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Abstract

The incidence of chronic myeloid leukemia (CML), which is caused by BCR/ABL chimeric
oncogene formation in a pluripotent hematopoietic stem cell (HSC), increases with age and
exposure to ionizing radiation. CML is a comparatively well-characterized neoplasm, important
for its own sake and useful for insights into other neoplasms. Here, Surveillance, Epidemiology
and End Results (SEER) CML data are analyzed after considering possible misclassification of
chronic myelo-monocytic leukemia as CML. For people older than 25 years, plots of male and
female CML log incidences versus age at diagnosis are approximately parallel straight lines with
males either above or to the left of females. This is consistent with males having a higher risk of
developing CML or a shorter latency from initiation to diagnosis of CML. These distinct
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mechanisms cannot be distinguished using SEER data alone. Therefore, CML risks among male
and female Japanese A-bomb survivors are also analyzed. The present analyses suggest that sex
differences in CML incidence more likely result from differences in risk than in latency. The
simplest but not the sole interpretation of this is that males have more target cells at risk to
develop CML. Comprehensive mathematical models of CML could lead to a better understanding
of the role of HSCs in CML and other preleukemias that can progress to acute leukemia.

Keywords

Chronic myeloid leukemia (CML); Age or radiation-driven carcinogenesis; Target cells for
leukemia initiation; Cancer latency; Life span study (LSS)

Introduction

Methods
Data

Chronic myeloid leukemia (CML) is a myeloproliferative neoplasm (MPN) caused by
formation of a chimeric oncogene, BCR/ABL, in a pluripotent hematopoietic stem cell
(HSC) (Melo and Barnes 2007; Sloma et al. 2010). Because CML is a comparatively well-
characterized neoplasm, many mechanistic mathematical models of CML have been
developed (Radivoyevitch et al. 2012).

The natural history of untreated CML is to inevitably progress from a chronic phase where
differentiation is reasonably well-maintained to blast or acute phase (BP) where
differentiation is lost. During BP, CML evolves to acute myeloid (AML) or lymphoid
leukemia. Consequently, CML is important as a model of other neoplasms that progress to
AML such as other MPNs and myelodys-plastic syndrome. Thus, accurate modeling of
CML may have broader implications.

We refer to the HSC in which BCR/ABL initiates CML as the target cell. Here, target cell
refers to the cell of origin of both radiation-induced and sporadic CML cases. CML risk is
then proportional to the number of CML target cells in the body one latency interval earlier,
i.e., at the time BCR/ABL develops. Such a proportionality assumption, often using
stochastic models for latency, underlies predictions of how incidence depends on age in
several standard models of carcinogenesis (Moolgavkar and Luebeck 2003; Little et al.
2008; Shuryak et al. 2011; Beheshti et al. 2013).

In the US Surveillance, Epidemiology and End Results (SEER) dataset (SEER 2013),
among persons =25 years, male and female CML background log incidences versus age are
parallel (Figs. 1, 4; Table 1). Whether this is because males have an increased risk, shorter
latency, or both, is unknown. Using Japanese A-bomb survivor data, it is shown here that
increased risk contributes more than shorter latency: increased risks suffice to explain the
sex gap in the SEER data, shorter latencies do not, so a risk difference is the most
parsimonious explanation of the SEER data.

SEER 1973-2010 data (http://seer.cancer.gov/resources/) for CML in whites, blacks and
Asians were used. Neoplasms with sequence numbers <2 were used to avoid cases induced
by radiation and/or therapy of a prior neoplasm. Asian cases were defined by SEER race
codes 3-97 (American Indian through Pacific Islander not otherwise specified).
Corresponding Asian person-years at risk were calculated using SEER race codes 3
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(American Indian) and 4 (Asian). For A-bomb survivors, Radiation Effects Research
Foundation 1950-2001 data http://www.rerf.jp/library/dl_e/Isshempy.html were used .

