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Abstract

IMPORTANCE Whether radioactive iodine (RAI) therapy for hyperthyroidism can increase cancer
risk remains a controversial issue in medicine and public health.

OBJECTIVES To examine site-specific cancer incidence and mortality and to evaluate the radiation
dose-response association after RAl treatment for hyperthyroidism.

DATA SOURCES The Medline and Cochrane Library electronic databases, using the Medical Subject
Headings terms and text keywords, and Embase, using Emtree, were screened up to October 2020.
STUDY SELECTION Study inclusion criteria were as follows: (1) inclusion of patients treated for
hyperthyroidism with RAl and followed up until cancer diagnosis or death, (2) inclusion of at least 1
comparison group composed of individuals unexposed to RAI treatment (eg, the general population
or patients treated for hyperthyroidism with thyroidectomy or antithyroid drugs) or those exposed
to different administered doses of RAI, and (3) inclusion of effect size measures (ie, standardized
incidence ratio [SIR], standardized mortality ratio [SMR], hazard ratio [HR], or risk ratio [RR]).

DATA EXTRACTION AND SYNTHESIS Two independent investigators extracted data according to
the Meta-analysis of Observational Studies in Epidemiology (MOOSE) guidelines. Overall quality
assessment followed the recommendations of United Nations Scientific Committee on the Effects of
Atomic Radiation. The SIR and SMRs and the RRs and HRs were pooled using random-effects meta-
analysis.

MAIN OUTCOMES AND MEASURES Cancer incidence and mortality for exposure vs nonexposure
to RAI therapy and by level of RAl administered activity.

RESULTS Based on data from 12 studies including 479 452 participants, the overall pooled cancer
incidence ratio was 1.02 (95% Cl, 0.95-1.09) and the pooled cancer mortality ratio was 0.98 (95% Cl,
0.92-1.04) for exposure vs nonexposure to RAI therapy. No statistically significant elevations in risk
were observed for specific cancers except thyroid cancer incidence (SIR, 1.86; 95% Cl, 1.19-2.92) and
mortality (SMR, 2.22; 95% Cl, 1.37-3.59). However, inability to control for confounding by indication
and other sources of bias were important limitations of studies comparing RAI exposure with

nonexposure. In dose-response analysis, RAl was significantly associated with breast and solid cancer

mortality (breast cancer mortality, per 370 MBq: 1.35; P = .03; solid cancer mortality, per 370 MBq:
1.14; P = .01), based on 2 studies.

CONCLUSIONS AND RELEVANCE In this meta-analysis, the overall pooled cancer risk after
exposure to RAl therapy vs nonexposure was not significant, whereas a linear dose-response
association between RAI therapy and solid cancer mortality was observed. These findings suggest

(continued)
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Abstract (continued)

that radiation-induced cancer risks following RAI therapy for hyperthyroidism are small and, in
observational studies, may only be detectable at higher levels of administered dose.

JAMA Network Open. 2021;4(9):e2125072. doi:10.1001/jamanetworkopen.2021.25072

Introduction

Hyperthyroidism, a form of thyrotoxicosis, is a clinical state characterized by inappropriately high
tissue thyroid hormone levels.! The prevalence of hyperthyroidism ranges from 0.1% to 2.9%
worldwide? and is approximately 1.2% (0.5% overt and 0.7% subclinical) in the United States. The
most common causes include Graves disease, toxic multinodular goiter, and toxic adenoma.>

Radioactive iodine (RAI) has been used to treat hyperthyroidism for more than 7 decades.
According to the American Thyroid Association guidelines, RAI therapy has been strongly
recommended with moderate-quality evidence as 1of the 3 major treatments (ie, RAI, antithyroid
drugs, and thyroidectomy) for patients with overt Graves hyperthyroidism. RAI treatment is
preferred in situations in which greater value is placed on the definitive control of hyperthyroidism,
the avoidance of surgery, and the potential adverse effects of antithyroid drugs, and a lower value is
placed on the need for lifelong thyroid hormone replacement and the rapid resolution of
hyperthyroidism.! The European Thyroid Association guidelines also recommend RAI therapy to be
considered for patients who prefer this approach.*

However, the extensive use of RAI therapy has raised concerns regarding its potential
carcinogenic and leukemogenic effects. RAI therapy for thyroid cancer®” and for hyperthyroidism®°
has been associated with an increased risk of subsequent malignant neoplasms, whereas other
studies'®"" have reported no associations. However, a recent study by Kitahara et al,™® showing a
dose-response association between RAI treatment and the risk of cancer death, has challenged the
notion that RAI therapy for hyperthyroidism does not have long-term adverse effects.

