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Chapter 19: Risk of developing chronic myeloid neoplasms in well-
differentiated thyroid cancer patients treated with radioactive iodine 

 
Based on: Molenaar RJ, Pleyer C, Radivoyevitch T, Sidana S, Godley A, Advani AS, Gerds AT, Carraway HE, 
Kalaycio M, Nazha A, Adelstein DJ, Nasr C, Angelini D, Maciejewski JP, Majhail NS, Sekeres MA, Mukherjee S. Risk 
of developing chronic myeloid neoplasms in well-differentiated thyroid cancer patients treated with radioactive 
iodine: a population study. Leukemia 2017; doi: 10.1038/leu.2017.323.596 
 
Abstract 
Exposure to ionizing radiation increases the risk of myelodysplastic syndromes (MDS) and 
myeloproliferative neoplasms (MPN), but such risks in well-differentiated thyroid cancer (WDTC) 
patients treated with radioactive iodine (RAI) are not known. A total of 148,215 WDTC patients were 
identified from Surveillance Epidemiology and End Results (SEER) registries between 1973 and 
2014, of whom 54% underwent definitive thyroidectomy and 46% received adjuvant RAI. With a 
median follow-up of 6.6 years, 77 and 66 WDTC patients developed MDS and MPN, respectively. 
Excess absolute risks for MDS and MPN from RAI treatment when compared to background rates in 
the US population were 6.6 and 8.1 cases per 100,000 person-years, respectively. Compared to 
background population rates, relative risks of developing MDS (3.85 [95% confidence interval [CI], 
1.7-7.6]; P = 0.0005) and MPN (3.13 [1.1-6.8]; P = 0.012) were significantly elevated in the second 
and third year following adjuvant RAI therapy, but not after thyroidectomy alone. The increased risk 
was significantly associated with WDTC size >2 cm or regional disease. Development of MDS was 
associated with shorter median overall survival in WDTC survivors (10.3 versus 22.5 years; P < 
0.001). In conclusion, these data suggest that RAI treatment for WDTC is associated with increased 
risk of MDS with short latency and poor survival. 
 
Introduction 
Thyroid cancer is the most common endocrine cancer worldwide with rising incidence rates.587,597 
Papillary and follicular histologies account for 94% of WDTCs. The majority of WDTC at the time of 
diagnosis are either localised or locally advanced and the overall prognosis is excellent, with 5-year 
survival rates exceeding 97%.488,573,577 Treatment decisions are guided by the extent of disease and 
includes lobectomy or (near-)total thyroidectomy with or without RAI therapy to ablate the thyroid 
remnant, or to treat microscopic disease or distant metastases. Recent reports have attributed the 
rising rate of thyroid cancers to overdiagnosis of asymptomatic or low-risk WDTC tumours, while 
there is no evidence of therapeutic benefit of RAI in these tumours.572 Furthermore, low-dose RAI is 
non-inferior to high-dose RAI in the treatment of low-risk WDTC.598,599 Despite increasingly 
restrictive guidelines towards RAI treatment in low-risk WDTC patients,572,600 >40% of WDTC 
patients still receive RAI, many of them having low-risk disease.488 This has given rise to concerns of 
unnecessary exposure of these patients to adverse effects of radiation, including the development of 
a second primary cancer.575,576,578,579 
 
Exposure to ionizing radiation is a well-known risk factor for chronic myeloid neoplasms (MNs), 
489,556,557 such as MDS and MPN. Chronic MNs are a heterogeneous collection of clonal haematopoietic 
stem cell disorders characterised by ineffective haematopoiesis and a variable risk of transformation 
to acute myeloid leukaemia. Chronic MNs, particularly those attributed to prior radiation treatment 
(t-MDS/t-MPN), typically have low incidence rates and long latency periods.557 WDTC patients are 
relatively young at the time of diagnosis with the majority surviving for several decades, making this 
disease cohort ideal to study the deleterious effects of RAI on bone marrow. Considering the inherent 
refractoriness of t-MDS to conventional therapies, limited therapeutic options and overall dismal 
prognosis,577 identifying higher incidence rates of chronic MNs in RAI-treated WDTC patients could 
lead to reconsideration of the risk/benefit ratio of this adjunctive therapy. In this chapter, the risk of 
developing chronic MNs in WDTC patients treated with RAI as part of WDTC treatment was assessed. 
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Methods 
Study design. Data were obtained from the November 2016 submission to the SEER program of the 
National Cancer Institute, which collects information on cancer statistics including tumour 
characteristics, patient demographics, initial treatment and survival from population-based cancer 
registries covering ~28% of the US population.488 
 
Patients. WDTC, MDS, Philadelphia chromosome-negative MPN (Ph- MPN), and MDS/MPN overlap 
cases were identified by histology and ICD-9/10 codes (eTable 1). For this study, Ph- MPN and 
MDS/MPN overlap were grouped together under Ph- MPN. Additional covariates of interest were age, 
sex, ethnicity, year of diagnosis of WDTC/MN, tumour size, tumour stage (defined as localised, 
regional or distant/metastasised) and receipt of surgery with or without RAI. We excluded cases with 
non-papillary/follicular thyroid cancer histologies, if WDTC was not the first cancer, if WDTC was 
treated with chemotherapy or external-beam radiotherapy, if treatment information was unknown 
and if MN occurred as first, third or higher order cancer (Figure 1). In total, we included 148,215 
eligible WDTC patients. The Cleveland Clinic Institutional Review Board has deemed studies using 
deidentified, publicly available data (such as those used herein) to be exempt from Institutional 
Review Board review. 
 
