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ABSTRACT
BACKGROUND: There is an association between thyroid dysfunction and cerebral infarction (CI), but the causality cannot be
determined.A two-sample two-wayMendelian randomization (MR) studywas conducted to assess the causal relationship between
thyroid function and CI.
METHODS: We selected single-nucleotide polymorphisms (SNPs) associated with five phenotypes, including CI from the UK
Biobank (n = 361,194), hyperthyroidism from the IEU Open GWAS database (n = 484,598), hypothyroidism from the IEU Open
GWAS database (n = 473,703), normal thyroid-stimulating hormone (TSH) (n = 271,040), and normal free thyroxine (FT4) (n
= 119,120) from the Thyroidomics Consortium database. For the forward MR analysis, the exposures were hyperthyroidism,
hypothyroidism, TSH, and FT4. The inverse variance weighted (IVW) method, weighted median (WM), and MR-Egger revealed
the causality with CI. For the reverse MR analysis, CI was regarded as the exposure, and four thyroid function phenotypes were
the outcomes. The sensitivity and heterogeneity test was assessed using Cochran’s Q test, MR-Egger regression, and leave-one-out
analysis.
RESULTS: The MR analysis indicated that genetic susceptibility to hyperthyroidism increased the risk of CI (IVW-OR = 1.070;
95% CI: 1.015–1.128; p = 0.003). In reverse MR, genetic susceptibility to RA is not associated with hyperthyroidism (IVW-OR =
1.001; 95% CI: 1.000–1.001; p = 0.144). Any positive or reverse causal relationship between hypothyroidism, FT4, and TSH with CI
could not be established. Sensitivity and heterogeneity test consolidated our findings.
CONCLUSION:The causality betweenCI andhyperthyroidismdemonstrated patientswith hyperthyroidismhave a risk of genetic
variants for CI. In the future, further studies are needed to fully explore their mechanisms of action.
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1 Background

Cerebral infarction (CI) is a prevalent neurological disorder that
results in brain tissue damage due to an interruption of the blood
supply to the brain. This is caused by either a sudden rupture
or blockage of blood vessels in the brain, which prevents the
brain from receiving sufficient oxygen and nutrients (Lo, Dalkara,
and Moskowitz 2003). The global prevalence of CI is also quite
high and is one of the leading causes of long-term disability
and death. The disease is characterized by the sudden onset of
neurological deficits such as hemiparesis, aphasia, and visual
impairment. Furthermore, CI can lead to cognitive impairment,
affective disorders, and a decrease in daily living skills (W.
Wang et al. 2017). Its occurrence is associated with a variety
of genetic and environmental factors, including hypertension,
diabetes mellitus, and hypercholesterolemia (Ellekjaer et al.
1992).However, becauseCI is amultifactorial disease, it is difficult
for traditional epidemiologic studies to accurately differentiate
the causal relationship between factors (Rutten-Jacobs et al.
2018).

According to The Lancet guidelines, clinical hyperthyroidismwas
defined as thyroid-stimulating hormone (TSH) below the normal
range (0.4–4.0 mIU/L) and free thyroxine increased, whereas
clinical hypothyroidism was defined as TSH above the normal
range(0.4–4.0 mIU/L) and free thyroxine decreased (Chaker
et al. 2024; Taylor et al. 2024). Thyroid dysfunction, especially
hyperthyroidism, is likewise recognized to be associated with the
onset and progression of CI. Changes in thyroid hormone levels
play an important role in physiologic processes, and they can
affect several aspects of vascular function, blood coagulation, and
inflammatory responses, thus indirectly influencing the risk of
CI (Surks et al. 2004). Although there is a substantial body of
literature on the subject, including numerous case reports and
systematic reviews, the evidence regarding the causal associa-
tion between thyroid dysfunction and CI remains inconclusive.
Further research is necessary to substantiate this relationship
(Chaker et al. 2014; Bi et al. 2012; Ahmed and Tabet 2015; Ohba,
Nakagawa, and Murakami 2011). The application of the two-way
two-sample Mendelian randomization (MR) method provides a
novel approach to investigating the causal role of genetic factors
in CI.

