
only 105 allogeneic BMT recipients, all transplanted before 1998. Gaps in knowledge
remain regarding the risk of specific chronic health conditions in survivors of allogeneic
BMT performed in childhood and whether the burden of morbidity has changed with
modifications in transplant practice over the past four decades. We addressed these gaps by
using the resources offered by the BMT Survivor Study (BMTSS).
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METHODS

BMTSS is a retrospective cohort study examining long-term outcomes in individuals who
survived two or more years after BMT performed between 1974 and 2014 at the University
of Minnesota, City of Hope, or University of Alabama at Birmingham. To be included in
the present analysis, patients had to have received allogeneic BMT before the age of 22y
and survived at least 2y after transplantation, regardless of disease status at cohort entry or
vital status after cohort entry. Patients who received BMT for an inborn error of metabolism
were not included, nor were patients who received a second BMT. A comparison cohort

of siblings without a history of BMT was selected from the sibling cohort of BMTSS
(Supplemental Material 1).

Of the 1,322 patients eligible for study participation, 1,039 (79%) were successfully
contacted, and 789 (60%) participated. Participants were older at BMT than non-participants
(mean age, 11.3 vs. 10.3 years, P=0.002). Females (45.3% vs. 37.7%, P=0.007), non-
Hispanic whites (74.8% vs. 60.4%, P<0.001), and patients transplanted before year 2000
(58.3% vs. 29.8%, P<0.001), were more likely to participate (Supplemental Table 1).

Information on primary diagnosis, age at BMT, pre-BMT treatment, conditioning intensity
(myeloablative; non-myeloablative/reduced intensity),29 type of donor (related; unrelated),
stem cell source (bone marrow; peripheral blood; cord blood), chronic graft vs. host disease
(cGvHD) and exposure to total body irradiation (TBI) was obtained on all participating
BMT survivors from the institutional transplant databases. Survivors and siblings (or parents
of participants <18y) completed a 255-item BMTSS survey that covers the following areas:
diagnosis by a healthcare provider of chronic health conditions (including age at diagnosis),
healthcare utilization and sociodemographic characteristics (race/ethnicity, sex, education,
household income and insurance). The reliability and validity of the BMTSS survey was
tested, and responses regarding chronic health conditions demonstrate a high level of
agreement with the medical records.?!

Chronic health conditions diagnosed after BMT were graded using the Common
Terminology Criteria for Adverse Events (CTCAE), v5.0, distinguishing grades 1 through 5
based on the severity of each event (grade 1, mild; grade 2, moderate; grade 3, severe; grade
4, life-threatening/disabling; grade 5, death from chronic health conditions).22 The same
scoring system was applied to responses from the sibling comparison group. A detailed
description of the questions asked in the BMTSS survey, the corresponding chronic health
condition categories created from the responses and the scoring of these conditions are
presented in Supplemental Table 2. For participants with more than one chronic health
condition, the condition with a maximum grade was used. For the deceased patients, we
used the cause of death information from the National Death Index (NDI) Plus; a grade 5
was assigned to the chronic health conditions stated as the cause of death in the NDI Plus
files. Deaths from primary disease, accident, or suicide were not graded. The University of
Alabama at Birmingham institutional review board (IRB) served as the single IRB of record.
Informed consent was obtained in accordance with the Declaration of Helsinki.
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Statistical analysis

RESULTS

Standard parametric and nonparametric techniques were used for comparison of
demographic and clinical characteristics and the prevalence of specific chronic health
conditions between BMT survivors alive at study participation and siblings, as well as within
the whole cohort of BMT recipients (alive and deceased) overall, and by treatment era.

For the comparison between BMT recipients (alive at study participation) and siblings,

the cumulative incidence of chronic health conditions as a function of attained age was
calculated. Logistic regression was used for estimating the odds of grade 3—4 conditions in
BMT survivors compared to siblings, adjusting for sex, race/ethnicity, education, household
income and health insurance.

For the BMT cohort, the cumulative incidence of chronic health conditions was calculated
as a function of time from BMT, using death from other causes as competing risk.

