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IMPORTANCE Radioactive iodine (RAI) has been used extensively to treat hyperthyroidism
since the 1940s. Although widely considered a safe and effective therapy, RAI has been
associated with elevated risks of total and site-specific cancer death among patients with
hypothyroidism.

OBJECTIVE To determine whether greater organ- or tissue-absorbed doses from RAI
treatment are associated with overall and site-specific cancer mortality in patients with
hyperthyroidism.

DESIGN, SETTING, AND PARTICIPANTS This cohort study is a 24-year extension of the
multicenter Cooperative Thyrotoxicosis Therapy Follow-up Study, which has followed up

US and UK patients diagnosed and treated for hyperthyroidism for nearly 7 decades,
beginning in 1946. Patients were traced using records from the National Death Index,

Social Security Administration, and other resources. After exclusions, 18 805 patients who
were treated with RAl and had no history of cancer at the time of the first treatment were
eligible for the current analysis. Excess relative risks (ERRs) per 100-mGy dose to the organ
or tissue were calculated using multivariable-adjusted linear dose-response models and were

converted to relative risks (RR = 1+ ERR). The current analyses were conducted from April 28,

2017, to January 30, 2019.

EXPOSURES Mean total administered activity of sodium iodide | 131 was 375 MBq for patients
with Graves disease and 653 MBq for patients with toxic nodular goiter. Mean organ or tissue
dose estimates ranged from 20 to 99 mGy (colon or rectum, ovary, uterus, prostate, bladder,
and brain/central nervous system), to 100 to 400 mGy (pancreas, kidney, liver, stomach,
female breast, lung, oral mucosa, and marrow), to 1.6 Gy (esophagus), and to 130 Gy (thyroid
gland).

MAIN OUTCOMES AND MEASURES Site-specific and all solid-cancer mortality.

RESULTS A total of 18 805 patients were included in the study cohort, and the mean (SD)
entry age was 49 (14) years. Most patients were women (14 671[78.0%]), and most had a
Graves disease diagnosis (17 615 [93.7%]). Statistically significant positive associations were
observed for all solid cancer mortality (n = 1984; RR at 100-mGy dose to the stomach = 1.06;
95% Cl, 1.02-1.10; P = .002), including female breast cancer (n = 291; RR at 100-mGy dose to
the breast = 1.12; 95% Cl, 1.003-1.32; P = .04) and all other solid cancers combined (n = 1693;
RR at 100-mGy dose to the stomach = 1.05; 95% Cl, 1.01-1.10; P = .01). The 100-mGy dose to
the stomach and breast corresponded to a mean (SD) administered activity of 243 (35) MBq
and 266 (58) MBq in patients with Graves disease. For every 1000 patients with
hyperthyroidism receiving typical doses to the stomach (150 to 250 mGy), an estimated
lifetime excess of 19 (95% Cl, 3-40) to 32 (95% Cl, 5-66) solid cancer deaths could occur.

CONCLUSIONS AND RELEVANCE In RAI-treated patients with hyperthyroidism, greater
organ-absorbed doses appeared to be modestly positively associated with risk of death

from solid cancer, including breast cancer. Additional studies are needed of the risks and
advantages of all major treatment options available to patients with hyperthyroidism.
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n the United States, the prevalence of hyperthyroidism is

1.2% (0.5% overt and 0.7% subclinical), and most cases are

due to Graves disease.! Radioactive iodine (RAI; sodiumio-
dide 1131, or Na™'I) has been extensively used to treat hyper-
thyroidism since the 1940s and has been the preferred first-
line treatment by US physicians for uncomplicated Graves
disease.?®> However, in recent decades, preference for RAI
therapy as a primary treatment for Graves disease has de-
clined in favor of antithyroid drugs, likely reflecting the in-
creased awareness of an association between RAI and wors-
ening of Graves ophthalmopathy as well as concerns about risks
of radiation-induced cancer, whereas preference for initial sur-
gical treatment has remained low.>*

Postsurgical RAI ablation therapy for differentiated thy-
roid cancer (eg, >100 mCi) has been associated with an in-
creased risk of secondary malignant neoplasms, including bone
and soft-tissue sarcomas, salivary gland and digestive tract can-
cers, and leukemia.>® However, relatively few cohort studies
have evaluated cancer risk after RAI for hyperthyroidism,
which involves much lower administered activities (typically
10-15mCi),' and findings have been inconsistent.?° In pre-
vious studies, the amount of administered activity was used
as a surrogate measure of radiation exposure®!°-13; however,
radiation absorption varies by organ and can vary substan-
tially across patients for a given administered dose. To date,
risks of specific cancers have not been precisely quantified with
well-substantiated estimates of absorbed dose to individual or-
gans, which account for administered activity along with ana-
tomic and physiologic patient characteristics associated with
these effects.

