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tive importance of chemotherapy and radiotherapy in the devel-
Background: Lung cancer is a frequent cause of death in opment of one of the most frequent tumors—lung cancer—are
patients cured of Hodgkin’s disease, but the contributions of conflicting, sparse, and inadequately controlled for smokikg
chemotherapy, radiotherapy, and smoking are not well de- 6). On the basis of small numbers (30 case patients), van Leeu-
scribed. We quantified the risk of treatment-associated lung wen et al.(5) reported a statistically significant dose—-response
cancer, taking into account tobacco useMethods: Within a  relation between radiation therapy for Hodgkin's disease and
population-based cohort of 19 046 Hodgkin’s disease patientslung cancer risk in The Netherlands; radiation dose, however,
(diagnosed from 1965 through 1994), a case—control study ofwas averaged across entire lung lobes, and only six case patients
lung cancer was conducted. The cumulative amount of cy- received mean doses of 9 Gy or more. In two larger studigs,
totoxic drugs, the radiation dose to the specific location in a quantitative association between radiation dose and lung can-
the lung where cancer developed, and tobacco use were com<er risk was not found. A relation between cumulative number of
pared for 222 patients who developed lung cancer and for cycles of chemotherapy for Hodgkin's disease and subsequent
444 matched control patients. All statistical tests were two- ung cancer risk was not demonstrated in the largest investiga-
sided. Results:Treatment with alkylating agents without ra- ~ tion to date (n= 98 case patients}) or with cytotoxic drugs in
diotherapy was associated with increased lung cancer risk The Netherlands studi). Swerdlow et al(6) recently reported
(relative risk [RR] = 4.2; 95% confidence interval [CI] = 2.1 @ relative risk (RR) of 1.66 (95% confidence interval [CH{
to 8.8), as was radiation dose of 5 Gy or more without al- 0-99 t0 2.82) for lung cancer among British patients with Hodg-
kylating agents (RR = 5.9; 95% CI = 2.7 to 13.5). Risk in- Kin's disease treated with the combination of mechlorethamine,
creased with both increasing number of cycles of alkylating Vincristine, procarbazine, and prednisone (MOPP)-(#5 case
agents and increasing radiation doseR for trend <.001). patients), although r_|sl_<s following one to six cyc_:les and seven or
Among patients treated with mechlorethamine, vincristine, MOre cycles were similar and data on cumulative dose were not
procarbazine, and prednisone (MOPP), risk increased with available. Of the three an_alytlc |nv¢st|g§t|c(ﬁ96).to date, only
cumulative amounts of mechlorethamine and procarbazine the Dutch study(5) _contalngd detailed information on tobacco
(P<.001) when evaluated separately. Statistically signifi- use. Datg on smqkmg.hablt; were coIIectedofor only 39% of the
cantly elevated risks of lung cancer were apparent within paﬂents in the British investigatiof6) and 59/° of the S.UbJeCtS
1-4 years after treatment with alkylating agents, whereas in the study by Kaldor et 5!'(4)- NO. analytic Investigation has
excess risk after radiotherapy began 5 years after treatment attempted to address the interaction between radiotherapy and
and persisted for more than 20 years. Risk after treatment chemotherapy on Iu_ng cancer risk ar assessed long-term tempo-
: . . ral patterns. Accordingly, our purpose was to analyze the risk of
with alkylating agents and radiotherapy together was as ex-

ected if individual excess risks were summed. Tobacco useIung cancer in relation to amount of chemotherapy and radiation
P i T dose among more than 19000 patients with Hodgkin’s disease,
increased lung cancer risk more than 20-fold; risks from

i . ) taking into account tobacco use.
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
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PATIENTS AND METHODS one pack per day, one to two packs per day, and two or more
) packs per day. To explore interactions between smoking and
Study Subjects treatment, we divided the patients into two groups: moderate

A nested case—control study was conducted within a cohort@0€ t0 two packs per day) and heavy (two or more packs per
19046 one-year survivors of Hodgkin's disease diagnosed d ay) cigarette smokers compared with all other categories taken
ing the period from January 1, 1965, through December 3pgether.

1994, and reported to one of seven population-based cancefformation on dose and duration of administration of che-
registries in Connecticut, lowa, Denmark, Finland, The Nethdnotherapy was abstracted for alkylating and intercalating agents

lands, Sweden, and Ontario, Cand@j For each patient, reg- and DNA topoisomerase Il inhibitors, as recorded for each cycle

istry files were searched to identify all subsequent diagnoses%firéatment. For other cytotoxic drugs, information was re-

lung cance(8). Strict criteria for multiple primary cancers Werestricted to dates and duration of administration. Cumulative dose

applied by each center; i.e., the subsequent iung tumor had@S calculated by summing each cyclic dose for each subject.

present a definite picture of malignancy, be distinct, and nB@ata on cumulative dose of alkylating agents were available for
. . . 1 0 B

represent a metastatic lesion or recurrence. Because mcrefiii()f 330 patients (108 [86.4%] of 125 case patients and 185

risks of lung cancer have been reported as early as 1-4 y {L2%] of 205 control patients). One control patient for whom
after diagnosis of Hodgkin's diseag2,9,10),case patients in cNeémotherapy type was unknown was excluded from the analy-

this time period were included to explore treatment effects. Pras:
vious case—control investigations of secondary lung caded) g diotherapy and Dosimetry
have similarly included these early tumors, although analyses o?

treatment effects were not stratified by latency. Pathology re- For 535 patients (179 case patients and 356 control patients)
ports (n= 217), results of radiologic studies (e.g., chest radigreated with radiation, fields included mantle (34% of case pa-
graphs and computed tomography) €n5), and clinical infor- tients and 30% of control patients), mantle and inverted-Y (32%
mation were independently reviewed (L. B. Travis and Mof case patients and 30% of control patients), abdomen or in-
Gospodarowicz) to confirm the diagnosis of each reported cagerted-Y (9% of case patients and 16% of control patients),
For each of the 222 subjects with documented lung cancer, twdiastinum (9% of case patients and 8% of control patients),
control patients were selected by stratified random samplig@id other sites (16% of case patients and 16% of control pa-
from the cohort. Matching factors were registry, sex, calendgénts). Radiotherapy fields were large and covered extensive
year, age at diagnosis of Hodgkin’s disease, and survival witheifbas of the chest and abdomen. The average and median treat-
a second cancer at least as long as the period from Hodgkiment doses (36 Gy and 37 Gy, respectively) for mantle radio-
disease to lung cancer in the case patient. This type of casigerapy were identical for case patients and control patients.
control design has been used successfully in previous analyligily radiotherapy logs for each patient were used to calculate
investigations of second cance%-6,8,11,12) Nineteen case the dose to the area of the lung in which the subsequent cancer
patients from Ontario, Denmark, and Sweden had been includgsleloped and a comparable location in matched control pa-
in a previous study4). 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,
Medical records were abstracted for demographic informacluding copies of chest x-rays, computed tomography scans,
tion, all therapy for Hodgkin's disease, and smoking histognd tomograms. Blocks to reduce lung exposure during treat-
during the matched time interval. Data sources included hospient and radiotherapy simulation films were used in the esti-
tals, medical centers, radiotherapy departments, and officesnwition of doses. The dose to the blocked fields was estimated as
private physicians. Smoking data included type, amount, aadpercentage of the in-beam full dose to several centimeters
status (current or time of quitting). Since subjects could hawmder the block. Based on tumor distance from block edge,
smoking data derived from several sources at different timegyrrection factors were applied, with the use of a curve gener-
rules were developed for the assignment of each patient t@tad by the Pinnacle-3 Treatment Planning System (ADAC
category (never smoker, current cigarette smoker, former cigaboratories, Milpitas, CA). For the unblocked fields (defined
rette smoker, cigar and pipe smoker only, or not stated) basedoynmachine collimators), the doses were derived by measure-
all data recorded up to 1 year before diagnosis of lung cancer andnts in a water phantom to 60 cm outside the f{&f8,14).For
the comparable date in control subjects. Subjects were classifsine patients, information on either radiotherapy or lung tumor
as former smokers only if there was reasonable evidence tlmatation was inadequate to estimate tissue dose: Excluded from
termination of smoking had occurred at least 5 years before Iutig analyses were 23 case patients and 50 control patients who
cancer diagnosis (or a comparable date for control patients). Thael doses that could not be estimated (or who were matched to
1-year cutoff date for data collection was chosen to minimizease patients with inestimable doses). Repeat analyses including
bias arising from the potential availability of more thorougla yes/no indicator for chest radiotherapy for these excluded sub-
information on smoking habits for case patients than for contijelcts showed comparable results. The mean dose of radiation to
subjects. An alternative categorization of smoking status thie specific location in the lung where cancer developed or a
Hodgkin’s disease diagnosis was also developed based onlycomparable location in matched control patients was 27.2 Gy
information recorded up to 1 year after that time. Analyses utimedian: 33.8 Gy) and 21.8 Gy (median: 29.4 Gy), respectively;
lizing each approach yielded comparable results; thus, tdeses were similar for patients treated with radiation alone or
former, more complete schema was used when adjusting fath radiation and alkylating agents (mean: 24.4 Gy and 22.8
smoking and examining relations with treatment. Current cig&y, respectively). Among case patients who received radio-
rette smokers were further subdivided into smokers of less thituerapy, 26.3% of the lung cancers occurred in the unblocked

