
RESEARCH ARTICLE

Interplay Between Chronic Kidney Disease,
Hypertension, and Stroke
Insights From a Multivariable Mendelian Randomization Analysis

Dearbhla M. Kelly, MB BCh, BAO, MSc, DPhil, MRCPI, Marios K. Georgakis, MD, PhD,

Nora Franceschini, MD, MPH, Deborah Blacker, MD, ScD, Anand Viswanathan, MD, PhD, and

Christopher D. Anderson, MD, MMSc

Neurology® 2023;101:e1960-e1969. doi:10.1212/WNL.0000000000207852

Correspondence

Dr. Kelly

dearbhlakelly2@gmail.com

Abstract
Background and Objectives
Chronic kidney disease (CKD) increases the risk of stroke, but the extent through which this
association is mediated by hypertension is unknown. We leveraged large-scale genetic data to
explore causal relationships between CKD, hypertension, and cerebrovascular disease phenotypes.

Methods
We used data from genome-wide association studies of European ancestry to identify genetic
proxies for kidney function (CKD diagnosis, estimated glomerular filtration rate [eGFR], and
urinary albumin-to-creatinine ratio [UACR]), systolic blood pressure (SBP), and cerebrovascular
disease (ischemic stroke and its subtypes and intracerebral hemorrhage). We then conducted
univariable, multivariable, and mediation Mendelian randomization (MR) analyses to investigate
the effect of kidney function on stroke risk and the proportion of this effect mediated through
hypertension.

Results
Univariable MR revealed associations between genetically determined lower eGFR and risk of
all stroke (odds ratio [OR] per 1-log decrement in eGFR, 1.77; 95% CI 1.31–2.40; p < 0.001),
ischemic stroke (OR 1.81; 95% CI 1.31–2.51; p < 0.001), and most strongly with large artery
stroke (LAS) (OR 3.00; 95%CI 1.33–6.75; p = 0.008). These associations remained significant in
the multivariable MR analysis, controlling for SBP (OR 1.98; 95% CI 1.39–2.82; p < 0.001 for all
stroke; OR 2.16; 95% CI 1.48–3.17; p < 0.001 for ischemic stroke; OR 4.35; 95% CI 1.84–10.27;
p = 0.001 for LAS), with only a small proportion of the total effects mediated by SBP (6.5%
[0.7%–16.8%], 6.6% [0.8%–18.3%], and 7.2% [0.5%–24.8%], respectively). Total, direct and
indirect effect estimates were similar across a number of sensitivity analyses (weighted median,
MR-Egger regression).

Discussion
Our results demonstrate an independent causal effect of impaired kidney function, as assessed by
decreased eGFR, on stroke risk, particularly LAS, even when controlled for SBP. Targeted pre-
vention of kidney disease could lower atherosclerotic stroke risk independent of hypertension.
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Introduction
Chronic kidney disease (CKD) carries a strong epidemiologic
association with stroke risk.1,2 In a large transancestry meta-
analysis of 83 studies, the risk of stroke increased by 7% for
every 10 mL/min/1.73 m2 decrease in estimated glomerular
filtration rate (eGFR) and by 10% for every 25 mg/mmol
increase in urine albumin-to-creatinine ratio (UACR).3 How-
ever, the central mechanisms underpinning the relationship
between CKD and stroke risk remain unclear.4 Traditional risk
factors such as hypertension, diabetes, and atrial fibrillation are
all highly prevalent in patients with CKD, but nontraditional
CKD-related risk factors such as chronic inflammation, uremic
toxins, and oxidative stress are also purported to contribute to
risk by triggering vascular injury and endothelial dysfunction.5

Because hypertension is comorbid in up to 90% of patients with
CKD,6 it is not clear whether the relationship between CKD
and stroke is truly independent of blood pressure (BP). We
previously performed 2 systematic reviews and meta-analysis
of low eGFR, proteinuria, and stroke risk, analyzing studies
according to the way inwhich they adjusted for hypertension.7,8