It is acknowledged that traditional observational studies are
susceptible to confounding factors, that randomized controlled
trials are constrained by a variety of real-world conditions that
make themdifficult to implement, and that inferences of causality
are limited and unreliable. MR is a novel data analysis method
for evaluating causal inferences in medical statistical studies. It
employs genetic variants with robust correlations with exposure
factors as instrumental variables (IVs) to assess the causal rela-
tionship between exposure factors and outcomes (Davey Smith
and Hemani 2014). As genetic variants are present at birth and
remain stable throughout the life cycle, results derived from
MR analysis are less susceptible to causal inversion and con-
founding (Sekula et al. 2016). Accordingly, this study employed
the potential causal relationship between hypothyroidism, hyper-
thyroidism, normal TSH, normal free thyroxine (FT4), and CI.
Furthermore, the aim is to elucidate the interactions between
the variables in question and to provide new insights into the
underlying mechanisms.

2 Methodology

2.1 Research Design

In order to obtain reliable results fromaMRanalysis, it is essential
that the IV in question meets three key assumptions (Hemani
et al. 2018; Burgess, Butterworth, and Thompson 2013; Freuer,
Linseisen, and Meisinger 2022; Burgess, Small, and Thompson
2017; Burgess et al. 2015). First, the IV and the exposure must be
closely related. Second, the IV must be independent of any con-
founding factors that may affect the exposure and the outcome.
Third, the IVmust affect the outcome only through the exposure.
Furthermore, this study adhered to the most recent guidelines
for MR in epidemiological studies (STROBE-MR) (Skrivankova
et al. 2021). The study comprised the following core steps: the
selection of genetic IVs associated with exposure using multiple
MR methods, multiplicity assessment, and heterogeneity and
sensitivity analyses. To examine the association between thyroid
dysfunction and CI, a bidirectional two-sample MR study was
employed. To minimize bias due to population stratification and
ethnic differences, samples were selected only from European
populations. Figure 1 illustrates the flowchart of theMR research.

2.2 Data Sources

The data pertaining to genetic associations with CI were obtained
from theUKBiobank (ukb-d-I63). This database comprises a total
sample size of 361,194 individuals, including 2353 CI cases and
358,841 controls (Grama et al. 2020).

The GWAS data for hyperthyroidism in thyroid dysfunction
were obtained from the IEU Open GWAS database (ebi-
a-GCST90038636) (https://gwas.mrcieu.ac.uk/) with a sample
size of 484,598 individuals, including 3731 cases of hyperthy-
roidism and 480,867 controls (T. Wang et al. 2024). The GWAS
data for hypothyroidism were obtained from the IEU Open
GWAS database (ebi-a-GCST90029022) (https://gwas.mrcieu.ac.
uk/), including 473,703 total individuals.

Furthermore, the most recent data from the Thyroidomics
Consortium 2024 (www.thyroidomics.com) for pooled levels of
normal TSH and normal FT4 in individuals with normal thyroid
function were employed, with sample sizes of 271,040 and 119,120
individuals, respectively (Weihs et al. 2023; Ellervik et al. 2024).
Given the strong association between thyroid dysfunction and
circulating TSH and FT4 levels, we selected the data pertaining
to normal TSH and FT4 levels and conducted an MR analysis on
them for the purpose of establishing a control group.

2.3 IV Selection

In order to fulfill the initial step of the initial hypothesis, namely
the construction of the genetic IV, single-nucleotide polymor-
phisms (SNPs) that are significantly associated with the exposure
were identified based on the application of rigorous criteria (p <

5 × 10−8) and the fulfillment of independence requirements (r2 <
0.001, kb = 10,000). However, in a reverse MR analysis with CI
as the exposure, no SNP was found to be significantly associated
with exposure at a p-value of less than 5 × 10−8. Consequently, in
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FIGURE 1 The flowchart about the bidirectional two-sampleMendelian randomization research to explore the causal relationship between thyroid
dysfunction and cerebral infarction.

the reverse MR analysis, the threshold for statistical significance
was set at p < 5 × 10−5.

