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Abstract

Background—To understand the impact of radiotherapy on the development of myelodysplastic
syndromes (MDS) and acute myeloid leukemia (AML) among elderly prostate cancer patients

Methods—We performed a retrospective cohort study of elderly prostate cancer patients
diagnosed during 1999-2011 by using the National Cancer Institute’s Surveillance, Epidemiology
and End Results—Medicare linked database. Competing risk analyses adjusting for patient
characteristics were conducted to assess the impact of radiotherapy on the development of
subsequent MDS/AML, compared with surgery.

Results—Of 32,112 prostate cancer patients, 14,672 underwent radiotherapy, and 17,440
received surgery only. The median follow-up was 4.68 years. A total of 157 (0.47%) prostate
cancer patients developed subsequent MDS or AML, and the median time to develop MDS/AML
was 3.30 (range: 0.16-9.48) years. Compared with prostate cancer patients who received surgery
only, patients who underwent radiotherapy had a significantly increased risk of developing
MDS/AML (hazard ratio [HR] =1.51, 95% confidence interval [CI]: 1.07-2.13). When
radiotherapy was further categorized by modalities (brachytherapy, conventional conformal
radiotherapy, and intensity-modulated radiotherapy [IMRT]), increased risk of second MDS/AML
was only observed in the IMRT group (HR=1.66, 95% CI: 1.09-2.54).

Conclusions—Our findings suggest that radiotherapy for prostate cancer increases the risk of
MDS/AML, and the impact may differ by modality. Additional studies with longer follow-up are
needed to further clarify the role of radiotherapy in the development of subsequent myeloid
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malignancies. A better understanding may help patients, physicians and other stakeholders make
more informed treatment decisions.
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Introduction

Prostate cancer is common among men in developed countries. In the United States (US),
approximately 3 million men live with prostate cancer, and one out of seven men is expected
to be diagnosed with prostate cancer during his lifetime.(1,2) About 93% of newly
diagnosed prostate cancers are in the local or regional stages, for which the 15-year relative
survival is 94.3%.(1) Approximately 40% of patients aged 70 years or older receive
radiotherapy as initial treatment.(1) Nearly 1 out of 70 prostate cancer patients who undergo
radiotherapy and survive more than 10 years will develop secondary cancer.(3) With a high
rate of long-term survivorship, the risk of late treatment effects, such as second cancer,
becomes critical for prostate cancer patients.(4)

Radiation is a known risk factor for myeloid malignancies.(5) A retrospective cohort study
reported a dose-response effect in the incidence of myelodysplastic syndromes (MDS)
among Nagasaki atomic bomb survivors 40 to 60 years after radiation exposure.(6) In Life
Span Studies, Japanese atomic bomb survivors showed excess risk of acute myeloid
leukemia (AML), which persisted throughout the 55-year follow-up.(7,8) Previous studies
also observed an increased risk of MDS and/or AML among patients with lymphoma, breast
cancer or testicular cancer who received radiotherapy.(9-13)

Prostate cancer patients may be at risk of second myeloid malignancies following localized
radiotherapy. The 0s coxae, an area that contains the largest proportion of hematopoietically
active bone marrow in adults,(14) may receive >50% of the dose from localized prostate
irradiation.(15) This exposure may result in a substantial number of hematopoietic stem cells
being exposed to the mutagenic effects of radiation. However, the impact of radiotherapy on
the incidence of second myeloid malignancies among prostate cancer patients has not been
sufficiently elucidated. As patients who received chemotherapy would have an increased risk
to develop MDS/AML,(5,16) we conducted a population-based retrospective cohort study of
elderly prostate cancer patients who did not undergo any chemotherapy to evaluate the role
of radiotherapy in the development of second MDS/AML.