Procedures. A previously validated R program, SEERaBomb,489 was used to query all 18 SEER 
registries to identify patients diagnosed with a primary WDTC who were treated with surgery alone 
or surgery followed by RAI and subsequently developed MN (see Chapter 17). The reason for 
preferring SEERaBomb over SEER*Stat MP-SIR (Multiple Primary-Standardised Incidence Ratio), a 
statistical tool by the National Cancer Institute, is that it allows analyses of a greater number of cases 
that have a longer duration of follow-up, which enables more capture and higher resolutions for 
second cancer risk estimates (Figure 2 and eFigure 1). MN risk dynamics after diagnosis of WDTC 
treated with surgery alone or surgery followed by RAI were estimated using methodology previously 
published.489 In brief, we calculated separate incidence rates of MDS and Ph- MPN per person-year 
(PY) at risk in the SEER-covered US population for each single-year age group, for males and females, 
and for each year (see Supplementary Methods). Because MN incidence rates in the WDTC cohort and 
the background population were derived from the same SEER registries, geographical or temporal 
bias could not influence differences observed by our methodology. We also calculated the cumulative  
 

 
Figure 1. Population-based assessments of MDS and Ph- MPN risks after WDTC cancers. 
 

SEER covers an increasing proportion of the US 
population, totaling 2.0 billion PYs since 1973 (when 
SEER started), 1.7 billion PYs since 1986 (when Ph- 
MPN was included) and 1.2 billion PYs since 2001 
(when MDS was included). Shown is a flowchart of 
the inclusion of WDTC, MN cases and their use in 
calculations of relative risks of MN occurrence after 
WDTC first cancers. These relative risks are the 
number of observed MN cases after WDTC first 
cancers, divided by the number of expected MN cases 
after WDTC first cancers. The latter is the 
background incidence rate of MN per PY, which is 
calculated by dividing the total number of MN cases 
[b] by the total number of PYs at risk in the general 
population [a]. This was then multiplied by the PYs 

at risk among WDTC survivors [c] to get the expected number of MN cases after WDTC first cancers. Abbreviations: 
EBRT, external beam radiotherapy; MDS, myelodysplastic syndrome; MN, myeloid neoplasm; Ph- MPN, 
Philadelphia chromosome-negative myeloid neoplasm; pop., population; PY, person-year; RAI, radioactive iodine; 
TKI, tyrosine kinase inhibitor; WDTC, well-differentiated thyroid cancer. 
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WDTC survivor PYs at risk for developing MN on the basis of the survival time. Using the background 
incidence rates of MN, the cumulative PYs at risk for each WDTC treatment group and the known age 
at diagnosis, sex, and year of diagnosis of each eligible WDTC patient, we calculated the expected 
number of MN cases in the population of eligible WDTC patients. Excess absolute risks (EAR) for MN 
development were computed by subtracting the expected cases of MN from the observed cases of MN 
per 100,000 PY at risk. Relative risk (RR) time courses for developing MN with 95% confidence 
intervals (CI) were then calculated based on the ratio of the observed and expected cases of MN per 
WDTC treatment group. Additionally, we assessed RR time courses for MN in WDTC patients by 
treatment type based on tumour size and stage (see Supplements).587 
 
We calculated the hazard ratios (HR) for developing non-synchronous MN in WDTC patients treated 
with surgery followed by RAI versus surgery alone (controls) to identify any excess risk from RAI. 
HRs were also calculated for other covariates including age, sex, ethnicity, year of diagnosis, tumour 
size, tumour stage and tumour histology. Because RAI dose is often based on WDTC size and/or 
stage,572,601 we generated an interaction term that included the receipt of RAI, WDTC size, and WDTC 
stage (see Supplementary Methods). We validated this interaction term in separate analyses. 
 
To assess outcomes of WDTC patients who developed MN, we performed survival analyses using two 
separate case-control designs, in which each WDTC patient who developed MN was compared to 
either five WDTC patients who did not develop MN or to five MN patients whose MN occurred 
spontaneously, i.e. not after treatment for a previous cancer. Cases and controls were matched by 
histology, type of treatment received, tumour stage, tumour size, age at diagnosis, sex, year of WDTC 
diagnosis and race, in that order of priority.  
 