For pooled studies of low eGFR and stroke risk, there was near-
complete attenuation of associations after adjustment for
longitudinal BP control.7 By contrast, in the meta-analysis of
proteinuria, the pooled risk association did not substantially
attenuate even with the extensive adjustment for BP.8

Mendelian randomization (MR) is a method that uses genetic
variants associated with modifiable exposures as instrumental
variables to test the potentially causal relationship between a risk
factor and disease outcome.9 A previous univariable MR study
found associations between genetically determined lower eGFR
and higher UACR with increased risk of large artery stroke
(LAS) and between genetically determined higher UACR with
increased risk of intracerebral hemorrhage (ICH).10 Building on
this work, multivariable MR (MVMR) offers the opportunity to
further explore the role of hypertension as a potential mediator in
the relationship between CKD and stroke. MVMR uses genetic
variants associated with multiple, potentially related exposures to
estimate the effect of each on a single outcome.11 It also allows
for estimation of mediation effects.

Therefore, using MVMR, we leveraged large-scale genetic
data to explore causal relationships between genetic predis-
positions to CKD, hypertension, and cerebrovascular disease

phenotypes, testing the hypothesis that the effect of CKD on
stroke risk is mediated through increased BP.

Methods
Study Design
We conducted summary-level univariable, multivariable, and
mediation MR analyses to investigate the effect of kidney
function on stroke risk and the proportion of this effect me-
diated through hypertension. In MR analysis, a genetic variant
is considered to be a valid instrument if certain assumptions
hold, including that the genetic variant is associated with the
exposure of interest, that it is not associated with the outcome
through a confounding pathway and that the variant does not
affect the outcome directly, only possibly indirectly through
their effect on the exposure of interest.9 Figure 1 conceptually
depicts our approach, and Table 1 summarizes the data
sources used in each analysis.

To further explore associations between genetically predicted
kidney disease traits and LAS, we additionally performed MR
analyses to investigate the relationship between lower eGFR,
carotid intima media thickness (CIMT), and the presence of
carotid plaque.

Data Sources
We used data from genome-wide association study (GWAS)
of European ancestry to identify genetic proxies for kidney
function (CKD diagnosis, eGFR, and UACR), blood pressure
(systolic blood pressure [SBP], diastolic blood pressure
[DBP]), and cerebrovascular disease (ischemic stroke and its
subtypes and ICH). Similar to previous work,10 we used CKD
diagnosis as well as both eGFR and UACR to explore im-
paired kidney function because these exposures may capture
different aspects of kidney pathophysiology, and their com-
bined assessment of function is increasingly recommended in
both clinical practice and research.12,13 The cystatin-C–based
formula for estimating eGFR was chosen instead of a
creatinine-based one because of its superior accuracy and
better cardiovascular predictive ability.14,15

CKD diagnosis and eGFR GWAS summary meta-analysis
statistics were derived from the 1000 Genomes-based Chronic
Kidney Disease Genetics (CKDGen) consortium effort.16 The
genotypic and phenotypic procedures of the CKDGen con-
sortium GWAS are outlined elsewhere.17,18 In brief, genetic

Glossary
AS = all stroke; BP = blood pressure; CES = cardioembolic stroke; CIMT = carotid intima media thickness; CKD = chronic
kidney disease; CKDGen = 1000 Genomes-based Chronic Kidney Disease Genetics; DBP = diastolic blood pressure; eGFR =
estimated glomerular filtration rate; FDR = false discovery rate; GWAS = genome-wide association study; ICH = intracerebral
hemorrhage; IS = ischemic stroke; ISGC = International Stroke Genetic Consortium; IVW = inverse-variance weighted; LAS =
large artery stroke; MVMR = multivariable MR; MR = Mendelian randomization; OR = odds ratio; SBP = systolic blood
pressure; SNP = single-nucleotide polymorphism; SVS = small vessel stroke; UACR = urine albumin-to-creatinine ratio.
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instrumental variables for eGFRwere identified from aGWAS
meta-analysis from the CKDGen Consortium and UK Bio-
bank (n = 460,826 for cystatin-based eGFR).18 For CKD
diagnosis, we obtained genetic association estimates from an
earlier CKDGen GWAS meta-analysis (n = 480,698 [41,395
cases and 439,303 controls]).17 Summary statistics for the
UACR trait were obtained from a UK Biobank-based GWAS
(n = 382,500).19