When analyzing predictors of grade 3-5 conditions in BMT recipients, proportional
subdistribution hazards models (Fine-Gray) were used, treating death from primary disease
or accident/homicide/suicide as competing risk. We examined the following variables: sex,
race/ethnicity, age at BMT, year of BMT, primary disease, source of stem cells, donor
type, pre-BMT treatment, conditioning intensity, TBI, history of cGvHD, treating institution,
education, household income and health insurance. BMT recipients with missing pre-BMT
treatment data were treated as a separate group. Variables with statistical significance at
p<0.1 in the multivariable model were subsequently included in a parsimonious model.
Mediation analysis was done by adding individual risk factors to the model examining

the association between transplant era (<1990; 1990-1999; >=2000) and risk of grade 3-5
conditions to examine if the hazard ratios changed.

Data were analyzed using SAS Version 9.4 (SAS Institute). All statistical tests were 2-sided,
and P <0.05 was considered statistically significant.

Demographic and clinical characteristics of BMT recipients

The demographic and clinical characteristics of the BMT recipients overall and by primary
disease are shown in Table 1. In this cohort, 789 patients had received allogeneic BMT

at age <22y and survived >2y after BMT (540 alive at study participation; 249 deceased
after surviving =2y). The median age at transplantation was 11.3y (range: 0.4-22.0); median
length of follow-up was 11.7y (2.0-45.3); 432 (54.8%) patients were male, 590 (74.8%)
were non-Hispanic white, and 329 (41.7%) had undergone BMT in the year 2000 or later.
The three most common indications for BMT were acute lymphoblastic leukemia (ALL;
30.7%), acute myeloid leukemia or myelodysplastic syndrome (AML/MDS; 26.9%) and
severe aplastic anemia (SAA; 12.9%). Four hundred and thirty-eight patients (55.5%) had
received stem cells from a related donor, and bone marrow was the major source of stem
cells for 609 patients (77.2%). TBI was used for conditioning in 572 patients (72.5%),

and 243 patients (31.0%) received reduced intensity/non-myeloablative conditioning; 262
(33.2%) patients had a history of cGvHD.
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Risk of severe or life-threatening chronic health conditions in BMT survivors compared

with siblings
The sibling comparison cohort consisted of 690 individuals. A comparison of the
demographic characteristics between siblings and BMT survivors alive at study participation
is shown in Supplemental Table 3. The cumulative incidence of a grade 3—4 chronic health
condition by age 35 among BMT survivors was significantly higher than among siblings
(53.8%, 95%ClI, 46.7-60.3 vs. 6.8%, 95%Cl, 4.7-8.9, p<0.0001) (Figure 1). The adjusted
odds of developing a grade 3—4 chronic health condition were 15.1-fold higher in BMT
survivors (95%Cl, 9.5-24.0). The prevalence of specific types of grades 3—4 chronic health
conditions are shown in Table 2. As illustrated in Figure 2, higher odds were observed
for developing cataracts (OR=38.0; 95%CI 15.1-95.2), cardiovascular disease (OR=12.7,
95%Cl, 4.7-34.2), diabetes (OR=9.7; 95%Cl, 3.6-26.2), thyroid nodules (OR=9.0, 95%ClI,
3.6-22.2), joint replacement (OR=5.3, 85%ClI, 2.2-12.7) and sensorineural disorders
(OR=3.5, 95%Cl, 1.8-6.8) among BMT survivors as compared with the sibling comparison

group.

A larger proportion of BMT survivors (13.5%) had multiple (=2) grade 3-4 chronic health
conditions compared to the siblings (1.5%), P<0.0001, yielding an adjusted odds ratio of
47.2 (95%ClI 20.7-107.7) for multiple grade 3-4 conditions among BMT survivors.

Risk of multiple severe or life-threatening chronic health conditions among BMT recipients

Among the BMT survivors, the risk of a multiple grade 3—4 chronic health condition was
higher among females (HR=1.89, 95%CI 1.20-2.94). Furthermore, the risk of multiple
grade 3-4 conditions was increased among those receiving an unrelated donor transplant
(HR=1.77, 95%CI 1.01-3.09), and TBI (HR=4.82, 95%CI 2.07-11.25). Compared

to patients receiving myeloablative conditioning, those receiving reduced intensity
conditioning (HR=2.65, 95%CI 1.51-4.63), as well as non-myeloablative conditioning
(HR=4.09, 95%CI 1.64-10.19), had an increased risk for multiple grade 3—4 chronic health
conditions. Patients transplanted 1990-1999 and =2000 had a lower risk of multiple grade
3-4 conditions compared to those transplanted <1990 (HR=0.48, 95%CI 0.27-0.86 and
HR=0.18, 95%CI 0.08-0.40, respectively).