Statistical analysis. RRs with 95% CIs and P values were calculated as described in the Supplements 
and explained previously.585 Mann-Whitney U, chi-square and Fisher’s exact tests were used to 
compare medians and frequencies between WDTC treatment groups. Cox regression analyses were 
used to calculate HRs with 95% CIs of developing MDS or Ph- MPN among WDTC treatment groups. 
Log-rank (Mantel-Cox) tests were used for survival analyses. Survival durations are given in years 
(median) with 95% CIs. Throughout, two-sided tests were used with α=0.05. All statistical analysis 
was performed using R.560 
 

 
Figure 2. Comparison 
of SEER*Stat and 
SEERaBomb coverage 
for second cancer 
analyses. 
 
(A) Shows the coverage of 
total person-years (PYs) 
at risk in the general 
population, and (B) shows 
the total PYs at risk 
among WDTC survivors in 
either SEERaBomb or the 
SEER 18 setting in 
SEER*Stat. (C) and (D) 
Show the capture of MDS 
and Ph- MPN cases as 
second cancer, 
respectively, after WDTC 
first cancers in either 
SEERa-Bomb or the three possible settings of SEER*Stat. 
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Results 
Baseline characteristics of WDTC cohort and treatment trends. Between 1973 and 2014, the 
incidence of WDTC increased from 3.1 cases to 14.5 cases per 100,000 PY, while the 5-year survival 
and mortality rates over the same period remained stable (Supplementary Figure S1). Between 1973 
and 2006, the proportion of WDTC patients treated with surgery and adjuvant RAI increased 
dramatically from 6.1% to 49.8% (P = 0.0001). From 2006 onwards, RAI treatment rates declined 
gradually reaching 41.7% in 2014. The baseline characteristics of the study cohort by treatment type 
are shown in Table 1. In total, 79,841 (54%) WDTC patients underwent surgery alone and 68,374 
(46%) received surgery followed by RAI. 
 
Risk of developing MNs after WDTC treatment compared with the background population. A total 
of 77 patients developed MDS after WDTC treatment, 42 (55%) had surgery alone, and 35 (45%) 
received RAI, whereas a total of 66 patients developed Ph- MPN, 34 (52%) following surgery alone 
and 32 (48%) after RAI (eTables 2-6). Comparing surgery alone and surgery + RAI-treated groups, 
there was no significant difference in the median time (years) to development of MDS (5.1 
[interquartile range 2.0-10.0] versus 4.1 [1.8-8.3], P=0.54) and Ph- MPN (8.3 [2.6-14.1] versus 4.2 [2.5-
10.6], P = 0.18). RR-time course plots of MDS and Ph- MPN in WDTC patients are shown in Figure 3. 
These RRs compare dynamic changes in the incidence rates of MDS and Ph- MPN in surgery-treated  
 
 
Table 1. Baseline characteristics of WDTC patients. 

Patient characteristics Surgery alone 
(n = 79841) 

Surgery + RAI 
(n = 68374) 

Age at WDTC diagnosis 

0-29 years 9522 (12%) 10085 (15%) 
30-39 years 15325 (19%) 14559 (21%) 
40-49 years 18565 (23%) 16685 (24%) 
50-59 years 17255 (22%) 13993 (20%) 
60-69 years 11159 (14%) 8394 (12%) 
> 70 years 8015 (10%) 4658 (7%) 

Gender 
Male 16682 (21%) 16717 (24%) 
Female 63159 (79%) 51657 (76%) 

Race 
White 64945 (81%) 55642 (81%) 
Black 5679 (7%) 3714 (5%) 
Other 9217 (12%) 9018 (13%) 

Year of WDTC diagnosis 

1973-1979 4115 (5%) 523 (1%) 
1980-1989 5805 (7%) 2337 (3%) 
1990-1999 8692 (11%) 8179 (12%) 
2000-2009 33459 (42%) 33868 (50%) 
2010-2014 27770 (35%) 23467 (34%) 

Histology 
Papillary 72232 (90%) 61456 (90%) 
Follicular 7609 (10%) 6918 (10%) 

Stage 

Localised 58889 (74%) 33212 (49%) 
Regional 17100 (21%) 32010 (47%) 
Distant 1438 (2%) 2662 (4%) 
Unknown 2414 (3%) 490 (1%) 

Tumour size 
<2 cm 47826 (60%) 31267 (46%) 
≥2 cm 19739 (25%) 32826 (48%) 
Unknown 12276 (15%) 4281 (6%) 

Median years of follow-up (IQR) 6.6 (2.6-12.7) 6.6 (3.1-11.4) 
Total person years at risk 733056 558912 