The MEGASTROKE consortium20 and the International
Stroke Genetic Consortium (ISGC) GWAS for ICH were
used to derive genetic association estimates for cerebrovas-
cular phenotypes.21 The details of the study populations and
stroke subtyping ascertainment are available online at the
Cerebrovascular Disease Knowledge Portal.22 In brief, our
analysis was based on the European ancestry GWAS summary
statistics of the study (40,585 cases; 406,111 controls). The
phenotypes used included (1) all stroke (AS), inclusive of all
subtypes; (2) ischemic stroke (IS) regardless of subtype; the 3
available etiologic ischemic subtypes (3) LAS, (4) small vessel
stroke (SVS), and (5) cardioembolic stroke (CES); and (6)
ICH. IS and ICH were defined based on clinical and imaging
criteria, and IS subtypes were classified based on the Trial of
Org 10172 in Acute Stroke Treatment classification system.23

SBP and DBP summary meta-analysis statistics were obtained
from the largest GWAS of blood pressure traits to date in
which data were combined from UK Biobank and the In-
ternational Consortium of Blood Pressure.24,25 The study
included 757,601 individuals of European ancestry. SBP val-
ues were based on the average of 2 values and adjusted for
antihypertensive therapy.

CIMT and carotid plaque summary statistics were available
from a meta-analysis of GWAS data in individuals of Euro-
pean ancestry for CIMT (up to 71,128 participants from 31
studies) and carotid plaque (up to 48,434 participants from 17
studies; 21,540 with defined carotid plaque).26

The methodologies for genotyping and bioinformatic genetic
analysis of each of the GWAS cited were consistent or compa-
rable across the studies, and further details are available in the
citations.17-21,24,26 All the summary statistics were derived from
inverse-variance weightedmeta-analysis restricted to participants
of European ancestry after adjusting for age, sex, and principal
components reflecting ancestry. eGFR and UACR were log-
transformed. The meta-analysis in the BP GWAS additionally
adjusted for body mass index and genotyping platform.

Statistical Analysis
We performed summary-level univariable MR analyses to in-
vestigate the total, indirect, and direct effects of CKD (clinical
diagnosis, eGFR, andUACR) on each of the stroke phenotypes
(Figure 1). Power calculations for these analyses are available in
eTable 1 (links.lww.com/WNL/D128). The total effect is de-
fined as the net effect of genetically predicted CKD on stroke
risk irrespective of mechanism. The indirect effect is defined as
the effect of genetically predicted CKD on stroke risk that is
mediated through hypertension. The indirect effect was calcu-
lated using the product of coefficients method,27,28 in which we
multiplied the univariableMR estimate for the effect of CKDon
SBP and DBP and the multivariable MR estimate for the effect
of SBP andDBP on stroke risk controlling for CKD. To test the
null hypothesis of no mediation through hypertension, we
calculated CIs for the indirect effect using the previously de-
scribed Monte Carlo method.29 A p value for the indirect effect
was derived using the propagation of error method.30 We cal-
culated the proportion of the mediated effect by dividing the
indirect effect by the total effect. The direct effect is defined as
the association of genetically determined CKD on stroke risk
through mechanisms independent of mediation. We used
multivariable MR to estimate the direct effect.31

For MR analyses, we used as instruments genetic variants that
were associated with CKD diagnosis, eGFR, UACR, SBP, and
DBP at genome-wide significance (p < 5 × 10−8) after pruning
based on linkage disequilibrium between variants (distance

