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Transplant recipients have been reported
to have an increased risk of solid cancers
but most studies are small and have
limited ability to evaluate the interaction
of host, disease, and treatment-related
factors. In the largest study to date to
evaluate risk factors for solid cancers, we
studied a multi-institutional cohort of
28 874 allogeneic transplant recipients
with 189 solid malignancies. Overall, pa-
tients developed new solid cancers at
twice the rate expected based on general

population rates (observed-to-expected
ratio 2.1; 95% confidence interval 1.8-2.5),
with the risk increasing over time
(P trend < .001); the risk reached 3-fold
among patients followed for 15 years or
more after transplantation. New findings
showed that the risk of developing a
non-squamous cell carcinoma (non-SCC)
following conditioning radiation was
highly dependent on age at exposure.
Among patients irradiated at ages under
30 years, the relative risk of non-SCC was

9 times that of nonirradiated patients,
while the comparable risk for older pa-
tients was 1.1 (P interaction < .01).
Chronic graft-versus-host disease and
male sex were the main determinants for
risk of SCC. These data indicate that
allogeneic transplant survivors, particu-
larly those irradiated at young ages, face
increased risks of solid cancers, support-
ing strategies to promote lifelong surveil-
lance among these patients. (Blood. 2009;
113:1175-1183)

Introduction

Hematopoietic cell transplantation (HCT) is an effective treatment
for malignant and nonmalignant diseases. Over the last 3 decades,
advances in treatment and supportive care have translated into
steady improvements in survival after allogeneic HCT. With larger
numbers of long-term survivors, quantifying the late effects of
transplantation has been a research priority. Previous studies have
reported that survivors of HCT have an increased risk of develop-
ing new solid cancers with the risk rising among long-term
survivors from 2% to 6% at 10 years after transplantation.!-!!
Several factors contributed to this increase, including total body
irradiation (TBI), which has been a mainstay of the preparative
regimens for allogeneic HCT until recently,>!? primary disease,
male sex, and pretransplantation therapy. Chronic graft-versus-
host disease (GHVD) and immunosuppressive therapy have also
been shown to contribute to excess risk, particularly for
squamous cell carcinomas (SCCs)."!! Young age at transplanta-
tion has been reported to be a strong risk factor in some,?¢7-10.12
but not all, previous studies.’>%%13 However, prior investiga-
tions have often been limited by small numbers of solid cancer
cases (typically 20-50 cases of non-skin solid cancers), the
combining of data from allogeneic and autologous cohorts, and
small variation in conditioning regimens within single institu-
tions. In particular, there is little information on the joint effects
of age at transplantation, radiation conditioning regimens, and
other factors on the risk of solid cancers, and whether these risks
differ by type of solid tumor.

The current study expands and updates our previously as-
sembled multi-institutional cohort of HCT survivors from more

than 234 centers worldwide.® We have doubled the number of
people who have survived 5 or more years after HCT, from 3234 to
6641, and increased the number of solid cancers to 189 cases
(including carcinomas in situ and invasive SCCs of the skin),
making this the largest study to date to assess risk factors for solid
cancers following HCT. The purpose of this analysis is to further
our understanding of the effects of age at and time since HCT, the
role of radiation and other risk factors for subsequent solid cancers,
and to evaluate differences in risk by type of solid cancer (SCC vs
non-SCC) and by the site of the solid cancer.

Methods

Patients

We assembled an international cohort of 28 874 patients who received
allogeneic HCT using bone marrow as the source of stem cells between
1964 and 1994 at 271 participating Center for International Blood and
Marrow Transplant Research (CIBMTR) transplantation centers
(n = 23 542), and between 1969 and 1996 at the Fred Hutchinson Cancer
Research Center (FHCRC) in Seattle (n = 5332). Overall 92% of patients
were followed through the respective study end dates (90.1% from the
CIBMTR were followed through 1995; 98.8% from FHCRC were followed
through 1996). Patients who received transplants for Fanconi anemia or
primary immunodeficiency diseases were excluded due to their inherent
susceptibility to cancer. A total of 6641 patients were followed for more
than 5 years after HCT, 1985 patients for more than 10 years, and
378 patients for 15 or more years. The previous analysis® included
19 229 patients and included CIBMTR patients who received transplants
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between 1964 and 1990 and FHCRC patients between 1969 and 1992; other
publications have included data from selected transplantation teams partici-
pating in this study.

Participating CIBMTR centers are required to report all transplantations
consecutively with compliance monitored by on-site audits; patients are
followed yearly for survival and second malignancies. Computerized
checks for errors, physicians’ review of submitted data, and on-site audits of
participating centers ensure high quality data. FHCRC has had a long-term
follow-up program in place for more than 30 years, which records delayed
complications including second malignancies. FHCRC patients and their
physicians are contacted annually for information on the recipient’s overall
condition and to capture late events. Second cancer studies at the CIBMTR
and FHCRC were conducted with a waiver of informed consent at their
respective institutions and at the National Cancer Institute (NCI), in
accordance with the Declaration of Helsinki, during the time period of this
study. Pathology and physician reports of second cancers were reviewed centrally
(by W.D.T.), and, if necessary, tumors were reclassified. Carcinoma in situ of the
skin and basal cell skin cancers were excluded from all analyses.

Statistical analysis

Comparisons with the general population. For each transplant recipient,
the number of person-years at risk was calculated from the date of
transplantation until the date of last contact, death, diagnosis of a new
cancer, or completion of the study, whichever occurred first. Age-, sex-,
calendar year—, and region-specific incidence rates for all invasive solid
cancers combined and for cancers of specific anatomical sites were applied
to the appropriate person-years at risk to compute the expected numbers of
cancers. Incidence rates for all invasive cancers (excluding nonmelanoma
skin cancers) were obtained from selected registries in the United States,
England and Wales, Europe, and Asia.'*!¢ Observed-to-expected (O/E)
ratios, also called standardized incidence ratios, were calculated based on
153 cases of invasive solid cancers. Analyses excluded carcinoma in situ
(n = 17) and invasive SCC of the skin (n = 19) for which population-based
incidence rates were not available. The exact Poisson distribution was used
to calculate 95% confidence intervals (CIs).!” The excess absolute risk
(EAR) is frequently used as an absolute measure of the overall burden due
to second cancers and is calculated as the observed number of cancers
minus the expected number of cancers, divided by the person-years at risk,
and expressed per 10 000 person-years at risk. Tests of heterogeneity and of
linear trends were conducted using methods of Breslow.'8

