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Introduction: Hyperthyroidism can be treated with antithyroid drugs (ATD), radioactive iodine (RAI), or
surgery. We aimed to evaluate the long-term outcomes of these treatments through a systematic review and net-
work meta-analysis (NMA).
Methods: A systematic literature search of PubMed, EMBASE, Web of Science, and the Cochrane Library
(from inception to March 7, 2025) was conducted to identify studies comparing the risks of all-cause mortality,
cardiovascular mortality, major adverse cardiovascular events (MACE), and cancer mortality among patients
with hyperthyroidism treated with ATD, RAI, or surgery. Pooled effect estimates were expressed as hazard ratios
(HR) with confidence intervals (CI) using a random-effects model. The study was registered with PROSPERO
(CRD420250543380) and adhered to the PRISMA-NMA guidelines.
Results:Of the 8163 studies screened, 12 observational studies with an overall moderate risk of bias, comprising
192,208 patients were included in this NMA. Most patients received ATD (n = 142,622), followed by RAI (n =
19,303) and surgery (n = 10,360). Surgery was associated with decreased risks of all-cause mortality and cardio-
vascular mortality compared with both ATD and RAI. For all-cause mortality, the pooled HRs (CI, p-values)
were 0.58 (0.45–0.75, p < 0.0001) for surgery versus ATD and 0.68 (0.56–0.84, p = 0.0004) for surgery versus
RAI. For cardiovascular mortality, the pooled HR (CI, p-values) were 0.43 (0.19–0.98, p = 0.0445) for surgery
versus ATD and 0.55 (0.33–0.93, p = 0.0269) for surgery versus RAI. No significant differences were observed
in MACE or cancer mortality across the treatment groups.
Conclusions: In patients with hyperthyroidism, surgery was associated with significantly decreased risks of all-
cause mortality and cardiovascular mortality compared with ATD and RAI. Risks ofMACE and cancer mortality
did not differ by type of hyperthyroidism treatment. However, these findings should be interpreted with caution
due to inherent methodological limitations of observational studies, including, but not limited to heterogeneity
and potential selection bias.
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Introduction

Hyperthyroidism, a state of excessive thyroid hormone
synthesis, is usually due to Graves’ disease or toxic nodu-

lar goiter.1,2 Its global prevalence ranges from 0.2% to 2.5% in
iodine-sufficient areas to 10–15% in iodine-deficient areas.1,2

Hyperthyroidism is linked to higher all-cause and cardiovascu-
lar mortality risks.3–5 These risks increase with prolonged
uncontrolled hyperthyroidism, even in treated patients.6,7

Hyperthyroidism treatment options include antithyroid
drugs (ATD), radioactive iodine (RAI), or surgery. A recent
survey across 85 countries highlighted regional variations and
a paradigm shift in managing Graves’ disease.8 Most clini-
cians (91.5%) preferred ATD, followed by RAI (7%) and sur-
gery (1.5%).8 In the United States, RAI use as the initial
therapy has decreased from 69% to 11% over the past three
decades,8 possibly reflecting clinician concerns about thyroid
eye disease and patients’ preferences, driven by fear of radio-
activity, risk of cancer and pregnancy-related concerns, often
independent of actual risk.9–12 Although American Thyroid
Association (ATA) guidelines for hyperthyroidism recom-
mend considering RAI or surgery if remission is not achieved
with ATD after 12–18 months,13 most surveyed clinicians
favored prolonged ATD use.8,14,15 Most providers considered
surgery after ATD only for patients with thyroid eye disease
or planning conception.8

This shift in practice is driven more by the desire to con-
trol hyperthyroidism without causing iatrogenic hypothyr-
oidism than by strong evidence regarding long-term risks of
each approach.3 While emerging data support the safety of
long-term ATD use,7,8 two recent large-scale population-
based cohorts suggested that surgery and RAI are associated
with lower all-cause mortality, cardiovascular diseases, and
major adverse cardiovascular events (MACE) risks com-
pared with ATD.16,17 No comprehensive analysis directly
compares the long-term outcomes of these three treatments.
To address this gap, we conducted a network meta-analysis
to evaluate all-cause mortality, cardiovascular mortality,
MACE, and cancer mortality in hyperthyroid patients treated
with ATD, RAI, or surgery.