Previously, a systematic review and meta-analysis reported the cancer risks after RAl exposure
for hyperthyroidism.™ Several studies for RAI therapy for hyperthyroidism and subsequent cancer
risk were published thereafter.'*'® Most, but not all, of these studies were summarized in a 2020
narrative review'” describing the association between RAI therapy for hyperthyroidism and cancer
risk. However, to our knowledge, there have been no systematic reviews or meta-analyses
summarizing the dose-response association of RAI therapy for hyperthyroidism with subsequent
cancer risk. In addition, a new quality assessment tool for radiation epidemiology studies was
recommended by the United Nations Scientific Committee on the Effects of Atomic Radiation
(UNSCEAR),'™® but it has yet to be applied in a systemic review of RAI treatment studies. Therefore, an
updated systematic review of the evidence on cancer risks following RAI therapy for hyperthyroidism
is warranted.

The current study is a systematic review and meta-analysis of the published literature on RAI
treatment for hyperthyroidism and site-specific cancer incidence and mortality using a new quality
assessment tool for radiation epidemiology studies from UNSCEAR. In this study, we estimated the
overall effect sizes of cancer incidence and mortality by site for patients exposed to RAI therapy vs
those unexposed. When possible, we evaluated the shape and magnitude of the dose-response
association for RAI therapy and risk of these outcomes.

Methods

This systematic review and meta-analysis was performed according to the standard Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement'® and the
Meta-analysis of Observational Studies in Epidemiology (MOOSE) reporting guideline.2° Our
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protocol was registered in the PROSPERO International prospective register of systematic reviews
database (CRD42020161142) prior to the study.

Literature Search

The electronic databases Medline and Cochrane Library were screened up to October 2020 using the
Medical Subject Headings terms and text keywords. The subject headings and text keywords
included those related to population (eg, hyperthyroidism), interventions (eg, iodine), and outcomes
(eg, neoplasm) (eTable 1in the Supplement). The search terms were grouped according to the
Boolean operators (ie, AND, OR, NOT). The searches were limited to human studies and were
performed for all languages and study types. The same search strategy was adopted for Embase
using Embase subject headings (Emtree). Additional studies were identified by 2 independent
investigators (S.R.S. and E.S.C.) through manually searching conference abstracts, clinical trial
databases, and reference lists.

Study Selection

Study inclusion criteria were as follows: (1) the study population comprised patients who were
diagnosed with primary cancer after RAIl treatment for benign thyroid diseases, such as
thyrotoxicosis and/or hyperthyroidism; (2) the interventions included the administration of RAI
treatment; (3) the comparisons were specified for nonexposed iodine treatment groups, such as the
general population and/or patients with hyperthyroidism receiving other treatment modalities
(thyroidectomy or antithyroid drugs), or patients exposed to different administered doses of RAI;
and (4) the outcomes were standardized incidence ratio (SIR), standardized mortality ratio (SMR),
hazard ratio (HR), or risk ratio (RR) for incidence ratio and mortality after RAI treatment. For
overlapping studies from the same cohort, the latest and most appropriate outcomes were selected
by the consensus of all the investigators. Two investigators (S.R.S. and E.S.C.) independently
screened the titles and abstracts of all the articles using the predefined inclusion criteria. The full-text
articles were examined independently by all investigators to determine whether they met the
inclusion criteria. Furthermore, the same authors independently extracted data using a data
extraction form. The final inclusion of each article was determined by all investigators' evaluation
discussions. References and data for each included study were carefully cross-checked to ensure that
no overlapping data were present and to maintain the integrity of the meta-analysis.

