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Abstract 

Background/Aim: The putative association between serum 25 hydroxyvitamin D concentration 

25(OH)D and the risk of cardioembolic stroke (CES) has been examined in observational 

studies, which indicate controversial findings. We performed Mendelian randomization (MR) 

analysis to determine the causal relationship of serum 25(OH)D with the risk of CES. 

Method: The summary statistics dataset on the genetic variants related to 25(OH)D was used 

from the published GWAS of European descent participants in the UK Biobank, including 

417,580 subjects, yielding 143 independent loci in 112 1-Mb regions. GWAS summary data of 

CES was obtained from GIGASTROKE Consortium, which included European individuals 

(10,804 cases, 1,234,808 controls). 

Results: Our results unveiled 99 SNPs contributing a causal relationship between 25(OH)D and 

CES using IVW [OR�=�0.82, 95% CI: 0.67-0.98, p�=�0.037]. Horizontal pleiotropy was not 

seen by the MR-Egger intercept-based test [MR-Egger intercept�=�0.001; p�=�0.792], 

suggesting an absence of horizontal pleiotropy. Cochrane's Q value [Q=78.71, p-

value�=�0.924], Rucker's Q [Q=78.64, p-value=0.913], and I2=0.0% (95% CI: 0.0%, 24.6%) 

statistic suggested no heterogeneity in the connection between 25(OH)D and CES. This result 

remained consistent using different MR method and sensitivity analyses, including Maximum 

likelihood [OR=0.82, 95%CI: 0.67-0.98, p-value=0.036], Constrained maximum likelihood 

method [OR=0.76, 95%CI: 0.64-0.90, p-value=0.002], Debiased inverse-variance weighted 

method [OR=0.82, 95%CI: 0.68-0.99, p-value=0.002], MR-PRESSO [OR=0.82, 95%CI 0.77-

0.87, p-value=0.022], RAPS [OR=0.82, 95%CI 0.67-0.98, p-value=0.038], MR-Lasso 

[OR=0.82, 95%CI 0.68-0.99, p-value=0.037]. 

Conclusion: Our MR analysis provides suggestive evidence that increased 25(OH)D levels may 

play a causally protective role in the development of cardioembolic stroke. Determining the role 

of 25(OH)D in stroke subtypes has important clinical and public health implications. 

Keywords: Serum 25(OH)D concentration, Cardioembolic stroke, Mendelian randomization, 

Genome-wide Association study. 
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Introduction 

Strokes are among the most common neurological disorders, major cause of death globally and 

considerable long-term disability(1). Ischemic stroke (IS) and hemorrhage stroke (HS) are both 

associated with high mortality(2). Prevalence of vascular risk factors and accordingly, the 

incidence of stroke, have likely influenced by lifestyle alterations and medical technology 

progressions during the past decade. Population aging and age-related risk factors, like atrial 

fibrillation (AF), may have influenced the incidence of cardioembolic stroke (CES)(3). Ischemic 

stroke can have different underlying causes, including conditions like atherosclerosis affecting 

cerebral blood vessels, occlusion of small cerebral vessels, and cardiac embolism. Accurate 

classification of ischemic stroke subtypes requires integration of clinical presentation, 

neuroimaging, cardiac, and vascular evaluation(4). Based on TOAST classification system, 

ischemic stroke comprises five categories including cardioembolic stroke. This category includes 

patients with arterial occlusions presumably due to an embolus with cardiac origin(5). Cardio-

embolism is one of the most common etiologic causes of ischemic stroke based on several 

multicenter and single center demographic studies(6,7). While the overall incidence of stroke has 

decreased, there has been a threefold increase in the occurrence of cardioembolic strokes over 

the past few decades. Projections from the United Kingdom suggest that this trend could triple 

once more by the year 2050 (8). 