For SEER CML incidence data, the following models were used:

E:ecm+s~cs+k~aPY (1a)

E=etmth(a—sT:) py (1b)

where E is the number of CML cases expected based on the model, PY is the number of
person-years, a is the attained age, s is 1 for females and 0 for males, k is the aging rate
constant, Ty is the sex difference in latency in years in the absence of risk differences, em is
the incidence of CML in males, extrapolated to a newborn (y-intercept in Fig. 1), and e®s is
the factor by which female risks are lower than male risks in the absence of latency
differences.

These models are equivalent since T = — c4/k, but they have different uses: Eq. (1a) yields
estimates of the sex difference amplitude parameter cg that are needed to form male-to-
female amplitude ratios as M/F = ™% and Eq. (1b) is used to estimate sex differences in
latency Ts. The equivalence of Egs. (1a) and (1b) restates that sex differences in amplitude
are indistinguishable from sex differences in latency if male and female log incidences
versus age form parallel lines as in Fig. 1.

Our mathematical model of CML incidence among Japanese A-bomb survivors is

E— (e(i1hm+(ln‘7l+cs'S+(k+ks'8)'d+D .t.eC2hm +enntcs-st+casq-s-log(a)+t/(T4+7s-s) ) PY (2)

where in addition to the terms defined above, D is the person-year-weighted average
radiation dose in Sv (calculated assuming a neutron RBE of 10), t is the average number of
years since the exposure and n is 1 for Nagasaki and 0 for Hiroshima.

In this model, the Hiroshima male CML incidence background and radiation-induced
amplitudes e“1hm and e®2hm are lowered by the same factors of e°n for Nagasaki and eCs for
females, consistent with our hypothesis that background and radiation-induced cases arise in
the same target cells. The model’s linear radiation dose response for predominantly low
linear energy transfer exposures is counter-intuitive because CML is caused by a
chromosomal translocation, but it is supported by mathematical modeling (Radivoyevitch et
al. 2001) of data in which BCR and ABL appear to be tethered in a small but relevant
proportion of target cells (Kozubek et al. 1999), thus favoring one-track action, and by
epidemiological studies (Preston et al. 1994; Hsu et al. 2013).

When fitted to the A-bomb survivor data, our 9-parameter model in Eq. (2) yields an Akaike
information criterion (AIC) (Akaike 1974) that is 5.6 less than the AIC of the 11-parameter
relative risk model proposed by Hsu et al. (2013). Our model is thus both more
parsimonious and better fitting (deviance is less by 1.6) than the Hsu et al. model.
Furthermore, for one-hit cancers, additive risk models such as Eq. (2) are more plausible
than relative risk models.

To relax the assumption in Eq. (2) that radiation-induced excess CML risk follows a time
course shape of te™U7, a variant of this model was also explored in which times since the
exposure were divided into six intervals and separate amplitude parameters were fitted to
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each interval for both sexes. These 12 amplitude parameters Fis replaced copm, T, and s in
Eq. (2); cs could not be dropped because it also enters the background term. The resulting
CML model,

E:(eCUercn-n+cs~s+(k+ks~5)~a)_|_DFts ecn~n+625a~8~log(a) )PY )

was used to estimate sex differences in latency and amplitude independently of assuming a

waiting-time probability density of %te*tﬁ as in Eq. (2). Although the deviance of the fit
of this model, 746.1, is lower than the deviance of 752.8 of the fit of Eq. (2), this decrease is
not low enough to overcome the AIC penalty for nine extra parameters, so this model is not
our primary model.

Poisson regression (i.e., maximum likelihood estimation) was used to fit the models [using
mle2 of the R (Ihaka and Gentleman 1996) package bbmle]. Incidences were formed as E;/
PY; (predicted) and O;/PY; (observed) where, for the ith data cell, E; is the expected number
of cases, Oj is the observed number of cases and PY; is the number of person-years. For
SEER data, 95 % likelihood profile ClI estimates were found using confint of bbmle. For A-
bomb data analyses, Wald Cls were used. To map F to M/F estimates, normality of the Fy
estimates was assumed in 10,000 simulated samplings and the 0.5, 0.025 and 0.975 quantiles
were formed. To map Fy into latency difference Cls, the inversion method (Braun and
Murdoch 2007) was used to form 2.5 and 97.5 % quantiles. For consistency with deviance
and AIC values in (Hsu et al. 2013), the Poisson log-likelihood

LL=) Ojlog(E;) — E; — log(O;!) LL=) O;log(E;)

was approximated as rather than

— . - .. N
LE ;Ollog(&) Ei;log(O) can be dropped since it depends only on data (and not
parameters), but dropping E; is subtle, as it relies on a good fit so that the total number of
expected cases approximates the total number observed (i.e., data, here 75; fits typically
yielded expected case sums such as 74.999).