The largest and most comprehensive study to date on this
topic used data from Cooperative Thyrotoxicosis Therapy
Follow-up Study, which had a cohort of more than 35000
patients with hyperthyroidism (65% of whom were treated with
RAI) enrolled between 1946 and 1964 in the United States and
United Kingdom and with mortality follow-up through 1990.2
In that study, total and site-specific cancer mortality rates were
not found to be elevated in RAI-treated patients compared with
the general population. Although thyroid cancer mortality was
elevated 4-fold in RAI-treated patients, this risk did not ap-
pear to be associated with radiation exposure from the treat-
ment, given that greater administered activity, used as a proxy
measure for absorbed dose to the thyroid, was not associated
with thyroid cancer mortality after accounting for a 5-year la-
tency period. Greater estimated red bone marrow-absorbed
doses were not associated with death from hematopoietic and
lymphoproliferative malignant neoplasms. Absorbed doses to
other organs and tissues were calculated according to simplis-
tic dosimetry assumptions but were not evaluated in relation
to site-specific cancer death. On the basis of those findings,
those authors concluded that RAIappeared to be a safe therapy
for hyperthyroidism.?

We have since extended the follow-up of the Cooperative
Thyrotoxicosis Therapy Follow-up Study by 24 years (maxi-
mum 68 years) and, we now use improved individual esti-
mates of absorbed organ doses of 1131, as described in a pre-
vious publication.'® The objective of the current study was to
evaluate the radiation dose-response relationships for site-
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Key Points

Question Is radioactive iodine absorbed dose associated with
overall and site-specific cancer mortality in patients with
hyperthyroidism?

Finding In this cohort study of 18 805 patients with
hyperthyroidism treated with radioactive iodine, a statistically
significant positive dose-response relationship for risk of death
was observed for all solid cancers (6% increase in risk per
100-mGy dose to the stomach), breast cancer (12% increase in risk
per 100-mGy dose to the breast), and all solid cancers excluding
breast (5% increase in risk per 100-mGy dose to the stomach).

Meaning This study's findings suggest a modest positive
association between greater organ-absorbed doses of radioactive
iodine and risk of solid cancer death; additional studies are needed
to fully weigh the risks and advantages of radioactive iodine and
other treatment options for patients with hyperthyroidism.

specific cancer death among the RAI-treated patients with
hyperthyroidism in the cohort.

Methods

Study Population

The mortality follow-up of the cohort is approved annually by
the Institutional Review Board of the National Cancer Insti-
tute. Because the mortality follow-up is based on linkages with
available databases and involves no direct contact with study
participants, the requirement for informed consent was waived
by the Institutional Review Board of the National Cancer
Institute. The current analyses were conducted from April 28,
2017, to January 30, 2019.

The Cooperative Thyrotoxicosis Therapy Follow-up Study
included all patients with a hyperthyroidism diagnosis between
1946 and 1964 at 25 US medical centers and 1 UK hospital.'®”
Comprehensive clinical data were abstracted from medical rec-
ords. Patients were initially followed up through June 30, 1968.
They were asked to return to the clinic at 2-year intervals for a
physical examination, brief history, and additional blood stud-
ies. Follow-up information was obtained from the treating phy-
sicians or medical records, if available, or directly from the pa-
tients via mailed questionnaires. In 1984, investigators from the
National Cancer Institute of the National Institutes of Health re-
assembled the cohort data from printed computer listings, mi-
crofiche, microfilm cassettes, and handwritten documents main-
tained at the collaborating medical centers.? The records for
35630 patients were compiled at 4 regional centers (Harvard
University, Boston, Massachusetts; Memorial Sloan-Kettering
Cancer Center, New York, New York; University of Southern Cali-
fornia, Los Angeles; and Research Triangle Institute; Research
Triangle Park, North Carolina). Patients were traced using rec-
ords from the National Death Index, Social Security Administra-
tion, and other resources, and copies of death certificates were
obtained and coded by trained nosologists. After excluding du-
plicates and incomplete records, the final data set included 35 593
patients, of whom 28719 had complete mortality follow-up
through 1990. Mortality follow-up continued for the US patients
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by linking with various tracing resources, including the Social
Security Administration records to determine vital status and
National Death Index Plus records to identify causes of death for
decedents through December 31, 2014.