Comparisons within the cohort. Multivariate analyses were used to
compare risks of second solid cancers for various subgroups of transplant
recipients who survived for at least 1 year after transplantation, using
Poisson regression methods for grouped survival data.!”!" These within-
cohort comparisons were based on 165 cases of solid cancers (including
19 invasive SCCs of the skin and 13 nonskin carcinomas in situ). Based on
our previous studies demonstrating differences in risk patterns by type of
new solid tumors after HCT,"!! we evaluated risk factors for all solid
cancers combined and separately for 55 SCCs and 110 non-SCCs. Since the
risk of cancer may differ according to the disease for which the transplant
was performed, the data were stratified according to the primary disease in
5 categories: acute lymphoblastic leukemia (ALL), acute myelogenous
leukemia, chronic myelogenous leukemia (CML), severe aplastic anemia
(SAA), and other (including lymphoma). The data were also stratified
according to the interval since transplantation (1 to <5, 5 to < 10, 10 to
< 15, and 15 or more years), cohort (FHCRC or CIBMTR), and age at the
time of transplantation (< 10, 10-19, 20-29, 30-39, 40-49, 50 y or older).
Variables tested in the multivariate models included donor type (twin,
sibling, or unrelated person) and match status (1 antigen mismatch,
= 2 antigen mismatch), use of radiation conditioning regimens (including
TBI or limited field irradiation only [LFI]), TBI dose, use of T-cell depletion
of the bone marrow, T cell-depletion method, antithymocyte or antilympho-
cyte globulin (ATG) for acute GVHD prophylaxis or treatment, age at
transplantation, year of transplantation, and occurrence of acute or chronic
GVHD by grade. Occurrences of acute GVHD grades II to IV and chronic
GVHD (moderate or severe in the CIBMTR cohort and clinically extensive
disease in the FHCRC cohort) were entered as time-dependent covariates.
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Cumulative incidence. The cumulative incidence of solid cancer
(including non—skin carcinoma in situ and invasive SCC of the skin) was
estimated taking into account the competing risk of death among patients
who did not develop a second malignancy.?’ To provide comparison to
earlier studies (including our previous cohort analysis),® we also calculated
the incidence of solid cancers using the Kaplan-Meier method, which does
not account for competing risks.?!

Results

Characteristics of the 28 874 transplant recipients included in the
study are shown in Table 1. The median age at HCT was 27 years
with 58% of the cohort undergoing HCT at ages younger than
30 years. Most (74%) of the patients received transplants for
leukemia and most received a bone marrow graft from an
HLA-identically matched sibling. TBI was part of the conditioning
regimen for 67% of the patients with administered doses varying
widely over the study period. Nearly 30% of patients were
conditioned with cyclophosphamide (with or without other drugs)
without radiation, most frequently in the later calendar years. The
grafts of 13% of transplant recipients were T cell-depleted; among
those receiving T cell-replete grafts, cyclosporine and methotrex-
ate were used as GVHD prophylaxis in 45%, while cyclosporine-
based prophylaxis without methotrexate was used in 23%. The
cumulative incidence of grades II to IV acute GVHD was 38% at
100 days after HCT, and the incidence of chronic GVHD by 1 year
after transplantation was nearly 30%. Rates of chronic GVHD
varied widely by transplantation center and calendar year with the
cumulative incidence reaching nearly 40% for patients treated
during 1991 through 1996 at large research-based centers.

The cumulative incidence of developing a solid malignancy
(including nonskin carcinoma in situ) using competing risk analy-
ses was 1% (95% CI, 0.9-1.3%) at 10 years, 2.2% (95% CI,
1.7-2.7%) at 15 years, and 3.3% (95% CI, 2.4-4.5%) at 20 years
after HCT (Figure 1). The comparable cumulative incidence
estimates using the Kaplan-Meier method were 2.5% (95% CI,
2.0-3.0%), 5.8% (95% CI, 4.3-7.0%), and 8.8% (95% ClI,
6.2-12.3%) at 10, 15, and 20 years after transplantation, respec-
tively. The latter results are similar to our earlier reported solid
cancer incidence estimates of 2.2% (95% CI, 1.5-3.0%) at 10 years
and 6.7% (95% Cl1, 3.7-9.6%) at 15 years after transplantation.®

Overall, transplant recipients developed an invasive solid
cancer at twice the rate expected based on population incidence
rates (Observed, 153; observed/expected [O/E], 2.09; 95% CI,
1.77-2.45, EAR, 9 excess cancers per 10 000 person-years; Table
2). Risk of solid tumors was not significantly different for the
CIBMTR compared with the FHCRC cohorts (O/E, 2.01 vs 2.29,
respectively; P = .44). Males appeared to have slightly higher
overall O/E ratios than females (O/E, 2.39 vs 1.83, respectively;
P = .10). Significantly elevated risks were observed for tumors of
the oral cavity (O/E, 7.01), liver (O/E, 6.32), brain and central
nervous system (CNS; O/E, 5.94), thyroid (O/E, 5.79), bone (O/E,
8.5), soft tissue (O/E, 6.5), and for melanoma of the skin (O/E,
3.47). In an unusual pattern, several sarcomas occurred at sites
other than the bone and soft tissue, including sarcomas of the liver
(n = 4), small intestine (n = 1), lung (n = 1), uterus (n = 1), and
cervix (n = 1); 2 patients developed Kaposi sarcoma (details in
Table 2). The majority (27 of 40 cases) of second solid cancers of
the brain/CNS, thyroid, bone, and soft tissues occurred among
children (age < 17 years at HCT).

