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Background: Lung cancer is a frequent cause of death in
patients cured of Hodgkin’s disease, but the contributions of
chemotherapy, radiotherapy, and smoking are not well de-
scribed. We quantified the risk of treatment-associated lung
cancer, taking into account tobacco use.Methods:Within a
population-based cohort of 19 046 Hodgkin’s disease patients
(diagnosed from 1965 through 1994), a case–control study of
lung cancer was conducted. The cumulative amount of cy-
totoxic drugs, the radiation dose to the specific location in
the lung where cancer developed, and tobacco use were com-
pared for 222 patients who developed lung cancer and for
444 matched control patients. All statistical tests were two-
sided.Results:Treatment with alkylating agents without ra-
diotherapy was associated with increased lung cancer risk
(relative risk [RR] = 4.2; 95% confidence interval [CI] = 2.1
to 8.8), as was radiation dose of 5 Gy or more without al-
kylating agents (RR = 5.9; 95% CI = 2.7 to 13.5). Risk in-
creased with both increasing number of cycles of alkylating
agents and increasing radiation dose (P for trend <.001).
Among patients treated with mechlorethamine, vincristine,
procarbazine, and prednisone (MOPP), risk increased with
cumulative amounts of mechlorethamine and procarbazine
(P<.001) when evaluated separately. Statistically signifi-
cantly elevated risks of lung cancer were apparent within
1–4 years after treatment with alkylating agents, whereas
excess risk after radiotherapy began 5 years after treatment
and persisted for more than 20 years. Risk after treatment
with alkylating agents and radiotherapy together was as ex-
pected if individual excess risks were summed. Tobacco use
increased lung cancer risk more than 20-fold; risks from
smoking appeared to multiply risks from treatment. Conclu-
sions: Past treatments with alkylating agents and radiation
therapy for Hodgkin’s disease were associated with an in-
creased risk of lung cancer in a dose-dependent and additive
fashion. The precise risk estimates, however, should be in-
terpreted cautiously, given the possible residual and enhanc-
ing effects of tobacco. [J Natl Cancer Inst 2002;94:182–92]

Second malignant neoplasms constitute the number one cause
of mortality in patients cured of Hodgkin’s disease, with lung
cancer representing the most frequent solid tumor(1–3). Al-
though leukemia was the first malignancy reported to be in-
creased following Hodgkin’s disease treatments, the absolute
risk of solid cancers now far exceeds that of leukemia, with
estimates of 48.8 and 18.4 excess cases per 10 000 patients per
year, respectively(3). Leukemia is generally characterized by a
short latency, whereas solid tumor risks increase with time and
affect long-term survival(3). Despite the second cancer burden
following Hodgkin’s disease, analytic data that describe the rela-

tive importance of chemotherapy and radiotherapy in the devel-
opment of one of the most frequent tumors—lung cancer—are
conflicting, sparse, and inadequately controlled for smoking(4–
6).On the basis of small numbers (30 case patients), van Leeu-
wen et al.(5) reported a statistically significant dose–response
relation between radiation therapy for Hodgkin’s disease and
lung cancer risk in The Netherlands; radiation dose, however,
was averaged across entire lung lobes, and only six case patients
received mean doses of 9 Gy or more. In two larger studies(4,6),
a quantitative association between radiation dose and lung can-
cer risk was not found. A relation between cumulative number of
cycles of chemotherapy for Hodgkin’s disease and subsequent
lung cancer risk was not demonstrated in the largest investiga-
tion to date (n� 98 case patients)(4) or with cytotoxic drugs in
The Netherlands study(5).Swerdlow et al.(6) recently reported
a relative risk (RR) of 1.66 (95% confidence interval [CI]�
0.99 to 2.82) for lung cancer among British patients with Hodg-
kin’s disease treated with the combination of mechlorethamine,
vincristine, procarbazine, and prednisone (MOPP) (n� 45 case
patients), although risks following one to six cycles and seven or
more cycles were similar and data on cumulative dose were not
available. Of the three analytic investigations(4–6) to date, only
the Dutch study(5) contained detailed information on tobacco
use. Data on smoking habits were collected for only 39% of the
patients in the British investigation(6) and 59% of the subjects
in the study by Kaldor et al.(4). No analytic investigation has
attempted to address the interaction between radiotherapy and
chemotherapy on lung cancer risk or assessed long-term tempo-
ral patterns. Accordingly, our purpose was to analyze the risk of
lung cancer in relation to amount of chemotherapy and radiation
dose among more than 19 000 patients with Hodgkin’s disease,
taking into account tobacco use.
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PATIENTS AND METHODS

Study Subjects

A nested case–control study was conducted within a cohort of
19 046 one-year survivors of Hodgkin’s disease diagnosed dur-
ing the period from January 1, 1965, through December 31,
1994, and reported to one of seven population-based cancer
registries in Connecticut, Iowa, Denmark, Finland, The Nether-
lands, Sweden, and Ontario, Canada(7). For each patient, reg-
istry files were searched to identify all subsequent diagnoses of
lung cancer(8).Strict criteria for multiple primary cancers were
applied by each center; i.e., the subsequent lung tumor had to
present a definite picture of malignancy, be distinct, and not
represent a metastatic lesion or recurrence. Because increased
risks of lung cancer have been reported as early as 1–4 years
after diagnosis of Hodgkin’s disease(2,9,10),case patients in
this time period were included to explore treatment effects. Pre-
vious case–control investigations of secondary lung cancer(4–6)
have similarly included these early tumors, although analyses of
treatment effects were not stratified by latency. Pathology re-
ports (n� 217), results of radiologic studies (e.g., chest radio-
graphs and computed tomography) (n� 5), and clinical infor-
mation were independently reviewed (L. B. Travis and M.
Gospodarowicz) to confirm the diagnosis of each reported case.
For each of the 222 subjects with documented lung cancer, two
control patients were selected by stratified random sampling
from the cohort. Matching factors were registry, sex, calendar
year, age at diagnosis of Hodgkin’s disease, and survival without
a second cancer at least as long as the period from Hodgkin’s
disease to lung cancer in the case patient. This type of case–
control design has been used successfully in previous analytic
investigations of second cancers(4–6,8,11,12).Nineteen case
patients from Ontario, Denmark, and Sweden had been included
in a previous study(4).

