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1Pediatric Oncology and Hematology, Skåne University Hospital, Lund, Sweden; 2Department of Clinical Sciences, LundUniversity, Lund, Sweden; 3Institute for Cancer
Outcomes and Survivorship and 4Division of Hematology, Oncology and Bone Marrow Transplantation, University of Alabama at Birmingham, Birmingham, AL;
5Danish Cancer Society ResearchCenter, Copenhagen, Denmark; 6Department of Clinical Medicine, Faculty of Health, Aarhus University, Aarhus, Denmark; 7Pediatric
Hematology/Oncology, City of Hope, Duarte, CA; and 8Division of Hematology, Oncology and Transplantation, University of Minnesota, Minneapolis, MN

KEY PO INT S

l Two-year survivors of
autologous BMT in
childhood have a
substantially increased
risk of late mortality
compared with the
general population.

l There has been a
significant decline in
all-cause mortality in
children undergoing
autologous BMT over
the past 3 decades.

Autologous blood ormarrow transplantation (BMT) is a curative option for several types of
childhood cancer. However, there is little information regarding the risk of late mortality.
We examined all-cause mortality, relapse-related mortality (RRM), and nonrelapse-related
mortality (NRM) in 2-year survivors of autologous BMT performed before age 22 between
1980 and 2010 at 1 of 2 US transplant centers. Vital status information was collected using
medical records, National Death Index, and Accurint databases. Overall survival was
calculated using Kaplan-Meier techniques. Cumulative incidence of mortality used com-
peting risk methods. Standardized mortality ratio (SMR) was calculated using age-, sex-,
and calendar-specific mortality rates fromCenters for Disease Control and Prevention. Cox
regression analysis was used to determine predictors of all-cause latemortality. Among the
345 2-year survivors, 103 deaths were observed, yielding an overall survival of 70.3% 15
years post-BMT. The leading causes of death included primary disease (50.0%), subsequent
neoplasm (21.4%), and infection (18.2%). Overall, the cohort was at a 22-fold increased risk
of late mortality (SMR, 21.8; 95% CI, 17.9-26.3), compared with the general population.

Mortality rates remained elevated among the 10-year survivors (SMR, 20.6; 95% CI, 9.9-37.2) but approached those of
the general population ‡15 years post-BMT. The 10-year cumulative incidence of RRM (14.3%) exceeded that of NRM
(10.4%). The 10-year cumulative mortality rate declined over time (<1990, 35.1%; 1990-1999, 25.6%; 2000-2010, 21.8%;
P 5 .05). In conclusion, childhood autologous BMT recipients have an increased risk of late mortality, compared with the
general population. The late mortality rates have declined over the past 3 decades. (Blood. 2018;131(24):2720-2729)

Introduction
Autologous blood or marrow transplantation (BMT) is used with
curative intent for several types of childhood cancer. Studies of
long-term survival in adult autologous BMT recipients, as well as
in mixed cohorts of adults and children, have shown higher late
mortality rates than in the general population, with the leading
causes of late death being relapse or progressive disease and
subsequent neoplasms (SNs).1-3 Because the primary cancer
types treated with autologous BMT differ between children and
adults, cohorts restricted to children are required to fully un-
derstand the life-time risks of cause-specific mortality among
childhood autologous BMT recipients. Furthermore, the risk of
cardiovascular disease and SNs likely varies by age at trans-
plantation and length of follow-up, necessitating comprehensive
assessment of the life-time risk of cause-specific late mortality.

Finally, changes in transplant practice over the past 3 decades
could have possibly influenced late mortality risk. However,
there is little information regarding the long-term outcome after
autologous BMT performed in childhood and whether mortality
rates in this population have changed over the past 3 decades.4

We address the existing gaps in knowledge by examining all-
cause mortality, relapse-related mortality (RRM), and nonrelapse-
related mortality (NRM) in children treated with autologous BMT
between 1980 and 2010, permitting assessment of change in late
mortality rates over these 3 decades.

Methods
The Blood or Marrow Transplant Survivor Study-2 is a collabo-
rative effort between City of Hope and University of Minnesota,
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examining the long-term outcome of individuals who have
survived 2 or more years after BMT performed at 1 of the
2 participating institutions. To be included in this analysis, the
patients had to have received autologous BMT between 1980
and 2010 at age 21 years or younger, and survived for at least
2 years after transplantation, regardless of disease status.
Patients who received a second BMT were excluded.

