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Gaziano et al Kidney Dysfunction and CVDs

BACKGROUND: End-stage renal disease is associated with a high risk of cardiovascular events. It is unknown, however, whether
mild-to-moderate kidney dysfunction is causally related to coronary heart disease (CHD) and stroke.

METHODS: Observational analyses were conducted using individual-level data from 4 population data sources (Emerging Risk
Factors Collaboration, EPIC-CVD [European Prospective Investigation into Cancer and Nutrition—Cardiovascular Disease
Study], Million Veteran Program, and UK Biobank), comprising 648 135 participants with no history of cardiovascular disease
or diabetes at baseline, yielding 42858 and 15693 incident CHD and stroke events, respectively, during 6.8 million person-
years of follow-up. Using a genetic risk score of 218 variants for estimated glomerular filtration rate (¢GFR), we conducted
Mendelian randomization analyses involving 413718 participants (26917 CHD and 8622 strokes) in EPIC-CVD, Million
Veteran Program, and UK Biobank.

RESULTS: There were U-shaped observational associations of creatinine-based eGFR with CHD and stroke, with higher risk
in participants with eGFR values <60 or >105 mL'min™"1.73 m™, compared with those with eGFR between 60 and 105
mL'min~"1.73 m=2 Mendelian randomization analyses for CHD showed an association among participants with eGFR <60
mL-min~"1.73 m=, with a 14% (95% ClI, 3%—-27%) higher CHD risk per 5 mL'min="-1.73 m= lower genetically predicted
eGFR, but not for those with eGFR >105 mL'min~"1.73 m™2. Results were not materially different after adjustment for factors
associated with the eGFR genetic risk score, such as lipoprotein(a), triglycerides, hemoglobin Alc, and blood pressure.
Mendelian randomization results for stroke were nonsignificant but broadly similar to those for CHD.

CONCLUSIONS: In people without manifest cardiovascular disease or diabetes, mild-to-moderate kidney dysfunction is causally
related to risk of CHD, highlighting the potential value of preventive approaches that preserve and modulate kidney function.

Key Words: cardiovascular diseases ® coronary disease ® kidney diseases ® stroke

Clinical Perspective Nonstandard Abbreviations and Acronyms

What Is New? CHD Coronary heart disease

* In people without manifest cardiovascular disease CKD Chronic kidney disease

or diabetes, there is a nonlinear causal relation- CvD Cardiovascular diseases
ship between kidney function and coronary heart eGFR Estimated glomerular filtration rate
disease.

EPIC-CVD European Prospective Investigation into
Cancer and Nutrition — Cardiovascular
Disease Study

Genetic risk score
MVP Million Veteran Program
UK Biobank

* Even mildly reduced kidney function is causally
associated with higher risk of coronary heart dis-
ease with a possible risk threshold for eGFR value GRS
of 75 mL'min~"-1.73 m™2,

e The effect of reduced kidney function on coronary
heart disease is independent of traditional cardio- UKB
vascular risk factors.

What Are the Clinical Implications?

* Preventive approaches that can preserve and mod- between non—dialysis-dependent CKD and these out-

ulate kidney function can help prevent cardiovascu-
lar diseases.

* Given the nonlinear causal relationship, it may be a
preferable strategy to identify individuals in the pop-
ulation with mild-to-moderate kidney dysfunction
and target them for renoprotective interventions
alongside routine strategies to reduce cardiovas-
cular risk.

hronic kidney disease (CKD), a major public
health burden, affects >10% of the adult popula-
tion globally."? Kidney failure is associated with a

high risk of cardiovascular disease (CVD) and all-cause
mortality.3-® Strong associations have also been reported

1508 November 15, 2022

comes in both people without manifest CVD and patients
with ischemic CVD, heart failure, high blood pressure, or
diabetes.?®” These observations have led to guideline
recommendations that patients with CKD should be
regarded as being at very high risk of CVD.8?