A study in patients admitted with diagnosis of stroke showed that stroke patients had 

significantly lower serum vitamin D compared with healthy individuals(9). An observational 

study in China revealed that 25(OH)D and incidence of ischemic stroke are associated in an 

inverse-dose response manner(10). Additionally, it has been shown that vitamin D and its 

synthetic analogs, exerts anticoagulant effects via upregulation in expression of thrombomodulin 

(TM), an anticoagulant glycoprotein, and downregulation of tissue factor (TF), which could 

decrease thrombogenic activity of monocytes/macrophages(11). A systematic review and meta-

analysis revealed that lower serum vitamin D measures is associated with an increased incidence 

of CES (12). 
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The link between vitamin D and ischemic stroke may be mediated by promotive effects of 

vitamin D on reendothelialization and angiogenesis. Vitamin D possess direct vascular effects 

and protecting vascular endothelial function (13). 

Vitamin D deficiency is considered to be a global issue(14). The most common cause of vitamin 

D deficiency is reduced skin synthesis which can be related to aging and environmental 

conditions(15). In general population, the prevalence of vitamin D insufficiency is estimated to 

be 42% (16). Cardioembolic stroke (CES) is excessively more disabling than other mechanisms 

of stroke and increasing trend of ischemic stroke can be attributed to CES and might increase 

over the next decades in aging societies (17). Given the heavy social and economic burden, 

understanding the underlying mechanisms and evidence supporting causal role of vitamin D in 

CES would have important public health implications. 

Mendelian randomization (MR) is a technique widely implemented to investigate the causality 

relationships between risk factors and various diseases in the absence of pleiotropy (18). This 

method uses genetic variants consistently associated with exposures of concern to estimate 

causal relationship between a given biomarker, such as vitamin D, and disease. This type of 

study implements assumptions that makes them less prone to reverse causation since disease 

states generally do not alter the germline DNA sequences. Moreover, due to random assortment 

of genotypes at meiosis, MR can limit confounding(18). Since genetic variants continue to be 

stable over a lifetime, MR method provide judicable evidence from a lifetime of genetically 

altered biomarker levels, for instance, lowered vitamin D levels. Consequently, MR methods can 

be compared to that of an RCT because the random assortment of genetic variants imitates the 

random allocation of participants to distinct therapeutic groups. 

Since associations of genetically predicted 25-hydroxyvitamin D deficiency and cardioembolic 

stroke have not been unarguably established as previous studies have concerned analysis of total 

stroke, in the present study, we performed MR of genetically decreased serum 25-

hydroxyvitamin D levels causal association with cardioembolic stroke.  
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Research Design and Methods 

Study Design 

This two-sample Mendelian Randomization study was designed to explore the causal effect of 

serum 25(OH)D concentration (exposure) on cardioembolic stroke (outcome) from European 

ancestry, as shown in Figure1. The study was based on publicly available summary-level data 

from genome-wide association studies (GWAS).  

Data Sources 

The dataset employed in this study was obtained from the GWAS catalog 

(https://www.ebi.ac.uk/gwas/). The current study utilized genetic associations derived from 

independent GWAS datasets with the same ancestral population to reduce the influence of 

confounding factors. Two sample Mendelian Randomization analysis was performed using 

published summary-level data in Table 1. Dataset of serum 25(OH)D concentration was a 

genome-wide association study in 417,580 Europeans with 143 independent loci in 112 1-Mb 

regions (19). For outcome, cardioembolic stroke dataset was including 10,804 European ancestry 

cases, and 1,234,808 European ancestry controls (20). 

Genetic Instrument Selection 

To use Mendelian randomization, (i) Single nucleotide polymorphisms (SNPs) should be 

associated with the trait under study, the serum 25(OH)D concentration; (ii) SNPs be associated 

with the outcome through the serum 25(OH)D concentration only; and (iii) SNPs be independent 

of other factors which affect the cardioembolic stroke (figure 2). First, we obtained a total of 115 

SNPs prominently associated with serum 25(OH)D concentration and served as IVs 

(P�<�5�×�10−8) with linkage disequilibrium (defined as r2 = 0.001 and clump 

distance=10,000 kb). We further withdrew SNPs with horizontal polymorphic effects to persuade 

the second assumption by searching an online tool (the PhenoScanner database) (21,22). The F-
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statistic (F�=�beta2/se2) was obtained to assess the weak IV bias for avoiding weak instrument 

bias. If the F-statistics>10, the first assumption was satisfied.  