Information on primary diagnosis, conditioning regimen, stem
cell source, disease status at transplantation, and demographic
characteristics was obtained on all eligible cases from the in-
stitutional transplant databases. National Death Index Plus5

and/or medical records provided information regarding the

date and cause of death through 31 December 2015. Additional
information from Accurint databases6 was used to extend the vital
status information through 31 December 2016. All patients were
assigned a primary and, if present, a secondary cause of death,
independently by 2 separate investigators (A.S.H. and J.W.). In the
event of discrepant assignments, a third investigator (S.B.) pro-
vided adjudication. In the analyses of RRM and NRM, all patients
with primary disease as a primary or secondary cause of death
were assigned relapse-related cause of death. The Human Sub-
jects Committee at the participating institutions approved the
Blood or Marrow Transplant Survivor Study-2 protocol. Informed
consent was obtained in accordance with the Declaration of
Helsinki.
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Figure 1. Treatment characteristics and cumulative mortality in 345 2-year survivors of autologous BMT in childhood, by treatment period. (A) Demographic and
treatment characteristics of 2-year survivors of autologous BMT in childhood, by treatment era. CTX, cyclophosphamide; NB, neuroblastoma; NHB, non-Hispanic black; NHW,
non-Hispanic whites. (B) Cumulative mortality in 2-year survivors of autologous BMT in childhood, by treatment era.
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Statistical analysis
Kaplan-Meier techniques were used to describe overall survival
conditional on surviving 21 years from autologous BMT, as well
as all-cause late mortality for patients transplanted over 3 eras:
,1990, 1990 to 1999, and 2000 to 2010. Cumulative incidence
of RRM andNRMwere calculated using competing riskmethods.
Standardized mortality ratio (SMR), a ratio of observed to ex-
pected number of deaths, was used to compare the mortality
experienced by this cohort to the age- (5-year interval), sex-, and
calendar-specificmortality of the US general population. Person-
years at risk were computed from the date 2 years after autol-
ogous BMT to either the date of death or date of censoring
(31 December 2016), whichever occurred first. The expected
number of deaths was calculated by multiplying the number of
person-years in each defined stratum by the corresponding US
mortality rates, obtained from Centers for Disease Control and
Prevention.7 Ninety-five percent confidence interval (CI) of the
SMR was calculated using the Poisson regression method de-
scribed by Vandenbroucke.8 Absolute excess risk (AER) (ie, the
survivors’ additional risk for death) was defined as the difference
between the observed and expected number of deaths, per
1000 person-years of follow-up.

Cox regression analysis was used to determine predictors of all-
cause late mortality. The evaluated risk factors included sex,
race/ethnicity, age at autologous BMT, stem cell source, primary
disease, conditioning regimen, disease status at transplantation
(standard risk or high risk of relapse at transplantation) and trans-
plant era. Patients who underwent autologous BMT in first or
second complete remission after acute leukemia or lymphomawere
considered standard risk for relapse at transplantation; all other
patients were considered at high risk. All analyses were performed
with SAS software version 9.4 (SAS Institute Inc., Cary, NC).

Results
Patient characteristics
The demographic and clinical characteristics of the cohort
overall and by primary diagnosis are shown in Table 1. In this
cohort of 345 individuals who had survived 2 or more years after
autologous BMT performed in childhood, 212 (61.4%) were
males, and the median age at transplantation was 16.0 years
(range, 0.6-21.9 years). The most common primary diagnoses
were HL (26%), neuroblastoma (23%), AML (13%), ALL (13%), and
NHL (9%). The distribution of the cohort over the 3 treat-
ment eras was ,1990 (21%), 1990 to 1999 (37%), and 2000 to

2010 (41%). Bone marrow was the source of stem cells in 47% of
the patients, and 53% had received PBSCs. TBI was used as part
of the conditioning regimen in 36% of the patients, and cyclo-
phosphamide was used in 56% and melphalan in 39% of patients.

The demographic and clinical characteristics of the 2-or-more-
year survivor cohort by treatment era, are shown in supplemental
Table 1 (available on the Blood Web site); key differences are
summarized in Figure 1A. The use of bone marrow as stem cell
source has been replaced by PBSCs. Patients with ALL are no
longer treated with autologous BMT, and the use of autologous
BMT for AML peaked in the 1990s and declined thereafter. In
contrast, autologous BMT for HL, NHL, and neuroblastoma has
increased over the past 3 decades. TBI-containing conditioning,
as well as the use of cyclophosphamide, has declined over time;
in contrast, the use of melphalan and busulfan has increased, likely
reflecting the change in prevalence of the underlying diseases.