Materials and Methods

Data Sources and Study Population

We used the Surveillance, Epidemiology and End Results (SEER)-Medicare linked
database, which links patient-level information on incident cancer diagnoses reported to the
SEER registries with a master file of Medicare enrollment and claims for inpatient,
outpatient, and physician services(17). The Yale Human Investigation Committee
determined that this study did not directly involve human subjects.
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We assembled a retrospective cohort of patients who were diagnosed with incident, first
primary, and localized prostate adenocarcinoma with clinical stages T1-T3 during 1999-
2011. All patients fulfilled the following eligibility criteria: 1) aged 66—99 years at
diagnosis, 2) had known month of diagnosis, 3) was not reported from autopsy or death
certificate only, and 4) had continuous Medicare fee-for-service coverage (Parts A and B)
and was not enrolled in health maintenance organizations from 12 months before diagnosis
through death or end of study (12/31/2010 for those diagnosed in 1999-2003, and
12/31/2012 for those diagnosed in 2004-2011), whichever was earlier. We excluded patients
who had other cancers or died within one month after initial treatment, who had second
malignancies with unknown dates of diagnosis, and who received chemotherapy any time
after prostate cancer diagnosis. To ensure that patients did not have radiotherapy for prostate
cancer recurrence, patients who underwent radiotherapy 330 days after the last day of initial
radiotherapy were also excluded from the analysis.

Identification of Treatment for Prostate Cancer

We used Medicare claims to identify initial treatment for prostate cancer, defined as surgery
or radiotherapy started within 9 months after prostate cancer diagnosis. Receipt and type of
radiotherapy were ascertained using Healthcare Common Procedure Coding System codes.
A patient was considered to have received radiotherapy if there were any treatment delivery
codes for brachytherapy or at least four treatment delivery codes for conventional conformal
radiotherapy or intensity-modulated radiotherapy (IMRT). We employed the four-treatment
restriction to increase the likelihood that patients actually received a full course of
radiotherapy.(18) To assess the impact of different types of radiotherapy (brachytherapy,
conventional conformal radiotherapy and IMRT), we excluded patients who received more
than one type.

Ascertainment of Second MDS, AML and Other Second Malighancies

SEER is usually considered an authoritative source for new cancer diagnoses, but we
identified two potential limitations for purposes of this study. First, MDS was not reported to
SEER until 2001, therefore, we could not rely on SEER to identify MDS diagnoses in 1999
or 2000. Second, myeloid malignancies have been underreported in SEER.(19) To overcome
these limitations, we used both SEER records and Medicare claims to ascertain new MDS
and AML diagnoses after the diagnosis of prostate cancer in our cohort. If a prostate cancer
patient had a second malignancy reported by SEER and a correspondent histological code
for MDS or AML, the patient was considered to have a SEER-reported second MDS/AML.
To be ascertained from Medicare claims as having second MDS/AML, a patient needed to
have: 1) one inpatient claim with an MDS or AML diagnosis (MDS: International
Classification of Disease, 9t revision [ICD-9] code 238.7 prior to October 2006, 239.72-5
beginning October 2006; AML.: ICD-9 code 205.0) or two outpatient claims at least 30 days
apart but within 12 months; 2) a claim for a bone marrow aspirate or biopsy within 60 days
before or after the initial diagnosis, and 3) at least one claim with an MDS/AML diagnosis
after the bone marrow claim.(20) Cases were assigned an index diagnosis date based on the
date of the first qualifying MDS/AML claim. A washout period of 12 months without any
MDS/AML diagnosis was used to ensure that we capture newly diagnosed incident cases,
instead of prevalent cases. If a patient was identified by both SEER and Medicare claims, we
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used the earlier date as the date of MDS/AML diagnosis. Second malignancies other than
MDS and AML were identified based on SEER records.

Other Variables of Interest

To assess comorbidity, all inpatient, outpatient and carrier claims within 12 months before
the date of diagnosis were identified to calculate a modified Elixhauser comorbidity score.
(18,21) As prior history of anemia may suggest underlying MDS/AML and confound a
potential association between radiation and second MDS/AML, we recorded whether
patients had claims for anemia within 12 months before prostate cancer diagnosis. We also
recorded age at prostate cancer diagnosis, cancer stage at diagnosis, and race for each
beneficiary.