Time since transplantation played a significant role in the
development of second invasive solid malignancies, as shown in
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Table 1. Characteristics of 28 874 patients undergoing HCT

No. of
Characteristic patients %
All patients 28 874 100.0
CIBMTR 23542 81.5
FHCRC 5332 18.5
Sex
Male 17 122 59.3
Female 11 752 40.7
Age at transplantation, y
0-9 4058 14.1
10-19 5773 20.0
20-29 6812 23.6
30-39 6 796 235
40-49 4379 15.2
50 or older 1056 3.7
Median 27
(Min-Max) Range (0.08-72.41)
Geographic region of transplantation team
United States, Canada 13745 47.6
Europe 11 340 39.3
Other 3789 13.1
Primary disease
ALL 5916 20.5
ANLL 7 461 25.8
CML 7 594 26.3
Other leukemia 452 1.6
NHL 1152 4.0
HL 242 0.8
Myeloma 507 1.8
Other malignancies* 158 0.5
SAA 2842 9.8
MDS, MPD 1298 4.5
Hemoglobinopathies 906 3.1
Other 346 1.2
Donor-recipient relationship and histocompatibility
Identical twin 631 2.2
HLA-identical sibling 22 030 76.3
HLA-mismatched sibling, other relative 2939 10.2
Unrelated donor 3 066 10.6
Other, uncertain (not autologous) 208 0.7
Transplant-conditioning regimens
TBI + Cy = other drugs 16 934 58.6
TBI + other drugs (no Cy) 2409 8.3
LFl = Cy = other drugs 809 2.8
Busulfan + Cy = other drugs 6510 22.5
Cy = other drugs 1881 6.5
Other 331 11
Preventative GVHD therapy
No T-cell depletion
CsA (no MTX) 6 540 22.7
MTX (no CsA) 4 552 15.8
CsA + MTX 12986 45.0
Other 1023 3.5
T-cell depletion 3726 12.9
Unknown 47 0.2
Cumulative incidence of acute GVHD (grades II-1V), %
100 d after transplantation 38.2
1y after transplantation 38.4
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Table 1. Characteristics of 28 874 patients undergoing HCT
(continued)
No. of
Characteristic patients %
Cumulative incidence of chronic GVHD, %t
1y after transplantation 28.9
3y after transplantation 31.0
TBI dose
No TBl or LFI 8592 29.8
Single dose
Less than 10 Gy 1934 6.7
10 Gy or more 2387 8.3
Fractionated dose
Less than 12 Gy 2710 9.4
12 to less than 13 Gy 7122 24.7
13 to less than 14 Gy 2329 8.1
14 to less than 15 Gy 1528 5.3
15 Gy or more 1161 4.0
Limited field irradiation, no TBI 809 2.8
Unknown TBI dose, other radiation 302 1.0

Percentages do not always add up to 100% due to rounding.

ANLL indicates acute nonlymphocytic leukemia; NHL, non-Hodgkin lymphoma;
HL, Hodgkin lymphoma; MDS, myelodysplastic syndromes; MPD, myeloproliferative
disorders; Cy, cyclophosphamide; CsA, cyclosporine; and MTX, methotrexate.

*Other malignancies include 121 solid (nonbreast) cancers (primarily neuroblas-
toma and sarcomas), 3 breast cancers, and 34 other malignancies. See Table 2 for
second malignancies among these patients.

tChronic GVHD is defined as clinical extensive disease for FHCRC patients and
includes all grades of chronic GVHD for CIBMTR patients.

Percentages do not always add up to 100% due to rounding.

ANLL indicates acute nonlymphocytic leukemia; NHL, non-Hodgkin lymphoma;
HL, Hodgkin lymphoma; MDS, myelodysplastic syndromes; MPD, myeloproliferative
disorders; Cy, cyclophosphamide; CsA, cyclosporine; and MTX, methotrexate.

*Other malignancies include 121 solid (nonbreast) cancers (primarily neuroblas-
toma and sarcomas), 3 breast cancers, and 34 other malignancies. See Table 2 for
second malignancies among these patients.

tChronic GVHD is defined as clinical extensive disease for FHCRC patients and
includes all grades of chronic GVHD for CIBMTR patients.

Table 2. Risks increased from 1.3-1.6 times that expected in the
first 5 years of follow-up to reach O/E = 4.55 (95% CI, 3.09-6.46)
among survivors of 10 or more years (P trend < .001). Risks
remained high, at a 3-fold level, among the 378 patients who were
followed for 15 or more years after transplantation (O/E, 3.28; 95%
CI, 1.06-7.68). EARSs increased from 2.3 excess solid cancers per
10 000 person-years for the first year of follow-up to 4.6, 16.6, and
40.0 excess solid cancers per 10 000 person-years for the intervals
of 1 to 4,5 to 9, and 10 or more years after transplantation,
respectively (P trend < .001; data not shown). Although numbers
were often small, risks tended to rise over time for cancers of the
oral cavity, liver, and thyroid and for sarcomas of the bone and soft
tissue; however, risks for melanoma of the skin appeared nearly
constant over the follow-up intervals. Particularly noteworthy was
the 3-fold increase in breast cancer risk among survivors for 10 or
more years, based on 5 cases. Long-term survivors also had
significantly elevated (20- to 30-fold) risks of bone sarcomas and
cancers of the oral cavity and liver, and a 6-fold excess risk of
melanoma during 10 or more years of follow-up.
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Figure 1. Cumulative incidence of second solid malignancies after allogeneic
HCT.
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Table 2. Ratio of observed (O) to expected (E) cases and excess absolute risk of new invasive solid cancers, according to time since HCT