Data Collection

Medical records were abstracted for demographic informa-
tion, all therapy for Hodgkin’s disease, and smoking history
during the matched time interval. Data sources included hospi-
tals, medical centers, radiotherapy departments, and offices of
private physicians. Smoking data included type, amount, and
status (current or time of quitting). Since subjects could have
smoking data derived from several sources at different times,
rules were developed for the assignment of each patient to a
category (never smoker, current cigarette smoker, former ciga-
rette smoker, cigar and pipe smoker only, or not stated) based on
all data recorded up to 1 year before diagnosis of lung cancer and
the comparable date in control subjects. Subjects were classified
as former smokers only if there was reasonable evidence that
termination of smoking had occurred at least 5 years before lung
cancer diagnosis (or a comparable date for control patients). The
1-year cutoff date for data collection was chosen to minimize
bias arising from the potential availability of more thorough
information on smoking habits for case patients than for control
subjects. An alternative categorization of smoking status at
Hodgkin’s disease diagnosis was also developed based only on
information recorded up to 1 year after that time. Analyses uti-
lizing each approach yielded comparable results; thus, the
former, more complete schema was used when adjusting for
smoking and examining relations with treatment. Current ciga-
rette smokers were further subdivided into smokers of less than

one pack per day, one to two packs per day, and two or more
packs per day. To explore interactions between smoking and
treatment, we divided the patients into two groups: moderate
(one to two packs per day) and heavy (two or more packs per
day) cigarette smokers compared with all other categories taken
together.

Information on dose and duration of administration of che-
motherapy was abstracted for alkylating and intercalating agents
and DNA topoisomerase II inhibitors, as recorded for each cycle
of treatment. For other cytotoxic drugs, information was re-
stricted to dates and duration of administration. Cumulative dose
was calculated by summing each cyclic dose for each subject.
Data on cumulative dose of alkylating agents were available for
293 of 330 patients (108 [86.4%] of 125 case patients and 185
[90.2%] of 205 control patients). One control patient for whom
chemotherapy type was unknown was excluded from the analy-
sis.

Radiotherapy and Dosimetry

For 535 patients (179 case patients and 356 control patients)
treated with radiation, fields included mantle (34% of case pa-
tients and 30% of control patients), mantle and inverted-Y (32%
of case patients and 30% of control patients), abdomen or in-
verted-Y (9% of case patients and 16% of control patients),
mediastinum (9% of case patients and 8% of control patients),
and other sites (16% of case patients and 16% of control pa-
tients). Radiotherapy fields were large and covered extensive
areas of the chest and abdomen. The average and median treat-
ment doses (36 Gy and 37 Gy, respectively) for mantle radio-
therapy were identical for case patients and control patients.
Daily radiotherapy logs for each patient were used to calculate
the dose to the area of the lung in which the subsequent cancer
developed and a comparable location in matched control pa-
tients. The specific location of the lung cancer was determined
by a review of diagnostic pathology reports, surgical/
bronchoscopy notes, hospital records, and radiologic studies,
including copies of chest x-rays, computed tomography scans,
and tomograms. Blocks to reduce lung exposure during treat-
ment and radiotherapy simulation films were used in the esti-
mation of doses. The dose to the blocked fields was estimated as
a percentage of the in-beam full dose to several centimeters
under the block. Based on tumor distance from block edge,
correction factors were applied, with the use of a curve gener-
ated by the Pinnacle-3 Treatment Planning System (ADAC
Laboratories, Milpitas, CA). For the unblocked fields (defined
by machine collimators), the doses were derived by measure-
ments in a water phantom to 60 cm outside the field(13,14).For
some patients, information on either radiotherapy or lung tumor
location was inadequate to estimate tissue dose: Excluded from
the analyses were 23 case patients and 50 control patients who
had doses that could not be estimated (or who were matched to
case patients with inestimable doses). Repeat analyses including
a yes/no indicator for chest radiotherapy for these excluded sub-
jects showed comparable results. The mean dose of radiation to
the specific location in the lung where cancer developed or a
comparable location in matched control patients was 27.2 Gy
(median: 33.8 Gy) and 21.8 Gy (median: 29.4 Gy), respectively;
doses were similar for patients treated with radiation alone or
with radiation and alkylating agents (mean: 24.4 Gy and 22.8
Gy, respectively). Among case patients who received radio-
therapy, 26.3% of the lung cancers occurred in the unblocked
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treatment field, 19.2% were diagnosed in areas that received
lower dose radiation (1.9% beneath the lung blocks and 17.3%
out of the beam), and 53.2% occurred on the beam edge. For
1.3% of the case patients, the relative location could not be
determined.

Statistical Analysis

Conditional regression analysis was conducted to obtain
maximum likelihood estimates of the RR of lung cancer asso-
ciated with specific treatments by comparing the exposure his-
tories of the case patients with those of individually matched
control patients(15). Analyses were implemented with the
PECAN module of the software package EPICURE(16).Most
analyses were based on a model in which the odds ratio, which
closely approximates the RR, is given by the expression

exp��j��1 + �
k

�kzk�,

wherej indexes four smoking categories (never smoker, current
cigarette smoker, former cigarette smoker or cigar and pipe
smoker only, and not stated), and thezk are variables indicating
treatments. This model, in which the effects of radiation therapy
and chemotherapy are assumed to add rather than to multiply,
was chosen because it gave a much better fit than the more
commonly used multiplicative model. To test the adequacy of
the additive model for a radiation variablez1 and a chemo-
therapy variablez2, we compared the fits of the two models

exp��j��1 + �1z1 + �2z2� and exp(�j)[1 + �1z1 + �2z2 + �3z1z2�.

To test the adequacy of the multiplicative model, we compared
the fits of the two models

exp��j + �1z1 + �2z2� and exp[�j + �1z1 + �2z2 + �3z1z2�.

A similar approach was used to evaluate the interaction between
smoking and treatment. Two-sidedP values and 95% CIs were
based on the likelihood ratio statistic. TrendP values test the
hypothesis that�k � 0 for continuous or ordered variableszk.

Because nearly all of the patients had been treated with ra-
diotherapy or alkylating agents, it was not possible to construct
a reference group of subjects managed without these modalities.
Thus, for categorical analyses (seeTable 2, A; Table 3; and
Table 5), patients who received an average radiation dose of less
than 5 Gy to the lung without alkylating agents were combined
with those treated only with nonalkylating agents to provide a
larger reference group for the calculation of RRs. Analyses that
addressed chemotherapy effects were adjusted for radiotherapy
by including radiation dose as a continuous variable, whereas
analyses evaluating radiotherapy were adjusted for chemo-
therapy by including the number of cycles with alkylating agents
and yes/no variables for patients for whom either number of
cycles was unknown or who received continuous therapy. Ex-
cept for analyses addressing time since exposure, radiation dose
received less than 5 years before lung cancer diagnosis (and a
comparable date in control subjects) was excluded because other
studies have shown a minimum 5-year latent period for radia-
tion-induced lung cancer(17).