It is not known, however, whether mild-to-moder-
ate kidney dysfunction is causally relevant to CVD or
whether the increase in CVD risk associated with kid-
ney dysfunction is related to changes in known risk fac-
tors, such as blood pressure and dyslipidemia, which
seem to be a direct result of kidney dysfunction.’®""2
An approach to help evaluate the causal relevance of
kidney dysfunction to CVD is Mendelian randomiza-
tion. Mendelian randomization uses genetic variants
specifically related to a particular exposure to compare

Circulation. 2022;146:15607-1517.DOI: 10.1161/CIRCULATIONAHA.122.060700
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genetically defined population subgroups with differ-
ent average levels of the exposure. The independent
segregation of alleles at conception means that these
genetically defined subgroups should not differ system-
atically with respect to confounding variables, creating
a natural experiment analogous to a randomized trial.
Therefore, compared with conventional observational
analyses, Mendelian randomization analyses provide
more reliable insights into causal relationships between
risk factors and disease outcomes.'3'

Previous Mendelian randomization analyses that have
assumed a linear dose-response relationship between
kidney function and CVD have reported null associa-
tions."*'® However, observational analyses have reported
U-shaped associations of CVD risk with creatinine-based
estimated glomerular filtration rate (eGFR), a measure
of kidney function. Therefore, drawing on multiple large-
scale population bioresources, we evaluated the causal
relevance of eGFR to coronary heart disease (CHD) and
stroke, using Mendelian randomization methods tailored
to nonlinear relationships,'®2° which require concomitant
information on eGFR, genetic determinants of eGFR,
and first-ever CVD outcomes in the same individuals.

METHODS

The data, code, and study material that support the findings
of this study are available from the corresponding author on
reasonable request.

Study Design and Study Overview

This study involved interrelated components (Figure 1). First,
we characterized observational associations between eGFR
and incident CHD or stroke, using data from the Emerging Risk
Factors Collaboration?' EPIC-CVD (European Prospective
Investigation into Cancer and Nutrition—Cardiovascular Disease
Study),”? Million Veteran Program (MVP),* UK Biobank
(UKB),?* collectively involving 648 135 participants, who had
serum creatinine measurements but no known CVD or diabetes
at baseline. Second, we constructed a genetic risk score (GRS)
for eGFR by computing a weighted sum of eGFR-associated
index variants reported in a discovery genome-wide associa-
tion study from the CKDGen consortium comprising 567 460
participants with European ancestry,? none of whom were from
MVP, EPIC-CVD, or UKB. Third, we used this GRS to conduct
Mendelian randomization analyses in a total of 413718 partici-
pants (ie, EPIC-CVD, MVP, UKB), with concomitant individual-
level information on genetics, serum creatinine, and disease
outcomes. Fourth, to assess the potential for interference by
horizontal pleiotropy?® and explore potential mechanisms that
could mediate associations between eGFR and CVD outcomes,
we studied our GRS for eGFR in relation to several established
and emerging risk factors for CVD.

Data Sources

Information on each of the data sources used in the analysis
is provided in the Expanded Methods in the Supplemental
Material. In brief, Emerging Risk Factors Collaboration, a

Circulation. 2022;146:1507-1517. DOI: 10.1161/CIRCULATIONAHA.122.060700
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global consortium of population cohort studies with harmo-
nized individual-participant data for multiple CVD risk factors,
has included 47 studies with available information on serum
creatinine and diabetes status at recruitment?' EPIC-CVD, a
case-cohort study embedded in the pan-European EPIC pro-
spective study of >600000 participants, has recorded data on
serum creatinine and imputed genome-wide array data from
21 of its 23 recruitment centers.?? MVP, a prospective cohort
study recruited from 63 Veterans Health Administration medi-
cal facilities throughout the United States, has recorded serum
creatinine, and imputed genome-wide array data are available
for a large subset of its participants.?®> UKB, a prospective
study of 22 recruitment centers across the United Kingdom,
has cohort-wide information on serum creatinine and imputed
genome-wide array data.?* Relevant ethical approval and par-
ticipant consent were already obtained in all studies that con-
tributed data to this work.

Estimation of Kidney Function

Kidney function was estimated using creatinine-based eGFR,
calculated using the Chronic Kidney Disease Epidemiology
Collaboration equation.?” Creatinine concentration was mul-
tiplied by 0.95 for studies in which measurements were not
standardized to isotope-dilution mass spectrometry.2®2¢ In
a subset of participants with available data, kidney func-
tion was also defined using the Chronic Kidney Disease
Epidemiology Collaboration cystatin C—based equation®® and
albuminuria measured as spot urine albumin-to-creatinine
ratio (Expanded Methods).