Statistical Analysis

Results

Frequency distribution of demographic and socioeconomic characteristics across treatment
groups were compared using Pearson’s Chi-square tests. Medians, interquartile ranges, and
ranges for duration of follow-up and age at diagnosis were calculated for each treatment
group. Student t-test tests were used to compare durations of follow-up and age at diagnosis
across treatment groups. Patients were followed from the beginning of prostate cancer
treatment through the diagnosis of a second malignancy, death or end of study, whichever
came first. Competing risks arise in the analysis of time-to-event data, if the event of interest
is impossible to observe due to a different type of event occurring before. In this study, death
and developing a second malignancy other than MDS/AML were considered competing
events. Cumulative incidence of MDS/AML was calculated and comparisons of cumulative
incidence across treatment groups were performed using Gray’s test (22):(23). Competing
risks regression models were performed using the Fine and Gray method(22) to provide
estimates of the crude and adjusted hazard ratios (HRs) for second myeloid malignancies.
Age at prostate cancer diagnosis (66-69, 70-74, 75-79, 80-84, 85+ years), year of diagnosis
(in calendar year), stage of prostate cancer at diagnosis, race (white, black, and other),
Elixhauser score without anemia (0, 1-2, 3+), and previous anemia (yes/no) were included
in the model. In addition to analyzing MDS/AML as one group, we also analyzed MDS
separately when appropriate. Furthermore, we conducted sensitivity analyses to restrict the
analysis to prostate cancer patients who were followed up for = 1 year or diagnosed in 2004—
2009 when data on Gleason score were available, or to expand the analysis to prostate
cancer patients who received more than one of the three specific radiation modalities or
other types of radiotherapy. Proportional hazard assumption was tested by plotting
Schoenfeld residuals. All analyses were two-sided and were conducted using SAS Version
9.4 (SAS Inc. Cary, North Carolina), with p < 0.05 indicating statistical significance.

A total of 32,112 prostate cancer patients were included in this study, with a median follow-
up of 4.68 (range: 0.09-11.95) years. Compared with those who underwent radiotherapy
(n=14,672), patients who received surgery (n=17,440) had shorter follow-up, were younger,
were more likely to be white, had fewer comorbidities, and were more likely to be in stages
=111 (Table 1).
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IMRT was the most common type of radiotherapy received (n=8,798, 60.0%; median
follow-up: 3.67 years), followed by brachytherapy (n=3,185, 21.7%; median follow-up: 5.46
years) and conventional conformal radiotherapy (n=2,689, 18.3%; median follow-up:7.65
years).

We observed 157 (0.5% of 32,112) incident cases of MDS/AML (122 MDS and 35 AML
cases) after the diagnosis of prostate cancer. Among patients who received surgery, 0.3%
(n=60) developed MDS/AML, and the median time to develop MDS/AML was 3.43 (range:
0.13-9.01) years. In patients who underwent radiotherapy, 0.7% (n=97) developed MDS/
AML, and the median time to develop MDS/AML was 2.95 (range: 0.27-9.48) years for
radiotherapy overall. Patients who underwent IMRT (median=2.28 years, range: 0.27-6.38
years) developed MDS/AML earlier than those who received brachytherapy (median=3.78
years, range: 0.58-7.87 years) or conventional conformal radiotherapy (median =4.17 years,
range: 0.54-9.48 years) (all p<0.05).

Patients who underwent radiotherapy had a higher cumulative incidence of MDS/AML than
those receiving surgery only (Figure 1; Gray’s test, X2:16.41, p< 0.01). Taking competing
risk into consideration, at the end of the study, the cumulative incidence of MDS/AML was
0.07% and 0.12% for surgery and radiotherapy, respectively. The unadjusted cumulative
incidence of MDS/AML did not differ across different radiotherapy modalities.

In competing risk analysis using multivariate Cox regression models, compared with
prostate cancer patients who received surgery only, patients who received radiotherapy were
51% more likely to develop MDS/AML (HR=1.51, 95% CI: 1.07-2.13). When radiotherapy
was further stratified by modalities (brachytherapy, IMRT, and conventional conformal
radiotherapy), increased risk of MDS/AML was only observed in the IMRT group
(HR=1.66, 95% CI: 1.09-2.54) (Table 2).