Materials and Methods

Protocol and data sources

This network meta-analysis was conducted in accordance
with the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses for Network Meta-Analyses (PRISMA-
NMA) guidelines.18 A medical librarian performed a compre-
hensive literature search across four electronic databases—
PubMed, EMBASE, Web of Science, and the Cochrane
Library—from inception to March 7, 2025. Search strategies
were adapted for each database using predefined terms
related to hyperthyroidism, goiter, ATD, thyroidectomy,
RAI, and mortality. Both keyword-based and subject-
heading approaches were applied. No publication date
restrictions were placed. Studies were limited to those con-
ducted in humans and published in English. The full search
strategy is provided in Supplementary Table S1. We manually
checked reference lists of relevant reviews and meta-analyses
for additional articles. This systematic review and NMA was
registered in PROSPERO (CRD420250543380).

Study selection and outcomes

Eligibility criteria were established using the Population,
Intervention, Comparator, and Outcome (PICO) framework:
(1) Population: Patients with hyperthyroidism. (2) Interven-
tions and comparators: ATD, RAI, or surgery (thyroidectomy).
(3) Primary outcome: All-cause mortality; secondary out-
comes: cardiovascular mortality, MACE, and cancer mortality.
We accepted the definitions of MACE provided in each study.
Eligible studies included clinical trials, cohort, or case-control
studies published as original articles with original data. Studies
had to compare at least two hyperthyroidism treatments and
report relevant outcomes. We excluded studies evaluating a
single treatment, comparing treated patients with untreated
individuals or healthy controls, or lacking sufficient risk esti-
mate data. Laboratory or animal studies, review articles, case
reports, editorials, letters, and conference abstracts without
original findings or adequate data, were excluded.

The systematic review was conducted using Covidence
(Covidence systematic review software, Veritas Health Inno-
vation, Melbourne, Australia. Available at www.covidence
.org). Two independent reviewers (B.R.S. and C.C.P.)
screened retrieved articles based on titles and abstracts. If
either reviewer deemed a study potentially eligible, it pro-
ceeded to full-text review. Full-text assessments were inde-
pendently conducted by the same two reviewers, with
discrepancies resolved through discussion with a third
reviewer (P.P.L.).

Data extraction and quality assessment

Two reviewers (B.R.S. and C.C.P.) independently per-
formed data extraction using a predefined standardized form,
collecting information on (1) study characteristics: first author,
publication year, study design, geographic location, data
source, observation period; (2) patient characteristics: sample
size, mean age, sex distribution, hyperthyroidism etiology,
and treatment strategies; (3) outcomes: all-cause mortality,
cardiovascular mortality, MACE, and cancer mortality, along
with risk estimates and their corresponding confidence inter-
vals; (4) statistical adjustments: confounders and adjustment
methods. A third reviewer (P.P.L.) verified data accuracy.

Study quality was independently assessed by two reviewers
(B.R.S. and P.P.L.) using the Newcastle–Ottawa Scale (NOS)
for observational studies, evaluating selection bias, comparabil-
ity, and outcome assessment. Discrepancies were resolved by
consensus with a third reviewer (C.C.P.).

Data synthesis and statistical analysis

The hazard ratio (HR) with confidence intervals (CI) was
extracted as the effect measure. If multiple risk estimates were
reported (e.g., covariate-adjusted vs. propensity score-adjusted
models), propensity score matching or weighting estimates
were prioritized. A random-effects network meta-analysis
was conducted using a frequentist approach to estimate
pooled HR. Since all included studies were observational and
individual patient-level data were not available, we employed
the frequentist framework, which is suitable for addressing
between-study heterogeneity without relying on strong prior
assumptions typically required by Bayesian analysis. Treat-
ment ranking was determined using P-scores, which estimate
the probability that one treatment is superior to another across
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all comparisons. A higher P-score indicates a lower likelihood
of mortality or other adverse outcomes associated with that treat-
ment. The Greenland and Longnecker method was employed to
handle the balance of multi-arm results to fulfill the transitivity
assumption required for network meta-analysis.19

Heterogeneity was assessed using the I2, s2, and Q statis-
tic, categorized as low (I2 < 50%), moderate (50% £ I2 £
75%), or high (I2 > 75%). Network consistency was eval-
uated using node-splitting analysis, comparing direct and
indirect estimates. When a difference is p < 0.05, there is a
significant inconsistency between the direct and indirect esti-
mates. Publication bias was assessed via funnel plots with
Egger’s test.