Data Extraction

Information on the number of patients, mean age of patients, the proportion of female patients,
country of study, treatment period, follow-up period, publication year, types of control groups, dose
of RAI, effect size estimates, and adjusted covariates were extracted from the included articles, using
a predefined data extract form. Because none of the studies included estimates of the organ dose

of RAl except for the study by Kitahara et al,’® we used the mean total administered activity of
individual studies. We then divided the patients into 3 dose groups (<309, 309-504, and =505 MBq)
by the first and third quartiles to ensure reasonable visibility in all investigators’ assessment
discussions.

Quality Assessment

The overall quality assessment followed the recommendation of UNSCEAR 2017.'® We assessed the
following 8 parameters: study participants, exposure, outcomes, design-specific bias, confounder
control, statistical methods, reporting bias, and conflicts of interest. We graded each signaling
question, risk-of-bias judgment, and overall quality assessment (eTable 2 and eFigure 3 in the
Supplement).
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Statistical Analysis

SIR and SMR were used for external comparison analysis, and the RR and HR was used for internal
comparison analysis. The RR and HR were used for dose-response meta-analysis (DRMA). The
random-effects model published by DerSimonian and Laird®' was used to obtain the pooled overall
incidence and mortality ratios with 95% Cls for outcomes. The statistical heterogeneity was
evaluated using Cochran Q test and the /? statistic. A metaregression analysis was conducted for each
moderator. To examine potential moderators, we used a restricted maximum likelihood estimator of
the variance of the true effects.?? Subgroup analyses were performed by number of patients, dose
level, sex proportion, country, treatment period, follow-up time, control group, study quality, and
effect size measures to test the stability and robustness of the results.

In reports regarding dose-response-associated cancer risks after RAI treatment, we conducted
2-stage DRMAs that comprised obtaining the regression coefficients of individual studies in the first
stage and calculating the total coefficient by converging the weighted means of the regression
coefficients of individual studies in the second stage.?> We also represented the linear and nonlinear
dose-response associations for RAl and cancer risks graphically.?*

The funnel plot illustrates the publication bias using standard error as the measure of study size
and ratio measures of treatment effect. In addition, we conducted the Begg and Mazumdar rank

2> and the Egger linear regression method test® for publication bias. A 2-sided

correlation tes
P = .05 was considered significant. The analyses were conducted using R version 3.6.0 (R

Foundation for Statistical Computing).

Results

Study Selection

The initial search identified a total of 2639 articles from electronic databases (PubMed, 1407;
Cochrane, 19; Embase, 1213). Of these, 2317 studies that contained data unrelated to the topic and
overlapping data or appeared in more than 1database were excluded. After a more detailed review,
an additional 13 papers that were review studies or concerned nontarget diseases were eliminated.
After screening the titles and abstracts, 44 studies were determined to be eligible for intensive
screening. Of these, 32 studies were further excluded for the following reasons: no cancer events as
results, 5 studies; no hyperthyroidism as the target disease, 3 studies; no iodine treatment, 3 studies;
no effect estimates, 8 studies; and duplicate results in the same cohort, 13 studies (Figure 1). The
data from the 2019 study by Kitahara et al'* was replaced by the data from the 2020 study by
Kitahara et al,'® as the earlier publication was the only study assessing cancer risks by estimates of
organ and/or tissue absorbed doses. Finally, 12 studies®11416:2731
qualitative assessment, among which 9 pairwise meta-analyses (6 external comparisons®116-28

using SIR or SMR and 3 internal comparisons'*'>>! using HR or RR) and 3 DRMAs>®-3° were included
27,29

met our selection criteria for

in the quantitative meta-analysis. Two diagnostic studies were used for the qualitative
assessment.

A systematic review of the 12 studies was conducted to assess the experimental differences and
subject descriptions in detail (Table 1). Most of the studies were conducted in North America and
Europe, with the main cohorts being the Cooperative Thyrotoxicosis Therapy Follow-up Study cohort
(TTFUS)'©1628 and Swedish Cancer Register.2°'* The range of the calendar years of treatment and
mean per-patient follow-up duration in the quantitative meta-analysis were from 1946 to 2015 and
7.27 to 27 years, respectively, whereas the mean RAI therapeutic administered activity ranged from
259 to 507 MBq. Nine cohort studies®101416:27-30 were classified as high and moderate quality, and 3
studies"™>3" were rated at relatively low and very low quality (eTable 2 in the Supplement).