Overall survival
After a median follow-up of 14.2 years (range, 2.0-35.3 years),
103 deaths (29.9%) were observed among the 2-or-more-year
survivors. Median age at death was 19.9 years (range, 4.1-36.7
years). Conditional on surviving the first 2 years, the overall
survival rate at 5, 10, and 15 years after transplantation was
81.2%, 73.8%, and 70.3%, respectively. The overall survival rates
when ALL and AML were excluded from the cohort were
comparable (not shown). As shown in Table 2, the overall 5-year
survival rate conditional on surviving 5, 10, and 15 years for the
entire cohort, was 90.9%, 95.3%, and 99.3%, respectively. Table 2
also shows the overall 5-year survival rates by primary diagnosis.

Relative mortality
Table 3 summarizes the relative mortality in this population,
using age-, sex-, and calendar-specific rates from the general US
population. Overall, the cohort was at a 21.8-fold higher risk of
late mortality (95% CI, 17.9-26.3), compared with the general
population. When ALL and AML were excluded, the SMR of the
cohort increased slightly (SMR 5 25.7; 95% CI, 20.3-31.9). The
SMR was significantly increased in all groups of primary diag-
noses: ALL (SMR 5 24.0), AML (SMR 5 6.8), HL (SMR 5 15.2),
NHL (SMR 5 13.0), and neuroblastoma (SMR 5 52.6). Mortality
rates continued to remain higher than the general population
among those who had survived at least 10 years after trans-
plantation (SMR5 20.6; 95%CI, 9.9-37.2) but were comparable to
those of the general population among the 15-year survivors
(SMR 5 1.3; 95% CI, 0.5-2.8). The AER of the entire cohort was
19.4 all-cause deaths per 1000 person-years (95% CI, 15.5-23.4).

Table 2. Overall conditional survival in 2-year survivors after autologous BMT in childhood, by primary diagnosis

Overall survival at each additional
5 y after BMT, y

Entire cohort
Primary diagnosis

ALL AML HL NHL Neuroblastoma Other malignant disease*
N % % % % % % %

21 280 81.2 67.4 95.6 86.7 90.3 78.5 71.9
51 207 90.9 89.7 95.4 88.7 96.3 89.4 88.4
101 162 95.3 96.2 97.5 95.3 82.0 97.6 100.0
151 196 99.3 100.0 100.0 96.6 100.0 100.0 100.0

*Includes 25 Ewing sarcomas, 11 Wilms tumor, 9 CNS tumors, 4 desmoplastic small round cell tumors, 6 soft tissue sarcoma, 1 ovarian tumor, 1 hepatoblastoma, and 1 multiple myeloma.
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Exclusion of ALL andAML from the cohort did not change the AER
of the cohort appreciably (AER 5 21.8; 95% CI, 16.7-26.9).

Specific causes of death
The leading causes of death included primary disease (50.0%),
SNs (21.4%), and infection (18.4%) (supplemental Table 2). All
49 deaths because of primary disease occurred within the first
2 to 9 years after transplantation. Primary disease was the cause
of death for 75%, 43%, 30%, 17%, and 0% of all deaths in pa-
tients with neuroblastoma, ALL, HL, AML, and NHL, respectively.
Of the 18 patients who died because of infection, only 1 had
primary disease registered as a secondary cause of death. In
addition, of those who died because of infection, 12 died during
the first 2- to 5-year period post-BMT and 4 after 5 to 9 years. The

most common primary diagnoses among those who died be-
cause of infection were HL (N 5 5), neuroblastoma (N 5 4), ALL
(N5 4), and NHL (N5 3). Specific SNs associated with SN-related
deaths were leukemia (n 5 6), brain tumors (n 5 4), lymphoma
(n 5 3), breast cancer (1), and other miscellaneous SNs (n 5 7).
The 10-year cumulative incidence of RRM (14.3%) exceeded that
of NRM (10.4%) (Figure 2). However, although the incidence of
RRM plateaued at 10 years, that of NRM continued to climb,
crossing the RRM incidence at 15 years from BMT.