Sensitivity analyses were performed to test robustness by
excluding high-risk studies and restricting analyses to studies
with confounder-adjusted results. We used the leave-one-out
method to assess whether the overall effect estimate changed
when one study was removed at a time.

Statistical analyses were conducted using R version 4.4.0 (R
Core Team, Vienna, Austria) with the netmeta package. Two-
sided p-values <0.05 were considered statistically significant.

Results

We identified 6696 references after removing duplicates,
with 94 full-text articles reviewed. Ron et al. (1998) and Kita-
hara et al. (2020) both reported long-term cancer mortality out-
comes from the Cooperative Thyrotoxicosis Therapy Follow-
up Study (CTTFUS).20,21 To avoid duplication, only Kitahara
et al.’s study was included, as it provided longer follow-up of
the same cohort. Goldman et al. also reported results from a
small portion of the same cohort; their study was retained for
analyzing all-cause mortality but excluded from cancer mortal-
ity analysis.22 Ultimately, 12 eligible studies were included in
the current network-meta analysis.7,16,17,21–29 The PRISMA
flow diagram is shown in Figure 1. Included studies spanned
seven countries across Europe, North America, Asia, and the
Middle East. Sample sizes ranged from 963 to 114,062 with
follow-up durations of 4.4 to 26.0 years. Nine studies reported

all-cause mortality, three reported cardiovascular mortality,
two reported MACE, and four reported cancer mortality.
Study characteristics, including age, sex, sample size, and
study design, are summarized in Table 1. No randomized con-
trolled trial (RCT) comparing three modalities was identified
in our systematic review. Adjusted covariates for each study
are provided in Supplementary Table S2; all of the included
studies controlled for patient characteristics, 11 controlled for
characteristics of hyperthyroidism, 7 controlled for comorbid-
ities, and 4 controlled for coexisting medications. Quality
assessments using NOS are in Supplementary Table S3.

All-cause mortality

The network structure for each outcome is shown in
Figure 2. The numbers of studies comparing all-cause mortal-
ity between treatments were: RAI versus ATD (n = 6), sur-
gery versus ATD (n = 3), and surgery versus RAI (n = 6).
Most patients received ATD (n = 143,622), followed by RAI
(n = 19,303) and surgery (n = 10,630). Figure 3 presents
results from individual studies.

The pooled HRs (CI, p value) for all-cause mortality were
0.58 (0.45–0.75, <0.0001) when comparing surgery versus
ATD, 0.85 (0.70–1.03, 0.0893) when comparing RAI versus
ATD, and 0.68 (0.56–0.84, 0.0004) when comparing surgery
versus RAI (Fig. 4). Overall heterogeneity was moderate (I2 =
73.1%, p value <0.0001). Surgery had the highest P-score
(0.9999) for all-cause mortality (Table 2). Node-splitting plots
(Supplementary Fig. S1) showed no significant inconsistency.
No significant publication bias was detected (Egger test, p =
0.0781; Supplementary Fig. S2).

Cardiovascular mortality, MACE, and cancer

mortality outcomes

The pooled HRs (CI, p value) for cardiovascular mortality
were 0.43 (0.19–0.98, 0.0445) when comparing surgery ver-
sus ATD, 0.77 (0.32–1.86, 0.5624) when comparing RAI
versus ATD, and 0.55 (0.33–0.93, 0.0269) when comparing

FIG. 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram.
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surgery versus RAI (Fig. 4). The overall heterogeneity was
high (I2 = 85.6%, p value = 0.0010).

The pooled HRs (CI, p value) for MACE were 0.88
(0.35–2.20, 0.7842) when comparing surgery versus ATD,
0.71 (0.34–1.51, 0.3743) when comparing RAI versus ATD,
and 1.24 (0.44–3.44, 0.6847) when comparing surgery ver-
sus RAI (Fig. 4). Overall heterogeneity was moderate (I2 =
74.5%, p value = 0.0478).

