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Abstract

Background Stroke is a major cause of mortality and long-term disability worldwide. Whether the associations
between brain imaging-derived phenotypes (IDPs) and stroke are causal is uncertain.

Methods We performed two-sample bidirectional Mendelian randomization (MR) analyses to explore the causal
associations between IDPs and stroke. Summary data of 587 brain IDPs (up to 33,224 individuals) from the UK
Biobank and five stroke types (sample size range from 301,663 to 446,696, case number range from 5,386 to 40,585)
from the MEGASTROKE consortium were used.

Results Forward MR indicated 14 IDPs belong to projection fibers or association fibers were associated with stroke.
For example, higher genetically determined mean diffusivity (MD) in the right external capsule was causally associ-
ated with an increased risk of small vessel stroke (IVW OR = 2.76, 95% Cl 2.07 to 3.68, P = 5.87 x 107'%). Reverse MR
indicated that genetically determined higher risk of any ischemic stroke was associated with increased isotropic

or free water volume fraction (ISOVF) in body of corpus callosum (IVW 8 = 0.23,95% Cl 0.14 t0 0.33,P=3.22 x 107).
This IDP is a commissural fiber and it is not included in the IDPs identified by forward MR.

Conclusions We identified 14 IDPs with statistically significant evidence of causal effects on stroke or stroke sub-
types. We also identified potential causal effects of stroke on one IDP of commissural fiber. These findings might guide
further work toward identifying preventative strategies at the brain imaging levels.
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Background

Stroke is defined as an abrupt neurological outburst
caused by impaired perfusion through the blood vessels
to the brain. It is a major cause of mortality and long-
term disability worldwide. Globally, more than 100 mil-
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investigate whether IDPs could potentially affect the
risk of stroke. For example, fractional anisotropy (FA)
is a commonly used MRI measure of the anisotropic
diffusion degree with values between one (intact white
matter) and zero (disrupted white matter). A follow-up
study for 4259 subjects found that lower FA increased
the risk of stroke, independent of other risk factors [3].
Several prospective studies [4—6] conducted on a range
of different populations found that white matter lesions
are correlated with increased risk of stroke. In addition
to studies in pre-stroke subjects, many studies have
also used MRI to assess brain changes in patients after
stroke. For example, in post-stroke patients, reduced
FA within the ischemic lesion or in the corticospi-
nal tract remote from the lesion was observed [7-9].
Moreover, lower FA values were associated with greater
motor deficit and worse motor recovery [10, 11]. How-
ever, conventional observational studies are more likely
influenced by residual confounding. Therefore, whether
the associations between IDPs and stroke are causal is
uncertain.

Mendelian randomization (MR) is a useful genetic
epidemiology study design using genetic variants as
instrumental variables (IVs) to investigate whether the
exposure is causally related to a medically relevant dis-
ease risk [12]. Since inherent genetic variants are not sus-
ceptible to environmental variables, the MR design can
avoid the potential confounding factors that are common
in conventional observational studies [13]. In this study,
we used two-sample MR to systematically investigate
the bidirectional causal associations between 587 IDPs
and stroke. Analyses were performed for 5 stroke types,
including any stroke (AS), which comprises ischemic
stroke, intracerebral hemorrhage, and stroke of unde-
termined type; any ischemic stroke (AIS) regardless of
subtype; and three ischemic stroke subtypes: large-artery
atherosclerotic stroke (LAS), cardioembolic stroke (CES),
small-vessel stroke (SVS). We chose these 5 types accord-
ing to the common etiological subtypes of stroke [14].
Our results might offer new insights into the prevention,
diagnosis and treatment for stroke.

Methods

Overview of the study

The study design is shown in Fig. 1. We obtained the
GWAS summary data of 587 IDPs derived from the
UK Biobank. Summary data of five stroke traits were
also collected (Additional file 1: Table S1). Prior to MR
analyses, genetic correlation analyses were performed.
Then, we conducted bidirectional two-sample MR anal-
ysis between the exposure-outcome pairs with genetic
correlation.
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Data sets of brain IDPs

GWAS summary statistics of IDPs processed with a sam-
ple size of 33,224 individuals of European ancestry from
the UK Biobank release 2020 [15]. We focused on the
causal associations between brain structural IDPs and
stroke. There are 2146 brain structural IDPs from the
original UKB release. To make sure our results are reli-
able and reproducible, we filtered the IDPs using the
following process: First, some regions might be meas-
ured more than one time with different tools, resulting
in redundant IDPs. We only kept the IDPs measured by
the most commonly used tools (FreeSurfer [16], FIRST
[17], tract-based spatial statistics [18] and probabilistic
tractography [19]) and removed 1201 redundant IDPs.
Second, we removed 358 IDPs derived from small brain
areas which do not have strong contrast on MR images
(can’t be reliably segmented and measured). Finally, 587
IDPs were selected [20].

These IDPs were derived from two measurements:
structural MRI (sMRI) and diffusion MRI (dMRI). The
sMRI can capture the variations of brain anatomy while
dMRI measures structural connectivity, which describes
neural fiber physical connections between brain regions.
We further classified the IDPs into 13 regional catego-
ries and 9 measures. As shown in Fig. 1, these regions
included 8 regions for brain anatomy (such as frontal lobe
and parietal lobe) and 5 regions for structural connectiv-
ity (such as association fibers and brainstem tracts). For
brain anatomy, 3 measures including area, thickness,
and volume were obtained. For structural connectivity, 6
measures including FA, mean diffusivity (MD), diffusion
tensor mode (MO), intracellular volume fraction (ICVF),
isotropic or free water volume fraction (ISOVF), and ori-
entation dispersion index (OD) were obtained. Details
of these IDPs is shown in the website: http://www.bigc.
online/strokeMR/IDP.html.

