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A Mendelian randomization-based exploration of red
blood cell distribution width and mean
corpuscular volume with risk of hemorrhagic strokes
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Summary
Red blood cell distribution width (RCDW) andmean corpuscular volume (MCV) are associated with different risk factors for hemorrhag-

ic stroke. However, whether RCDW and MCV are causally related to hemorrhagic stroke remains poorly understood. Therefore, we

explored the causality between RCDW/MCV and nontraumatic hemorrhagic strokes using Mendelian randomization (MR) methods.

We extracted exposure and outcome summary statistics from the UK Biobank and FinnGen. We evaluated the causality of RCDW/

MCV on four outcomes (subarachnoid hemorrhage [SAH], intracerebral hemorrhage [ICH], nontraumatic intracranial hemorrhage

[nITH], and a combination of SAH, cerebral aneurysm, and aneurysm operations) using univariable MR (UMR) and multivariable MR

(MVMR). We further performed colocalization and mediation analyses. UMR and MVMR revealed that higher genetically predicted

MCV is protective of ICH (UMR: odds ratio [OR] ¼ 0.89 [0.8–0.99], p ¼ 0.036; MVMR: OR ¼ 0.87 [0.78–0.98], p ¼ 0.021) and nITH

(UMR: OR ¼ 0.89 [0.82–0.97], p ¼ 0.005; MVMR: OR ¼ 0.88 [0.8–0.96], p ¼ 0.004). There were no strong causal associations between

RCDW/MCVand any other outcome. Colocalization analysis revealed a shared causal variant betweenMCVand ICH; it was not reported

to be associated with ICH. Proportion mediated via diastolic blood pressure was 3.1% (0.1%,14.3%) in ICH and 3.4% (0.2%,15.8%) in

nITH. The study constitutes the first MR analysis on whether genetically elevated RCDWandMCVaffect the risk of hemorrhagic strokes.

UMR, MVMR, and mediation analysis revealed that MCV is a protective factor for ICH and nITH, which may inform new insights into

the treatments for hemorrhagic strokes.
Introduction

Hemorrhagic stroke results from bleeding into/around the

brain when a weakened vessel ruptures.1,2 The blood accu-

mulates to compress the surrounding brain cells, leading to

brain tissue damage and neurological deficits.1,3 According

to American Stroke Association, hemorrhagic strokes

occupy about 13% of all strokes consisting of intracerebral

hemorrhage (ICH)—bleeding into the brain paren-

chyma—and subarachnoid hemorrhage (SAH)—bleeding

into the subarachnoid space.1 Mortality and morbidity

are high for hemorrhagic stroke while identifying risk fac-

tors of the hemorrhagic stroke helps detect and modify the

risk, potentially reducing the odds of death or disability of

the fatal disease.4,5 Identifying risk factors of the hemor-

rhagic stroke helps detect and modify the risk, potentially

reducing the odds of death or disability of the fatal

disease.6

Mean corpuscular volume (MCV) describes the average

size and volume of erythrocytes circulating in the blood-

stream.7 It is calculated by dividing the hematocrit by

the concentration of erythrocytes (hematocrit [%] 3 10/

red blood cell count [millions/mm3 blood]). Red blood
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cell distribution width (RCDW) is defined as one standard

deviation (SD) of erythrocyte volume divided by the MCV

(SD/MCV3 100) and is used to measure the heterogeneity

of red blood cell size.8 Therefore, RCDW and MCV are

correlated biologically. RCDW could be a strong predictor

of the risk and prognosis of ischemic stroke.8 Similarly,

MCV can be used to calculate the mortality and morbidity

rates of ischemic stroke.9,10 RCDWandMCVare often used

to diagnose hematological system diseases, such as iron-

deficiency anemia and bone marrow dysfunction.11,12

They help determine the risk of a cardiovascular event

occurring after surgery or blood transfusions.13 Increases

in RCDW can be observed more easily as MCV tends to

remain at low levels8; RCDWand stroke are generally asso-

ciated with a group of patients with low MCV.11

However, studies on the causal effects of RCDW and

MCV on stroke are limited. Recently, a Mendelian

randomization (MR) study proposed that RCDW and

MCV are causally associated with small-vessel and cardi-

oembolic stroke, respectively.14 Whether these two met-

rics are causally related to hemorrhagic stroke remains

to be poorly understood. Numerous studies suggest

RCDW and MCV are associated with the risk factors for
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hemorrhagic stroke.15–27 Higher MCV levels had lower

body mass index, hemoglobin A1c, cholesterol, triglycer-

ide, uric acid levels, diabetes mellitus, dyslipidemia, hy-

pertension, and metabolic syndrome.28–31 Risk factors

for hemorrhagic stroke include hypertension, smoking,

sleep apnea, cocaine use, alcohol abuse, and clotting prob-

lems due to blood disorders or medicine (from Winchester

Hospital). For hypertension, clinical studies propose that

hypertensives have lower MCV than normotensives,

while epidemiological studies suggest that they have

higher MCVs or no relation exists.16,20 Among chronic

kidney disease patients, diabetes mellitus and hyperten-

sion were more common in the low-MCV group.28 A

study on erythrocytotic transgenic mice demonstrated

by experiment that the blood viscosity regulation is an

important adaptive mechanism to excessive erythrocyto-

sis.32 Blood decreases its viscosity by greater shear stress

primarily from the high deformability of red blood cells.33

This can be achieved by increasing the proportion of juve-

nile flexible erythrocytes, which is more deformable with

higher MCV than older ones.32,33 Therefore, higher MCV

correlates with lower blood viscosity, while blood viscos-

ity was reported to be positively associated with systolic

blood pressure, diastolic blood pressure, and mean arterial

pressure.34 Also, RCDW was reported to increase venous

thrombosis and diabetes mellitus,23,35 and be positively

associated with blood pressure.24,25 Hypertensives are

prone to carotid artery atherosclerosis if they have high

RCDW.26 For smoking, continuous cigarette smoking

has severe undesirable influences on hematological in-

dexes, including MCV, hemoglobin, and red blood cells

count, leading to the development of cardiovascular dis-

eases. The MCV level in smokers is higher than in non-

smokers.27 For clotting disorder, blood clot risk can result

from low iron levels,17 while iron deficiency, best charac-

terized by anisocytosis (high RCDW), tends to cause

microcytic anemia (low MCV anemia) in children.18 For

alcohol use disorder, a study also found MCV increases

in blood after 4–8 weeks of excessive alcohol intake.19 A

previous study also reported that RCDW and D-dimer

were associated with cerebral venous thrombosis, a deter-

minant of ICH.15 Thus, RCDW and MCV have been

shown to be associated with different risk factors of hem-

orrhagic stroke.