The pooled HRs (95% CI, p value) for cancer mortality
were 0.99 (0.87–1.13, 0.9129) when comparing surgery ver-
sus ATD, 1.01 (0.88–1.16, 0.8665) when comparing RAI
versus ATD, and 0.98 (0.93–1.04, 0.5189) when comparing
surgery versus RAI (Fig. 4). Overall heterogeneity was low
(I2 = 0%, p value = 0.6398).

No significant inconsistency was observed for cardiovas-
cular mortality (Supplementary Fig. S3) or MACE (Supple-
mentary Fig. S4) outcomes, while an inconsistency was
detected in the RAI versus ATD comparison for cancer mor-
tality (Supplementary Fig. S5).

Sensitivity analyses

We performed sensitivity analyses after excluding studies
that only provided unadjusted estimates for all-cause mortal-
ity (Supplementary Fig. S6).20 Only Goldman (1988)22 was
excluded from the all-cause mortality analysis because the
original effect size was not adjusted for any confounders.
The pooled HRs (CI, p value) for all-cause mortality were
0.66 (0.52–0.82, 0.0002) when comparing surgery versus
ATD, 0.84 (0.73–0.98, 0.0285) when comparing RAI versus
ATD, and 0.78 (0.64–0.94, 0.0084) when comparing surgery
versus RAI. Overall heterogeneity was moderate (I2 =
58.2%, p value = 0.0104).

As a post-hoc sensitivity analysis, we excluded the large-
scale study by Peng et al. (2024), which contributed 59% of
the total sample size, to assess its potential influence on the
findings. Results remained generally consistent with the
main analysis for all-cause mortality and cancer mortality.
Insufficient studies were available to perform NMA for car-
diovascular mortality and MACE. (Supplementary Fig. S7)
The leave-one-out meta-analysis for all-cause mortality
(Supplementary Fig. S8) showed no change in the pooled
effect estimate upon exclusion of any single study.

Discussion

In this systematic review and network meta-analysis of 12
studies including 192,208 participants, surgery for hyperthyr-
oidism was associated with a 42% lower all-cause mortality
risk and a 57% lower cardiovascular mortality risk compared
with ATD. Compared with RAI, surgery was linked to a 32%
lower risk of all-cause mortality and a 45% lower risk of car-
diovascular mortality. However, no significant differences
were observed in the risk of MACE or cancer mortality
among patients treated with surgery, RAI, or ATD.

Despite emerging evidence supporting better long-term
outcomes with surgery compared with RAI and ATD,16,17

thyroidectomy remains the last resort for treating hyperthyr-
oidism, likely due to concerns about scarring, cost, limited
access to high-volume surgeons, and risks of serious compli-
cations such as recurrent laryngeal nerve injury and hypopar-
athyroidism.30 Surgery is used in 2%–6% of cases globally,
often reserved for patients with thyroid eye disease or plan-
ning pregnancy.8,31,32 Our analysis showed that surgery was
associated with lower risks of all-cause and cardiovascular
mortality compared to both ATD and RAI. While selection
bias may have contributed to these findings, as surgical
patients were often younger than those receiving RAI or
ATD, this was not the case in Peng et al., where the surgical
cohort was slightly older. Moreover, all studies except Gold-
man et al. adjusted for age, addressing concerns that age dif-
ferences might confound mortality outcomes. Sensitivity
analysis excluding Goldman et al. confirmed the robustness
of our results.

A longer duration without achieving euthyroidism, or with-
out inducing and treating hypothyroidism, has been associated
with increased mortality, even among treated patients.6 There-
fore, both the type and timing of surgery during hyperthyroid-
ism treatment may influence long-term outcomes. Although
ATA guidelines recommend total thyroidectomy for Graves’
disease to minimize relapse risk,13 the proportion of total thy-
roidectomies varied across studies, ranging from 68% to 87%
in those reporting surgical types. Two notable outliers
included the CTTFUS cohort, where 89% underwent subtotal
thyroidectomy (reflecting earlier practices before the 1970s),21

and the Taiwanese cohort where only 18% received total thy-
roidectomy.17 Regarding surgical timing, ATA guidelines sug-
gest considering thyroidectomy or RAI for Graves’ disease if