It was not deemed appropriate to utilize SNP proxies, and the
minimum allele frequency (MAF) was set at 0.001. Furthermore,
the effect alleles were harmonized between the exposure and out-
come datasets, with all SNPs with palindromes and ambiguities
excluded. To assess the strength of the IV, the F-statistic value
was calculated as F = β2/se2. An F value greater than 10 indicates
a low risk of weak IV bias and avoids weak tool bias (Burgess
Thompson, and CRP CHD Genetics Collaboration 2011; Pierce,
Ahsan, and Vanderweele 2011).

2.4 Statistical Analysis

In this study, three methods were employed to determine the
causal relationship: inverse variance weighted (IVW) and MR-
Egger, weighted median (WM). In terms of efficacy, IVW is
the method with the strongest statistical credentials, particularly
when all instruments employed in an analysis have been vali-
dated (Burgess et al. 2019). In establishing causality, significant
findings from IVW analyses were taken into account. Addition-
ally, the results from WM and MR-Egger analyses were found to
align with those from IVW in the same direction.

A sensitivity analysis was conducted using the MR-Egger inter-
cept to ascertain the extent of pleiotropy. Intercept values
approaching 0 and p-values exceeding 0.05 indicate the absence of
horizontal pleiotropy (Chen et al. 2022). Subsequently, Cochran’s
Q-test was employed to quantify heterogeneity in IVW estimates,
with a p-value > 0.05 indicating the absence of heterogeneity
(Venkatesh et al. 2022). In order to assess the robustness of the
results, we also conducted leave-one-out analyses to examine the
impact of individual SNPs on the overall causal effect (Cheng et al.
2022). Funnel plots were employed to assess the symmetry of the
selected SNPs, forest plots were utilized to assess the reliability
and heterogeneity of chance estimates, and scatter plots were
employed to visualize the effect relationship between exposure

and outcome (Hartwig, Davey, and Bowden 2017; Bowden et al.
2019). In a similar manner, the reverse analysis employed the
identical methodology as previously described, utilizing the set of
associated SNPs with CIs to investigate the causal effects between
the latter and thyroid function, including hypothyroidism, hyper-
thyroidism, FT4, and TSH. The entire analysis was performed
using RStudio (version 4.3.0), with the “TwoSampleMR” package
employed.

3 Results

3.1 Selection of IV

In forward analysis, we obtained 19, 129, 65, and 153 IVs from
hyperthyroidism, hypothyroidism, FT4, and TSH, respectively,
independent of linkage disequilibrium (LD). In reverse analyses,
110, 110, 93, and 95 CI-associated SNPs were selected as IVs for
CI. F-statistic values greater than 10 were obtained for each of
the selected IVs, suggesting that weak IV bias is unlikely to be
present. The SNPs were selected as IVs in the reverse analyses.
Tables S2–S9 provide a list of the exposure information for the
SNPs.

3.2 Forward MR and Sensitive Analysis

As demonstrated in the supplementary table, following the
removal of 2, 6, 2, and 2 palindromic or heterozygous SNPs
associatedwith hyperthyroidism, hypothyroidism, TSH, and FT4,
respectively, a final set of 17, 123, 151, and 63 SNPs was obtained
for each exposure in the analysis.

The IVW analysis demonstrated that there is a significantly
elevated risk of cardiovascular incidents in individuals with
hyperthyroidism (OR = 1.070, 95% CI: 1.015–1.128, p = 0.003).
There was no significant causal association between hypothy-
roidism, TSH, and FT4 and RA, as demonstrated in Table 1.
Scatter plots of SNP effect sizes for each phenotype in the forward
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TABLE 1 MR results for the relationship between thyroid function on CI.