GWAS datasets for stroke

We used the GWAS summary statistics of five stroke
types (including AS, AIS, SVS, CES, and LAS) with a
sample size of ranged from 301,663 to 446,696 individu-
als (case number range from 5386 to 40,585) of European
ancestry from the MEGASTROKE consortium (https://
www.megastroke.org/) release 2018 [14]. Detail infor-
mation of these datasets is shown in Additional file 1:
Table S1.

Harmonized process of datasets

We removed SNPs with minor allele frequencies (MAF)
< 0.01 in the GWAS datasets. For all stroke GWAS
summary statistics, the OR value was converted to log
odds. We removed SNPs in regions of long-range, high
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Fig. 1 Workflow of the causal inference between IDPs and stroke. AS, any stroke; AlS, any ischemic stroke; CES, cardioembolic stroke; LAS, large
artery stroke; MAF, minor allele frequency; LD, linkage disequilibrium; SVS, small vessel stroke

linkage disequilibrium in the human genome, such as the
human major histocompatibility complex (MHC) region.
The region list was obtained from the web site: https://
genome.sph.umich.edu/wiki/Regions_of high_linkage
disequilibrium_(LD)#cite_note-3 [21].

Genetic correlation analysis

We performed a genetic correlation analysis prior to MR
analyses to strengthen the understanding of the rela-
tionships between complex traits [22]. We used linkage
disequilibrium score regression (LDSC) to screen the
evidence of genetic correlation between IDPs and stroke
for subsequent MR analysis [23]. We used P < 0.05 as the
threshold to preserve all IDP-stroke pairs with suggestive
evidence, that is, only the IDP-stroke pairs with nominal
statistical significance in LDSC were used in subsequent
bi-directional MR analyses. We chose this analysis strat-
egy in refer to previous studies [20, 24].

MR analysis

IV selection

We used the same criteria for the bidirectional Two-Sam-
ple MR analysis when we select the IVs. Firstly, we used
the clumping algorithm in PLINK (https://www.cog-
genomics.org/plink/1.9/) [25] to select independent SNPs
for each exposure (7% threshold = 0.001, window size = 1
Mb and P < 5 x 107®%). The 1000G European data (phase
3) were used as the reference for LD estimation [26]. Sec-
ondly, if one selected SNP in the first step was not pre-
sent in outcome data, we used its proxy SNP with r* >
0.8 instead. The proxy SNP must also be associated with
exposure (P < 5 x 107%). If more than one proxy SNPs
were available, we chose the one with the maximum
and minimum P value associated with the exposure.

IV quality control
For the IVs, three key assumptions must hold: (1) the
selected IVs must be associated with the exposure
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(relevance assumption); (2) the selected IVs are not
associated with potential confounders (independence
assumption), and (3) the IVs affect the outcome only
through their effect on the exposure (exclusion restric-
tion assumption). We used RadialMR package [27] to
remove pleiotropic SNPs. We also looked up each IV and
its proxies in the PhenoScanner GWAS database (http://
phenoscanner.medschl.cam.ac.uk) to assess any asso-
ciations with potential confounders (smoking, drinking,
blood pressure, socioeconomic status and education)
[28]. The proxy selection was performed directly by the
PhenoScanner database. The LD threshold was set as > >
0.8, and the genome version we used was GRCh37. SNPs
associated with potential confounders were removed.
The remaining SNPs were used to perform MR analysis.
We used MR Steiger filtering to check whether the MR
analysis estimates assessed the true causal direction [29].

Bidirectional two-sample MR analyses

We used two-sample MR analyses to explore the causal
relationships between brain IDPs and stroke. We selected
IVW regression with multiplicative random effects model
as the primary method for causal inference [30], that is,
the evidence of statistically significant causal effect was
based on the IVW P-value. To complement and enhance
the reliability of the results, we conducted four other
MR methods. MR-Egger method estimates the causal
effect through the slope coefficient of the Egger regres-
sion, which provides a more robust estimate even if none
of the IVs are invalid [31]. Weighted median method
can even protect against up to 50% of invalid IVs [32].
Weighted mode method provides consistent estimates
when the relaxed IV assumption has less bias and a lower
type-I error rate [33]. MR-RAPS accounts for systematic
and idiosyncratic pleiotropy and can provide a robust
inference for MR analysis with many weak instruments
[34]. Wald ratio for MR analysis was used when only 1
genetic instrument was available [35]. All these methods
were implemented in the TwoSampleMR R package [36].
We extended the above MR analysis to a bidirectional
causal inference between IDPs and stroke. Forward MR
analyses were carried out with brain IDPs as exposures
and stroke as outcomes. Conversely, reverse MR analyses
were carried out with stroke as exposures and brain IDPs
as outcomes.

Sensitivity analysis

We conducted Bonferroni correction across all MR tests.
For the significant MR results after Bonferroni correction
(P < 5.91 x 107> (0.05/423/2), 423 denotes the number
of IDP-stroke pairs, 2 denotes forward and reverse MR
tests), we further performed sensitivity analysis. First,
we performed leave-one-out analysis to check whether
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the causal association was obviously driven by a single
SNP (P value < 0.05 was regarded as an outlier). Sec-
ond, we conducted MR-PRESSO to detect the presence
of horizontal pleiotropy (P value < 0.05) [37]. Third, we
executed MR-Egger regression to examine the potential
bias of directional pleiotropy [31]. The intercept in the
Egger regression indicates the mean pleiotropic effect of
all genetic variants, which is interpreted as evidence of
directional pleiotropy when the value differs from zero (P
value < 0.05). Cochran’s Q and Rucker’s Q” statistics were
also calculated to check for the presence of heterogeneity
for IVW and MR-Egger method [27], respectively.