Figure 1 Direct Acyclic Graph to Illustrate Total, Direct, and Indirect Effects of CKD on Stroke Risk

Directed acyclic graphs demonstrating the hypothesized di-
rection for the total effect of CKD on increased odds of stroke
(A) and the hypothesized direction for the effect of CKD on
increased hypertension (B), which may partially mediate the
effect of CKD on stroke risk. CKD = chronic kidney disease.
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window of 10,000 kB and r2 < 0.001). The instruments for
kidney traits are presented in eTable 2 (links.lww.com/WNL/
D129) and those used as proxies for BP traits have been

previously published.32 The genetic association estimates for the
described outcomes were obtained from the MEGASTROKE
and ISGC GWAS summary statistics. After extraction of the

Table 1 Characteristics of Participants Included in the GWASs Used for the Analyses

Traits Consortium Participants, n Women, %
Age, y,
mean (SD)

Trait value,
mean (SD) GWAS adjustments Imputation panel used

Kidney traits

CKD CKDGen 480,698 (41,395
cases and 439,303
controls)

50.0 54.0 Age, sex HRC v1.1 or 1000Gp3v5
1000Gp1v3 ALL panel

eGFR 460,826 54.0 56.8 (8.0) 88.1 (16.1) mL/
min/1.73 m2

Age, sex, and other
study-specific
covariates

HRC (v1.1) or the 1000G
(ALL panel) panels

UACR UKB 382,500 54.0 56.9 (8.3) 9.8 (2.7) mg/g Age, sex, and the first
10 genetic PCs

HRC reference panel

Cerebrovascular
disease
phenotypes

AS MEGASTROKE 40,585 cases and
406,111 controls

41.7 67.4 (12.3) Age, sex All studies used imputed
genotypes based on at
least the 1000G phase 1
multiancestral reference
panel

IS 34,217 cases and
406,111 controls

41.7 67.4 (12.3)

LAS 4,373 cases and
406,111 controls

48.9 65.9 (10.4)

SVS 5,386 cases and
406,111 controls

45.5 65.6 (12.4)

CES 7,193 cases and
406,111 controls

46.4 68.1 (9.4)

ICH ISGC 1,545 cases and
1,481 controls

45.1 67.0 (10.0)

Blood pressure

SBP UKB/ICBP 757,601 52.6 55.63 (8.9) 139 (20) Age, sex, age2, BMI,
and a binary
indicator variable for
UKB vs UK BiLEVE to
account for the
different genotyping
chips

For UKB—HRC panel. For
ICBP—either the 1000G
Phase 1 integrated release
v3 (March 2012) all
ancestry reference panel or
the HRC panel

DBP 757,599

Carotid traits

CIMT CHARGE 71,128 Age, sex, and up to
10 principal
components

Each GWAS study
conducted genome-wide
imputation using a Phase 1
integrated reference panel
from the 1000G
Consortium using IMPUTE2
or MaCH/minimac, and
used Human Reference
Genome Build 37