R scripts that reproduce our calculations are given in doc\papers\activeMS of our R package
SEERaBomb available from http://epbi-radivot.cwru.edu/SEERaBomb/SEERaBomb.html.

ICD-0O2 code 9863 misclassifies CMML as CML in SEER data

International Classification of Disease-Oncology 2 (ICD-02) code 9863 is intended to be
restricted to CML, but we suspect there may have been mis-coding of cases of chronic
myelo-monocytic leukemia (CMML) as 9863 before 1987, with decreasing frequency since
then due to increased recognition of CMML as a distinct entity. Our evidence is that
although 9863 yields an apparent HSC reserve loss epidemic over the past 35 years, ICD-9
code 205.1 which combines CML with CMML does not (Fig. 2). The alternative
explanation is that CMML incidence has been increasing at almost exactly the same rate as
decreases in CML incidence. This is unlikely. Consistent with our hypothesis, 9863
incidence trends arise only at older ages in Fig. 2, and fitting Eq. (1a) to CMML (ICD-03
9945) yields an aging rate constant of k = 0.094 (0.090, 0.099) per year (Fig. 3) that is
considerably greater than estimates for CML that are highest among whites at k = 0.037
(0.035, 0.039; Fig. 4) per year. In Fig. 4, CML incidence across age at diagnoses >25 years
is higher in males than in females, or is left-shifted in males relative to females. The aging
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rate constants (k) were the same between sexes (Table 1) but differed between whites (left)
and blacks (middle), and between whites and Asians (right). Based on CML k estimate
trends for whites (Fig. 5), such CMML mis-coding has been decreasing since 1987. To
minimize mis-coding effects, we used SEER data from 2000 to 2010. In this period of time,
cases of CML defined by ICD-02 9863 are also labeled with ICD-O3 codes 9863 (~80 %),
9875 (BCR/ABL-positive, ~ 19 %) or 9876 (BCR/ABL-negative, ~ 1 %). Thus, drops in k
estimates in Fig. 5 (where ICD-02 9863 was used rather than ICD-03) are not from
increases in separate BCR/ABL-negative CML diagnoses. It is concluded that until ICD-O3
9875 is fully adopted, ICD-02 9863, although imperfect, is the preferred option for SEER
CML data analyses.

CML incidence in SEER 2000-2010

Using ICD-02 code 9863, CML incidence in SEER 2000-2010 data is shown in Fig. 4.
Maximum likelihood parameter estimates of fits of Eqgs. (1a) and (1b), followed by their 95
% profile likelihood limits, were as follows: the aging rate constants k were 0.037 (0.035,
0.039) per year for whites, 0.029 (0.024, 0.034) per year for blacks and 0.025 (0.016, 0.033)
per year for Asians; the male/female (M/F) amplitude ratios were 1.49 (1.40, 1.59) for
whites, 1.31 (1.11, 1.54) for blacks and 1.73 (1.31, 2.28) for Asians; and the latency
differences Ty in years were 10.6 (8.9, 12.4) for whites, 9.3 (3.5, 15.5) for blacks and 22.1
(10.6, 39.4) for Asians. Within races, values of male and female aging rate constants k were
remarkably similar (Table 1).