Time since transplantation

<1y 14y 5-9y 10y or longer 15y or longer Total
No. of patients 28 874 15170 6 641 1985 378 28 874
Person-years at risk 19 335 40 520 19674 6054 1047 85 583
Subsequent cancer site (¢] O/E (0] O/E (0] O/E (e] O/E [¢] O/E o E O/E (95% Cl) EARf
All solid cancers* 19 18 52 1.56§ 51 278§ 31 4.55§ 5 3.28§ 153 73.25 2.09§ (1.77-2.45) 9.32
Oral cavity and pharynx 0 o0 4 2.23 15 15.50§ 8 25.69§ 0 0 27 3.85 7.01§ (4.62-10.20) 2.70
Lip 0 O 2 19.53§ 2 37.34§ 2 102.53§ 0 0 6 0.22  26.78§ (10.01-59.36) 0.68
Tongue 0 0 1 2.87 5 26.90§ 4 63.12§ 0 0 10 0.75  13.34§ (6.40-24.52) 1.08
Salivary gland 0 o 0 0 4 58.37§ 0 0 0 0 4 0.28 14.16§ (3.89-36.58) 0.43
Gum, other mouth 0 0 1 2.18 2 8.08 2 24.76§ 0 0 5 0.99 5.06§ (1.64-11.79) 0.47
Pharynx 0 0 0 0 2 4.85 0 0 0 0 2 1.61 1.24 (0.15-4.49) 0.05
Esophagus 0 o0 2 4.63 0 0 1 13.58 1 69.5 3 0.93 3.24 (0.67-9.43) 0.24
Colon 0 O 2 1.15 0 0 0 0 0 0 2 3.83 0.52 (0.06-1.89) —0.21
Rectum, rectosigmoid jct, anus 0 0 3 2.75 0 0 1 4.49 0 0 4 2.39 1.67 (0.46-4.29) 0.19
Liver 1 4.49 2 3.87 1 3.66 3 31.41§ 0 0 7 1.11 6.32§ (2.54-12.99) 0.69
Bronchus and lung 1 0.69 4 1.22 3 1.68 0 0 0 0 8 7.18 1.11 (0.48-2.20) 0.10
Female breast 1 032 5 0.67 2 0.47 5 3.19§ 2 5.82 13 164 0.79 (0.42-1.36) —0.94
Female genital system 1 0.69 3 0.88 4 2.05 1 1.35 1 6.17 9 7.56 1.19 (0.54-2.26) 0.40
Cervix 1 164 3 2.16 0 0 1 3.74 1 18.9 5 3.03 1.65 (0.54-3.85) 0.54
Uterine corpus 0 0 0 0 2 3.96 0 0 0 0 2 1.9 1.05 (0.13-3.80) 0.03
Testis 0 o 2 1.33 0 0 1 3.19 0 0 3 3.35 0.90 (0.18-2.62) -0.07
Melanoma, skin 4 3.75§ 9 3.86§ 2 1.58 3 5.79§ 0 0 18 5.18 3.47§ (2.06-5.49) 1.5
Brain, CNS 3 447 3 2.1 11 15.54§ 1 4.30 0 0 18 3.03 5.94§ (3.52-9.39) 1.75
Thyroid 3 542§ 4 3.23 4 5.82§ 5 17.76§ 0 0 16 2.76 5.79§ (3.31-9.41) 1.55
Bones, joints 0 o0 3 8.98§ 2  11.95§ 1 20.46 1 126.46§ 6 0.71 8.50§ (3.10-18.39) 0.62
Soft tissue 1 425 2 4.03 4 15.72§ 0 0 0 0 7 1.08 6.50§ (2.61-13.36) 0.69
Other solid cancerst 4 142 4 0.63 3 0.88 1 0.78 0 0 12 13.9 0.86 (0.45-1.51) —0.22

*Includes all invasive second solid cancers excluding nonmelanoma skins; excludes 17 carcinomas in situ (lip [n = 1], rectum [n = 2], lung [n = 1], melanoma [n = 5],
breast [n = 2], cervix [n = 3], vulva [n = 2], penis [n = 1]), and 19 invasive squamous cell skin cancers. Histologies of special interest: leiomyosarcoma of the small intestine
(n = 1), angiosarcomas of the liver (n = 2) and fibrous histiocytomas of the liver (n = 2), high-grade sarcoma of the lung (n = 1), desmoplastic round cell tumor of the uterus
(n = 1), and rhabdomyosarcoma of the cervix (n = 1). Two patients developed Kaposi sarcoma (1 of the digestive organs and the other of skin of the leg). The 4 cancers of the
salivary gland were mucoepidermoid carcinomas. Two patients whose indication for HCT was neuroblastoma developed new second malignancies (1 bladder cancer, 1 thyroid
cancer). The number of patients (person-years at risk [PYR]) for males was 17 122 (49 331 PYR) and for females was 11 752 (36 252 PYR).

tOther solid cancers included leiomyosarcoma of the small intestine (n = 1), Kaposi sarcoma (n = 2), neuroendocrine cancer of the pancreas/duodenum (n = 1),
neuroblastoma of nose/nasal cavities (n = 1), cancers of the prostate (n = 1), penis (n = 1), bladder (n = 1), kidney (n = 1), and metastatic carcinoma of unknown primary

site (n = 3).

1EAR is calculated by the number of observed cases minus the expected cases per 10 000 person-years at risk.

§P < .05.

Risk of invasive solid cancer was strongly related to both age of
the recipient at HCT and exposure to radiation (TBI or LFI) as part
of the conditioning regimen (Table 3). Overall, irradiated patients
who survived at least 1 year after transplantation had a significantly
higher risk of developing a second invasive solid cancer than
nonirradiated patients (O/E, 2.68 vs 1.26, respectively; P = .001).
Children irradiated at ages younger than 10 years had a particularly
high 55-fold increase in the risk of developing a solid cancer, based
on 30 observed tumors. Risk remained significantly elevated at
4- to 6-fold for recipients irradiated at ages 10 to 19 and 20 to
29 years, however, no excess risk was evident for those conditioned
with radiation at ages of 30 years or older (P < .001 for the trend in
O/E by age at HCT). A similar decreasing trend with older age at
irradiation was observed when risk was measured in absolute terms
(P < .001 for trend in EAR by age). In contrast, among nonirradi-
ated patients there was no similarly strong evidence of a declining
trend in O/E ratios with increasing age (P = .11 for trend in O/E by
age at HCT), based on a small numbers of cases. Only a marginal
evidence of difference by primary disease was detected among
those not receiving radiation (P = .06 for heterogeneity of O/Es).
After adjusting for latency, primary disease and transplant registry,
the decline in risk of solid malignancies with increasing age was
significantly steeper among those who were irradiated than those
not irradiated (P < .001 for difference in age trends). Similar
patterns in risk by age and radiation exposure were found for

long-term survivors (> 5 years), although comparisons were
limited by sparse numbers in the nonirradiated group.

Additional radiation exposure may also have contributed to the
occurrence of a new malignancy, since 22 of the 134 second,
invasive, solid cancers developing among survivors for 1 year or
more were known to have received additional radiation to a field
that was at or near to the site of the solid tumor. Among the
114 patients with second solid cancers who had received radiation
as part of the conditioning regimen, 16% also had pretransplanta-
tion radiation exposure to the site of second cancer, most frequently
these were head and neck cancers following cranial irradiation for
acute leukemia (second cancers: 9 brain/CNS, 3 thyroid, 3 oral
cavity). In the transplant cohort that did not receive conditioning
radiation, 3 patients with second solid cancers (of the esophagus,
tongue, and bone/hip, respectively) had pretransplantation radio-
therapy to the sites involved by secondary tumor, and one
additional patient received posttransplantation thoracoabdominal
irradiation for chronic GVHD before the diagnosis of second
colon cancer.

