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ABSTRACT--The risk of leukemia was evaluated in 9,170 2-or- originally constructed to provide a sampling frame from

more-year survivors of childhood cancer in the 13 institutions of which to select controls for the case-control study. This
the Late Effects Study Group. Secondary leukemia occurred in 22 cohort, however, allowed us to compute an expected
nonreferred individuals compared to 1.52 expected, based on number of secondary leukemias based on general popu-

general population rates [relative risk (RR) = 14; 95% confidence lation rates (8). Leukemias arising less than 2 years after

interval (CI), 9-22]. The influence of therapy for the first cancer on the initial cancer were excluded from analysis because
subsequent leukemia risk was determined by a case-control study they were unlikely to be treatment related. Three of 25

conducted on 25 cases and 90 matched controls. Treatment with patients with secondary leukemia were not treated for
alkylating agents was associated with a significantly elevated risk their first tumor at an LESG hospital; these "referral"

of leukemia (RR = 4.8; 95% CI, 1.2-18.9). A strong dose-response cases were excluded from the cohort analysis. The
relationship was also observed between leukemia risk and total period of observation for calculating the risk of develop-
dose of alkylating agents, estimated by an alkylator score. The RR

of leukemia reached 23 in the highest dose category. Radiation

therapy, however, did not increase risk. Although doxorubicin was

also identified as a possible risk factor, the excess risk of leukemia i Received May 5, 1986; accepted September 16, 1986.
following treatment for childhood cancer appears almost entirely 2Supported in part by Public Health Service contract N01CP-91049
due to alkylating agents.--JNCI 1987; 78:459-464. [rom the Division of Cancer Etiology, National Cancer Institute.
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ogy, National Cancer Institute, National Institutes of Health, Public
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at risk of developing late complications of treatment. An 4Address reprint requests to Dr. Tucker at the Landow Building,

excess of leukemia and other cancers in survivors of Room 3C-29, Bethesda, MD 20892.

childhood cancer has previously been reported by the 5Children's Hospital, Philadelphia, PA.
6Department of Radiation Physics, M.D. Anderson Hospital, Hous-

LESG, a collaborative group of 13 major pediatric ton, YX.

oncology centers (1). Because the increased risk of 71nstitutGustave-Roussy, Villejuif, France.

leukemia following Hodgkin's disease (2, 3), ovarian 8Manchester Tumor Registry, Manchester, England.
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lymphomas (6), and small-cell carcinoma of the lung (7) _0We are indebted to the many physicians and other personnel at the
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ing leukemia began 2 years after diagnosis of the pri- small as to invalidate the conditions necessary for con-
mary tumor and ended with the date of death, date of ducting matched logistic regression analyses, unmatched
last follow-up, or date of developing leukemia, which- analyses were conducted (14).
ever came first. Expected values of leukemia were also Radiation dosimetry.--Most of the radiation therapy
computed by assuming that all children alive at lasl was delivered by orthovohage apparatus, although some
follow-up survived and were disease-free at the closing megavohage units were used during the later years.
date of the study, January 1980. Person-years of observa- Individual dosimetry determinations were made for all
tion were accumulated by means of the computer pro- cases and controls by one author (M. S.) incorporating
gram of Monson (9). Sex-, age-, and calendar-year- age at exposure and individual body measurements,
specific rates for both leukemia (all types combined) and such as weight, height, and body surface area. Actual
ANLL obtained from the Connecticut Tumor Registry exposure conditions were simulated on the basis of
were applied to the appropriate person-years of observa- machine parameters, field configurations, and treatment
tion to estimate the number of cases expected had this conditions, and doses within skeletal components of an
population experienced the same rates prevailing in the anthropomorphic phantom were measured. Collimator
Connecticut population (10). Incidence rates from Con- head leakage and radiation scatter from the different
necticut were used, since the risk of childhood cancer types of therapy machines were taken into account to
shows little variation among Western countries (11). the extent possible. The distribution of active bone mar-
Statistical methods for risk estimation were based on the row for children of various ages was taken from Christy
assumption that the observed number of second tumors (15). For those instances where radiation therapy in[or-
followed a Poisson distribution. Tests of significance mation was less than adequate (10/115), best estimates of
and CIs for the RR (observed/expected cases) were calcu- conditions and exposure values were made considering
lated with the use of exact Poisson probabilities. Cumu- the hospital, calendar year, tumor site, age, and size of
lative probabilities of developing leukemia over time the subject at the time of irradiation. These estimates
were estimated by the method of Kaplan and Meier (12). were made in consultation with a pediatric radiation