We further excluded those with no follow-up informa-
tion, missing entry or exit dates, or exit dates that occurred on
or before study entry (the first patient visit to a participating
study clinic during the study enrollment period), resulting in
31332 patients treated with RAI, surgical procedure, antithy-
roid drugs, or a combination of these options. From the 19 558
remaining patients who received RAI therapy, alone or in com-
bination with other treatments, we excluded an additional 753
patients with a cancer diagnosis before study entry. After the
exclusions, 18 805 patients were eligible for the analysis.

Dose Estimation

A comprehensive dose assessment was conducted to estimate
organ- or tissue-absorbed doses for cohort members who received
RAI therapy (described in detail in a previous publication).!® In
brief, an iodine mathematical biokinetic model was developed
and calibrated using data from a kinetically well-characterized
group of 197 patients with hyperthyroidism who had thyroid,
blood, and urine measurements of I 131. The model estimates,
along with individual patient data, were then applied to the full
cohort of RAI-treated patients with hyperthyroidism and used
to calculate the numbers of 1131 disintegrations in the source or-
gans and tissues (regions with increased 1131 avidity). Iodine 131
photon and electron spectra from the International Commission
on Radiological Protection'® were used to compute the S values'®
(mean absorbed dose in a target region per unit disintegration
of1131in a source region) on the adult reference voxel phantoms
adopted by the International Commission on Radiological
Protection?® for all important combinations of source and tar-
getregions. Absorbed dose to 26 target organs and tissues were
calculated using new S value estimates'® for each patient and
numbers of disintegrations in the source organs derived from the
biokinetic model (from both diagnostic tests and therapeutic
treatments).

Statistical Analysis

For the current analyses, person-years at risk for each patient were
computed from 5 years after the date of the last RAI treatment
(ifa typical latency period were assumed between radiation ex-
posure and solid cancer occurrence) until the date of death, date
last known to be alive for patients lost to follow-up, or end of
follow-up (December 31, 2014). Dose-response analyses were con-
ducted among the patients receiving RAI treatment by fitting mul-
tivariable linear excess relative risk (ERR) models to disease rates.
To directly compare the strength of the radiation dose-response
relationship across the specific causes of cancer death, we cal-
culated the ERRs per 100 mGy absorbed dose to the target organ
or tissue for that cancer site (with stomach dose as a whole-body
dose surrogate) and computed 95% likelihood-based CIs around
these estimates. These models have the following form:

background(a, s, b, x)[1+Bd*f(y)],
in which the rate is a function of age(a), sex(s), birth cohort

(b), other risk factors(x), and dose(d), and f(y) describes the ef-
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fects of modifying factors (eg, attained age). Background rates
included sex-dependent functions of attained age and birth co-
hort (continuous), with further adjustment for the following
potential confounders, chosen a priori: Graves disease diag-
nosis (yes or no), additional surgical procedure (yes or no), and
additional antithyroid drug treatment (yes or no).

Relative risks (RRs) at 100 mGy were calculated by add-
ing 1 to these estimates (RR =1 + ERR). Baseline clinical im-
pression (eg, mild, moderate, severe hyperthyroidism, or un-
known), as recorded by physicians in each center, was not
retained in the final models because inclusion of this term did
not statistically significantly improve the model fit or affect
the estimates. Beginning follow-up 2 years, as opposed to 5
years, after the last treatment did not change the results for
non-solid cancer mortality (leukemia excluding chronic lym-
phocytic leukemia and non-Hodgkin lymphoma). Stratified
person-year computations and risk estimations were per-
formed using Epicure, version 2.00.02 (Risk Sciences
International).?! Two-sided hypothesis tests and 95% CIs were
based on likelihood ratio tests, with a significance threshold
of P = .05.

Theserisk estimates, along with baseline age-specific total
and cause-specific death rates obtained from the 2014 Sur-
veillance, Epidemiology, and End Results mortality data,? were
used to estimate the number of future cancer deaths esti-
mated to be attributed to radiation exposure on the basis of a
hypothetical population of patients who received the same or-
gan or tissue dose at the same age (eg, 40 years) and in the same
calendar year (eg, 2014). For this analysis, we used the risk of
exposure-induced death method, which is the sum of the ex-
pected number of exposure-associated deaths at each age, tak-
ing into account competing risks.?* Estimates of the number
of future cancer deaths were given per 1000 patients.

