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BACKGROUND. lonizing radiation has been used since the 1950s to treat a variety
of cancers. Cancer patients who are treated with radiotherapy have shown
increased risks for a variety of second malignancies, including mesothelioma, in
several recent reports. The only existing study of Hodgkin lymphoma (HL) and
subsequent mesothelioma had a short observation period.

METHODS. The authors used Surveillance, Epidemiology, and End Results data
over a 30-year period to identify patients with HL and non-Hodgkin lymphoma
(NHL) who also were diagnosed with mesothelioma. Standardized incidence
ratios (SIR) and absolute excess risks were calculated by sex and treatment mo-
dality for both types of lymphoma.

RESULTS. Twenty-six patients were identified who had mesothelioma as second
primaries based on 21,881 diagnoses of HL and 101,001 diagnoses of NHL. There
was a statistically significant increase in mesothelioma (4 diagnoses; SIR, 6.59;
95% confidence interval [95% CI], 1.79-16.87) among men with HL who received
radiation, but no women survivors were identified who had a diagnosis of
mesothelioma. For NHL survivors, there was a nonsignificant excess of mesothe-
lioma among men (SIR, 1.91; 95% CI, 0.77-3.93) and women (SIR, 3.75; 95% ClI,
0.77-10.95) who had received radiation treatment. There were no increases
among patients who were unirradiated.

CONCLUSIONS. Mesothelioma rates for patients who had received radiotherapy
were increased for survivors of HL and NHL. No increases were observed among
the unirradiated. These findings and the existing body of supporting studies con-
firmed that radiotherapy is a cause of mesothelioma. Cancer 2007;109:1432-8.
© 2007 American Cancer Society.

KEYWORDS: non-Hodgkin lymphoma, Hodgkin lymphoma, mesothelioma, radio-
therapy, Surveillance, Epidemiology, and End Results.

onizing radiation is an undisputed human carcinogen and an estab-
lished risk factor for several types of cancers, including leukemia
(except chronic lymphocytic leukemia), thyroid cancer, and female
breast cancer.1 Radiotherapy for cancer presents a risk for second can-
cers. For example, several studies have reported elevated rates of leu-
kemia in radiation-treated survivors of Hodgkin (HL) and non-
Hodgkin lymphoma (NHL).2-5 Second primaries develop in the field of
radiation for cancers at the rate of 1% per annum.6 The most common
cause of death among long-term survivors of HL is second cancers.?
The treatment strategy for HL and NHL varies considerably,
depending on the disease stage, histologic type, and prognosis.8 In the
past, radiotherapy for HL and NHL included extended-field radiation,
that is, radiation to the areas of disease and surrounding lymph nodes.
Radiation was preferred to chemotherapy, which was believed to be
associated with more serious side effects. More recent approaches
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include involved-field radiation (only to known areas of
disease) combined with chemotherapy.9,10 Patients
with HL typically present with lymphadenopathy in the
thorax region, whereas NHL includes many different
subtypes that occur in various regions in the body.8,11

Interest has developed more recently in thera-
peutic radiation as a risk factor for solid tumors that
are known to have longer latencies.I The rates of
breast cancer and lung cancer have been reported as
elevated in numerous investigations of patients with
HL after radiotherapy.2,12-18 Studies of radiation
effects for both HL and NHL reported that the great-
est increase in breast cancer risk occurred among
women who were irradiated at a young age.18,19

Malignant pleural mesothelioma is a rare, fatal
solid tumor that typically has a long latency after
asbestos exposure. It is estimated that >85% of
mesothelioma diagnoses are attributed to past asbes-
tos exposure, which, until recently, was the only
established cause of this disease in the United
States.20 A variety of other causes of mesothelioma
have been suggested based on case reports and ani-
mal studies, including therapeutic radiation.21-31
There have been many case reports of mesothelioma
after radiotherapy for various diseases, and the most
numerous have been related to HL.32-39

To our knowledge, the only epidemiology study
to date that examined whether radiation increased
mesothelioma rates in HL survivors followed 13,743
patients from 1973 to 1993 and reported no cases of
mesothelioma.40 The authors of that report recog-
nized the limitation of their study, in that the maxi-
mum follow-up was only 20 years and was based on
the available data at that time from the National
Cancer |Institute (NCI) Surveillance, Epidemiology,
and End Results (SEER) database. However, 2 more
recent studies that used updated SEER data through
2001 have reported statistically significant increases
in malignant mesothelioma associated with radio-
therapy for testicular cancer and NHL.7,19