Case-control analysis.--For each of the 25 leukemia therapist (G. J. D'Angio). The radiation dose was aver-
cases, 2 patients without subsequent cancer matched on aged over the total active bone marrow.
histologic type of the first tumor, duration of follow-up Chemotherap)) quantification.--An attempt was made
(at least as long as the leukemia latent period), age at to quantify an individual's exposure to all alkylating
first tumor diagnosis (+2 yr), sex, and race were ran- agents, since this class of therapeutic drugs has been
domly selected as controls. To gain statistical power, we consistently associated with increased rates of leukemia
increased the 50 original matched controls to 90 by (2-7). For combination of the exposures to multiple
including additional controls who met identical match- drugs into a single parameter, an alkylating agent score
ing criteria. These controls were available from the total was developed that included procarbazine because of
survey of 222 second cancers matched to 444 controls, its similar mechanism of action (16). For each alkylating
The additional controls were thus initially matched to agent, we summed the total dose received per body sur-
cases who developed second tumors other than leuke- face area (mg/m 2) for each study subject. Dose distribu-
mia. No second tumor cases were included as controls, tions for all subjects in the overall case-control study

The diagnoses of cases and control subjects were con- were made for each agent and were divided into thirds.
firmed by pathology reports in the medical records. A Thus each study subject was assigned a score of 0, 1, 2,
panel of LESG pathologists confirmed the histologic or 3 for each separate agent, depending on whether
type of all first and second tumors of the cases. For the he/she received none or fell into the lower, middle, or
cases and controls, detailed medical and exposure his- upper third of the distribution, respectively. The scores
tories were abstracted from medical records. For both of the individual alkylating agents were then summed
radiation therapy and chemotherapy, data were collected for each study subject. The sum was called the "alkyla-
on all treatments until the development of leukemia for tor score" and ranged from 0 to 12. One key assumption
each case or the corresponding interval for each matched is that the relative effectiveness of each alkylating agent
control, in causing leukemia is similar. Similar scores were devel-

Comparisons between cases and matched controls for oped for the vinca alkaloids and doxorubicin, which
all variables of interest were made by the conditional were the next most commonly used drugs. For doxoru-
logistic regression method; variable matching ratios bicin, however, the dose levels were split into only two
were taken into account (13). Radiation dose to the strata, high and low, because few patients had received
active bone marrow and amount of chemotherapy were this drug.
grouped into categories described below according to the
overall distribution of cases and controls, and RRs were
calculated between each category and a referent (lowest RESULTS

dose) category. Tests for trend were made by taking the Cohort Study
midpoint of each dose category as the representative
value or score. For those instances where the matching Among the 9,170 2-or-more-year survivors of child-
factors were not correlated with the exposure histories ol hood cancer, 55% were male; 45% were age 0-4, 25Towere
the cases and controls, or for which the numbers were so age 5-9, and 30% were age 10 or more. The average age
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TABLE1.--Observed (obs)and expected (exp) numbers of secondary TABLE2.--RR of leukemia by radiation dose to totol
leukemia among all children living 2 or moreyears after actire bo_e marrow

diagnosis of a first cancer RR by radiation dose, rad
Absolute Specification

Cohort Obs/Exp 0 <250 250- 1,000- 1,500- _>2,000
Category No. Obs Exp (95%CI) excess

risk" No. of cases 5 5 3 4 5 3

First cancer total 9,170 22 1.52 14(9-22) 4.0 No. of controls 12 11 31 11 13 12
Hodgkin's disease 1,036 12 0.14 89 (44-150) 22.6 RR 1.0(' 1.2 0.1 0.8 0.7 0.4
Wilms' tumor 1,248 4 0.27 15 (4-38) 4.5 RR, adjusted for 1.0" 1.2 0.2 1.5 1.0 0.1
Ewing's sarcoma 213 2 0.03 62 (8-241) 16.7 alkylator score