Data Collection
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treatment field, 19.2% were diagnosed in areas that receiwatious combinations were arranged hierarchicél§) for fur-
lower dose radiation (1.9% beneath the lung blocks and 17.3ker evaluation. The large number fa 244) of patients who
out of the beam), and 53.2% occurred on the beam edge. Feceived mechlorethamine (usually with vincristine, procarba-
1.3% of the case patients, the relative location could not k@e, and prednisone in the MOPP regimé20) permitted fur-
determined. 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
Conditional regression analysis was conducted to obtding cancer risk, we divided patients into quartiles, and we cal-
maximum likelihood estimates of the RR of lung cancer assedlated the RR for each category compared with the referent
ciated with specific treatments by comparing the exposure h@foup, after adjusting for tobacco use and radiation dose.
tories of the case patients with those of individually match
control patients(15). Analyses were implemented with the
PECAN module of the software package EPICURE). Most
analyses were based on a model in which the odds ratio, whj
closely approximates the RR, is given by the expression

Statistical Analysis

ESULTS

The average age at diagnosis of Hodgkin’s disease was 48.5
rs (median: 50 years; range: 9-81 years) (Tab{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-
exp()\j)[1+ Ek:Bka], most 80% occurring after 5 years (range: 1-28 years). Two
. ) i hundred four (91.9%) of 222 patients were in clinical remission
wherej indexes four smoking categories (never smoker, Curregt ihe time of lung cancer diagnosis. Subsequent survival was
cigarette smoker, former cigarette smoker or cigar and piggor for all 222 lung cancer patients (median: 4.0 months; 212
smoker only, and not stated), and theare variables indicating deaths).
treatments. This model, in which the effects of radiation therapy Topacco use, chemotherapy with alkylating agents, and ra-
and chemotherapy are assumed to add rather than to multigftion dose of 5 Gy or more were reported in 96%, 63%, and
was chosen because it gave a much better fit than the mg®y, of case patients and in 70%, 52%, and 41% of control
commonly used multiplicative model. To test the adequacy ghtients, respectively (Table 2). Treatment of Hodgkin's disease
the additive model for a radiation variablg and a chemo- \yith either radiotherapy alone (dose®6 Gy) or chemotherapy
therapy variablez,, we compared the fits of the two models \yjth alkylating agents alone was associated with statistically
exp(\)[L+ Byz; + Boz,] and exp(\)[1 + Byz; + oz, + Bazazs] significant increased risks of lung cancer compared with the
reference group in analyses that adjusted for smoking (Table 2,
To test the adequacy of the multiplicative model, we compargq. Lung cancer risk following treatment with both alkylating
the fits of the two models 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
A similar approach was used to evaluate the interaction betweg0. A multiplicative relationship between treatment with alkyl-
smoking and treatment. Two-sid&lvalues and 95% Cls were ating agents and radiation therapy (where the combined risk
based on the likelihood ratio statistic. TreRdvalues test the would be 5.9 x 4.2= 24.8) was rejected® = .01). Among
hypothesis thag, = 0 for continuous or ordered variablas patients with radiation doses exceeding 5 Gy and treated with
Because nearly all of the patients had been treated with edkylating agents, the RR of lung cancer after combined modal-
diotherapy or alkylating agents, it was not possible to constriitt therapy was lower than that after radiotherapy and subse-
a reference group of subjects managed without these modalitepsent salvage chemotherapy, which was largely a result of the
Thus, for categorical analysesegTable 2, A; Table 3; and higher cumulative doses of radiation and chemotherapy received
Table 5), patients who received an average radiation dose of Iegghose given salvage therapies.
than 5 Gy to the lung without alkylating agents were combined Elevated lung cancer risks were found in all radiation cat-
with those treated only with nonalkylating agents to provide egories with doses of 5 Gy or more, and the risk increased with
larger reference group for the calculation of RRs. Analyses thiatreasing dose to the lundp (for trend <.001) (Table 2, B).
addressed chemotherapy effects were adjusted for radiotherApyong patients treated with alkylating agents, risks increased
by including radiation dose as a continuous variable, whereagh increasing number of cycle® (for trend <.001) (Table 2,
analyses evaluating radiotherapy were adjusted for chen®@: A 13-fold risk of lung cancer followed nine or more cycles
therapy by including the number of cycles with alkylating agentsf alkylating agents. Patients classified as current cigarette
and yes/no variables for patients for whom either number simokers, whether with the use of data collected in follow-up
cycles was unknown or who received continuous therapy. Efable 2, D) or at diagnosis of Hodgkin's disease (Table 2, E),
cept for analyses addressing time since exposure, radiation dogé more than 20-fold elevated risks of lung cancer.
received less than 5 years before lung cancer diagnosis (and &emporal trends of lung cancer risk following treatment are
comparable date in control subjects) was excluded because ofi@wn in Table 3. Statistically significant increased risks of lung
studies have shown a minimum 5-year latent period for radieancer occurred 1-4 years and 5-9 years after the first treatment
tion-induced lung cancdi?). with alkylating agents. Analyses using only patients whose pri-
Patients were grouped according to all chemotherapy meary treatment included alkylating agents without radiotherapy
ceived (initial and salvage), with categories based on animagélded a similar pattern. In contrast, the RR of lung cancer did
studies of alkylating agents reported to induce lung cancer, i.ot increase until 5-9 years after radiotherapy and persisted for
mechlorethamine, chlorambucil, nitrosoureas, and dacarbazmere than 20 years, although the twofold to threefold risks were
(18). Mutually exclusive treatment groups were defined, anbt statistically significant.

eXp[)\J + ()lel + 0L222] and eXﬂ)\] + (1121 + azzz + 0L32122].
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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*

Patients with lung cancer (& 222) Matched controlt patients (@ 444)
Characteristic No. %t No. %t
Cancer registry
Connecticut 31 14.0 62 14.0
Denmark 41 18.5 82 18.5
Finland 24 10.8 48 10.8
lowa 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 41 185 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
lorll 143 64.4 290 65.3
Il or IV 79 35.6 151 34.0
Interval to second lung cancer, y{
1-4 46 20.7 93 20.9
5-9 70 315 139 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
lorll 81 36.5 N/A
Il or IV 126 56.8
Not staged 15 6.8

*N/A = not applicable; NOS= not otherwise specified.

tPercentages may not sum to 100 because of rounding.

fMatching variables were registry, age, sex, calendar year of diagnosis of Hodgkin's disease, and period oSke¢meyPatients and Methods” section.