. |
Results

Ofthe 18 805 patients in the study cohort, 14 671 (78.0%) were
women and 17 615 (93.7%) had Graves disease (Table 1). The
mean (SD) age at entry was 49 (14) years.

The treatment combination of RAI and antithyroid drugs
was the most common (8675 [46.1%]), followed by RAI alone
(7182 [38.2%]); RAI, surgical procedure, and drugs (2254
[12.0%]); and RAI and surgical procedure (694 [3.7%]). By
number of RAI treatments, 12 387 patients (65.9%) received
1 treatment, 3629 (19.3%) received 2 treatments, 1317 (7.0%)
received 3 treatments, and 1471 (7.8%) received more than
3 treatments. Mean (SD) total administered activity (includ-
ing diagnostic and therapeutic activity) was 375 MBq (10.1 mCi)
for patients with Graves disease (median [interquartile range
(IQR)1, 269 [187-419] MBq) and 653 MBq (17.6 mCi) for pa-
tients with toxic nodular goiter (median [IQR], 488 [301-792]
MBq).

The highest mean estimated absorbed doses were to the
thyroid (130 Gy) (to convert gray to rad, multiply by 100),
followed by the esophagus (1.6 Gy); liver, oral mucosa, lung,
stomach, red bone marrow, female breast, pancreas, kidney
(100-400 mGy); and uterus, brain, bladder, ovary, prostate, and
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colon or rectum (20-99 mGy). Factors associated with total ad-
ministered activity included number of RAI treatments, older
age at entry, clinical impression of disease severity, toxic nodu-
lar goiter diagnosis, previous weight loss, history of heart dis-
ease and diabetes, and additional treatment with both surgi-
cal procedure and antithyroid drugs (Table 2).

During follow-up (mean of 26 years; maximum of 68
years), 15484 deaths (82.3%) were recorded. Malignancy was
the primary cause for 2366 deaths (15.3%). After excluding
deaths in the first 5 years after the last RAI treatment, posi-
tive dose-response relationships were observed for mortality
from most of the individual solid cancers evaluated (Table 3),
with statistically significant associations observed for female
breast cancer (n = 291; RR at 100-mGy dose to the breast = 1.12;
95% CI, 1.003-1.32; P = .04) and all other solid cancers com-
bined (RR at 100-mGy dose to the stomach = 1.05; 95% CI, 1.01-
1.10; P = .01). For all solid cancer mortality (n = 1984), the RR
at 100-mGy dose to the stomach was 1.06 (95% CI, 1.02-1.10;
P =.002). The 100-mGy dose to the stomach corresponded to
amean (SD) administered activity of 243 (35) MBq in patients
with Graves disease (median [IQR], 234 [223-263] MBq),
whereas the 100-mGy dose to the breast corresponded to a
mean (SD) administered activity of 266 (58) MBq (median [IQR],
260 [224-297] MBq). The RR for thyroid cancer mortality was
evaluated at 100 Gy thyroid-absorbed dose, a typical high dose
received by the thyroid gland; however, the variability around
this estimate was wide and based on only 15 deaths (RR = 1.20;
95% CI, <1.00 to 610). Because these estimates were based on
linear dose-response models, risks associated with higher (or
lower) doses can be directly estimated from these models.

The dose-response relationships for all solid cancer, breast
cancer, and all solid cancer (excluding breast) did not change
after restricting to patients receiving a single RAI treatment or
RAI-only treatment (no surgical procedure or antithyroid drugs)
(eTable 1in the Supplement) or after excluding patients with
toxic nodular goiter. The shapes of the dose-response rela-
tionships were consistent with linearity (Figure). The RRs for
all solid cancer mortality (but not for breast cancer or all other
solid cancer) decreased with increasing attained age. We ob-
served no evidence of a dose-response relationship for mor-
tality from leukemia, excluding chronic lymphocytic leuke-
mia (59 deaths; RR at 100 mGy = 0.97; 95% CI, <0.96 t01.26),
non-Hodgkin lymphoma (70 deaths; RR at 100 mGy = 1.07;
95% CI, <0.96 t0 1.54), or multiple myeloma (30 deaths; RR at
100 mGy = 1.69; 95% CI, <0.97 to >6.0) (Table 3). We esti-
mated that 8% of the solid cancer deaths, including 14% of
breast cancer and 7% of all other solid cancer deaths, during
follow-up were attributed to radiation in these patients.