Absolute excess risk = [(obs - exp)/person-yr]×104. "Referent category, matched analysis.

risk estimates: RR=ll.2 and absolute risk=2.9 excess
of primary tumor diagnosis was 7.0 years. The average
length of follow-up was 5.5 years, ranging from 2 to 42 cases/10,000/year.
years; there were no significant differences between Case-control study.--Of the 25 cases of leukemia, 20
males and females. The average year of diagnosis was had ANLL, 3 had ALL, and 2 had CML. The initial
1969 and ranged between 1936 and 1979. Twenty-two tumors were Hodgkin's disease-12 (11 ANLL; 1 CML);
leukemias occurred versus 1.52 expected (RR=14; 95% Wilms' tumor-5 (4 ANLL, 1 CML); Ewing's sarcoma-3
CI, 9-22). The excess leukemia incidence rate was 4.0 (2 ANLL, 1 ALL); medulloblastoma-2 (1 ANLL, 1
cases per 10,000 persons per year. Most of the risk was ALL); neuroblastoma-1 (ALL); rhabdomyosarcoma-1
associated with the development of ANLL with 19 cases (ANLL); and glioblastoma-1 (ANLL). The 3 referral
observed compared to 0.70 expected (RR=27; 95% CI, cases excluded from the cohort study were Wilms' tumor
16-43). Risk was not found to differ by sex or time since followed by CML, Ewing's sarcoma tollowed by ALL,
diagnosis, but it appeared to rise with increasing age at and medulloblastoma followed by ALL.
initial diagnosis (absolute excess risk in excess cases/ All persons who developed leukemia were treated with
10,000/year = 2.6, age 0-4; 4.0, age 5-9; 6.5, age _>10) radiation therapy and/or alkylating agent chemother-
and was highest among children treated for Hodgkin's apy. The average radiation dose to active bone marrow
disease and Ewing's sarcoma (table 1). The absolute ranged from 0 to 3,800 rad (mean = 1,000 rad). There
excess risks for ANLL were not significantly different was no signilicant difference in risk o{ leukemia by
from total leukemias, but the RRs of ANLL after Hodg- radiation dose between the cases and controls (table 2),
kin's disease and Ewing's sarcoma were 138 and 112, even after adjustment was made [or alkylating agent
respectively. The cumulative mean probability (-t-SE) of treatment. No dose response was seen among the subjects
developing leukemia rose to 0.8% (+0.2%) 20 years after treated only with radiation.
initial diagnosis for the entire cohort and to 4.2% Procarbazine and nitrogen mustard were the alkylat-
(4-1.9%) for patients treated for Hodgkin's disease (text- ing agents most commonly used in the cases (48 and
fig. 1). Making the conservative assumption that sub- 36%) and the controls (13.3 and 14.4%). Nitrosoureas
jects alive at last follow-up survived and were disease- were used in 24% of the cases and 5% of the controls.
free until the study closing date had little effect on the Chlorambucil and cyclophosphamide were also more

common in the cases. Overall, 61% of the study subjects
received no alkylating agents, 10% received one drug, 7%
received two drugs, 10% received three drugs, 7% received

..... _42,o_+__% four drugs, and 5% received five or more drugs. Sixty-
< 4% four percent of the cases and 32% of the controls were

...... ENTIRECOHORT--H000*'_S0'SE_SE treated with alkylating agents (RR=4.8; 95% CI, 1.2-
3% 18.9). The small number of cases precluded detailed

analysis of the risks of individual drugs, particularly

since they were usually given in combination with other

_:_2% alkylating agents. The interval between initial treatment
with alkylating agents and leukemia ranged between 2.6

_ 1% and 12 years (median 3.5; mean 5.1). The interval..... (08±02%

--- - ..... •,-_--- between last treatment with alkylating agents and leu-
0 ' , , kemia ranged between 0 and 5.7 years (median 1.7; mean

2 5 10 15 20 1.8).YEARSFROMD_AGNOSrSOFF_RSTMAUGNANCY
, , , The risk of leukemia rose with increasing alkylator

COHORT 91170 5524 2288 979 296 score (P=.003) (table 3). There was no apparent in-
HODGKIN'S '_ 1036 659 212 47 12