Patients were grouped according to all chemotherapy re-
ceived (initial and salvage), with categories based on animal
studies of alkylating agents reported to induce lung cancer, i.e.,
mechlorethamine, chlorambucil, nitrosoureas, and dacarbazine
(18). Mutually exclusive treatment groups were defined, and

various combinations were arranged hierarchically(19) for fur-
ther evaluation. The large number (n� 244) of patients who
received mechlorethamine (usually with vincristine, procarba-
zine, and prednisone in the MOPP regimen)(20) permitted fur-
ther evaluation of this group. The correlation coefficient for
cumulative doses of mechlorethamine and procarbazine was .63.
Thus, to evaluate the relation between amount of each drug and
lung cancer risk, we divided patients into quartiles, and we cal-
culated the RR for each category compared with the referent
group, after adjusting for tobacco use and radiation dose.

RESULTS

The average age at diagnosis of Hodgkin’s disease was 48.5
years (median: 50 years; range: 9–81 years) (Table 1)(21).Case
patients developed lung cancer an average of 10.8 years (me-
dian: 10.0 years) after diagnosis of Hodgkin’s disease, with al-
most 80% occurring after 5 years (range: 1–28 years). Two
hundred four (91.9%) of 222 patients were in clinical remission
at the time of lung cancer diagnosis. Subsequent survival was
poor for all 222 lung cancer patients (median: 4.0 months; 212
deaths).

Tobacco use, chemotherapy with alkylating agents, and ra-
diation dose of 5 Gy or more were reported in 96%, 63%, and
53% of case patients and in 70%, 52%, and 41% of control
patients, respectively (Table 2). Treatment of Hodgkin’s disease
with either radiotherapy alone (dose of�5 Gy) or chemotherapy
with alkylating agents alone was associated with statistically
significant increased risks of lung cancer compared with the
reference group in analyses that adjusted for smoking (Table 2,
A). Lung cancer risk following treatment with both alkylating
agents and radiotherapy together was as expected if individual
excess risks were summed, i.e., for combined therapy, 1 + (5.9
– 1) + (4.2 – 1)� 9.1, and were close to the observed value of
8.0. A multiplicative relationship between treatment with alkyl-
ating agents and radiation therapy (where the combined risk
would be 5.9 × 4.2� 24.8) was rejected (P � .01). Among
patients with radiation doses exceeding 5 Gy and treated with
alkylating agents, the RR of lung cancer after combined modal-
ity therapy was lower than that after radiotherapy and subse-
quent salvage chemotherapy, which was largely a result of the
higher cumulative doses of radiation and chemotherapy received
by those given salvage therapies.

Elevated lung cancer risks were found in all radiation cat-
egories with doses of 5 Gy or more, and the risk increased with
increasing dose to the lung (P for trend <.001) (Table 2, B).
Among patients treated with alkylating agents, risks increased
with increasing number of cycles (P for trend <.001) (Table 2,
C). A 13-fold risk of lung cancer followed nine or more cycles
of alkylating agents. Patients classified as current cigarette
smokers, whether with the use of data collected in follow-up
(Table 2, D) or at diagnosis of Hodgkin’s disease (Table 2, E),
had more than 20-fold elevated risks of lung cancer.

Temporal trends of lung cancer risk following treatment are
shown in Table 3. Statistically significant increased risks of lung
cancer occurred 1–4 years and 5–9 years after the first treatment
with alkylating agents. Analyses using only patients whose pri-
mary treatment included alkylating agents without radiotherapy
yielded a similar pattern. In contrast, the RR of lung cancer did
not increase until 5–9 years after radiotherapy and persisted for
more than 20 years, although the twofold to threefold risks were
not statistically significant.
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Table 1.Characteristics of all patients with secondary lung cancer and of matched control patients among 19 046 individuals treated for Hodgkin’s disease*

Characteristic

Patients with lung cancer (n� 222) Matched control‡ patients (n� 444)

No. %† No. %†

Cancer registry
Connecticut 31 14.0 62 14.0
Denmark 41 18.5 82 18.5
Finland 24 10.8 48 10.8
Iowa 18 8.1 36 8.1
The Netherlands 10 4.5 20 4.5
Ontario 65 29.3 130 29.3
Sweden 33 14.9 66 14.9

Sex
Male 167 75.2 334 75.2
Female 55 24.8 110 24.8

Age at diagnosis of Hodgkin’s disease, y
<30 25 11.3 48 10.8
30–39 33 14.9 73 16.4
40–49 51 23.0 101 22.8
50–59 68 30.6 127 28.6
�60 45 20.3 95 21.4

Year of diagnosis of Hodgkin’s disease§
1965–1969 41 18.5 76 17.1
1970–1974 67 30.2 139 31.3
1975–1979 49 22.1 100 22.5
1980–1984 39 17.6 80 18.0
1985–1994 26 11.7 49 11.0

Stage of Hodgkin’s disease�
I or II 143 64.4 290 65.3
III or IV 79 35.6 151 34.0

Interval to second lung cancer, y¶
1–4 46 20.7 93 20.9
5–9 70 31.5 139 31.3

10–14 45 20.3 90 20.3
15–19 33 14.9 67 15.1
�20 28 12.6 55 12.4

Histologic type of lung cancer#
Squamous cell carcinoma 87 39.2 N/A
Adenocarcinoma 48 21.6
Small-cell carcinoma 36 16.2
Large-cell carcinoma 20 9.0
Other carcinoma or NOS 31 14.0

Location of lung cancer**
Main bronchus 13 5.9 N/A
Upper lobe 114 51.4
Middle lobe 8 3.6
Lower lobe 39 17.6
Overlapping lobes 11 5.0
Other or NOS 37 16.7

Stage of lung cancer
I or II 81 36.5 N/A
III or IV 126 56.8
Not staged 15 6.8

*N/A � not applicable; NOS� not otherwise specified.
†Percentages may not sum to 100 because of rounding.
‡Matching variables were registry, age, sex, calendar year of diagnosis of Hodgkin’s disease, and period of latency.Seethe “Patients and Methods” section.
§Patients were diagnosed through December 31, 1991, in Connecticut; through December 31, 1992, in Ontario, Denmark, and Sweden; and through December

31, 1994, in Finland, Iowa, and The Netherlands.
�Stage was not designated for three (0.7%) control patients.
¶Represents the interval between diagnosis of Hodgkin’s disease and lung cancer for case patients and the comparable interval for matched control patients.
#Histologic codes (International Classification of Diseases for Oncology)(21) are 8051–52 and 8070–76 for squamous cell carcinoma; 8050, 8140–43, 8200,

8250–51, 8260, 8290, 8300, 8310, 8320, 8430, 8470–71, 8480–81, 8490, 8550, 8560, and 8571 for adenocarcinoma; 8041–45 and 8246 for small-cell carcinoma;
8012 for large-cell carcinoma; and 8010 for other carcinoma or NOS. The histologic distribution of first primary lung carcinomas (n� 223 924) in the Surveillance,
Epidemiology, and End Results (SEER) Program (1973–1994) is squamous cell carcinoma (28.0%), adenocarcinoma (26.6%), small-cell carcinoma (17.0%),
large-cell carcinoma (8.4%), and other carcinoma or NOS (20.0%).