Carotid plaque 48,434

Abbreviations: 1000G = 1000 Genomes Project; 1000Gp1v3 = ALL or phase 1 v3; 1000Gp3v5 = 1000Genomes Project phase 3 v5; AS = all stroke; BMI = bodymass
index; CES = cardioembolic stroke; CIMT = carotid intimamedia thickness; CKD= chronic kidneydisease; CKDGen= 1000Genomes-basedChronic KidneyDisease
Genetics; DBP = diastolic blood pressure; eGFR = estimated glomerular filtration rate; GWAS = genome-wide association study; HRC = Haplotype Reference
Consortium; ICBP = International Consortium for Blood Pressure; ICH = intracerebral hemorrhage; IS = ischemic stroke; ISGC = International Stroke Genetic
Consortium; LAS = large artery stroke; OR = odds ratio; SVS = small vessel stroke; UACR = urine albumin-to-creatinine ratio; UKB = UK Biobank.
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association estimates, we next performed harmonization of the
direction of effects between exposure and outcome associations
based on the effect allele, where palindromic single-nucleotide
polymorphisms (SNPs) were aligned when minor allele fre-
quencies were less than 0.3 or were otherwise excluded. We
determined individual MR estimates for each instrument using
the Wald estimator and calculated standard errors using the
delta method.33 Individual MR estimates were pooled using
fixed-effects inverse-variance weighted (IVW) analyses. The
overall effect sizes on stroke risk were reported as odds ratios
(ORs) and 95%CIs of OR. Heterogeneity across estimates was
examined with the I2 and the Cochran Q test (I2 > 50% and
p < 0.05 were considered statistically significant).34 We per-
formed sensitivity analyses that are more robust than the IVW
method to certain forms of pleiotropy, including the weighted
median35 and MR-Egger.36 The estimated value of the in-
tercept in MR-Egger regression can be considered to be an
estimate of the average pleiotropic effect across the genetic
variants. An intercept term that differs from zero is indicative of
overall directional pleiotropy.36 To investigate the influence of
outlying or pleiotropic genetic variants, we performed a
leave-one-out analysis in which we omitted 1 SNP in turn.37

All MR analyses were performed in R (version 4.1.0; the
R Foundation for Statistical Computing, Vienna, Austria)
using the MendelianRandomization and TwoSampleMR
packages. Finally, we also tested for the inverse association
using kidney traits as outcomes and cerebrovascular disease
phenotypes as exposures (bidirectional MR).29 Given the 6
cerebrovascular disease phenotypes studied for each of the 3
kidney traits, for the univariable MR analysis, we set statistical
significance at an false discovery rate (FDR)–adjusted p value
<0.05. We did not apply FDR adjustment for the p values for
the multivariable MR analyses because we considered these to
be exploratory in nature.

Standard Protocol Approvals, Registrations,
and Patient Consents
This study used publicly available, deidentified summary
statistics from GWAS meta-analyses of individual studies that

had already obtained ethical review board approvals and that
had obtained written informed consent from all included
patients or their guardians.

Data Availability
Genetic variants used are available in the eAppendix 1 (links.
lww.com/WNL/D128), and the code used for all analyses is
available on request.

Results
Univariable Analyses
There were 23, 195, and 38 genetic instruments for CKD
diagnosis, eGFRcys, and UACR, respectively. The genetic in-
struments explained 0.13% of the variance in CKD diagnosis,
1.2% of the variance in eGFRcys, and 0.16% of the variance in
UACR, with mean F statistics of 23, 28, and 17, respectively.

Using fixed-effects IVW MR analysis, we found genetic pre-
disposition to CKD diagnosis to be associated with a higher
risk of AS and IS subtypes (OR 1.07; 95% CI 1.01–1.12; p =
0.018 and OR 1.07; 95% CI 1.01–1.13; p = 0.031, re-
spectively) (eFigure 1 and eTable 3, links.lww.com/WNL/
D128). However, these associations did not remain significant
after FDR adjustment. We found genetically determined
lower eGFR to be significantly associated with AS (OR per
1-log decrement in eGFR, 1.77; 95% CI 1.31–2.40; p <
0.001), IS (OR 1.81; 95% CI 1.31–2.51; p < 0.001), and most
strongly with LAS (OR 3.00; 95% CI 1.33–6.75; p = 0.008)
(eFigure 1). Associations between eGFR and these stroke
subtypes remained significant even after FDR adjustment of
the p values (eTable 4). Genetically determined UACR was
not significantly associated in univariable MR analysis with
any of the cerebrovascular disease subtypes (eFigure 1).
There was significant heterogeneity as defined by the Cochran
Q test when exploring the associations between genetically
determined eGFR, AS, and IS and between UACR and CES,
but none of the intercepts from theMR-Egger regression were

Figure 2 Univariable and Multivariable Mendelian Randomization Associations Between Genetically Determined Kidney
Disease Traits and Cerebrovascular Disease Phenotypes, Controlling for Systolic Blood Pressure