Data availability

GWAS statistics of brain IDPs were collected from BIG40
web  browser (https://open.win.ox.ac.uk/ukbiobank/
bigd0). GWAS statistics of stroke were obtained from
MEGASTROKE consortium (https://www.megastroke.
org/).

Code availability

All software packages we used in the study are publicly
available, and the download links are included in the
“Methods” section. We have put our code on the website:
http://www.bigc.online/strokeMR/code.html.

Results

Genetic correlation

Before MR analysis, we implemented the LDSC analysis
to examine genetic correlation between 587 IDPs and
stroke. Genetic correlations on 423 IDP-stroke pairs
were detected (P value < 0.05, Additional file 1: Table S2).
Therefore, the significant threshold for our bidirec-
tional MR analyses after multiple testing correction
using the Bonferroni method was set as P < 5.91 x 107°
(0.05/423/2).

IV selection

After linkage disequilibrium (LD) pruning, we used 1000
Genomes as reference to select conditionally independ-
ent single-nucleotide polymorphisms (SNPs) with plink.
Outlier IVs (Additional file 1: Tables S3 and S4) detected
by the Radial MR method were removed from MR analy-
sis. IVs associated with potential confounders were also
removed (Additional file 1: Tables S5 and S6).

For the 423 IDP-stroke pairs with genetic correlation,
we performed MR analysis only for the pairs whose expo-
sure has at least one qualified IV. After removing the
pairs with no qualified IV, there were 406 and 301 pairs
for forward and reverse MR analysis, respectively. As
shown in Table S7 and S8, the F-statistic values were all
> 30, suggesting the potential for weak instrumental bias
to be low. In forward MR analysis, the variance explained
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by the selected variants for IDPs ranged from 0.10 to
7.03%. In reverse MR, the variance explained by the
selected variants for strokes ranged from 0.12 to 2.08%.
We used MR Steiger filtering to test whether the MR
estimates assessed the true causal direction. As shown
in Additional file 1: Tables S7 and S8, the IVs did explain
more variance for the exposure than for the outcome.

The statistical power based on the sample size for the
MR test showed that we had 80% power at a significance
level of 0.05 to detect a minimum odds ratio (OR) of >
1.07 or < 0.94 in forward MR analyses and a minimum /3
of > 0.11 or < — 0.11 in reverse MR analyses.

Forward MR: the putative causal effects of IDP on stroke

As shown in Additional file 1: Table S9, there were 24 sta-
tistically significant causal relationships between 14 IDPs
and stroke (Figs. 2 and 3). These IDPs are derived from
projection fibers and association fibers. The scatter plots
are shown in Additional file 2: Figure S1.

The putative causal effects of projection fibers on stroke
As shown in Figs. 2 and 3, and Additional file 1: Table S9,
we observed that 11 IDPs which are projection fibers
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were causally associated with stroke. The projection fib-
ers consist of efferent and afferent fibers uniting the cor-
tex with the lower parts of the brain and with the spinal
cord.

The anterior limb of internal capsule is a white matter
structure which carries brainstem fibers and thalamic
from prefrontal cortical regions. In this region, we find 10
statistically significant causal relationships. For example,
one SD (3.76 x 107> AU) increase in the MD of the right
anterior limb of internal capsule was associated with
44% higher odds of AS (OR = 1.44, 95% CI 1.30 to 1.59,
P =9.73 x 10713), 39% higher odds of AIS (OR = 1.39,
95% CI 1.25 to 1.54, P = 5.25 X 107'%), and 102% higher
odds of SVS (OR = 2.02, 95% CI 1.53 to 2.67, P = 7.51
x 1077). Similar results were observed in the MD of the
left anterior limb of internal capsule. MD is an indicator
of the average mobility of water molecules. Consistently,
we observed negative association between FA of the right
anterior limb of internal capsule and the risk of AS (IVW
OR = 0.81, 95% CI 0.73 to 0.90, P = 5.30 x 107°). FA is
a measurement of the degree of anisotropic diffusion.
Generally, in damaged structurally organized tissue (e.g.,
white matter tracts), increased MD and decreased FA
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AS 973x107  242x10% 53x10°% 706x10¢  265x107  896x10% | 357x10°  874x107 17x10% 232x10 1x10 43210 67x10° 1.49x 107 634x10%
* * * * * * * * *
OR beta
. B3 5 B
AlS 525x10  532x10° 166 %10 1x10% 1.85% 10 440x107 | 142x10%  536x10° 1x102 3x10 3x10° 318x 10 1.06x 10 5.75x10% 322x10
* * * * 2 *
0
s
0 -1
Svs- | 78ix107  628x10f o088 633x10°  691x10° 082 903x10° 0s 059 0s2 265x100  132x10% ax102
* * * * *
CES 017 031 262x10° 1x10 677x107 | 635x10°
* * *
* P<591x10°
projection fibers
® e ° @ ° internal capsule
S S S S S $ & & & & & ° s g £ - iy
& 5 5 5 5 5 ) S S g i i
\éél \(551 \5’;1 \5;? \('PQ {F m{, ,;’" ,;’" ’;", {D(,, & éf’ é}, $ thalamic radiation
g Iy Iy Iy & & & & & & & @& & & & B corona radiata
& & & & & & S S S S S 9 & & £ association fibers
s & 5 $ & N & g g £ N & & & N
& o o & & $ $ ) $ $ $ s Q B external capsule
& S & & S & 5 s 5 5 § L & & &
N s N s s § & & & & oS < $ $ g fronto-occipital fasciculus
g &£ ¢ & & & ¢ © S e & 3 g ¢ $ —
N $ N N $§ & N & & < N K $ $ & commissural fibers
$ $ $ & N s S S K
5 @ S S $ « < S 9 5 5
& § & & & S s & N N ® s & 3 B corpus callosum
T ) v T 3 § g S IS Py
9 < @ @ < @ e &
& & <& N $ 9 & &
< N N N & & &S
8 § & « 5 N <
s @