**The location of first primary lung carcinomas (n� 223 924) in the SEER Program (1973–1994) is main bronchus (5.0%), upper lobe (46.3%), middle lobe
(3.9%), lower lobe (19.1%), overlapping lobes (1.9%), and other or NOS (23.8%).
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Risk of lung cancer rose with increasing age at diagnosis of
Hodgkin’s disease, although differences between age groups of
less than 40 years, 40–54 years, and 55 years or older were not
statistically significant (P� .36 for alkylating agents;P� .43
for radiation dose�5 Gy); the mean latency between treatment

and lung cancer diagnosis for the three age groups was 17.0
years, 10.6 years, and 6.7 years, respectively. Risks due to treat-
ment with alkylating agents or radiation therapy were higher
among men than among women but were not statistically sig-
nificant (P � .23 andP � .20, respectively). The stage of

Table 2.Relative risk (RR) of lung cancer in patients with Hodgkin’s disease according to type of treatment, radiation dose, number of
cycles of alkylating agents, and smoking status*

Parients with
lung cancer

Matched
control
patients RR 95% CI P†

A) Treatment for Hodgkin’s disease‡

Radiation�5 Gy Alkylating agents
No No 21 98 1.0§ — —
Yes No 53 90 5.9 2.7 to 13.5 <.001
No Yes 73 135 4.2 2.1 to 8.8 <.001
Yes Yes 52 70 8.0 3.6 to 18.5 <.001

Combined modality therapy 21 41 5.4 2.1 to 14.1 <.001
Initial RT; salvage alkylating agents� 31 29 11.1 4.6 to 29 <.001

B) Radiation dose to specific location in lung, Gy¶
0 72 158 1.0# — —
>0–4.9 22 75 1.3 0.3 to 4.9 .69
5.0–14.9 14 18 4.1 0.7 to 22 .12
15.0–29.9 14 22 2.5 0.1 to 16.1 .46
30.0–39.9 51 87 8.6 2.9 to 30 <.001
�40.0 26 33 7.2 2.2 to 28 .001

C) No. of cycles with alkylating agent chemotherapy**
0 74 188 1.0 — —
1–4 22 44 4.0 1.3 to 12.5 .013
5–8 58 89 6.2 2.6 to 17.1 <.001
�9 28 29 13.0 4.3 to 45 <.001
Unknown No. 11 17 5.3 1.6 to 17.7 .005
Any noncyclic chemotherapy 6 26 1.3 0.2 to 6.7 .75

D) Smoking habit 5 y before lung cancer††
Never smoker 7 92 1.0 — —
Current cigarette smoker 135 143 22.6 9.5 to 65 <.001
Former cigarette smoker 23 56 5.7 2.2 to 16.6 <.001
Cigar or pipe smoker only 10 20 8.9 2.6 to 32 <.001
Not stated 24 82 5.0 1.9 to 15.3 .001

E) Smoking habit at diagnosis of Hodgkin’s disease‡‡
Never smoker 7 83 1.0 — —
Current cigarette smoker 138 146 21.2 8.6 to 62 <.001
Former cigarette smoker 13 34 4.0 1.4 to 12.5 .009
Cigar or pipe smoker only 10 17 9.0 2.5 to 35 <.001
Not stated 31 113 4.0 1.5 to 12.3 .005

*Table is limited to 199 case patients and 393 control patients with adequate data for reliable radiation dose estimation.Seethe “Patients and Methods” section
for details. CI� confidence interval; RT� radiotherapy.

†Two-sidedP value based on likelihood ratio test of the null hypothesis that RR� 1.
‡Exposure was defined as treatment with alkylating agents for more than 1 month or radiotherapy that resulted in a dose of 5 Gy or more to the specific location

in the lung where the cancer was diagnosed and the corresponding region in the control patients. All RRs were adjusted for smoking status.Seethe “Patients and
Methods” section for details.

§The reference group consisted of 21 patients with lung cancer and 98 control patients who received a radiation dose of less than 5 Gy to the specific location
in the lung where the cancer was diagosed (or the corresponding region in matched control patients) and/or treatment with nonalkylating agent chemotherapy. For
12 case patients and 46 control patients, the time since diagnosis of Hodgkin’s disease was less than 5 years so that these patients were uninformative for radiotherapy
comparisons.Seethe “Patients and Methods” section for details.

�The median time between radiotherapy and salvage alkylating agents was 3.3 years.
¶Dose of radiation to the specific location in the lung where the cancer was diagnosed and the corresponding location in matched control patients. AllRRs were

adjusted for smoking status and number of cycles of alkylating agents.P for trend for radiation dose <.001.
#For 46 case patients and 91 control patients in this category, the time since diagnosis of Hodgkin’s disease was less than 5 years so that these patients were

uninformative for radiotherapy comparisons.Seethe “Patients and Methods” section for details.
**All RRs were adjusted for smoking status and radiation dose to the specific location in the lung where the cancer was diagnosed and the corresponding location

in matched control patients.P for trend for number of cycles with alkylating agents <.001.
††Represents estimated tobacco habit 5 years before date of diagnosis of lung cancer and corresponding date in control patients, with the use of information

recorded up to 1 year before these dates. All RRs were adjusted for radiation dose and number of cycles of alkylating agents. For current smokers, the risk of lung
cancer at less than one pack per day (PPD), one to two PPD, and two or more PPD was 17, 25, and 70, respectively.

‡‡Represents estimated tobacco habit at diagnosis of Hodgkin’s disease, using only information recorded up to 1 year after that date. All RRs were adjusted for
radiation dose and number of cycles of alkylating agents.
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Hodgkin’s disease (P � .28 andP � .77, respectively) and
staging splenectomy (P� .92 andP� .31, respectively) also
did not vary by alkylating agent or radiation treatment. Follow-
ing alkylating agent therapy, risks of squamous cell lung cancer
and small-cell lung cancer (SCLC) were statistically signifi-
cantly elevated, although excesses were observed for all histo-
pathologic categories. Statistically significantly increased risks
for all designated morphologic groups of lung cancer occurred
after radiotherapy.