Based on the above associations, we postulated that the

RCDW/MCV is causally associated with hemorrhagic

strokes, meditated by some causal pathways. Therefore,

this study explored the causal link between RCDW/MCV

and hemorrhagic stroke using MR methods with a focus

on nontraumatic hemorrhagic strokes.
Materials and methods

Data source
All summary-level data can be obtained from the publicly avail-

able Medical Research Council Integrative Epidemiology Unit
2 Human Genetics and Genomics Advances 3, 100135, October 13, 2
OpenGWAS database.36 The exposure and outcome data are

from non-overlapping European populations. The two exposures

(MCV and RCDW) are derived from the UK Biobank database,

where MCV is extracted from the second wave of a genome-wide

association study (GWAS) by the Neale Lab and RCDW from

another GWAS.37 The four hemorrhagic stroke outcomes are

from the FinnGen consortium; we chose the R5 release of GWAS

results. These outcomes are SAH, ICH, nontraumatic intracranial

hemorrhage (nITH), and a combination of SAH, unruptured cere-

bral aneurysm, and aneurysm operations SAH (AOS). Aneurysm

operations in AOS are endovascular or surgical operations to intra-

cerebral aneurysms, coded with Nordic Medico-Statistical Com-

mittee Operations classification of surgical procedures38: AAC0

[0–5], AAC1[0–5], AAC99, and AAL00. We involved AOS because

SAH is one of the endpoints. Based on the definition of the

endpoint in FinnGen, we considered that nITH excludes other

brain hemorrhages—nITH is equivalent to hemorrhagic stroke.

To test the mediation effect, we included blood disorders (elevated

erythrocyte sedimentation rate and abnormality of plasma viscos-

ity) from FinnGen and blood pressure (SBP, systolic blood pressure;

DBP, diastolic blood pressure) from a combined GWAS from the

UK Biobank and the International Consortium of Blood Pres-

sure.39 Table 1 presents the description of GWAS summary data

used, the name of each trait, the specific endpoints coded with

the International Statistical Classification of Diseases and Related

Health Problems 10th Revision (ICD-10), the sample size, and

the mean age of the first event; more information is recorded

across Tables S1, S2, and S3. No ethical approval was required for

this study as we used publicly available data. The MR study was

approved by the City University of Hong Kong Research Commit-

tee (JCC approval no.: jcc2122ay006).
Phenotypic correlations
First, we estimated the phenotypic correlations between the traits

using the GWAS summary statistics with the PhenoSpD R tool-

kit.40 However, PhenoSpD assumes the GWAS samples must over-

lap substantially to compute the phenotypic correlation effec-

tively; otherwise, the correlation will attenuate toward zero as

overlap decreases.40 Our exposures and outcomes are from two

cohorts (UK Biobank and FinnGen). Therefore, the correlations

between the exposure and outcome might unreliably approach

zero. This may be why we observed the correlations between

the exposures or between the outcomes, respectively.
Univariable and multivariable MR
The principles of two-sample univariable MR (UMR) andmultivar-

iable MR (MVMR) have been described elsewhere.41–44 We adop-

ted single-nucleotide polymorphisms (SNPs) as instruments from

non-overlapping individuals of the same ethnicity for RCDW/

MCV and outcomes. As RCDW and MCV are correlated biologi-

cally, they might share genetic variants associated with the risk

of stroke, that is, they are pleiotropic.45 We adjusted MCV and

RCDW in MVMR to control the pleiotropic SNPs and assess the

causality between exposures and outcomes. In general, the UMR

is performed under three assumptions (Figure 1A): (1) SNPs corre-

lated with the exposure (RCDW or MCV); (2) lack of correlated

horizontal pleiotropy (e.g., SNPs are not associatedwith other con-

founders between MCV/RCDWand stroke); and (3) lack of uncor-

related horizontal pleiotropy (e.g., SNPs only affect stroke through

the exposure of interest).45,46 Similar assumptions for MVMR

are proposed,43 as listed: (1) each SNP is associated with RCDW
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Table 1. Description of genome-wide association study summary data for exposures and outcomes

Trait ICD-10 Sample size Event age (years)

Mean corpuscular volume (fL) – 350,473 57

Red blood cell distribution width (1012 cells/L) – 116,666 56.5a

Nontraumatic intracranial hemorrhage I6[0–1] 2,794 cases 61.0

203,068 controls

Intracerebral hemorrhage I61 1,687 cases 65.6

201,146 controls

Subarachnoid hemorrhage I60 1,338 cases 54.9

201,230 controls

Subarachnoid hemorrhage, unruptured cerebral
aneurysm, and aneurysm operations

I60, I671 2,127 cases 56.0

203,068 controls

Elevated erythrocyte sedimentation rate and
abnormality of plasma viscosity

R70 1,093 66.5

212,004

Systolic blood pressure (mmHg) – 757,601 N//A

Diastolic blood pressure (mmHg) – 757,601 NA

aMean age is inferred from Hewitt et al.89 ICD-10, International Statistical Classification of Diseases and Related Health Problems, 10th Revision. Event age is the
mean age of the first event.
or/and MCV; (2) each variant is not associated with a confounder

other than RCDW or MCV; (3) the variant is conditionally inde-

pendent of stroke given the exposures (Figure 1B).

We preprocessed the data to perform two-sample UMR and

MVMR, respectively. For UMR, we performed linkage disequilib-

rium clumping (p¼ 53 10�8, r2 ¼ 0:01 and kb¼ 10,000), allowed

for proxy SNPs, corrected non-palindromic strands, and excluded

palindromic and ambiguous SNPs via the TwoSampleMR R pack-

age.47 Then, we excluded outliers, computed MR estimates, and

performed the sensitivity analyses. For MVMR, we also extracted

the SNPs using the TwoSampleMR package.47 In clumping, we first

kept the SNPs that were both present in two traits. Then, we

selected those with p < 5 3 10�8 in either of the exposures. We

performed clumping and looked for proxies by r2 ¼ 0:01 and

kb ¼ 10,000, and harmonized the SNPs on the same strand.