Multivariate models were used to identify risk factors for solid
cancers among patients who survived at least 1 year after HCT
(Table 4). Comparisons within the cohort were based on 165 cases
of solid cancers, including 13 cases of non-skin carcinomas in situ
and 18 invasive SCCs of the skin. For all solid tumors combined,
TBI conditioning regimens increased the risk of second solid
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Table 3. Risk of invasive solid cancers according to age at transplantation, conditioning with radiation (TBI or LFIl), and time since HCT

No conditioning radiation

Conditioning radiation

Age at HCT, y No. of pts (o} E O/E 95% CI EAR* No. of pts (o] E O/E 95% CI EAR*

= 1-y survivors
<10 1092 1 0.39 2.59 0.06-14.29 1.22 1401 30 0.54 55.29% 37.5-79.31 43.2
10-19 1092 4 0.98 4.10% 1.11-10.45 5.86 2167 13 2.09 6.23% 3.31-10.64 9.70
20-29 1048 2 2.10 0.95 0.12-3.44 -0.24 2539 30 6.23 4.81% 3.25-6.87 19.05
30-39 939 5 3.99 1.25 0.41-2.92 3.25 2399 20 13.70 1.46 0.89-2.25 6.09
40-49 681 4 5.22 0.77 0.21-1.96 —6.94 1335 18 15.80 1.14 0.68-1.80 4.45
=50 189 4 3.20 1.25 0.34-3.20 17.79 224 3 4.18 0.72 0.15-2.10 —20.36
All ages 5041 20 15.88 1.26 0.77-1.95 2.10 10 065 114 42.53 2.68% 2.21-3.22 15.39
Ptrendt 11 .79 < .001 <.001

= 5-y survivors
<10 524 1 0.17 5.73 0.15-32.77 4.42 676 23 0.29 80.28% 50.3-119 76.40
10-19 482 3 0.63 4.75 0.98-13.92 10.91 1114 11 1.33 8.25% 4.13-14.8 18.81
20-29 405 1 1.13 0.88 0.02-4.93 -0.87 1260 18 3.63 4.96% 2.94-7.84 26.86
30-39 291 2 1.57 1.27 0.15-4.60 5.29 1079 13 6.99 1.86 0.99-3.18 15.53
40-49 171 0 1.08 0 0-3.42 —40.14 528 8 6.51 1.23 0.53-2.42 9.63
=50 41 1 0.56 1.8 0.05-9.95 75.38 52 1 1.19 0.84 0.02-4.68 —16.29
All ages 1914 8 5.15 1.55 0.67-3.06 4.26 4709 74 19.9 3.71% 2.91-4.66 28.46
Ptrendt .06 .53 < .001 <.001

pts indicates patients.

*EAR was calculated as [(O-E)/PYR] x 10 000. (Analyses excluded patients with unknown radiation).
1P for trend of increasing risk with increasing age at transplantation. P for test of difference in age trends for radiation versus no radiation, adjusted for primary disease,
registry, and time since transplantation: P < .001 for 1+ year survivors, and P = .09 for 5+ year survivors.

3P < .05.

malignancies by 1.8-fold compared with nonradiation regimens.
Significant elevations in risk were also found for conditioning
with LFI (relative risk [RR], 2.95), and the development of
moderate to severe chronic GVHD (RR, 1.55). There was no
apparent effect on risk of all solid tumors combined by the use
of grafts from donors with 2 or more mismatched HLA, the
occurrence of or therapy for acute GVHD grades II to IV, T-cell
depletion of the donor bone marrow, or chemotherapy (nonradia-
tion) conditioning regimens (busulfan and cyclophosphamide
[BUCY] vs non-BUCY regimens).

Risk factors for developing a solid tumor differed substantially
by solid tumor type. Radiation (TBI or LFI) given for the

conditioning regimen was a key risk factor only for non-SCCs
(TBI: RR, 2.29; LFI: RR, 3.94), while the increased risk associated
with chronic GVHD was limited to SCCs (RR, 5.04). Male sex was
a significant risk factor only for SCC when added to the model
shown in Table 4 (RR, 2.32, 95% CI, 1.25-4.31, data not shown).
There was no significant elevation in risk related to conditioning
radiation in the interval of 1 to 4 years after transplantation,
however, the use of TBI and LFI was strongly associated with
non-SCCs among survivors for 5 or more years (TBI: RR,
6.33, LFI: RR, 11.14). Significant elevations in risk of SCC
following chronic GVHD were seen in both the early and late
follow-up intervals (1-4 years: RR, 6.79; = 5 years: RR, 4.38).

Table 4. Risk factors for second solid cancers, according to time since transplantantion and type of solid cancer, among = 1 year survivors

of HCT
All solid cancers Non-SCC cancers SCC cancers
Variable No. cases RR 95% Cl No. cases RR 95% Cl No. cases RR 95% CI
General risk factors, = 1-y survivors n = 165 cases n = 110 cases n = 55 cases
TBI 125 1.75% 1.06-3.00 93 2.291 1.18-4.88 32 1.1 0.51-2.53
LFl, no TBI 9 2.951 1.13-7.35 4 3.94 0.92-14.77 5 2.24 0.62-7.95
Chronic GVHD* 56 1.55t 1.10-2.16 21 0.70 0.41-1.12 35 5.041 2.90-9.00
Risk factors by time after HCT
1-4 years after HCT n = 65 cases n = 48 cases n = 17 cases
TBI 47 1.37 0.75-2.66 37 1.63 0.78-3.81 10 0.96 0.33-3.09
LFI, no TBI 2 2.08 0.25-12.40 1 1.38 0.06-11.91 1 6.52 0.13-150
Chronic GVHD* 25 1.811 1.06-3.03 13 1.06 0.52-2.01 12 6.791 2.44-21.78
= 5y after HCT n = 100 cases n = 62 cases n = 38 cases
TBI 78 2.74% 1.17-6.82 56 6.331 1.58-35.52 22 1.33 0.43-4.33
LFl, no TBI 7 3.801 1.24-11.57 3 11.14¢ 1.62-76.57 4 217 0.52-8.53
Chronic GVHD* 31 1.38 0.87-2.12 8 0.45t 0.20-0.91 23 4.38t 2.26-8.5.72

Multivariate Poisson regression models were based on 165 solid cancers, including 18 invasive SCCs of the skin and 13 nonskin carcinomas in situ; analyses were
stratified by registry (FHCRC, CIBMTR), age (<10, 20-29, 30-39, 40-49, = 50 y), latency (1 to < 5, 5to < 10, 10to < 15, = 15y after HCT), and primary disease (ALL, ANLL,
CML, SAA, other). Analyses exclude patients with unknown radiation/unknown radiation dose.