Combining these RR estimates with current US mortality
rates, we estimated that 13 (95% CI, 2-27) excess solid cancer
deaths, including 3 breast cancer deaths (95% CI, 0.1-7), would
occur for every 1000 patients (80% women), receiving 100 mGy
absorbed dose to the stomach or breast at age 40 years. For ev-
ery 1000 patients currently treated at age 50 years, we esti-
mated an excess of 12 (95% CI, 2-26) radiation-associated solid
cancer deaths, including 3 breast cancer deaths (95% CI, 0.1-7)
(eTable 2in the Supplement). Of the excess solid cancer deaths,
only 8% in the age 40 years group and 25% in the age 50 years
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Table 1. Selected Characteristics of the Study Population

Characteristic Participants, No. (%)

Total
Age at study entry, y

18805 (100)

<30 1733(9.2)
30-39 3055 (16.2)
40-49 4816 (25.6)
250 9201 (48.9)

Sex
Male 4134 (22.0)
Female 14671 (78.0)

Hyperthyroidism diagnosis

Graves disease 17 615 (93.7)

Toxic nodular goiter 934 (5.0)

Unknown 256 (1.4)
Treatment combination

RAI only 7182 (38.2)

RAI and surgical procedure 694 (3.7)

RAl and drugs 8675 (46.1)

RAI, surgical procedure, and drugs 2254 (12.0)
Vital status

Alive or lost to follow-up 3321 (17.7)

Deceased 15484 (82.3)
Study site
Mount Sinai Hospital (New York, NY) 3042 (16.2)
Mayo Clinic (Rochester, MN) 1907 (10.1)
Massachusetts General (Boston, MA) 1726 (9.2)
Sheffield Hospital (Sheffield, UK) 1378(7.3)
Columbia Presbyterian Hospital (New York, NY) 1190 (6.3)
Cedars Sinai Medical Center (Los Angeles, CA) 1093 (5.8)
Los Angeles County Hospitals (Los Angeles, CA) 1065 (5.7)
University of Michigan (Ann Arbor, MI) 978 (5.2)
University of Maryland (Baltimore, MD) 899 (4.8)
University of California (San Francisco, CA) 747 (4.0)
Beth Israel Hospital (Boston, MA) 678 (3.6)
University Hospitals of Cleveland (Cleveland, OH) 630 (3.4)
New York Hospital-Cornell (New York, NY) 612 (3.3)
Lahey Clinic (Boston, MA) 589 (3.1)
Montefiore Med Center (New York, NY) 560 (3.0)
White Memorial Hospital (Los Angeles, CA) 518 (2.8)
University of Cincinnati (Cincinnati, OH) 492 (2.6)
Memorial Sloan-Kettering (New York, NY) 283 (1.5)
Cleveland Metropolitan General Hospital 198 (1.1)
(Cleveland, OH)
Strong Memorial Hospital (Rochester, NY) 125 (0.7)
St Louis University (St Louis, MO) 52(0.3)
Ochsner Clinic (New Orleans, LA) 43 (0.2)

Abbreviation: RAI, radioactive iodine.

group would be expected to occur in the first 20 years after
treatment. Because higher administered activities are now cur-
rently recommended for the treatment of patients with Graves
disease (370-555 MBq),! we also calculated excess solid can-
cer deaths at 150-mGy, 200-mGy, and 250-mGy dose to the
stomach, which would be more typical of current treatment
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Table 2. Baseline Demographic and Clinical Characteristics of Patients
With Hyperthyroidism Treated With Radioactive lodine