Finally, we extracted outcome SNPs by a 0.01 MAF threshold to

infer palindromic SNPs; we used default settings for the other

parameters.

Model selection framework
According to the Rücker model selection framework, we selected

the inverse-variance weighted (IVW) analysis under a fixed effect

model as the primary MR estimation when MR assumptions are

satisfied without pleiotropy or heterogeneity effects.48 According

to the MVMR package framework,49 we prioritized IVW in the

absence of weak instrument bias and pleiotropy. Multiple MR

methods have been developed to account for MR estimates under

different violations of assumptions or the existence of heteroge-

neity, for example, MR-Egger48 weighted median, and MR-pleiot-

ropy residual sum and outlier.50 In this study, we computed UMR

estimates using models as listed below: Radial IVW fixed effect

(RadialMR IVW [FE]), Radial IVW random effect (RadialMR IVW

[RE]), and Radial MR-Egger (RadialMR Egger) in the RadialMR R

package49; weighted median and weighted mode in the

TwoSampleMR R package47; and MR-pleiotropy residual sum
Human
and outlier (MR-PRESSO) in the MR-PRESSO.51 Also, we obtained

MVMR estimates using the following models: MVMR IVW in the

MVMR package52; multivariable IVW fixed, random effect

models, and Egger (namely, MR IVW [FE], MR IVW [RE],

and MR Egger) in the MendelianRandomization package53; and

multivariable MR-PRESSO in the MR-PRESSO.51 Moreover, we

computed MVMR estimates under multivariable Robust models

(Robust), which are unbiased and more efficient than IVW with

a low proportion of invalid instruments.49 All of the causal esti-

mates for RCDW and MCV are represented as odds ratios (ORs)

per SD increase in genetically predicted levels of the exposures.

The significance level of p value is 0.05.

Outliner exclusion, heterogeneity, and weak instrument

assessment
We applied the following heterogeneity test statistics for outlier

exclusion and heterogeneity assessment. For UMR, we excluded

outliners and tested the heterogeneity and pleiotropy using the

Cochran’s Q (assuming balanced pleiotropy),48 the Rücker’s Q

(assuming unbalanced pleiotropy) statistics,48 and the MR-

PRESSO global test.51 We also performed MR under the Wald

model to exclude influential SNPs.54 Other heterogeneity tests

based on the funnel plot and Higgins I2 index were provided—

0% and negative I2 indicates no observed heterogeneity, and

increasing values show higher heterogeneity.55,56 We examined

weak instrument bias according to the F statistic formula, where

a rule of thumb of F > 10 is considered strong for instruments.55

Finally, we performed the leave-one-out sensitivity test as sensi-

tivity analysis.

We still removed pleiotropic SNPs inMVMRusingMR-Lasso and

MR-PRESSO as there might be some exposures acting as con-

founders not controlled in our model.49 For example, hematocrit

might be a confounder between MCV and hemorrhagic

stroke.21,57 So, there might be some pleiotropic instruments

associated with MCV and hematocrit. Besides Cochran’s Q and
Genetics and Genomics Advances 3, 100135, October 13, 2022 3



Figure 1. Flowchart of univariable and multivariable Mendelian randomization
UMR, univariable Mendelian randomization; MVMR, multivariable Mendelian randomization; IV, instrumental variable; SNPs, single-
nucleotide polymorphisms; RCDW, red blood cell distribution width; MCV, mean corpuscular volume; ICH, intracerebral hemorrhage;
nITH, nontraumatic intracranial hemorrhage; SBP, systolic blood pressure; DBP, diastolic blood pressure; BD, blood disorders.
MR-PRESSO, we computed QA (robust to weak instruments with

appropriate type 1 error rate) to evaluate the heterogeneity.58

Finally, we calculated the conditional F statistic to assess weak in-

strument bias by the MVMR package.49
4 Human Genetics and Genomics Advances 3, 100135, October 13, 2
Colocalization analysis
Apart from MR and genetic correlations, colocalization analysis is

another widely used approach that leverages genetic data to
022



obtain insights into the genetic relationship between two traits.59

We performed colocalization analysis only between traits that had

a significant causal effect in MR to supplement the association be-

tween the two traits.
Description of colonization analysis
The colocalization analysis used is based on a novel Bayesian sta-

tistical test, which focuses on a single genomic region at a time to

identify shared genes. This method explores whether the data sup-

port a shared causal variant for both traits. If there is more than

one independent association at a locus for a trait of interest,

only the strongest of these distinct association signals is consid-

ered by the algorithms.60 Therefore, using the Bayesian-based co-

localization analysis, we only have at most a single locus in a re-

gion at a time, which is the shared causal variant for the two traits.

At first, two datasets for two traits are from unrelated individuals

with the same ethnicity. We relate genotypes X to phenotypes Y

in a linear regressionY ¼ mþ bX þ ε, assuming the causal variant

is included in the set of Q variants and there is at most one associ-

ation for each trait in the genomic region of interest. Then, we

have a 23Q matrix where, in each row, each element ˛ f0;1g, in-
dicates whether the variant is causally associated with the trait (1

means association). At most one element is non-zero for each trait

within the region of Q variants. The two pairs of vectors generate

five conditions as five hypotheses:

H0: No association.

H1: Association between variant and trait 1, but not trait 2.

H2: Association between variant and trait 2, but not trait 1.

H3: Association between variant and trait 1 and between trait 2,

and two distinct variants.

H4: Association between one shared variant and trait 1 and

trait 2.

Sets of all variants for each hypothesis are S0 S1, S2, S3, S4
We would like to calculate PðHijDÞ; i˛ f1;2;3;4g from posterior

computation.