The median time to develop MDS was 2.97 (range: 0.13-9.48) years. In each treatment
group, the median time to develop MDS was 3.23 (range: 0.16-9.01) years for surgery, 3.14
(range: 0.58-7.87) years for brachytherapy, 4.63 (range: 0.54-9.48) years for conventional
conformal radiotherapy, and 2.33 (range: 0.27-6.06) years for IMRT, respectively. While
prostate cancer patients who underwent radiotherapy appeared to have an increased risk of
MDS in unadjusted models, the associations diminished in magnitude and were no longer
statistically significant in the multivariate models (Table 2).

Among 35 patients who developed AML, 15 men received IMRT. The median time to
develop AML was 3.26 years, ranging from 2.12 years in the IMRT group to 4.89 years in
the brachytherapy group. In the multivariate models, compared with patients who received
surgery only, increased risks of AML were observed among patients who underwent
radiotherapy overall and patients who received each specific type of radiotherapy, but the
increase only reached statistical significance in the IMRT group (HR=2.57, 95% CI: 1.11-
5.95). Per SEER-Medicare’s policy to protect confidentiality, detailed results are not shown
due to small numbers of patients.

In sensitivity analyses restricted to prostate cancer patients who were followed up for = 1
year, or expanded to include those who received more than one of the three specific radiation

Prostate. Author manuscript; available in PMC 2018 January 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al. Page 6
modalities or other types of radiotherapy, we observed very similar results (detailed data not
presented). Among a subgroup of prostate cancer patients who had data on Gleason score,
we additionally adjusted for the score in multivariate models, and the findings were
essentially the same (detailed results not shown).

Discussion

In this population-based study, compared with elderly prostate cancer patients who received
surgery only, those who underwent radiotherapy, especially IMRT, had an increased risk of
MDS/AML. We initially considered the possibility of including chronic myeloid leukemia as
another endpoint. However, only 16 patients developed second chronic myeloid leukemia,
and including these patients did not impact our study findings. Thus we focused on second
MDS/AML.

To date, only a small number of studies have evaluated the risk of developing myeloid
malignancies after radiotherapy for prostate cancer, and the results have been inconsistent.
(24-30) While one study observed no difference in the risk of leukemia between prostate
cancer patients who received radiotherapy or surgery,(24) two other studies reported
increased risks of AML among those who received external beam radiotherapy when
compared with patients who did not receive radiation(28) or patients who did not receive
definitive therapy(30), respectively. Using SEER data, Ojha ef a/. observed that, compared
with prostate cancer patients without definitive therapy, external beam radiotherapy nearly
doubled risk of second AML (HR = 2.05, 95% CI: 1.29-3.26), but neither brachytherapy
(HR =1.22, 95% CI: 0.46-3.22) nor surgery showed any impact.(30) It is important to note
that SEER-based studies are unable to account for the impact of chemotherapy, which is an
established risk factor for AML(5,16) but not included in SEER records. In order to
overcome this limitation, we chose to use the SEER-Medicare database.

A case-control study from Taiwan reported a nearly-doubled risk of MDS among prostate
cancer patients who received radiotherapy versus those who did not receive radiotherapy or
chemotherapy.(29) However, a recent SEER-Medicare study found that compared with
brachytherapy, external beam radiotherapy reduced the risk of second AML (relative risk =
0.53, 95% CI: 0.31-0.92) and had no effect on second MDS among prostate cancer
survivors.(31) Although our study also used the SEER-Medicare database, there are several
major differences in our approach. First of all, to eliminate the potential confounding effect
of chemotherapy, we excluded all prostate cancer patients who received chemotherapy any
time after prostate cancer diagnosis, while the other study included patients regardless of
chemotherapy status and only adjusted for chemotherapy that was received in the first
year(31). Second, as SEER is known to under-report myeloid malignancies,(19) we used an
established algorithm(20) to identify MDS and AML patients from both SEER records and
Medicare claims, while the other study ascertained MDS and AML diagnoses using SEER
records only(31). Third, we included prostate cancer patients diagnosed through 2011 and
the development of second MDS/AML through 2012, while the other study only included
prostate cancer diagnoses through 2007 and second MDS/AML through 2009(31). As a
result, our study reflects more recent treatment regimens for prostate cancer; in fact, the
other study did not even include IMRT in the analysis(31), likely due to the small number of
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patients receiving IMRT in their study. Lastly, we compared different radiotherapy regimens
to surgery in terms of risk of second MDS/AML, while the other study removed all patients
who received surgery and focused on comparing various radiotherapy regimens(31).