Exposure Outcome SNPs OR 95% CI p-Value

Hyperthyroidism
IVW CI 17 1.070 1.015–1.128 0.003
MR-Egger CI 17 1.071 0.976–1.174 0.170
Weighted median CI 17 1.114 1.038–1.197 0.005

Hypothyroidism
IVW CI 123 1.008 0.998–1.018 0.096
MR-Egger CI 123 1.025 1.005–1.047 0.015
Weighted median CI 123 1.011 0.996–1.026 0.162

FT4
IVW CI 63 1.000 0.999–1.001 0.930
MR-Egger CI 63 0.998 0.995–1.000 0.130
Weighted median CI 63 0.999 0.996–1.000 0.130

TSH
IVW CI 151 1.000 0.999–1.000 0.320
MR-Egger CI 151 0.999 0.998–1.001 0.380
Weighted median CI 151 1.000 0.998–1.001 0.670

Note: All statistical tests were two-sided. p < 0.05 was considered significant.
Abbreviations: 95% CI, confidence interval; CI, cerebral infarction; FT4, free thyroxine; IVW, inverse variance weighted; nSNP, number of single-nucleotide
polymorphisms; OR, odds ratio; TSH, thyroid-stimulating hormone.

analysis are presented in Figure 2. No horizontal pleiotropy was
observed for all phenotypes (MR-Egger intercept, p> 0.05). Other
SNPs associated with exposure exhibited no heterogeneity fol-
lowing the removal of palindromic SNPs. However, heterogeneity
was observed in the final analysis of SNPs associated with TSH
(Table 3). Consequently, we applied the IVW random effects
method for the final analysis of TSH and the fixed effects method
for the remaining exposures.

3.3 Reverse MR and Sensitive Analysis

Once the palindromes and heterozygous SNPs had been removed,
101, 106, 85, and 87 SNPs were included in the final analyses
for hyperthyroidism, hypothyroidism, TSH, and FT4, respectively
(Table S6). Consequently, the reverse MR demonstrated that the
presumed causal associations between CI and hyperthyroidism,
CI and hypothyroidism, CI and TSH, and CI and FT4 were not
significant when all three analytical methods were employed
(Table 2) (p > 0.05). These results indicated that there were
no statistically significant causal relationships between CI and
hyperthyroidism, hypothyroidism, TSH, and FT4.

Figure 3 presented scatter plots of SNP effect sizes for each
phenotype in the reverse analysis. The MR-Egger intercept test
revealed no evidence of horizontal pleiotropy. A significant
degree of heterogeneity was observed in TSH to CI, CI to
hyperthyroidism, CI to hypothyroidism, and CI to FT4 (Table 3),
which were assessed using a random-effects model. The inverse-
variance weighted fixed-effects model was employed to analyze
hyperthyroidism and FT4. Furthermore, the “leave-one-out”
analysis and graphical representation of the results demonstrate

the robustness of the MR findings. The forest, leave-one-out
sensitivity, and funnel plots of this study are presented in the
Figures S1–S6.

4 Discussion

This bidirectional two-sample MR study provided novel evidence
supporting a bidirectional causal relationship between thyroid
dysfunction and CI. A genetic predisposition to hyperthyroidism
is correlated with an elevated risk of CI. However, a genetic
predisposition to CI is not linked with an increased risk of
hyperthyroidism. Moreover, there was no evidence to indicate a
positive or negative causal relationship between hypothyroidism,
FT4, and TSH, with CI.

The results of our study aligned with those of previous obser-
vational studies. The presence of hyperthyroidism is a known
risk factor for CI. The results of a five-year follow-up study on
the incidence and risk factors of ischemic stroke among 3,176
individuals with diagnosed hyperthyroidism and 25,408 control
subjects aged 18–44 revealed that the prevalence of ischemic
stroke in the hyperthyroid group (1.0%) was higher than in the
control group (0.6%) (HR = 1.44, 95% CI: 1.02–2.12, p = 0.038)
(Sheu et al. 2010). Compared with previous studies, our MR
results had less confounding factors, and the causal direction
between hyperthyroidism and CI was clearly defined on the
basis of genetic variation. A further study of 59,021 patients
with hyperthyroidism and 1,180,420 controls, whichwas similarly
conducted, demonstrated that hyperthyroidism increased the
risk of ischemic stroke, independent of other risk factors. The
HR value was calculated to be 1.12, with the 95% confidence
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FIGURE 2 Scatter plot analysis of the causal relationship between thyroid function and cerebral infarction in the initialMRanalysis was performed
using IVW, MR-Egger regression, weighted median, simple model, and weighted model. The slope of each line corresponds to the MR effect estimated
by each method. (A) Hyperthyroidism, (B) hypothyroidism, (C) FT4, and (D) TSH. ivw, inverse variance weighting; MR, Mendelian randomization;
MR-Egger, MR-Egger regression.

