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ABSTRACT

Although increased risk of acute myeloid leukemia (AML) has been observed after 
chemotherapy and radiotherapy, less is known about radiotherapy-related risks of specific 
AML subtypes and other specific myeloid neoplasms. We used US population-based 
cancer registry data to evaluate risk of myeloid neoplasms among three cohorts of cancer 
survivors initially treated with radiotherapy only. We included one-year survivors of first 
primary thyroid (radioiodine only, stages I-IV; N=49,879), prostate (excluding stage IV; 
N=237,439), or uterine corpus cancers (stage I-II; N=16,208) diagnosed during 2000-
2013. We calculated standardized incidence ratios (SIRs) and excess absolute risks 
(EARs). Thyroid cancer survivors had significantly elevated risks of total AML (SIR=2.77, 
95% CI: 1.99-3.76), AML with cytogenetic abnormalities (SIR=3.90, 95% CI: 1.57-8.04), 
AML with myelodysplasia-related changes (SIR=2.87, 95% CI: 1.05-6.25), and BCR-
ABL1-positive chronic myelogenous leukemia (CML) (SIR=5.38, 95% CI: 2.58-9.89). 
Irradiated prostate and uterine corpus cancer survivors were at elevated risk for total AML 
(SIR=1.14, 95% CI: 1.03-1.27 and SIR=1.77, 95% CI: 1.01-2.87, respectively), AML with 
cytogenetic abnormalities (SIR=2.52, 95% CI: 1.84-3.37 and SIR=7.21, 95% CI: 2.34-
16.83, respectively), and acute promyelocytic leukemia (SIR=3.20, 95% CI: 2.20-4.49 
and SIR=8.88, 95% CI: 2.42-22.73, respectively). In addition, prostate cancer survivors 
were at increased risk of BCR-ABL1-positive CML (SIR=2.11, 95% CI: 1.52-2.85). Our 
findings support the importance of diagnostic precision in myeloid neoplasm classification 
since susceptibility following radiotherapy may vary by myeloid neoplasm subtype, thereby 
informing risk/benefit discussions in first primary cancer treatment.
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INTRODUCTION

In 2016, an estimated 3 million cancer patients in the United Stated were treated 
with radiotherapy, and this number is expected to increase in the next several years.1 
Radiotherapy can have long-term side effects, of which the development of subsequent 
cancers is among the most serious.2

 Myeloid neoplasms include a diverse spectrum of diseases. Certain chemotherapy 
agents are associated with strikingly elevated risk for myeloid neoplasms, particularly acute 
myeloid leukemia (AML) and myelodysplastic syndromes (MDS),3,4 but risks of specific 
myeloid neoplasms associated with radiotherapy in the absence of chemotherapy are less 
well understood. The importance of understanding radiotherapy-related myeloid neoplasm 
risks is highlighted by the increased risk of AML,5 MDS,6 and chronic myelogenous leukemia 
(CML)5 in atomic bomb survivors, who received acute whole-body exposure as opposed 
to fractionated, partial body exposures in radiotherapy treatments. The relation between 
radiotherapy and myeloid neoplasms is best established for AML, with several studies 
showing increased risks after radiotherapy.7-10 The magnitude of the risk of AML following 
radiotherapy for an initial cancer is, however, still uncertain. Also, potential differences 
in risk by AML subtype and for other myeloid neoplasms are poorly understood. Most 
previous studies included patients who were treated with chemotherapy and who received 
high-dose, large-field radiotherapy in earlier decades. 
 The population-based cancer registries of the Surveillance, Epidemiology, and End 
Results (SEER) Program cover approximately 28% of the United States population and 
the large size of this database provides an ideal setting to assess second cancer risks.11 
Myeloid neoplasms have been systematically ascertained in the SEER registries since 
2001, encompassing most of the entities specified in the World Health Organization (WHO) 
Classification of Tumours of Haematopoietic and Lymphoid Tissues.12-14 Therefore, to 
better define the possible association of radiation administered in the modern era and 
myeloid neoplasms, we assembled three selected cohorts of patients with first primary 
solid cancers (thyroid, prostate, uterus) who are typically treated with radiotherapy (without 
chemotherapy) as the initial course of potentially curative treatment.  

METHODS

Study population
In order to study the effect of radiotherapy on the risk of myeloid neoplasms, we selected 
first primary solid cancer sites that are typically treated with radiotherapy with curative intent 
and that are generally not treated with chemotherapy. We selected one-year survivors 
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diagnosed with a first primary solid cancer during 2000-2013 from 17 SEER population-
based cancer registries11 who were aged <84 years at diagnosis and received initial 
radiotherapy, without chemotherapy. Based on these criteria, 49,879 survivors of thyroid 
cancer (all stages), 237,439 survivors of prostate cancer (stages I-III and unknown stage), 
and 16,208 survivors of uterine corpus cancer (UCC) (stages I and II) were eligible for study. 
Treatment for thyroid cancer typically consists of surgery followed by radioactive iodine (I-
131). Thyroid cancer survivors who received external beam therapy (EBRT) (N=1,683) were 
excluded from the study due to the small sample size, which did not allow for separate 
analysis. We did not conduct a combined analysis, because of possible differences in 
myeloid neoplasm risk associated with I-131 versus EBRT. Radiotherapy for cancers of 
the prostate and corpus uteri consisted of EBRT alone, brachytherapy alone, or combined 
EBRT and brachytherapy. We included prostate cancers with unknown stage, because 
many prostate cancer patients with small tumors (clinically early-stage disease) receive 
radiotherapy treatment without formal surgical staging.

Case ascertainment
Cancer survivors who developed a subsequent myeloid neoplasm after radiation therapy for 
a first primary cancer were identified in SEER using International Classification of Diseases 
Oncology, Third Revision (ICD-O-3) together with some provisional Fourth Revision 
(ICD-O-4) morphology codes and were grouped according to the WHO classification 
(Supplementary Table 1).12,13 The WHO includes specific ICD-O codes for therapy-related 
MDS/AML (t-MDS/AML; ICD-O-3 codes 9920 and 9987), which are assigned when the 
patient has a history of treatment with chemotherapy and/or radiotherapy and there is no 
further information on subtype of myeloid neoplasm. In the SEER registries, the diagnosis of 
t-MDS/AML is coded when the cancer registrar identifies a statement in the medical record 
by a health care professional indicating that the myeloid neoplasm is therapy-related.