PðHijDÞf
X

S˛ Si

PðDjSÞPðSÞ0PðHijDÞ
PðH0jDÞf

X

S˛ Si

PðDjSÞ3PðSÞ
PðDjS0Þ3PðS0Þ

PðDjSÞ
PðDjS0Þ in the above equation can be computed by summary statis-

tics from GWAS and PðSiÞ
PðS0Þ and PðS0Þ are assigned by the study.60,61

Finally, we denoted the posterior probabilities with PP0, PP1,

PP2, PP3, and PP4 for SNP causality relating two traits for

the above five mutually exclusive hypotheses. A large PP4

(PP4 > 75%) is evidence of colocalization,60 suggesting a variant

shared between RCDW/MCV and the outcome. Although there

are other colocalization methods for multiple causal variants, for

example, through Sum of Single Effects regression framework,62

our focus was on the causal inference of MCV on hemorrhagic

stroke. Colocalization analysis can supplement the relationship

between MCVand hemorrhagic strokes but cannot infer causal ef-

fect between the two traits. We did not assess the number of the

shared variants and used the more efficient Bayesian statistical

test for colocalization.
Selection of locus for colocalization analysis
Before colocalization, we filtered minor allele frequency and allele

frequency, and p values out of range of ð0;1Þ and deleted missing

SNP ID. The searching regions of colocalization are not consistent

across studies. One study defined the regions within 500 kb of the

lead SNPs,63 another study searched for significant SNPs at 5200

kb of the transcribed region of interest,64 and another study
Human
defined test regions fromMR-independent SNPs within 200 kb dis-

tance to define 118 unique regions.65 In this study, we searched for

the lead SNP within a region of 51 MB and repeated the colocal-

ization analysis within 53 MB using all the GWAS data. We did

not screen the lead SNPs from UMR or MVMR data, because a

shared SNP might not be in the causal path of exposure and

outcome. The most associated SNPs might be excluded during

MR pre-processing, such as during clumping or harmonization.

We used the default setting of prior probabilities.

Mediation analysis
A mediator is a variable on the causal path between an exposure

and an outcome variable; it is vertically pleiotropic. We would

use mediation analysis to account for the mechanism whereby

our exposure could affect the outcome. The rationale of mediation

analysis, assumptions, estimation of mediation by MR, and imple-

mentation challenges have been discussed.66,67 Inmediation anal-

ysis, assuming no interaction, we defined and estimated three pa-

rameters for the effects of the exposure on the outcome: (1) the

total effect b0 is the effect of exposure on the outcome via all path-

ways; (2) the direct effect b00—controlled or natural—is the remain-

ing effect beyond mediator pathways; and (3) the indirect effect

(or mediation effect) is what acts through the mediator(s). The in-

direct effect can be calculated by b0 � b00 with the difference

method or b13b2 with the product of coefficients method.67,68

As shown in Figure 1C, suppose we only involveMCVas the expo-

sure and ICH as the outcome in the mediation analysis (this is

shown in the results). As suggested, we could apply the two-step

MR (akin to the product of coefficients method), which assumes

no interactions between exposures and mediators, for mediation

analysis.67,69 We computed b0 and b1 for MCV on ICH and on

the mediator in MVMR, controlling for RCDW. We also evaluated

b2 in MVMR, controlling for both the exposures, to ensure any ef-

fect of the mediator on the outcome is independent of the expo-

sure.67 Considering the binary outcome with low prevalence

(<10%), the proportion-mediated measure is approximately

1þ eb0þ1

eb0þb1
_b2 �1

per SD increase in genetically instrumented MCV.69

We applied bootstrap for resampling to calculate the confidence

intervals.70
Results

Phenotypic correlation analysis

Figure 2 visualizes the phenotypic correlation between

every trait after correction for multiple testing, where

green indicates a positive correlation and red indicates a

negative correlation. As MCV and RCDW are biologically

correlated, they appear negatively associated (r2 ¼ �0.10;

Figure 2A). We can witness high positive associations be-

tween SAH and AOS (r2 ¼ 0.79), between nITH and ICH

(r2 ¼ 0.78), nITH and SAH (r2 ¼ 0.69), and nITH and AOS

(r2 ¼ 0.57); they cluster around in the hierarchically clus-

tered heatmap (Figure 2B), possibly due to the overlapped

endpoints from SAH/ICH. Moreover, SAH is more closely

related to AOS than to nITH.

UMR results

MR estimates for UMR are presented in the forest plots

across Figures 3A–3D. Each forest plot presents the MR
Genetics and Genomics Advances 3, 100135, October 13, 2022 5



Figure 2. Phenotypic correlation after applying multiple testing corrections
(A) Phenotypic correlation matrix.
(B) Hierarchically clustered heatmap. MCV, mean corpuscular volume; RCDW, red blood cell distribution width; SAH, subarachnoid
hemorrhage; ICH, intracerebral hemorrhage; nITH, nontraumatic intracranial hemorrhage; AOS, cerebral aneurysm, aneurysm opera-
tions, and SAH.
estimates between MCV/RCDW and the outcome,

including the method, number of SNPs, OR (95% CI),

and p values. The outcome title is presented at the bottom

middle part. A pair of arrows above the outcome indicates

the direction of risk that exposure results in for the out-

comes. When the OR and its CI are below one toward

the ‘‘lower risk’’ arrow (p < 0.05), this means genetically

determined higher MCV/RCDW lowers the risk of the

outcome; high MCV/RCDW is protective from the

outcome. On the other hand, if the OR and its CI are

over one toward the ‘‘higher risk’’ arrow (p < 0.05), it

means genetically determined higher MCV/RCDW in-

creases the risk of the outcome; high MCV/RCDW is a

risk factor of the outcome. If the CI crosses one (p R

0.05), the causal effect of MCV/RCDW on the outcome is

non-significant.