§Patients were diagnosed through December 31, 1991, in Connecticut; through December 31, 1992, in Ontario, Denmark, and Sweden; and through Decemt
31, 1994, in Finland, lowa, and The Netherlands.

|IStage was not designated for three (0.7%) control patients.

fRepresents 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 Oncol(f))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 carcinor
8012 for large-cell carcinoma; and 8010 for other carcinoma or NOS. The histologic distribution of first primary lung carcinem223824) in the Surveillance,
Epidemiology, and End Results (SEER) Program (1973-1994) is squamous cell carcinoma (28.0%), adenocarcinoma (26.6%), small-cell caréboma (17.0
large-cell carcinoma (8.4%), and other carcinoma or NOS (20.0%).

**The location of first primary lung carcinomas (& 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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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*

Matched
Parients with control
lung cancer patients RR 95% CI Pt
A) Treatment for Hodgkin's diseaset
Radiation=5 Gy Alkylating agents
No No 21 98 1.08 — —
Yes No 53 90 5.9 2.7t013.5 <.001
No Yes 73 135 4.2 2.1t08.8 <.001
Yes Yes 52 70 8.0 3.6t018.5 <.001
Combined modality therapy 21 41 5.4 21to14.1 <.001
Initial RT; salvage alkylating ageriits 31 29 111 4.61t029 <.001
B) Radiation dose to specific location in lung, Gy{
0 72 158 1.0# — —
>0-4.9 22 75 1.3 0.3t04.9 .69
5.0-14.9 14 18 4.1 0.7to 22 12
15.0-29.9 14 22 2.5 0.1t016.1 46
30.0-39.9 51 87 8.6 2.9t0 30 <.001
=40.0 26 33 7.2 2.2t028 .001
C) No. of cycles with alkylating agent chemotherapy**
74 188 1.0 — —
1-4 22 44 4.0 1.3to 125 .013
5-8 58 89 6.2 2.6t017.1 <.001
=9 28 29 13.0 4.3t045 <.001
Unknown No. 11 17 5.3 1.6to17.7 .005
Any noncyclic chemotherapy 6 26 1.3 0.2t06.7 .75
D) Smoking habit 5 y before lung cancertt
Never smoker 7 92 1.0 — —
Current cigarette smoker 135 143 22.6 9.51t0 65 <.001
Former cigarette smoker 23 56 5.7 2.21016.6 <.001
Cigar or pipe smoker only 10 20 8.9 2.6t032 <.001
Not stated 24 82 5.0 1.9t015.3 .001
E) Smoking habit at diagnosis of Hodgkin's diseasett
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 1.4t0125 .009
Cigar or pipe smoker only 10 17 9.0 2.51t035 <.001
Not stated 31 113 4.0 1.5t012.3 .005

*Table is limited to 199 case patients and 393 control patients with adequate data for reliable radiation dose esSiesttieriPatients and Methods” section
for details. Cl= confidence interval; RT= radiotherapy.

TTwo-sidedP value based on likelihood ratio test of the null hypothesis that-RR.

fExposure 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 locatior
in the lung where the cancer was diagnosed and the corresponding region in the control patients. All RRs were adjusted for smolSegtbtatéatients 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 locatio
in the lung where the cancer was diagosed (or the corresponding region in matched control patients) and/or treatment with nonalkylating agerstpshétaot
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 radiother
comparisonsSeethe “Patients and Methods” section for details.

[The median time between radiotherapy and salvage alkylating agents was 3.3 years.

fDose of radiation to the specific location in the lung where the cancer was diagnosed and the corresponding location in matched control RiEsnterdll
adjusted for smoking status and number of cycles of alkylating agerfts. 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 w
uninformative for radiotherapy comparisor&eethe “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 locatio
in matched control patient® for trend for number of cycles with alkylating agents <.001.

ttRepresents estimated tobacco habit 5 years before date of diagnosis of lung cancer and corresponding date in control patients, with the use of informatic
recorded up to 1 year before these dates. All RRs were adjusted for radiation dose and number of cycles of alkylating agents. For current srablarsirtpe ri
cancer at less than one pack per day (PPD), one to two PPD, and two or more PPD was 17, 25, and 70, respectively.

FFRepresents estimated tobacco habit at diagnosis of Hodgkin’s disease, using only information recorded up to 1 year after that date. All RR&eddoe ad]
radiation dose and number of cycles of alkylating agents.

Risk of lung cancer rose with increasing age at diagnosis afid lung cancer diagnosis for the three age groups was 17.0
Hodgkin’s disease, although differences between age groupsyeérs, 10.6 years, and 6.7 years, respectively. Risks due to treat-
less than 40 years, 40-54 years, and 55 years or older werement with alkylating agents or radiation therapy were higher
statistically significant® = .36 for alkylating agents®® = .43 among men than among women but were not statistically sig-
for radiation dose=5 Gy); the mean latency between treatmentificant (P = .23 andP = .20, respectively). The stage of
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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 Radiatio5 Gy
Patients with Matched RR Patients with Matched
lung cancer control patients (95% CI) Pt lung cancer control patients RR (95% CI) Pt

A) Time since first treatment, y

1-4 42 47 6.4(2.1t021) <.001 18 44 1.2(0.3t04.5) .76

5-9 39 69 5.7 (1.8t0 21) .003 42 56 9.2(29t034) <.001

10-14 26 43 3.0(1.0t0o11.4) .058 25 47 1.9(0.5t07.7) .34

15-19 10 23 1.4(0.3t08.0) .70 19 31 24(0.6t012.9) .27

=20 6 19 1.1(0.1t07.8) .95 18 29 3.0(0.7t018.9) .24
B) Age at exposure, y

<40 27 51 1.5(0.4108.8) .58 42 73 3.8(1.2t0 21) .026

40-54 44 72 3.9(1.4t0125) .007 37 56 35(1.2t011.8) .025

=55 54 82 6.5(2.3t022) <.001 26 31 10.2(2.9t043) <.001
C) Sex

Male 96 149 4.8(2.3t011.3) <.001 72 110 7.2(3.0t0 18.6) <.001

Female 29 56 1.8(0.6t07.1) .35 33 50 21(0.6t011.5) .27
D) Stage of Hodgkin's diseaset

lorll 60 98 3.2(1.5t07.3) .003 82 125 5.9(2.8t013.2) <.001

I or IV 65 106 4.7 (2.3t010.2) <.001 23 34 5.1(1.6t015.7) .009
E) Staging splenectomy§

No 93 163 43(2.1t09.7) <.001 71 113 6.4 (2.8t015.7) <.001

Yes 31 34 6.8(25t020) <.001 31 41 6.1 (2.2t017.6) <.001
F) Histopathologic type of lung cancer

Squamous cell carcinoma 52 88 5.5(1.3t0 39) .017 41 70 7.3 (1.6t052) .008

Small-cell carcinoma 21 28 8.8(1.4t0 175) .017 19 24 7.8 (1.2to 156) .031

Adenocarcinoma 25 44 2.5(0.7t09.5) .14 22 30 8.8 (2.2t043) .002

Large-cell carcinoma 11 20 3.8 (0.7 to 23) A2 9 12 13.5 (1.4 to 200) .024

Other 16 25 3.5(0.9t0 21) .065 14 24 1.4(0.2t012.0) .75

*All analyses were adjusted for smoking status and other variables shown in the table. iRRtive risk; Cl = confidence interval.
TTwo-sidedP value based on likelihood ratio test of the null hypothesis that-RR.