Radiation-induced CML incidence dependence on time since exposure

Fitting Eq. (2) to CML incidence among Japanese A-bomb survivors produced the
parameter estimates shown in Table 2. The radiation-to-CML waiting-time probability

density underlying this model, namely %te*m has a mean value of 21, so the sex
difference in mean latencies is 8.25 (1.09, 15.42) years. Compared to our estimate of Tg of
22.1 (10.6, 39.4) years based on CML incidence among SEER Asians (chosen to represent
the A-bomb survivors; Fig. 4), neither mean is within the other estimate’s CI. In contrast, the
amplitude sex ratio for the fitted radiation-induced term in Eq. (2) is M/F = 1.55 (0.31, 7.71)
which is consistent with the SEER range for Asians of M/F =1.73 (1.31, 2.28; Fig. 4).
Similarly, the 12 Fs estimates (shown in Fig. 6) that were obtained by fitting Eq. (3) to
Japanese A-bomb survivor data resulted in a latency difference of 3.86 (- 25, 17) years that
also differs significantly from 22.1 (10.6, 39.4) years, as neither estimate lies in the other’s
Cl. These Fi estimates also yielded M/F = 1.28 (0.57, 3.11), whose CI includes M/F = 1.73
in Fig. 4. Thus, although Fig. 6 suggests shorter male versus female latencies, the difference
is insufficient to explain SEER data sex differences, and a difference in amplitude must
therefore also be invoked. This trade-off is summarized in Fig. 7 wherein the thin curve
represents a continuum of interpretations of the SEER Asian CML sex gap in Fig. 4 and the
thick curve is the subset consistent with T CI of the fit of Eq. (2) to the Japanese A-bomb
survivor data: curve points (T, R) satisfy log(R) = -k (T — T) where k =.025 and T, = 22.1
are for SEER Asians. Of two possible single-factor, simple interpretations (circles on the
axes), the thick curve lies closer to the pure form on the y-axis where males have higher
risks than females, than to the pure form on the x-axis where the difference is strictly in
latency.

Age at exposure

Among Hiroshima A-bomb survivors, CML crude incidence peaks at an exposure age of 30
in high dose males (Fig. 8). To determine whether this is statistically significant and thus
perhaps contributing to sex differences in risk, the radiation-induced term in Eq. (2) was
multiplied by e®2x(1-s)(1-nIx =30l where x is the average age at exposure and (1-s)(1-n) is 1
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for Hiroshima males and zero otherwise. This increased the AIC of the fitted model by 0.4,
so although it improved the fit by lowering the deviance by 1.6, it did not lower it enough to
justify the additional parameter (Wald test P = 0.23, likelihood ratio test P = 0.21).

Discussion

205.1 versus 9863

Two studies report no change in CML incidence over the past four decades (Bjorkholm et al.
2011; Chen et al. 2013). One used ICD9 code 205.1 to study the incidence of CML in
Sweden (Bjorkholm et al. 2011); the other did not state the code used to study CML in the
US (Chen et al. 2013), but it too was likely 205.1. Results of these studies are consistent
with our analysis in the lower panels of Fig. 2 and with continued coding of CMML as
205.1. In these lower panels, within each of the three oldest age groups, where CMML
contributes more to 205.1 than at younger ages, a slight decreasing trend with time is seen in
the incidence and is perhaps suggestive of a trend toward less coding of CMML as 205.1.

Risk per target cell

Non-random closeness of BCR and ABL in interphase nuclei was measured by florescence
in situ hybridization (FISH) (Kozubek et al. 1999) and modeled (Fig. 9, solid curve) to infer
greater risks per target cell than would otherwise be expected (Radivoyevitch et al. 2001):
increases in loci closeness lead to increases in risks because a single track is then more
likely to create DNA double-strand breaks (DSBs) in both BCR and ABL (this enhances
one-track action risks) and because breaks in both loci are then more likely to misrejoin (this
enhances risks of both one- and two-track action, and also risks of background DSBs not
produced by radiation). CML risk per cell being higher than expected due to loci closeness
is also supported by Hi-C DNASeq data (Fig. 10) (Lieberman-Aiden et al. 2009). Male
versus female cells were not compared by these methods, but one can speculate that sex
differences may exist and thus that besides more target cells in males, an additional possible
explanation of sex differences in CML risk is less spatial correlation between BCR and ABL
in interphase cell nuclei in females, e.g., perhaps due to the extra, albeit condensed, X-
chromosome, or lack of the Y-chromosome.