Percentages shown are calculated within columns. 808 patients had unknown survival duration and were excluded 
from the median years of follow-up and total person-years at risk calculations. Using Chi-square tests and Mann-
Whitney U tests, all statistical comparisons returned P values <0.001. However, these statistical comparisons may not 
represent meaningful differences due to the large sample sizes. Abbreviations: IQR, interquartile range; RAI, 
radioiodine; WDTC, well-differentiated thyroid cancer. 
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and surgery + RAI-treated WDTC patients with the background incidence rates of MDS and Ph- MPN 
in the US population over time. The RRs are adjusted for age at diagnosis, sex and year of diagnosis. 
Compared to the background rate, the risk of MDS in WDTC patients treated with surgery + RAI rose 
significantly in the first two years, peaking in the second year following treatment (RR, 3.9 [95% CI, 
1.7-7.6], P = 0.0005; Figure 3A). The EAR of MDS in the WDTC cohorts treated with surgery alone and 
surgery + RAI compared to the background population were 3.6 cases/100,000 PYs and 10.2 
cases/100,000 PYs, respectively. The EAR of MDS in the WDTC cohort treated with surgery + RAI 
compared with the WDTC cohort treated with surgery alone was 6.0 cases/100.000 PYs. Beyond two 
years, the risk of MDS declined quickly, reaching baseline rates within a year. A similar early rise in 
the risk of Ph- MPN was observed in RAI-treated WDTC patients when compared to the background 
rate, reaching a peak in the third year following RAI exposure (RR, 3.1 [95% CI, 1.1-6.8], P = 0.012; 
Figure 3B). EAR of Ph- MPN in surgery + RAI compared to surgery alone was 7.9 cases/100,000 PYs. 
After the third year, the risk of Ph- MPN returned to baseline within a year. In contrast, the risk of 
MDS or Ph- MPN in WDTC patients managed with thyroidectomy alone was comparable to the 
background rates.  
 
When analysed by sex, the RR of developing MDS was significantly elevated in males in the second 
year following RAI treatment compared to the background rate (RR, 4.7 [95% CI, 1.3-11.9], P = 0.007) 
but only reached borderline significance in females (RR, 3.3 [0.9-8.4], P = 0.04; eFigure 2). WDTC 
tumour size and disease stage influenced the risk of developing MDS, presumably because patients 
with larger tumours and/or higher disease stage received higher RAI doses. In the WDTC cohort 
receiving adjuvant RAI, the risk of MDS was significantly increased for tumours ≥2 cm when 
compared to background rates (RR, 5.7 [95% CI, 2.1-12.4], P = 0.0001; Figure 3C-D), but not for 
tumours <2 cm. In WDTC patients with regional disease, a similar significant increase in the risk of 
MDS was observed following surgery + RAI compared to background rates (RR, 5.2 [95% CI 1.7-12.2], 
P = 0.0011; Figure 3E-F) but not for localised disease. Relatively small sample sizes precluded sub-
analyses for the risk of developing Ph- MPN (eFigure 3). 
 
Risk of developing MNs between WDTC treatment groups. In regression analyses, receipt of RAI 
treatment when directly compared with surgery alone in WDTC patients was not associated with an 
increased risk of developing MDS (HR, 1.53 [95% CI, 0.63-3.73], P = 0.36; Figure 3C-D). However, the 
confidence interval was wide, the HR was not adjusted for age, sex and year of WDTC diagnosis 
(unlike the RRs) and the result should be interpreted with caution. As a next step, we generated an 
interaction term that included the receipt of RAI, WDTC size, and WDTC stage as a composite measure 
of RAI dose intensity delivered. As SEER does not capture RAI doses administered, we applied this 
interaction term to permit indirect assessment of RAI dose-response effect. This methodology is 
supported by the fact that in SEER there is agreement between SEER Historic Stage A and tumour 
size with more advanced stage associated with larger tumour size587 and secondly, according to the 
current American Thyroid Association guidelines RAI dose selection is based on WDTC size and/or 
stage.572 When receipt of RAI treatment was combined with WDTC tumour size and stage, the 
interaction independently predicted for higher risk of MDS in the first three years after WDTC 
diagnosis compared to thyroidectomy alone (HR, 1.57 [1.06-2.32], P = 0.03) in multivariate logistic 
regression analyses controlling for age (eTable 19). We validated our approach using a control 
interaction term which only included WDTC tumour size and stage but not receipt of RAI, which was 
less significant than the full interaction term, suggesting that inclusion of RAI receipt in this 
interaction term was justified. There was no association between RAI exposure and Ph- MPN in 
multivariate analyses (eTable 19). 
 
Outcomes following MN development. Overall survival following MN development was computed 
as the length of time from the time of MN diagnosis in WDTC patients to death from all causes 
including MN or MN-treatment related complications or disease progression to AML. WDTC patients 
who developed MDS had shorter median overall survival compared with matched control WDTC 
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Figure 3. Time courses of risks for developing MDS or Ph- MPN after WDTC diagnosis.  
 