FThree 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.

Hodgkin's diseaseR = .28 andP = .77, respectively) and relative to patients who were not moderate-to-heavy smokers,
staging splenectomyP(= .92 andP = .31, respectively) also did not receive radiation dose to lung of more than 5 Gy, and
did not vary by alkylating agent or radiation treatment. Followwere not treated with alkylating agents; thus, the RRs in the last
ing alkylating agent therapy, risks of squamous cell lung cancaslumn of Table 5 include the effects of both smoking and
and small-cell lung cancer (SCLC) were statistically signiftreatment. Regardless of treatment category, risks for moderate-
cantly elevated, although excesses were observed for all hidgtmheavy smokers were much higher than risks for other smok-
pathologic categories. Statistically significantly increased risksg categories combined. The data were compatible with a mul-
for all designated morphologic groups of lung cancer occurréiglicative relation P = .46) of smoking and treatment category,
after radiotherapy. and an additive relation was rejectétl £ .03). The largest risks
Lung cancer risks according to type of alkylating agent a(®R = 49.1) for lung cancer were observed among moderate-
shown in Table 4. Overall risk for all MOPP-containing regito-heavy smokers given both radiotherapy and alkylating agents.
mens was 5.0 (95% C¥ 2.3 to 12.3) compared with 6.3 (95%For patients given alkylating agents only, the risk of lung cancer
Cl = 2.5t0 17.7) for all other alkylating agents taken togethein moderate-to-heavy smokers was 17-fold compared with four-
For patients whose therapy included MOPP, risk of lung candetd in other categories.
following one through four, five through eight, or nine or more
cycles of treatment was 2.3, 4.5, and 14.4, respectiielfo( DiSCUSSION
trend <.001). The trend for increasing risk of lung cancer with
increasing number of cycles of all other alkylating agents taken To our knowledge, this is the first study of lung cancer fol-
together was also highly significanP<.001). Among patients lowing Hodgkin’s disease to include quantitative measures of
treated with mechlorethamine (Table 4, B), risk of lung canceadiation dose to the precise location where the lung tumor was
increased with increasing cumulative dose of either mechlattagnosed, cumulative amounts of chemotherapeutic agents, and
ethamine P for trend <.001) or procarbazin® for trend <.001) data on tobacco use. Human lung cancer was clearly linked to
evaluated separately. No evidence was found for increasing rédkylating agents in a dose-dependent fashion and was distin-
of lung cancer with increasing cumulative dose of other alkytjuished from the effects of radiotherapy and smoking. In addi-
ating agents, but the number of patients in most other categoties, on the basis of dosimetry that accounts for tumor location,
was small. we report a strong relation between increasing radiation dose of
Risks of lung cancer according to treatment of Hodgkin'sp to 40 Gy or more and statistically significant excesses of lung
disease and smoking category are shown in Table 5. All risks @ancer and an additive relation between radiation and chemo-
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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 Matched
lung cancer control patients RR 95% ClI Pt
A) Alkylating agent
Mechlorethaminet 92 152 5.0 2.3t012.3 <.001
MOPP§ 55 92 5.0 2.1t013.6 <.001
MOPP-ABVD| 16 28 3.8 1.1to 13.2 .034
MOPP + othery 21 32 6.1 2.1t018.8 <.001
Chlorambuci# 8 7 14.9 3.4t070 <.001
Nitrosourea** 7 10 5.4 1.2t0 26 .032
Dacarbazinett 2 4 5.4 0.5to 47 .14
Other alkylating agentst¥ 16 32 5.1 1.7t0 16.7 .004
B) Mechlorethamine group#
Cumulative dose of mechlorethamine, mgga
<33 13 37 3.3 0.96to 11.5 .059
33-51 19 37 2.9 0.94t09.5 .063
52-66 25 30 8.6 2.91t0 28 <.001
=67 22 28 6.6 2.3t021 <.001
Unknown 13 20 4.7 1.3t0 16.8 .021
Cumulative dose of procarbazine, mgg8
<3700 13 38 14 0.3t05.6 .62
3700-5399 16 33 3.2 0.9to11.5 .077
5400-7599 21 34 6.2 2.0to 21 .001
=7600 25 27 10.5 3.51t0 36 <.001
Unknown 17 20 6.7 2.2t0 22 .001

*Treatment categories are mutually exclusive. Alkylating drugs were usually given in combination with other drugs. All relative risks weckfadjast@ation
dose and smoking status. RR relative risk; Cl= confidence interval; MOPPR= mechlorethamine, vincristine, procarbazine, and prednisone; MOPP-ABVD
MOPP, doxorubicin, bleomycin, vinblastine, and dacarbazine.

TTwo-sidedP value based on likelihood ratio test of the null hypothesis that-RR.

fPatients in this category received therapy with mechlorethamine as the principal alkylating agent, typically with procarbazine (87 case patients and 150 contrc
patients) as part of the MOPP regimen. The median cumulative dose of mechlorethamine for case patients and control patients wasib 48g/mng/r,
respectively. The median cumulative dose of procarbazine was 6700°ragth¥800 mg/ify respectively.

§Cytotoxic drugs administered to patients in this category included mechlorethamine (55 case patients and 92 control patients), procarbazine (53 case patients &
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 ar
25 control patients), procarbazine (14 case patients and 28 control patients), doxorubicin (16 case patients and 28 control patients), bleomycin (16 case patients ¢
28 control patients), vinblastine (14 case patients and 26 control patients), and dacarbazine (15 case patients and 22 control patients).

fICytotoxic drugs administered to patients in this category included mechlorethamine (21 case patients and 32 control patients), procarbazine (20 case patients ¢
31 control patients), vincristine (18 case patients and 31 control patients), doxorubicin (four case patients and 11 control patients), bleomycin (five case patients ar
12 control patients), vinblastine (11 case patients and 18 control patients), dacarbazine (three case patients and seven control patients), chlorambucil (four ce
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 vinblaséide was u
instead of vincristine. Other cytotoxic drugs administered included nitrosoureas (four case patients and four control patients), prodgtiazse fmtients 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 pati¢wtspheyaide (three
case patients and five control patients), and dacarbazine (one case patient).

TtPatients in this category received therapy with dacarbazine as the principal alkylating agent. Other cytotoxic drugs administered inatbdethpr@ne case
patient and two control patients) and cyclophosphamide (two control patients).