IVW fixed effect model RadialMR (FE) showed that the

genetic risk of MCV decreased the odds of ICH (OR ¼
0.89 [0.8–0.99], p ¼ 0.036) and nITH (OR ¼ 0.89 [0.82–

0.97], p ¼ 0.005) per SD increase in genetically predicted

levels of MCV (Figures 3A and 3C). No evidence of causal-

ity was found between MCV and SAH (OR ¼ 0.88 [0.78–1],

p ¼ 0.051), and MCV and AOS (OR ¼ 1.01 [0.91–1.11], p ¼
0.89); the same null results were observed between RCDW

and any other outcome: ORRCDW-SAH ¼ 1 (0.85–1.19), p ¼
0.96; ORRCDW-ICH ¼ 0.96 (0.83–1.11), p ¼ 0.57; ORRCDW-

nITH ¼ 0.97 (0.87–1.09), p ¼ 0.62; and ORRCDW-AOS ¼
0.96 (0.84–1.1), p ¼ 0.6; Figure 3A–3D. Heterogeneity

test statistics presented a lack of heterogeneity and pleiot-

ropy bias between every exposure-outcome pair (Cochran’s
6 Human Genetics and Genomics Advances 3, 100135, October 13, 2
Q: p > 0.93; Rücker’s Q: p > 0.06; MR-PRESSO global test:

p > 0.95; I2 ¼ 0; Table S1). The F statistics were over 84,

indicating no weak instruments bias (Table S1). The

leave-one-out analyses showed the lack of influential in-

struments in any MR estimates (Figures S1–S8). The funnel

plots are relatively symmetrical (Figures S9A–S10D), sug-

gesting a lack of directional pleiotropy. These test indexes

confirmed the use of RadialMR (FE) as the primary analysis

for UMR estimates.

The IVW under the fixed effect model is most powerful

when all IVs are valid.71 Therefore, for other models

(RadialMR Egger, weighted median, and weighted mode),

ICH and nITH showed nonsignificant relation with hem-

orrhagic stroke, possibly due to limited power. MR-Egger

estimators are less powerful and less efficient than IVWes-

timators due to the need to estimate both the slope and

intercept parameters.72 Compared with IVW, the wider

confidence interval for MR-Egger is because the standard

error of the MR-Egger estimate tends to be larger than

that of the IVW method.73 Moreover, instrument strength

independent of direct effect violation introduces more bias

in theMR-Egger estimate than in the IVWestimate.74 Simi-

larly, weighted median and weighted mode estimate the

median or mode of the ratio estimate distribution as a

causal effect. They could be less efficient than other estima-

tors that combine multiple genetic variants more

directly,45 e.g., IVW.

For SAH, we observed a marginal significance for MCV

(OR ¼ 0.88 [0.78–1], p ¼ 0.051) in RadialMR IVW (FE)

while we observed significant effects in RadialMR IVW
022



Figure 3. Univariable Mendelian randomization analysis results
OR (95% CI) estimates in odds ratio and the 95% confidence intervals for outcome risk per 1 SD increase in exposure genetically pre-
dicted levels. Significance level for p is 0.05. IVW, inverse variance weighted; FE, fixed effect; RE, random effect; RCDW, red blood
cell distribution width; MCV, mean corpuscular volume; MR-PRESSO, Mendelian randomization pleiotropy residual sum and outlier;
SNP, single-nucleotide polymorphism; CIs, confidence intervals.

Human Genetics and Genomics Advances 3, 100135, October 13, 2022 7



(RE) (OR ¼ 0.88 [0.79,0.99], p ¼ 0.035) and MR-PRESSO

(OR ¼ 0.88 [0.79,0.98], p ¼ 0.025); non-significance ex-

isted in the remaining models. MR-PRESSO also adopted

IVW before and after removal of outliers.51 However, we

still considered random effects, and fixed effect models re-

sulted in rather consistent results because the point estima-

tors were the same and the latter just produced a 0.01 wider

confidence interval than the former. The random effects p

value of 0.051 is marginal and may be clinically signifi-

cant.75 We would further compare them when adjusting

RCDW in MVMR.

To conclude, UMR suggested that genetically predicted

MCV levels are associated with lower ICH and nITH risk.

MCV and SAH association needed further exploration in

MVMR. No substantial evidence was found for an associa-

tion between MCV/RCDW and other outcomes.

MVMR results

MR estimates for MVMR were presented in the forest plots

across Figures 4A–4D, which could be interpreted similarly

to Figures 3A–3D. After adjusting for RCDW, we found

MCV still reduced the risk of ICH (OR ¼ 0.87 [0.78–0.98],

p ¼ 0.021) and nITH (OR ¼ 0.88 [0.8–0.96], p ¼ 0.004) un-

der the IVW fixed effect model—MR IVW (FE); other

models also showed similar MR estimates (ORMCV-ICH

ranged from 0.87 to 0.88; ORMCV-nITH were all 0.88) with

consistent significance (p < 0.05) (Figures 4B and 4C).

There was no support for causal effects in the remaining

exposure-outcome estimates in all models. For example,

under MR IVW (FE), ORMCV-SAH ¼ 0.91 (0.8–1.03), p ¼
0.14; ORMCV-AOS ¼ 1.02 (0.92–1.13), p ¼ 0.73; ORRCDW-

SAH ¼ 0.94 (0.79–1.12), p ¼ 0.49; ORRCDW-ICH ¼ 0.88

(0.76–1.03), p ¼ 0.1; ORRCDW-nITH ¼ 0.91 (0.81–1.03),

p ¼ 0.14; ORRCDW-AOS ¼ 1.02 (0.89–1.17), p ¼ 0.79

(Figures 4A–4D). Heterogeneity test statistics were all

strong indications of a lack of heterogeneity and pleiot-

ropy (Cochran’s Q p > 0.44, QA p > 0.44, and MR-PRESSO

global test p> 0.46 in Table S2). Moreover, for weak instru-

ment assessment, the conditional F statistics (Table S2)

were over 18; the instruments were adequately powerful

for MVMR. Besides the Rücker model-selection framework,

following the MVMR model-selection framework, we

could also choose MVMR IVW as our preferred model

because of the lack of evidence of heterogeneity and

weak instruments.76 Thus, we considered the MVMR

IVWas the sensitivity analysis and alternative MVMR esti-

mation. We could still observe similar results and draw the

same casual inference for MCV and ICH (OR ¼ 0.87 [0.78–

0.98], p¼ 0.02), andMCVand nITH (OR¼ 0.88 [0.8–0.96],

p ¼ 0.004) (Figures 4A and 4C); we found no evidence to

support causation between any other exposure and

outcome (Figures 4A–4D).