Shown are the results derived from inverse-variance weighted Mendelian randomization analysis. AS = all stroke; CES = cardioembolic stroke; eGFR = estimated
glomerular filtration rate; ICH = intracerebral hemorrhage; IS = ischemic stroke; LAS = large artery stroke; OR = odds ratio; SVS = small vessel stroke; UACR = urine
albumin-to-creatinine ratio.
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statistically significant, supporting a lack of significant plei-
otropy in the analysis. Leave-one-out analyses did not show
any indication that MR results might be driven by a single
SNP (eFigure 2). Furthermore, the weighted median and the
MR-Egger regression analyses provided association estimates
that were directionally consistent and of similar magnitude as
the ones derived from the IVW analyses, although with wider
CIs, as expected given the lower statistical power of these
approaches (eTables 3–5).

Multivariable Analyses
We then performedMVMR controlling for SBP and found that
there was still strong evidence for an independent effect of
impaired kidney function on risk of ischemic stroke (Figure 2).
In particular, genetically predicted lower eGFR was still asso-
ciated with risk of LAS even after controlling for SBP (OR per
1-log decrement in eGFR, 4.35; 95%CI 1.84–10.27; p = 0.001)
(Figure 2 and eTable 4, links.lww.com/WNL/D128). There
was also strong evidence for an independent effect of geneti-
cally predicted lower eGFR on AS (OR 1.98; 95% CI
1.39–2.82; p < 0.001) and IS (OR 2.16; 95% CI 1.48–3.17; p <
0.001) subtypes. Genetic predisposition to CKD diagnosis also
remained significantly associated with AS (OR 1.07; 95% CI
1.02–1.12; p = 0.01) and IS (OR 1.07; 95% CI 1.01–1.12; p =
0.01) subtypes after controlling for SBP in the MVMR analysis
(Figure 2 and eTable 3). As per the univariable analysis, the
independent causal effects estimated from multivariable MR-
median and MR-Egger were consistent with the IVW analysis
(eTables 3–5).

In multivariable MR analysis controlling for DBP, we found
consistent evidence for a causal independent effect of genetically
predicted CKD on AS subtype (OR 1.06; 95% CI 1.01–1.11;
p = 0.029) (eTable 6 and eFigure 3, links.lww.com/WNL/
D128) and genetically predicted eGFR on AS (OR per 1-log
decrement in eGFR, 1.90; 95% CI 1.33–2.72; p < 0.001), IS
(OR 1.96; 95% CI 1.33–2.90; p = 0.001), and LAS (OR 2.76;
95% CI 1.16–6.58; p = 0.02) (eTable 7 and eFigure 3). Ge-
netically determinedUACRwas also associated with ICH risk in
themultivariableMR controlling for DBP (OR per 1 increment,
4.90; 95% CI 1.38–17.46; p = 0.014), but not SBP (eTable 8
and eFigure 3).

Mediation Analyses
We then performed mediation MR analysis in which we calcu-
lated the proportion of the effect that was mediated by BP by
dividing the indirect effect by the total effect for each of the renal
traits and cerebrovascular phenotypes. The most relevant medi-
ation analysis results are presented in Figure 3. For the effect of
genetically determined lower eGFR on odds of LAS mediated
through SBP, we estimated an OR of 1.08 (95% CI 1.01–1.14)
and the calculated proportion mediated was 7.2% (95% CI
0.5%–24.8%) of the total effect (p = 0.03). Similarly, for the
indirect effect of lower eGFR on risk of LAS mediated through
DBP was 1.09 (95% CI 1.05–1.14) with DBP mediating only
7.8% (3.3%–28.6%) of the total effect (p= 0.01) (eFigure 3, links.
lww.com/WNL/D128). For the genetic association between
UACR and ICH risk, only 4.3% (−22.4% to 37.8%) of the pro-
portion of the total effect was also mediated by DBP (eFigure 4).