DISEASE NUMBEROFPATIENTSATRISK creased risk with low-dose alkylating agents, but with

TEXT-FIGURE1.--Cumulative risk of leukemia after childhood cancer, multidrug therapy (score >3) the RR rose to 23.2 in the
.... , cumulative risks of leukemia after all childhood cancers, highest dose category. To differentiate between duration

, risksof leukemia after Hodgkin's disease, of exposure to alkylating agents and total amount of
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TABLE 3.--Matehed RR of leukemia according to alkylator score. TABLE 5.--Effects of alkylator score and doxorubicin on the
adjusted for radiation dose RR of leukemia"

RR for alkylator score: Doxorubicin
Specification Alkylator score Specification

0 1-2 3-4 5-6 _>7 No Yes

No. of cases 9 1 3 7 5 <_4 No. of cases 12 1
No. of controls 61 12 7 7 3 No. of controls 75 5
RR 1.0" 0.7 8.4 16.0 24.2 I' RR 1.0_ 2.5
RR, adjusted for radiation 1.0 (' 0.7 7.9 18.3 23.2' _>5 No. of cases 6 6

No. of controls 9 1

Referent category. RR 5.4_ 46.2"
P'Risks for alkylat0r score >3 statistically significant.
' Trend significant P=.003. _*Age-stratified analysis performed since matched analysis pro-

hibited due to small numbers.
Referent category.
Risk significantly elevated (P<.05).

drugs received, we totaled the actual number of days that
each subject received alkylating agents. Within each
duration of treatment interval (_100 days, 101-300,

>301), there was a clear dose response with increasing (range 0.8-2.7). Subsequently, the alkylator score was
alkylating agent score. Within each alkylating agent reexamined; adjustment was made for doxorubicin, with
score stratum, however, there was no consistent effect no significant change in the risks (RR = 19.5 in the

with increasing days of treatment. The risk of leukemia highest dose category). The combined effect of doxoru-
was higher in the patients who had received the last al- bicin and alkylating agent therapy on leukemia risk was
kylating agent within 2 years of developing leukemia examined, and the risk appeared more than multiplica-
(RR = 6.2; 95% CI, 2.2-17.2) than in those who received live; i.e., the combined effect exceeded that anticipated
the last alkylating agent more than 2 years prior to based on the product of the individual effects (table 5).
leukemia (RR = 2.0; 95% CI, 0.6-6.7). This effect did Although the analysis was limited by small numbers, we
not vary when risks were stratified by alkylator score, found no evidence to suggest positive interaction be-
duration of treatment, or time from initiation of alkylat- tween alkylating agents and radiation therapy or be-
ing agent. The major determinant of risk remained the tween doxorubicin and radiation therapy.

alkylator score. Only those individuals who had an al- To clarify the effects of age and the first tumor diag-
kylator score greater than 3 were at risk of leukemia more nosis on the risk of leukemia as shown in the cohort
than 2 years after the last alkylating agent, and those analysis, we examined the use of alkylating agents
who received the highest doses were at risk for the among the controls, who were representative of the
longest period of time. cohort. Among the controls, 13.5% received alkylating

Other chemotherapy given to study subjects included agents at age 0-4 years, 37.5% received them at age 5-9
vinca alkaloids, prednisone, dactinomycin, and doxoru- years, and 56% received them over age 10. After adjust-
bicin. No meaningful evaluation of the vinca dose level ment for dose, there was no difference in leukemia risk
was possible because vinca alkaloids were so highly associated with alkylating agents between those younger
correlated with alkylating agents (e.g., combined ther- or older than 10 years. Similarly, alkylating agents were

apy with the use of MOPP, CMOPP, and their varia- received by only 4% of the Wilms' tumor controls, com-
tions). Among the 33 patients with Wilms' tumor, none pared to 60% of Hodgkin's disease, 75% of Ewing's sar-
of the cases received alkylating agents, and there was no coma, and 30% of the other controls. The number of
case-control difference in the use of dactinomycin. Hodgkin's disease patients was sufficient to examine by