Observational Analyses

Primary outcomes were incident CHD and stroke. Details of
end-point definitions for each study are provided in Table S1.
Participants in the contributing studies were eligible for inclu-
sion in the present analysis if they met all of the following cri-
teria: (1) aged 30 to 80 years at recruitment; (2) had recorded
information on age, sex, circulating creatinine, and diabetes sta-
tus; (3) had a creatinine-based eGFR of <300 mL'min~"-1.73
m~?; (4) did not have a known history of CVD or diabetes at
baseline; (5) had complete information on the risk factors of
smoking status, systolic blood pressure, total cholesterol, high-
density lipoprotein cholesterol, and body mass index; and (6)
had at least 1 year of follow-up data after recruitment.

Hazard ratios for associations of creatinine-based eGFR
with incident CHD and stroke were calculated using Cox
regression, stratified by sex and study center, and when appro-
priate, adjusted for traditional vascular risk factors (defined
here as age, systolic blood pressure, smoking status, total cho-
lesterol, high-density lipoprotein cholesterol, and body mass
index) on a complete-case basis. To account for the EPIC-CVD
case-cohort design, Cox models were adapted using Prentice
weights.2° To avoid overfitting models, studies contributing <20
incident events to the analysis of a particular outcome were
excluded from the analysis. Fractional polynomials were used
to characterize nonlinear relationships of creatinine-based
eGFR with risk of CHD and stroke, adjusted for age and CVD
risk factors.®" Study-specific estimates for each outcome were
pooled across studies using multivariable random-effects
meta-analysis, using a reference point of 90 mL'min~"-1.73 m=2
When information on urinary biomarkers in UKB was available,
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(—]
=
o
—
==
—
=
m
ow
m
==
=
(]
==



https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.122.060700@line 2@
https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.122.060700@line 2@
https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.122.060700
https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.122.060700

=
]
=
==
L
7]
Ll
==
—l
=
=
=
o=
=]

Gaziano et al

Kidney Dysfunction and CVDs

Element of analysis

for creatinine-based eGFR

Non-linear Mendelian
randomization analyses of
creatinine-based eGFR and CVD
outcomes

Data sources

ERFC, EPIC-CVD, MVP, UKB

648,135 participants, with information on serum
creatinine measurements, and no prior history of
cardiovascular disease or diabetes.

42,858 incident CHD, and 15,693 stroke outcomes
during follow-up.

Observational association of renal
function with incident CVD —
outcomes
Construction of genetic risk score
‘_

CKDGen consortium
Summary-statistics from 567,460 individuals.

218 genetic variants were included, with no
heterogeneity across ancestry, or no significant
associations with confounders.

b

EPIC-CVD, MVP, UKB

413,718 participants of European ancestry, with
information on creatinine measurements, genotypes,
and no prior history of cardiovascular disease, or
diabetes;

25,917 incident CHD, and 8622 stroke outcomes

EPIC-CVD, UKB

Information on conventional and emerging vascular
risk factors (e.g., systolic blood pressure, and

lipoprotein(a)).

79,413 participants of European ancestry; no prior
history of cardiovascular disease or diabetes; with
information on 167 NMR-metabolites (e.g.,
lipoprotein subfractions, and low molecular weight
metabolites).

Figure 1. Study design and overview.

CHD indicates coronary heart disease; CKDGen, CKD Genetics consortium; CVD, cardiovascular disease; eGFR, estimated glomerular
filtration rate; EPIC-CVD, European Prospective Investigation into Cancer and Nutrition—Cardiovascular Disease; ERFC, Emerging Risk Factors
Collaboration; MVP, Million Veteran Program; NMR, nuclear magnetic resonance; and UKB, UK Biobank.

participants were grouped into tenths on the basis of levels
of urinary albumin-to-creatinine ratio to assess the shapes of
associations between urinary biomarkers and CVD risk, using
participants without albuminuria as the reference group.?

GRS for Kidney Function

Using individual-participant data from EPIC-CVD, MVR
and UKB, we calculated a GRS®® weighted by the condi-
tional effect estimated of the genetic variants associated
(P<Bx1078) with creatinine-based eGFR in CKDGen,® a
global genetics consortium that has published genome-wide
association study summary statistics for creatinine-based
eGFR. Of the 262 variants associated with creatinine-based
eGFR, 37 were excluded because of ancestry heterogeneity
as reported in CKDGen,?® 4 were excluded because of asso-
ciations (P<5x107®) with vascular risk factors as reported
in previous genome-wide association studies (ie, smoking

1510 November 15, 2022

status, alcohol consumption, and education attainment),3*
and 3 were excluded because of missingness in at least 1 of
the contributing studies, leaving 218 variants for the primary
GRS for creatinine-based eGFR.