$1This category included patients who did not receive mechlorethamine, chlorambucil, a nitrosourea, or dacarbazine. Cytotoxic drugs ilupghdeptymide
(16 case patients and 30 control patients) and procarbazine (13 case patients and 25 control patients). Other administered cytotoxic drvigblasfingeghine
case patients and 14 control patients), vincristine (six case patients and 15 control patients), doxorubicin (two case patients and one control patient), bleomycin (ol
case patient and two control patients), and thiotepa (one control patient).

88P for trend <.001.

therapy. Our investigation includes the largest number of p@nd a comparable date in control patients) mitigated possible
tients studied to date, and the long-term follow-up permits fdas in the reporting of tobacco use, and similar risk estimates
the first time an analysis of temporal trends of lung cancer riskere generated with the use of only smoking data recorded
in Hodgkin’s disease survivors according to treatment; we algathin 1 year of Hodgkin's disease diagnosis. Nonetheless, the
consider all major histopathologic groups of lung cancer.  magnitude of the estimated risks for lung cancer should be in-
Our findings are consistent with the established role of tterpreted cautiously, given the possible residual and enhancing
bacco smoking in lung cancé2?), but confounding by tobacco effects of tobacco.
is unlikely to account for the statistically significant dose— The mechanisms by which alkylating agents are associated
response relations seen for treatment with alkylating agents amith subsequent excesses of lung cancer are not entirely clear.
radiotherapy or the observed temporal trends. Truncation Akylating agents exert their antitumor effect by direct reaction
smoking data collection 1 year before diagnosis of lung canagith DNA baseq23); methylating drugs, such as procarbazine,
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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, othert Moderate—heavy#
No No 1.08 6.0 (1.9t0 20.4)

[11 case patients; 76 control patients] P = .002

[10 case patients; 22 control patients]

Yes No 7.2(291t021.2) 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(1.8t011.7) 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 (2.81021.6) 49.1 (15.1to0 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 informatic
recorded up to 1 year before these dates. RRelative risk; Cl = confidence interval.

TThis group includes nonsmokers, light current cigarette smokers (less than one pack per day), former cigarette smokers, smokers of ciganlgndmpes o
patients for whom tobacco smoking habit was not stated.

fModerate (one to two packs per day) and heavy (two or more packs per day) current cigarette smokers.

8Reference group.