Statistical analysis
We evaluated the risk of subsequent myeloid neoplasms separately for the three cohorts 
of survivors with first primary cancer of the thyroid, prostate, or uterine corpus. Follow-
up time started one year after first primary cancer diagnosis and ended on the date of 
diagnosis of any second cancer (including myeloid neoplasia), death, loss to follow-up, age 
85 years, or end of study (12/31/2014), whichever occurred first. The first year of follow-up 
was excluded to minimize potential bias due to increased medical surveillance after the 
first cancer diagnosis. Follow-up was censored at attained age of 85 years because of 
previously reported under-ascertainment of subsequent cancers at older ages.15 
 The observed (O) number of myeloid neoplasms was compared with that expected (E) 
in the general population based on age-, sex-, race-, and calendar-year specific incidence 
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rates in the general population. We computed standardized incidence ratios (SIRs; O/E) 
and excess absolute risk (EARs; O-E per 10,000 person years) for specified categories 
of myeloid neoplasms, overall and stratified by age at first primary cancer diagnosis, 
time since first primary cancer diagnosis, and radiotherapy technique (for prostate and 
uterine corpus cancers) using SEER*Stat software (Supplementary Materials).11 We used 
multivariate Poisson regression analyses, with expected values used as an offset, to 
evaluate differences and trends in SIRs (in multiplicative models) and EARs (in additive 
models) by age at first cancer diagnosis, time since diagnosis, and radiotherapy technique 
within the combined category of MDS and AML (MDS/AML) and the combined category 
of MPNs and MDS/MPNs, adjusted for other potential effect modifiers (specified in Figures 
1 and 2 and Supplementary Figure 1).16 For EAR Poisson regression, univariate analyses 
were used for cases in which multivariate models did not converge. Tests of homogeneity 
and trend were based on likelihood ratio tests, comparing model fit with and without the 
variable of interest. For trend tests, ordinal variables were treated as continuous variables 
in the model. Analyses were conducted using SAS version 9.2 (SAS Institute Inc., Cary, 
NC, US) and the AMFIT program in the Epicure package version 1.91 (Risk Sciences 
International, Ottawa, ON, Canada). All statistical tests were two-sided. For all analyses, a 
p-value of less than .05 was considered statistically significant.

RESULTS

The cohorts included 49,879 irradiated patients with thyroid cancer (76.1% females), 
237,439 men with prostate cancer and 16,208 women with uterine corpus cancer (Table 
1). For all three first cancer sites, survivors were predominantly white and more than half 
were followed for 5 years or longer after initial diagnosis. In total, 1,315 cases of myeloid 
neoplasms were identified among the three cohorts.
 Following I-131 therapy for thyroid cancer we observed 62 cases of MDS/AML 
compared with 28 cases expected in the general population (SIR=2.20, 95% CI: 1.69-
2.82; EAR=1.22 excess cases per 10,000 person years) (Table 2). Within the category of 
MDS/AML, significantly elevated SIRs of above 2-fold were seen for AML (total), AML NOS 
and related entities, AML with cytogenetic abnormalities, and AML with myelodysplastic-
related changes (total). The SIR for MDS/AML after I-131 therapy for thyroid cancer was 
significantly higher for survivors aged <45 years at thyroid cancer diagnosis than those 45-
83 years (5.53 versus 1.71, phomogeneity<0.001) (Figure 1). In contrast, the EAR did not vary 
significantly by age at thyroid cancer diagnosis (phomogeneity=0.462). 
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TABLE 1. Characteristics of patients diagnosed with prostate, uterine corpus, and thyroid cancers in 

the US who received radiation/radioiodine therapy without chemotherapy as part of initial course of 

treatment, SEER-17, 2000-2013

 
Thyroid*  Prostate†

 
Corpus uteri‡

(N = 49,879) (N = 237,439) (N = 16,208)

 N %  N %  N %

Sex

Male 11,933 (23.9) 237,439 (100) NA

Female 37,946 (76.1) NA 16,208 (100)

Age at diagnosis, years

Thyroid cancer

<30 6,882 (13.8)

30-44 16,553 (33.2)

45-59 17,162 (34.4)

60-83 9,282 (18.6)

Prostate and uterine cancer

<65 82,233 (34.6) 9,028 (55.7)

65-69 54,848 (23.1) 2,664 (16.4)

70-74 54,806 (23.1) 2,135 (13.2)

75-83 45,552 (19.2) 2,381 (14.7)

Race

White 40,800 (81.8) 184,696 (77.8) 13,795 (85.1)

Black 2,817 (5.6) 37,314 (15.7) 1,373 (8.5)

Unknown/other 6,262 (12.6) 15,429 (6.5) 1,040 (6.4)

Time since diagnosis, years

1.0-2.9 10,377 (20.8) 40,877 (17.2) 4,154 (25.6)

3.0-4.9 9,802 (19.7) 46,096 (19.4) 3,109 (19.2)

5.0-6.9 8,893 (17.8) 44,327 (18.7) 2,620 (16.2)

7+ 20,807 (41.7) 106,139 (44.7) 6,325 (39.0)

Stage§

Stage I 31,608 (63.4) 38,424 (18.2) 12,169 (75.1)

Stage II NAǁ 156,401 (63.1) 4,039 (24.9)

Stage III NAǁ 11,388 (4.6) NA

Stage II/III 13,242 (26.5) NA NA

Stage IV 3,468 (7.0) NA NA

Unknown 1,561 (3.1) 31,226 (14.1) NA

Radiation technique

EBRT NA 138,579 (58.4) 5,624 (34.7)

Brachytherapy 49,879¶ (100) 56,680 (23.9) 6,485 (40.0)

Both EBRT and brachytherapy NA 32,572 (13.7) 3,541 (21.8)

Recommended, unknown if administered NA 7,500 (3.2) 387 (2.4)

NOS and unknown NA 2,108 (0.9) 171 (1.1)
Abbreviations: EBRT, external beam radiation therapy; NA, not applicable; NOS, not otherwise specified.