Target cell populations

No apparent AML incidence sex differences up to age 50 in Fig. 11 suggest approximately
no sex differences in target cell numbers, risk per target cell or latency, assuming
cancellations are too unlikely. Since HSC reserve male/ female (M/F) ratios could be 1.7,
but M/F for functional cells is expected to be closer to 1, no sex difference in AML target
cells at younger ages may imply that these target cells are more lineage-committed than
CML target cells. Sex differences in AML at older ages then suggest a shift in AML target
cells toward cells that are more similar to HSC reserve cells (i.e., CML target cells).

Race differences

Chromosome translocation aging rate constants are lower in Asians than in whites
(Sigurdson et al. 2008) consistent with CML k estimates in Fig. 4. Such race differences
could result from differences in DNA damage and repair, immune surveillance, or
background genotype such as the distribution of human leukocyte antigen alleles or haplo-
types defined by single nucleotide polymorphisms.

Hiroshima males versus Nagasaki males and females and Hiroshima females

Nagasaki CML cases are much less common than expected based on data from the
Hiroshima A-bomb survivors. We postulated this might be because of HSC reserve
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depletion by a lymphotrophic virus (Radivoyevitch and Hoel 2000) such as HTLV-1 which
causes acute T-cell leukemia lymphoma (ATLL). ATLL is endemic to Kyushu island (site
of Nagasaki), and less so to Honshu island (site of Hiroshima). We therefore previously
rejected the use of Nagasaki CML data in our modeling (Radivoyevitch and Hoel 2000). In
that report, we also rejected using Hiroshima female data based on radiation-to-CML
waiting times being too long compared to those in women irradiated for benign
gynecological diseases (Inskip et al. 1993). As further evidence that Hiroshima female data
may not be representative of CML in general, sex differences in background incidence aging
rate constants are not supported by SEER data (Table 1) but are by A-bomb survivor data to
the extent that removing kg from Eq. (2) dropped the deviance by 3.2, and a drop of 2 is
enough for inclusion in the model when using AlCs. It is also counterintuitive that the
radiation-induced term increases as ~age? in females (mostly because of Hiroshima
females). Relying on Hiroshima female data is thus a weakness of our approach, but it is
also the only source of the hypothesis female CML latencies are longer than male latencies.
Because two explanations exist for sex differences in CML risk and none exist for a
difference in latency, differences in risk is our favored interpretation. Furthermore, if
females have fewer HSCs than males, less competition from normal HSCs should favor
shorter, not longer, female CML latencies.

Conclusions

The log of adult CML incidence versus age shows a male line parallel to and either above a
female line or left-shifted relative to it (Fig. 4). This is consistent either with greater
numbers of CML target cells in males, greater risks per CML target cell in males, shorter
CML latencies in males, or mixtures of these possibilities. These mechanistically distinct
possibilities are indistinguishable using the SEER dataset alone. It is shown here that A-
bomb survivor CML data support a mixed interpretation that lies closer to a pure larger-
amplitude view (more target cells and/or greater risk per target cell) than a pure difference-
in-latency view. Other mechanisms such as hormonal influences are less likely to yield
parallel male-female CML log incidences.

Many neoplasms, including those not regarded as being under sex hormone influences (such
as lung cancer), show sex differences in background (and in radiogenic) incidences. The
analyses provided here support the notion that in CML, an important cause of this sex
difference may be numbers of target cells at risk for neoplastic transformation, greater risk
per target cell, or both.
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Fig. 1.

If CML log incidences for males and females are linear and parallel, a continuum of
interpretations exists that includes: (1) males having shorter latencies between initiation and
clinical CML than females but the same risks (i.e., males left of females) and (2) males
having higher risks than females but no difference in latency (i.e., males above females)
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Fig. 2.

ICD-02 code 9863 (CML) versus ICD9 code 205.1 (CML + CMML) in the SEER data set
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CMML Incidence: SEER 2000-2010
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Fig. 3.

Incidence of CMML (ICD-03 9945) in SEER 2000-2010 data. The fit of Eq. (1a) to this
data (albeit a visibly poor fit) yielded a pooled-sex aging rate constant k = 0.094 per year
that is significantly greater than k = 0.037 per year for CML in whites in Fig. 4 wherein male
and female k estimates were pooled based on Table 1
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CML Incidence by Race, Sex and Age
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Fig. 4.