After a median follow-up of 3.05 years, a Cleveland Clinic study found that prostate patients
who underwent radiotherapy (brachytherapy, external beam radiotherapy) did not have
elevated risk of MDS than those treated by radiation-free radical prostatectomy.(27)
Compared with the Cleveland Clinic study,(27) our study included only older prostate cancer
patients (aged = 66 years), were larger in sample size, and had a longer follow-up
(median=4.68 years). We believe it is more informative to follow prostate cancer patients
over a longer period of time and to evaluate the development of both MDS and AML, as
MDS and AML share common biological and clinical features, and approximately 30% of
MDS patients progress to AML.

We observed an increased risk of MDS/AML among older prostate cancer patients who
underwent radiotherapy, especially among those who received IMRT. IMRT treatment of
prostate cancer uses either multiple beams or beam arcs to deliver radiation with varying
cross-sectional intensities to the target.(32) The radiation dose is expected to conform tightly
to the target areas and fall off rapidly in the surrounding healthy tissues.(32,33) On the other
hand, IMRT has been criticized for delivering a “low dose bath” to surrounding normal
tissues,(34) and it may significantly increase total body dose from leakage(35). A study
evaluating radiation dose to normal pelvic tissues of prostate cancer patients found that,
compared with the conventional technigue, IMRT not only increased the pelvic volume
covered by the isodose surfaces below 15 Gy, but also increased the relative dose delivered
to the body volume outside the pelvis.(36) As IMRT requires more monitor units to deliver
than conventional treatment, it may yield higher out-of-field doses than do conventional
treatments.(37,38) It has been estimated that, compared with conventional radiotherapy,
IMRT would increase the incidence of second malignancies from about 1% to 1.75% for
patients surviving 10 years.(37) Furthermore, prostate cancer patients who received IMRT
might have an 30% of increased risk to develop second malignancies than those who
received conventional radiotherapy.(39) Findings from a review on planning studies also
suggested that IMRT for prostate cancer increased the risk of second primary cancers.(40)
Ruben et al. observed a 0.8-time higher out-of-field dose from IMRT than that of three-
dimensional conformal radiotherapy, although, the increase in absolute terms was small.(41)
As MDS and AML are rare endpoints in the study population, the reason that we only
observed increased risk when MDS and AML are combined as one group could be the small
number of patients and the limited statistical power for any single enapoint. Given the
possibility that IMRT may be linked to a higher risk of secondary cancer compared to other
forms of radiotherapy and the widespread adoption of IMRT in recent years, more research
is warranted.

Our findings need to be considered in the context that no single treatment option for
clinically localized prostate cancer is superior with respect to the risk of complications.(42—
44) Previous studies reported that men who underwent surgery were more likely to report
urinary incontinence and erectile dysfunction than those who received radiotherapy.(45,46)
Compared with prostate cancer patients who received conformal radiotherapy, old men who
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received IMRT were less likely to develop gastrointestinal morbidities and hip fractures but
more likely to report erectile dysfunction.(47) Taken together, it is important for clinicians to
balance the benefit and risk of each treatment option and inform patients of the potential
short and long term sequellae.