Given the existing reports of increased risks of
mesothelioma associated with radiotherapy for tes-
ticular cancer and NHL and using more recent SEER
data, in this report, we provide a 10-year update to
the study by Neugut et al.40 for HL survivors who
were treated with radiation. We also added 2 more
years of SEER data to the database of survivors of
NHL recently analyzed by Tward et al.19

MATERIALS AND METHODS

Data Source

Incidents of mesothelioma after a diagnosis of HL and
NHL were identified from data collected by the SEER
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Program, which began reporting diagnosed malignan-
cies in 1973. The most recent SEER database update
includes diagnoses through 2003 (public-use data
released as of November 2005). Data for the years
1973 through 2003 are available from 9 SEER registries
in the states of Connecticut, lowa, New Mexico, Utah,
and Hawaii and in the regional registries in Atlanta,
Detroit, San Francisco-Oakland, and Seattle-Puget
Sound. Cancer data from Alaskan Natives and from 3
regional registries (Los Angeles County, San Jose-Mon-
terey, and rural Georgia) are available for the years
from 1992 to 2003. For the current study, public-use
cancer incidence data from 13 SEER registries4l were
used along with the corresponding population data.

Data Analysis
Incidents of HL and NHL were identified by using
the SEER cancer site codes (HL, 33011 and 33012;
NHL, 33041 and 33042). Similarly, patients with
mesothelioma were identified by using the site code
36010. Each cancer patient is assigned a unique
identification number in the SEER database. By using
this number, any subsequent diagnosis of mesothe-
lioma among patients with HL or NHL was identi-
fied, including any malignancies after a second
malignancy. Similar to the study by Tward et al.l9
patients with <2 months of follow-up were excluded,
including those who had 2 malignancies diagnosed
within a 2-month period. The month and year of di-
agnosis were extracted along with age at diagnosis,
vital status, radiation treatment, surgical treatment,
and duration of follow-up. Data on chemotherapy
treatment and on the radiation dose or treatment
field are not available from the SEER database.
Person-years of follow-up were calculated from
the time of the initial lymphoma diagnosis until the
date of death, the date a patient was last known to
be alive, or the follow-up cut-off date (December 31,
2003), whichever came first. Person-years were strati-
fied by the patient’s sex and according to whether or
not the patient received beam-radiation treatment
for their lymphoma. Mesothelioma incidence rates
were calculated by sex, race (classified into 3 cate-
gories: white/unknown, black, and others), age (5-
year groups), and calendar year (5-year groups). The
expected number of mesothelioma cases was esti-
mated by indirect standardization applying the
number of person-years in each category to the cor-
responding mesothelioma incidence rate. Standar-
dized incidence ratios (SIRs), that is, the number of
observed mesothelioma cases divided by the
expected number of such cases, and 95% confidence
limits are presented by sex and treatment modality.
The number of observed cases was assumed to be a
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random variable that followed a Poisson distribution,
and 95% confidence limits were calculated according
to the procedure described by Breslow and Day.42
Absolute excess risk (AER) was calculated as the
number of observed mesothelioma cases minus the
number of expected mesothelioma cases divided by
the person-years at risk (PYR) in the strata under
consideration. AER is reported as the number of
excess cases per 10,000 PYR.

RESULTS

We identified 21,881 patients with HL and 101,001
patients with NHL: Among them, there were 26
patients who had mesothelioma second primaries
(Table 1). Approximately 2% of those patients had
received unknown or other forms of radiation (eg, ra-
dioisotope) and were not included in the current
analysis. No patient with mesothelioma was excluded
because of unknown radiation information. Patients
were divided almost evenly between men and
women. Approximately 50% of HL survivors received
radiation compared with approximately 25% of NHL
survivors. Because of this difference and the younger
age at diagnosis of HL survivors, although there were
many more NHL survivors, the numbers of PYR in
the radiation treatment groups were similar for the
2 types of lymphoma. The average length of follow-up
for men and women who received radiation was simi-
lar for HL (11 years) and NHL («5 years).