FIG. 2. Network diagram of treatment comparisons for (A) all-cause mortality, (B) cardiovascular mortality, (C)
MACE outcomes, and (D) cancer mortality. The size of the nodes is proportional to the number of patients (in paren-
theses) who received the treatment. The width of the lines is proportional to the number of studies comparing the con-
nected treatments. ATD, antithyroid drugs; RAI, radioactive iodine; MACE, major adverse cardiovascular events.
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remission is not achieved after 12 to 18 months of ATD.13 Liu
et al. published two studies: one examining surgery within one
year of ATD use16 and another evaluating surgery after one
year of treatment.27 Similarly, Peng et al. analyzed outcomes
based on surgery performed within 18 months of diagnosis,
with a sensitivity analysis for surgery after 24 months.17 Both
studies found consistent benefits regardless of surgical timing,
suggesting that hypothyroidism induction may be the key fac-
tor in improving long-term outcomes.

Although RAI was associated with higher all-cause and car-
diovascular mortality risks compared with surgery, increased
risks associated with hyperthyroidism are mitigated following
RAI, provided hypothyroidism is appropriately managed with

levothyroxine.7,23,29,33 ATA guidelines recommend aiming
for near-complete ablation and permanent hypothyroidism in
Graves’ disease, while for toxic nodules, the goal is to ablate
autonomous tissue and preserve normal thyroid function.13

RAI effects are not immediate. It often causes a transient rise
in thyroid hormone levels, followed by a gradual return to
euthyroidism or progression to hypothyroidism within 4–10
weeks, or even longer.1,2 Persistent hyperthyroidism after RAI
can result from various factors, and hypothyroidism eventu-
ally occurs in 50%–85% of patients with Graves’ disease.1,2

Consequently, patients receiving RAI may remain hyper- or
hypothyroid for extended periods, unlike those undergoing
surgery, who become hypothyroid immediately and can begin

FIG. 3. Hazard ratios of included studies for all-cause mortality, cardiovascular mortality, MACE, and cancer mortal-
ity outcomes. The order of enrolled studies is sorted by the treatment effect size. ATD, antithyroid drugs; RAI, radioac-
tive iodine; MACE, major adverse cardiovascular event; HR, hazard ratio; CI, confidence interval.

1104 PENG ET AL.



levothyroxine replacement without delay. This prolonged
unpredictable thyroid status after RAI may contribute to worse
outcomes than after thyroid surgery. However, no significant
differences were observed between RAI and ATD-treated
patients.

Whether RAI increases cancer risk and cancer mortality has
been debated. We found no significant difference in cancer
mortality across the three treatments. Similarly, a recent meta-
analysis of 12 studies involving 479,452 patients reported no
increased cancer risk in RAI-treated versus nonexposed
patients with hyperthyroidism, although a linear dose-response
relationship with solid cancer mortality was observed.9

Given consistent evidence showing lower all-cause and
cardiovascular mortality with surgery compared to ATD, it
may be time to re-evaluate the role of long-term ATD ther-
apy, although more studies are needed. ATD remains the pre-
ferred treatment for hyperthyroidism worldwide, largely
driven by clinicians’ and patients’ hopes for Graves’ disease
remission without permanent hypothyroidism.8 Concerns
about the need for lifelong thyroid hormone replacement,

radiation exposure, surgical complications, and visible neck
scarring have further reinforced patients’ preference.11

Despite a relatively low remission rate of 30%–50% after 12–
18 months of ATD, prolonged use beyond 5 years may raise
remission rates to 80%–85%.1 The safety profile of long-term
ATD use is supported by emerging evidence,15 and its ease
of administration makes it an attractive option. As such, ATD
continues to be the primary treatment for persistent or
relapsed hyperthyroidism.8 However, patients and clinicians
should be aware that achieving remission may require years
of therapy, and the hope of avoiding hypothyroidism may not
materialize as long-term real-world data suggest that only
30%–40% of Graves’ disease patients will ultimately remain
euthyroid without the need for levothyroxine.8

