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Abstract
Previous studies identified radiation therapy as a key modifier of basal cell carcinoma (BCC) risk in
survivors of hematopoietic cell transplantation (HCT). In the present analysis, risk of BCC was
analyzed in relation to age at transplant, attained age, race, total-body irradiation (TBI), and radiation
fractionation in 6,306 patients who received HCT at ages 0–65 years after conditioning regimens
with (n = 3870) or without (n = 2436) TBI, and who were followed from 100 days to 36.2 years after
HCT. While age-specific BCC rates in the unirradiated patient population were higher than those
reported for two non-patient populations, the general characteristics were similar; rates increased
with attained age, were eightfold lower for non-white patients, and were higher in more recent birth
cohorts. After adjusting for these effects, risk in unirradiated patients did not vary significantly with
age at HCT. The additional BCC risk associated with radiation exposure was largest for the youngest
ages at exposure to radiation, with relative risks exceeding 20 for those transplanted at ages less than
10 years, and decreased with increasing age at exposure until age 40 years, above which no excess
risk was identified. Relative risk in the irradiated population did not vary significantly with attained
age, dose fractionation or race. Risks per unit dose in HCT patients were similar to other populations
exposed under clinical settings to similar radiation doses and were more than 10-fold lower than seen
in the atomic bomb survivors, 97% of whom were exposed to doses < 1 Sv.

INTRODUCTION
Over the past three decades, the successful treatment of malignant and non-malignant diseases
with hematopoietic cell transplantation (HCT) has resulted in an increasingly large cohort of
long-term surviving patients. Many of these patients were treated with total-body irradiation
(TBI) as conditioning in preparation for HCT. Reported risks of second malignancies in HCT
patients have ranged from 3–25% with 10–15-year incidence rates of 6–11% (1,2). A spectrum
of second cancers has been identified in these patients, the most frequent one being basal cell
carcinoma (BCC). In a previously published analysis (3), we investigated the risk factors for
non-melanoma cancers of the skin and the mucosal surfaces. TBI was associated with increased
risk for the development of BCC.
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Ionizing radiation-induced skin malignancies have been reported for several exposed groups,
including the atomic bomb survivors, uranium miners, radiologists and individuals treated with
radiation for benign or malignant skin disorders or other conditions (4-15). Nearly all reports
indicate that ionizing radiation increases the risk of BCC, as opposed to melanoma or squamous
cell carcinoma. Those types of cancers are more common after exposure to ultraviolet light
(16) or to chemical agents (17). Genetically determined skin pigmentation plays an important
role in BCC susceptibility; light complexion is a predictor of BCC risk in exposed individuals.
Age at exposure is another significant modifier of response. Individuals exposed at ages of less
than 10 years have shown two to four times greater risks than older individuals (10,11,14).
Both linear (10) and non-linear (11) dose responses have been reported.

The characteristics of BCC observed in the HCT patient population that we reported on
previously (3) were similar to those reported for other radiation-exposed populations (10,11,
14). Risks of BCC development were highest for those exposed at young ages, and risks were
higher for lighter-skinned individuals. We now expand on this previous analysis and examine
the risk of BCC related to radiation dose, dose fractionation, and age at time of exposure in
greater detail. In the present study we analyzed risks for developing BCC in both irradiated
and nonirradiated HCT patients and addressed how those risk estimates compared to BCC risks
in populations not treated with HCT.

METHODS
Patient Characteristics

This study involved patients who were transplanted at the Fred Hutchinson Cancer Research
Center or affiliated hospitals in Seattle before January 1, 2006. Overall 6882 patients who
received HCT before 2006 and survived at least 100 days were considered (the earliest
transplant was in November 1969). Of these, 300 (4.4%) were excluded due to unknown race
(N = 212), age >66 years (N = 85), or both (N = 3). Another 276 patients (4.0%) of age <66
years and known race who received preparative regimens with TBI doses less than 7.5 Gy were
also excluded. Most (N = 260) of these patients received only 2 Gy as part of reduced intensity
conditioning regimens (18), as did 39 of the 87 irradiated patients of age >66 years. Because
this is a relatively recently introduced procedure with short follow-up times (median, 1.5 years;
mode, 0.4 years), we excluded these patients.