 
 
Plotted are mean adjusted RRs ± 95% CIs of developing (A) MDS or (B) Ph- MPN as second cancer, based on WDTC 
treatment type. Furthermore, separate plots are shown for RRs to develop MDS after (E) WDTCs <2 cm in size, (F) 
WDTCs ≥2 cm in size, (G) WDTCs that are limited to the thyroid gland and (H) WDTCs with extrathyroidal 
extension or spread by more than 1 lymphatic or vascular supply route. The solid line at y = 1 represents the MN 
risk in the background U.S. population. Significance markers: * P=0.0005; ** P=0,0001; *** P=0,0011. The excess 
absolute risk of WDTC treatment, compared to the background MN incidence rate in the US population, is shown 
below the graphs. The number of PYs at risk, expected and observed cases, RRs and 95% CIs for each RR time-
course graph are shown in eTables 7-18. (C-D) are unadjusted Kaplan-Meier plots of event-free survival as a 
function of years after WDTC diagnosis, where events are MDS diagnosis in (C) and Ph- MPN diagnosis in (D). Only 
patients that have ≥1 year of follow-up after WDTC diagnosis are included (130,438 WDTC patients in total). 
Abbreviations: CI, confidence interval; RAI, radioactive iodine; RR, relative risk; WDTC, well-differentiated thyroid 
cancer. 
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patients who did not develop MDS (10.3 [95% CI, 8.5-14.4] versus 22.5 [20.6-37.4] years; P < 0.001; 
Figure 4A) regardless of the type of WDTC treatment received. This is consistent with prior 
observations that occurrence of second cancers in first unrelated primary cancer survivors increases 
mortality602 and is particularly true in MNs including MDS occurring as second cancers. The survival 
of WDTC patients was comparable between those who developed MDS after surgery alone compared 
to those who developed MDS after surgery + RAI (median overall survival: 2.8 [1.3-4.2] versus 3.8 
[1.8-4.4] years; P = 0.82). Between 2010 and 2014, when SEER started tracking MDS progressing to 
AML, 4 out of 37 (11%) WDTC patients who later developed MDS had progression to AML (eTable 4). 
There was no significant difference in survival between patients with de novo MDS and those who 
developed MDS after surgery + RAI (3.8 [1.8-4.4] versus 4.8 [3.5-6.0] years; P = 0.07; Figure 4C) or 
following surgery alone (2.8 [1.3-4.2] versus 2.7 [1.9-3.1] years; P = 0.84), although a trend towards 
improved survival was noted in the RAI-treated WDTC patients. Median overall survival of WDTC 
patients did not differ between those who developed Ph- MPN versus matched controls who did not 
develop Ph- MPN regardless of the type of WDTC treatment received (Figure 4B). When compared to 
de novo MPN, the outcome of Ph- MPN occurring as second cancers in WDTC patients did not differ 
(Figure 4D and eTables 20-22).  
 
Discussion  
This study was prompted by the gravity of the implication that RAI treatment in WDTC patients may 
be associated with MDS and Ph- MPN development. This comprehensive, population-based 
evaluation of 148,215 WDTC patients treated over four decades revealed dynamic changes in the risk 
of MDS and Ph- MPN with time. In particular, we observed significantly increased risk of MDS with 
RAI exposure compared to background incidence rates; a short latency period for MDS after RAI 
therapy with highest risk at 2 years following RAI exposure; truncated survival in WDTC patients 
who developed MDS, which was not influenced by type of WDTC treatment received; a trend towards 
inferior survival in patients who developed MDS following adjuvant RAI compared to de novo MDS; 
and an increased risk of Ph- MPN after RAI treatment compared to background rates with the  
 

 
Figure 4. Median survival of WDTC patients by development of MDS and Ph- MPN. 
 
Shown are Kaplan-
Meier plots of case-
control studies 
wherein the following 
groups were 
compared: (A-B) 
WDTC patients that 
developed (A) MDS or 
(B) Ph- MPN after 
WDTC treatment 
(cases) versus those 
who did not (controls); 
(C) MDS and (D) Ph- 
MPN patients that 
were diagnosed with 
these diseases after 
treatment for WDTC 
(cases) versus those 
who did not (controls). 
In every panel, (2) are 
controls for (1) and (4) 
are controls for (3). P 
values were calculated 
with the log-rank test. 
Abbreviations: Pts, patients; MDS, myelodysplastic syndrome; (Ph-) MPN, Philadelphia chromosome-negative 
myeloproliferative neoplasm; RAI, radioactive iodine; WDTC, well-differentiated thyroid cancer. 
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limitation that the small number of Ph- MPN cases hampered drawing definitive conclusions. While 
the risk of myeloid malignancies is considered to be typically lower following radiation exposure 
(external beam radiation) compared to chemotherapy or combined chemotherapy and radiation,603 
our findings suggest otherwise. The EAR of MDS from RAI exposure observed in WDTC patients 
compared to the general population is surprisingly high and approximates the EAR of therapy-related 
MDS observed in other cancer cohorts such as lung cancer and breast cancer that are exposed to 
significantly higher leukaemogenic doses than WDTC patients due to receipt of chemotherapy, 
radiation or both (10.2 cases per 100,000 PY for WDTC versus 16.5 cases per 100,000 PY for lung 
cancer versus 7.3 cases per 100,000 PY for breast cancer). To overcome the limitation of non-
availability of RAI doses in SEER database, we used a novel interaction term incorporating receipt of 
RAI with tumour size and stage and observed a significant elevation in the risk of MDS only in patients 
with specific disease features - tumours ≥2 cm or regional disease. Consistent with the RAI dosing 
recommendations that bases RAI dose on disease burden, it is likely that WDTC tumours >2 (versus 
<2) cm or regional disease (versus local) received higher doses of RAI and the observed higher rates 
of MDS suggest a dose-response effect. 
 