Predictors of late mortality
Table 4 summarizes the results from the multiple regression
analysis of all-cause late mortality for the entire cohort. The hazard
of all-cause late mortality was lower among those transplanted for

Table 3. SMR and AER for all-cause late mortality among 2-year survivors of autologous BMT in childhood

Variable

Entire
cohort,

Number of all-cause deaths
Rate of all-cause death
per 1000 person-years

no. of
patients Observed Expected SMR 95% CI Observed Expected AER 95% CI

All patients 345 103 4.7 21.8 17.9-26.3 20.4 0.9 19.4 15.5-23.4

Sex
Male 212 53 3.9 13.8 10.4-17.8 15.7 1.1 14.6 10.4-18.8
Female 133 50 0.9 57.9 43.3-75.4 29.6 0.5 29.0 20.9-37.2

Age at BMT, y
0-4 97 28 0.8 36.4 24.5-51.6 19.6 0.5 19.1 11.8-26.3
5-9 57 20 0.7 29.2 18.2-43.9 20.9 0.7 20.2 11.0-29.3
10-14 55 19 0.7 26.2 16.1-39.7 24.7 0.9 23.8 12.7-34.9
15-21 136 36 2.5 14.2 10.1-19.4 18.9 1.3 17.6 11.4-23.7

Year of BMT
,1990 74 33 1.8 18.2 12.7-25.2 22.8 1.3 21.5 13.8-29.3
1990-1999 129 37 1.9 19.7 14.2-26.8 16.8 0.9 15.9 10.5-21.3
2000-2010 142 33 1.0 32.0 22.3-44.2 23.5 0.7 22.7 14.7-30.7

Source of stem cells
Bone marrow 163 53 3.1 17.0 14.1-24.6 17.4 1.0 16.4 11.7-21.4
PBSCs 181 50 1.6 31.6 22.0-39.9 25.0 0.8 24.2 17.3-31.1

Primary diagnosis
ALL 43 21 0.9 24.0 15.2-35.8 26.8 1.1 25.7 14.2-37.2
AML 45 6 0.9 6.8 2.7-13.8 6.5 1.0 5.5 0.3-10.7
HL 90 23 1.5 15.2 9.8-22.2 18.9 1.3 17.7 9.9-25.4
NHL 31 8 0.6 13.0 6.0-24.3 15.9 1.2 14.7 3.7-25.7
Neuroblastoma 79 25 0.5 52.6 24.6-76.0 24.2 0.5 23.8 14.3-33.3
Other malignant disease* 57 20 0.4 56.4 35.1-84.8 33.2 0.6 32.6 18.1-47.2

Disease status at HCT
Standard risk of relapse† 133 39 2.5 15.4 11.1-20.8 17.1 1.1 16.0 10.6-21.4
High risk of relapse 212 64 2.2 29.2 22.6-37.0 23.0 0.8 22.2 16.6-27.9

Overall survival after
HCT, y

2-5 65 65 0.1 660.8 512.9-834.7 319.5 0.5 319.0 241.3-396.7
6-9 73 24 0.3 78.4 51.1-114.1 41.9 0.5 41.4 24.6-58.1
10-14 45 9 0.4 20.6 9.9-37.2 15.9 0.8 15.2 4.8-25.5
151 162 5 3.9 1.3 0.5-2.8 1.3 1.0 0.3 20.9-1.5

*Includes 25 Ewing sarcomas, 11 Wilms tumor, 9 CNS tumors, 4 desmoplastic small round cell tumors, 6 soft tissue sarcoma, 1 ovarian tumor, 1 hepatoblastoma, and 1 multiple myeloma.

†Standard risk: first or second complete remission after acute leukemia or lymphoma; all others high risk.
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AML (HR5 0.36; 95%CI, 0.13-1.01) but was higher among those
transplanted for neuroblastoma (HR 5 2.36; 95% CI, 0.98-5.71)
when compared with patients transplanted for HL. All-cause
late mortality was significantly higher among females (HR 5 1.82;
95% CI, 1.19-2.78) when compared with males. Finally, all-cause
mortality declined over the 3 decades. No significant difference
in all-cause mortality was observed by race/ethnicity, age at trans-
plantation, stem cell source, disease status at transplantation, or
conditioning regimen.