The characteristics of the 6306 patients included in the present analysis are summarized in
Table 1. More than one-third of the patients (N = 2436, 38.6%) were conditioned with
chemotherapy alone (non-TBI patients). The remaining 3870 patients received radiation either
alone or combined with chemotherapy (TBI patients). While the age ranges at transplant were
similar in the two groups, TBI patients were in general younger (mean age, 28.8 years) than
non-TBI patients (mean age 38.1 years). The prescribed radiation doses ranged from 7.5 to
18.4 Gy (Table 2). Dose was calculated to the central axis. The dose to the first 1–3 mm of
skin would be 90–95% of the prescribed dose.

Among the TBI patients, single exposures were more common among patients of age 0–17
years (193/1006, 19.2%) than among older patients (153/2864, 5.3%). The mean duration of
follow-up was somewhat longer for TBI patients (6.6 years) than for chemotherapy patients
(5.8 years), due at least in part to the fact that non-TBI regimens have been used with increasing
frequency in recent years (Table 1). Age at HCT was correlated with the maximum age at risk
(attained age). This was due in part to the fact that follow-up began at HCT but was also because
the maximum duration of follow-up was about 36 years.

Over the time span of this study, conditioning regimens and graft-versus-host disease
prophylaxis varied. Initially, conditioning consisted mostly of TBI (at doses from 9.2 Gy to
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15.75 Gy) given in a single session or fractionated (total dose delivered in multiple daily
treatments) in combination with cyclophosphamide. Some patients received hyperfractionated
(multiple fractions/day) or “total marrow” irradiation (TBI with shielding of lungs and liver).
In more recent years, many patients were conditioned with cyclophosphamide and busulfan
without radiotherapy. Other combinations were used less frequently. Graft-versus-host disease
prophylaxis initially consisted of single agent methotrexate given intermittently for the first
102 days after transplantation. In later years cyclosporine was given alone or combined with
methotrexate. FK506 (tacrolimus), mycophenolate mofetil and other immunosuppressive
agents have also been used. First-line therapy for both acute and chronic graft-versus-host
disease (AGVHD, CGVHD) consisted of glucocorticoids. Other agents included cyclosporine
and monoclonal or polyclonal antibodies. Additional supportive care was provided according
to the standards that evolved over the observation period (3).

The Fred Hutchinson Cancer Research Center Institutional Review Board approved
surveillance of patients after HCT, and patients signed informed consent for collection of long-
term outcome data. Patient characteristics, HCT treatment regimens and clinical outcome data
were collected prospectively and stored in the clinical database. After HCT, patients underwent
a comprehensive medical evaluation prior to discharge from the Transplant Center. One year
after HCT, patients were invited to return to Seattle for a follow-up medical evaluation. Both
patients and their physicians were sent questionnaires each subsequent year to obtain current
status data. If no response was received within 2 months, a second letter was mailed. Among
surviving patients, 95% had last contact in the previous 5 years. The questionnaires inquired
specifically about tumors or cancers that might have developed, and how they were treated.
Whenever possible, surgery and pathology reports were obtained for verification.

Data Analysis
Each patient was followed from the day of HCT until the first diagnosis of cutaneous BCC,
death from any cause, or last follow-up date, whichever occurred first. Statistical analyses were
performed to analyze cutaneous BCC incidence rates. Data for these analyses consisted of a
table of person-years at risk and BCC case counts cross-classified by the following:
Demographic factors included age at HCT (0–4, 5–9, . . . , 54–59, 60–65 years), race (white,
nonwhite), sex (female, male), and birth year (before 1951, 1951–1960, 1961–1970, 1971–
1980, after 1980); categories of follow-up included year of HCT (1969–1989, 1990–1997,
1998–2005), attained age (0–17.9, 18–24.9, 25–29.9, 30–34.9, 35–39.9, 40–44.9, 45–49.9, 50–
59.9, 60–74.9, 75–90), days since HCT (100–499, 500–999, 1000–1499, 1500–1999, 2000–
2499, 2500–2999, 3000–3999, 4000–4999, 5000–9999, 10,000–15,000), calendar year at
follow-up (1960–1969, 1970–1979, 1980–1989, 1990–1999, 2000–2007); characteristics
related to the HCT procedure included TBI (no, yes), radiation dose (0, 7.5–11.99, 12.0–12.99,
13.0–14.99, 15.0–19.0 Gy), TBI type (none, single exposure, fractionated, hyperfractionated,
total marrow irradiation), and cell source (autologous, HLA matched related donor, HLA
mismatched related donor, HLA matched unrelated donor, or unknown). AGVHD and
CGVHD were defined as time-dependent covariates defined by the presence or absence of
grade 2+ AGVHD and clinically extensive CGVHD, respectively.