Figure 3 Mediation Mendelian Randomization Association Between Genetically Determined Estimated Glomerular
Filtration Rate and Large Artery Stroke, Controlling for Systolic Blood Pressure

Directed acyclic graph demonstrating the total, direct, and indirect effects of estimated glomerular filtration rate on large artery stroke risk as well as the
proportion of the total effect mediated by systolic blood pressure. Shown are the results derived from inverse-variance weighted Mendelian randomization
analysis. eGFR = estimated glomerular filtration rate; SBP = systolic blood pressure.
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To exclude reverse causation, we performed MVMR explor-
ing the effects of BP traits on cerebrovascular phenotypes and
what proportion of these effects were mediated by kidney
disease traits (eFigure 5, links.lww.com/WNL/D128). There
was no evidence of a bidirectional relationship between SBP
and eGFR and between DBP and eGFR with little or no
proportion of the total effect of BP traits on stroke subtypes
mediated by lower eGFR (<1%).

To explore the association between genetically predicted
lower eGFR and LAS is mediated by effects of low eGFR on
atherogenesis, we examined the relationship between lower
eGFR and carotid intima media thickness as well as with
presence of carotid plaque (eFigure 6 and eTable 9, links.lww.
com/WNL/D128). However, we found no significant asso-
ciations between lower eGFR and either carotid artery trait
(β for CIMT −0.004; 95% CI −0.032 to 0.025; p = 0.81 and
OR per 1-log decrement in eGFR for carotid plaque 0.98; 95%
CI 0.37–2.61; p = 0.60).

Discussion
Leveraging large-scale genetic data, we applied univariable
and multivariable MR to determine whether impaired kidney
function influences risk of stroke independently of elevated
BP. Little of this effect (4%–8%) seemed to be mediated by
BP. These results were largely robust to sensitivity analyses
accounting for horizontal pleiotropy.

Our results build on extant efforts to leverage genetics to
explore potential causal relationships between kidney disease
and stroke, with the important addition of MVMR controlling
for BP traits. As such, we have found strong evidence for a
direct causal effect of impaired kidney function on risk of
stroke, particularly between genetically determined lower
eGFR and LAS. By conducting mediation analysis in the
context of MR, our study adds to knowledge by formally
investigating whether increased BP mediates the effect of in-
creasing stroke risk for patients with CKD. Our study pro-
vides evidence of little indirect effect of CKD on stroke risk
through BP, suggesting that other mechanisms, possibly in-
trinsic to kidney disease, may underlie the pathophysiologic
processes leading to stroke in patients with CKD.

Deploying more recent and larger data sets,17,18 we have also
confirmed previous associations between genetically de-
termined impaired kidney function and risk of IS demon-
strated by both PRS and MR approaches.10,38 In particular,
consistent with the previous univariable MR study,10 there
was a strong (3-fold) association between lower eGFR and
LAS. Our results extend these previous findings by addi-
tionally showing associations between lower eGFR, AS, and
IS, as well as between genetic predisposition to CKD di-
agnosis, AS, and IS, although the latter were not robust to

FDR adjustment. The consistency of these relationships
across various kidney disease traits and stroke subtypes pro-
vide further support for the cerebrorenal paradigm and for the
potential causal role of CKD in cerebrovascular disease. In
contrast to the previous MR study,10 we did not replicate the
associations between genetic predisposition to higher UACR
and LAS or ICH risk. However, this discrepancy likely relates
to our stricter threshold for clumping (r2 < 0.001 vs <0.1 in
the earlier study) because the findings were otherwise of
similar magnitude and directionally consistent.

Although several large meta-analyses that have adjusted for tra-
ditional cardiovascular risk factors support our findings of an
independent effect of impaired kidney function on stroke
risk,3,8,39 our results do contrast with amore recent meta-analysis
in which the association was attenuated with adjustment for
measures of longitudinal BP control.7 These conflicting results
may relate to lack of statistical power or subtype specificity, study
heterogeneity, and the inherent limitations of pooling mostly
observational studies for meta-analysis. By contrast, our study
benefits from the statistical power of the largest and most recent
GWAS data sets available including the phenotypic character-
ization of stroke into its etiologic subtypes.