The SEER-17 data include population-based registries of Atlanta, Connecticut, Detroit, Greater Georgia, Greater California, Hawaii, Iowa, 

Kentucky, Los Angeles, Louisiana, New Jersey, New Mexico, Rural Georgia, San Francisco-Oakland, San Jose-Monterey, Seattle-Puget 

Sound, and Utah.

*Thyroid cancer included ICD-O-3 topography code C73.9 in combination with all morphology codes, except 9050-9055, 9140, and 
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9590-9992.

†Prostate cancer included ICD-O-3 topography code C61.9 in combination with all morphology codes, except 9050-9055, 9140, and 

9590-9992.

‡Uterine corpus cancer included ICD-O-3 topography codes C54.0-C54.9 and C55.9 in combination with all morphology codes, except 

9050-9055, 9140, and 9590-9992.

§For prostate and uterine corpus cancer AJCC3 stage was used for the period 2000-2003 and AJCC6 stage for the period 2004-2013. 

For thyroid cancer Summary stage 2000 was used for the period 2000-2003 and AJCC6 stage for the period 2004-2013. The following 

stages were combined for thyroid cancer: localized stage for period 2000-2003 with stage I for period 2004-2013; regional stage for 

period 2000-2003 with stage II and III for period 2004-2013; distant stage for period 2000-2003 with stage IV for period 2004-2013; 

unknown stage for period 2000-2003 with unknown stage for period 2004-2013.

ǁFor thyroid cancer, summary stage 2000 regional stage for period 2000-2003 was combined with AJCC6 stage II and III for period 2004-

2013. See stage II/III for this combined stage category.

¶For thyroid cancer, only patients treated with radioiodine without EBRT were included.

Both the relative and absolute risks for MDS/AML were higher 1-2.9 years after thyroid 
cancer diagnosis compared to the ≥3 year follow-up period (SIRs 3.99 versus 1.49, 
phomogeneity=0.001; EAR 2.68 versus 0.52, phomogeneity<0.001); however, risks were still 
significantly elevated for MDS/AML occurring ≥3 years after thyroid cancer diagnosis 
(Figure 2). In analyses of other myeloid neoplasm types, significant >2-fold risk were seen 
for the combined category of MPNs and MDS/MPNs (O=53, SIR=2.97, 95% CI: 2.22-
3.88; EAR=1.26, Table 2), with 5-6 fold increases seen for total CML (O=31) and BCR-
ABL1-positive CML (O=10). Risk of the combined category of MPNs and MDS/MPNs did 
not significantly differ by age at thyroid cancer diagnosis (phomogeneity=0.52) and time since 
thyroid cancer diagnosis (phomogeneity=0.70) (Figures 1-2).
 Among prostate cancer survivors treated with radiotherapy, we identified a small 
but significantly increased risk of MDS/AML (SIR=1.08, 95% CI: 1.01-1.16; EAR=0.48) 
based on 850 observed cases (Table 2). Risk of both MDS (SIR=1.05, 95% CI: 0.96-
1.14; EAR=0.16) and AML (total) (SIR=1.14, 95% CI: 1.03-1.27; EAR=0.33) were elevated, 
although risk reached statistical significance only for AML. Risk of AML with cytogenetic 
abnormalities was significantly increased (SIR=2.52), with a greater than 3-fold risk for 
acute promyelocytic leukemia (APL) (SIR=3.20). No clear patterns of MDS/AML risk by age 
at prostate cancer diagnosis were detected for either the SIR or the EAR (Figure 1), though 
excess risk was largely confined to the period of 1-2.9 years after prostate cancer diagnosis 
(Figure 2). Survivors treated with EBRT only or EBRT plus brachytherapy appeared to have 
a slightly higher relative risk of MDS/AML than survivors treated with brachytherapy alone 
(phomogeneity<0.001) (Supplementary Figure 1). A total of 310 cases of the combined category 
of MPNs and MDS/MPNs were observed with significantly increased risks observed only 
for total CML (SIR=1.35, 95% CI: 1.09-1.66; EAR=0.17) and BCR-ABL1-positive CML 
(SIR=2.11, 95% CI: 1.52-2.85; EAR=0.16). SIRs of the MPNs and MDS/MPNs category did 
not differ significantly between radiotherapy techniques in multivariate analyses adjusting 
for age at first cancer diagnosis, stage, and latency (Supplementary Figure 1). 

275 A

SUBSEQUENT MYELOID NEOPLASMS AFTER RADIOTHERAPY FOR A SOLID CANCER



We observed 31 cases of MDS/AML among uterine corpus cancer (UCC) survivors, while 
only 20 cases were expected based on general population rates, resulting in a SIR of 1.52 
(95% CI: 1.03-2.16; EAR=1.24) (Table 2). Elevated risk was concentrated in the AML group 
(SIR=1.77), with a non-significant 30% increased risk seen for MDS (SIR=1.33, O=15). 
Based on only 5 cases, we found the risk of AML with cytogenetic abnormalities was 
increased more than 7-fold (SIR=7.21) with 4 of the 5 cases comprised of APL (SIR=8.88). 
SIRs and EARs for MDS/AML were not significantly different between survivors treated 
with radiotherapy who were younger than 65 years at UCC diagnosis compared to those 
receiving radiotherapy at ages 65-83 years. For MDS/AML, SIRs were significantly higher 
1-2.9 years after UCC compared to ≥3 years (phomogeneity=0.03). No significant differences in 
MDS/AML risk were found between radiation techniques (phomogeneity=0.18) (Supplementary 
Figure 1). Based on only 9 cases of the combined category of MPNs and MDS/MPNs, no 
significant difference in risk from expected was observed (SIR=0.80, 95% CI:0.36-1.51; 
EAR=-0.27).