Tertile of Total Administered Activity, MBq

1038

Baseline Characteristics 1(n=6296) 2(n=6248) 3(n=6261)
Total administered activity, mean (SD), MBg® 160 (45) 289 (46) 724 (500)
No. of RAI treatments, mean (SD) 1.3(1.2) 1.4 (0.9) 2.4(1.9)
Dose, mGy
Stomach 65 (20) 120 (25) 320 (240)
Breast® 60 (21) 110 (29) 280 (210)
Thyroid 65000 (31000) 110000(41000) 210000 (160000)
Study entry age, mean (SD), y 47 (13) 49 (14) 52 (14)
Sex, No. (%)
Male 1288 (20.5) 1383 (22.1) 1463 (23.4)
Female 5008 (79.5) 4865 (77.9) 4798 (76.6)
Clinical impression, No. (%)
Suspect 111(1.8) 96 (1.5) 72(1.2)
Mild 1758 (27.9) 1649 (26.4) 1567 (25.0)
Moderate 2564 (40.7) 2605 (41.7) 2639 (42.2)
Severe 439 (7.0) 596 (9.5) 857 (13.7)
Unknown 1424 (22.6) 1301 (20.8) 1126 (18.0)
Type of hyperthyroidism, No. (%)
Graves disease 6127 (97.3) 5967 (95.5) 5521 (88.2)
Toxic nodular goiter 115(1.8) 207 (3.3) 612 (9.8)
Intermediate status 54(0.9) 74(1.2) 128 (2.0)
Weight loss prior to surgical procedure, No. (%) 4165 (66.2) 3995 (63.9) 3911 (62.5)
Amount of weight loss prior to surgical procedure, 19 (13) 21 (14) 23 (16)
mean (SD), lb
Medical history (prior to surgical procedure), No. (%)
Coronary heart disease 257 (4.1) 442 (7.1) 654 (10.5)
Hypertensive heart disease 364 (5.8) 564 (9.0) 720 (11.5)
Rheumatic heart disease 137 (2.2) 191 (3.1) 222 (3.6)
Other heart disease 274 (4.4) 398 (6.4) 718 (11.5)
Diabetes 238(3.8) 303 (4.9) 433 (6.9) Abbreviations: MBq, megabecquerel;
Treatment combinations, No. (%) RAI, radioactive iodine.
RAI only 2589 (41.1) 2597 (41.6) 1996 (31.9) Sl conversion factors: To convert
RAI and surgical procedure 278 (4.4) 225 (3.6) 191 (3.1) pounds to kg, multiply by 0.45.
RAI and drugs 798 (12.5) 726 (11.6) 739(11.8) ’ 'd”;'zges diagnostic and therapeutic
RAI, surgical procedure, and drugs 2640 (41.9) 2700 (43.2) 3335(53.3)

>Women only.

practices (eTable 2 in the Supplement). At these dose levels,
we would expect between 19 and 32 excess solid cancer deaths
per 1000 patients treated at age 40 years and between 18 and
31 excess solid cancer deaths per 1000 patients treated at age
50 years.

|
Discussion

Using data from the world’s largest cohort, to date, of RAI-
treated patients with hyperthyroidism, we investigated the as-
sociation between organ- or tissue-absorbed dose and site-
specific cancer death. To our knowledge, this is the first study
to characterize the dose-response relationship between RAI
treatment and site-specific cancer mortality in patients with
hyperthyroidism using reliable estimates of absorbed dose to
exposed organs or tissues. We observed that the RR of death
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from solid cancer, including breast cancer and all other solid
cancers combined, increased with greater doses to organs or
tissues. We estimated that RAI treatment could result in a small
long-term increase in the expected number of solid cancer
deaths associated with radiation exposure among patients with
hyperthyroidism.

Smaller previously studied European cohorts showed evi-
dence of an increased risk of total and/or site-specific cancers
following RAI treatment, including cancers in organs that took
up radioiodine or were exposed along the I 131 distribution
pathways (eg, salivary and digestive organs).>1°1* However,
results from these earlier studies were inconsistent, and it re-
mains unclear, particularly in studies relying on an external
(eg, general population) comparison group,2* whether those
findings represent consequences from the treatment or the un-
derlying disease,?>2° or if they were biased owing to confound-
ing. Confounding by indication, which occurs when the reasons
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Table 3. Relative Risks and 95% Cls for Cancer-Specific Mortality Among Patients With Hyperthyroidism Treated With Radioactive lodine

Absorbed Dose, mGy

Dose-Response Relationship

Organ- or At 100-mGy Organ- Cause-Specific Cancer
Target Organ or Tissue-Absorbed or Tissue-Absorbed Death Attributed to

Cause of Cancer Death? Tissue Dose, Mean (SD) No. of Deaths Dose, RR (95% CI)® P Value Irradiation, No. (%)
Solid cancers

Oral cavity Mucosa 320(320) 31 0.99 (<0.99-1.30) >.50

Esophageal Esophagus 1600 (1500) 38 1.01 (<1.00-1.87) >.50

Stomach Stomach 170 (180) 97 1.03 (<0.98-1.28) >.50

Colon Colon 23 (25) 258 1.19(<0.80-2.17) >.50

Rectal Rectum 18 (19) 49 1.54 (<0.75-6.53) >.50

Liver Liver 390 (460) 34 0.99 (<0.99-1.12) >.50

Pancreatic Pancreas 110 (120) 132 1.13(<0.97-1.56) 27

Lung or bronchus Lung 310(310) 437 1.02 (<0.99-1.07) 31

Bladder Bladder 49 (50) 54 0.96 (<0.96-2.15) >.50

Kidney Kidney 110 (130) 48 1.32(<0.97-9.34)  >.50

Brain or central nervous Brain 58 (56) 39 1.07 (<0.93-2.98) >.50

system

Thyroid Thyroid 130000(110000) 15 1.20 (<1.00-6.10)¢  >.50

Female breast Breast 150 (160) 291 1.12(1.00-1.32) .04 41.9 (14)