Fig. 2 Causal associations between IDPs and stroke in the forward MR and reverse MR. The heatmap plot shows the causal associations
between IDPs with at least one significant MR signals in forward and reverse MR and stroke. The pattern diagram in the bottom shows the brain
anatomical region of corresponding IDPs. AS, any stroke; AlS, any ischemic stroke; CES, cardioembolic stroke; FA, fractional anisotropy; ISOVF,
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Exposure-Outcome Vs N OR(95%Cl) P-value
MD in the anterior limb of the right internal capsule-AS 12 B 1.44(1.30 to 1.59) 9.73x 10
MD in the anterior limb of the left internal capsule-AS 13 B 1.32(1.20 to 1.45) 242x10°®
MD in the anterior limb of the right internal capsule-AIS 13 - 1.39(1.25 to 1.54) 5.25x 107
MD in the anterior limb of the left internal capsule-AIS 14 B 1.28(1.15to 1.42) 5.32x10°
MD in the anterior limb of the right internal capsule-SVS 15 —— 2.02(1.53 t0 2.67) 7.51x107
MD in the anterior limb of the left internal capsule-SVS 14 — 2.22(1.66 to 2.97) 6.28 x 10
FA in the anterior limb of the right internal capsule-AS 14 - 0.81(0.73 to 0.90) 5.30x10°
ISOVF in the anterior limb of the right internal capsule-AS 9 e 1.35(1.19 to 1.54) 7.06x10°
ISOVF in the anterior limb of the left internal capsule-AS 8 - 1.44(1.25 to 1.65) 2.65x107
ISOVF in the anterior limb of the left internal capsule-SVS 10 —_— 1.97(1.47 to 2.66) 6.91x10°
MD in the right anterior thalamic radiation-CES 13 = 1.51(1.25 to 1.83) 2.62x10°°
ISOVF in the right posterior corona radiata-AS 8 b 1.32(1.18 to 1.47) 8.74x 107
ISOVF in the left superior corona radiata—AS 1 - 1.32(1.17 to 1.49) 3.57x10°
ISOVF in the left superior corona radiata-AlS 11 e 1.35(1.18 to 1.55) 1.12x 107
MD in the right superior corona radiata-CES 29 e 1.39(1.20 to 1.60) 1.00 x 1078
MD in the left superior corona radiata~CES 24 e 1.45(1.25 to 1.68) 6.77 x 107
MD in the left posterior corona radiata-CES 23 e 1.41(1.22 to 1.64) 6.35x 10

I MD in the right external capsule-SVS 10 — 2.76(2.07 to 3.68) 5.87 x 1072
MD in the right superior fronto—occipital fasciculus—AS 10 = 1.39(1.25 to 1.56) 6.70x 10
MD in the right superior fronto-occipital fasciculus-AlS " e 1.38(1.21 t0 1.57) 1.06 x 10
MD in the right superior fronto—occipital fasciculus—SVS 8 —— 2.35(1.74 t0 3.17) 2.65x10°
MD in the left superior fronto—occipital fasciculus-AS 9 [ 1.39(1.23 to 1.58) 1.49 x 107
MD in the left superior fronto—occipital fasciculus-AIS 10 e 1.30(1.14 to 1.47) 5.75x10°
MD in the left superior fronto—occipital fasciculus-SVS 9 —_— 2.29(1.58 to 3.32) 1.32x 107
Exposure-Outcome IVs N B(95%Cl) P-value

I AIS-ISOVF in the body of corpus callosum 8 —— 0.23(0.14 to 0.33) 3.22x107
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Fig. 3 Causal associations in the forward and reverse MR using the MR-IVW method. The forest plot shows the significant causal associations with P
value < 591 x 107 and the estimated OR (or beta) with 95% confidence intervals (Cl). AS, any stroke; AlS, any ischemic stroke; CES, cardioembolic
stroke; FA, fractional anisotropy; ISOVF, isotropic volume fraction; MD, mean diffusivity; SVS, small vessel stroke

will be observed due to loss of the directionality of diffu-
sion. In addition to MD and FA, we also observed posi-
tive associations between ISOVF of the anterior limb of
internal capsule and the risk of AS or SVS (Figs. 2 and 3).
ISOVF is an indicator of volume fraction of extracellular
isotropic free water.

The anterior thalamic radiations connect the anterior
and midline nuclear groups of the thalamus with the
frontal lobe through the anterior thalamic peduncle and
the anterior limb of the internal capsule. In this region,
one SD (4.21 x 107> AU) increase in the MD of the tract
right anterior thalamic radiation was associated with 51%
upper odds of CES (OR = 1.51, 95% CI 1.25 to 1.83, P =
2.62 x 107°).