can result in the same type of DNA addu€f{methylguanine), motherapy cycles was not evident, these investigators concluded
a mutagenic and carcinogenic DNA add24), that is gener- that the risk of lung cancer after chemotherapy for Hodgkin's
ated by 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanonelisease might be at least comparable to and possibly larger than
(NNK), a tobacco metabolite that is a potent lung-specific cathe risk after radiotherapy. van Leeuwen et @) found no
cinogen in laboratory anima(&5). Levels ofO°-methylguanine overall association between chemotherapy for Hodgkin’s dis-
in lymphoma patients receiving chemotherapy are linearly carase or number of cycles and lung cancer risk, but they included
related P<.01) with cumulative dose of procarbazi(@6). - a total of only 30 lung cancer case patients.
Methylguanine is routinely repaired by the cellular prot&f Although ionizing radiation is a known pulmonary carcino-
methylguanine methyl transferase (MGMT) in an irreversiblgen(34),the relation of therapeutic exposures to lung cancer risk
self-destructive reactio(®3). Lung cancer risk has been assohas been addressed in only a few populations and over limited
ciated with impaired removal @®°-methylguanine adduc{®7) dose range§—6,35).In previous analytic studies of lung cancer
and with polymorphisms of MGMT codon 1428). Inhibition after radiotherapy for either breast cancer or Hodgkin’s disease,
of MGMT transcription by promoter methylation may be a comdose to the specific location where the lung cancer arose was not
mon event in lung carcinogene$). Because pyridyloxobutyl determined(4—6,35)and smoking data were often unavailable
DNA adducts formed by tobacco-generated NNK can also i(4,6,35).Because radiation dose across the lung can vary more
hibit MGMT (30), smoking and alkylating agents may functiorthan 10-fold during mantle radiotherapy when blocking tech-
as cocarcinogens. Further studies are needed to elucidatenilj@es are considered, utilization of an average dose to the entire
carcinogenic mechanisn(®5-29,31,32}jhat underlie the higher lobe(5) or an average dose to the left or right lu@g can distort
risks of lung cancer that were associated with alkylating agemfsantification of radiation-associated risk. In addition, the num-
in several smoking categories in our study. Our findings of eker of patients was small in previous studies, such as the Dutch
cess lung cancer risk were not limited to MO@Pbut extended study where only six case patients and nine control patients
to other alkylating agents, a finding that is consistent with execeived an average radiation dose to the entire lung lobe of 9 Gy
periments in laboratory animals in which a number of differemtr more(5). In our study, 233 patients (91 case patients and 142
cytotoxic drugs induce solid tumo(&8). Although Swerdlow et control patients) received 15 Gy or more to the specific site of
al. (6) suggested that mechlorethamine might be more carcirtamor origin, and evidence was convincing of an upward trend
genic than procarbazine, they were unable to evaluate this hrytung cancer risk with increasing radiation dose up to 40 Gy or
pothesis with dose data. We found highly statistically significamtore. This highly statistically significant dose—response relation
relations between cumulative dose of both mechlorethamine amdlerscores the importance of continuing to minimize the thera-
procarbazine and lung cancer risk among MOPP-treated jpautic doses of radiotherapy to treat Hodgkin's dise&®
tients. Both mechlorethamine and procarbazine as well as chidgthout sacrificing efficacy. It is interesting to note that the risk
rambucil, when administered systemically, are carcinogenic @b radiation-induced lung cancer persisted at very high doses,
rodent lungg(18), and mechlorethamine is similar in chemicalvhere the effects of tissue destruction and regeneration may
structure to sulfur mustard, an established human lung carcifave played important roles in the carcinogenic processes. Risks
gen(33). at lower doses, while elevated, were low and not statistically
Kaldor et al.(4) previously reported an elevated risk (RR significant and indicate the important role that dose reduction
2.1; 95% Cl = 1.0 to 4.2) of lung cancer in patients withcan play in reducing risk.
Hodgkin’s disease treated with chemotherapy alone comparedTo our knowledge, our study is the first to show that excess
with those given radiotherapy only or both modalities. Althouglung cancers after alkylating agents occur considerably earlier
an increase in lung cancer risk with cumulative number of ch#étan the latent period characteristic of radiotherapy-associated
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solid tumors, in which statistically significantly elevated risk$ory animalg(18),and consistency with earlier studies by Tucker
are generally not observed until 10 years or more after exposeteal. (19). Our data also suggest that alkylating agents, particu-
(17). These different latencies may reflect different mechanisrtegly mechlorethamine, are less potent on a relative scale in
for cancer induction. The peak latency of 5-9 years for lurigducing lung cancers than in inducing leukemia. Whereas risks
cancer following radiotherapy for Hodgkin's disease that wef leukemia after cumulative mechlorethamine doses of 67 mg/
observed is consistent with previous repofs9,37). The re- m?or greater to treat Hodgkin’s disease may reach 60- to 80-fold
duced latency of radiation-related lung cancer may reflect(48), the risks of lung cancer were on the order of sixfold to
susceptibility state associated with the defects in cellular immeightfold in our study. Despite the smaller RRs, however, the
nity (38) or genomic instability(39,40) that occur in patients absolute risks (or burden) could be far greater for lung cancer
with Hodgkin's disease. It is noteworthy that excesses of lunigan for leukemia, in view of the considerably higher baseline
cancer have been reported also in patients with other lymphiate of lung cancer in the general population.
poietic malignancie¢41,42)and in organ transplant recipients Given the wide variety of solid tumors induced by alkylating
(43). Whether the immunologic defects associated with Hodggents in laboratory anima{$8) and the increasing use of che-
kin's disease also contribute to alkylating agent-related lumgotherapy in Hodgkin’s diseas@9), it will be important to
cancer should be considered. It also seems possible that dlaify the type-specific risks of cancers among patients treated
immunosuppressive effects of tobacco smokiBit) may accen- with these agents, including possible interactions with the risks
tuate the immune alterations associated with Hodgkin's disedelowing radiotherapy(17). Our data suggest that excess lung
(39). cancer risk after combined therapy with radiation and alkylating
We previously reported a sevenfold risk of SCLC after priagents was as expected if the individual risks were summed.
mary therapy with radiation among Hodgkin’s disease patienthese findings are similar to the relation of radiation and cyclo-
in the Surveillance, Epidemiology, and End Results (SEER) Prahosphamide to the bladder cancer risk of patients with non-
gram} despite the limitation that SEER Program treatment datéodgkin’s lymphoma(11). However, the influence of timing
are incompletg9). Statistically significant associations betweeiand intensity of exposures to radiation and alkylating agents on
radiation and SCLC have been observed among high-dass#id tumor risks has not been well explored. On the other hand,
atomic bomb survivors and uranium ming#l,45).In the cur- smoking appeared to interact multiplicatively with radiation
rent study, radiotherapy for Hodgkin’s disease was associatbdrapy and with chemotherapy in our study.
with statistically significantly increased risks of all major histo- A major limitation of our study, as well as of previous studies
pathologic categories of lung cancer. Excesses of lung canoétung cancer after Hodgkin's diseaée-6), is the uncertainty
after treatment with alkylating agents were similarly not ren the estimates of risks associated with treatment, in view of the
stricted to any morphologic group. In contrast, it has been sugrge risk conferred by tobacco use. While radiotherapy and
gested that the increased risk of lung cancer after any treatmeimémotherapy information was readily available in the medical
for Hodgkin's disease that includes chemotherapy is confinedrcords, information on smoking habits was not systematically
adenocarcinomas (& 14 case patients) and does not extend tecorded in formats that would be optimal for epidemiologic
non-adenocarcinomas, i.e., all other histologic types groupgdrposes. Furthermore, because of the small number of lung
together (n= 35 case patientq)6). Swerdlow et al.(6) were cancers in nonsmokers, the interaction of alkylating agents and/
unable to examine the relation between radiation therapy far radiation with tobacco use could be evaluated only by com-
Hodgkin’s disease and lung cancer morphology, and most otlparing moderate-to-heavy smokers with all other patients com-
studies(4,5) did not address associations between treatment fuined. Although a multiplicative interaction was consistent with
Hodgkin’s disease and histologic type of lung cancer. our data and an additive interaction could be rejected, this find-
The age distribution of patients with Hodgkin’s disease in oumg should be interpreted cautiously, because of our inability to
investigation was skewed to older individuals, who tended &malyze the association with more finely stratified categories. To
develop lung cancer with a shorter latent period after treatmeatir knowledge, however, no other studies have attempted to
Although not statistically significant, the risks of lung canceaddress the interaction of alkylating agents for Hodgkin's dis-
after therapy with either alkylating agents or radiation increasedse and smoking on lung cancer risk. Because data on duration
with age. Previously, only the study of British patients witlof smoking had not been uniformly and prospectively recorded
Hodgkin's disease examined the effect of age on lung cander all patients, we could also not reliably develop accurate
risk, showing larger excesses after MOPP chemotherapy nteasures of cumulative tobacco use such as pack-years.
patients treated at age 50 years or more compared with youngeAn inherent limitation of studies of second tumors following
subjects(6). Since large numbers of molecular events appebliodgkin’s disease is the lack of a nonexposed comparison
to be required for lung carcinogenegi6), the probability group, given that treatment requires radiotherapy, chemo-
of a critical number likely increases with increasing age, therapy, or both(50). However, many of our analyses empha-
possible surrogate for longer smoking duration. The high prevgized exposure—response relations either by using continuous
lence of smoking among control patients in our series was wariables or by presenting risks for several ordered categories of
expected and exceeds general population estimates of 25%—404osure. With the latter approach, the inclusion of patients with
47). low exposures in the referent group is unlikely to inflate treat-
In our investigation, the use of alkylating agents in the treatent-associated risks, although it may underestimate them.
ment of Hodgkin’s disease was associated with statistically sig- Because our investigation was conducted among patients in
nificantly increased risks of lung cancer, even when adjusted ftve general population covered by well-defined reporting areas,
the effects of radiotherapy and tobacco use. A causal associattois unlikely to suffer from selection biases that may exist in
is supported by the magnitude of risk, the dose-response rédaspital- or clinic-based series. It is unclear, however, whether
tion, plausible biologic mechanisms including studies in laboraur 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 thi§) Travis LB, Curtis RE, Bennett WP, Hankey BF, Travis WD, Boice JD.
Iymphoma(38) and the high prevalence of smokers among case Lung cancer after Hodgkin's disease. J Natl _Cancer Inst 1995;87:1324-7.
patients and control patients in our study. It should be noted tip) Swerdiow AJ, Barber JA, Hudson GV, Cunningham D, Gupta RK, Han-

. . . cock BW, et al. Risk of second malignancy after Hodgkin's disease in a
our evaluation also ma_y not reflect current practlc_e with regard collaborative British cohort: the relation to age at treatment. J Clin Oncol
to the type or cumulative doses of drugs, the radiotherapy mo- 000:18:498-509.
dalities, or the combined therapies being administered. For @xt) Travis LB, Curtis RE, Glimelius B, Holowaty EJ, Van Leeuwen FE, Lynch
ample, ABVD (i.e., the combination of doxorubicin, bleomycin,  CF, et al. Bladder and kidney cancer following cyclophosphamide therapy
vinblastine, and dacarbazine) is commonly used today but was for non-Hodgkin's lymphoma. J Natl Cancer Inst 1995;87:524-30.
rarely given during the years of our study. Thus, generalizatiéw-) Travis LB, Andersson M, Gospodarowicz M, van Leeuwen FE, Bergfeldt

S - . . K, Lynch CF, et al. Treatment-associated leukemia following testicular
of our findings to current practice should be done with caution cancer. J Natl Gancer Inst 2000:92-1165-71.

and _ShOUId be We'_ghed against the remark.able g_a'”s In suer:éB Stovall M, Smith SA, Rosenstein M. Tissue doses from radiotherapy of
provided by effective treatments for Hodgkin's disease. Before " cancer of the uterine cervix. Med Phys 1989:6:726-33.

the introduction of combination chemotherapy, patients with ad+) stovall M, Blackwell R, Cundiff J, Novack DH, Palta JR, Wagner LK, et
vanced Hodgkin’s disease had a 5-year survival rate of less than al. Fetal dose from radiotherapy with photon beams: report of AAPM
10% (51), which increased to 66%—75% with MOPP chemo- Radiation Therapy Committee Task Group No. 36. Med Phys 1995;22:
therapy(52). The MOPP regimen remains one of the standar?s 63-82.