An intriguing finding was the quick rise and fall in the risk of MNs following RAI exposure compared 
to population rates. Typically, the latency period of radiation-associated MNs can vary, ranging from 
approximately 2-5 years for acute leukaemia to more than 40 years for MDS in atomic bomb 
survivors.556,557 This raises a question of why radiation-associated MDS occur so early after RAI 
exposure? The kinetics of RAI indicate a lower magnitude of bone marrow exposure compared to 
other radiation modalities and possibly cannot explain the short latency  eFigures S4-5). Patients 
treated with RAI are likely to be monitored more frequently for potential RAI-related toxicities 
compared to WDTC patients receiving definitive thyroidectomy. It is plausible that this surveillance 
bias might explain the rise in RR of MNs observed in the first year after RAI therapy. However, the 
follow-up frequency of the WDTC treatment groups is unlikely to differ significantly in the second 
and third year following treatment completion, when maximal elevation in MN risk was noted in the 
RAI-treated cohort. 
 
The effective clearance half-time of total systemic RAI burden in thyroid cancer patients is 
approximately 16 hours,604,605 during which RAI undergoes several cycles of whole body circulation. 
As RAI is a circulating radiation emitter, the exposure of haematopoietic cells in the bone marrow to 
RAI might be sufficient to attain the mutagenic threshold for MN initiation. Of note, RAI can induce 
chromosomal aberrations in these cells.606,607 Sublethal genetic instabilities that are induced as a 
consequence of radiation exposure affect adult stem cells in an organ-specific manner and it is 
postulated that these effects occur earlier in the haematopoietic compartment.608,609 This assertion is 
supported by our previous work showing similar early risk-time courses of MDS/AML in other 
cancers treated with external radiation modalities.489 An explanation to the occurrence of WDTC and 
MNs at close intervals might lie in the findings from two genomic studies that showed a higher risk 
of development of MNs in first cancer survivors who harbor somatic mutations typically associated 
with clonal haematopoiesis.610,611 Ionizing radiation is known to induce a selective pressure that 
favors pre-existing haematopoietic clones harboring somatic mutations, which may then propagate 
to MNs, as observed in a longitudinal study on the etiology of t-MDS.496  
 
These findings have clinical implications. In Japanese atomic bomb survivors, a significant linear 
radiation dose-response for MDS was seen with the risk persisting 40 or more years after 
exposure.556,557 Extrapolating these findings to the growing population of 558,261 WDTC survivors, 
as of 2012,608 it is expected that the number of MN cases in RAI-treated WDTC patients will continue 
to rise when considering that the risk of malignancies from low-dose ionizing radiation is lifelong and 
increases with age.556 Recent trends towards overdiagnosis and subsequent overtreatment of WDTCs 
with RAI,578 the majority of them being low-risk with no benefit from RAI therapy, further heightens 
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these concerns. While recent guidelines have curtailed the use of adjunctive RAI for low-risk 
WDTC,572,600 more than 40% of WDTC patients are still being treated with RAI. 
 
t-MDS generally has a worse prognosis relative to de novo MDS577 and findings from our case-control 
study were consistent with that. The clinical importance of these findings would be to identify which 
WDTC patients should be closely monitored for development of MNs after RAI treatment. To address 
this question, we analysed an independent dataset that had complete information on 12,230 RAI-
treated thyroid cancer patients to evaluate the prevalence of any cytopenia after exclusion of 
common secondary causes. An estimated 13% of patients had cytopenias at two years after RAI 
therapy (Supplementary Table S1). While transient bone marrow suppression is expected with RAI, 
the fact that 2.5% had bicytopenia and 0.33% had pancytopenia after 12 months of RAI therapy is 
concerning. Based on these findings, we suggest a focused approach where RAI-treated WDTC 
patients who have persistent unexplained cytopenias affecting two or more cell lines and lasting for 
at least one year should undergo a thorough haematologic evaluation such as a bone marrow biopsy.  
 