Risk factors for three groups of second cancers are formed based on results from Curtis et al.” (1) All solid cancers as defined in the previous note, (2) nonsquamous cell
invasive solid cancers and nonskin carcinomas in situ, and (3) SCCs (including invasive SCCs of the skin but excluding in situ carcinomas of the skin). Male sex was an
additional risk factor for the SCCs (data not shown above): survivors for 1 year or longer, RR was 2.32 (95% Cl, 1.29-4.46); 1-4 years after HCT, RR, 1.16 (95% Cl, 0.44-3.20);

5 or more years after HCT, RR, 3.52 (95% ClI, 1.61-8.80).

*Chronic GVHD was moderate or severe grade in CIBMTR patients, or clinically extensive in FHCRC patients.

TP < .05.
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Table 5. Risk factors for second solid cancers, according to age at transplantation and type of solid cancer, among survivors for 1 or more

years after HCT
All solid cancers Non-SCCs SCCs
Variable No. cases RR 95% CI No. cases RR 95% CI No. cases RR 95% CI
Age < 30y atHCT n =98 n =67 n =31
No radiation 14 3 11
TBI 78 3.341 1.51-7.93 62 8.871 2.51-45.25 16 1.12 0.33-3.83
LFl, no TBI 6 3.63t1 1.11-11.42 2 10.401 1.27-85.02 4 1.80 0.43-6.97
Chronic GVHD* 28 1.39 0.87-2.16 8 0.461 0.20-0.93 20 6.341 3.04-13.92
Age =30y atHCT n=67 n =43 n=24
No radiation 17 10 7
TBI 47 1.09 0.58-2.15 31 1.08 0.49-2.60 16 1.08 0.40-3.40
LFI, no TBI 3 3.11 0.53-16.06 2 2.58 0.31-15.74 1 7.21 0.15-164
Chronic GVHD* 28 1.721 1.02-2.86 13 1.01 0.49-1.97 15 4.07t 1.75-9.96

Multivariate Poisson regression models were based 165 solid cancers including 18 invasive SCCs of the skin and 13 nonskin carcinomas in situ; analyses were stratified by
registry (FHCRC, CIBMTR), age (< 10, 20-29, 30-39, 40-49, = 50 y), latency (1to < 5,510 < 10, 10 to < 15, = 15y after HCT), and primary disease (ALL, ANLL, CML, SAA,

other). Analyses excluded patients with unknown radiation or unknown radiation dose.

*Chronic GVHD was moderate or severe grade in CIBMTR patients, or clinically extensive in FHCRC patients.

TP < .05.

While use of TBI was associated with an increased risk of
non-SCCs after HCT, there was no clear association of increasing
risk with increasing TBI dose. Compared with nonirradiated
patients surviving 1 year, the RR for single dose TBI was
3.35(95% (I, 1.46-7.69) for 10 Gy or more and 1.22 (95% CI,
0.41-3.70) for less than 10 Gy; for fractionated TBI this RR was
2.37(95% CI, 0.98-5.77), 2.45 (95% CI, 1.14-5.28), and 2.18 (95%
CI, 0.91-5.17) for less than 12 Gy, 12 Gy, and 13 Gy or more,
respectively (data not shown). In separate analyses limited to
patients receiving TBI, there was no evidence that those treated
with higher radiation doses had greater risks than patients receiving
lower doses (single dose: P trend = .34; fractionated dose:
P trend > .50). The TBI dose-response relationships followed the
same general patterns when the analysis was limited to survivors
for 5 or more years.

Additional analyses assessed the interaction between various
risk factors for new solid cancers and age at HCT (Table 5).
Patients who underwent either TBI or LFI at young ages
(< 30years) had a 9- to 10-fold increase in risk of non-SCCs
compared with nonirradiated patients. On the other hand, there was
little evidence of an elevated risk associated with radiation
treatments given at older ages (RR, 1.08 for TBI at ages
= 30 years), indicating a significant interaction in risk between age
at transplantation and TBI exposure (P = .01). In a markedly
different pattern, there was no association between SCC risk and
radiation exposure for either younger or older patients (TBI: RR,
1.12 for ages < 30 years vs RR, 1.08 for ages = 30 years at HCT).
Further, risk of SCC associated with chronic GVHD did not vary
significantly by age at HCT (RR, 6.34 for ages < 30 years vs RR,
4.07 for ages =30 years; P = .50 for interaction of age at
transplantation and chronic GVHD). Although the radiation effect
was higher for patients who were young at HCT, the main effect of
age followed the reverse pattern with the highest risks for older
patients. In an analysis where a continuous age variable replaced
the age strata (see “Methods”), the risk of solid cancer increased
with increasing age at HCT (P trend < .001).

Risk of solid malignancies varied by disease for which HCT
was performed. Patients transplanted for CML had significantly
lower risks of solid cancers than those with acute leukemia (RR,
0.56; 95% CI, 0.36-0.84), while patients with SAA had marginally
lower risks (RR, 0.83; 95% CI, 0.43-1.56), as did those with other
primary diseases (RR, 0.66; 95% CI, 0.37-1.13). Risk of SCC
following chronic GVHD was significantly lower for patients with

acute leukemia (RR, 2.16; 95% CI, 0.84-5.28) than those with other
primary diseases (RR, 9.51; 95% CI, 4.44-22.75; P = .015 for
interaction). There was no evidence of a statistically significant
interaction in risk of solid cancers (either overall or for non-SCC)
between conditioning radiation (TBI or TLI) and primary disease.