Records of prior radiation therapy were not available for these patients, so four categories
describing the likelihood of prior exposure to radiation therapy—(1) probably exposed, (2)
possibly exposed, (3) possibly not exposed, and (4) probably not exposed—were defined based
on each patient's disease and status as shown in the Appendix. To address the uncertainty about
prior radiation therapy, it was defined as either (1), (1)+(2), or (1)+(2)+(3), and analyses were
repeated using each of the three alternatives. Results were consistent in the three sets of
analyses, so only results based on (1), i.e., probable exposure to prior radiation therapy, are
reported here. Covariate values assigned to each cell included indicators for categorical
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variables (e.g., sex = 0 for female, 1 for male; TBI = 0 for no, 1 for yes; etc.), and mean values
for continuous variables such as attained age or TBI dose.

The number of BCC cases in each cell of the cross-classification was assumed to be an
independent Poisson variate with mean PYi × λi, where PYi and λi are the person-years and
BCC incidence rate, respectively, for cell i where i = 1, … , I indexes the cells with PYi >0.
Poisson regression models for rates were used to investigate the effects on BCC incidence of
such factors as TBI, age at HCT and attained age, sex, etc. Both excess relative risk (ERR) and
absolute excess risk (AER) models were examined. The general ERR model was expressed as
follows:

where λ0(Xi) is the background BCC incidence rate, i.e., the rate in non-TBI patients, with
characteristics (age at HCT, attained age, race, sex, etc.) represented by the covariate vector
Xi, and ERR(Zi, Xi) is the ERR associated with radiation exposure Zi in patients with
characteristics Xi. The background rates were modeled as a loglinear function of Xi, i.e.,
λ0(Xi) = exp(α0 + αXi), where α0 is a constant and the parameter vector α represents the effects
of the factors in Xi. The simple linear ERR model was ERR(Zi, Xi) = βZi, where Zi is an indicator
of TBI, in which case 1 + β is the RR associated with TBI. Alternatively Zi can be the cell-
specific mean dose, in which case β is the ERR per unit dose. More general models allowing
the ERR to vary with other factors can be written ERR(Zi, Xi) = βZi exp(γXi), where γ represents
the effects of the covariates in Xi on the ERR. A further generalization is ERR(Zi, Xi) = β1Zi
exp(γ1Xi)IS(i) + β2Zi exp(γ2Xi)[1 − IS(i)], where IS(i) = 1 for cells in subgroup S and 0 otherwise;
this model allows both the TBI effect and its modifiers to differ between subgroups.

The general AER model was expressed as

where AER(Zi, Xi) is the AER associated with radiation exposure Zi in patients with
characteristics Xi and the other terms are as defined above. The analysis proceeded by first
fitting a model for λ0(Xi) using only data from patients who did not receive TBI conditioning.
After selection of the model for λ0(Xi), comprehensive models including AER(Zi, Xi) or ERR
(Zi, Xi) were fitted to the entire data set. These analyses were performed using the AMFIT
program of the Epicure package (Hirosoft, Seattle, WA).

Results were based on data available as of January 1, 2007.

RESULTS
BCC Risk in HCT Survivors not Treated with TBI

Among the 2436 non-TBI patients, 80 BCCs were observed over 13,424 person-years (PY) of
follow-up. The crude BCC incidence rates increased sharply with age at HCT (Table 3). Indeed,
only one BCC was observed in the 429 non-TBI patients transplanted at age <20 years,
consistent with the rarity of spontaneous BCC in children and young adults. However, the
apparent increase in BCC incidence with age at HCT resulted from the correlation between
attained age and age at HCT. Poisson regression analysis indicated that BCC risk in non-TBI
patients increased with attained age (P < 0.0001) and that the rate of age-related increase was
higher for more recent birth cohorts (P = 0.0087). Also, the risk of BCC was about eightfold
lower for nonwhites than for whites (RR = 0.12, 95% CI 0.02–0.85, P = 0.034) and was elevated
in patients who developed CGVHD (RR = 1.90, 95% CI 1.22–2.96, P = 0.0043). After we
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accounted for these effects, BCC rates did not vary significantly with age at HCT (P = 0.059),
sex (P = 0.24), AGVHD (P = 0.50), or probable prior therapeutic radiation (P = 0.91). The
background model for the subsequent analyses of the effect of TBI therefore included attained
age, birth year, race and CGVHD. The effects of attained age and birth year are illustrated for
whites in Fig. 1; for nonwhites the same pattern applies, but with overall lower risks (data not
shown).