The risk of leukemia appeared to increase with higher collapsed dose categories, but the risks in each category
doses of doxorubicin (P----.13) even after adjustment for were not greater than those seen in other cancers. Nine

alkylator score (table 4). The mean latencies between of the 12 cases with Hodgkin's disease had an alkylator
start and end of doxorubicin treatment and diagnosis of score of 6 or more.

leukemia were 2.6 years (range 1.5-3.5) and 2.1 years
DISCUSSION

Our findings indicate that the increased risk of
TABLE 4.--RR of leukemia according to doxorubicin dose adjusted

for alkylator score leukemia following treatment for childhood cancer is
almost entirely due to the use of alkylating agents. This

RR at dox0rubicin dose conclusion is supported by the strong dose-responseSpecification
None Low High relationship observed between leukemia risk and the

total dose of alkylating agents, estimated by an alkylator
No. of cases 18 2 5
No. of controls 84 3 3 score with the RR reaching 23.2 in the highest dose
RR 1.0" 2.3 4.9 category. The risk was primarily associated with ANLL,

Trend P=.13 consistent with the experience of various adult cancers
treated with alkylating agents (2-7).

Referent category, matched analysis. In the cohort analyses, the elevated risk of leukemia at
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older ages can be explained by the higher doses of al- for alkylator score. The more than multiplicative inter-
kylating agents received. Similarly, the excess leukemia action with alkylating agents suggests that combined
after Hodgkin's disease and Ewing's sarcoma can be treatment with doxorubicin and alkylating agents is
explained by treatment with alkylating agents. The more leukemogenic than one would expect based on
cumulative risk of leukemia following Hodgkin's disease their independent risks. Since doxorubicin was usually
was about 1.5% at 10 years and 4% at 20 years; the risk at given after alkylating agent therapy in this survey, its
10 years resembles that of the Stanford series of cases effect, if real, could result from a second mutational

treated under age 20 (2). event that promotes the development of the leukemia
To obtain an index of the total amount of alkylating after the initial DNA damage to stem cells by alkylating

agents received, we developed an alkylator score as a agents.

method for combining different drugs. We recognize Although the impact of chemotherapy may have
that this artificial score may not be appropriate in dif- masked a much smaller radiation risk, it appears that

_ ferent circumstances when large proportions of a homo- radiation therapy for childhood cancer is not as an
geneous patient population receive single-agent chemo- important a factor in the development of subsequent
therapy. In this case, direct analysis of drug dose in leukemias. However, our ability to evaluate the effect of
mg/m 2 would be preferable. This unique score is based radiation in those who did not receive alkylating agents
on the actual amount of drugs received (rag/m2), not a was hampered by small numbers and the fact that all
summation of the number of cycles or the number of these cases received substantial radiation. Although no
drugs as used by previous investigators (3). The con- radiation dose response was evident, all four ANLLs fol-
struct of the score, however, requires a major assump- lowing Wilms' tumor received radiation (<1,000 tad
tion: that dose levels of different drugs in the same third average marrow dose) but no alkylating agent, and the
of their respective dose distributions are equally leuke- population expectation was only 0.3 for all leukemia.
mogenic. Despite this assumption, the model appears to The identified leukemia risks must be put in perspec-
be useful in quantitatively evaluating the risk of leuke- tive. Over the last 30 years, when the patients in this
mia following exposure to combination drug therapy; study were treated, significant therapeutic advances were
dose-response relationships were evident and interactive made which resulted in thousands of children surviving
analyses were facilitated. Summing the individual drug for extended periods of time. Much of this success is due
scores produced a measure of exposure for which risk to the use of alkylating agents in combination therapy.
increased in proportion to the increment in score. There Until less toxic but equally effective therapy is found,
was no evidence that risk was concentrated only among the small risk of leukemia of approximately 1% at 20
those who received the highest quantities of individual years should not discourage the use of established forms
drugs. For example, within the limits of the data, it of treatment for advanced cancer. In the 'setting of adju-
appeared that an individual with a score of 6, because of vant therapy or therapy for nonneoplastic disease, how-
receiving 2 drug scores of 3 had the same or similar risk ever, this risk should be considered and balanced with
as an individual with a score of 6, because of 3 drug the anticipated benefit from such treatment.
scores of 2, etc. Total dose seemed to be a more impor-
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