TABLE 2. Standardized incidence ratios and excess absolute risks of myeloid neoplasms after initial 

radiotherapy treatment without chemotherapy for thyroid, prostate, and uterine corpus cancer
 Thyroid cancer  Prostate cancer  Uterine corpus cancer

 O SIR 95% CI EAR  O SIR 95% CI EAR  O SIR 95% CI EAR

MDS/AML 62 2.20 1.69-2.82 1.22  850 1.08 1.01-1.16 0.48

 

31 1.52 1.03-2.16 1.24

MDS 21 1.57 0.97-2.40 0.27 494 1.05 0.96-1.14 0.16 15 1.33 0.74-2.19 0.43

AML, total 41 2.77 1.99-3.76 0.94 356 1.14 1.03-1.27 0.33 16 1.77 1.01-2.87 0.81

AML NOS and related entities 28 2.57 1.71-3.71 0.61 259 1.05 0.93-1.19 0.09 10 1.43 0.69-2.63 0.35

AML with associated 
cytogenetic abnormalities 7 3.90 1.57-8.04 0.19 45 2.52 1.84-3.37 0.20 5 7.21 2.34-16.83 0.50

Acute promyelocytic leukemia 5 4.15 1.35-9.69 0.14 33 3.20 2.20-4.49 0.17 4 8.88 2.42-22.73 0.41

AML with myelodysplasia-
related changes, total 6 2.87 1.05-6.25 0.14 52 1.10 0.82-1.44 0.04 <3 0.72 0.02-4.03 -0.04

MPNs and MDS/MPNs 53 2.97 2.22-3.88 1.26 310 0.97 0.86-1.08 -0.08 9 0.80 0.36-1.51 -0.27

CML, total 31 6.59 4.48-9.36 0.95 90 1.35 1.09-1.66 0.17 6 2.71 0.99-5.89 0.44

CML, BCR-ABL1-positive 10 5.38 2.58-9.89 0.29 42 2.11 1.52-2.85 0.16 0 - - -

BCR-ABL1-negative MPN 16 1.63 0.93-2.65 0.22 121 0.77 0.64-0.92 -0.27 3 0.45 0.09-1.31 -0.43

Other MPNs and MDS/MPNs 6 1.79 0.66-3.89 0.10  99 1.02 0.83-1.25 0.02 0 - - -

Abbreviations: AML, acute myeloid leukemia; CI, confidence interval; CML, chronic myelogenous leukemia; EAR, excess absolute 

risk per 10,000 person-years; MDS/MPN, myelodysplastic/myeloproliferative neoplasms; MDS, myelodysplastic syndromes; MPN, 

myeloproliferative neoplasms; NOS, not otherwise specified; O, observed number of cases; SIR, standardized incidence ratio. 

Exact cell counts with <3 patients are suppressed to protect patient confidentiality.
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FIGURE 1. SIRs and EARs for MDS/AML and MPN by age at first cancer diagnosis. SIRs and EARs 

were plotted based on univariate analyses. P-values were derived from multivariate Poisson regression 

models adjusted for sex (for thyroid only), stage (for thyroid: stage I or localized, II or III or regional, IV 

or distant or unknown; for prostate: stage I, II, III, occult or unknown; for uterine corpus: stage I, II), 

and latency (for thyroid and uterine corpus: 1.0-2.9, 3.0-4.9, 5.0+ years; for prostate: 1.0-2.9, 3.0-4.9, 

5.0-6.9, 7.0+ years). CI, confidence interval; EAR, excess absolute risk; Phom, P-value for homogeneity; 

Ptrend, P-value for trend; SIR, standardized incidence ratio.
1 Linear model was used instead of a log-linear model to converge the model.

2 Latency categories 3-0-4.9 years and 5.0+ years were combined to converge the model.

FIGURE 2. SIRs and EARs for MDS/AML and MPN by time since first cancer diagnosis. SIRs and EARs were 

plotted based on univariate analyses. P-values were derived from multivariate Poisson regression models 

adjusted for sex (for thyroid only), age at first cancer diagnosis (for thyroid: 0-39, 40-49, 50-59, 60-69, 70-83 

years; for prostate: 0-54, 55-59, 60-64, 65-69, 70-74, 75-83 years; for uterine corpus: 0-59, 60-69, 70-83 

years), and stage (for thyroid: stage I or localized, II or III or regional, IV or distant or unknown; for prostate: 

stage I, II, III, occult or unknown; for uterine corpus: stage I, II). CI, confidence interval; EAR, excess absolute 

risk; Phom, P-value for homogeneity; Ptrend, P-value for trend; SIR, standardized incidence ratio.
1 Age at diagnosis categories 60-69 years and 70-83 years were combined to converge the model.
2 Linear model was used instead of a log-linear model to converge the model.
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DISCUSSION