Although this is not the first network meta-analysis evaluat-
ing outcomes in hyperthyroidism treated with ATD, RAI, or
surgery,34,35 our study is the first to specifically address cardio-
vascular mortality, MACE, and cancer mortality. We con-
ducted a more thorough and comprehensive literature search
and full-text review than prior studies, carefully assessing
study populations and designs. Several studies from prior
reviews were not included due to misalignment with the out-
comes of interest in this study. A summary of excluded studies
is provided in Supplementary Table S4. Issa et al. included
only three studies assessing arrhythmia, atrial fibrillation, heart
failure, and hypertension.34 Although Liu et al. included 22
studies, 12 focused on Graves’ ophthalmopathy.35 Their mor-
tality outcomes combined heterogeneous endpoints, including
all-cause, cardiovascular, and cancer mortality, and they
double-counted Ron et al. (1998) and Kitahara et al. (2020),
which analyzed the same CTTFUS cohort.20,21 In contrast, our
analysis included four additional relevant studies not captured
by Liu et al., improving our review.17,22,23,27 Among these
four, the cohort published by our group is by far the largest,
including 114,062 patients, and was designed to minimize
immortal time bias.17 Therefore, our systematic review and
network meta-analysis offers the most comprehensive evidence
on the long-term outcomes of hyperthyroidism treatments.

Table 2. P-Score of Studied Outcomes

Outcome Treatment P-score Rank

All-cause mortality Surgery 0.9999 1
RAI 0.4778 2
ATD 0.0223 3

Cardiovascular mortality Surgery 0.9821 1
RAI 0.3661 2
ATD 0.1517 3

MACE RAI 0.7353 1
Surgery 0.4751 2
ATD 0.2896 3

Cancer mortality Surgery 0.6421 1
ATD 0.5116 2
RAI 0.3464 3

ATD, antithyroid drugs; RAI, radioactive iodine; MACE, major
adverse cardiovascular events.

FIG. 4. Pooled hazard ratios for all-cause mortality, cardiovascular mortality, MACE, and cancer mortality outcomes.
ATD, antithyroid drugs; RAI, radioactive iodine; MACE, major adverse cardiovascular event; HR, hazard ratio; CI,
confidence interval.
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Limitations

This study has several limitations, primarily due to the ret-
rospective observational nature of included studies. Absence
of RCTs may limit the strength of causal inferences and pre-
cision of pooled effect size. Selection bias related to baseline
health status may have influenced comparative outcomes
across treatment groups. We observed substantial heteroge-
neity in studies assessing all-cause mortality, cardiovascular
mortality, and MACE, likely due to differences in methodo-
logical quality, patient populations, and adjustment strat-
egies. As a result, the estimated relative risks may differ
from absolute risks observed in RCTs. Variation in adjusted
confounders, such as lack of adjustment for baseline FT4
and TSH levels,17,24,25 duration and degree of control of
hyperthyroidism,17,24,25 comorbidities,21 and concomitant
medications28,29 in some studies, and absence of individual-
level data limited our ability to address residual confound-
ing. The limited number of studies evaluating surgical type,
surgical timing, and post-RAI thyroid status precluded sub-
group analyses of these important clinical questions. Finally,
most studies included mixed hyperthyroidism etiologies
without stratification by underlying cause. Only Boaelaert
et al. and Okosieme et al. specifically included patients with
Graves’ disease confirmed by thyrotropin receptor antibody
positivity.7,23 While Liu et al. described their cohort as hav-
ing Graves’ disease, the ICD-9 codes used (242.00/242.01)
indicate toxic diffuse goiter and they did not confirm Graves’
disease with serology.16,27 Therefore, our findings are most
applicable to patients with hyperthyroidism due to Graves’
disease or toxic nodules but should be interpreted within the
context of individual clinical scenarios.

Conclusions

In this network meta-analysis, surgery for hyperthyroid-
ism was associated with significantly decreased risks of all-
cause mortality and cardiovascular mortality compared with
ATD and RAI. No significant differences were found among
the three treatment modalities for MACE and cancer mortal-
ity. Findings should be interpreted with caution given the
inherent limitations of retrospective observational studies,
including heterogeneous patient populations, potential selec-
tion bias, and the limited number of eligible studies. Further
large-scale observational studies and RCTs are needed to
strengthen the evidence base for guiding hyperthyroidism
treatment decisions. Large-scale prospective studies and
individual participant data meta-analyses are needed to
strengthen the evidence base for guiding treatment decisions
in hyperthyroidism.
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