MVMR produced more consistent MR estimates than

UMR, justifying the control of pleiotropic instruments

from RCDW and MCV in our analysis. MR estimates for

MCV with SAH in UMR all became nonsignificant in

MVMR, indicating that the adjustment strengthened the
8 Human Genetics and Genomics Advances 3, 100135, October 13, 2
stability inMR estimates. We consideredMVMR, especially

IVW models, as the final MR estimates for the interpreta-

tion of our study. Therefore, genetically determined MCV

was significantly related to ICH and nITH. The ORs of

ICH and nITH were 0.87 (0.78–0.98), p ¼ 0.021 and 0.88

(0.8–0.96), p ¼ 0.004, respectively, per genetically pre-

dicted 1 SD increase in the MCV level.

Colocalization analysis

We conducted the colocalization analyses between MCV

and ICH, and MCV and nITH. The PP4 for these two pairs

of traits—within the 5 1 MB region of the top hit—were

75.1% and 26.4%; similar values were witnessed within

the53MBregion (75.6%and25.9%) (Table2).Usingcoloc-

alization analysis based on Bayesian statistical test, we

finally resulted in a shared SNP (rs62393683) within two re-

gions for MCV and ICH that both had PP4 over 75%

(Table 2), indicating a strong support for colocalization be-

tween two traits; an association was found between MCV

and ICH61. While for MCV and nITH, the two PP4 did not

support colocalization, possibly due to the result of limited

power61. This SNP (rs62393683) was not involved in our

UMR or MVMR data. We queried PhenoScanner77—a data-

base of human genotype-phenotype associations—for this

SNPand found that it is associatedwithMCV,RCDW,hemo-

globin concentration, hematocrit, diastolic blood pressure,

hypertension, hereditary/genetic hematological disorder,

etc.However, hemorrhagic stroke isnot recorded in these as-

sociations. Our colocalization result might fill in the gap of

the association of MCV and ICH and contribute to the

large-scale genetic association studies.

Mediation results

We applied the IVW fixed effect model to compute the

MVMR estimates of MCV on the mediators and outcomes

(results are shown in Figure 5. The interpretation of Figure 5

was different from Figures 3 and 4. As mentioned in

the Materials and methods, b0 is the MR estimate of

MCV adjusted by RCDW for outcome, i.e., b0 ¼
bMCV jRCDW� out ; b1 is the MR estimate of MCV adjusted by

RCDW for meditator, i.e., b1 ¼ bMCV jRCDW�med; b
0
0 is the

estimate of MCV adjusted by RCDW and mediator for

outcome, i.e., b00 ¼ bMCV jRCDWmed� out ; and b2 is the esti-

mate of the mediator adjusted by MCV and RCDW for

outcome, i.e., b2 ¼ bmedjexp� out . Figure 5 includes the

names of outcomes or mediators of estimates, number of

SNPs, MR estimates (95% CI), and p values.

In two-step MVMR, for step one b1 (MCV on mediator)

we observed that only MCV on DBP, conditional on

RCVDW, showed significant estimates; we still had similar

findings when we used MVMR IVW �0.085 (�0.166 to

�0.003, p ¼ 0.031; Table S3). Therefore, we selected DBP

as the mediator in the following analysis. For step two

b2, effect of DBP on ICH/nITH, total effect b0, and direct

effect b00, we also had significant estimates. The heteroge-

neity tests (Cochran’s Q p > 0.45 and QA p > 0.45),

MR-PRESSO global test (p > 0.46), and conditional F
022



Figure 4. MVMR analysis results
OR (95% CI) estimates in odds ratio and the 95% confidence intervals for outcome risk per 1 SD increase in exposure genetically pre-
dicted levels. Significance level for p is 0.05. RCDW, red blood cell distribution width; MCV, mean corpuscular volume; IVW, inverse
variance weighted; FE, fixed effect; RE, random effect; MR-PRESSO, Mendelian randomization pleiotropy residual sum and outlier;
SNP, single-nucleotide polymorphism; OR, odds ratio.
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Table 2. Colocalization analysis results under significant MR estimates

Region within position 5 1 MB

Chr Position Genes Traits Candidate SNP NSNP PP0 PP1 PP2 PP3 PP4

6 25,633,204 ZFP57 MCV-ICH rs62393683 138,664 0.000 0.134 0.000 0.115 0.751

6 25,633,204 ZFP57 MCV-nITH rs62393683 138,664 0.000 0.425 0.000 0.311 0.264

Region within position 5 3 MB

Chr Position Genes Traits Candidate SNP NSNP PP0 PP1 PP2 PP3 PP4

6 25,633,204 ZFP57 MCV-ICH rs62393683 413,360 0.000 0.135 0.000 0.109 0.756

6 25,633,204 ZFP57 MCV-nITH rs62393683 413,359 0.000 0.417 0.000 0.323 0.259

PP0-PP4: five posterior probabilities for SNP causality relating two traits for five mutually exclusive hypotheses: (1) H0, association with neither trait; (2) H1, as-
sociation with trait 1 but not trait 2; (3) H2, association with trait 2 but not trait 1; (4) H3, association with both traits, with two distinct SNPs; and (5) H4, asso-
ciation with both traits, with one shared SNP. SNP, single nucleotide polymorphism; candidate SNP, candidate causal SNP with maximum PP4 in a test region;
NSNP, the number of SNPs included in the colocalization analysis; MCV, mean corpuscular volume; RCDW, red blood cell distribution width; ICH, intracerebral
hemorrhage; SAH, subarachnoid hemorrhage; nITH, nontraumatic intracranial hemorrhage.
statistics (>10), as calculated in the MVMR analysis,

showed a lack of heterogeneity effects or weak instrument

bias (Table S3). However, as DBP consists of data from the

International Consortium for Blood Pressure and UK Bio-

bank, the study participants with DBP andMCV data over-

lapped partly. We assessed the sample overlap bias and

type 1 error inflation.78 Across the whole range of possible

sample overlap, it suggested no increase of bias (Table S4).

Therefore, we could infer the statistics for mediation effect

from MR should be robust to unmeasured confounding.