To our knowledge, this is the first study to evaluate the risk of specific subtypes of myeloid 
neoplasms occurring after radiotherapy administered for a first primary cancer in a large 
population-based study of cancer survivors treated in a recent time period (2000-2013). 
Our findings suggest that radiotherapy may be associated with an increased risk of 
several myeloid neoplasms, including MDS, AML (total), AML with associated cytogenetic 
abnormalities, and APL. In contrast, there was little evidence of radiation-related elevated 
risk for the combined group of MPNs and MDS/MPNs, with the exception of CML and 
BCR-ABL1-positive CML. Risks of myeloid neoplasms differed among first cancer sites, 
with the highest overall risks seen among relatively young thyroid cancer survivors treated 
with I-131 and the lowest risks among older prostate cancer survivors treated with 
radiotherapy.
 Previous studies have reported increased risks of leukemia in thyroid cancer survivors 
treated with I-131,17-20 including dose-related elevated risks. Teng and co-workers 
reported a SIR=2.74 for leukemia among 20,235 patients with thyroid cancer from Taiwan. 
Significantly increased risks associated with I-131 were found for cumulative doses greater 
than 150 millicurie (mCi).19 211,360 thyroid cancer patients from Korea were found to 
have significantly elevated leukemia risk in the high (101–150 mCi) and very high (>150 
mCi) I-131 dose groups (hazard ratios 3.1 and 2.1, respectively, p<0.001) when compared 
with the group not treated with I-131.20 However, these studies assessed outcomes that 
combined all leukemia subtypes or all non-CLL subtypes. We were able to evaluate specific 
subtypes of myeloid neoplasms and found greater than two-fold increased risks of MDS, 
total AML, AML NOS and related entities, AML with associated cytogenetic abnormalities, 
APL, CML (total) and BCR-ABL1-positive CML after I-131 treatment for thyroid cancer. 
Two recent SEER-based studies also observed significantly elevated risks of total AML, 
total CML, MDS, and combined MPN plus MDS/MPNs after surgery plus I-131 for well-
differentiated thyroid cancer, but not after surgery only.21,22 These studies, however, did 
not look into specific AML, CML, or MPN and MDS/MPN subtypes. I-131 concentrates in 
organs other than the thyroid, including the bone marrow. An earlier study estimated that 
the mean radiation dose to the bone marrow after I-131 treatment for thyroid cancer was 
typically about 250 milligray, roughly corresponding to a prescribed dose of 122.5 mCi.23 
We found an association between age at thyroid cancer diagnosis and SIRs for MDS/AML. 
Survivors aged <45 years at diagnosis had higher SIRs than survivors diagnosed at ages 
≥45 at diagnosis, similar to leukemia risk findings in another SEER study among  thyroid 
cancer survivors treated prior to 200024 and also consistent with findings in atomic bomb 
survivors.6 We did not observe differences in EARs for MDS/AML by age at diagnosis 
for thyroid cancer survivors (phomogeneity=0.462). The decreasing SIR with increasing age 
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at diagnosis is consistent with a stable EAR against a background of increasing MDS/
AML risk with increasing attained age, as seen for many types of subsequent malignant 
neoplasms.
 Previous studies of radiotherapy and prostate cancer, mainly SEER-based, only 
described risks for total MDS/AML, total MDS, and/or total AML.10,25-27 MDS/AML risk was 
1.5-fold significantly increased in prostate cancer patients who underwent radiotherapy 
versus surgery only.27 A 1.2-fold significantly elevated AML risk compared to the 
general population was observed in prostate cancer patients treated with radiotherapy 
in one study,10 while another study reported a 2.1-fold increased risk among prostate 
cancer patients treated with EBRT versus those without definitive treatment (no EBRT, 
brachytherapy, or surgery).26 For total MDS, two studies found increased risks - one study 
showed a peak risk 1.5-2.5 years after prostate cancer diagnosis,10 and the other study 
showed a nonsignificantly 1.6-fold increased risk for patients treated with radiation versus 
radical prostatectomy.25 We observed a small, but significantly increased risk for AML, 
whereas the 5% elevated risk for MDS was not significant. Important findings of our study 
are the elevated risks that we observed for specific myeloid neoplasm subtypes, including 
AML with associated cytogenetic abnormalities, APL, and BCR-ABL1-positive CML after 
radiotherapy for prostate cancer. Furthermore, we found higher SIRs and EARs of MDS/
AML for prostate cancer survivors treated with EBRT only or EBRT plus brachytherapy 
compared to survivors treated with brachytherapy only, supporting findings from the 
study by Berrington de Gonzalez et al., which found decreased risks of AML and MDS 
after brachytherapy treatment versus EBRT for prostate cancer.28 These findings might 
reflect differences in leukemogenic effects between continuous lower dose exposures in 
brachytherapy and fractionated, high-dose exposures in EBRT (fractionated dose and 
higher dose rate).

Curtis and colleagues evaluated the radiation dose-response among women treated for 
uterine corpus cancer in a large nested case-control study and found an increased risk of 
acute non-lymphocytic leukemia (matched relative risk (RR)=2.26, 95% CI: 1.4-3.7), but 
not CML (RR=1.42, 95% CI: 0.6-3.3).7 The risk of non-CLL leukemia was elevated 2 to 
3-fold across a wide range of radiation doses to the active bone marrow (mean doses 1.0 
to 15 Gy) with significantly increased 3-fold increases in risk persisting at higher active bone 
marrow doses (≥12 Gy). The authors concluded that the association between fractionated 
high-dose pelvic radiotherapy and leukemia risk is complex related to competing processes 
of cell killing, transformation, and cellular repair. A SEER-based cohort study including 
women diagnosed from 1973-2003 with uterine corpus cancer evaluated radiotherapy 
(yes/no) compared with surgery and confirmed an elevated risk for subsequent AML but 
not for CML.9 Our updated SEER findings of more current therapy covering diagnosis years 
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2000-2013 are in line with previous results with regard to heightened risks for radiation-
related AML. In contrast to earlier studies, we also analyzed risks for specific myeloid 
neoplasm subtypes after radiotherapy for uterine corpus cancer and found a strongly 
increased relative risk of radiation related AML with associated cytogenetic abnormalities 
and APL. Although the EAR for APL was small, clinicians should be aware for this entity 
because of its unique presentation, often with hemorrhage and associated disseminated 
intravascular coagulation, for which there is available therapy (e.g. all-trans retinoic acid) 
that has the potential to minimize early death rate from this complication when initiated 
early in the course of the disease.29

 We observed some similarities in outcomes among the three first cancer cohorts. For 
all three first cancer sites, the SIRs and EARs of MDS/AML were higher 1-2.9 years after 
diagnosis compared to ≥3 years, though the excess risks persisted during the ≥3 year 
period. Another SEER-based study also found elevated risks of MDS and AML peaking 
1.5-2.5 years after diagnosis among survivors of nonhematological cancers treated with 
radiation, although that study included a different outcome definition for MDS than our study 
and first cancer sites that are commonly treated with chemotherapy, which might have 
confounded the ability to assess radiation effects.10 In our radiotherapy-treated cohorts, we 
observed the highest relative risks for AML with cytogenetic abnormalities among all three 
first cancer sites, with most cases being APL. The aforementioned SEER-based study also 
found an increased risk of APL, higher than other AML and MDS subtypes, in persons 
receiving radiotherapy (with or without chemotherapy) for a first solid cancer.10 
 Previous studies often analyzed the risk of only AML or of AML/MDS together as a group 
after radiation exposure, so the role of radiation on MDS risk has been yet inconclusive. 
Our findings of a significantly elevated MDS risk after I-131 radiation exposure and 
nonsignificantly elevated MDS risks after radiotherapy for prostate or uterine corpus cancer 
are in line with those of a large cohort study on radiation exposure from CT scans in 
childhood and a large study among atomic bomb survivors, which both found a dose-
dependent relation between ionizing radiation exposure and MDS risk and add to the 
evidence of MDS being radiation-inducible.6,30