Late mortality by treatment era
The all-cause 10-year cumulative mortality rate declined over the
3 eras (,1990, 35.1%; 1990-1999, 25.6%; 2000-2010, 21.8%;
P 5 .05) (Figure 1B). Adjusting for demographic and clinical
variables, as well as conditioning regimen, the HR of all-cause
mortality declined in the more recent treatment eras (,1990
[referent group]; 1990-1999 [HR 5 0.47; 95% CI, 0.26-0.86;
P 5 .01]; 2000-2010 [HR 5 0.33; 95% CI, 0.15-0.73; P 5 .006;
Ptrend # .0001) (Table 4). The HR of all-cause mortality by treat-
ment era for the more prevalent primary cancers is summarized
in Table 4. Among lymphoma patients, the all-cause mortality
declined over time, with a HR of 0.15 (95% CI, 0.04-0.61) among
those transplanted 2000 to 2010, compared with those trans-
planted,1990. There was no difference in the hazard of all-cause
mortality over time among neuroblastoma patients.

Late mortality by sex
The cumulative incidence of all-cause mortality among female
survivors exceeded that among male survivors (Figure 3A);
this relation was seen throughout follow-up (P5 .007). The SMR
was higher among females than males (SMR 5 57.9; 95% CI,
43.3-75.4 vs SMR 5 13.8; 95% CI, 10.4-17.8; P # .0001), as was
the AER (AER 5 29.0; 95% CI, 20.9-37.2 vs AER5 14.6; 95% CI,
10.4-18.8) (Table 3). In the multivariable regression analysis,
after adjusting for demographic and clinical variables, as well as
conditioning regimen, the hazard of all-cause mortality was
higher among females thanmales (HR5 1.82; 95%CI, 1.19-2.78)
(Table 4). The HR of all-cause mortality was higher among fe-
males than males among the neuroblastoma patients (HR5 3.33;
95% CI, 1.35-8.33) (Table 4). The HR of all-cause mortality was
1.7-fold higher in female lymphoma patients when comparedwith
male lymphoma patients, but this difference did not reach statistical
significance (P 5 .2). Figure 3C shows the cumulative incidence of
all-cause mortality by sex over the 3 treatment eras. The cumulative
incidence of all-cause late mortality of females exceeded that of

males among those treated before 1990 and 1990 to 1999,
whereas the difference decreased in the most recent transplant
era, with a nonsignificant difference at 10 years after transplantation.

The 10-year cumulative incidence of RRM was higher among
females than males (females, 21.9%; males, 9.6%; P 5 .001),
whereas that of NRM was similar among the sexes (females,
10.0%; males, 10.7%; P 5 .9) (Figure 3B). The proportion of
deaths because of primary disease was higher among females
as compared with males across all primary diagnoses. The cu-
mulative incidence by gender and treatment era for RRM was
similar to that of all-cause late mortality, with a cumulative in-
cidence of RRMof females exceeding that of males among those
transplanted 1990 and 1990 to 1999, and a noticeably decreased
difference in the most recent transplant era, with a nonsignificant
difference at 10 years post-BMT (supplemental Figure 1).

Discussion
Findings from this study of late mortality after autologous BMT
performed in childhood, the largest of its kind to date, show that
the late mortality rates of childhood autologous BMT recipients
for ALL, AML, HL, NHL, and neuroblastoma are significantly higher
than those of the general population. Relapse is the leading cause
of death during the first 10 years after transplantation. Importantly,
there has been a significant decline in all-cause mortality in children
undergoing autologous BMT over the past 3 decades.

The present study demonstrates that patients who survive 2 or
more years after autologous BMT performed before the age of
22 years have an overall survival of 81% and 74%, 5 and 10 years
after transplantation, respectively. These numbers are slightly
higher than the corresponding overall survival rates of 76% and
71%, respectively, among 2-year survivors of autologous BMT in
childhood reported by Schecher et al.4 The difference in distri-
bution of primary diagnoses in the 2 cohorts may contribute to the
discrepancy in survival rates, where the study by Schechter et al
included a higher proportion of patients with neuroblastoma and
CNS tumors and a lower proportion with ALL and lymphomas.