Risk of severe, life-threatening or fatal chronic health conditions among BMT recipients

Of the 789 patients, 562 (71.2%) developed any grade 1-5 condition and 326 (41.3%)

a grade 3-5 condition (Supplemental Table 4). The risk of a grade 3-5 chronic health
condition increased with increasing age at BMT (HR per y increase_in_age=1.03, 95%Cl,
1.01-1.05) and was higher among females (HR=1.26, 95%CI 1.02-1.58) (Table 3).
Furthermore, the risk was increased among those receiving an unrelated donor transplant
(HR=1.30, 95%CI 1.03-1.64), those exposed to TBI (HR=1.71, 95%CI 1.27-2.31), as

well as those with cGvHD (HR=1.38, 95%CI 1.09-1.74). The full multivariable model is
shown in Supplemental Table 5. The most pertinent negative findings included the lack of
association between conditioning intensity and chronic health conditions, as well as between
treatment era and chronic health conditions. In the comparison of the prevalence of specific
chronic health conditions between the sexes, females had a higher prevalence of thyroid
nodules (4.5% vs. 1.4%, P=0.009) (Supplemental Table 6). Compared to patients without
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cGVvHD, those with cGVHD had a higher prevalence of joint replacement (5.3% vs. 1.6%,
P=0.003), and lung fibrosis/lung transplant (2.3% vs. 0.4%, P=0.01) (Supplemental Table 7).
Given that pre-BMT exposures were not available for 53% of the patients, we conducted

a sensitivity analysis of risk factors for a grade 3-5 chronic health condition excluding
pre-BMT data and found no major difference in the HRs shown in Table 3 and Supplemental
Table 5.

The 10y post-BMT cumulative incidence of any grade 3-5 chronic health condition was
29.4% (SD 1.7%). The 10y cumulative incidence for specific grades 3-5 chronic health
conditions was as follows: cataract: 7.0% (SD 1.2%), second malignant neoplasms (SMNs):
6.6% (SD 0.9%), sensorineural disorder: 4.3% (0.8%), cardiovascular disease: 3.1% (SD
0.6%), diabetes: 1.9% (SD 0.5%), and gastrointestinal disorders: 1.8% (SD 0.5%) (Figure
3).

The risk of a grade 3-5 SMN was increased among patients with AML/MDS (HR=1.88,
95%CI 1.09-3.25) and bone marrow failure syndrome (HR=6.68, 95%CI 3.08-14.51),
compared to those with ALL (Supplemental Table 8). Patients transplanted 1990-1999

had an increased risk of a grade 3-5 SMN (HR=1.57, 95%CI 1.00-2.44) compared to
those transplanted before 1990. For those transplanted >2000, the risk was not significantly
increased compared to <1990. Furthermore, patients exposed to TBI had an increased

risk (HR=2.08, 95%CI 1.09-3.99). The SMNs included solid SMNs (55.1%), skin cancer
(27.1%), lymphoma (9.3%) and leukemia (8.5%) (Supplemental Table 9).

Chronic health conditions in BMT recipients by treatment era

The demographic and clinical characteristics and the prevalence of chronic health conditions
by treatment era are detailed in Supplemental Table 10. Noteworthy differences in the three
eras (<1990, 1990-1999 and >2000) were an increase in prevalence of unrelated donor
transplants (11.7%—48.7%—64.4%), transplantation for bone marrow failure syndromes
(0.4%—4.3—18.5%), and the use of cord blood (0%—7.4%—26.1%) and peripheral
blood (0.4%—2.2%—21.6%) as sources of stem cells. The proportion of patients receiving
myeloablative conditioning regimens declined (87.6%—79.1%—49.2%).

The 10y cumulative incidence of a grade 3-5 chronic health condition was higher among
those transplanted in the most recent transplant era (2000-2014: 35.0%), compared to those
transplanted before (<1990: 26.1%; 1990-1999: 25.1%, P=0.001) (Supplemental Figure

1). The unadjusted hazard of any grade 3-5 chronic health condition was increased for
those transplanted 22000 compared to <1990 (HR=1.46, 95%CI 1.07-1.99). Inclusion of
stem cell source in the model mitigated the difference in risk of grades 3-5 chronic health
conditions in the most recent era (Supplemental Table 11). The unadjusted hazard of any
grade 3-5 chronic health condition was increased for those receiving peripheral blood stem
cells (HR=1.77, 95%CI 1.23-2.53) and cord blood (HR=1.41, 95%CI 1.01-1.97) as stem
cell source compared to bone marrow.