A major strength of our population-based study was the large number of myeloid 
neoplasms in these cancer cohorts treated with radiotherapy, which enabled us to 
assess risk by specific subtypes of myeloid neoplasms. Differing incidence rates patterns 
between subtypes of myeloid neoplasms,31-33 suggest that etiological heterogeneity is 
likely. Therefore, it is important to study risks of specific myeloid neoplasm subtypes rather 
than only broad categories of myeloid neoplasms, to identify whether susceptibility to 
radiation (and/or chemotherapy) differs across myeloid neoplasm subtypes, which in turn 
may provide insights into the biologic pathways involved in secondary myeloid neoplasms. 
Furthermore, because we included patients treated in the modern era, these results are 
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pertinent to patients treated currently and in the recent past.
 A limitation of this study was that we did not have detailed information on the treatment 
of the first cancer. Therefore, we could not analyze the effects of radiotherapy volume/
fields and dose on the risk of myeloid neoplasms. Although the total number of myeloid 
neoplasms in our study was large, in some subgroups of myeloid neoplasms defined by 
age at first cancer diagnosis, time since diagnosis, stage, and radiation technique, numbers 
of less common myeloid neoplasms were small, especially among uterine corpus cancer 
patients. In addition, the results of our study might not be generalizable to populations 
outside of the United States where treatment techniques, prognosis, and medical 
surveillance may differ. Another limitation is the possible underreporting of chemotherapy 
in SEER and lack of data on any subsequent treatment. However, by selecting only cancer 
sites that are usually medically treated with radiotherapy alone, we minimized the possible 
confounding effects of chemotherapy. An additional limitation is that subsequent cancers 
are not recorded in the SEER database for patients who migrate from their geographic 
area. This underascertainment of subsequent cancer cases results in conservative risk 
estimates, since the analysis accumulates person-years at-risk assuming that cancer 
survivors remain at risk until their study exit date.34 However, this underascertainment is 
unlikely to be substantially different by radiation status. Furthermore, we did not review the 
pathology reports of the myeloid neoplasms and cannot exclude the possibility of disease 
misclassification, although any possible misclassification is likely to be similar among 
each cancer survivor cohorts and in the general population comparison rates. Because 
therapy-related myeloid AML and MDS are not well-distinguished in SEER (ICD-O-3 
morphology codes 9920/3 and 9987/3) and the WHO classification includes this entity 
under the broader category of “AML and related neoplasms”, we included these cases 
in the AML group. Only a small number of therapy-related myeloid neoplasms (3 after 
thyroid, 13 after prostate, and none after uterine corpus cancer) were observed in the total 
MDS/AML groups, so the impact is negligible. We note that this small number of cases 
classified as therapy-related is surprising, given the WHO classification guidance that all 
myeloid neoplasms occurring after radiotherapy should be classified as “therapy-related”. 
This suggests a lack of documentation in the medical record, decreased awareness of 
WHO guidelines, significant underreporting of prior therapy to cancer registries, and/or 
possible decreased awareness of prior therapy for past cancers among treating providers 
of subsequent cancers. 
 It remains uncertain whether some therapy-related myeloid neoplasms may be 
associated with distinct pathogenesis compared to de novo myeloid neoplasms, even 
when characterized by similar genotypes. The studies of AML and MDS risk among atomic 
bomb survivors showed distinct dose-response relationships. While Iwanaga et al found a 
linear dose response for MDS,6 Hsu et al observed a purely quadratic AML dose response.5 
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Further study of subtypes of myeloid neoplasms occurring after radiotherapy may provide 
insight into the pathogenesis of these entities as well as their de novo counterparts. While 
the WHO classification has encouraged including the specific chromosomal aberration 
in the diagnosis of t-MDS/AML,35 coding of myeloid neoplasm subtype will be lost in 
cancer registry databases if myeloid neoplasms occurring among cancer survivors are 
coded as only one of two available therapy-related disease entities (ICD-O codes 9920, 
9987). To further our understanding of therapy-related myeloid neoplasms pathogenesis 
and prognosis, consideration should be given to coding the most detailed ICD-O histology 
code available and adding an indicator for those cases that occur after cancer radiotherapy 
and/or chemotherapy.   
 In conclusion, our results suggest that risks of certain types of myeloid neoplasms are 
increased after radiotherapy for primary cancers of thyroid, prostate, or uterine corpus. 
Particularly among thyroid cancer survivors treated with I-131, we found clearly elevated 
risks of most myeloid neoplasm subtypes. We found elevated risks of AML entities with 
cytogenetic abnormalities, APL in particular. Furthermore, our results suggest elevated risks 
of BCR-ABL1-positive CML after I-131 treatment for thyroid cancer and after radiotherapy 
treatment for prostate cancer. These findings can inform risk/benefit considerations in first 
cancer treatment. Furthermore, health care providers that care for these cancer survivors 
should be aware of these elevated risk of subsequent myeloid neoplasms, AML in particular. 
Despite the absolute risks after radiotherapy being low, it remains uncertain whether 
prognosis of MDS/AML following radiotherapy may be less favorable compared to de novo 
disease, when age, cytogenetics, and genomics alterations are considered.36-40 A greater 
awareness of myeloid neoplasms might lead to earlier detection and potentially minimize 
morbidity associated with late presentation. Future studies of myeloid neoplasms following 
radiotherapy would benefit from more detailed collection of cancer treatment data, such 
as radiation fields and dose, as well as myeloid neoplasm subtype, to enable more refined 
estimates of risk and more accurate comparisons to de novo myeloid neoplasms, which 
may provide insights into the pathogenesis of treatment-related myeloid neoplasms.
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SUPPLEMENTARY MATERIALS

SUPPLEMENTARY MATERIALS
 
SEER*Stat selections for Table 2.
Data tab: Database name: Incidence – SEER 18 Regs excluding AK, nov 2016 Sub (1973-
2014 varying) <Katrina/Rita Population Adjustment>