TABLE 1

Among survivors of HL and NHL who received
radiation treatment, the number of observed and
expected mesothelioma cases and the corresponding
SIR and 95% confidence intervals (95% Cls) are sum-
marized in Table 2. There was a statistically significant
increase in mesothelioma (4 cases; SIR, 6.59; 95% ClI,
1.79-16.87) among men who were survivors of HL but
not among women survivors, none of whom had a
mesothelioma diagnosis. For NHL, there was a non-
significant excess of mesothelioma among men (SIR,
1.91; 95% ClI, 0.77-3.93) and women (SIR, 3.75; 95% ClI,
0.77-10.95). For men and women who were NHL survi-
vors combined, the larger dataset resulted in a statisti-
cally significant overall SIR (2.24; 95% CI, 1.07-4.12).
Table 2 also summarizes the AER of mesothelioma
among survivors of HL and NHL. Among the subgroups
that had an elevated risk of second primary mesothe-
lioma, the AER was <1 excess case per 10,000 PYR.

Details related to the 26 patients with mesothe-
lioma are presented in Table 3. All but 2 patients
have died since their diagnosis of mesothelioma. For
patients who received treatment with radiation, the
average time from the diagnosis of lymphoma to the
diagnosis of mesothelioma was 16 years for HL and
7 years for NHL. The younger age at diagnosis for HL
survivors who developed mesothelioma also was
apparent (average, 32 years vs 67 years for NHL sur-
vivors). For lymphoma patients who did not develop
subsequent mesothelioma, the average age when
lymphoma was diagnosed was 38 years for HL and

Demographic Characteristics of the Surveillance, Epidemiology, and End Results Lymphoma Cohort

Diagnosis and no. of patients

NHL All Lymphomas

Mesothelioma Lymphoma Mesothelioma

HL

Characteristic NL Mesothelioma NHL
Total 21,881 5 101,001
Men

No radiation 6566 1 40,548

Radiation 5610 4 14,220
Women

No radiation 4557 0 34,187

Radiation 5148 0 12,046
Men and women

No radiation 11,123 1 74,735

Radiation 10,758 4 26,266
Average age at diagnosis, y

Men 38 322 57.8

Women 372 635
Vital status

Alive 14,390 0 40,567

Dead 7491 5 60,434

HL indicates Hodgkin lymphoma; NHL, non-Hodgkin lymphoma.

21

1
10

67.7
64.2

19

122,882

47,114
19,830

38,744
17,194

85,858
37,024

54.2
58.9

54,957
67,925

26

10
1

2
3

12
14

59.2
64.2

24



TABLE 2
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Standardized Incidence Ratios and Absolute Excess Risks for Mesothelioma by Sex and Radiation Therapy

Radiation Mesothelioma patients Exp AER
Hodgkin lymphoma
Men
No radiation 1 0.79 0.04
Radiation 4 0.61 0.56
Women
No radiation 0 0.13 - 0.04
Radiation 0 0.14 - 0.03
Non-Hodgkin lymphoma
Men
No radiation 9 10.26 - 0.07
Radiation 7 367 0.44
Women
No radiation 2 215 - 001
Radiation 3 0.8 0.32
Men and women
No radiation 1 12.41 - 0.04
Radiation 10 4.47 0.38

SIR SIR 95% CI Cases Person years (1000s)
127 0.03-7.06 6566 47.8
6.59% 1.79-16.87 5610 60.2
0 0-27.88 4557 334
0 0-25.65 5148 571
0.88 0.40-1.67 40,548 1855
191 0.76-3.93 14,220 75.4
0.93 0.11-3.36 34,187 172.8
3.75 0.77-10.94 12,046 69.3
0.89 0.44-1.59 74,735 358.3
2.24¢ 1.07-4.12 26,266 144.8

Exp indicates expected number of mesothelioma cases; AER, absolute excess risk; SIR, standardized incidence ratio; 95% Cl, 95% confidence interval. *P < .05.

60 years for NHL. Because the number of mesothe-
lioma cases is relatively small, these average ages for
patients who did not develop mesothelioma are not
unlike the ages at diagnosis in the general population
of patients with HL and NHL.