The current study also demonstrates that this cohort was at a
22-fold increased risk of late mortality compared with the general
population. The SMR of the 251 2-year survivors of autologous
BMT reported by Schechter et al was 733.4 In the latter cohort,
39% had a primary diagnosis of neuroblastoma, and 40% of these
suffereda latedeath. In thecurrent study,patientswithneuroblastoma
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viving ‡2 years.
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(23% of the entire cohort) had the lowest overall 5- and 10-year
survival rate apart from ALL survivors (results not shown) and the
highest SMR. The lack of relativemortality rates by childhood cancer
type in the study by Schechter et al prevent further comparisons
regarding the potential influence of differences in distribution of
primary diagnoses on the mortality rates. Notably, the relative
mortality in the present cohort changed onlyminimally when ALL
and AML, cancer types not treated with autologous BMT any-
more, were excluded from the analyses.

In the current report, the cumulative mortality among females
exceeded that of males throughout follow-up, and the SMR and
the AER were higher among females. Likewise, the multivariable
analysis showed that females had almost twice the risk of all-cause

late mortality compared with males. Our results are in contrast
to those reported by Schechter et al, in which male survivors were
1.8 times more likely to die than females.4 In concordance with the
present study, the SMR for females was almost twice that of males
in the study by Ashton et al, although that study was restricted to
adult autologous BMT recipients.1

Our study shows that the increased risk of late mortality among
females compared with males was mainly driven by an increased
risk of RRM. The proportion of deaths because of primary disease
was higher among females as compared with males across all
primary diagnoses. Furthermore, the cumulative incidence of
RRM in females treated before 2000 exceeded that of males,
whereas the sex difference decreased markedly during the most

Table 4. Hazard of all-cause late mortality among 2-year survivors of autologous BMT in childhood, for the entire cohort
and lymphoma and neuroblastoma survivors

Variables

Multivariable analysis, entire
cohort

Multivariable analysis,
HL 1 NHL

Multivariable analysis,
neuroblastoma

HRadj 95% CI P HRadj 95% CI P HRadj 95% CI P

Sex
Male 1.00 1.00 1.00
Female 1.82 1.19-2.78 .006 1.69 0.76-3.85 .2 3.33 1.35-8.33 .008

Race/ethnicity
Non-Hispanic white 1.00 1.00 1.00
Hispanic 1.08 0.59-1.99 .8 1.85 0.67-5.10 .2 0.77 0.21-2.76 .7
Non-Hispanic black 1.37 0.58-3.26 .5 1.89 0.47-7.71 .4 —

Other 0.38 0.05-2.76 .3 — 9.66 0.89-105.0 .06
Unknown 0.51 0.08-3.69 .5 — —

Age at BMT* 1.03 0.98-1.07 .3 0.96 0.89-1.04 .3 1.16 1.08-1.25 ,.001

Year of BMT
,1990 1.00 1.00 1.00
1990-1999 0.47 0.26-0.86 .01 0.82 0.30-2.24 .7 0.24 0.05-1.32 .1
2000-2010 0.33 0.15-0.73 .006 0.15 0.04-0.61 .007 1.15 0.17-7.62 .9

Source of stem cells
Bone marrow 1.00 1.00 1.00
PBSCs/cord blood 1.29 0.72 2.30 .4 1.12 0.44-2.85 .9 0.95 0.14-6.60 1.0

Primary diagnosis
HL 1.00 1.00
NHL 1.15 0.44-3.01 .8 1.39 0.43-4.49 .6
ALL 2.40 0.91-6.32 .08
AML 0.36 0.13-1.01 .05
Neuroblastoma 2.36 0.98-5.71 .06
Other malignant disease† 2.29 1.06-4.92 .03

Disease status at BMT
Standard risk of relapse‡ 1.00 1.00
High risk of relapse 1.49 0.82-2.74 .2 1.53 0.68-3.46 .3

Conditioning regimen
TBI

No 1.00 1.00 1.00
Yes 0.58 0.29-1.16 .1 0.34 0.11-1.03 .06 1.39 0.23-8.63 .7

HRadj, hazard ratio, adjusted for all given variables in table.

*Age included in the model as a continuous variable.

†Includes 25 Ewing sarcomas, 11 Wilms tumor, 9 CNS tumors, 4 desmoplastic small round cell tumors, 6 soft tissue sarcoma, 1 ovarian tumor, 1 hepatoblastoma, and 1 multiple myeloma.

‡Standard risk: first or second complete remission after acute leukemia or lymphoma; all others high risk.
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recent treatment period, with a nonsignificant difference at 10 years
post-BMT. The reason for the higher incidence of RRM among
females from the earlier eras is unclear; we were unable to explore
this in greater detail because of the relatively small number.