Lung cancer risks according to type of alkylating agent are
shown in Table 4. Overall risk for all MOPP-containing regi-
mens was 5.0 (95% CI� 2.3 to 12.3) compared with 6.3 (95%
CI � 2.5 to 17.7) for all other alkylating agents taken together.
For patients whose therapy included MOPP, risk of lung cancer
following one through four, five through eight, or nine or more
cycles of treatment was 2.3, 4.5, and 14.4, respectively (P for
trend <.001). The trend for increasing risk of lung cancer with
increasing number of cycles of all other alkylating agents taken
together was also highly significant (P<.001). Among patients
treated with mechlorethamine (Table 4, B), risk of lung cancer
increased with increasing cumulative dose of either mechlor-
ethamine (P for trend <.001) or procarbazine (P for trend <.001)
evaluated separately. No evidence was found for increasing risk
of lung cancer with increasing cumulative dose of other alkyl-
ating agents, but the number of patients in most other categories
was small.

Risks of lung cancer according to treatment of Hodgkin’s
disease and smoking category are shown in Table 5. All risks are

relative to patients who were not moderate-to-heavy smokers,
did not receive radiation dose to lung of more than 5 Gy, and
were not treated with alkylating agents; thus, the RRs in the last
column of Table 5 include the effects of both smoking and
treatment. Regardless of treatment category, risks for moderate-
to-heavy smokers were much higher than risks for other smok-
ing categories combined. The data were compatible with a mul-
tiplicative relation (P� .46) of smoking and treatment category,
and an additive relation was rejected (P� .03). The largest risks
(RR � 49.1) for lung cancer were observed among moderate-
to-heavy smokers given both radiotherapy and alkylating agents.
For patients given alkylating agents only, the risk of lung cancer
in moderate-to-heavy smokers was 17-fold compared with four-
fold in other categories.

DISCUSSION

To our knowledge, this is the first study of lung cancer fol-
lowing Hodgkin’s disease to include quantitative measures of
radiation dose to the precise location where the lung tumor was
diagnosed, cumulative amounts of chemotherapeutic agents, and
data on tobacco use. Human lung cancer was clearly linked to
alkylating agents in a dose-dependent fashion and was distin-
guished from the effects of radiotherapy and smoking. In addi-
tion, on the basis of dosimetry that accounts for tumor location,
we report a strong relation between increasing radiation dose of
up to 40 Gy or more and statistically significant excesses of lung
cancer and an additive relation between radiation and chemo-

Table 3.Risk of lung cancer according to time since first treatment of Hodgkin’s disease, age at exposure, sex, stage of Hodgkin’s
disease, splenectomy status, and histopathologic type of lung cancer*

Alkylating agents Radiation�5 Gy

Patients with
lung cancer

Matched
control patients

RR
(95% CI) P†

Patients with
lung cancer

Matched
control patients RR (95% CI) P†

A) Time since first treatment, y
1–4 42 47 6.4 (2.1 to 21) <.001 18 44 1.2 (0.3 to 4.5) .76
5–9 39 69 5.7 (1.8 to 21) .003 42 56 9.2 (2.9 to 34) <.001
10–14 26 43 3.0 (1.0 to 11.4) .058 25 47 1.9 (0.5 to 7.7) .34
15–19 10 23 1.4 (0.3 to 8.0) .70 19 31 2.4 (0.6 to 12.9) .27
�20 6 19 1.1 (0.1 to 7.8) .95 18 29 3.0 (0.7 to 18.9) .24

B) Age at exposure, y
<40 27 51 1.5 (0.4 to 8.8) .58 42 73 3.8 (1.2 to 21) .026
40–54 44 72 3.9 (1.4 to 12.5) .007 37 56 3.5 (1.2 to 11.8) .025
�55 54 82 6.5 (2.3 to 22) <.001 26 31 10.2 (2.9 to 43) <.001

C) Sex
Male 96 149 4.8 (2.3 to 11.3) <.001 72 110 7.2 (3.0 to 18.6) <.001
Female 29 56 1.8 (0.6 to 7.1) .35 33 50 2.1 (0.6 to 11.5) .27

D) Stage of Hodgkin’s disease‡
I or II 60 98 3.2 (1.5 to 7.3) .003 82 125 5.9 (2.8 to 13.2) <.001
III or IV 65 106 4.7 (2.3 to 10.2) <.001 23 34 5.1 (1.6 to 15.7) .009

E) Staging splenectomy§
No 93 163 4.3 (2.1 to 9.7) <.001 71 113 6.4 (2.8 to 15.7) <.001
Yes 31 34 6.8 (2.5 to 20) <.001 31 41 6.1 (2.2 to 17.6) <.001

F) Histopathologic type of lung cancer
Squamous cell carcinoma 52 88 5.5 (1.3 to 39) .017 41 70 7.3 (1.6 to 52) .008
Small-cell carcinoma 21 28 8.8 (1.4 to 175) .017 19 24 7.8 (1.2 to 156) .031
Adenocarcinoma 25 44 2.5 (0.7 to 9.5) .14 22 30 8.8 (2.2 to 43) .002
Large-cell carcinoma 11 20 3.8 (0.7 to 23) .12 9 12 13.5 (1.4 to 200) .024
Other 16 25 3.5 (0.9 to 21) .065 14 24 1.4 (0.2 to 12.0) .75

*All analyses were adjusted for smoking status and other variables shown in the table. RR� relative risk; CI� confidence interval.
†Two-sidedP value based on likelihood ratio test of the null hypothesis that RR� 1.
‡Three control patients for whom stage was not designated were excluded from the analyses.
§Five case patients and 15 control patients for whom data on staging splenectomy were not available were excluded from the analysis.
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therapy. Our investigation includes the largest number of pa-
tients studied to date, and the long-term follow-up permits for
the first time an analysis of temporal trends of lung cancer risk
in Hodgkin’s disease survivors according to treatment; we also
consider all major histopathologic groups of lung cancer.

Our findings are consistent with the established role of to-
bacco smoking in lung cancer(22),but confounding by tobacco
is unlikely to account for the statistically significant dose–
response relations seen for treatment with alkylating agents and
radiotherapy or the observed temporal trends. Truncation of
smoking data collection 1 year before diagnosis of lung cancer

(and a comparable date in control patients) mitigated possible
bias in the reporting of tobacco use, and similar risk estimates
were generated with the use of only smoking data recorded
within 1 year of Hodgkin’s disease diagnosis. Nonetheless, the
magnitude of the estimated risks for lung cancer should be in-
terpreted cautiously, given the possible residual and enhancing
effects of tobacco.