Rates tab: Rates were created for myeloid neoplasm groups presented in Supplementary 
Table 1 in the following way:
- Selection: 
•	 Race, Sex, Year Dx, Registry, County.SEER registry

o ‘San Francisco-Oakland SMSA - 1973+’
o ‘Connecticut - 1973+’
o ‘Detroit (Metropolitan) - 1973+’
o ‘Hawaii - 1973+’
o ‘Iowa - 1973+’
o ‘New Mexico - 1973+’
o ‘Seattle (Puget Sound) - 1974+
o ‘Utah - 1973+’
o ‘Atlanta (Metropolitan) - 1975+’
o ‘San Jose-Monterey - 1988+’
o ‘Los Angeles - 1988+’
o ‘Rural Georgia - 1978+’
o ‘California excluding SF/SJM/LA - 1988+’
o ‘Kentucky - 1995+’
o ‘Louisiana - 1995+’
o ‘New Jersey - 1979+’
o ‘Greater Georgia - 2000+’

- Stratification factors for rates:
•	 Sex M/F 

o Male
o Female

•	 Race recode (W/Unk, B, O):
o White/unknown
o Black
o Other (AI/AN, API)
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•	 Age recode with <1 year olds
o 00 years and 01-04 years (combined)
o 05-09 years
o 10-14 years
o 15-19 years
o 20-24 years
o 25-29 years
o 30-34 years
o 35-39 years
o 40-44 years
o 45-49 years
o 50-54 years
o 55-59 years
o 60-64 years
o 65-69 years
o 70-74  years
o 75-79 years
o 80-85 years
o 85+ years

•	 Year of diagnosis
o 1973-1974
o 1975-1979
o 1980-1984
o 1985-1989
o 1990-1994
o 1995-1999
o 2000-2004
o 2005-2009
o 2010-2014

Selection tab:
- Select Only Malignant Behavior: checked
- Select Only Male or Female Sex: checked
- Select Only Cases in Research Database: checked
- Exclude Death Certificate Only and Autopsy Only Cases: checked
- Multiple Primary Selection: First Primary Only (Sequence Number 0 or 1)
- * Additional selections made separately for thyroid cancer, prostate cancer, and uterine 
corpus cancer, as described below.

287 A

SUBSEQUENT MYELOID NEOPLASMS AFTER RADIOTHERAPY FOR A SOLID CANCER



Parameters tab:
- Exposure Date: Date of diagnosis recode
- Latency Exclusion Period (Months): 12
- Start Date: Date of diagnosis recode
- Cutoff Dates:

o Start: Jan 1973
o End: Dec 2014

- Cut-Points for Time-Dependent Variables
o Attained Age: 85

Events tab:
- Analysis Type: Single Outcome Analysis
- Exit Point: Exit at Any Event in Rate File

o Early Exit at Malignant Tumor: checked
o Early Exit at Next Record Matching the Following Criteria: unchecked

- Event Variable (original): See Supplementary Table 1

Statistic tab:
- Statistic: SIR Tables
- Confidence Intervals: Exact Method

o Level: 95%

Table tab:
- Page: Attained Age
- Row: Selected Events

* Additional selections for thyroid cancer analyses

Variable in SEER*Stat Included Values

Race and Age (case data only).Age recode with single ages and 85+ 00-83 years

Therapy.Treatment recode C •	 ‘Radiation only’
•	 ‘Surgery and radiation’
•	 ‘Radiation and hormone’
•	 ‘Radiation and other’
•	 Surgery, radiation, and hormone
•	 Surgery, radiation and other
•	 Radiation, hormone and other
•	 Surgery, radiation, hormone and other

Therapy.Radiation Radioisotopes

Site and Morphology.Site recode B ICD-O-3/WHO 2008 Thyroid

Race, Sex, Year Dx, Registry, County.Year of diagnosis 2000-2013
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* Additional selections for prostate cancer analyses

Variable in SEER*Stat Included Values

Race and Age (case data only).Age recode with single ages and 85+ 00-83 years

Therapy.Treatment recode C •	 ‘Radiation only’
•	 ‘Surgery and radiation’
•	 ‘Radiation and hormone’
•	 ‘Radiation and other’
•	 Surgery, radiation, and hormone
•	 Surgery, radiation and other
•	 Radiation, hormone and other
•	 Surgery, radiation, hormone and other

Site and Morphology.Site recode B ICD-O-3/WHO 2008 Prostate

2000-2003 selection – stage 4 excluded

Race, Sex, Year Dx, Registry, County.Year of diagnosis 2000-2003

Stage – LRD (Summary and Historic).Summary stage 2000 (1998+) •	 Stage 0
•	 Stage I
•	 Stage II
•	 Stage III
•	 Unknown

2004-2013 selection – stage 4 excluded

Race, Sex, Year Dx, Registry, County.Year of diagnosis 2004-2013

Stage - AJCC.Derived AJCC Stage Group, 6th ed (2004+) •	 I
•	 II
•	 III
•	 UNK Stage

* Additional selections for uterine corpus cancer analyses

Variable in SEER*Stat Included Values

Race and Age (case data only).Age recode with single ages and 85+ 00-83 years

Therapy.Treatment recode C •	 ‘Radiation only’
•	 ‘Surgery and radiation’
•	 ‘Radiation and hormone’
•	 ‘Radiation and other’
•	 Surgery, radiation, and hormone
•	 Surgery, radiation and other
•	 Radiation, hormone and other
•	 Surgery, radiation, hormone and other

Therapy.Radiation Radioisotopes

Site and Morphology.Site recode B ICD-O-3/WHO 2008 Corpus Uteri

2000-2003 selection – restriction stage I and stage II

Race, Sex, Year Dx, Registry, County.Year of diagnosis 2000-2003

Stage – LRD (Summary and Historic).Summary stage 2000 (1998+) •	 Stage I
•	 Stage II

2004-2013 selection – restriction stage I and stage II

Race, Sex, Year Dx, Registry, County.Year of diagnosis 2004-2013

Stage - AJCC.Derived AJCC Stage Group, 6th ed (2004+) •	 INOS
•	 IA
•	 IB
•	 IC
•	 IINOS
•	 IIA
•	 IIB

289 A

SUBSEQUENT MYELOID NEOPLASMS AFTER RADIOTHERAPY FOR A SOLID CANCER



SUPPLEMENTARY TABLE 1. Outcome definition of myeloid neoplasms
Outcome ICD-O-3 code