Outcome Findings
Detailed findings of the cancer risks compared with control groups in the different body sites after
RAI treatment for hyperthyroidism are described in Table 2 and eFigure 1in the Supplement. The
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pooled overall incidence ratio in the meta-analysis was 1.02 (95% Cl, 0.95-1.09). Cochran Q test
showed moderate heterogeneity (> = 63.0%), and only the incidence of thyroid gland cancer was
statistically significant at an incidence ratio of 1.86 (95% Cl, 1.19-2.92). Furthermore, the pooled
overall mortality ratio in the meta-analysis was 0.98 (95% Cl, 0.92-1.04). Cochran Q test showed
moderate heterogeneity (/> = 57.2%). The association for mortality from thyroid cancer was
statistically significantly higher (mortality ratio, 2.22; 95% Cl, 1.37-3.59). In the subgroup analysis of
external comparisons using SIR or SMR (incidence ratio, 1.01; 95% Cl, 0.93-1.09; mortality ratio, 0.97;
95% Cl, 0.91-1.04) and internal comparison using HR or RR (incidence ratio, 1.05; 95% Cl, 0.92-1.19;
mortality ratio, 1.05; 95% Cl, 0.86-1.27), the summary effect size estimates did not reach statistical
significance. Forest plots by cancer site are presented in eFigure 4 and eFigure 5 in the Supplement.

Effect Size Modifiers

Table 3 provides a subgroup analysis and an overview of the metaregression analysis results. The
metaregression analysis found that RAl administered activity dose, number of patients, follow-up
period, and study quality were significantly associated with cancer risk. Particularly, the administered
dose of RAI was significantly positively associated with cancer incidence among patients with
hyperthyroidism (<309 MBq: effect size, 0.86 [95% Cl, 0.74-1.01]; 309-504 MBq: effect size, 0.86
[95% Cl, 0.68-1.09]; =505 MBQq: effect size, 1.09 [95% Cl, 1.03-1.16]; regression coefficient, 113 [95%
Cl, 1.06-1.21]; P < .001) and mortality (<309 MBq: effect size, 0.90 [95% Cl, 0.82-1.00]; 309-504
MBaq: effect size, 0.92 [95% Cl, 0.84-1.01]; =505 MBq: effect size, 110 [95% Cl, 1.02-1.18]; regression
coefficient, 1.11[95% Cl, 1.04-1.19]; P = .002). There was no statistically significant difference
between results using an external comparison (SIR and SMR) and those based on an internal
comparison (HR and RR).

Dose-Response Meta-analysis

Figure 2 displays the linear and nonlinear associations for RAl dose-response mortality cancer risks
of all-cause, solid, and breast cancers. Breast and solid cancer mortality increased with higher
administered doses (breast cancer mortality, per 370 MBgq: 1.35; P = .03; solid cancer mortality, per

Figure 1. Flow Diagram of Study Selection Process

2654 Records identified
1407 PubMed
1213 Embase

19 Cochrane
15 Hand search

2597 Excluded
—> 2317 Not related to topic
280 Duplicates

57 Records screened

45 Excluded
13 Overlapping cohorts
8 No outcome value given
7 Review
6 Did not include target disease
5 No cancer event included in results
3 Hyperthyroidism not included as target disease
3 Did not include iodine treatment

12 Included in qualitative synthesis
6 External comparison using SIR or SMR HR indicates hazard ratio; RR, risk ratio; SIR,

3 Internal comparison using HR standardized incidence ratio; and SMR, standardized
3 Dose-response synthesis using RR . .
mortality ratio.
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370 MBq: 1.14; P = .01). The risk tended to flatten between 300 and 400 MBq in the
nonlinear model.

Publication Bias

Publication bias was evaluated in eFigure 2 in the Supplement. The funnel plots of the incidence and
mortality ratios appeared symmetrical. The P values of the incidence and mortality ratios for Begg
and Mazumdar correlation test and Egger regression coefficient test suggested that there was no
evidence of publication bias or small-study effect in this meta-analysis.

Discussion

This systematic review and meta-analysis found no significant risks of total cancer incidence or
mortality after RAI therapy for hyperthyroidism, except for thyroid cancer. However, the DRMA
found that increases in the RAI dose were associated with increases in mortality from solid cancer
and breast cancer.