This study has several limitations. MN registration in SEER suffers from underreporting and 
misclassification bias.609 Moreover, given the relatively short time frame for which chronic MN data 
has been available in SEER, it is very likely that the rates of MDS observed in WDTC survivors are 
underestimates. This is supported by our observations from an independent dataset containing 
12,230 WDTC patients treated with RAI, wherein 0.33% developed MDS, while in SEER only 0.05% 
of RAI-treated WDTC patients were diagnosed with MDS. In addition, reporting of radiation data in 
SEER is incomplete, with an estimated under-ascertainment of radiation treatment by 19-21% 
compared to patient report or medical claims review.612 The SEER program records RAI 
administration only in the initial treatment setting and if RAI is given at a later date (e.g. for disease 
recurrence) it remains uncaptured. These limitations can offset the true difference between the 
treatment groups, implicating that our results are underestimating the true excess MDS risk after RAI. 
SEER also does not provide information on WDTC patients who later received chemotherapy or 
tyrosine kinase inhibitors for disease progression or relapse but this lack of clinical information is 
unlikely to overturn the main conclusions of this study as these cases are relatively few. Exposure to 
ionizing radiation is not only an established risk for the development of MN, but also WDTC.613,614 
Such exposures can occur in a variety of settings including from diagnostic imaging (CT scans), RAI 
use for thyrotoxicosis (Graves’ disease and toxic multinodular goiter), and accidental environmental 
exposure to γ-radiation and radioactive iodine from nuclear weapon explosions or nuclear reactor 
accidents.615,616 While we restricted our inclusion to WDTCs occurring as first cancer cases to abolish 
confounding effect from prior cancer therapies, there remains a possibility that some WDTC patients 
in our study might have had environmental or medical therapeutic or diagnostic exposure to ionizing 
radiation prior to MN diagnosis. This is an inherent limitation of all SEER based second cancer risk 
estimation studies evaluating radiation-associated malignancies. However, considering that the 
WDTC patients are relatively young (at least a decade younger than other primary adult cancer 
cohorts) with less associated comorbidities, the likelihood of radiation exposures for medical 
indication prior to WDTC diagnosis is low and is unlikely to overturn our findings. Lastly, the effects 
of radiation can last for several decades and the maximal follow-up period for the present study (14 
years) might still be too short to fully evaluate the leukaemogenic effect of RAI.556,557 The strengths 
of this study include a large cohort of patients, relatively homogeneous treatment exposure (RAI), 
strict inclusion criteria, and use of a novel methodology. 
 
In conclusion, this population-based study demonstrates that WDTC patients undergoing RAI 
treatment are at an increased risk of developing MDS. Our findings add to the growing body of 
evidence that strongly argues for judicious use of RAI in low-risk WDTC tumours where the quality 
of evidence for such treatment is low. Considering the long latency of MDS, relative young age of 
WDTC patients coupled with excellent long-term survival, and overtreatment of low-risk WDTCs, 
MDS rates are likely to continue to rise.



 

 

Supplementary methods 
 
Comparison between SEERaBomb and SEER*Stat. The SEER*Stat MP-SIR can 
access only registries in SEER 9 (1973-2014) or SEER 13 excluding Alaska (1992-
2014) or SEER 18 excluding Alaska (2000-2014) but not all 18 registries from 1973 
to 2014, which results in underestimation of the population-at-risk (WDTC patients; 
eFigure 1). Entry of MDS and PH- MPN (mostly) cases into SEER began only in 2001, 
the year they became SEER reportable neoplasms. In theory, the SEER 18 setting of 
SEER*Stat MP-SIR is able to capture almost all MDS and PH- MPN cancers in SEER, 
with the exception of cases in Alaska and PH- MPN cases that were already entered 
before 2000, such as CMML and malignant mastocytosis. However, because the SEER 
18 setting of SEER*Stat MP-SIR is only able to access PYs at risk from 2000 onwards, 
SEER*Stat MP-SIR is “blind” to any first cancers that were diagnosed pre-2000. 
Therefore, SEER*Stat MP-SIR is unable to classify second cancers as such when the 
predecessor first cancer occurred before 2000. This is especially important in second 
cancer risk assessments when they involve long latency times. 
 
Regression analyses to calculate hazard ratios of RAI treatment to develop MDS 
or Ph- MPN. Univariate and multivariate Cox regression analyses were performed to 
calculate hazard ratios (HRs) for developing MDS or Ph- MPN after WDTC. Covariates 
that were significant in univariate analyses (P < 0.05) were included in the 
multivariate analysis, which was subjected to the backwards Wald procedure to 
generate the final model.  Because these analyses served to validate our risk-time 
course estimates, we limited the regression analyses to MNs that arose in the second 
and third year following WDTC treatment. We generated an interaction term where 
the dichotomous administration of RAI (no = 0, yes = 1) was multiplied by the WDTC 
tumour size in centimeters (rounded up, 0-1 cm = 1, 1-2 cm = 2, 2-3 cm = 3 and 3+ 
cm = 4) or if tumour size was not available, WDTC disease stage (localised disease = 
1, regional disease = 2, see above for more information). All metastatic WDTC cases 
treated with RAI were given the highest score (i.e. 4). We validated this RAI dose 
simulation interaction term with a control interaction term that only included WDTC 
tumour size and stage, but not RAI receipt. 
 