In sensitivity analysis, we constructed 2 restricted GRSs
using 126 and 121 genetic variants that were likely to be
relevant for kidney function on the basis of their associations
with cystatin C—based eGFR®* and blood urine nitrogen,?
respectively. Sensitivity analysis was also conducted using a
GRS that included all 262 transancestry eGFR-associated
index variants. Furthermore, to evaluate traits that could
mediate or confound (through horizontal pleiotropy) the asso-
ciations between genetically predicted eGFR and outcomes,
we tested associations of GRSs for eGFR with a range of
cardiovascular risk factors in UKB and EPIC-CVD and with
167 metabolites measured using targeted high-throughput
nuclear magnetic resonance metabolomics (Nightingale
Health Ltd) in UKB.

Circulation. 2022;146:15607-1517.DOI: 10.1161/CIRCULATIONAHA.122.060700
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Mendelian Randomization Analyses

To account for the nonlinear relationship between eGFR and risk
of CVD outcomes in observational analyses, we performed a strat-
ified Mendelian randomization analysis using methods described
previously.'®2° For each participant, we calculated the residual
eGFR by subtracting the genetic contribution determined by the
GRS from observed eGFR. Participants were grouped on the
basis of their residual eGFR into 5-unit categories between 45
and <105 mL'min™"1.73 m™, plus <45 and =105 mL'min~"1.73
m~2. By stratifying on residual eGFR, we compared individuals in
the population who would have an eGFR in the same category
if they had the same genotype and reduced the potential influ-
ence of collider bias. We then calculated Mendelian randomiza-
tion estimates for each eGFR category using the ratio method
with the GRS as an instrumental variable, adjusting for age, age-
squared, sex, study center, and the first 10 principal components.
Stratum-specific estimates were combined across studies using
fixed-effect meta-analysis and plotted as a piecewise-linear
function of eGFR, with pointwise confidence intervals calcu-
lated by resampling the stratum-specific estimates. Sensitivity
analyses used non-parametric doubly-ranked stratification
method. Detailed methods describing statistical analysis are in
the Expanded Methods. Analyses used STATA 15.1 and R 3.6.1.

RESULTS

Among the 648 135 participants without history of CVD
or diabetes at baseline, the mean age was 57 years, 57%
were men, and 4.4% had creatinine-based eGFR <60
mL'min~"1.73 m= (Table 1, Tables S2 and S3). During
6.8 million person-years of follow-up, there were 42858
incident CHD outcomes and 15693 strokes. Up to
413718 participants of European ancestry from EPIC-
CVD, MVPE, and UKB contributed to the main genetic
analyses (Figure 1). Distributions of serum creatinine
concentration and creatinine-based eGFR were broadly
similar across studies (Figures S1 and S2).

Observational Associations of eGFR With
Cardiovascular Outcomes

For both CHD and stroke, there were U-shaped asso-
ciations of creatinine-based eGFR. Compared with par-
ticipants with creatinine-based eGFR values between
60 and 105 mL'min~"1.73 m=2, risks of both CHD and
stroke were higher in people with eGFR <60 or >105
mL:min="-1.73 m=2 (Figure 2, Figure S3). The shapes of
these associations did not change substantially after
adjustment for several traditional risk factors (Figure 2).
Associations were similar in men and women, in clinically
relevant subgroups (ie, smokers, people with obesity, or
hypertension; Figure S4), in the different studies contrib-
uting to this analysis (Figure Sb), and when participants
with a history of diabetes or missing information on car-
diovascular risk factors were included (Figures S6 and
S7). Similar associations were also observed for isch-
emic stroke (Figure S3).