Uterine Uterus 63 (69) 63 1.54 (0.98-3.42) .07

Ovarian Ovary 38(42) 104 1.32 (<0.90-2.46) .30

Prostate Prostate 42 (41) 52 1.04 (<0.86-2.42) >.50

All other solid cancers Stomach 170 (180) 242 1.02 (<0.98-1.16) >.50
Leukemia (excluding CLL) Marrow 160 (160) 59 0.97 (<0.96-1.26) >.50
Non-Hodgkin lymphoma Marrow 160 (160) 70 1.07 (<0.96-1.54) >.50
Multiple myeloma Marrow 160 (160) 30 1.69(<0.97->6.00) >.50
All solid cancers combined Stomach 170 (180) 1984 1.06 (1.02-1.10) .002 154.7 (8)
All solid cancers excluding Stomach 170 (180) 1693 1.05(1.01-1.10) .01 117.2 (7)

female breast

Abbreviations: CLL, chronic lymphocytic leukemia; ERR, excess relative risk;

Gy, gray: RAI, radioactive iodine; RR, relative risk.

2 Patient deaths that occurred in the first 5 years after last RAI treatment were
excluded.

bBased on a linear excess RR model using continuous values of organ- or
tissue-absorbed dose (per 100 mGy), in which RR = 1+ ERR. Background rates
include terms for sex, sex-specific attained age and birth cohort patterns,

Graves disease diagnosis (yes or no), additional treatment with surgical
procedure (yes or no), and additional treatment with antithyroid drugs
(yes or no). To calculate RRs at 100*x mGy organ or tissue dose, use the
following equation: [(ERR)*x +1].

¢ Estimates are shown only when the corresponding RRs were statistically
significant at P < .05.

9RRat 100 Gy.

for choosing a specific treatment option are associated with
the outcome under study,?”28 is of particular concern in ob-
servational studies that compare cancer or other disease risks
by treatment type, which was the main approach used in the
previous analysis of this cohort.? By focusing the present analy-
sis on patients treated with RAI, we were able to minimize this
bias.

To our knowledge, this study is the first to provide direct
evidence of an association between internal exposure from
1131 and breast cancer risk. A similar study of a small cohort
of RAI-treated patients with hyperthyroidism in Finland found
an elevated risk for breast cancer; however, the dose-
response relationship was not evaluated in that study.! Eco-
logical data from the Chernobyl radiation accident in Russia
previously suggested such an association, with a 2-fold higher
breast cancer risk in the most (vs least) contaminated dis-
tricts starting approximately 10 years after the accident.?® The
dose-response estimate for breast cancer mortality in the
present study (RR at 100 mGy = 1.12; 95% CI, 1.003-1.32) was
consistent with similar estimates from other populations ex-
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posed to ionizing radiation in adulthood, including the Life
Span Study of atomic bomb survivors in Japan (RR at 100 mGy
at age 30 years with attained age of 70 years = 1.09; 95% CI,
1.06-1.13)3; the US Radiologic Technologists Study (RR at 100
mGy = 1.07; 95% CI, 0.99-1.19)*'; and smaller environmen-
tally, occupationally, and medically exposed populations.32-34
This consistency lends credibility to the estimated doses and
findings reported in this study.

Despite the high thyroid doses received (mean, 130 Gy),
we found no evidence of a dose-response relationship with thy-
roid cancer death. Previous studies have found that children
undergoing high-dose radiotherapy for a first primary cancer
were at an increased risk of developing secondary thyroid can-
cer, but the risk was attenuated at higher doses (>30 Gy), pre-
sumably because of cell killing.>> Whether malignant trans-
formation of residual thyroid cells is possible at the higher
thyroid doses received by patients with hyperthyroidism, who
are generally exposed in adulthood when the thyroid gland is
less susceptible to radiation exposure, remains unclear. The
ability to evaluate dose-response relationships for cancers that