Figure 1 also compares the fitted model for transplant patients who did not receive TBI to the
standardized incidence rates for non-patient populations from the Netherlands (19) and South
Wales (20). Estimated (attained-) age-specific rates for the transplant patients are shown for
selected birth years (1940, 1950, etc.) by the upward-sloping lines. The horizontal lines show
rates for the two non-patient populations. As indicated in this figure, the age-specific BCC
incidence in non-TBI transplant patients was somewhat higher than that seen in the Northern
European populations.

BCC Risk in HCT Survivors Treated with TBI
Among the 3870 TBI patients, 202 BCCs were observed over a total of 24,638 PY of follow-
up. The crude BCC incidence rates in TBI patients increased with age at HCT; however, for
those transplanted at younger ages the crude rates were markedly higher than the corresponding
rates for non-TBI patients (Table 3). When all TBI patients were combined and compared to
non-TBI patients, there was a significant radiation-related risk (P < 0.001), with TBI patients
having an overall AER of 24.1 cases per 104 PY (95% CI 14.0–34.2). However, the AER
decreased with age at exposure (P < 0.0001), while sharply increasing with attained age (P <
0.0001; Fig. 2). Specifically, for any given age at HCT, the AER increased by an average of
16.4% with each additional year of attained age (95% CI 12.4–20.5%), and for any given
attained age the AER decreased by an average of 13.4% (95% CI 10.0–16.7%) with each 1-
year increase of age at transplant. The overall AER of BCC was somewhat higher for patients
who received single dose TBI (55.6 cases per 104 PY; 95% CI 24.6–86.7) compared to those
who received fractionated exposures (19.2 cases per 104 PY; 95% CI 9.1–29.3). However,
when attained age and age at transplant were accounted for, there were no significant
differences between the effects of single-dose and fractionated TBI (Fig. 2, P = 0.53).
Moreover, the effects of attained age and age at transplant did not differ significantly between
single-dose and fractionated exposures (P = 0.16). Notably, only 346 (9%) of the TBI patients
received single-dose exposures, and these were comparatively young patients (mean age 18.1
years; Table 2). Consequently the effects of TBI fractionation could not be estimated precisely.
Also, after accounting for the effects of attained age and age at transplant, there was no
significant difference in AER between whites and nonwhites (P = 0.11).

Since the rates of BCC in non-TBI patients and the AER in the TBI patients both increased
with attained age, we turned to relative risk (RR) models to describe the radiation-related risk.
Starting with the same background model, we examined RR models, allowing for effects of
age at transplant, attained age, TBI fractionation, race, AGVHD, CGVHD and probable prior
radiation therapy. For all ages combined, the RR associated with TBI was 1.76 (95% CI 1.36–
2.30, P < 0.0001). However, the RR decreased significantly with increasing age at HCT (P <
0.0001) at an average rate of 10.9% (95% CI 8.7–13.2%) for each 1-year increase in age at
HCT (Fig. 3). After we accounted for this strong effect of age at HCT, neither attained age
(P = 0.99) nor TBI fractionation (P = 0.68) significantly modified the RR, and the RR did not
differ significantly between whites and nonwhites (P = 0.21). Also the RR was not significantly
modified by AGVHD (P = 0.69), CGVHD (P = 0.13), or probable prior radiation exposure
(P = 0.62).

As shown in Table 3, the RRs were 27.7 and 25.8 for patients who at HCT were 0–4 and 5–9
years old, respectively. The confidence intervals for their RR estimates were wide, reflecting

Schwartz et al. Page 5

Radiat Res. Author manuscript; available in PMC 2010 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



at least in part the small numbers of BCC cases observed to date in the youngest patients;
nevertheless, their BCC risks were significantly elevated. In contrast, the RRs were very
estimated precisely for patients 40 to 59 years old at HCT and were not significantly greater
than 1. This observation provides strong evidence that there was no increased BCC risk after
TBI conditioning in patients over the age of 40 at HCT.