Given the low incidence rates of MDS and Ph- MPN after WDTC treatment, Fine-Gray 
competing risk regression analyses were the preferred method of analyzing these 
data. However, small sample sizes prevented convergence of these models for 

several covariates, including WDTC treatment, which rendered it impossible to 
perform these analyses. 
 
Methodology using IBM Explorys Universe search platform to identify cytopenias 
in RAI-treated WDTC patients. Explorys, an IBM Company, provides a protected, 
cloud-based analytics platform that harnesses big data for clinical integration, 
predictive analytics and business intelligence for healthcare systems as well as 
research. Explorys Enterprise Performance Management (EPM) is a Health 
Insurance Portability and Accountability Act (HIPAA)–compliant database 
containing de-identified clinical data on 50 million patients from 26 healthcare 
networks comprising of 360 hospitals. The EPM database allows each participating 
health-care system to access its own information as well as data composing the 
Explorys universe. Explorys contains cancer as well as non-cancer data and is 
updated on a daily basis from de-identified EMR entries of patients treated at the 
participating institutions. It has been validated in several large retrospective studies 
including secondary malignancies. Because it is HIPAA compliant, it was exempted 
from institutional review board (IRB) approval. A major strength of this dataset is its 
ability to undertake massive-parallel data processing of a large sample size and is 
particularly useful for investigating cancers with low event rates. In this chapter, we 
aimed to use the EPM database as a novel approach to analyse the prevalence of 
cytopenias in patients with primary malignant thyroid cancer treated with 
radioactive iodine (RAI) and additionally, identify MDS cases occurring as second 
cancer in this cohort. We used the EPM database's “power search” tool to create 
primary malignant thyroid cancer cohort with specific temporal relationships to 
cytopenias using search criteria as described below. The following terms were used 
to identify those who were treated with RAI: iodine radioisotope, radioactive isotope, 
exposure to ionizing radiation, history of radiation exposure, iodine radioisotope, 
exposure to radiation, iodine isotope, iodine and/or iodine compound and iodine 
compounds. We excluded patients with diagnosis of iron deficient anemia, vitamin 
B12 or folate deficiency, Human immunodeficiency virus (HIV), Hepatitis C, cirrhosis 
of liver, and chronic kidney disease stage III-V to avoid confounding reasons for 
cytopenias.  Our search terms to identify cytopenias included anemia, neutropenia, 
and thrombocytopenia or any combination of these. 
 
Background information on SEER databases, additional information on covariates 
extracted from SEER, acquisition of SEER data and procedures to estimate relative 
risk dynamics are described in the Supplements of Chapter 18. 



 

 

Supplementary Figure S1. Incidence, treatment, survival, and mortality of 
WDTC. 

 
(A) Incidence of WDTC per 100,000 person-years (PYs) shown on the left Y-axis. The 
percentage of WDTC patients treated with no radiation, radioactive iodine 
treatment (RAI), external beam radiation treatment (EB), unknown treatment, or 
chemotherapy (also including tyrosine kinase inhibitors) treatment are shown as 
functions of the bottom or top right Y-axis. (B) Incidence and mortality of WDTC per 
100,000 PY is shown as a function of the left Y-axis. The percentage of WDTC patients 
surviving at least 5 years is shown as a function of the right Y-axis. Data are from 
1973 through 2014 and derived from all 18 SEER registries. 

Supplementary Table S1. WDTC cases with RAI exposure and subsequent 
cytopenias and MDS 
 

Prevalence of any cytopenias after RAI treatment  Number (%) 
Total thyroid cancer patient with RAI 12230 
Any cytopenias present after at least 6 months 2350 (19%) 
Any cytopenias after at least 12 months 2080 (17%) 
Any cytopenias after at least 18 months 1820 (15%) 
Any cytopenias after at least 24 months 1600 (13%) 
Prevalence of bicytopenias after RAI treatment 
Total thyroid cancer patient with RAI 12230 
Any bicytopenia after at least 6 months 350 (2.9%) 
Any bicytopenia after at least 12 months 300 (2.5%) 
Any bicytopenia after at least 18 months 260 (2.1%) 
Any bicytopenia after at least 24 months 210 (1.7%) 
Prevalence of pancytopenias after RAI treatment 
Total thyroid cancer patient with RAI 12230 
Pancytopenia after at least 6 months 50 (0.41%) 
Pancytopenia after at least 12 months 40 (0.33%) 
Pancytopenias after at least 18 months 30 (0.25%) 
Pancytopenias after at least 24 months 30 (0.25%) 
Thyroid Cancer with RAI with pancytopenia  
Total thyroid cancer patient with RAI 12230 
MDS after 6 months of cancer diagnosis 20 (0.16%) 
MDS after 12 months of cancer diagnosis 20 (0.16%) 
MDS after 18 months of cancer diagnosis 20 (0.16%) 
MDS after 24 months of cancer diagnosis 10 (0.08%) 

 
See the Supplementary Methods for more details on these analyses. 


