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Abstract

BACKGROUND—Leukemia is a common cancer among United States adults but there are few
established risk factors. If leukemia risks are substantially influenced by exposures that vary in
prevalence across generations, then population incidence rates should vary significantly by birth
cohort. However, prior studies have not examined leukemia birth cohort effects using
contemporary data and methods.

METHODS—We used incidence data from the National Cancer Institute's Surveillance,
Epidemiology and End Results Program from 1992 through 2009 for adults 25 — 84 years old and
age-period-cohort models to estimate incidence rate ratios according to birth cohort for acute
myeloid leukemia (AML), acute lymphoid leukemia (ALL), chronic myeloid leukemia (CML),
and chronic lymphoid leukemia (CLL).

RESULTS—Leukemia incidence varied significantly between birth cohorts for each major
leukemia type in men and women except female AML; changes on the order of 1% per birth year
or 20% per generation were observed. The most significant birth cohort signatures were observed
for CLL and AML in men, which were decreasing and increasing, respectively, in cohorts born
since 1946.

CONCLUSIONS—Our results support the hypothesis that adult leukemia risks are significantly
modulated by environmental and lifestyle exposures.

IMPACT—A number of well-established (smoking, certain chemicals, radiation) and newly-
recognized (obesity) leukemia risk factors are modifiable; ultimately, efforts to promote healthy
lifestyles might also help reduce incidence rates of adult leukemia.
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INTRODUCTION

Leukemia (all types) is a common cancer among adults in the United States (US) with more
than 40,000 new cases expected in 2012 (seer.cancer.gov). Adult leukemia incidence rates
have significant international variation (1), secular trends (1-3), and characteristic patterns
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according to age, gender, and ethnic group (1-2, 4-6). Nonetheless, whereas the risks of
secondary leukemias attributable to cancer chemotherapy and radiotherapy have been well
characterized (7-8), there are currently only a few established primary risk factors for any
major leukemia type (7-10). Therefore, it remains unclear if adult leukemias are largely a
stochastic consequence of biological senescence (11-13), or alternatively if a substantial
fraction might potentially be preventable through modification of environmental and
lifestyle risk factors.

Assessment of birth cohort effects provides a potentially informative approach to shed light
on this question (14). If cumulative exposures or exposures during sensitive ages to known
or unknown leukemia risk factors vary in prevalence from one generation to the next, then
incidence rates in the population should also vary significantly by birth cohort (15). Cohort
patterns for childhood leukemias have been described (16-17); however, associations of
birth cohort and adult leukemia rates have not been examined using contemporary data and
methods. Therefore, we used nationally representative leukemia incidence data from the
National Cancer Institute's Surveillance, Epidemiology and End Results (SEER) Program
(18) and age-period-cohort models (19) to assess incidence trends and patterns according to
birth cohort (20).

We obtained leukemia incidence data from the National Cancer Institute's Surveillance,
Epidemiology, and End Results (SEER) program for the 18 year period 1992 —2009
(seer.cancer.gov). As previously described (21-22), case and population data were
combined from SEER's 13 (23) and 18 (24) Registries Databases; collectively, SEER's 18
Tumor Registries cover up to 28% of the US population.

We conducted separate analyses for each of the four major leukemia types: acute myeloid
leukemia (AML), acute lymphoid leukemia (ALL), chronic myeloid leukemia (CML), and
chronic lymphoid leukemia (CLL), as recorded in the SEER*Stat Database version 7.0.9
(25). We analyzed incidence rates for males and females separately to account for gender-
related differences in the natural history. We limited our analysis to adult cases ages 25 — 84
years given the distinct etiologies of infant and childhood leukemias (26-30) and the small
numbers of cases ages 15 — 24. We extracted single-year rates for all races combined
(primary analyses), and for persons of non-Hispanic white race/ethnicity (sensitivity
analyses). To obtain stable estimates using age-period-cohort analyses (see below), we
grouped the single-year data into twenty 3-year age groups (25-27, ..., 82 — 84) and six 3-
year calendar periods (1992-1994, ..., 2007-2009) spanning twenty-five partially
overlapping 6-year birth cohorts (1910, 1913, ..., 1982; referred to by mid-year of birth).