Cancer. Author manuscript; available in PMC 2024 February 27.
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DISCUSSION

Two-year survivors of allogeneic BMT performed in childhood have a 15-fold higher risk
of a severe or life-threatening chronic health condition compared to a sibling comparison
cohort. By age 35, more than half of the BMT recipients had developed a severe or
life-threatening condition. The 10y cumulative incidence of a severe, life-threatening or
fatal condition was highest among those transplanted in the most recent transplant era, and
the more recent use of peripheral blood stem cells or cord blood explained this difference.

The prevalence of a grade 3—4 condition in BMT survivors after a median follow-up of 7y in
a cohort of 162 2y-survivors after allogeneic BMT performed before the age of 18y seenin a
late effects clinic in the Netherlands was 25%,13 which aligns well with a prevalence of 36%
in our study with a longer median length of follow-up of 11y. The cumulative incidence of

a grade 3—4 condition by age 35 was 54% among BMT survivors, compared to only 7% in
siblings. The present study adds to the existing knowledge of the burden of morbidity among
childhood BMT recipients by including a comparison with siblings, showing that childhood
BMT recipients have a 15-fold increase in risk of a grade 3—4 condition. Higher adjusted
odds were observed for a wide range of chronic health conditions; cataracts, diabetes,
cardiovascular disease, thyroid nodules, joint replacement, and sensorineural disorders when
compared to the siblings; the adjusted odds for multiple grade 3—4 chronic health condition
were remarkably high at 47.

In the current study, the prevalence of a grade 3—4 cardiovascular disease among BMT
recipients was 5.0% and the BMT survivors were at 12.7-fold higher odds of developing

a cardiovascular disease compared to siblings. Our results are in line with those reported
from the Center for International Blood and Marrow Transplant Research (CIBMTR)

where the prevalence of cardiovascular disease was 4.2% after a median follow-up of 8y
after pediatric allogeneic BMT.12 In the CIBMTR study, cardiovascular risk factors were
prevalent, increasing the risk for cardiovascular disease with time. Diabetes was diagnosed
in 7% of the patients in the CIBMTR study, a prevalence close to that of 4.8% in the present
cohort. An increase in both cardiovascular disease and cardiovascular risk factors, as well as
an increase in risk with time, was also reported in cohorts of allogeneic BMT recipients in
childhood and adults.>: 6 23 These results, together with those of Uderzo er a/ describing a
decline in pulmonary and cardiac function in children as early as 5y after allogeneic BMT,1°
calls for close follow-up from the time of transplantation, continuing through life.

In our cohort, the 10y cumulative incidence of SMN classified as grade 3-5 chronic health
condition was 6.6%. In a study by Ferry et al, 1y survivors of pediatric allogeneic BMT
for a hematological malignancy performed between 1985 and 2000 had a 10y cumulative
incidence of second malignancy of 7%.11 The corresponding cumulative incidence among
those transplanted between 1990 and 1999 in our study is 7.2%. The reported 10y
cumulative incidence is higher than that of earlier studies of solid SMNs following
allogeneic BMT in children and adults ranging from 2% to 6 %.10. 24-27

The present study demonstrates that older age at BMT and female sex are important risk
factors for the development of a grade 3-5 chronic health condition. Our finding of older age

Cancer. Author manuscript; available in PMC 2024 February 27.
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at BMT as a risk factor confirms that of the few, much smaller earlier studies examining the
influence of age at BMT on the development of chronic health conditions,!: 13 and could
possibly be explained by the higher risk for developing cGvHD among older children. In
contrast to the study by Bresters et a/,13 we found female sex to be a risk factor for a grade
3-5 chronic health condition, which was mainly explained by the higher incidence of thyroid
nodules among females compared to males in our study. A larger cohort with longer follow-
up, may have influenced the differences in results. To the best of our knowledge, there are
no other studies of allogeneic BMT performed in childhood examining the impact of sex

on the risk of chronic health conditions. The current study confirms TBI being an important
risk factor for late effects, identified in previous studies of pediatric BMT recipients.11:

13, 16,19, 28 Oy study also identified cGvHD as a risk factor for grade 3-5 conditions;

joint replacement and lung fibrosis/lung transplant were more prevalent among patients with
cGVHD, both chronic health conditions with known associations with cGvHD.2°