Table 2. Meta-analysis of the Incidence and Mortality Ratios of Cancer Risks After Radioactive lodine Treatment for Hyperthyroidism

Incidence ratio® Mortality ratio©

Heterogeneity® Heterogeneity®

Eff%ct sizes, Effect sizes,

Cancer site? No. 2, % P value Effect size (95% Cl) No.4 2, % P value Effect size (95% Cl)
Internal comparison using HR
All 2 0 .88 1.02 (0.90-1.16) 2 0 .96 1.05(0.86-1.27)
Digestive organ 5 0 46 1.32 (0.90-1.95) 0 NA NA NA
Eye, brain, and other parts of the central 2 62.0 .10 0.68 (0.12-3.89) 0 NA NA NA
nervous system
Female genital organs 2 0 46 0.90 (0.48-1.69) 0 NA NA NA
Urinary tract 2 70.1 .07 0.80(0.20-3.30) 0 NA NA NA
Lymphoid, hematopoietic, and related tissue 2 45.8 17 1.43(0.42-4.85) 0 NA NA NA
Overall estimates of internal comparison 20 8.8 .35 1.05(0.92-1.19) 2 0 .96 1.05 (0.86-1.27)
External comparison using SIR or SMR
All 3 93.2 <.001 0.91(0.74-1.12) 2 91.9 <.001 0.99 (0.82-1.20)
Digestive organ 6 22.9 .26 1.03(0.93-1.14) 8 44.0 .09 1.05(0.94-1.18)
Eye, brain, and other parts of the central 3 43.4 .17 1.11(0.58-2.14) 3 0 .58 0.97 (0.70-1.35)
nervous system
Lip, oral cavity, and pharynx 3 0 .47 0.89 (0.61-1.31) 2 0 .32 0.72 (0.47-1.13)
Respiratory and intrathoracic organs 2 96.0 <.001 0.89(0.41-1.93) 3 88.2 <.001 0.93 (0.69-1.24)
Breast 3 0 .90 1.04 (0.94-1.14) 3 0 .76 0.88 (0.77-1.00)
Genital organs
Female 0 NA NA NA 3 82.1 <.001 0.96 (0.68-1.36)
Male 0 NA NA NA 2 80.0 .03 0.81(0.48-1.34)
Urinary tract 3 86.5 <.001 1.05(0.72-1.53) 5 0 47 0.91 (0.78-1.06)
Thyroid gland 3 59.2 .09 1.86(1.19-2.92) 3 0 .80 2.22(1.37-3.56)
Lymphoid, hematopoietic, and related tissue 4 29.9 .23 0.81(0.64-1.02) 7 0 .89 0.97 (0.80-1.16)
Overall estimates of external comparison 32 73.5 <.001 1.01 (0.93-1.09) 41 59.1 <.001 0.97 (0.91-1.04)
Overall estimates 52 63 <.001 1.02 (0.95-1.09) 43 57.2 <.001 0.98 (0.92-1.04)
Abbreviations: HR, hazard ratio; NA, not applicable; SIR, standardized incidence ratio; ¢ Mortality ratio calculated from SMRs in Hall et al,® Ron et al,'® Franklyn et al," and
SMR, standardized mortality ratio. Kitahara et al'® and HRs for mortality in Giesecke et al'* and Ryodi et al.3'
2 Allindicates publications in which all malignant neoplasms were shown; digestive d Based on at least 2 effect sizes for each organ; the total number of effect sizes does not
organs, stomach, liver, pancreas, intestine, colon, and rectum; eye, brain, and other equal the sum of individual numbers due to overlap.
parts of the central nervous system, brain and nervous system:; lip, oral cavity, and e Pvalue of Cochrane Q statistics for heterogeneity; some values below the decimal point
pharynx, salivary glands; respiratory and intrathoracic organs, lungs; male genital differ according to the formula for calculating the standard error.
organs, prostate; urinary tract, kidney and bladder; and lymphoid, hematopoietic, and
related tissues, lymphoma, multiple myeloma, and leukemia.
® Incidence ratio calculated from SIRs in Goldman et al,?® Holm et al,® and Franklyn et al"!
and HRs in Ryodi et al and 3' Gronich et al.”®
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The risk of thyroid cancer mortality was elevated more than 2-fold (SMR, 2.22; 95% Cl,
1.37-3.59) after RAI therapy for hyperthyroidism. All 3 included studies®"'® reported that elevated
thyroid cancer mortality was associated with RAI therapy, and Ron et al'® reported that the SMR of
thyroid cancer was 3.94 (95% Cl, 2.52-5.86). One of possible reason may high dose of radiation
exposure on thyroid gland. According to Kitahara et al' the mean organ dose estimate for the thyroid
gland in the TTFUS cohort study was 130 Gy, which is a substantially larger dose than those
administered to other organs and tissues. High doses of radiation can cause DNA damage, which
could be mediated via a combination of direct effects, through breakage of molecular bonds, or
indirectly through the formation of free radicals, which lead to decreased thyroid function and/or
thyroid size.* However, Ron et al'® and Kitahara et al" found no evidence of a dose-response
association when modeling administered activity or absorbed dose to the thyroid gland.