Age-at-HCT-dependent RRs were estimated for each of four TBI dose ranges (7.5–11.99, 12–
12.99, 13–14.99 and ≥15 Gy) to assess whether the RR varied within the range of radiation
doses. As shown in Table 4, the RR associated with 12–12.99 Gy was somewhat higher for
patients transplanted at the youngest ages (143.5 compared to 29.1–48.2), but it decreased more
steeply with increasing age at HCT (15.1%/year) compared to the remaining three dose
categories (6.9%/year to 9.4%/year). However, the confidence intervals for the age-at-HCT-
specific parameter estimates overlapped extensively, and as a result there was no further trend
in risk across the range of radiation doses after adjusting for the increased risk associated with
TBI (P = 0.28).

To further investigate the possibility of a TBI dose response, we also estimated the ERR per
Gy TBI administered. Since the doses were of the order of 10 Gy, the ERR/ Gy was
approximately one-tenth of the ERR associated with the total dose of TBI. Specifically, the
ERR/Gy for all TBI patients combined was 0.062/Gy (95% CI 0.030–0.106/Gy, P < 0.0001).
However, the ERR/Gy decreased significantly with increasing age at HCT (P < 0.0001), at a
rate of 10.9% for each 1-year increase in age at HCT. For comparison with results among the
Japanese atomic bomb survivors, the ERR/Gy was estimated separately for ages at HCT 0–9
(ERR/Gy = 1.49, 95% CI 0.64–3.17), 10–19 (ERR/Gy = 0.55, 95% CI 0.28–1.00), 20–39 (ERR/
Gy = 0.11, 95% CI 0.06–0.18), and 40+ years (ERR/Gy = 0.02, 95% CI −0.01–0.06). These
estimates for the HCT patients are more than an order of magnitude smaller than the risks
reported by Ron et al. (11) for the atomic bomb survivors (Table 5). Interestingly, they were
similar in magnitude to risk estimates made in young patients who were irradiated for medical
reasons (Table 5).

DISCUSSION
We reported previously that TBI given for conditioning in preparation for HCT was a risk
factor for the development of BCC (1-3,21). The characteristics of the development of BCC
after TBI were similar to what had been reported for other patients treated with radiation (10,
11,14). Therefore, we expanded our study to quantify risks in both irradiated and nonirradiated
HCT populations and compared results to similar measures reported for other populations. We
observed that while the general characteristics of BCC development in unirradiated patients
were similar to those for non-patient populations, the rates were higher. Risks per unit dose of
TBI in HCT patients were similar to other populations exposed in clinical settings to similar
radiation doses but were about 10-fold lower than those seen in the atomic bomb survivors
who were exposed to lower doses. Of particular concern was the observation that ERR in
irradiated patients did not vary significantly with attained age, which if maintained with further
follow-up predicts that radiation-related excess BCC risk for the younger part of the present
population of patients may increase dramatically as those patients grow older.

In contrast to the previous analysis of this cohort (3), we explicitly modeled age-specific BCC
incidence rates in the non-TBI population to determine whether either the disease history or
HCT conditioning influenced the incidence. Although it was not possible to assess with
confidence whether non-TBI HCT patients were at increased risk of BCC, age-specific
incidence rates of BCC in white non-TBI patients were higher than those observed in
population-based registry studies of BCC in the Netherlands in 1973–2000 (19) and in South
Wales in 1988–1998 (20). However, such comparisons between the non-TBI patients and other

Schwartz et al. Page 6

Radiat Res. Author manuscript; available in PMC 2010 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



populations may be confounded by several factors. Post-HCT patients almost certainly had
more frequent medical examinations than did patients in the general population, and this
increased surveillance may have increased their apparent BCC incidence rates. Population-
based studies (19), though conducted in largely white populations, very likely included some
proportions of nonwhite individuals; however, since those proportions were not reported, it is
not possible to make race-adjusted comparisons. Information about skin exposures to sunlight
was not available, and this parameter may also differ between the HCT cohort and other
populations. Finally, this study cannot rule out the possibility that BCC risk was increased in
HCT patients because they had an inherently increased risk of malignancy or as a consequence
of the overall HCT procedure or other treatment components they had received. Interestingly,
our analysis revealed an increased risk of developing BCC in more recent birth cohorts, a
phenomenon that was also reported by de Vries et al. (19). This trend in non-patient populations
has been suggested to reflect changes in lifestyle that affect the amount and intensity of sunlight
exposure. The birth cohort effect observed in our non-TBI patients might similarly reflect
changes in lifestyle; however, we cannot rule out the possibility that evolving changes in the
non-TBI conditioning regimens used for transplant patients also influenced the BCC risk.