Adult CML incidence age-responses versus race in SEER 2000-2010. Zero CMLs among
75-80 year old Asian females yielded log(0) = —co shown as a point on the x-axis. The units
of k are 1/year
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Using ICD-0O2 CML code 9863 and only whites in SEER 9 (1973-2010) and SEER 18
(2000-2010), k estimates (of Eq. 1a) have decreased since 1987
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|IR-to-CML Latency
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CML latency. Data points are fitted F5 of Eq. (3). Male and female radiation-to-CML mean
waiting times are T, and . M/F is the sum of Fs for males divided by the sum for females.
Fis error bars are Wald 95 % CI. To improve visibility, a 1-year shift was added to female

x-axis values
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Continuum of SEER CML
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Fig. 7.

Interpretations of CML sex differences form a curve through two pure (single cause) forms
(0): males with shorter latencies than females but the same risks (x-axis point) and males
with higher risks than females but no difference in latency (y-axis point). Thin curve
mechanisms indistinguishable by SEER data alone. Thick curve points consistent with fit of
Eqg. (2) to Japanese A-bomb survivor data
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Fig. 8.

CML crude incidence dependence on age at exposure in Hiroshima. Survivors were
partitioned into three dose groups, low (D <0.02 Sv; filled circle), medium (0.02Sv<D <1
Sv; filled triangle) and high (D > 1 Sv; filled square); and 3 age-at-exposure groups (age <
20, 20 < age < 40 and age > 40). Person-year-weighted averages of age at exposures are
plotted on the x-axis and CML cases diagnosed between 1950 and 2001 divided by
corresponding person-years are shown on the y-axis. A 0 case point, log(0) = —oo, is shown
on the x-axis
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Fig. 9.

Non-random closeness of BCR and ABL observed by interphase FISH (Kozubek et al.
1999) has been modeled (solid curve) to infer greater risks of BCR/ABL per target cell than
otherwise expected (Radivoyevitch et al. 2001). This figure is a modification of Fig. 3 in
Radiat Environ Biophys 40 (1):1-9
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Hi-C DNASeq coverage at touch points between chromosomes 9 and 22. The CML cell line
K562 has a BCR/ABL translocation. The lymphoblast cell line is viewed here as a CML
target cell surrogate. Circled is a region with above average DNASeq coverage near ABL on
chromosome 9 and BCR on chromosome 22. Each bin/pixel is 1 Mbp x1 Mbp. The
underlying heat map, generated via interactions with http://hic.umassmed.edu/heatmap/
heatmap.php, does not preexist on this Web site
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AML Incidence: SEER 2000-2010
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Fig. 11.
AML (ICD-9 205.0) incidence versus age in SEER 2000-2010 data. Sex differences in
incidence are observed only after ages greater than 50 years old
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Table 1

SEER CML aging rate constants do not differ by sex

k 25% 975%
White males 0.0377 0.0351 0.0403
White females  0.0370 0.0342  0.0398
Black males 0.0282 0.0208 0.0356
Black females  0.0294 0.0223  0.0364
Asian males 0.0236 0.0123  0.0347
Asian females  0.0263  0.0130  0.0393

Units are years_1 and 95 % CI (third and fourth column) are from likelihood profiles
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Table 2

Fit of Eq. (2) to A-bomb survivor CML

Estimate Std.error 7 yglue® Pr(Z)**

Cihm —12.6832  0.7657 -16.5641 0

k 0.0323 0.0122 2.6475 0.0081
Ks 0.0224 0.0127 1.7691 0.0769
Com  —7.301  0.7009 -104159 0

Ch -0.6187  0.316 -1.9577  0.0503
Cs -2.0185 0.8192 -2.4638 0.0137
S 3.4262 0.8806 3.8909 1e-04
Ts 4.1269 1.8287 2.2568 0.024
c2sa 2.0813 0.936 2.2235 0.0262

*
Z is the standardized distance between the parameter estimate (first column) and zero

Fk

Page 22

Pr(Z) is the probability that a parameter estimate so (or more) extreme would be observed under a null hypothesis that it is distributed normally
with zero mean and standard deviation in the second column
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