Circulation. 2022;146:1507-1517. DOI: 10.1161/CIRCULATIONAHA.122.060700
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For the 338044 participants in UKB with available
data on serum cystatin C and urinary albumin-to-cre-
atinine ratio, there were broadly similar associations of
CHD or stroke with cystatin C—based eGFR as creati-
nine-based eGFR equations, but only when eGFR values
were lower than *90 mL'min~"-1.73 m™. However, there
was no evidence of higher risk of CHD in participants
with cystatin C—based eGFR values >105 mL'min™"1.73
m~? (Figure S8), in contrast with creatinine-based eGFR
values >105 mL'min~"1.73 m=2. Levels of urinary micro-
albumin and urinary albumin-to-creatinine ratio showed
approximately linear associations with risk of CHD and
stroke, which were somewhat attenuated after adjust-
ment for traditional risk factors (Figure S9). Compared
with participants with a creatinine-based eGFR of 75
to <90 mL'min~"1.73 m™2 and without albuminuria, par-
ticipants with albuminuria had higher risk of CHD and
stroke (Figure S10).

Mendelian Randomization of Genetically
Predicted eGFR With Cardiovascular Outcomes

The GRS for eGFR (Table S4) explained 2.0% of variation
in creatinine-based eGFR in EPIC-CVD, 2.2% in MVP,
and 3.2% in UKB. A 1 SD increase in the GRS for eGFR
was associated with 0.18 SD higher creatinine-based
eGFR (Table S5, Figure S11). The GRS for eGFR was
not associated with body mass index, diabetes, smoking
status, or low-density lipoprotein cholesterol concentra-
tions but showed modest associations with lipoprotein(a),
triglycerides, blood pressure, and hemoglobin A1c mea-
surement (Figure S11). Modest associations were also
observed between the GRS for eGFR and triglyceride-
related lipoprotein subclasses in a subset of participants
with available data (Figure S12).

In nonlinear Mendelian randomization analysis, we
observed a curvilinear relationship between genetically
predicted eGFR and CHD (Figure 3). Among participants
with eGFR <60 mL:min~"1.73 m™, each 5 mL'min~"-1.73
m~2lower genetically predicted eGFR was associated with
14% (95% Cl, 3%—27%) higher risk of CHD (Table 2).
There was no clear evidence of association among par-
ticipants with eGFR >75 mL'min~"-1.73 m= (Figure 3).
Similar, but not statistically significant, associations were
observed for stroke (Table 2, Figure 3). Overall, stratum-
specific localized average causal estimates and nonlin-
ear Mendelian randomization estimates were compatible
across the studies contributing to this analysis (Table S6,
Figure S13). Findings were supported in analyses using
the non-parametric doubly-ranked stratification (Table
S7, Figure S14). Similar associations were observed in
analyses that further adjusted for systolic blood pressure,
lipoprotein(a), hemoglobin Alc, and triglycerides (Figure
S15), included participants with a history of diabetes at
baseline (Figure S16), or used ischemic stroke as the
stroke outcome (Figure S17). Results were also similar
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Table 1. Study-Level and Participant-Level Characteristics of the Contributing Data Sources

Characteristics ERFC EPIC-CVD UKB MVP
Location 47 cohorts from 19 21 centers from 8 Eu- | England, Scotland, United States
countries ropean countries and Wales
Years of recruitment 1964-2008 1990-2002 2006-2010 2011-Present
No. of participants 129601 20985 350193 147356
Age at baseline 58.3 (8.9) 56.3 (9.0) 56.3 (8.1) 57.9 (11.9)
Men 68278 (52.7) 9670 (46.1) 155284 (44.3) 128610 (87.3)
Body-mass index, kg/m? 26.3 (4.3) 26.1 (4.0) 27.1 (4.6) 29.0 (5.5)
Systolic blood pressure, mmHg 135 (20) 138 (21) 137 (19) 130 (16)
Current smoker 38381 (29.6) 6233 (29.7) 36422 (10.4) 14394 (9.77)
High-density lipoprotein cholesterol, mmol/L 1.4 (0.4) 1.4 (0.4) 1.5 (0.4) 1.3 (0.4)
Total cholesterol, mmol/L 5.8 (1.1) 6.2 (1.2) 5.8 (1.1) 4.8 (1.0)
Creatinine, mg/dL 0.94 (0.22) 0.82 (0.23) 0.81 (0.18) 1.0 (0.4)
Estimated glomerular filtration rate, mL:-min~"-1.73 m=2
>105 11121 (8.6) 3113 (14.8) 44303 (12.7) 17988 (12.2)
90 to <105 32971 (25.4) 9400 (44.8) 165603 (47.3) 41461 (28.1)
75 to <90 44654 (34.5) 5524 (26.3) 100351 (28.7) 46200 (31.4)
60 to <75 30751 (23.7) 2306 (11.0) 33895 (9.7) 29552 (20.1)
<60 10105 (7.8) 642 (3.1) 6041 (1.7) 12155 (8.2)
Mean estimated glomerular filtration rate 84.5 (16.6) 92.1 (14.8) 91.2 (13.1) 84.9 (18.1)
Incident coronary heart disease events 10390 (8.0) 7638 (36.4) 13863 (4.0) 10967 (7.4)
Incident stroke events 4838 (3.7) 3572 (17.0) 4544 (1.3) 2739 (1.8)