The present study demonstrates that relapse of the primary
disease is the leading cause of death during the first 10 years
after transplantation and causes half of all late deaths. In the
study by Schechter et al, 57 of the 64 patients who suffered a late
death after autologous BMT died as a result of relapse.4 Also, in
cohorts including adult autologous BMT recipients, relapse is
the leading cause of death.1-3 In contrast to the present study,
in which all late deaths because of relapse occurred within the
first decade after transplantation, relapse remained the most fre-
quent cause of death 10 or more years after autologous BMT in a
cohort of adult autologous recipients, although the proportion of
deaths from nonrelapse causes increased over time.1 Our findings,
supported by the findings of others, show that prevention of
disease recurrence remains one of the greatest challenges for
autologous BMT recipients. In our study, infection was a major
cause of death, even without a primary disease concurrently
leading to death. The large majority of deaths because of in-
fection among the 2-year survivors occurred during the first
5 years post-BMT. Thus, a high degree of suspicion of an infection,
as well as an aggressive management plan for infections, is impor-
tant, in addition to strategies for preventing deaths from relapse such
as transplantation earlier in the disease course and in those who
are in complete remission, modification of preparative regimens

and maintenance therapies, as well as monitoring and early in-
tervention for recurrent or residual disease. Moreover, the rates of
nonrelapse deaths because of the emergence of SNs (leukemia,
brain tumors, lymphoma), as well as cardiac and pulmonary dis-
eases, add substantially to the long-term health issues faced by
survivors of autologous BMT. Therefore, the results of the current
report have important implications for the long-term care after
autologous BMT performed in childhood, showing the need for
life-long follow-up with risk-based surveillance for early detection of
complications. In addition to emphasizing this, the findings of the
present study of the role of infection for late mortality should be
incorporated in long-term follow-up guidelines after autologous
BMT performed in childhood.9

The results from our study need to be interpreted with some
caution.Our study is basedon causes of death registeredon death
certificates. Because the cause(s) of death on the death certificates
are not always perfect, some degree of misclassification is inherent
inour study.3,10,11 Striving toovercome this bias, 3 coauthors reviewed
the causes of death recorded on the death certificates. Although
treatment era can be used as a surrogate for changes in treat-
ment protocols and supportive care over time, we were unable
to fully assessmortality risk associatedwith particular types of cancer
treatment or changes in supportive care practices, because of
the lack of this information. Although observing an encouraging
decline in all-cause late mortality over time, we were not able to
dissect this further by cause-specific mortality because of the
relatively small numbers. In addition, the number of cases was
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Figure 3. Late mortality in 345 2-year survivors of autologous BMT in childhood, by sex. (A) Cumulative mortality in 2-year survivors of autologous BMT in childhood, by
sex. (B) Cumulative relapse-related (left panel) and nonrelapse related (right panel) mortality in 2-year survivors of autologous BMT in childhood, by sex. (C) Cumulative
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only large enough to examine lymphomas and neuroblastoma
separately in the multivariable analysis. Furthermore, when in-
terpreting the findings of the present study, it is important to
keep in mind that it is restricted to 2-year survivors, why a large
share of patients undergoing autologous BMT for tumors of
CNS, bone and soft tissue are likely not included in the present
cohort, owing to the high mortality rates because of recurrent
disease in the first 2 years post-BMT in these patients.12,13 These
limitations notwithstanding, the current investigation describes
the late mortality experience of a large cohort of patients un-
dergoing autologous BMT in childhood followed for a median of
14 years. In addition, vital status was ascertained using a variety of
resources such as the National Death Index Plus, medical records,
and the Accurint database, ensuring complete and comprehen-
sive follow-up of all patients in the cohort. Furthermore, detailed
clinical data, including conditioning regimen, were available for all
patients. Finally, inclusion of patients transplanted between 1980
and 2010 allowed us to evaluate trends in late mortality for pa-
tients transplanted over a period of 3 decades.

In summary, this study demonstrates that 2-year survivors of
autologous BMT performed in childhood have a substantially
increased risk of late mortality compared with the general
population, with females being at a particularly increased
risk. Relapse is the leading cause of death; however, while
RRM plateaus with time, NRM becomes the major cause of death
after 10 years from transplantation. Nonetheless, there has been a
significant decline in all-cause mortality in children undergoing
autologous BMT over the past 3 decades.
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