Statistical Analysis

The age-period-cohort model provides a flexible framework for characterizing cancer trends
and patterns according to age at diagnosis, year of diagnosis (period), and year of birth
(cohort) (31-33). Importantly, period effects in the APC model adjust for the influences of
new treatments or diagnostic routines that can lead to changes in a specific diagnosis
amongst all age groups at a certain point in time. Using age-period-cohort models, we
examined the net drift, which estimates the average annual percentage change in incidence
per calendar year or per year of birth (32, 34), the longitudinal age-at-onset curve, which
summarizes the age-associated natural history for birth cohorts (14, 35), and the cohort rate-
ratio curve (CRR) (20) , a recently introduced measure that describes age-specific incidence
rates in each cohort relative to an arbitrary reference cohort, adjusted for any calendar period
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effects influencing all age groups simultaneously. We used the central 1946 cohort as the
reference. The log-linear component of the CRR equals the net drift, and the non-linear
component equals the Holford cohort deviations (15). We considered two likelihood ratio
tests of the CRR values, a log-linear trend test and a test of non-linear birth cohort effects,
equivalent to the Holford tests (15) of drift and cohort deviations, respectively. In
exploratory analyses, we used the Tarone-Chu method (36) to examine local changes in
incidence trends around the 1946 reference cohort. For all of our analyses P<0.05 was
considered statistically significant and CI denoted confidence interval.

Our study included a total of 91,448 leukemias (four major types diagnosed in males and
females ages 25 through 84 years) and 7.01x108 person-years of follow-up (Table 1). A
majority of cases, 58%, were diagnosed in men. The overall age-standardized rate was 17.8
and 10.5 per 100,000 person-years in men and women, respectively. Age-period-cohort
models were successfully fitted. There was no significant over-dispersion or under-
dispersion, residual plots did not reveal any systematic lack of fit, and fitted rates closely
tracked observed rates.

Net drifts for the four major leukemia types were significantly heterogeneous. CML
decreased significantly over time among men and women, by around 1% per year (Table 1).
CLL also declined significantly, by around 1% per year among men and 0.6% per year
among women. In contrast, ALL rates increased significantly by around 2.5% per year
among women and non-significantly by 0.7% per year among men. AML trends were not
significant in either sex.

The longitudinal age incidence curves for the four major types (Figure 1) were broadly
consistent with prior studies examining cross-sectional age incidence curves (1, 4); however,
the longitudinal curves shown here are adjusted for period and cohort effects. On the
logarithmic scale shown, age incidence curves for the chronic leukemias CML (Figure 1A)
and CLL (Figure 1B) appear essentially parallel in males and females, with males
consistently higher except perhaps for the male excess of CML, which appears slightly less
prominent around the age of 50 years. In contrast, a pronounced male excess of AML
emerges after age 50 years (Figure 1C), and a pronounced male excess of ALL diminishes
after age 65 years (Figure 1D). We used the Wald test for parallelism (35) to compare the
shape of the age-incidence curve in males versus females. P-values were P = 0.19 and 0.40,
respectively, for CML and CLL, indicating little difference in shape for each type in males
versus females, versus P = 6x10~* and 0.03, respectively, for AML and ALL, indicating
significant age-sex interaction.

The longitudinal age incidence curves in Figure 1 are set to the level that best matches
absolute rates in the reference cohort of persons born circa 1946. Under the age-period-
cohort model, the adjusted age-incidence curve for any other cohort is proportionally higher
or lower according to the corresponding value of the cohort rate ratio (CRR) curve (Figure
2). CRR values varied significantly for each major leukemia type except AML in females
(Table 2), on account of significant log-linear trend, significant non-linear birth cohort
effects, or both. Specifically, among women, log-linear trend was significant for ALL,
CML, and CLL. Among men, the log-linear trend was also significant for ALL, CML, and
CLL, and in addition, the non-linear birth cohort effects were significant for AML and CLL
and trending to significance for ALL.

CRR values for AML in males (Figure 2A) increased then decreased among successive
cohorts born prior to 1946, peaking around 1.25-fold higher for cohorts born from 1916
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through 1931. Thereafter, the log-linear trend was stable or consistently increasing. In
exploratory analysis, a nominally significant local acceleration was detected for men (P =
0.01) when the 7 adjacent birth cohorts on either side of the reference cohort (1949 — 1967
versus 1925 — 1943) were contrasted using the Tarone-Chu method. AML birth cohort
patterns appeared qualitatively similar in women compared to men (Figure 2B versus 2A; P
= 0.29 for differences between males and females). However, among women, neither the
log-linear nor the non-linear birth cohort effects were statistically significant (Table 2).

For AML the distribution of the underlying 13 ICD-O-3 codes changed markedly over time.
The frequency of the most common code (9861) decreased abruptly around the middle of
our study period, from 78% of cases in 1992 to 54% of cases in 2009, and a number of less
common codes (including 9871-9874) increased substantially. Therefore, we did not
attempt to fit age-period-cohort models for specific codes.

CRR values for CLL in males declined significantly (Figure 2C); furthermore, the rate of
decline was significantly faster in cohorts born after 1946 than before (Table 2 and Figure
2C). Compared to the 1946 cohort, the CLL rate in the 1964 cohort was 0.63-fold lower
(95% CI: 0.50 to 0.79-fold lower). CRR values for CLL in females also declined
significantly (Figure 2D); however, there was no acceleration of the decline in younger
cohorts.