interval being 1.04 to 1.20 (Kim et al. 2020; Sproviero et al. 2021).
Although observational studies have beenwidely employed in the
clinical setting for the initial identification of causality, reverse
causality and potential confounders inevitably exist, rendering
them less credible. The MR method, which employs genetic
variation as an instrumental variable, offers a solution to the
aforementioned difficulties, resulting inmore credible findings of
causality (Zheng et al. 2017; Smith et al. 2007; Smith and Ebrahim
2004). In comparison to the preceding conversational study,
our MR findings were distinguished by a substantial sample
population, multicenter data, the most recent data, and high
efficiency.

Hyperthyroidism causing CI can be attributed to several mech-
anisms. In general, it may be related to mechanisms, includ-
ing cerebral atherosclerosis, hypercoagulability and thrombosis,
ischemia-reperfusion injury due to hypermetabolic syndrome,
atrial fibrillation, etc. First, thyroid hormones are able to
influence vascular function. Elevated thyroid hormone levels
may result in vasoconstriction, increased vascular resistance,
and cerebral atherosclerosis (Pappan et al. 2022). Intracranial
atherosclerotic disease has emerged as an important patho-
genesis of CI and an associated high risk of CI (Al Kasab

et al. 2018). Second, alterations in thyroid hormone levels also
contributed to hypercoagulability and thrombosis in the cerebral
artery. Elevated thyroid hormone levels may promote platelet
aggregation and thrombosis, thereby increasing the risk of CI
(Bano et al. 2019). The vWF values were significantly higher in
hyperthyroid patients than in hypothyroid patients and normal
thyroid controls (Antonijevic et al. 2024). Elevated levels of vWF,
FVIII, and fibrinogen, as well as reduced fibrinolytic activity and
reduced fibrinogen levels, contributed to the hypercoagulable
state of patients with hyperthyroidism and predispose them to
thromboembolism and vascular disease (Thompson et al. 1995).
Third, hyperthyroidism can result in the development of atrial
fibrillation, which in turn can lead to CI. Hyperthyroidism can
result in sympathetic excitation, which in turn can lead to atrial
remodeling (Antonijevic et al. 2024). Various studies have shown
that atrial fibrillation is a significantly increased risk in patients
with hyperthyroidism (16%–60% of patients complicated) and that
such patients are prone to cardioembolic strokes (Inoue Kosuke
et al. 2023). In addition, the high metabolic syndrome, which
is a state of increased metabolic rate, can place a significant
burden on CI. Several epidemiological studies have shown that
the impact of hyperthyroidism on CI prognosis and severity is
worsened (Chaker et al. 2016). The reason behind this association
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TABLE 2 MR results for the relationship between CI on thyroid function.

Exposure Outcome SNPs OR 95% CI p-Value

CI
IVW Hyperthyroidism 101 0.998 0.931–1.071 0.977
MR-Egger Hyperthyroidism 101 0.908 0.786–1.049 0.197
Weighted median Hyperthyroidism 101 0.957 0.901–1.016 0.151

CI
IVW Hypothyroidism 106 1.039 0.862–1.254 0.682
MR-Egger Hypothyroidism 106 0.987 0.674–1.444 0.946
Weighted median Hypothyroidism 106 1.059 0.914–1.227 0.444

CI
IVW FT4 85 0.889 0.245–3.227 0.858
MR-Egger FT4 85 0.133 0.009–1.952 0.145
Weighted median FT4 85 1.816 0.332–9.932 0.491

CI
IVW TSH 87 0.655 0.296–1.447 0.296
MR-Egger TSH 87 0.313 0.060–1.632 0.171
Weighted median TSH 87 0.547 0.185–1.620 0.276

Note: All statistical tests were two-sided. p < 0.05 was considered significant.
Abbreviations: 95% CI, confidence interval; CI, cerebral infarction; FT4, free thyroxine; IVW, inverse variance weighted; nSNP, number of single-nucleotide
polymorphisms; OR, odds ratio; TSH, thyroid-stimulating hormone.