JAMA Internal Medicine August 2019 Volume 179, Number 8
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Figure. Relative Risks for Solid Cancer, Female Breast Cancer, and Solid
Cancer Without Female Breast Cancer Mortality Among Patients With
Hyperthyroidism

@ Allsolid cancer dose response

1.3+

1.2

Relative Risk
-
HR

1.0

0.9 T T T
0 0.1 0.2 0.3 0.4 0.5
Stomach Dose, Gy
Breast cancer dose response
1.7
1.6+
1.5+

1.4+

1.3

Relative Risk

1.2+

1.1+

1.0

0.9~ T T T
0 0.1 0.2 0.3 0.4 0.5

Breast Dose, Gy

All solid cancer dose response excluding breast cancer

1.3

1.2

Relative Risk
-
HN

1.0

0.9

0 0.1 0.2 0.3 0.4 0.5
Stomach Dose, Gy

Patients were cancer free at the time of radioactive iodine (RAI) treatment.
Relative risks were compared across organ- or tissue-absorbed dose (in grays

[to convert to the conventional unit rad, multiply by 100]). Solid horizontal lines
represent the relative risk reference value (1). Solid blue lines represent the
estimated log-linear dose-response relationships. Dashed black lines represent
the smoothed dose-response relationships, and dashed gray lines represent

95% Cls. Black dots represent the relative risk at each organ dose category.
Background rates include terms for sex, sex-specific attained age and birth cohort
patterns, Graves disease diagnosis, additional treatment with surgical procedure,
and additional treatment with antithyroid drugs.
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are rarely fatal, such as thyroid cancer, in this study was lim-
ited as the cohort was followed for mortality outcomes only.
Studies with high-quality dosimetry and cancer incidence
follow-up are needed to better characterize the risk of thy-
roid cancer in adults and children after RAI treatment for
hyperthyroidism.

Thelack of evidence of a dose-response for leukemia mor-
tality in the current study was somewhat unexpected, given
that an elevated risk of leukemia was observed in patients with
thyroid cancer who received much higher levels of adminis-
tered activity.> Low-dose radiation exposure was also found
to be associated with leukemia risk in previous studies.>¢-3”
However, greater uncertainty in the calculation of red bone
marrow activity compared with that of other organ- or tissue-
absorbed doses,' combined with the low-dose range of expo-
sure and relatively small number of leukemia deaths, limited
our ability to detect a dose-response relationship in this set-
ting. Thus, we cannot rule out an association between radia-
tion treatment for hyperthyroidism and leukemia induction.

Strengths and Limitations

Strengths of this study included the large cohort size, long-
term follow-up, detailed clinical information, and analytic
methods to minimize confounding. In addition, we used high-
quality, individualized organ- and tissue-specific dose esti-
mates derived from a biokinetic model that was developed and
calibrated in a small group of well-characterized patients with
hyperthyroidism, with individual radioactivity measure-
ments, calculated S values, and clinical measurements avail-
able for all (administered activity) or most (thyroid mass and
percentage uptake) of the RAI-treated patients in the full
study.”

Nonetheless, major uncertainties in the organ (particu-
larly non-thyroid) dose estimations may have biased the study
findings toward the null. The small number of deaths for many
cancers of interest, together with relatively small doses to or-
gans other than the thyroid, limited our power to detect sta-
tistically significant associations for those outcomes. Consid-
ering the number of statistical tests performed, some results
may be because of chance; therefore, the results should be in-
terpreted with caution. As the results were unadjusted for
smoking, obesity, alcohol use, or reproductive factors, con-
founding by these known cancer risk factors is possible. Al-
though the results were adjusted for additional treatment with
antithyroid drugs (yes or no), residual confounding may be pos-
sible, as this information may not have been complete for all
patients, and the information on type, quantity, and dates of
use was not recorded in the database.? Given that the types of
antithyroid drugs administered to patients in the cohort dif-
fered from those more commonly prescribed in recent years
(eg, methimazole and carbimazole),?>® additional studies that
can more precisely evaluate the long-term health implica-
tions of current antithyroid drug therapies, including in the
context of RAI therapy.3® Confounding by severity of the un-
derlying hyperthyroid status and other concomitant diseases
was a potential source of bias, but we found that the results
changed little after adjusting for differences in clinical impres-
sion of disease severity.
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Conclusions

Hyperthyroid treatment decisions should take into
consideration the balance of risks with advantages of each
available treatment option as well as patient preference,
health status, and access to these options. We believe the
results of this study provide quantitative estimates of the
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