The corona radiata is a key white matter structure
that consists of afferent and efferent fibers that connect
the cerebral cortex and the brain stem. In this region,

we find 6 statistically significant causal relationships.
One SD (0.02 AU) increase in the ISOVF of the left
superior corona radiata was positively associated with
32% higher odds of AS (OR =1.32, 95% CI 1.17 to 1.49,
P = 3.57 x 107%) and 35% higher odds of AIS (OR =
1.35, 95% CI 1.18 to 1.55, P = 1.12 x 107°). Similarly,
one SD (0.02 AU) increase in ISOVF of the right pos-
terior corona radiata was associated with 32% higher
odds of AS (OR =1.32,95% CI 1.18 to 1.47, P = 8.74 X
1077). Specifically, we observed that MD of the left pos-
terior corona radiata (OR = 1.41, 95% CI 1.22 to 1.64,
P = 6.35 X 107°), right superior corona radiata (OR =
1.39, 95% CI 1.2 to 1.6, P = 1.00 x 107°), and left supe-
rior corona radiata (OR = 1.45, 95% CI 1.25 to 1.68, P =
6.77 x 1077) were all positively associated with the risk
of CES.
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The putative causal effects of association fibers on stroke

As shown in Figs. 2 and 3, and Additional file 1: Table S9,
we observed that 3 IDPs which are association fibers were
causally associated with stroke. Association fibers are the
fibers connecting different cortical areas of the same side
to one another.

The external capsule is a series of white matter tracts in
the brain situated between the putamen and claustrum.
It is composed of claustrocortical fibers dorsally and
the combined mass of the uncinate fasciculus and infe-
rior frontal occipital fasciculus ventrally. In this region,
one SD (3.74 x 107 AU) increase in the MD of the right
external capsule was associated with 176% upper odds of
SVS risk IVW OR = 2.76, 95% CI 2.07 to 3.68, P = 5.87
x 10712),

The superior fronto-occipital fasciculus connecting the
frontal, occipital, and parietal lobe is an association fiber
tract 2-3 mm in diameter. In this region, one SD (7.43 X
107° AU) increase in the MD of the right superior fronto-
occipital fasciculus was associated with 39% higher odds
of AS risk (IVW OR = 1.39, 95% CI 1.25 to 1.56, P = 6.70
x 107%), 38% higher odds of AIS risk (IVW OR = 1.38,
95% CI 1.21 to 1.57, P = 1.06 X 107%), and 135% upper
odds of SVS risk (IVW OR = 2.35, 95% CI 1.74 to 3.17, P
= 2.65 x 107®). Similar results were observed in the MD
of the left superior fronto-occipital fasciculus (Figs. 2
and 3).

Reverse MR: the putative causal effects of stroke on IDPs
As shown in Figs. 2 and 3, and Additional file 1: Table S10,
we did not detect significant causal effects of the risk
of stroke on IDPs detected in the forward MR analyses.
However, we found evidence that genetically determined
higher risk of AIS was associated with increased ISOVF
in body of corpus callosum (8 = 0.22, 95% CI 0.14 to 0.33,
P =322 x 1077, Figs. 2 and 3), which is a commissural
fiber. The scatter plot is shown in Additional file 2: Fig-
ure S2. Commissural fibers connect an area in one hemi-
sphere with an area in the opposite hemisphere and the
corpus callosum is the largest commissural fiber. It allows
us to perceive depth and enables the two sides of our
brain to communicate.

Sensitivity analyses

We performed sensitivity analyses to verify the results
obtained with bidirectional MR. First, leave-one-out
analyses showed that no single SNP drove the causal esti-
mates (Additional file 2: Figure S3 and S4). Second, MR-
Egger intercepts of all associations were close to zero,
suggesting that no significant pleiotropy was detected
(Additional file 1: Table S11-12). Additionally, Cochran’s
Q and Rucker’s Q” statistics were calculated to check for
the presence of heterogeneity for IVW and MR-Egger
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method, respectively. As shown in Additional file 1:
Table S11-12, no significant evidence of heterogeneity
was detected.

Discussion

Observational studies have reported that IDPs are associ-
ated with stroke; however, whether the relationships are
causal is uncertain. In the present study, we performed
bidirectional two-sample MR analyses to systematically
investigate the causal associations between 587 IDPs and
stroke. We identified 14 IDPs with statistically significant
evidence of potential causal effects on stroke. We also
identified potential causal effects of stroke on one IDP of
commissural fiber.

In the forward MR analysis, we observed that 14 IDPs
were causally associated with stroke. These IDPs were
derived from projection or association fibers. Of note,
these IDPs included 9 MD values and 1 FA value in dif-
ferent regions. As we mentioned in the results section,
both measures are generally used to track structural
integrity. Increased MD and decreased FA will be
observed in damaged structurally organized tissue (e.g.,
white matter tracts). The MR results showed that higher
genetically determined MD (or lower genetically deter-
mined FA) was causally associated with increased risk of
AS, suggesting that disrupted integrity of the projection
or association fibers is a potential risk factor for stroke.
Changes in white matter microstructural integrity have
been shown to precede irreversible white matter lesions
[38], which has been widely reported as an important
risk factor for stroke [4—6]. A recent study reported that
white matter lesions showed significantly lower blood
flow, blood volume, and capillary metabolic rate of oxy-
gen [39]. This might increase the risk of thrombus and
further lead to ischemic stroke which typically begins
with an acute phase in which ischemia results from a
thrombus that lodges in a cerebral blood vessel. Further
studies are needed to clarify the underlying physiological
mechanism. Consistent with our results, a population-
based study found that both lower FA and higher MD
increased risk of stroke, independent of other risk factors
[3]. Another study carried out in a longitudinal cohort of
800 community-dwelling adults found that lower FA was
associated with higher risk of stroke [40]. Taking white
matter lesions into consideration could improve the per-
formance of stroke risk prediction models [41].