TABLE 3 The heterogeneity and sensitivity of CI and thyroid function.

Exposure–Outcome nSNP

MR-Egger intercept Cochran’s heterogeneity

Intercept
value p IVW-Q value p (IVW)

Egger-Q
value p (Egger)

Hyperthyroidism-CI 17 2.2315E-07 0.9983415 12.10528 0.7367013 12.10527 0.6710437
Hypothyroidism-CI 123

−9.06199E−05
0.06252803 149.99 0.04339131 145.7336 0.06237767

FT4-CI 63
0.000106367

0.09659879 71.63239 0.1886014 68.43723 0.2396028

TSH-CI 151 1.45213E-
05

0.701968 210.1263 0.00754777 209.9359
0.006673896

CI-Hyperthyroidism 101
0.000167923

0.1467224 289.9484 < 0.000001 289.9484
<0.000001

CI-Hypothyroidism 106 9.74E-05 0.7576465 382.0275 < 0.000001 381.6763
<0.000001

CI-FT4 85
0.003273793

0.1188957 114.0645 0.01620487 110.7514 0.0226178

CI-TSH 87
0.001293683

0.3205917 98.20636 0.1735321 97.0665 0.1747524

Abbreviations: CI, cerebral infarction; FT4, free thyroxine; IVW, inverse variance-weighted; MR, Mendelian randomization; nSNP, number of single-nucleotide
polymorphisms; TSH, thyroid-stimulating hormone.

may be the effect of thyroid hormones on the phenomenon of
ischemia/reperfusion. When in excess, THs can exacerbate the
effects of the sympathetic nervous system (Mokhtari et al. 2017),

leading to a dangerous hypermetabolic state characterized by
increased production of reactive oxygen species and free radicals,
resulting in cytotoxicity (Aslan et al. 2011).

6 of 9 Brain and Behavior, 2024



FIGURE 3 Reverse scatter plot analysis of the causal relationship between thyroid function and cerebral infarction in the initial MR analysis
was performed using IVW, MR-Egger regression, weighted median, simple model, and weighted model. The slope of each line corresponds to the MR
effect estimated by each method. (A) Hyperthyroidism, (B) hypothyroidism, (C) FT4, and (D) TSH. ivw, inverse variance weighting; MR, Mendelian
randomization; MR-Egger, MR-Egger regression.

In addition, having found a causal relationship between hyper-
thyroidism and CI, in order to identify the causal relationship
between subclinical hyperthyroidism (normal FT4 combined
with a single low TSH level) and CI, the present study included
people with normal thyroid function in the Thyroid Consortium
for their normal FT4 and TSH levels. We found that single
levels of FT4 and TSH in people without thyroid dysfunction do
not have a significant causal effect on CI. This suggested that
the development of CI due to hyperthyroidism is the result of
a combination of both hormonal abnormalities. These control
group findings consolidated the above findings and highlighted
the complexity of the mechanisms involved, which urgently need
to be further explored.

It should be noted that the present study was subject to a number
of limitations. First, the limited number of SNPs in the database
prevented a comprehensive examination of the relationships
between high levels of TSH and low levels of TSH, which are con-
sideredwithin the normal TSH range in our study of bidirectional
causality with CI. Second, the database did not include a category
for hyperthyroidism. Consequently, further investigation into
the association between various hyperthyroidism and CI was
not possible. Furthermore, the study population was exclusively

comprised of individuals with European ancestry. It remains
unclear whether the findings can be extrapolated beyond this
specific group andwhether theymaynot necessarily be applicable
to other populations.

5 Conclusion

In conclusion, the results of our study corroborate the hypothesis
that hyperthyroidism is a risk factor for CI. We found that
hypothyroidism, FT4, and TSH levels are not associated with CI,
which provides novel insights for the prevention and treatment
of CI. In addition, it is essential to gain further insight into
the potential underlying mechanisms of thyroid dysfunction and
cognitive impairment. This can be achieved through large-scale
randomized controlled trials and scientific animal experiments
in order to validate the observed association.
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