In the harmonization section, the effect allele frequency given in the corresponding GWAS was 

employed to identify and disregard all palindromic SNPs. The palindromic SNPs with the 

intermediate allele frequency�>�0.45 and�<�0.55 were excluded from the above-selected 

SNPs (23). Moreover, SNPs with MAF less than�0.01 were omitted to avoid potential statistical 

bias from the original GWAS (24). 

Mendelian Randomization Analysis 

The primary method was the random-effects multiplicative inverse variance weighted (IVW) to 

estimate the causal relationship between serum 25(OH)D concentration and cardioembolic stroke 

(25). Cochran's Q statistic for MR-inverse-variance weighted analyses used to detect 

heterogeneity and Rucker's Q statistic for MR-Egger (26). The I2 statistic was also estimated to 

evaluate the heterogeneity, and the I2 values <25%, 25–75%, and >75% were considered to 

indicate low, moderate, and high heterogeneity, respectively (27). Pleiotropy was assessed using 

the intercept test with the MR-Egger regression method (28), and horizontal pleiotropy was 

evaluated with MR-PRESSO (29). 

As the IVW method can be affected by pleiotropy or invalid instrument bias (30), we assessed 

the validity and robustness of the results by executing several sensitivity analyses, including MR-

Egger, weighted median, simple mode, and weighted mode method (31). Additionally, we used 

other approaches, including the Maximum likelihood method, Robust Adjusted Profile Score 

(RAPS), MR-Lasso, constrained maximum likelihood, mode-based, debiased inverse variance 

weighted, contamination mixture method and mixture model to reveal the robustness of our 

results (32–34). 

To identify outliers with potential pleiotropy, we used MR-PRESSO and RadialMR (35,36). We 

also applied Cook's distance and Studentized residuals to ascertain whether any individual SNPs 

were detected as outliers and influential points (37). Additionally,  Leave-one-SNP-out analysis 

and its plot performed to assess the influence of potentially pleiotropic SNPs on the causal 

estimates by leaving each genetic variant out (38). Funnel, forest, and scatter plot depicted to 
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detect directional pleiotropy, to visual association genetic association, and to investigate 

inspection of outliers and causal estimates, respectively (39). 

All statistical analyses were performed using R software (version 4.0.3) by "TwoSampleMR," 

"MendelianRandomization", "MR-PRESSO," "RadialMR", "MRMix", " mr.raps", and "GMRP"  

packages, and mrrobust package STATA (version 17). Results were reported as odds ratios (OR) 

with corresponding 95%, and associations with P-values between less than 0.05 were regarded as 

suggestive evidence of associations.  

Results 

Application of the selection criteria identified 115 SNPs as possible independent IVs related to 

serum 25(OH)D concentration after p�<�5�×�10−8 and the clumping. In harmonizing, two 

SNPs removed related to palindromic (rs11606 and rs2246832), and 110 SNPs remained for 

initial analyzing (Supplementary data). The weak instrumental bias can be statistically ignored, 

as the F-statistic ranged from 29.78 to 2567.54 (Supplementary data). 

At first, the estimation accuracy did not satisfy, and we attempted to enhance it by identifying 

potential outliers through the MR-PRESSO, RadialMR, Cook's distance, and Studentized 

residuals. Among them, Cook's distance and Studentized residuals outperformed others, as 

shown figure 3. 

To roughly display relationship of the undefined causal variables to cardioembolic stroke of 

study, we used beta of serum 25(OH)D concentration regressed on the undefined causal variable 

versus the cardioembolic stroke. Regression coefficients revealed positive association between 

serum 25(OH)D concentration and cardioembolic stroke, as shown in figure 4 and 

Supplementary Figure S2. Additionally, the chromosomal histogram of selected SNPs and their 

position annotation has been exhibited in Supplementary Figure S3. 