The forward MR results showed that some IDPs
were only associated with specific stroke subtypes. For
instance, MD in the right external capsule was only pos-
itively associated with SVS. Consistent with our results,
a previous study [42] has observed that compared with
healthy controls, MD value in external capsule of cere-
bral autosomal dominant arteriopathy with subcortical
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infarcts and leukoencephalopathy (CADASIL, a com-
mon heritable cause of SVS) patients was signifi-
cantly increased. White matter hyperintensities in this
region or external capsule lesion in CADASIL patients
were also reported in other studies [43, 44]. However,
reports about the association between IDPs derived
from external capsule and other stroke types are still
limited. These results indicated that IDPs in specific
regions might have different effects on different stroke
subtypes.

In reverse MR analysis, we observed genetically deter-
mined higher risk of AIS was associated with increased
ISOVF in body of corpus callosum. Corpus callosum is
the largest commissural structure consisting of white
matter tracts that connect the cerebral hemispheres
according to an anterior—posterior topographical
organization [45]. Higher ISOVF indicated increased
extracellular water volume, which is expected in neuroin-
flammatory states [46]. Therefore, this reverse MR result
suggested that higher risk of ischemic stroke might lead
to the sequential injury in corpus callosum. In ischemic
stroke, the ischemic area turns into a necrotic core.
Degeneration of the distal axons may occur both near
and far from the ischemic bed [47]. Consistent with our
findings, a previous study [48] has observed damage of
fiber tracts with their accompanying myelin sheaths in
the nonischemic corpus callosum in the middle cerebral
artery occlusion rat model. Degeneration of corpus cal-
losum has also been observed in post-stroke patients in
population-based studies [49, 50].

The significant results from the reverse MR were less
than the forward MR analysis. One possible reason is
that the variance explained by the IVs for IDPs was up
to 7.03%, while the variance explained by the IVs for
stroke was up to 2.08%. Since we have already used the
GWAS data with the largest sample size to date, we
cannot add more IVs in our current study. We believe
that if more IVs are available in future larger scale
GWAS for stroke, more results in the reverse MR anal-
ysis might be obtained. We used conservative Bonfer-
roni corrections for multiple testing to keep our results
robust. Under such circumstances, although all our MR
results can find some similar evidence from previous
case-control studies, some previously reported signifi-
cant causal relationships may not remain in our study.
For example, a previous study found that presence of
brain infarcts was associated with a smaller hippocam-
pus in elderly participants [51], which were not found
in our study. This might because the IDPs we used were
subdivided into the left and right hemispheres and that
previous study focused on elderly people. In addition,
when applied to clinical interventions, the estimated
MR effect size must be treated cautiously. The desirable
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application of predictive results to clinical and health
care decisions depends on the effect size of the expo-
sure on the outcome.

Conclusions

In conclusion, this study used MR to investigate the
association between genetically determined IDPs and
stroke risk. The findings revealed strong genetic evi-
dence for possible causal links between neuroimaging
phenotypes and stroke. This will contribute to better
prediction and intervention at the brain-imaging level
for the risk of stroke.

Abbreviations

AlS Any ischemic stroke

AS Including any stroke

CADASIL  Cerebral autosomal dominant arteriopathy with subcortical
infarcts and leukoencephalopathy

CES Cardioembolic stroke

dMRI Diffusion magnetic resonance imaging

FA Fractional anisotropy

ICVF Intracellular volume fraction

IDPs Imaging-derived phenotypes

ISOVF Isotropic or free water volume fraction

Vs Instrumental variables

LAS Large-artery atherosclerotic stroke

LD Linkage disequilibrium

LDSC Linkage disequilibrium score regression

MD Mean diffusivity

MHC Human major histocompatibility complex

MO Diffusion tensor mode

MR Mendelian randomization

MRI Magnetic resonance imaging

oD Orientation dispersion index

OR Odds ratio

SMRI Structural magnetic resonance imaging

SVS Small-vessel stroke

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512916-023-02982-9.

Additional file 1: Table S1. Information for the GWAS summary data
used in this study. Table S2. Genetic correlation between IDPs and
strokes. Table S3. Outliers detected by RadialMR in forward MR. Table S4.
Outliers detected by RadialMR in reverse MR. Table S5. IVs associated with
confounders in forward MR. Table S6. |Vs associated with confounders

in reverse MR. Table S7. The information of IVs for all exposure-outcome
pairs in forward MR. Table S8. The information of IVs for all exposure-
outcome pairs in reverse MR. Table S9. Forward MR analysis results.

Table S10. Reverse MR analysis results. Table S11. Pleiotropy test for sig-
nificant results of the forward MR. Table $12. Pleiotropy test for significant
results of the reverse MR.

Additional file 2: Figure S1. Scatter plots for the exposure-outcome
pairs with significant inverse-variance weighted (IVW) results in forward
MR analysis. Figure S2. Scatter plots for the exposure-outcome pairs with
significant inverse-variance weighted (IVW) results in reverse MR analysis.
Figure S3. Leave-one-out analysis plots for traits with significant inverse-
variance weighted (IVW) results in forward MR analysis. Figure S4. Leave-
one-out analysis plots for traits with significant inverse-variance weighted
(IVW) results in reverse MR analysis.



https://doi.org/10.1186/s12916-023-02982-9
https://doi.org/10.1186/s12916-023-02982-9

Yu et al. BMC Medicine (2023) 21:271

Acknowledgements

We would like to thank the UK Biobank and International Stroke Genetics
Consortium for the GWAS summary data of IDPs and stroke. The MEGASTROKE
project received funding from sources specified at http://www.megastroke.
org/acknowledgments.html. The UK Biobank Resource was used under the
application number 46387.