This study has many strengths. First, this was a large, population-based cohort study
conducted in prostate cancer patients residing in 17 SEER areas, which account for 28% of
the US population(2). Second, the nationwide Medicare claims data cover all health services
provided, regardless of where the patients seek their care, thus ensuring comprehensive
information on the treatment received by patients. Third, as chemotherapy is a known risk
factor for AML/MDS,(5,16) we excluded all prostate cancer patients who received
chemotherapy any time since after prostate cancer diagnosis and therefore eliminated the
possibility of confounding by chemotherapy. Previous studies using SEER data
(25,26,28,30) were unable to account for chemotherapy, and the other study that used SEER-
Medicare database(31) only included chemotherapy in the first year as a covariate in the
model. Fourth, the SEER-Medicare database also enables us to control for other factors that
may influence prostate cancer treatment decisions and possible risk factors for MDS and
AML, such as patients’ age, stage of prostate cancer, and comorbid conditions including
anemia.

On the other hand, our study population included only e/derly patients without private
insurance who received surgery or specific types of radiotherapy for their prostate cancer, so
the results may not be applicable to a// patients. /n our study population, older patients were
more likely to receive radiotherapy. Recognizing that adjusting for age groups may not be
sufficient to control for potential confounding by age, we also repeated all analyses by using
age as a continuous variable, and the results were essentially the same. As the majority of
the study population was younger than 75 years at the time of prostate cancer diagnosis, we
additionally assessed the impact of radiotherapy on risk of second MDS/AML in the
subgroup of patients < 75 years at diagnosis and observed nearly identical associations as in
the overall study population. Although we used an established algorithm to ascertain
incident MDS/AML cases from Medicare claims, it is possible that some patients were
misclassified. However, it is unlikely that potential misclassification differed by treatment
group. Furthermore, patients who received radiotherapy had more claims for physician office
visit than those who underwent surgery only. This might have increased the chance of a
prostate cancer patient who underwent radiotherapy being diagnosed with MDS/AML
and/or being diagnosed early. In addition, we were unable to obtain detailed information on
the dose of radiation or the exact fields treated. There might be other confounding factors
that we could not obtain from claims. Lastly, previous studies of radiation-induced
malignancies suggest a latency time of 1-5 years to occurrence of myeloid leukemia.(48,49)
In our cohort, the median follow-up was 7.65 years for conventional conformal radiotherapy
but only 3.67 years for IMRT.

Conclusions

Our findings suggest that radiotherapy for prostate cancer increases the risk of MDS/AML,
and the impact may differ by radiation modality. Additional studies with longer follow-up
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are needed to further clarify the role of radiotherapy in the development of subsequent
myeloid malignancies. A better understanding may help patients, physicians and other
stakeholders make more informed treatment decisions.
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Characteristics of Prostate Cancer Patients by Treatment Received, 1999-2011

Surgery Radiother apy
n (%) n (%) p
Total 17440 14672
Follow-up time(years)
Median (IQR)  4.79(2.60-7.29)  4.54(2.51-6.98)  <0.01
Range 0.09-11.91 0.09-11.95
Age at diagnosis(years)
Median (IQR) 69 (67-72) 73 (69-76)
66-69 9559(54.8) 3774(25.7) <0.01
70-74 6327(36.3) 5587(38.1)
75-79 1316(7.5) 3971(27.1)
80-84 199(1.1) 1155(7.87)
85+ 39(0.2) 185(1.26)
Race
White 15442(88.5) 12375(84.3)  <0.01
Black 1119(6.4) 1427(9.73)
Other 879(5.0) 870(5.93)
Year of diagnosis
1999-2001 2013(11.5) 1613(11.0) 0.05
2002-2004 3094(17.7) 2720(18.5)
2005-2007 4781(27.4) 4121(28.1)
2008-2011 7552(43.3) 6218(42.4)
Elixhauser score, excluding anemia
0 11744(67.3) 7949(54.2) <0.01
1 3950(22.6) 3918(26.7)
2+ 1746(10.0) 2805(19.1)
Anemia
No 17085(98.0) 14250(97.1)  <0.01
Yes 355(2.0) 422(2.9)
Stage
1 10391(59.6) 9566(65.2) <0.01
1-1n 7049 (40.4) 5106 (34.8)

Abbreviation: IQR, interquartile range.
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