We identified (with N=99 SNPs) a causal relationship between serum 25(OH)D concentration 

and cardioembolic stroke using IVW [OR�=�0.82, 95% CI: 0.67-0.98, p�=�0.037]. 

Horizontal pleiotropy was not seen by the MR-Egger intercept-based test [MR-Egger 

intercept�=�0.001; p�=�0.792], suggesting an absence of horizontal pleiotropy. Cochrane’s Q 

value [Q=78.71, p-value�=�0.924], Rucker's Q [Q=78.64, p-value=0.913], and I2=0.0% (95% 
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CI: 0.0%, 24.6%) statistic suggested no heterogeneity in the connection between serum 25(OH)D 

concentration and cardioembolic stroke.  

This finding remained consistent using different Mendelian randomization methods, including 

Maximum likelihood [OR=0.82, 95%CI: 0.67-0.98, p-value=0.036], Constrained maximum 

likelihood method [OR=0.76, 95%CI: 0.64-0.90, p-value=0.002], Debiased inverse-variance 

weighted method [OR=0.82, 95%CI: 0.68-0.99, p-value=0.002], MR-PRESSO [OR=0.82, 

95%CI 0.77-0.87, p-value=0.022], RAPS [OR=0.82, 95%CI 0.67-0.98, p-value=0.038], MR-

Lasso [OR=0.82, 95%CI 0.68-0.99, p-value=0.037], but were not significant for MR-Egger, 

Median, MRMix (Supplementary Figure S4) and mode (Supplementary Figure S5) methods in 

Figure 5. The readers can find a step-by-step demonstration of all results by visiting the GitHub: 

https://akbarzadehms.github.io/VitDcardioembolicStrokeMR/.  

Sensitivity Analyses 

According to the results of Cochran’s Q test, there was not statistically significant heterogeneity 

observed. MR-Egger regression intercept analysis indicated that there was no directional 

horizontal pleiotropy in cardioembolic stroke (Supplementary Figure S6). MR pleiotropy 

residual sum and outlier test (MR-PRESSO) methods, MR pleiotropy residual sum and outlier 

(Radial MR), Cook's distance, and Studentized residuals were used to assess, the potential the 

outlying SNPs (Supplementary Figure S7). Additionally, we performed the visual examination of 

scatter plots (Supplementary Figure S8) and leave-one-out plots (Supplementary Figure S9) to 

assess the influence of outlying values. Funnel and forest plot of causal association depicted for 

serum 25(OH)D concentration on cardioembolic stroke (Supplementary Figure S9 and S10). 

Weak instrumental bias was checked via the F-statistic (Supplementary data). Additionally, we 

assessed whether SNPs within the HLA region was available in our MR analysis (Supplementary 

data). MR Steiger test also demonstrated that correct causal direction was existed for 

cardioembolic stroke (PMR-Steiger <0.05). 

Discussion 

The results of this study support a causal relationship between a genetically determined change 

in 25(OH)D levels and the risk of cardioembolic stroke. In this MR study, we discovered an 
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inverse association between genetically determined 25(OH)D and risk of cardioembolic stroke. 

The odds ratio for cardioembolic stroke was 0.82 per unit increase in log-transformed 25(OH)D. 

This effect was statistically significant, with a 95% confidence interval of 0.67 - 0.98 and p-value 

of 0.037. These findings are consistent with previous observational studies that have shown an 

association between low serum levels of 25(OH)D and recurrent stroke (40,41). An observational 

study which investigated the association of serum 25(OH)D deficiency with ischemic stroke and 

subtypes in Indian patients, reported that 25(OH)D deficiency was prevalent. And among the 

stroke patients, the deficiency was most common in those with large artery atherosclerosis 

(54.9%), followed by CES (54%) (42). This study revealed that 25(OH)D deficiency had an 

independent association with ischemic stroke. The association was established in large artery 

arthrosclerosis and cardioembolic stroke (42). Moreover, A systematic review and meta-analysis 

synthesized data from nineteen studies and demonstrated that lower vitamin D status is 

associated with an increased risk of stroke. The pooled relative risk was 1.60 (95% CI: 1.33–

1.92) in this study (12).  