The underlying conditions of the thyroid gland could be another possible reason for the
increased risk of malignant thyroid tumor after RAI for hyperthyroidism. Thyroid-stimulating
hormone and thyroid-stimulating antibodies, present in Graves disease, may play a role in
carcinogenesis and tumoral growth, and hyperthyroidism is associated with a high incidence of
thyroid carcinoma.32-33 Furthermore, tumors arising from hyperthyroid tissue show aggressive

Table 3. Associations of Moderators With Overall Cancer Risk After Radioactive lodine Treatment for Hyperthyroidism

Incidence ratio Mortality ratio
Effect sizes, Effect sizes,
Variables No. Effect size (95% Cl) P value® No. Effect size (95% CI) P value®
No. of total patients
210000 38 1.09 (1.03-1.16) 13 1.09 (1.02-1.17)
<10000 14 0.87(0.76-0.99) <001 30 0.91(0.85-0.97) <001
Dose, MBq®
<309 10 0.86 (0.74-1.01) 10 0.90 (0.82-1.00)
309-504 4 0.86 (0.68-1.09) 20 0.92 (0.84-1.01)
>505 38 1.09 (1.03-1.16) <001 12 1.10(1.02-1.18) 002
Coefficient® NA 1.13(1.06-1.21) NA 1.11 (1.04-1.19)
Sex proportion
280% of female 33 1.01 (0.94-1.09) 23 1.00(0.92-1.08)
<80% of female 19 1.05 (0.88-1.25) 82 20 0.92 (0.84-1.01) 16
Country
United States 4 0.86 (0.68-1.09) 20 0.92(0.84-1.01)
Others 48 1.02 (0.95-1.10) 39 23 1.00(0.92-1.08) 16
Treatment period
Before 1980 32 1.01(0.93-1.09) 41 0.97 (0.91-1.04)
After 1980 20 1.05(0.92-1.19) 81 2 1.04 (0.86-1.27) =7
Follow-up time, y
>10 24 1.08 (1.02-1.14) 34 1.00 (0.93-1.07)
<10 28 0.92 (0.80-1.04) 01 9 0.89 (0.89-0.99) 14
Control group
General population 32 1.01 (0.93-1.09) 41 0.97 (0.91-1.04)
Surgery and ATD 20 1.05(0.92-1.19) 81 2 1.04 (0.86-1.27) 60
Quality assessment*
High and moderate 38 1.09 (1.03-1.16) 33 1.00 (0.93-1.07)
Low 14 0.87 (0.76-0.99) <00t 10 0.91(0.82-1.00) 2
Internal vs external comparison
Standardized ratio 32 1.01 (0.93-1.09) 41 0.97 (0.91-1.04)
Hazard ratio 20 1.05(0.92-1.19) 81 2 1.04 (0.86-1.27) 60
Abbreviations: ATD, antithyroid drugs; NA, not applicable. ¢ Exponential regression coefficient.
2 Pvalue from metaregression analysis using the restricted maximum likelihood. 9 Quality assessment follows the recommendations of the United Nations Scientific
b Divided at the first and third quartile. Committee on the Effects of Atomic Radiation.'®
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behavior.343> Therefore, we assumed that the present meta-analysis included patients who had
hyperthyroidism as the target disease, implying that they already had risk of abnormal thyroid gland
function.