Table 6 provides the results for risk factors for specific solid
cancer sites. Although caution in interpretation is required for RR
based on small numbers (< 5 cases), some broad patterns were
evident. Radiation (TBI or TLI) given as part of the conditioning
regimen was strongly associated with a significantly increased risk
of cancers of the thyroid, bone and connective tissue, brain, and
female breast as well as melanoma of the skin; conditioning with
LFI alone heightened the risk of SCC of the oral cavity. Depletion
of T cells in the donor marrow was related to a significantly
elevated risk of cutaneous melanoma. Male sex and chronic GVHD
were strong risk factors for SCC of the skin and SCC of the oral
cavity, while female sex was associated with melanoma.

Discussion

This is the largest study to date to evaluate the risk of all
solid cancers after allogeneic HCT and included more than
28 000 patients and 189 cases of new cancers. The expansion of our
earlier study® increased our numbers for 5-year HCT survivors to
more than 6000, enabling us to better characterize the risk of cancer
and the joint effects of risk factors in a population of patients who
are fortunate enough to enjoy long-term survival after HCT. Our
results showed that the risk of non-SCCs was strongly linked to
radiation conditioning regimens received at a young age (particu-
larly those younger than 10 years old), and that this risk increased
with time from HCT. In contrast, the risk of SCCs was related to
chronic GVHD and male sex, with little variation in risk by age at
HCT and follow-up time. Because of the multi-institutional design
of the cohort and the large number of transplantation teams
included worldwide, our results are broadly representative of the
second solid cancer experience of HCT patients from this period.
In new findings, the risk of developing a non-SCC solid tumor
was found to be highly dependent on both age at transplant and the
use of radiation in the conditioning regimen. Using multivariate
analyses we found that the risk among patients irradiated at ages
under 30 years was nearly 10-times that of nonirradiated patients,
while the comparable radiation-related risk for older patients (ages
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Table 6. Risk factors for second solid cancers, by site of second cancer, among survivors for 1 or more years after HCT

Thyroid Bone/connective tissue Brain, CNS Female breast Melanoma of the skin SCC skin SCC oral cavity

(n=13) (n=12) (n=15) (n=13) (n =18) (n=18) (n=24)
Variable No. RR No. RR No. RR No. RR No. RR No. RR No. RR
Radiation conditioning 12 5.7 11 5.9% 15 o}§ 12 5.8% 18 o}§ 8 0.4 17 0.8
LFI 1 1.7 0 0.0 0 0.0 1 4.6 0 0.0 1 1.8 4 4.7%
T-cell dep. 1 1.2 2 2.3 0 0.0 0 0.0 6 3.5% 1 0.7 2 1.0
Male sex 4 0.3 6 0.8 12 3.0 NA NA 5 0.3t 17 11.9% 19 2.8t
Acute GVHD* 4 1.0 2 0.5 6 1.7 1 0.2f 5] 0.9 8 2.0 8 1.1
Chronic GVHDT 1 0.3 1 0.3 1 0.3 3 0.8 2 0.4 14 11.0% 16 5.3t
HLA mis/unrel 1 0.6 1 0.7 3 1.6 1 0.9 2 1.0 1 0.6 1 0.5
ATG 0 0.0 0 0.0 1 0.8 2 3.3 1 1.0 1 0.7 2 1.3

Analyses were based 165 solid cancers including 18 invasive squamous cell carcinomas (SCC) of the skin and 13 nonskin carcinomas in situ. Poisson regression models
were stratified by age (< 10, 20-29, 30-39, 40-49, = 50 y), and latency (1to < 5, 5to < 10, 10to < 15, = 15y after HCT); patients with unknown radiation or unknown radiation
dose are excluded. The table presents univariate relative risks for variables with P > .05, and multivariate relative risks, adjusted for other significant risk factors, for variables
that are statistically significant. No. indicates number of observed cases of second cancers; dep, depletion; HLA mis/unrel, 2 or more HLA antigen mismatches with a sibling,

related, or unrelated donor; ATG, antithymocyte globulin to prevent or to treat acute GVHD; and NA, not applicable.

*Acute GVHD was grades II-IV.

tChronic GVHD was moderate or severe grade in CIBMTR patients, or clinically extensive in FHCRC patients.

3P < .05.

§An RR of « indicates a confidence interval with a lower limit greater than 1.0 but an upper limit that is unbounded or indeterminate (), because all cases were exposed to

the risk factor of interest.

= 30 years) was 1.1. The interaction of age at HCT and TBI
exposure was highly statistically significant, emphasizing the
heightened susceptibility of children and young adults to the
carcinogenic effects of radiation. More detailed comparisons using
stable general population rates (O/E ratios), showed a steep
declining trend in radiation-related solid cancer risk with increas-
ing age among irradiated patients, with a much less downward
trend observed among nonirradiated patients. Further, a highly
significant difference between the age trends was found in a model
adjusting for follow-up time and primary disease. To our knowl-
edge, this is the first study of risk of solid cancers following HCT to
assess the role of radiation exposure by age at irradiation in
multivariate analyses accounting for confounding variables. Earlier
reports®® found sharply higher O/E ratios for patients who received
transplants at young ages; however, there were few long-term
survivors receiving conditioning regimens without radiation. Re-
flecting the typical rise in cancer background rates with increasing
age, our results from multivariate analyses confirmed previous
investigations®>%? in finding that the risk of solid tumors after HCT
was highest among those transplanted at older ages.