In the present study, we conducted a MR analysis to explore the potential causal relationship 

between 25(OH)D and CES. We utilized a large dataset derived from a genome-wide association 

study involving individuals of European ancestry. Our results contradict those of a recent MR 

study based on the extracted summary-level data from the MEGASTROKE consortium for 

ischemic stroke among individuals of European descent. This study assessed the links between 

serum 25(OH)D concentrations and various subtypes of ischemic stroke and failed to provide 

evidence supporting a causal link between higher serum 25(OH)D concentrations within the 

normal range and ischemic stroke or its subtypes (43). This previous investigation reported that a 

genetically predicted one standard deviation increase (1-SD) in serum 25(OH)D concentrations 

did not exhibit a significant association with overall ischemic stroke (OR, 1.01; 95%, CI, 0.94–

1.08; P=0.84). Furthermore, an MR study investigating the association between 25(OH)D and 

ischemic stroke utilized cohort sample data for genetic analysis, resulting in smaller datasets. For 

instance, one study reported an odds ratio of 0.64 (95% CI, 0.42–0.91) for the causal role of 

25(OH)D in recurrent or de novo ischemic stroke (44).  

Another study, using the MR approach in 116,655 individuals from the general population, 

revealed that genetically low 25(OH)D concentrations were associated with hypertension as an 
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important risk factor for ischemic stroke. However, due to overlapping confidence intervals, they 

could not conclude a causal relationship between genetically lowered 25(OH)D concentration 

and ischemic stroke (45). Another MR study on subtypes of ischemic stroke indicates that there 

is no significant causal relationship between 25(OH)D concentration and various cerebral small 

vessel disease (cSVD)-related conditions, including lacunar stroke, white matter hyperintensity, 

cerebral microbleeds, and white matter, basal ganglia, and hippocampal perivascular spaces. The 

study's results remained consistent even when considering genetic factors. However, the research 

did reveal a negative association between cerebral microbleeds and 25(OH)D concentration (46). 

While vitamin D is primarily known for its role in regulating calcium absorption and bone 

health, it also has important functions in various other tissues and cells throughout the body, 

including vascular smooth muscle cells, platelets, and immune cells(15). Since important role of 

these cells in the pathogenesis of ischemic stroke, they may be a possible mechanism that links 

vitamin D and stroke. Several explanatory mechanisms may elucidate cardiovascular benefits of 

25(OH)D. Serum 25(OH)D holds direct protective vascular effects via increasing epithelial 

progenitor cells (EPCs), and improving glycemic control (13). Additionally, 25(OH)D possesses 

diverse paracrine and autocrine properties that modulate the immune system. For example, it 

downregulates the production of proinflammatory cytokines, including tumor necrosis factor-α 

and IL-6 (47). A clinical trial conducted on ischemic stroke patients has indicated that 25(OH)D 

could ameliorate TLR4/NF-kβ signaling pathway after ischemia, as this pathway and its 

downstream proinflammatory cytokines IL-1β and IL-6 expression were found elevated in 

ischemic stroke patients(48). Moreover, 25(OH)D may contribute in moderating thrombogenesis 

and atherosclerotic processes, mainly through modulating free radical formation and 

atherosclerotic inflammatory cytokines release (49).  

MR analysis functions as an alternative approach to that of to a randomized controlled trial (50). 

It would be impractical and somewhat unethical to randomize vitamin D deficiency. However, 

MR analysis offers a viable approach to explore the potential causal impact of low 25(OH)D 

concentration on cardioembolic stroke. Additionally, MR analysis is capable of estimating the 

long-term effects of an exposure, a task that would be unattainable in a randomized clinical trial. 