Table 3 presents the OR for total effect, indirect effect,

direct effect, and proportion-mediated measure for MCV

on ICH via DBP and MCV on nITH via DBP. Significant re-

sults for these statistics indicated diastolic blood pressure

mediates between MCV and hemorrhagic strokes. Indirect

effects of MCV on hemorrhagic via DBP existed, although

they were close to null (OR ¼ 0.995 [0.99,0.999]). The

proportion mediated was also small, occupying 3.1%

(0.1%,14.3%) in ICH and 3.4% (0.2%,15.8%) in nITH; we

might infer that the causal effect of MCV on hemorrhagic

strokes could result from the independent causal mecha-

nism of MCV or other mediators.
Discussion

This analysis explores the causal effects of MCV and

RCDW on hemorrhagic strokes, including SAH, ICH,

nITH, and AOS. First, our phenotypic correlation analysis

suggested a negative correlation between RCDW and

MCV. Second, UMR and MVMR revealed that only higher

genetically predicted MCV is protective of ICH and nITH.

There is no strong evidence of a causal inference between

RCDW/MCV and any other outcome. Third, the results

of colocalization analysis proposed a single variant on

the causal pathway of MCV and ICH. Finally, mediation

analysis suggested that diastolic blood pressure mediates

between MCV and ICH/nITH. To the best of our knowl-

edge, this is the first study to report the causal effects of

RCDW/MCV on the risk of hemorrhagic strokes.
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Although the Rücker model selection framework sug-

gested that the IVWunder the fixed effectmodel be selected

for interpretation of our results, the IVW fixed-model or

multiplicative random effect model should produce a

consistent MR estimate when there is either a lack of pleiot-

ropy (intercept¼ 0 for all variants) or a balanced pleiotropy,

but the residual standard error of the random effects model

can be greater.48,79 However, in the UMR estimate between

MCV and SAH, our standard error was smaller in IVW (RE)

than in IVW (FE), and the causal effect shown by UMR

IVW (RE)was found toward thenull in theMVMR.We spec-

ulated that there might be pleiotropic SNPs in UMR and,

subsequently, they might be controlled in MVMR. We also

observed that all estimates were consistent between each

exposure-outcome pair. Therefore, our MVMR should pro-

duce more robust estimates than the UMR.

Our results are consistent with previous studies. Hyper-

tension was more common in the low-MCV group,

although among chronic kidney disease patients.29 We

could also infer that genetically determined lower MCV

increased the risk of DBP in our study. Our phenotypic cor-

relation analysis presented a negative association between

RCDW and MCV, consistent with previous studies.25,80 A

meta-analysis and a longitudinal study found that elevated

RCDW was a risk factor for general stroke and ischemic

stroke but not for SAH or ICH.23,81 Our findings showed

no supportive evidence for MCV on SBP, controlling for

RCDW, which was consistent with the previous report

about the lack of a significant relationship between SBP

and MCV after adjusting for red blood cell count.21

The underlying mechanism behind MCV and ICH and

nITH may be mediated by blood pressure. Studies showed

that there is an important adaptive mechanism to regulate

blood viscosity to excessive erythrocytosis by increasing

more juvenile flexible erythrocytes of higher MCV.32,33

We found a mediation effect from DBP instead of SBP.

This might be because DBP is more specific to measure

overall resistance to blood flow than SBP and thus is

more strongly associated with blood characteristics that in-

fluence viscosity, i.e., MCV.21 When whole blood viscosity
2022



Figure 5. Two-step MVMR analysis results
b0, total effect of mean corpuscular volume (MCV) on outcomes
conditional on red blood cell distribution width (RCDW); b00,
direct effect of MCVon outcomes conditional on RCDW; b1, effect
of MCVon mediators conditional on RCDW; b2, effect of MCVon
outcomes conditional on RCDW and diastolic blood pressure;
ICH, intracerebral hemorrhage; nITH, nontraumatic intracranial
hemorrhage; BD, blood disorders; SBP, systolic blood pressure;
DBP, diastolic blood pressure.
increases, peripheral resistance to blood flow also in-

creases, and then blood pressure increases to maintain

blood flow in the face of increased peripheral resistance.21

Blood viscosity was positively associated with systolic

blood pressure, diastolic blood pressure, and mean arterial

pressure.34 Therefore, we could infer that decreased whole

blood viscosity would result in decreased blood pressure.

How MCV is applied to the prevention of hemorrhagic

strokes in medical practice, i.e., the external validity, is still

an open question. First, our result was based on the Euro-

pean population. It could not be extended to other popu-

lations with ethnic backgrounds different from our study.

In the Korean elderly population, MCV values were signif-

icantly greater than in young adults,82 while our mean age

of first-ever hemorrhagic stroke was between 50 and 70

years. There might be heterogeneity to interpret the results

of MCV associated with diseases under different condi-

tions. For example, some studies proposed that elevated

MCV is associated with a reduced incidence of metabolic

syndrome and predicts a lower risk of in-stent resteno-

sis.31,83 There are multiple studies indicating that subjects

with higher MCV levels have lower body mass index, he-

moglobin A1c, cholesterol, triglyceride, uric acid levels,

diabetes mellitus, dyslipidemia, hypertension, and (for

men only) metabolic syndrome28–31 However, higher

MCV levels are also related to an increased risk of all-cause

mortality and cognitive impairment.28,29,84,85 Athletes

with adequate and regular training have higherMCV levels

than sedentary subjects.86 Taken together, it seems that

elevated MCV level reduces a series of health problems,

although this is not always the case. Heterogeneity exists

in subjects with different genders, patients with anemia

or chronic diseases, and athletes without a normal MCV.

Our study conclusion can only be generalized to the Euro-

pean population. There was not much other phenotypic

information in our data. Second, MCV may be altered by
Human G
changes in crystalline osmotic pressure.31 However, ac-

cording to one of our co-authors as a neurologist, currently

there is still a lack of prescribed medications that can

modulate MCV. As mentioned that trained athletes have

higherMCV levels than the sedentary subjects,86 it is likely

that MCV can be altered by physical activity. Still, the effi-

cacy of short-term targeted interventions on MCV cannot

be assessed. But these do not preclude the efficacy of a ther-

apeutic intervention on levels of MCV. Our study still pro-

vides a cost-effective target for drug development for the

prevention of hemorrhagic strokes.