For ALL in males (Figure 2E) non-linear birth cohort effects were trending to significance
(P=0.08, Table 2), and there was a nominally significant local acceleration around the 1946
reference cohort (P = 0.03), such that CRR values were consistently increasing in younger
cohorts born after 1946. For example, compared to the 1946 reference cohort, the ALL rate
in the 1964 cohort was 1.37-fold higher (95% ClI: 1.01 to 1.87 fold higher). Among females,
the CRR values for ALL (Figure 2F) also increased consistently and significantly by cohort,
but there was no evidence for any changes around the 1946 reference cohort. As for AML,
the frequency of specific ALL codes also changed abruptly over time, therefore separate
models were not considered.

Birth cohort patterns for CML appear very similar in men and women (Figures 2G and 2H,
respectively). In both sexes, rates were highest in the oldest cohorts born circa 1910. The
rates clearly declined by around 1% per birth year through the cohorts born circa 1946. The
CRR values appear to have remained stable from that cohort on. However, the apparent
leveling off of the CRR curves does not result in a statistically significant test of non-linear
birth cohort effects in males or females (Table 2). Interestingly, in exploratory analysis, we
detected a nominally significant local deceleration for men (P = 0.004 for 1949 — 1967
versus 1925 — 1943). The corresponding difference in slopes was similar for women, but the
slope contrast was not statistically significant (P = 0.11). As a sensitivity analysis, we
excluded the 22 percent of CML cases with ICD-O-3 code 9945 corresponding to the
clinically and cytogenetically distinct entity of CMML, and obtained very similar results.

As a sensitivity analysis, we estimated CRR curves specifically for non-Hispanic whites.
The values were very similar to those shown for all races combined. However, for a number
of the curves the levels of statistical significance were reduced, as expected given the
diminished numbers of cases.

DISCUSSION

The four major leukemia types are established endpoints for descriptive (37) and analytical
(38-41) epidemiologic studies; however, it is increasingly clear from molecular studies that
these categories do not represent homogeneous groups of similar diseases but instead
constitute heterogeneous groups of related diseases. Within the major types the etiologies of

Cancer Epidemiol Biomarkers Prev. Author manuscript; available in PMC 2013 December 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rosenberg et al.

Page 5

the component diseases remain largely unclear and are very difficult to study because of the
small numbers. For this reason, we and others have focused on the broad-based major types,
recognizing that the mixing of subgroups might weaken or obscure any underlying
association signals.

Therefore, it is quite striking to report that leukemia incidence varied significantly between
birth cohorts for each major leukemia type in men and women except female AML; changes
on the order of 1% per birth year or 20% per generation were observed. Our results are
consistent with the hypothesis that many leukemia risks among adults are substantially
affected by known, suspected, and perhaps unrecognized environmental and lifestyle
exposures that change in prevalence from one birth cohort to the next (32, 34). Compared to
the patterns found for some other malignancies, notably testicular (42—44) and breast (45—
46) cancers, associations of leukemia risks and birth cohort are comparatively subtle. Of
course, the comparatively weak signal strengths might reflect the broad mixture of diseases
under study.

A key strength of our study is we analyzed the sexes separately. Indeed, our longitudinal age
incidence curves revealed significant age-sex interactions for AML and ALL after
accounting for period and cohort effects. This finding has repeatedly been noted in prior
cross-sectional studies in which cohort artifacts cannot entirely be ruled out. Therefore, our
analysis strongly supports the hypothesis that acute leukemia risks are modified by
hormonal changes over the lifespan in males or females. Importantly, our separate estimates
of birth cohort effects for males and females are adjusted for these differences in the natural
histories between the sexes.

The strongest specific (i.e. non-linear) birth cohort signatures were observed for CLL and
AML in men. The significant birth cohort signature for AML in males is intriguing given
there are a number of established AML risk factors include ionizing radiation, certain
chemicals, including benzene and formaldehyde, and tobacco (7, 47-48). Therefore, the
significant rise and fall of AML incidence in cohorts of men born prior to 1946 might
reflect, at least in part, increases and decreases in these well-established carcinogens.

There is increasing evidence that obesity should be recognized as an important established
risk factor for leukemia, particularly AML, based on diverse single-population studies (38,
40, 49-52) and in meta-analyses (53-54). In the US obesity has become prevalent in all age
groups (55). In exploratory analysis, we also detected a significant acceleration in AML risk
(consistent with either a genuine increase in risk or a slowing of a decreasing risk) beginning
with the baby boomer cohorts. Importantly, these cohorts of men are not yet elderly.
Therefore, if the significant acceleration in AML risk in successive cohorts born since 1946
is in part a consequence of obesity, our findings suggest that obesity, and any other putative
risk factor increasing in these cohorts, must modulate the risks beginning in early adulthood
or middle age.