Consequently, MR analysis is a valuable option for addressing the question of whether a vitamin 

D supplement could offer benefits in preventing CES. The MR approach implemented in this 
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study has some advantages in strengthening causal inference. Its design decreases potential 

confounding or reverse causation which are present in observational studies. Furthermore, we did 

not detect any violations of the assumptions of Mendelian randomization to the extent that they 

could be tested, and our instruments used for instrumental variable analyses were strong with an 

F-value ranged from 29.8 to 2567.5. 

Our study has several limitations. The effect size suggests a moderately protective effect of 

increased 25(OH)D on cardioembolic stroke. Although the implication of a positive finding in a 

Mendelian randomization study is the presence of causality, it's essential to bear in mind that this 

setting differs from a randomized intervention trial. In our investigation, we examined the effects 

of lifelong exposure to low 25(OH)D levels rather than short-term interventions with vitamin D. 

Furthermore, since the GWAS employed in our research predominantly involved patients of 

European ancestry, the applicability of our findings to other ethnic groups could be restricted. We 

were unable to address the non-linear association in the analysis, as this would require a single 

dataset containing all exposure and outcome variables, along with detailed information on the 

genetic instruments.  

Overall, while our MR findings provide compelling evidence for a causal relationship between 

higher 25(OH)D levels and low CES rate. Few MR studies have specifically examined 

cardioembolic stroke, and our study power is limited. Larger GWAS of ischemic stroke subtypes 

would enhance power for MR analyses. Further research should explore potential threshold 

effects.  

Conclusion 

In summary, our MR analysis provides suggestive evidence that increased 25-Hydroxyvitamin D 

levels may play a causally protective role in the development of cardioembolic stroke. Additional 

MR studies in larger samples could help clarify this relationship and elucidate the magnitude of 

effect. Determining the role of 25-Hydroxyvitamin D in stroke subtypes has important clinical 

and public health implications. Further research integrating genetic epidemiology, molecular 

pathways, and clinical data is warranted to gain a more definitive understanding of the 

connections between vitamin D biology and CES. 
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Figure1: Mendelian Randomization design. Assessing the causal effect of serum 25 hydroxyvitamin D 

concentration on cardioembolic stroke. 
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Figure 2: Mendelian randomization design to identify causal risk factor. Exposure is serum 25

hydroxyvitamin D concentration, and outcome is cardioembolic stroke (Created with BioRender.com). 
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Figure 3: Initialing Mendelian randomization. A: results with potential outlier and influential points, B: 

results after using Cook's distance and Studentized residuals. C: results after using Radial-MR. D: results 

after using MP-PRESSO. The height of each column indicates the beta along with the standard error, and 

the horizontal axis indicates the types of methods. Among them, Cook's distance and Studentized 

residuals outperformed others.  
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Figure 4: Two-way Scatter plots for beta values of disease and undefined causal variables. 

 

Figure 5: Mendelian randomization analysis according to several methods. Results were exhibited based 

on the odds ratio (OR) and its confidence interval of 95%. All methods reveal OR<1. Among them, 

Inverse variance weighted, Maximum likelihood, constrained maximum likelihood, Debiased inverse-
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variance weighted, Robust Adjusted Profile Score, and MR-Lasso methods were significant. MR-Mix, 

MR-Egger, Median, and mode methods indicated a suggestive inverse association. 

 

Table 1: Characteristics of Data Sources. 

Traits PubMed ID Author Ancestor Sample size 
Use in this MR 
study 

Vitamin D deficiency 32,242,144 
Joana A. 
Revez 

European 417,580 Exposure 

cardioembolic stroke 36,180,795 
Aniket 
Mishra 

European 
10,804 cases, 
1,234,808 controls 

Outcome 
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Figure S1. Diagram of Mendelian randomization framework in the current paper. 

The instrumental variable (IV) techniques are a few available ways to estimate the causal effects 

without the full knowledge of all the confounders of the exposure-outcome association. The IV is 

referred to as an external variable (SNPs) that is associated with exposure. Besides, it is 

independent of the outcome and any factor linked to it, other than exposure.  