Radiation was a significant risk factor for the development of
several non-SCCs, particularly cancers of the breast, thyroid, brain
and CNS, bone and connective tissue, and melanoma. Conditioning
with limited field irradiation was associated with an increased risk
of SCC of the oral cavity, with most of the excess attributed to
thoracoabdominal irradiation among patients who were treated for
SAA at a single center. For the majority of these sites, risks were
greater among those who survived 5 or more years after initial
radiotherapy, in keeping with the latent period typical for radiation-
related solid cancers.?? These findings are consistent with prior
studies that evaluated the risks of radiation-induced solid cancers
among cancer survivors>¥3% as well as atomic bomb survivors and
other radiation-exposed populations.?>340 Qur finding of a nearly
6-fold increased risk for radiation-associated breast cancer after
HCT confirms a recent report linking breast cancer excesses with
young age at transplantation (younger than 18 years) and use of
TBI, with the risk increasing sharply among those followed for
10 or more years.” Radiation-related thyroid cancers have been
described in cohorts of HCT survivors, with an elevated risk
associated with young age, radiation exposure, female sex, and
chronic GVHD.'? We also found a strong association of radiation

exposure with increased risk of CNS and bone and soft tissue
sarcomas, confirming our previous study® and investigations of
childhood cancer survivors treated with radiotherapy,?”-32-3* which
reported younger age at initial diagnosis (CNS, sarcomas) and
higher doses of anthracyclines or alkylating agents (sarcomas) as
strong risk factors. Four cases of rare liver sarcomas (2 angiosarco-
mas, 2 fibrous histiocytomas) occurred in patients exposed to
radiation, 2 with latency periods longer than 10 years after HCT,
further underscoring the risk of radiation. Increased risks of
cutaneous melanoma in the current study were associated with
radiation, T-cell depletion, and a short latent period (< 1 year),
suggesting a dual role for immunosuppression and radiation for this
skin cancer.

Both the relative risk and absolute excess risk of developing a
new solid tumor increased significantly with increasing follow-up
in our current study (P for trend < .001), with O/E ratios remaining
increased at a 3-fold level among survivors for 15 years or longer.
Some of this excess risk, particularly in the early follow-up years,
may be related to the increased medical surveillance received by
transplant recipients. Our estimate of cumulative incidence (3.3%
at 20 years) using newer competing risk methods was similar to
that of an earlier University of Minnesota study (3.8% at 20 years)
based on both allogeneic and autologous transplant recipients,” but
lower than previous incidence estimates based on Kaplan-Meier
statistics.>%10 Our report provided new information on the latency
patterns for radiation-related new solid cancers after HCT in
analyses adjusting for confounding variables. We found little
evidence that conditioning radiation increased the risk of non-SCC
in the early follow-up period, but radiation-related risk rose to more
than 6-fold among 5-year survivors.

Chronic GVHD and immunosuppression appear to be important
risk factors only for certain types of second solid malignancies.
Overall, development of chronic GVHD was associated with a
5-fold increase in risk of SCC, confirming our earlier findings."*¢ A
particularly strong risk was observed in the 1- to 4-year interval
after HCT, which remained elevated at high levels among long-
term survivors. Our expanded study demonstrated a significant
interaction of GVHD and primary disease affecting SCC risk, with
lower risks for those transplant recipients with acute leukemia. TBI
did not heighten the risk of SCCs, for either younger or for older
transplant recipients. Duration of immunosuppression (including
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therapy for chronic GVHD), and particular immunosuppressant
agents have been correlated with second cancers in previous
analyses, especially squamous cell malignancies.!#6-10-12

In contrast to our previous study® and an earlier FHCRC
investigation,’ no clear dose effect of radiation was demonstrated
in the current cohort among those who received fractionated TBI as
part of the conditioning regimen. Compared with nonirradiated
patients, patients who underwent fractionated TBI had a relatively
constant 2-fold higher risk of solid cancer with radiation doses
ranging from less than 12 Gy to more than 15 Gy, providing little
evidence of a substantial upturn in risk at higher doses.

Important strengths of our study include its large size, the high
completeness of follow-up, and the diverse international cohort
including more than 270 centers. However, our investigation is
limited by not including patients undergoing transplantation in
recent calendar years. Our study period reflects an era when
radiation was a mainstay of conditioning (< 30% not exposed to
radiation conditioning), and the graft source was bone marrow.
Risk of radiation-related malignancies and other long-term adverse
effects of radiation, particularly effects on growth, mental develop-
ment, and fertility in children have led clinicians to the increasing
use of nonradiation conditioning regimens, and reduced doses of
radiation for myeloablative transplantation.*! Other changes in-
clude widespread use of reduced-intensity preparative regimens,*!
in which radiation doses are less than 5 Gy or are avoided
altogether, and fractionation of myeloablative TBI dosing. In
addition, use of peripheral blood stem cells as the graft source has
been increasing, despite their association with increased risk of
chronic GVHD.*> The impact of such changes on development of
second cancers in HCT recipients is yet to be determined since
reduction in exposure to radiation as part of the preparative
regimen may have a less-than-anticipated reduction in risk of
second solid cancers. A recent case report of skin cancers following
nonmyeloablative HCT suggests that the risk of second malignan-
cies persists in this group of patients.*> Future studies should
evaluate contributions to the risk of second malignancies among
transplant conditioning regimens that do not include radiation, and
where peripheral blood is the source of hematopoietic stem cells.

Several of the patients in our study who subsequently developed
second solid cancers were known to have been exposed to local
field radiation and other carcinogenic therapies before transplanta-
tion. Changes to the treatment regimens for malignant diseases
over the last decade may have diminished the excess cancer risk
experienced by transplant recipients.’® The impact of such changes
on development of second cancers in HCT recipients has yet to be
determined, and future studies will need to evaluate the late effects
of therapy with these new treatment approaches.

HCT can be curative for hematologic malignancies and nonmalig-
nant disorders, and the benefits for patients with these conditions
generally outweigh the risk of second malignancies. However, these
data substantiate the significant risk of developing second solid malignan-
cies in HCT survivors, with emergence of additional types of cancer
such as breast cancer occurring 10 or more years after transplantation, a
time period when the full effect of radiation-induced cancers would be
emerging. Our study shows that when feasible, efforts to reduce
radiation exposure in children and young adults, either during conven-
tional therapy or pretransplantation conditioning should continue. In
addition, transplant physicians and community practitioners must re-
main vigilant for the development of second malignancies in transplant
recipients and should encourage high compliance with age-appropriate
cancer screening and enhanced early detection strategies, and avoidance
of carcinogenic exposures. Physicians should continually reassess
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patients’ requirements for immunosuppression, given the risk of second
cancers and other complications associated with long-term immunosup-
pression. The role of community physicians should not be underesti-
mated, as they are increasingly called upon to provide long-term
follow-up care of transplantation survivors. Whether changes in trans-
plant care over the last decade—including increasing use of peripheral
blood as the source of hematopoietic cells, decreasing use and doses of
radiation, increasing transplantation in older patients, changes in post-
transplantation immunosuppression and exposure to new chemothera-
peutics—will modify the overall risk of second cancers faced by
transplantation survivors remains an important research question.
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