Our study may provide some clinical implications. We

have identified novel potential targets for pharmacological

therapy (RCDW/MCV) to reduce the risk of ICH and nITH.

As higher genetically predicted MCV is considered protec-

tive of ICH and nITH, experiment-based research is war-

ranted to explore further whether this finding can be ex-

ploited to develop new pharmaceutical treatments for

hemorrhagic strokes. However, as we found supportive ev-

idence of causality between MCV and ICH or nTH (combi-

nation of ICH and SAH), but not between MCV and SAH,

the causation of MCV and nTH might result from that of

MCV and ICH. Further investigations are needed to

confirm this inference and clarify the association between

MCV and nITH.

Our study has some limitations. First, we did not involve

and adjust other red blood cell indices in MVMR, such as

hematocrit and mean corpuscular hemoglobin, which are

correlated with MCVand RCDWandmight affect stroke87;

they might share pleiotropic SNPs and should be further

controlled in MVMR. Second, we did not conduct a reverse

casual study for hemorrhagic strokes on MCV/RCDW. It is

unknown whether reverse causation exists. Third, our data

are collected from the European population. Our conclu-

sion could not be extended to other races. Fourth, we did

not perform casual inference using non-linear models.

We cannot detect the causal relationship that might be

non-linear for our null results under linear models. Despite

these limitations, we found no heterogeneity or weak in-

strument bias, adopted multiple rigorous MR estimates,

and followed documented approaches to interpret our re-

sults and present convincing findings on the causal effect

of RCDW and MCV on hemorrhagic strokes.

In conclusion, we conducted the first MR analysis to

investigate the role of genetically elevated RCDW and

MCV in the risk of hemorrhagic strokes. We found that

MCV might reduce the risk of ICH and nITH. These find-

ings may provide new insights into potential drug targets

for hemorrhagic stroke.

Data and code availability

This research used secondary and publicly available GWAS

data from studies with all participants’ informed consent

and review boards and/or ethics committees’ ethical

approval.

Data are available directly from Medical Research Coun-

cil Integrative Epidemiology Unit OpenGWAS database (ID
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Table 3. Mediation effect of MCV on ICH and nITH via DBP

Exposure Mediator Outcome Total effect (OR) Indirect effect (OR) Direct effect (OR) Proportion mediated (%)

MCV DBP ICH 0.873 (0.778,0.98) 0.995 (0.99,0.999) 0.866 (0.767,0.977) 3.1% (0.1%,14.3%)

p ¼ 0.021 p < 0.001 p ¼ 0.02

MCV DBP nITH 0.876 (0.801,0.958) 0.995 (0.99,0.999) 0.866 (0.767,0.977) 3.4% (0.2%,15.8%)

p ¼ 0.004 p < 0.001 p ¼ 0.02
as shown across Tables S1, S2, and S3), the Neale Lab – UK

Biobank, and the FinnGen consortium (see Web re-

sources). We also provide data processed across Tables S5,

S6, S7, and S8. Codes for the analysis are available at Gi-

thub (https://github.com/bbb801/MR).
Supplemental information

Supplemental information can be found online at https://doi.org/

10.1016/j.xhgg.2022.100135.
Acknowledgments

We want to acknowledge the participants and investigators of UK

Biobank and FinnGen study. We thank Lanlan Chen for the advi-

sory opinion on MR analysis and Yu Kwai Natalie Chan for help-

ing with the literature search onMCVand RCDWon hemorrhagic

strokes and related risk factors.
Declaration of interests

This work was supported by the City University of Hong Kong

New Research Initiatives/Infrastructure Support from Central

(APRC; grant no. 9610401), which was not involved in the study

design, data analysis, writing, or submission. All authors declare

no competing interests. Coauthors possess a patent of assessment

system of stroke based on machine learning and deep learning.88

Received: April 20, 2022

Accepted: August 3, 2022
Web resources

American Stroke Association: https://www.stroke.org/en/

about-stroke/types-of-stroke/hemorrhagic-strokes-bleeds

FinnGenEN: https://www.finngen.fi/fi

Medical Research Council Integrative Epidemiology

Unit OpenGWAS: https://gwas.mrcieu.ac.uk/

UK Biobank database: https://www.ukbiobank.ac.uk/

UK Biobank - Neale Lab: http://www.nealelab.is/uk-

biobank

Winchester Hospital: https://www.winchesterhospital.

org/
References

1. Unnithan, A.K.A., Das, J.M., and Mehta, P. (2022). Hemor-

rhagic Stroke (StatPearls).

2. Torpy, J.M., Burke, A.E., and Glass, R.M. (2010). Hemorrhagic

stroke. JAMA 303, 2312.
12 Human Genetics and Genomics Advances 3, 100135, October 13,
3. Madangarli, N., Bonsack, F., Dasari, R., and Sukumari–Ramesh,

S. (2019). Intracerebral hemorrhage: blood components and

neurotoxicity. Brain Sci. 9, 316.

4. Ariesen, M.J., Claus, S.P., Rinkel, G.J.E., and Algra, A. (2003).

Risk factors for intracerebral hemorrhage in the general popu-

lation: a systematic review. Stroke 34, 2060–2065.

5. Grysiewicz, R.A., Thomas, K., and Pandey, D.K. (2008). Epide-

miology of ischemic and hemorrhagic stroke: incidence, prev-

alence, mortality, and risk factors. Neurol. Clin. 26, 871–895.

6. Boehme, A.K., Esenwa, C., and Elkind, M.S.V. (2017). Stroke

risk factors, genetics, and prevention. Circ. Res. 120, 472–495.

7. Maner, B.S., and Moosavi, L. (2019). Mean Corpuscular Vol-

ume.

8. Feng, G.H., Li, H.P., Li, Q.L., Fu, Y., and Huang, R.B. (2017).

Red blood cell distribution width and ischaemic stroke. Stroke

Vasc. Neurol. 2, 172–175.

9. Hatamian, H., Saberi, A., and Pourghasem,M. (2014). The rela-

tionship between stroke mortality and red blood cell parame-

ters. Iran. J. Neurol. 13, 237–240.

10. Aksoy, D., _Inanir, A., Ayan, M., Çevik, B., Kurt, S., and Karaer
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