DISCUSSION
Radiotherapy was first used widely during the 1950s
and has led to major improvements in survival for
patients with lymphoma.43 The HL 5-year survival rate
in the United States has improved from 73% (1975-
1977) to 86% (1996-2002):44 For NHL, the 5-year sur-
vival rate in the United States was 48% during the for-
mer period and increased to 63% during the latter
period.44 Reductions in radiotherapy field sizes and
treatment doses for HL and NHL have been made to
address the known increased risks for second cancers
and cardiac complications caused by radiotherapy.45-47
It is only very recently, however, that epidemiol-
ogy studies have shown associations between
mesothelioma and radiation treatment for NHL and
testicular cancer.7,19 Travis et al.7 used SEER data
through 2001, enhanced by data from other popula-
tion-based registries in Canada and Europe, to iden-
tify 40,576 survivors of testicular cancer who were
followed for second cancers. A statistically significant
increased risk of pleural mesothelioma was reported
among men who received supradiaphragmatic radia-
tion (relative risk [RR], 4.0: 95%CI, 2.0-8.1). Tward
et al.l9 used the SEER Program to identify 77,876

patients with NHL who were diagnosed from 1973 to
2001. Second primary malignancies were identified
among these patients from the same database strati-
fied by radiation treatment. There was a statistically
significant excess of mesothelioma for patients who
received radiotherapy (SIR, 2.26; 95%CI, 1.03-4.28),
but no increase was observed among the unirra-
diated patients (SIR, 0.86; 95%CI, 0.39-1.63). Our
results from 2 more years of data and 1 additional
patient with mesothelioma are very similar.

The findings of the current study indicate a 6-
fold excess of mesothelioma among men who were
HL survivors who received radiation but only a 2-
fold excess among men who were NHL survivors.
There are several possible explanations for the differ-
ence in the magnitude of the SIRs: 1) HL survivors
are diagnosed at younger ages, and a greater risk of
second primaries caused by radiation have been
reported among younger patients7,14,16,18,19; 2) impre-
cision in SIRs because of small numbers; and 3) the
chest is a more common site of radiation among
patients with HL. We were unable to assess the last
explanation, because the SEER database does not
contain information on the site of radiation. Thus,
although we are unable to conclude that radiation to
the thoracic region is associated specifically with an
increased risk of second primary mesothelioma, it is
plausible, because radiation-induced cancers typi-
cally arise within the field of radiation.

Where the SIR of second primary mesothelioma
was elevated, the AER was small, ie, <1 excess case
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TABLE 3
Characteristics of Patients With Mesothelioma

Hodgkin
lymphoma Mesothelioma
diagnosis diagnosis*
Radiation Age, y Year Age, y Year Surgery
Men
No radiation 51 1989 53 1991 No
Radiation* 18 1973 47 2002 Yes
Radiation 56 1995 63 2002 No
Radiation 12 1977 28 1994 No
Radiation* 24 1992 34 2002 No
Radiation Non-Hodgkin Mesothelioma Surgery
Lymphoma Diagnosis*
Diagnosis
Age, y Year Age, y Year
Men
No radiation 64 1981 68 1985 No
No radiation 78 1996 82 2000 Yes
No radiation 59 1988 66 1994 Yes
No radiation 69 1988 73 1993 No
No radiation 63 1981 64 1982 No
No radiation 75 1982 84 1991 No
No radiation 76 1997 7 1998 No
No radiation* 70 1995 71 1995 No
No radiation 78 1998 84 2003 Yes
Radiation 69 1988 2 1991 No
Radiation 74 1996 79 2001 No
Radiation 67 1996 71 2000 Yes
Radiation 74 1995 79 2001 Yes
Radiation 60 1995 65 2001 No
Radiation 56 1976 70 1990 No
Radiation 51 1999 51 1999 Yes
Women
No radiation 62 1987 71 1996 No
No radiation 79 1997 82 2000 No
Radiation 40 1977 58 1994 No
Radiation 66 1979 69 1982 No
Radiation 74 1984 88 1997 No

* All but 3 patients with mesotheliomahad disease sites coded as pleura mesothelioma.
y One of 3 patients with “nonpleura” mesothelioma had an unknown disease Site.
* Two of 3 patients with “nonpleura” disease had peritoneal mesothelioma.

per 10,000 PYR. This finding was expected, because
mesothelioma is a rare disease, and it is estimated
that >85% of mesothelioma diagnoses are attributed
to past asbestos exposure.20 Therefore, therapeutic
radiation would not be expected to account for a
large proportion of mesothelioma diagnoses. Given
the strong elevations in RR, however, the attributable
risk percent in the exposed patient ([RR — 1]/RR)
with HL or NHL who is diagnosed with mesothe-
lioma after radiotherapy would be large (85% for
men with HL and 55% for NHL).