MR utilizes genetic variation as an instrumental variable (IV) to investigate the causal 

association between exposure and outcome in non-experimental data (1). To utilize a genetic 

variant to be a valid instrumental variable, several main assumptions should be satisfied. The IVs 

(SNPs) are strongly associated with exposure (s) and should be clear quantifiably. (ii) The SNPs 

are not linked with any confounder of the exposure-outcome association. (iii) The SNPs do not 

affect the outcome, except possibly through their association with the exposure (s).  

 

 

 

Mendelian randomization design 

 

 

 

 

 

 

SNPs related to 
vitamin D 

Confounders 

Vitamin D Cardioembolic 
stroke 

(i) 

(ii) 

(iii) 
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Figure S2. Display relationship of the undefined causal variables between serum 25 

hydroxyvitamin D concentration and cardioembolic stroke 

  

 

 

 

Coefficients Estimate Standard Error T- value P-value 

Intercept -0.001810 0.002165   -0.836 0.40528 

Slop -0.268240 0.080249   -3.343 0.00118 
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Figure S3. SNP Position Annotation 

For this purpose, we used position annotation analysis of �selected SNP�s (chromosome

number and SNP position of hg19). Position annotation analysis provides position information of

these selected SNPs on chromosomes such as chromosome distribution and averaged intervals

between SNPs. Therefore, as the following shows, we depicted a histogram for averaged

distances between SNPs and SNP numbers on chromosomes. 

Averaged lengths of SNP intervals on chromosome mean that the SNPs on a chromosome have their 
averaged lengths of intervals between them. All averaged lengths over 2000kb on chromosomes were 

truncated, the SNPs on these chromosomes have at least 2000kbp length of interval. Numbers above chr 
columns are numbers of SNP distributed on the chromosomes. 

 

Distribution of the selected SNPs (N=99) in gene (N=217) function elements.  
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Karyotype plot of variants 
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Figure S4. Profile plot 

 

Plot theta (estimate of causal effect) against pi0 (the probability mass of the null component 
corresponding to the estimated theta). Profile plot made of smooth curve with a clear maximum 
indicates stable performance. 

For each fixed theta, it fits the following mixture model 

��0 � ��0, �	����������	� 	��	�� 	�����	� �� ������	�����
� 
 �����

� �	����������	� 	��	�� 	�����	� �� ������ �
� � 
 �1 � ��0�

� ��0, ��� 	�����	� ��	��� 

on the residual of (standardized effect estimates of cardioembolic* standardized effect estimates 
vitamin D). Then, it selects the value of theta that leads to the maximum pi0 as the estimate of 
causal effect [OR=0.46, 95%CI 0.19-1.09, p-value=0.071]. 
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Figure S5. Densities of the IV estimates using different values of the phi parameter. 

 

 

Densities of the IV estimates using different values of the phi parameter. 

 

Estimates using different values of the phi parameter. 

Phi Beta Standard Error Z Statistic P-value 95%CI 
0.25 -0.5840444 0.5461753 -1.07 0.285 -1.65, 0.49 
0.05 -0.5521735 0.4735837 -1.17 0.244 -1.48, 0.38 
1.00 -0.5271198 0.3407304 -1.55 0.122 -1.19, 0.14 

 

 

Mode estimator with φ=1 

Method Beta Standard Error Z Statistic P-value 95%CI 
SM -0.5271198 0.3518549 -1.50 0.134 -1.22, 0.16 
WM -0.2393457 0.1398129 -1.71 0.087 -0.51, 0.03 

SM with 
NOME 

-0.5271198 0.3496744 -1.51 0.132 -1.21, 0.16 

SM: Simple mode, WM: Weighted mode, SM with NOME: Simple mode estimator with NOME 
assumption. 
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Figure S6. Scatter plot showing the genotype summary level data points and the fitted MR-
Egger model. 