Myelodysplastic syndromes / acute myeloid leukemia

Myelodysplastic syndromes  

Refractory cytopenia with unilineage disease

Refractory anemia 9980/3

Refractory neutropenia 9991/3*

Refractotry thrombocytopenia 9992/3*

Refractory anemia with ring sideroblasts 9982/3

Refractory anemia with excess blasts 9983/3

Refractory cytopenia with multilineage dysplasia 9985/3

Myelodysplastic syndrome associated with isolated del(5q) 9986/3

Myelodysplastic syndrome, unclassifiable or NOS 9989/3

Acute myeloid leukemia, total

Acute myeloid leukemia NOS and related entities

Acute myeloid leukemia, NOS 9861/3

Acute myeloid leukemia with minimal differentiation 9872/3

Acute myeloid leukemia without maturation 9873/3

Acute myeloid leukemia with maturation 9874/3

Acute myelomonocytic leukemia 9867/3

Acute monoblastic and monocytic leukemia 9891/3

Acute erythroid leukemia 9840/3

Acute megakaryoblastic leukemia 9910/3

Acute basophilic leukemia 9870/3

Acute panmyelosis with myelofibrosis 9931/3

Myeloid sarcoma 9930/3

Myeloid leukemia associated with Down Syndrome 9898/3*

Blastic plasmacytoid dendritic cell neoplasm 9727/3

Acute myeloid leukemia with associated cytogenetic abnormalities

Acute myeloid leukemia, t(8;21)(q22;q22) 9896/3

Acute myeloid leukemia with inv(16)(p13.1q22) 9871/3

Acute promyelocytic leukemia with t(15;17)(q22;q12) 9866/3

Acute myeloid leukemia with t(9;11)(p22;q23) 9897/3

Acute myeloid leukemia (megakaryoblastic) with t(1;22)(p13;q13) 9911/31

Acute myeloid leukemia with t(6;9)(p23;q34) 9865/31

Acute myeloid leukemia with inv(3)(q21;q26.2) or t(3;3)(q21;q26.2) 9869/31

Acute myeloid leukemia with myelodysplasia-related changes, total

Acute myeloid leukemia with myelodysplasia-related changes 9895/3

Therapy-related acute myeloid leukemia

Therapy-related (acute) myeloid neoplasms 9920/3

Therapy related myelodysplastic syndrome, NOS 9987/3†

Refractory anemia with excess blasts in transformation 9984/3‡

Myeloproliferative neoplasms and myelodysplastic / myeloproliferative neoplasms

Chronic myelogenous leukemia, total

Chronic myelogenous leukemia, NOS 9863/3§

Chronic myelogenous leukemia, BCR-ABL1-positive 9875/3

Atypical chronic myeloid leukemia, BCR-ABL1-negative 9876/3
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SUPPLEMENTARY TABLE 1 (CONTINUED).
Outcome ICD-O-3 code

BCR-ABL1-negative myeloproliferative neoplasms

Polycythemia vera 9950/3

Primary myelofibrosis/myelosclerosis with myeloid metaplasia 9961/3

Essential thrombocythemia 9962/3

Other myeloproliferative and myelodysplastic/myeloproliferative neoplasms

Chronic neutropholic leukemia 9963/3

Chronic eosinophilic leukemia 9964/3

Mastocytosis

Mast cell sarcoma 9740/3

Malignant mastocytosis 9741/3

Mast cell leukemia 9742/3

Myeloproliferative neoplasm, unclassifiable 9975/3; 9960/3ǁ

Chronic myelomonocytic leukemia, NOS 9945/3

Juvenile myelomonocytic leukemia 9946/3

Abbreviation: NOS, not otherwise specified. 

*Provisional code for the 4th edition of ICD-O which was implemented in the SEER Program beginning on 1/1/2010. 

†ICD-O-3 code 9987/3 (therapy-related myelodysplastic syndrome) became obsolete in SEER for cases diagnosed after 12/31/2009. It is 

now covered by ICD-O-3 code 9920/3 (therapy-related myeloid neoplasms). 

‡ICD-O-3 code 9984/3 (refractory anemia with excess blasts in transformation) became obsolete in SEER for cases diagnosed after 

12/31/2009. 

§ICD-O-3 code 9863/3 (chronic myelogenous leukemia, NOS) is not included in the WHO classification, but is included In ICD-O-3. 

Because this disease category does not specify BCR-ABL1-status, we considered cases of chronic myelogenous leukemia, BCR-ABL 

positive (myeloproliferative neoplasms) and atypical chronic myelogenous leukemia, BCR-ABL negative (myelodysplastic/myeloproliferative 

neoplasms) jointly with CML, NOS. 

ǁICD-O-3 code 9960/3 (Chronic myeloproliferative disease, NOS) became obsolete in SEER for cases diagnosed after 12/31/2009 

and was replaced with ICD-O-3 code 9975/3 (myeloproliferative disease, NOS) beginning with cases diagnosed 1/1/2010 to present. 

Therefore, we combined ICD-O-3 codes 9960/3 and 9975/3 and considered these cases as “myeloproliferative neoplasm, unclassifiable” 

within the category of myeloproliferative neoplasms and myelodysplastic/myeloproliferative neoplasms. 
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SUPPLEMENTARY FIGURE 1. SIRs and EAR for MDS/AML and MPN by radiation technique. SIRs and 

EARs were plotted based on univariate analyses. P-values were derived from multivariate Poisson 

regression models adjusted for age at first cancer diagnosis (for prostate: 0-54, 55-59, 60-64, 65-69, 

70-74, 75-83 years; for uterine corpus: 0-59, 60-69, 70-83 years), stage (for prostate: stage I, II, III, 

occult or unknown; for uterine corpus: stage I, II), and latency (for thyroid and uterine corpus: 1.0-

2.9, 3.0-4.9, 5.0+ years; for prostate: 1.0-2.9, 3.0-4.9, 5.0-6.9, 7.0+ years). CI, confidence interval; 

EAR, excess absolute risk; Phom, P-value for homogeneity; Ptrend, P-value for trend; SIR, standardized 

incidence ratio.
1 P-value not estimable, because multivariable model did not converge.
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