Comparing BCC rates in our TBI patients to those of the non-TBI patients provided estimates
of the excess risk associated with radiation exposure. The AERs associated with TBI increased
significantly with attained age and decreased significantly with age at HCT. This suggests that
the excess risk for a given age at HCT might be proportional to the background rate.
Examination of ERR models indeed showed that the ERR decreased significantly with
increasing age at HCT but did not vary significantly with age at risk, type of TBI (single or
fractionated), or race. The absence of a decrease in RR with attained age was particularly
noteworthy: If the very high RRs observed to date in the youngest patients persist, those patients
are likely to experience extremely high BCC incidence rates as they reach ages with
substantially higher background rates. Whether these large RRs will in fact persist cannot be
determined at this time. The present data, with a maximum follow-up of about 36 years, are
not sufficient to estimate the BCC risks late in life among patients transplanted in childhood.

The effects of radiation observed in HCT patients and other medically irradiated patients are
notably smaller than would be predicted from the age-at-exposure-specific dose responses that
have been reported for the atomic bomb survivors (Table 5). The medical and atomic bomb
exposures differ in that most medical exposures are fractionated or low-dose-rate exposures,
while the atomic bomb exposures were acute. More importantly, the radiation doses used in
patients irradiated for medical reasons were generally much higher than those estimated for
the atomic bomb survivors. The cohort of HCT patients analyzed here did not include any
patients with doses less than 7.5 Gy. It is clear from our analysis that the dose response for the
atomic bomb survivors cannot be extrapolated linearly into ranges of doses received by HCT
patients. The present analysis suggested that the RR of BCC did not vary within the range of
doses received by patients (7.5–18.4 Gy), suggesting that the dose response, which is much
steeper at the lower doses received by atomic bomb survivors, may flatten out at the much
higher doses received by TBI-conditioned HCT patients.

We found no significant difference in radiation-related RR of BCC between white and
nonwhite HCT patients. Based in part on the observed relationship between skin color and
BCC risk, Shore (12) suggested that an interaction between ultraviolet (UV) and ionizing
radiation is involved in the development of BCC. However, among atomic bomb survivors
there was no evidence of higher BCC risk in body surface areas with high UV-radiation
exposure (face and hands) compared to the rest of the body (11). Since our data base did not
include anatomic sites of BCC, we were unable to address this issue in the present study. Also,
the absence of a significant difference in RR between white and nonwhite patients must be
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interpreted cautiously because of the modest number and low background BCC rates in
nonwhite patients in this cohort.

The radiation-related excess risk of BCC after TBI decreased significantly with increasing age
at exposure, as has been observed in the Japanese atomic bomb survivors (11). In agreement
with the study by Ron et al. (11), we observed no significant increase in BCC risk among
patients treated after age 40 years. As mentioned above, our data in this age range had a limited
follow-up time. If there was a long latency for BCC development in this age group, our
conclusions might have to be modified in the future. However, over the duration of follow-up
that we analyzed (Fig. 3), there was no significant change in RR with attained age, and even
in children we observed increased BCC frequencies less than 10 years after exposure (Fig. 3).
Relatively short minimum latencies have also been observed in individuals irradiated for
clinical indications (22-24).

We were unable to detect differences between the effects of single-dose and fractionated
radiation exposures. While the RR of BCC appeared to decrease with increasing attained age
for single exposures and to increase with increasing attained age for fractionated exposures
(Fig. 3), these differences were not statistically significant. The failure to observe a difference
between single and fractionated radiation doses would suggest that the radiation-induced lesion
that leads to BCC is not repairable. Alternatively, the lack of a significant effect of dose
fractionation on risk might be a reflection of the very high overall doses used in both single-
dose and multifractionated regimens and the fact that the single-dose exposures were delivered
at relatively low dose rates. It must be emphasized that the single-exposure patients were few
in number and were younger than those who received fractionated exposures, and as a result
their TBI-related excess risk was not estimated with great precision. Consequently, this result
did not provide strong evidence against the possibility that BCC risk differs by type of exposure.