 

MR-Egger with multiplicative random effects 

 Coefficient Standard Error Z statistic P-value 95%CI 
Slope -0.2334039 0.1614657 -1.45 0.148 -0.550, 0.083 

Constant 0.0010645 0.0040269 0.26 0.792 -0.007, 0.009 
 

MR-Egger using a t-distribution for inference (p-values) & CI limits. 

 Coefficient Standard Error Z statistic P-value 95%CI 
Slope -0.2334039 0.1614657 -1.45 0.152 -0.554, 0.087 

Constant 0.0010645 0.0040269 0.26 0.792 -0.007, 0.009 
 

MR-Egger using the radial formulation. 

 Coefficient Standard Error Z statistic P-value 95%CI 
Slope -0.199214 0.163302 -1.220 0.222 -0.519, 0.121 

Constant 0.0002961 0.1718613 0.001 0.999 -0.336, 0.337 
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SIMEX suppressing bootstrapped SEs 

 Coefficient Standard Error Z statistic P-value 95%CI 
Slope -0.2300743 0.1391098 -1.65 0.098 -0.503, 0.042 

Constant 0.0009696 0.0037284 0.26 0.795 -0.006, 0.008 
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Figure S7. The investigating of outliers based on MR-PRESSO, RadialMR, and Cook's

distance and Studentized residuals. 

To identify potential outliers and influential SNPs, we utilized several methods, including MR-

PRESSO, RadialMR, and Cook's distance and Studentized residuals.  

The following figure shows the results of them. As seen, Cook's distance was outperformed by

others. As a result, we used Cook's distance to detect the potential outlier and influential SNPs. 

 

Primary analysis showed that the estimation accuracy did not satisfy [Q=131.75, P-value= 0.068;

I2=17.3%; Egger intercept= 0.0011, P-value=0.781]. After applying MR-PRESSO [Q=131.75, P-

value= 0.068; I2=17.3%; Egger intercept= 0.0011, P-value=0.781], RadialMR [Q=106.20, P-

value=0.530; I2=0.0%; Egger intercept=-0.0002, P-value=0.948], and Cook's distance [Q=78.71,

P-value=0.923; I2=0.0%; Egger intercept=-0.0010, P-value=0.792], we found that Cook's

distance and Studentized residuals outperformed others. 
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A: Main analysis (with potential outliers and influential points); B: After used Cook's distance and Studentized 

residuals (remove outliers); IVW: Inverse variance weighted; OR: odds ratio; CI: confidence interval. 
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Figure S8: Comparison of the causal estimates from the various Mendelian randomization 

methods and scatter plot of the potential effects of serum 25 hydroxyvitamin D concentration 

and cardioembolic stroke 

The following figures show the several Mendelian randomization methods, including Simple 

median, Weighted median, Penalized weighted median, Inverse variance weighted, Penalized 

Inverse variance weighted, Robust inverse variance weighted, Penalized robust inverse variance 

weighted, MR-Egger, Penalized MR-Egger, Robust MR-Egger, Penalized robust MR-Egger, 

Maximum likelihood estimate, and Mode-based method. All methods elucidate negative 

association between of serum 25 hydroxyvitamin D concentration and cardioembolic stroke. 

 

 

 

The following figure displays a scatter plot, which shows a genetic association. X-axis lies with 

the genetic association of exposure (serum 25 hydroxyvitamin D concentration), and the y-axis is 

the genetic association of outcome (cardioembolic stroke). The linear line corresponds to the 

Inverse variance weighted method. As seen, slop is negative.   
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Figure S9: Leave-one-out plot to assess if a single variant is driving the association between 

serum 25 hydroxyvitamin D concentration and cardioembolic stroke 
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Figure S10. Funnel plot of causal association between serum 25 hydroxyvitamin D 

concentration and cardioembolic stroke 
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Figure S11: Forest plot of variant specific inverse variance estimates for causal association 

between serum 25 hydroxyvitamin D concentration and cardioembolic stroke 
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