Authors’ contributions

T-LY.and S-S.D. designed the study. K.Y, S.-S.D., and Y.G. wrote and edited the
manuscript. K.Y, J.G, X-FC, SW, and X-T. H. collected and analyzed the data.
K.Y. drew the figures. T-L.Y. had full access to all the data in the study and had
final responsibility for the decision to submit for publication. All authors read
and approved the final manuscript.

Funding

This study is supported by the National Natural Science Foundation of China
(32070588, 32170616), Science Fund for Distinguished Young Scholars of
Shaanxi Province (2021JC-02), Innovation Capability Support Program of
Shaanxi Province (2022TD-44), the China Postdoctoral Science Foundation
(2020M683454, 2021T140546), Key Research and Development Project of
Shaanxi Province (2022GXLH-01-22), and the Fundamental Research Funds for
the Central Universities.

Availability of data and materials

GWAS statistics of brain IDPs were collected from BIG40 web browser (https://
open.win.ox.ac.uk/ukbiobank/big40). GWAS statistics of stroke were obtained
from MEGASTROKE consortium (https://www.megastroke.org/).

Declarations

Ethics approval and consent to participate
All analyses were based on publicly available summary statistics, which do not
require ethical approval and consent.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 4 April 2023 Accepted: 17 July 2023
Published online: 25 July 2023

References

1. Roth GA, et al. Global burden of cardiovascular diseases and risk fac-
tors, 1990-2019: update from the GBD 2019 study. J Am Coll Cardiol.
2020;76(25):2982-3021.

2. Bardutzky J, et al. Characterizing tissue fate after transient cerebral
ischemia of varying duration using quantitative diffusion and perfu-
sion imaging. Stroke. 2007;38(4):1336-44.

3. EvansTE, et al. White matter microstructure improves stroke risk pre-
diction in the general population. Stroke. 2016;47(11):2756-62.

4. Debette S, Markus HS. The clinical importance of white matter hyperin-
tensities on brain magnetic resonance imaging: systematic review and
meta-analysis. Bmj. 2010;341: c3666.

5. Buyck JF, et al. Cerebral white matter lesions are associated with the
risk of stroke but not with other vascular events: the 3-City Dijon Study.
Stroke. 2009;40(7):2327-31.

6. Kaffashian S, et al. Differential effect of white-matter lesions and covert
brain infarcts on the risk of ischemic stroke and intracerebral hemor-
rhage. Stroke. 2016;47(7):1923-5.

7. ZelayaF, et al. An evaluation of the time dependence of the anisotropy
of the water diffusion tensor in acute human ischemia. Magn Reson
Imaging. 1999;17(3):331-48.

8. Werring DJ, et al. Diffusion tensor imaging can detect and quantify cor-
ticospinal tract degeneration after stroke. J Neurol Neurosurg Psychiatry.
2000,69(2):269-72.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

Page 9 of 10

Morita N, et al. Change of diffusion anisotropy in patients with acute
cerebral infarction using statistical parametric analysis. Radiat Med.
2006;24(4):253-9.

Watanabe T, et al. Three-dimensional anisotropy contrast magnetic
resonance axonography to predict the prognosis for motor function in
patients suffering from stroke. J Neurosurg. 2001,;94(6):955-60.

. Zolkefley MK, et al. An overview of fractional anisotropy as a reliable

quantitative measurement for the corticospinal tract (CST) integrity in
correlation with a Fugl-Meyer assessment in stroke rehabilitation. J Phys
Ther Sci. 2021;33(1):75-83.

Smith GD, Ebrahim S.“Mendelian randomization”: can genetic epide-
miology contribute to understanding environmental determinants of
disease? Int J Epidemiol. 2003;32(1):1-22.

Davies NM, Holmes MV, Davey Smith G. Reading Mendelian ran-
domisation studies: a guide, glossary, and checklist for clinicians. BMJ.
2018;362:k601.

Malik R, et al. Multiancestry genome-wide association study of 520,000
subjects identifies 32 loci associated with stroke and stroke subtypes. Nat
Genet. 2018;50(4):524-37.

Smith SM, et al. An expanded set of genome-wide association

studies of brain imaging phenotypes in UK Biobank. Nat Neurosci.
2021,24(5):737-45.

Iscan Z, et al. Test-retest reliability of freesurfer measurements within

and between sites: effects of visual approval process. Hum Brain Mapp.
2015;36(9):3472-85.

Nugent AC, et al. Automated subcortical segmentation using FIRST:
test-retest reliability, interscanner reliability, and comparison to manual
segmentation. Hum Brain Mapp. 2013;34(9):2313-29.

Smith SM, et al. Tract-based spatial statistics: voxelwise analysis of multi-
subject diffusion data. Neuroimage. 2006;31(4):1487-505.

Behrens TE, et al. Probabilistic diffusion tractography with multiple fibre
orientations: what can we gain? Neuroimage. 2007;34(1):144-55.

Guo J, et al. Mendelian randomization analyses support causal relation-
ships between brain imaging-derived phenotypes and risk of psychiatric
disorders. Nature Neuroscience. 2022;25(11):1519-27.

Price AL, et al. Long-range LD can confound genome scans in admixed
populations. Am J Hum Genet. 2008;83(1):132-5 author reply 135-9.
Charlson F, et al. New WHO prevalence estimates of mental disorders

in conflict settings: a systematic review and meta-analysis. Lancet.
2019;394(10194):240-8.

Bulik-Sullivan B, et al. An atlas of genetic correlations across human
diseases and traits. Nat Genet. 2015;47(11):1236-41.

Savage JE, et al. Genome-wide association meta-analysis in 269,867
individuals identifies new genetic and functional links to intelligence. Nat
Genet. 2018;50(7):912-9.