The mechanisms by which alkylating agents are associated
with subsequent excesses of lung cancer are not entirely clear.
Alkylating agents exert their antitumor effect by direct reaction
with DNA bases(23);methylating drugs, such as procarbazine,

Table 4.Risk of lung cancer according to type of alkylating agent and cumulative dose of mechlorethamine and procarbazine among 330
patients treated for Hodgkin’s disease*

Patients with
lung cancer

Matched
control patients RR 95% CI P†

A) Alkylating agent
Mechlorethamine‡ 92 152 5.0 2.3 to 12.3 <.001

MOPP§ 55 92 5.0 2.1 to 13.6 <.001
MOPP-ABVD� 16 28 3.8 1.1 to 13.2 .034
MOPP + other¶ 21 32 6.1 2.1 to 18.8 <.001

Chlorambucil� 8 7 14.9 3.4 to 70 <.001
Nitrosourea** 7 10 5.4 1.2 to 26 .032
Dacarbazine†† 2 4 5.4 0.5 to 47 .14
Other alkylating agents‡‡ 16 32 5.1 1.7 to 16.7 .004

B) Mechlorethamine group‡
Cumulative dose of mechlorethamine, mg/m2§§

<33 13 37 3.3 0.96 to 11.5 .059
33–51 19 37 2.9 0.94 to 9.5 .063
52–66 25 30 8.6 2.9 to 28 <.001
�67 22 28 6.6 2.3 to 21 <.001
Unknown 13 20 4.7 1.3 to 16.8 .021

Cumulative dose of procarbazine, mg/m2§§
<3700 13 38 1.4 0.3 to 5.6 .62
3700–5399 16 33 3.2 0.9 to 11.5 .077
5400–7599 21 34 6.2 2.0 to 21 .001
�7600 25 27 10.5 3.5 to 36 <.001
Unknown 17 20 6.7 2.2 to 22 .001

*Treatment categories are mutually exclusive. Alkylating drugs were usually given in combination with other drugs. All relative risks were adjusted for radiation
dose and smoking status. RR� relative risk; CI� confidence interval; MOPP� mechlorethamine, vincristine, procarbazine, and prednisone; MOPP-ABVD�

MOPP, doxorubicin, bleomycin, vinblastine, and dacarbazine.
†Two-sidedP value based on likelihood ratio test of the null hypothesis that RR� 1.
‡Patients in this category received therapy with mechlorethamine as the principal alkylating agent, typically with procarbazine (87 case patients and 150 control

patients) as part of the MOPP regimen. The median cumulative dose of mechlorethamine for case patients and control patients was 56 mg/m2 and 48 mg/m2,
respectively. The median cumulative dose of procarbazine was 6700 mg/m2 and 4800 mg/m2, respectively.

§Cytotoxic drugs administered to patients in this category included mechlorethamine (55 case patients and 92 control patients), procarbazine (53 case patients and
91 control patients), vincristine (52 case patients and 78 control patients), and/or vinblastine (13 case patients and 29 control patients).

�Cytotoxic drugs administered to patients in this category included mechlorethamine (16 case patients and 28 control patients), vincristine (12 case patients and
25 control patients), procarbazine (14 case patients and 28 control patients), doxorubicin (16 case patients and 28 control patients), bleomycin (16 case patients and
28 control patients), vinblastine (14 case patients and 26 control patients), and dacarbazine (15 case patients and 22 control patients).

¶Cytotoxic drugs administered to patients in this category included mechlorethamine (21 case patients and 32 control patients), procarbazine (20 case patients and
31 control patients), vincristine (18 case patients and 31 control patients), doxorubicin (four case patients and 11 control patients), bleomycin (five case patients and
12 control patients), vinblastine (11 case patients and 18 control patients), dacarbazine (three case patients and seven control patients), chlorambucil (four case
patients and seven control patients), nitrosoureas (six case patients and nine control patients), and cyclophosphamide (12 case patients and 17 control patients).

�Patients received a variant of the MOPP regimen in which orally administered chlorambucil was substituted for mechlorethamine and vinblastine was used
instead of vincristine. Other cytotoxic drugs administered included nitrosoureas (four case patients and four control patients), procarbazine (eight case patients and
seven control patients), and cyclophosphamide (two case patients and two control patients).

**Patients in this category received therapy with carmustine (two case patients and two control patients) or lomustine (five case patients and eight control patients)
as the principal alkylating agent. Other cytotoxic drugs administered included procarbazine (seven case patients and 10 control patients), cyclophosphamide (three
case patients and five control patients), and dacarbazine (one case patient).

††Patients in this category received therapy with dacarbazine as the principal alkylating agent. Other cytotoxic drugs administered included procarbazine (one case
patient and two control patients) and cyclophosphamide (two control patients).

‡‡This category included patients who did not receive mechlorethamine, chlorambucil, a nitrosourea, or dacarbazine. Cytotoxic drugs included cyclophosphamide
(16 case patients and 30 control patients) and procarbazine (13 case patients and 25 control patients). Other administered cytotoxic drugs includedvinblastine (nine
case patients and 14 control patients), vincristine (six case patients and 15 control patients), doxorubicin (two case patients and one control patient), bleomycin (one
case patient and two control patients), and thiotepa (one control patient).

§§P for trend <.001.
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can result in the same type of DNA adduct (O6-methylguanine),
a mutagenic and carcinogenic DNA adduct(24), that is gener-
ated by 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone
(NNK), a tobacco metabolite that is a potent lung-specific car-
cinogen in laboratory animals(25).Levels ofO6-methylguanine
in lymphoma patients receiving chemotherapy are linearly cor-
related (P<.01) with cumulative dose of procarbazine(26). O6-
Methylguanine is routinely repaired by the cellular proteinO6-
methylguanine methyl transferase (MGMT) in an irreversible,
self-destructive reaction(23). Lung cancer risk has been asso-
ciated with impaired removal ofO6-methylguanine adducts(27)
and with polymorphisms of MGMT codon 143(28). Inhibition
of MGMT transcription by promoter methylation may be a com-
mon event in lung carcinogenesis(29).Because pyridyloxobutyl
DNA adducts formed by tobacco-generated NNK can also in-
hibit MGMT (30), smoking and alkylating agents may function
as cocarcinogens. Further studies are needed to elucidate the
carcinogenic mechanisms(25–29,31,32)that underlie the higher
risks of lung cancer that were associated with alkylating agents
in several smoking categories in our study. Our findings of ex-
cess lung cancer risk were not limited to MOPP(6) but extended
to other alkylating agents, a finding that is consistent with ex-
periments in laboratory animals in which a number of different
cytotoxic drugs induce solid tumors(18).Although Swerdlow et
al. (6) suggested that mechlorethamine might be more carcino-
genic than procarbazine, they were unable to evaluate this hy-
pothesis with dose data. We found highly statistically significant
relations between cumulative dose of both mechlorethamine and
procarbazine and lung cancer risk among MOPP-treated pa-
tients. Both mechlorethamine and procarbazine as well as chlo-
rambucil, when administered systemically, are carcinogenic to
rodent lungs(18), and mechlorethamine is similar in chemical
structure to sulfur mustard, an established human lung carcino-
gen (33).