Although risk of BCC was significantly elevated in patients with clinical extensive CGVHD,
as reported previously (3), there was no evidence that the effect of TBI on risk was modified
by either AGVHD or CGVHD. The present study also found no evidence that prior radiation
therapy influenced the risk of BCC or modified the TBI-related risk. However, histories of
prior radiation therapy were not available for these patients, and the imputation of prior
exposure based on diagnosis and disease status at transplant is subject to substantial uncertainty.

In conclusion, the present analysis showed major effects of age at exposure on the development
of radiation-related BCC. While BCC is generally not a fatal disease, it may be associated with
considerable morbidity and emotional stress, especially in younger patients. Our analysis raises
concern about potentially high BCC frequencies in patients irradiated at young ages as they
grow older. Our studies also suggest that risks from low-dose conditioning regimens may yield
higher relative risks of BCC. As the numbers of individuals treated with HCT for malignant
or non-malignant diseases continues to grow, with most of these patients being closely followed
for years after HCT, there will be an opportunity to address these two possibilities.
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FIG. 1.
Incidence rates of cutaneous basal cell carcinoma (BCC) in nonirradiated, white hematopoietic
cell transplant (HCT) patients as a function of attained age and birth year, based on the fitted
background model. Rates for nonwhite nonirradiated patients are approximately eight-fold
lower. Horizontal lines are age-specific standardized BCC incidence rates from population-
based registries in the Netherlands (19) (males: solid lines; females: long dashed lines) and
South Wales (20) (both sexes combined: short dashes).
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FIG. 2.
Estimated absolute excess risk (AER) as a function of attained age, age at hematopoietic cell
transplant (HCT), and type of irradiation (TBI) [single dose: solid lines (solid circle for HCT
Age 60); fractionated dose: dashed lines]. AER increased significantly with increasing attained
age, decreased significantly with increasing age at HCT, and did not differ significantly
between single and fractionated exposures. Panel A: Linear-linear; panel B: log-linear.
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FIG. 3.
Estimated relative risk (RR) of basal cell carcinoma (BCC) in irradiated (TBI) patients as a
function of attained age, age at hematopoietic cell transplant (HCT), and type of TBI [single
dose: solid lines (solid circle for HCT Age 60); fractionated dose: dashed lines]. RR decreased
significantly with increasing age at HCT but did not vary significantly with attained age or
between single and fractionated exposures. Panel A: Linear-linear; panel B: log-linear.
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TABLE 5
Radiation-Related BCC Risk Estimates in Atomic Bomb Survivors and in Young, Medically Irradiated Cohorts as
Compared to this Study

Studya Age (years)
at exposure

Mean
dose
(Gy)

ERR/Gy

Estimate 95% CI

A-bomb survivors (11) 0–9 NAb 21 4.1–73

10–19 NAb 6.7 2.1–17

20–39 NAb 1.7 0.5–3.8

40+ NAb 0.7 −0.05–2.2

Ringworm (10) <1–15 6 1.5 1.22–2.02

Ringworm (14) <1–19 5 1.49 1.37–1.63

Lymphoid (5) <1–49 16 1.23 1.13–1.59

Thymus (6,25) <1 2.25 2.05 1.50–2.84

Present study 0–9 13.3 1.49 0.64–3.17

10–19 12.9 0.55 0.28–1.00

20–39 12.8 0.11 0.06–0.18

40–64 12.3 0.02 −0.01–0.06

a
While all groups studied young individuals, there are likely to be different distributions of ages that would affect comparisons. Also, the other studies

estimated risks from sunlight-exposed regions of the body. Ours was not limited to sunlight-exposed regions.

b
Age-at-exposure-specific mean doses were not reported for the atomic bomb survivors; however, it was noted that 60% had estimated doses less than

0.005 Sv and only about 3% had doses of 1 Sv or more (11). These estimates were based on the DS86 dosimetry system but are likely to be very similar
when based on the DS02 dosimetry system.
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