. f e A 5) Breslow NE, Day NE. Statistical methods in cancer research. Volume I.
against which treatments for adult Hodgkin's disease are eva b_ The analysis of case—control studies. IARC Sci Publ 1980;32:5-338.

ated (53)’ and component druQS are retained within Sequent@h) Preston DL, Lubin JH, Pierce DA. EPICURE user’s guide. Seattle (WA):
MOPP/ABVD and MOPP/ABV (i.e., combination of doxorubi- HiroSoft International Corporation; 1991.
cin, bleomycin, and vinblastine) hybrid regime(3,54). The (17) Boice JD Jr, Land CE, Preston DL. lonizing radiation. In: Schottenfeld DS,
use of eight cycles of MOPP/ABV results in total doses of about Fraumeni JF Jr, editors. Cancer epidemiology and preventifrec2 New
48 mg/nt mechlorethamine and 5600 mgfprocarbazine, re- York (NY): Oxford University Press; 1996. p. 319-54.
spectively(53). At these cumulative amounts, our data Wouléils) World Health Organization, International Agency for Rt_asearch on‘Cancer
. . . (IARC). IARC Monographs on the Evaluation of Carcinogenic Risks to
predlct a_lung cancer R_R of 3-6 when compa_rec_j with patients Humans. Overall evaluation of carcinogenicity: an updating of IARC
who received no alkylating agents and/or a radiation dose to the Monographs Vols 1-42; 1987.
lung of 5 Gy or less. (19) Tucker MA, Murray N, Shaw EG, Ettinger DS, Mabry M, Huber MH, et
On the basis of the overall analyses of 199 lung cancers in our al. Second primary cancers related to smoking and treatment of small-cell
study, it can be roughly estimated that 19 cases (9.6%) were due lung cancer. Lung Cancer Working Cadre. J Natl Cancer Inst 1997;89:
to treatment alone, 126 (63.3%) were due to treatment and smok- 1782-8. _ o _
ing in combination, 48 (24.1%) were due to smoking alone, aI(I%P) DeVita VT Jr, Serpick AA, Carbqnfa PE. Combination chemotherapy |n.the.
. . . . . treatment of advanced Hodgkin's disease. Ann Intern Med 1970;73:
six (3%) represented tumors in which neither smoking nor gg; oc
therapy played a role. Thus, the combined effect of treatmgpt) world Health Organization (WHO). International Classification of Dis-
and smoking accounted for the bulk of lung cancers in our series, eases for Oncology."® ed. Geneva (Switzerland): WHO; 1990.
underscoring the importance of smoking cessation in the md®2) Blot WJ, Fraumeni JF Jr. Cancers of the lung and pleura. In: Schottenfeld
agement of patients with Hodgkin's disease. It is clear that the D. Fraumeni JF Jr, editors. Cancer epidemiology and preventiSrec
tremendous improvement in the treatment of Hodgkin’s disease gi‘l’\vli:‘g'l‘w(N/Qt:itgr’:g:dallig;;ﬁ;ztggerﬁf;? lﬁ?‘«‘;"égi-t:?\’j;ﬁf- Hellman S
outweighs the.therapy-related risks Of. lung cancer ar.]d other lgt%) Rosenberg SA, editors. Cancer: principles and practice of oncol8tgd6
effects, especially when compared with the burden imposed by ppjjadeiphia (PA): Lippincott Williams & Wilkins: 2001. p. 363-76.
tobacco. (24) Pegg AE. Methylation of th&©® position of guanine in DNA is the most
likely initiating event in carcinogenesis by methylating agents. Cancer
Invest 1984;2:223-31.
(25) Hecht SS. Tobacco smoke carcinogens and lung cancer. J Natl Cancer Inst
1999;91:1194-210.
(1) Henry-Amar M. Second cancer after the treatment for Hodgkin's diseageg) souliotis VL, Kaila S, Boussiotis VA, Pangalis GA, Kyrtopoulos SA. Ac-
a report from the international database on Hodgkin’s disease. Ann Oncol ¢ mulation of0f-methylguanine in human blood leukocyte DNA during

1992;3 Suppl 4:117-28. exposure to procarbazine and its relationships with dose and repair. Cancer
(2) van Leeuwen FE, Klokman WJ, Hagenbeek A, Noyon R, van den Belt-  Res 1990:50:2759-64.

Dusebout AW, van Kerkhoff EH, et al. Second cancer risk following Hodg(27) Rudiger HW, Schwartz U, Serrand E, Stief M, Krause T, Nowak D, et al.

REFERENCES

kin's disease: a 20-year follow-up study. J Clin Oncol 1994;12:312-25.  Reduced0®-methylguanine repair in fibroblast cultures from patients with
(3) Hoppe RT. Hodgkin's disease: complications of therapy and excess mor- lung cancer. Cancer Res 1989;49:5623-6.
tality. Ann Oncol 1997;8 Suppl 1:115-8. (28) Kaur TB, Travaline JM, Gaughan JP, Richie JP Jr, Stellman SD, Lazarus

(4) Kaldor JM, Day NE, Bell J, Clarke EA, Langmark F, Karjalainen S, etal. ~ p Role of polymorphisms in codons 143 and 160 of @fealkylguanine
Lung cancer following Hodgkin's disease: a case—control study. Int J Can-  pNA alkyltransferase gene in lung cancer risk. Cancer Epidemiol Biomar-
cer 1992;52:677-81. kers Prev 2000;9:339-42.

(5) van Leeuwen FE, Klokman WJ, Stovall M, Hagenbeek A, van den Beltg) paimisano WA, Divine KK, Saccomanno G, Gilliland FD, Baylin SB,
Dusebout AW, Noyon R, et al. Roles of radiotherapy and smoking in lung  Herman JG, et al. Predicting lung cancer by detecting aberrant promoter
cancer following Hodgkin's disease. J Natl Cancer Inst 1995;87:1530-7. methylation in sputum. Cancer Res 2000;60:5954—8.

(6) Swerdlow AJ, Schoemaker MJ, Allerton R, Horwich A, Barber JA, Cun(3o) Peterson LA, Liu XK, Hecht SS. Pyridyloxobutyl DNA adducts inhibit the
ningham D, et al. Lung cancer after Hodgkin's disease: a nested case- repair of O°-methylguanine. Cancer Res 1993;53:2780-5.
control study of the relation to treatment. J Clin Oncol 2001;19:1610-8(31) Sopori ML, Kozak W. Immunomodulatory effects of cigarette smoke. J

(7) Parkin DM, Whelan SL, Ferlay J, Raymond L, Young J. Cancer incidence  Neuroimmunol 1998;83:148-56.
in five continents. Vol VII, No. 143. Lyon (France): IARC, 1997. (32) Zevin S, Benowitz NL. Drug interactions with tobacco smoking. An up-

(8) Travis LB, Holowaty EJ, Bergfeldt K, Lynch CF, Kohler BA, Wiklund T, date. Clin Pharmacokinet 1999;36:425-38.
et al. Risk of leukemia following platinum-based chemotherapy for ovarigi33) Blair A, Kazerouni N. Reactive chemicals and cancer. Cancer Causes Con-
cancer. N Engl J Med 1999;340:351-7. trol 1997;8:473-90.