Kaldor et al.(4) previously reported an elevated risk (RR�
2.1; 95% CI � 1.0 to 4.2) of lung cancer in patients with
Hodgkin’s disease treated with chemotherapy alone compared
with those given radiotherapy only or both modalities. Although
an increase in lung cancer risk with cumulative number of che-

motherapy cycles was not evident, these investigators concluded
that the risk of lung cancer after chemotherapy for Hodgkin’s
disease might be at least comparable to and possibly larger than
the risk after radiotherapy. van Leeuwen et al.(5) found no
overall association between chemotherapy for Hodgkin’s dis-
ease or number of cycles and lung cancer risk, but they included
a total of only 30 lung cancer case patients.

Although ionizing radiation is a known pulmonary carcino-
gen(34),the relation of therapeutic exposures to lung cancer risk
has been addressed in only a few populations and over limited
dose ranges(4–6,35).In previous analytic studies of lung cancer
after radiotherapy for either breast cancer or Hodgkin’s disease,
dose to the specific location where the lung cancer arose was not
determined(4–6,35)and smoking data were often unavailable
(4,6,35).Because radiation dose across the lung can vary more
than 10-fold during mantle radiotherapy when blocking tech-
niques are considered, utilization of an average dose to the entire
lobe(5) or an average dose to the left or right lung(4) can distort
quantification of radiation-associated risk. In addition, the num-
ber of patients was small in previous studies, such as the Dutch
study where only six case patients and nine control patients
received an average radiation dose to the entire lung lobe of 9 Gy
or more(5). In our study, 233 patients (91 case patients and 142
control patients) received 15 Gy or more to the specific site of
tumor origin, and evidence was convincing of an upward trend
in lung cancer risk with increasing radiation dose up to 40 Gy or
more. This highly statistically significant dose–response relation
underscores the importance of continuing to minimize the thera-
peutic doses of radiotherapy to treat Hodgkin’s disease(36)
without sacrificing efficacy. It is interesting to note that the risk
of radiation-induced lung cancer persisted at very high doses,
where the effects of tissue destruction and regeneration may
have played important roles in the carcinogenic processes. Risks
at lower doses, while elevated, were low and not statistically
significant and indicate the important role that dose reduction
can play in reducing risk.

To our knowledge, our study is the first to show that excess
lung cancers after alkylating agents occur considerably earlier
than the latent period characteristic of radiotherapy-associated

Table 5.Risk of lung cancer in patients with Hodgkin’s disease according to type of treatment and smoking category

Treatment for Hodgkin’s disease RR (95% CI) by smoking category [No. of case patients; control patients]*

Radiation�5 Gy Alkylating agents Nonsmoker, light, other† Moderate–heavy‡

No No 1.0§ 6.0 (1.9 to 20.4)
[11 case patients; 76 control patients] P� .002

[10 case patients; 22 control patients]
Yes No 7.2 (2.9 to 21.2) 20.2 (6.8 to 68)

P<.001 P<.001
[33 case patients; 73 control patients] [20 case patients; 17 control patients]

No Yes 4.3 (1.8 to 11.7) 16.8 (6.2 to 53)
P<.001 P<.001
[40 case patients; 105 control patients] [33 case patients; 30 control patients]

Yes Yes 7.2 (2.8 to 21.6) 49.1 (15.1 to 187)
P<.001 P<.001
[28 case patients; 60 control patients] [24 case patients; 10 control patients]

*Represents estimated tobacco smoking habit 5 years before diagnosis date of lung cancer and corresponding date in control patients, with the use of information
recorded up to 1 year before these dates. RR� relative risk; CI� confidence interval.

†This group includes nonsmokers, light current cigarette smokers (less than one pack per day), former cigarette smokers, smokers of cigar and pipes only, and
patients for whom tobacco smoking habit was not stated.

‡Moderate (one to two packs per day) and heavy (two or more packs per day) current cigarette smokers.
§Reference group.
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solid tumors, in which statistically significantly elevated risks
are generally not observed until 10 years or more after exposure
(17).These different latencies may reflect different mechanisms
for cancer induction. The peak latency of 5–9 years for lung
cancer following radiotherapy for Hodgkin’s disease that we
observed is consistent with previous reports(2,9,37).The re-
duced latency of radiation-related lung cancer may reflect a
susceptibility state associated with the defects in cellular immu-
nity (38) or genomic instability(39,40) that occur in patients
with Hodgkin’s disease. It is noteworthy that excesses of lung
cancer have been reported also in patients with other lympho-
poietic malignancies(41,42)and in organ transplant recipients
(43).Whether the immunologic defects associated with Hodg-
kin’s disease also contribute to alkylating agent-related lung
cancer should be considered. It also seems possible that the
immunosuppressive effects of tobacco smoking(31)may accen-
tuate the immune alterations associated with Hodgkin’s disease
(38).

We previously reported a sevenfold risk of SCLC after pri-
mary therapy with radiation among Hodgkin’s disease patients
in the Surveillance, Epidemiology, and End Results (SEER) Pro-
gram,1 despite the limitation that SEER Program treatment data
are incomplete(9).Statistically significant associations between
radiation and SCLC have been observed among high-dose
atomic bomb survivors and uranium miners(44,45).In the cur-
rent study, radiotherapy for Hodgkin’s disease was associated
with statistically significantly increased risks of all major histo-
pathologic categories of lung cancer. Excesses of lung cancer
after treatment with alkylating agents were similarly not re-
stricted to any morphologic group. In contrast, it has been sug-
gested that the increased risk of lung cancer after any treatment
for Hodgkin’s disease that includes chemotherapy is confined to
adenocarcinomas (n� 14 case patients) and does not extend to
non-adenocarcinomas, i.e., all other histologic types grouped
together (n� 35 case patients)(6). Swerdlow et al.(6) were
unable to examine the relation between radiation therapy for
Hodgkin’s disease and lung cancer morphology, and most other
studies(4,5)did not address associations between treatment for
Hodgkin’s disease and histologic type of lung cancer.