In the present study, the unadjusted 10y cumulative incidence of a grade 3-5 chronic health
condition was highest among those transplanted in the most recent era (35.0%). However,
there was a lack of association between the treatment era and chronic health conditions in
the multivariable model. Notably, of the demographic and transplant-related factors included
in the mediation analysis, only stem cell source was shown to explain the increase in grade
3-5 chronic health conditions among the most recently transplanted survivors. The share of
cord blood transplants increased from 7.4% to 26.1% and that of peripheral blood stem cells
from 2.2% to 21.6% from the era 1990-1999 to =2000. The present findings call for close
risk-based monitoring of also those receiving modern transplantations, to detect early signs
of chronic health conditions in these patients in order to minimize their negative effects, but
also to further increase our knowledge of transplant-related risk factors for these late effects.

We were unable to assess the risk of chronic health conditions associated with changes in
supportive care practices, due to the lack of this information. Additional limitations of the
present study are the lack of detailed information on cGvHD and its treatment, as well

as on cancer predisposition syndromes. Additionally, a potential limitation is the use of
self-reported data, although our survey has been validated and demonstrated a high level

of sensitivity and specificity. These limitations notwithstanding, the current investigation
describes the burden of morbidity in a large cohort of patients undergoing allogeneic

BMT in childhood followed for a median of 11y. Furthermore, detailed clinical data,
including conditioning regimen, was available for all patients. Finally, inclusion of patients
transplanted over four decades, allowed us to evaluate trends in chronic health conditions for
patients transplanted over a period of four decades. The findings of the present study provide
evidence for long-term anticipatory risk-based follow-up of survivors of BMT performed in
childhood, from the time of transplantation and continuing throughout life.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Cumulative incidence of a grade 3-4 chronic health condition among allogeneic BMT

recipients alive at follow-up and siblings, respectively.
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Figure 2.

The adjusted odds of developing a grade 3—4 chronic health condition among recipients of
allogeneic BMT, overall and specific chronic health conditions.

Cardiovascular disease includes heart attack, congestive heart failure, stroke, stiff or leaky
valve, and arrhythmia; gastrointestinal disease includes liver disease, rectal disorders, and
intestinal obstruction; and sensorineural disorders includes hearing loss, balance/vertigo and
legally blind.
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Prevalence of a grade 3-4 chronic health conditions in survivors of allogeneic BMT in childhood alive at

follow-up and sibling comparison cohort

BMT survivors (N=540) | Siblings (N=690) | P-value

Variable
N % N %

Any grade 3-4 chronic health condition 192 35.6 88 12.8 <0.0001
Specific chronic health conditions
Subsequent malignant neoplasm 80 14.8 2 0.3 <0.0001
Cataract 47 8.7 8 1.2 <0.0001
Cardiovascular disease ™ 27 5.0 7 1.0 <0.0001
Gastrointestinal disorder ™™ 19 35 5 0.7 0.0004
Sensorineural disorder ™ 37 6.9 27 3.9 0.02
Diabetes 26 4.8 7 1.0 <0.0001
Joint replacement 23 4.3 14 2.0 0.02
Thyroid nodules 22 4.1 11 1.6 0.008
Blood clot 12 2.2 15 2.2 1.0
Lung fibrosis/lung transplant 4 0.7 0 0.0 0.02
Dialysis 0 0.0 3 0.4 0.1

*
Includes heart attack, congestive heart failure, stroke, stiff or leaky valve, arrhythmia;

Hok

Includes liver disease, rectal disorders, or intestinal obstruction;

Aok

*
Includes hearing loss, balance/vertigo, legally blind

Cancer. Author manuscript; available in PMC 2024 February 27.



1duosnuey Joyiny

1duosnuen Joyiny

Holmaqyvist et al. Page 18

Table 3.

Hazard ratio of any grade 3-5 conditions among 789 recipients of allogeneic BMT in childhood

Par simonious model
Variable

HR | 95%Cl |P-value

Ageat BMT in years

Per year increase in age | 1.03 | 1.01-1.05 | 0.006

Sex

Male REF

Female 1.27 | 1.02-1.59 0.029
Donor type

Related REF

Unrelated 1.30 | 1.03-1.64 0.028

Total body irradiation

No REF

Yes 1.71 | 1.27-2.31 | 0.0004

Chronic GVHD

No REF

Yes 1.38 | 1.09-1.74 0.007

Pre-BMT treatment with alkylators

No REF

Yes 0.72 | 0.52-0.99 0.046
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