Several mechanisms have been suggested to explain the ob-
served associations between CKD and stroke.4,5 One might
have expected a causal link between CKD and SVS, but if hy-
pertension mediates both of these, then it could account for the
lack of causal association.40 There was instead a stronger, in-
dependent association with LAS, implicating an impact of kid-
ney disease on the atherosclerotic disease pathways in some
way. The absence of a corresponding association with CIMT
suggests that CKD may not necessarily affect atherogenesis but
rather that it may play a role in atheroprogression, plaque de-
stabilization, or rupture. In observational studies, patients with
CKD have been shown to have different plaque morphology
with reduced total collagenous fiber content, greater levels of
total calcification, and higher lesion stability and risk of rup-
ture.41 Furthermore, serum markers of inflammation, vascular
calcification, and vessel wall degradation have also been shown
to be significantly higher in patients with CKD compared with
those with normal kidney function including enhanced levels
of fibrinogen, parathyroid hormone, fetuin-A, and matrix
metalloproteinase-7, suggesting that the proinflammatory mi-
lieu of CKD may play a role.42 However, further studies are
required to better understand the impact of CKD on LAS
pathophysiology.

Our study had a number of strengths. Compared with con-
ventional observational studies, MR is more robust to residual
confounding and measurement error because genetic variants
are randomly assigned and fixed at conception and cannot be
influenced by confounding factors that act after conception.43

This study applied both univariable and multivariable MR
methods, using the largest number of SNPs identified from
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the latest well-powered GWAS studies that could be identified
in the literature. MVMR is a novel extension of MR analyses
that allows exploration of causality and clarification of the
direction of demonstrated associations, thus ruling out reverse
causation.43 A series of pleiotropy-robust methods were rig-
orously applied to ensure that findings were not biased as a
result of pleiotropy.

Our study also has some limitations. First, using instruments
with an F-statistic >10 only reduces bias to less than a certain
level, and the issues with weak instrument bias still occur.44

Second, because there was less statistical power in the analyses
involving the CKD diagnosis and UACR instruments, we may
not have captured all potential causal associations between
impaired kidney function and the various stroke subtypes,
particularly as those related to proteinuric kidney diseases.
Third, there was significant heterogeneity present in some of
the analyses which relate to directional pleiotropy. Con-
founding by cryptic pleiotropy is a known limitation of MR
analyses.45 However, we addressed this possibility by quan-
tifying pleiotropy and by using multiple MR approaches with
different modeling assumptions regarding the use of pleio-
tropic variants in the analyses to further strengthen the val-
idity of our MR models. Genetic variants with different
functional effects on the risk factor may be an alternative
explanation for some of the observed heterogeneity, whereby
different biological mechanisms give rise to the association
with kidney disease traits, and thus, different magnitudes of
causal effect may be expected. Kidney disease itself has a very
heterogenous pathobiology.46 Fourth, analyses were based on
summary statistics from individuals of European ancestry,
which may limit the generalizability of our findings to other
ancestry groups. This is relevant to vulnerable populations
such as Black and Hispanic patients where there are important
phenotypic and prognostic differences in hypertension and
CKD.47,48 One previous transancestry MR analysis did not
demonstrate an association between eGFR and stroke risk;
however, this study focused on all ischemic stroke and not
individual cerebrovascular phenotypes, and they did not
perform mediation analysis in the context of MR.49

In conclusion, this study used both univariable and multi-
variable MR analyses to demonstrate a causal effect for
impaired kidney function on stroke risk that is independent
of hypertension. In particular, we observed large effects for
LAS risk in our multivariable MR analysis. These findings
could help prioritize CKD prevention and treatment to
mitigate stroke risk and motivate future studies to provide
further insight into mechanisms linking kidney disease and
stroke.
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