The age distribution of patients with Hodgkin’s disease in our
investigation was skewed to older individuals, who tended to
develop lung cancer with a shorter latent period after treatment.
Although not statistically significant, the risks of lung cancer
after therapy with either alkylating agents or radiation increased
with age. Previously, only the study of British patients with
Hodgkin’s disease examined the effect of age on lung cancer
risk, showing larger excesses after MOPP chemotherapy in
patients treated at age 50 years or more compared with younger
subjects(6). Since large numbers of molecular events appear
to be required for lung carcinogenesis(46), the probability
of a critical number likely increases with increasing age, a
possible surrogate for longer smoking duration. The high preva-
lence of smoking among control patients in our series was un-
expected and exceeds general population estimates of 25%–40%
(47).

In our investigation, the use of alkylating agents in the treat-
ment of Hodgkin’s disease was associated with statistically sig-
nificantly increased risks of lung cancer, even when adjusted for
the effects of radiotherapy and tobacco use. A causal association
is supported by the magnitude of risk, the dose–response rela-
tion, plausible biologic mechanisms including studies in labora-

tory animals(18),and consistency with earlier studies by Tucker
et al.(19).Our data also suggest that alkylating agents, particu-
larly mechlorethamine, are less potent on a relative scale in
inducing lung cancers than in inducing leukemia. Whereas risks
of leukemia after cumulative mechlorethamine doses of 67 mg/
m2 or greater to treat Hodgkin’s disease may reach 60- to 80-fold
(48), the risks of lung cancer were on the order of sixfold to
eightfold in our study. Despite the smaller RRs, however, the
absolute risks (or burden) could be far greater for lung cancer
than for leukemia, in view of the considerably higher baseline
rate of lung cancer in the general population.

Given the wide variety of solid tumors induced by alkylating
agents in laboratory animals(18) and the increasing use of che-
motherapy in Hodgkin’s disease(49), it will be important to
clarify the type-specific risks of cancers among patients treated
with these agents, including possible interactions with the risks
following radiotherapy(17).Our data suggest that excess lung
cancer risk after combined therapy with radiation and alkylating
agents was as expected if the individual risks were summed.
These findings are similar to the relation of radiation and cyclo-
phosphamide to the bladder cancer risk of patients with non-
Hodgkin’s lymphoma(11). However, the influence of timing
and intensity of exposures to radiation and alkylating agents on
solid tumor risks has not been well explored. On the other hand,
smoking appeared to interact multiplicatively with radiation
therapy and with chemotherapy in our study.

A major limitation of our study, as well as of previous studies
of lung cancer after Hodgkin’s disease(4–6), is the uncertainty
in the estimates of risks associated with treatment, in view of the
large risk conferred by tobacco use. While radiotherapy and
chemotherapy information was readily available in the medical
records, information on smoking habits was not systematically
recorded in formats that would be optimal for epidemiologic
purposes. Furthermore, because of the small number of lung
cancers in nonsmokers, the interaction of alkylating agents and/
or radiation with tobacco use could be evaluated only by com-
paring moderate-to-heavy smokers with all other patients com-
bined. Although a multiplicative interaction was consistent with
our data and an additive interaction could be rejected, this find-
ing should be interpreted cautiously, because of our inability to
analyze the association with more finely stratified categories. To
our knowledge, however, no other studies have attempted to
address the interaction of alkylating agents for Hodgkin’s dis-
ease and smoking on lung cancer risk. Because data on duration
of smoking had not been uniformly and prospectively recorded
for all patients, we could also not reliably develop accurate
measures of cumulative tobacco use such as pack-years.

An inherent limitation of studies of second tumors following
Hodgkin’s disease is the lack of a nonexposed comparison
group, given that treatment requires radiotherapy, chemo-
therapy, or both(50). However, many of our analyses empha-
sized exposure–response relations either by using continuous
variables or by presenting risks for several ordered categories of
exposure. With the latter approach, the inclusion of patients with
low exposures in the referent group is unlikely to inflate treat-
ment-associated risks, although it may underestimate them.

Because our investigation was conducted among patients in
the general population covered by well-defined reporting areas,
it is unlikely to suffer from selection biases that may exist in
hospital- or clinic-based series. It is unclear, however, whether
our findings will apply to patients with cancers other than Hodg-
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kin’s disease, in light of the immune defects characteristic of this
lymphoma(38)and the high prevalence of smokers among case
patients and control patients in our study. It should be noted that
our evaluation also may not reflect current practice with regard
to the type or cumulative doses of drugs, the radiotherapy mo-
dalities, or the combined therapies being administered. For ex-
ample, ABVD (i.e., the combination of doxorubicin, bleomycin,
vinblastine, and dacarbazine) is commonly used today but was
rarely given during the years of our study. Thus, generalization
of our findings to current practice should be done with caution
and should be weighed against the remarkable gains in survival
provided by effective treatments for Hodgkin’s disease. Before
the introduction of combination chemotherapy, patients with ad-
vanced Hodgkin’s disease had a 5-year survival rate of less than
10% (51), which increased to 66%–75% with MOPP chemo-
therapy(52).The MOPP regimen remains one of the standards
against which treatments for adult Hodgkin’s disease are evalu-
ated (53), and component drugs are retained within sequential
MOPP/ABVD and MOPP/ABV (i.e., combination of doxorubi-
cin, bleomycin, and vinblastine) hybrid regimens(53,54).The
use of eight cycles of MOPP/ABV results in total doses of about
48 mg/m2 mechlorethamine and 5600 mg/m2 procarbazine, re-
spectively(53). At these cumulative amounts, our data would
predict a lung cancer RR of 3–6 when compared with patients
who received no alkylating agents and/or a radiation dose to the
lung of 5 Gy or less.

On the basis of the overall analyses of 199 lung cancers in our
study, it can be roughly estimated that 19 cases (9.6%) were due
to treatment alone, 126 (63.3%) were due to treatment and smok-
ing in combination, 48 (24.1%) were due to smoking alone, and
six (3%) represented tumors in which neither smoking nor
therapy played a role. Thus, the combined effect of treatment
and smoking accounted for the bulk of lung cancers in our series,
underscoring the importance of smoking cessation in the man-
agement of patients with Hodgkin’s disease. It is clear that the
tremendous improvement in the treatment of Hodgkin’s disease
outweighs the therapy-related risks of lung cancer and other late
effects, especially when compared with the burden imposed by
tobacco.
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NOTES

1Editor’s note:SEER is a set of geographically defined, population-based,
central cancer registries in the United States, operated by local nonprofit orga-
nizations under contract to the National Cancer Institute (NCI). Registry data are
submitted electronically without personal identifiers to the NCI on a biannual
basis, and the NCI makes the data available to the public for scientific research.
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