Regarding the dose-response cancer risk after RAI therapy for hyperthyroidism, the present
metaregression analysis found that overall cancer mortality among the study groups was significant.
In DRMAs with studies reporting dose-response-associated cancer risks, the association with breast
cancer mortality was stronger (1.35 per 370 MBq), while the association of solid cancer mortality was
wealer (114 per 370 MBq) than that reported by Kitahara et al,'® but both associations were
statistically significant and in the positive direction. The present meta-analysis similarly found an
increasing cancer risk after RAI therapy for hyperthyroidism with higher administered dose. The
studies that reported dose-response cancer risks by RAl doses were relatively higher quality than
those of other included studies.

Although the methodological quality of the included studies was of an acceptable level (9
studies with high and moderate quality; 3 with low and very low quality), the quality of the evidence
was rated as moderate at best. Most articles had a moderate or serious risk of bias with regard to
exposure owing to lack of organ dose estimation, except for the study by Ron et al.’® However, most
articles showed a low risk of bias with regard to study participants, outcomes, design-specific bias,

Figure 2. Dose-Response Associations Using Linear and Nonlinear Models for Radioactive lodine Dose and Cancer Mortality

E‘ All-cause cancer Solid cancer

1.6 1.6+

Nonlinear
Linear

1.4+ 1.4+

RR

1.2

RR

1.2+

1.0 1.0+

0.8 T T T T T T T T T T T T T
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
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Restricted cubic spline model used for nonlinear analysis. Shaded area indicates 95% ClI cancers, such as stomach, breast, kidney, and others, because the study did not report
of nonlinear model. A, All-cause cancer risk ratio (RR) calculated from studies by Hall the whole solid cancer RR of the dose groups. C, Breast cancer RR calculated from studies
et al® and Metso et al.3° B, Solid cancer RR calculated from studies by Hall et al® and by Hall et al® and Kitahara et al.'®

Kitahara et al.’® The solid cancer RR reported by Hall et al® synthesized the types of solid
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and reporting bias due to included national cohort studies. Therefore, the ascertainment of RAI
treatment for hyperthyroidism is unlikely to have caused a substantial bias in our findings.

Limitations

This study has several limitations. First, the individual studies included patients who were not
randomized to the treatments they received, and such observational studies may be vulnerable to
confounding bias.>® However, most studies were evaluated as having relatively reliable quality for
confounder control, although the individual studies may have been influenced by inadequate control
for confounding by indication, which occurs when the reasons underlying the selection of a
treatment are independently associated with risk of the outcome. Second, the number of studies
included in the quantitative synthesis was relatively small for pooling risks of relatively uncommon
cancer types despite the large sizes of the cohorts, and only 3 studies provided information of dose-
response associations. In addition, the available data did not allow determination of cancer risk
according to the etiology and severity of hyperthyroidism, cancer case ascertainment, and changes
in treatment strategies over the past few decades. Third, we used the mean total administered
activity of individual studies due to the lack of information on the organ or tissue absorbed dose of
the RAI except for the study by Ron et al'® and Kitahara et al."® However, risk estimates based on
organ doses should be more reliable because organ dose estimates account for clinical parameters,
including thyroid uptake and gland size; nonetheless, administered dose may be a reasonable proxy
for absorbed dose to most organs.™® Fourth, combining effect size measures based on general
population (SIR and SMR) and patients treated for hyperthyroidism with surgery or drugs (HR and
RR) may not be appropriate, considering that patients with hyperthyroidism may be more or less
likely to develop or die from certain cancers than the general population. However, our analysis by
internal and external comparison showed similar results, and combining different effect size
measures is possible using meta-analysis methods.3” Despite these limitations, we believe the results
of this meta-analysis provide quantitative information to understand the cancer risk associated with
RAI therapy for hyperthyroidism.

Conclusions

The overall pooled cancer risk after exposure to RAIl therapy vs nonexposure was not significant,
whereas a linear dose-response association between RAI therapy and solid cancer mortality was
observed. These findings suggest that radiation-induced cancer risks following RAI therapy for
hyperthyroidism are small and, in observational studies, may only be detectable at higher levels of
administered dose. Further research is needed to precisely quantify cancer risks for exposure vs
nonexposure to RAI at the level of administered activity currently used in the treatment of
hyperthyroidism.
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