Journal of the National Cancer Institute, Vol. 94, No. 3, February 6, 2002 ARTICLES 191



(34) UNSCEAR: United National Scientific Committee on the Effects of50) van Leeuwen FE, Travis LB. Second cancers. In: DeVita VT Jr, Hellman
Atomic Radiation. UNSCEAR 2000 Report to General Assembly, with S, Rosenberg SA, editors. Cancer: principles and practice of oncoltgy. 6
scientific annexes, sources and effects of ionizing radiation. New York ed. Philadelphia (PA): Lippincott Williams & Wilkins; 2001. p. 2939-64.
(NY): United Nations; 2000. (51) Peters MV. A study of survivals in Hodgkin’s disease treated radiologi-

(35) Inskip PD, Stovall M, Flannery JT. Lung cancer risk and radiation dose  cally. Am J Roentgenol Radium Therapy 1950;63:299-311.
among women treated for breast cancer. J Natl Cancer Inst 1994;86:98358) Canellos GP, Anderson JR, Propert KJ, Nissen N, Cooper MR, Henderson

(36) Advani RH, Horning SJ. Treatment of early-stage Hodgkin's disease. Se- ES, et al. Chemotherapy of advanced Hodgkin's disease with MOPP,
min Hematol 1999;36:270-81. ABVD, or MOPP alternating with ABVD. N Engl J Med 1992;327:

(37) Tucker MA, Coleman CN, Cox RS, Varghese A, Rosenberg SA. Risk of ~1478-84.
second cancers after treatment for Hodgkin’s disease. N Engl J Med 19#3) Kaufman D, Longo DL. Hodgkin's disease. In: Abeloff MD, Armitage JO,
318:76-81. Lichter AS, Niederhuber JE, editors. Clinical oncologj* 2d. Philadel-

(38) Mauch PM, Armitage JO, Diehl V, Hoppe RT, Weiss LM, editors. Hodg-  Phia (PA): Churchill-Livingstone; 2000. p. 2620-57.
kin's disease. Philadelphia (PA): Lippincott Williams & Wilkins; 1999. (54) Diehl V, Mauch PM, Harris NL. Hodgkin's disease. In: DeVita VT Jr,

(39) Falzetti D, Crescenzi B, Matteuci C, Falini B, Martelli MF, Van Den Hellman S, Rosenberg SA, editors. Cancer: principles and practice of on-
Berghe H, et al. Genomic instability and recurrent breakpoints are main c0logy. 8" ed. Philadelphia (PA): Lippincott-Raven; 2001. p. 2339-87.
cytogenetic findings in Hodgkin's disease. Haematologica 1999‘8f\|OTES
298-305.

(40) Behrens C, Travis LB, Wistuba Il, Davis S, Maitra A, Clarke EA, et al. 'Editor's note: SEER is a set of geographically defined, population-based,
Molecular changes in second primary lung and breast cancers after theragyitral cancer registries in the United States, operated by local nonprofit orga-
for Hodgkin’s disease. Cancer Epidemiol Biomarkers Prev 2000;8izations under contract to the National Cancer Institute (NCI). Registry data are
1027-35. submitted electronically without personal identifiers to the NCI on a biannual

(41) Travis LB, Curtis RE, Hankey BF, Fraumeni JF Jr. Second cancers lyasis, and the NCI makes the data available to the public for scientific research.
patients with chronic lymphocytic leukemia. J Natl Cancer Inst 1992;84:
1422-7. We thank Diane Fuchs (Westat, Inc., Rockville, MD) for administrative as-

(42) Travis LB, Curtis RE, Glimelius B, Holowaty E, Van Leeuwen FE, Lynchsistance in conducting the field studies; Virginia Hunter (Toronto, ON, Canada),
CF, et al. Second cancers among long-term survivors of non-Hodgkidadie Fine (New Haven, CT), Carmen Radolovich (Toronto), Darlene Dale
lymphoma. J Natl Cancer Inst 1993;85:1932—7. (Toronto), Judy Anderson (lowa City, lowa), Lori Odle (lowa City), Connie

(43) Birkeland SA, Storm HH, Lamm LU, Barlow L, Blohme |, Forsberg B, etMahoney (lowa City), Susanne Hein (Copenhagen, Denmark), Inge Bilde Han-
al. Cancer risk after renal transplantation in the Nordic countriesen (Copenhagen), Sandra van den Belt (Amsterdam, The Netherlands), and
1964-1986. Int J Cancer 1995;60:183-9. Gloria Gridley (Bethesda, MD) for support in data collection; Catherine Kasper

(44) Land CE, Shimosato Y, Saccomanno G, Tokuoka S, Auerbach O, Tateiahd Rita Weathers (Houston, TX) for assistance with radiation dosimetry esti-
R, et al. Radiation-associated lung cancer: a comparison of the histologynwdtes; Denise Duong (Bethesda) for secretarial help; and Jeremy Miller, Laura
lung cancers in uranium miners and survivors of the atomic bombings Gapece, and George Geise (Information Management Services, Rockville, MD)
Hiroshima and Nagasaki. Radiat Res 1993;134:234-43. for computing support. We also thank Drs. Graca Dores and Margaret A. Tucker

(45) Lubin JH, Boice JD Jr, Edling C, Hornung RW, Howe GR, Kung E, et al(Bethesda) for critical review of the manuscript. We are also indebted to the
Lung cancer in radon-exposed miners and estimation of risk from indomrany hospitals and physicians worldwide who allowed access to treatment re-
exposure. J Natl Cancer Inst 1995;87:817-27. cords, including the following hospitals in Connecticut: Hartford Hospital, Yale-

(46) Minna JD. Molecular biology overview. In: Pass HI, Mitchell JB, JohnsomNew Haven Hospital, St. Francis Hospital and Medical Center, Bridgeport Hos-
DH, Turrisi AT, editors. Lung cancer: principles and practice. Philadelphigital, Waterbury Hospital, Hospital of St. Raphael, Danbury Hospital, New
(PA): Lippincott-Raven; 1996. p. 143-8. Britain General Hospital, Norwalk Hospital, St. Vincent's Medical Center,

(47) Baron JA, Rohan TE. Tobacco. In: Schottenfeld D, Fraumeni JF Jr. editoBtandford Hospital, Middlesex Hospital, St. Mary’s Hospital, Lawrence and
Cancer epidemiology and preventior’®2d. New York (NY): Oxford Memorial Hospital, Manchester Memorial Hospital, Greenwich Hospital Asso-
University Press; 1996. p. 269-89. ciation, Veterans Memorial Hospital, Griffin Hospital, Bristol Hospital, Univer-

(48) van Leeuwen FE, Chorus AM, van den Belt-Dusebout AW, Hagenbeek ity of Connecticut Health Center and John Dempsey Hospital, William W.
Noyon R, van Kerkhoff EH, et al. Leukemia risk following Hodgkin's Backus Hospital, Park City Hospital, Charlotte Hungerford Hospital, Windham
disease: relation to cumulative dose of alkylating agents, treatment wiflommunity Memorial Hospital, Milford Hospital, Day Kimball Hospital, Rock-
teniposide combinations, number of episodes of chemotherapy, and beile General Hospital, Bradley Memorial Hospital, The Sharon Hospital, New

marrow damage. J Clin Oncol 1994;12:1063-73. Milford Hospital, Johnson Memorial Hospital, and Winsted Memorial Hospital.
(49) Cosset JM, Mauch PM. The role of radiotherapy for early stage Hodgkin's Manuscript received July 2, 2001; revised November 28, 2001; accepted
disease: limitations and perspectives. Ann Oncol 1998;9:S57—-62. December 12, 2001.

192 ARTICLES Journal of the National Cancer Institute, Vol. 94, No. 3, February 6, 2002