Non-linear birth cohort effects for CLL were highly significant in men but not in women,
even though the shape of the age incidence curve for CLL was remarkably similar in women
compared to men. This discrepancy might reflect smaller numbers of CLL cases in women
compared to men. Alternatively, if CLL is increasingly diagnosed and managed outside of
the hospital setting especially in younger men, the cohort patterns reported here might
reflect decreasing completeness of hospital-based CLL reporting to SEER rather than
genuine declines in incidence (56). Existing (small) adjustments for reporting delay apply to
all ages and therefore modify period effects but not cohort effects in age-period-cohort
models. Development of reporting delay adjustments that vary by age, sex, and calendar
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year might help determine whether cohort patterns for CLL reflect genuine changes in risk
or reporting artifacts.

CML is characterized by a signature lesion, The BCR-ABL translocation (57). Since a
necessary cause of CML is so specific and the disease is so rare in all populations, one might
hypothesize that the incidence of CML might be more driven by stochastic events than
specific environmental risk factors. We and others (1, 58) have reported significant overall
declines in CML incidence; in this study we also observed apparently stable CML rates in
cohorts born since 1946. This new observation is consistent with the hypothesis that CML is
less environmentally sensitive than AML which is increasing in the same cohorts, but needs
to be replicated in other populations.

ALL is a highly heterogeneous disease and little is known about its causes (59). We
observed significant gender differences in natural history (Figure 1), time trends (Table 1),
and birth cohort effects (Figure 2). ALL does appear to be increasing in both younger men
and women.

A major limitation of our study is the primary analysis included persons of all race/ethnic
groups, because even using SEER-18 there were relatively limited numbers of cases to
estimate birth cohort effects with sufficient precision within distinct racial/ethnic groups.
Therefore, our primary results could potentially be biased by changes in population
structure. However, we did have sufficient numbers of cases to restrict our analyses to the
largest subgroup of non-Hispanic whites, and obtained nearly identical estimates, although
the levels of statistical significance were reduced in some cases. Therefore, it appears
unlikely that the cohort effects we observed are simply an artifact of changes in the racial/
ethnic composition of the population covered by SEER.

A second major limitation is we analyzed the four major types in their entirety even though
only CLL is based on a single diagnostic entity. The SEER database includes 13 distinct
ICD-0-3 codes for AML and 4 each for CML and ALL. However, exploratory analysis
found abrupt secular changes in the distribution of these codes over time that might reflect
changes in coding practices as much as any genuine shift in disease spectrum. Therefore, we
did not pursue separate analyses for the various subtypes defined by ICD-O-3 codes.

In summary, our results are consistent with the hypothesis that risks of adult leukemia are
significantly modulated by environmental and lifestyle exposures and therefore may be
modifiable. However, we did not identify notably sharp or specific changes in risk
associated with birth cohort, except for increases in AML and decreases in CLL in younger
men born since 1946. In light of the limitations noted above, our results also suggest that
identification of stronger signals may require that future studies split each major type into a
few consistently-defined and biologically-related families of subtypes (60-61). This strategy
has proven very informative in studies using estrogen receptor status of breast tumors (62—
63). For population-based studies of the leukemias, such subtypes might reflect advances in
cytogenetics (13, 64).
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C. AML, Rates by Age
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Figure 1.

Age-period-cohort longitudinal age-at-onset curves for CML (A), CLL (B), AML (C), and
ALL (D), for men (blue curves) and women (grey curves) ages 25 — 84 years. Shaded
regions show point-wise 95% confidence limits. The levels of the curves reflect the rates for
the 1946 reference birth cohort, as described in Methods.
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Figure 2.
Cohort rate ratio curves by type of leukemia and sex, relative to the experience of the 1946

reference birth cohort, as described in Methods. Shaded regions show point-wise 95%
confidence limits. Horizontal dotted line shows rate ratio of 1 (no difference between given
cohort and reference cohort). Vertical dotted line marks the 1946 reference cohort.
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Table 2

Statistical Significance of Cohort Rate Ratios

Sex Leukemia Type Log-Linear Trend per Birth Year P-ValueT Non-Linear Birth Cohort Effects, P-ValueT

All Males AML 0.66 0.004
ALL 0.05 0.08
CML 7x1078 0.71

CLL 0.01 8x1076
All Females AML 0.24 0.30
ALL 2x1077 0.84
CML 4x1074 0.24
CLL 0.05 0.30

7‘See Methods for details.
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