An additional complicating factor is possible
misclassification among the unirradiated patients,
some of whom may have received radiotherapy
later, thereby creating a possible negative bias. This
could occur because SEER treatment data are lim-
ited to a short period postdiagnosis. Furthermore,
because of the lack of cross-registry linkage,
patients who no longer reside in the same registry
when a second primary is diagnosed cannot be
linked with their initial diagnosis. Thus, the number
of patients with postlymphoma mesothelioma who
we identified by using the SEER data may be fewer
than the true number of such patients who could
be identified if nationwide tracking were feasible. In
addition, the 4 registries that joined the SEER Pro-
gram in 1992 had only 11 years of follow-up
(through 2003). Thus, these shortcomings in the
available SEER database suggest that increased risks
may be underestimated.

No increase was observed among women who
were HL survivors. A possible explanation is the
small number of expected mesothelioma cases
among women who survive HL (ie, 0.14 cases) and
inadequate length of follow-up. The average latency
for mesothelioma among patients who receive radia-
tion is 16 years, whereas the average length of obser-
vation was only 11 years among women survivors of
HL who received radiation treatment.

Because the administration of chemotherapy has
moved away from hospitals and into physicians’
offices, data on chemotherapeutic treatment are not
complete for states that participate in the SEER Pro-
gram. Therefore, SEER no longer includes informa-
tion on this treatment modality. Although some
investigators have reported an increased risk of solid
tumors after chemotherapy treatment for lymphoma,
it is believed that radiotherapy is the main carcino-
genic agent in the development of second solid can-
cers.48 More complete information was available to
Travis et al.7 who reported an increased risk of pleu-
ral cancer for testicular cancer survivors who had
been treated with radiation alone (RR, 4.0; 95%CI,
2.0-8.1). The vast majority of patients who did not
receive radiation treatment most likely received
chemotherapy alone or in combination with surgery,
because other forms of therapy were less common.
No increased risk of second primary mesothelioma
was reported among unirradiated lymphoma survi-
vors. The data from that study indicated that chemo-
therapy treatment is not an independent risk factor
for mesothelioma.

Mesothelioma caused by asbestos exposure is
characterized by a very long latency period (average,
30-35 years from first exposure).49 The relatively



short latency periods associated with high-dose
radiotherapy, particularly for NHL survivors, suggest
a different mechanism for the development of
mesothelioma. Other possible explanations include
higher radiation doses for aggressive forms of NHL;
more frequent medical surveillance for the survivors;
and, in some patients, a result of a combined-modal-
ity treatment with radiation and chemotherapy.
Tward et al.l9 described the absence of a latency
effect for the association of radiation treatment and
second malignancies for NHL survivors.

Confounding by earlier asbestos exposure also
must be considered. Pappo et al.36 reported on
3 patients who developed mesothelioma after radia-
tion treatment for childhood malignancies, including
HL, diagnosed at ages 3 years, 7 years, and 11 years.
Mesothelioma was diagnosed at ages 16 vyears,
18 years, and 20 years, and none of those patients
had a history of asbestos exposure.36 Significant
increases in second tumors in the first 9 years after
radiotherapy treatment alone for HL have been
reported.16

Work history data are not available from SEER
and have not been collected as part of the existing
published radiation studies. Asbestos can be ruled
out with confidence, however, as a confounder of the
association between radiation and mesothelioma
based on a number of considerations: 1) the associa-
tion has been observed in studies of 3 different types
of cancer, 2) the association is limited to those who
were irradiated and was not observed among those
who were unirradiated, 3) 2 diseases (HL and testicu-
lar cancer), which occur most frequently at young
ages, would have had little postdiagnosis (1973-2003)
opportunity for asbestos exposure, certainly not
enough to result in a RR greater than that associated
with radiation. Although asbestos exposure may
explain some patients who ultimately develop
mesothelioma and have received radiation treatment,
the existing studies and data confirm an independent
effect of therapeutic radiation in the development of
mesothelioma.

The current study was not of sufficient size to
conduct more detailed analyses by age and mesothe-
lioma diagnoses, histology within these cancers, or
other subgroup analyses. In addition, radiation doses
and treatment fields were unavailable, which pre-
cluded the ability to conduct dose-response analyses
and an evaluation of the specific treatment field(s)
that may result in an increased risk of mesothelioma.
However, the findings of these epidemiologic studies
confirmed the hypotheses generated by the large
number of case reports that therapeutic radiation
can cause mesothelioma.
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