Purcell S, et al. PLINK: a tool set for whole-genome association and
population-based linkage analyses. Am J Hum Genet. 2007;81(3):559-75.
Fairley S, et al. The International Genome Sample Resource (IGSR) collec-
tion of open human genomic variation resources. Nucleic Acids Research.
2019;48(D1):D9%41-7.

Bowden J, et al. Improving the visualization, interpretation and analysis of
two-sample summary data Mendelian randomization via the Radial plot
and Radial regression. Int J Epidemiol. 2018;47(6):2100.

Kamat MA, et al. PhenoScanner V2: an expanded tool for search-

ing human genotype-phenotype associations. Bioinformatics.
2019;35(22):4851-3.

Hemani G, Tilling K, Davey Smith G. Orienting the causal relationship
between imprecisely measured traits using GWAS summary data. PLoS
Genet. 2017;13(11):21007081.

Burgess S, Butterworth A, Thompson SG. Mendelian randomization
analysis with multiple genetic variants using summarized data. Genet
Epidemiol. 2013;37(7):658-65.

Bowden J, Davey Smith G, Burgess S. Mendelian randomization with
invalid instruments: effect estimation and bias detection through Egger
regression. Int J Epidemiol. 2015;44(2):512-25.

Bowden J, et al. Consistent estimation in Mendelian randomization with
some invalid instruments using a weighted median estimator. Genet
Epidemiol. 2016;40(4):304-14.

Hartwig FP, Davey Smith G, Bowden J. Robust inference in summary data
Mendelian randomization via the zero modal pleiotropy assumption. Int J
Epidemiol. 2017;46(6):1985-98.


http://www.megastroke.org/acknowledgments.html
http://www.megastroke.org/acknowledgments.html
https://open.win.ox.ac.uk/ukbiobank/big40
https://open.win.ox.ac.uk/ukbiobank/big40
https://www.megastroke.org/

Yu et al. BMC Medicine

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

(2023) 21:271

Zhao Q, et al. Statistical inference in two-sample summary-data Men-
delian randomization using robust adjusted profile score. Ann Statist.
2020;48(3):1742-69.

Wald A. The fitting of straight lines if both variables are subject to error.
The annals of mathematical statistics. 1940;11(3):284-300.

Hemani G, et al. The MR-Base platform supports systematic causal infer-
ence across the human phenome. Elife. 2018;7:634408.

Verbanck M, et al. Detection of widespread horizontal pleiotropy in causal
relationships inferred from Mendelian randomization between complex
traits and diseases. Nat Genet. 2018;50(5):693-8.

de Groot M, et al. Changes in normal-appearing white matter precede
development of white matter lesions. Stroke. 2013;44(4):1037-42.

Dalby RB, et al. Oxygenation differs among white matter hyperintensi-
ties, intersected fiber tracts and unaffected white matter. Brain Commun.
2019;1(1):fcz033.

Zsoldos E, et al. Association of midlife stroke risk with structural brain
integrity and memory performance at older ages: a longitudinal cohort
study. Brain Commun. 2020;2(1):fcaa026.

Zhao L, et al. Risk stratification tool for ischemic stroke: a risk assessment
model based on traditional risk factors combined with white matter
lesions and retinal vascular caliber. Front Neurol. 2021;12: 696986.

Ban S, et al. Diffuse tract damage in CADASIL is correlated with global
cognitive impairment. Eur Neurol. 2019;81(5-6):294-301.

Bersano A, et al. The role of clinical and neuroimaging features in the
diagnosis of CADASIL. J Neurol. 2018;265(12):2934-43.

Mukai M, et al. Genotype-phenotype correlations and effect of mutation
location in Japanese CADASIL patients. J Hum Genet. 2020,65(8):637-46.
Tanaka-Arakawa MM, et al. Developmental changes in the corpus cal-
losum from infancy to early adulthood: a structural magnetic resonance
imaging study. PLoS One. 2015;10(3): e0118760.

Sykovd E, Nicholson C. Diffusion in brain extracellular space. Physiol Rev.
2008;88(4):1277-340.

DiBella EVR, et al. Beyond diffusion tensor MRl methods for improved
characterization of the brain after ischemic stroke: a review. AJNR Am J
Neuroradiol. 2022;43(5):661-9.

Zuo M, et al. Wallerian degeneration in experimental focal cortical
ischemia. Brain Res Bull. 2019;149:194-202.

Wang LE, et al. Degeneration of corpus callosum and recovery of motor
function after stroke: a multimodal magnetic resonance imaging study.
Hum Brain Mapp. 2012;33(12):2941-56.

Zhao H, et al. Geometric microstructural damage of white matter with
functional compensation in post-stroke. Neuropsychologia. 2021;160:
107980.

Blum S, et al. Memory after silent stroke: hippocampus and infarcts both
matter. Neurology. 2012;78(1):38-46.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 10 of 10

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Assessment of bidirectional relationships between brain imaging-derived phenotypes and stroke: a Mendelian randomization study
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Overview of the study
	Data sets of brain IDPs
	GWAS datasets for stroke
	Harmonized process of datasets
	Genetic correlation analysis
	MR analysis
	IV selection
	IV quality control

	Bidirectional two-sample MR analyses
	Sensitivity analysis
	Data availability
	Code availability

	Results
	Genetic correlation
	IV selection
	Forward MR: the putative causal effects of IDP on stroke
	The putative causal effects of projection fibers on stroke
	The putative causal effects of association fibers on stroke

	Reverse MR: the putative causal effects of stroke on IDPs
	Sensitivity analyses

	Discussion
	Conclusions
	Anchor 31
	Acknowledgements
	References