Data are n, n (%), or mean (SD). Participants with a history of diabetes or cardiovascular diseases at recruitment, or incomplete information on creatinine, body
mass index, systolic blood pressure, smoking status, high-density lipoprotein cholesterol, or total cholesterol were excluded. ERFC indicates Emerging Risk Factors
Collaboration; EPIC-CVD, European Prospective Investigation into Cancer and Nutrition—Cardiovascular Disease Study; MVP, Million Veteran Program; and UKB,

UK Biobank.

using GRS for cystatin C—based eGFR, blood urine nitro-
gen, or variants associated with creatinine-based eGFR
regardless of ancestry heterogeneity (Figure S18).

DISCUSSION

In analyses combining genetic, biomarker, and clinical
data in 640000 participants, our study has suggested
that, in people without manifest CVD or diabetes, even
mildly reduced kidney function is causally associated
with a higher risk of CVD outcomes. Our results provide
novel causal insights and highlight the wider potential
value of preventive approaches that can preserve and
modulate kidney function.

First, our study estimated a dose-response curve for
genetically predicted eGFR and CHD, identifying an eGFR
value of /756 mL'min™"-1.73 m= as a possible risk threshold.
Therefore, the causal relationship of kidney function with
CHD is nonlinear in shape, in contrast with those for blood
pressure and low-density lipoprotein cholesterol, which
each have approximately log-linear relationships with CHD
risk across their range of values. In contrast with population-
wide strategies to improve blood pressure and low-density
lipoprotein cholesterol levels, this finding implies that it may
be a preferable strategy to identify those in the population
with mild-to-moderate kidney dysfunction and target them

1512 November 15, 2022

for renoprotective interventions alongside routine strate-
gies to reduce cardiovascular risk. For example, the use
of renoprotective interventions, such as renin angiotensin
aldosterone system inhibitors® and inhibitors of sodium-
glucose cotransporter 2, might provide a potential means
to do s0.3” Our findings encourage additional evaluation of
such agents in patients with CKD without manifest CVD or
diabetes.83°

Second, we found that our GRS for eGFR was mod-
estly associated with several established and emerging
CVD risk factors, including plasma concentration of pro-
atherogenic lipids (eg, lipoprotein(a), triglycerides, and
triglyceride-related lipoprotein subclasses), hemoglobin
Alc values, and blood pressure, consistent with previ-
ous studies.'"° However, adjustment for such factors did
not materially alter the associations between eGFR and
atherosclerotic CVD, indicating that they are unlikely to
mediate or confound the associations between geneti-
cally predicted kidney dysfunction and CHD or stroke
and limiting the likelihood that results are subject to influ-
ences of horizontal pleiotropy. These results suggest that
the effect of reduced kidney function on CVD is indepen-
dent of traditional cardiovascular risk factors and under-
scores the potential importance of direct preservation of
renal function to prevent CVD, in addition to control of
known risk factors.
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Figure 2. Observational associations of eGFR levels with risk of coronary heart disease and stroke (n=648 135).

Participants with missing information on age and CVD risk factors (systolic blood pressure, total and high-density lipoprotein cholesterol, body
mass index, and smoking status) were excluded from the analyses. Hazard ratios were estimated using Cox regression, adjusting for age and CVD
risk factors (systolic blood pressure, total and high-density lipoprotein cholesterol, body mass index, and smoking status), and stratified by sex and
study center. The reference point is 90 mL'min~"-1.73 m™2. Shaded regions indicate 95% Cls. CVD indicates cardiovascular disease; and eGFR,

estimated glomerular filtration rate.

Third, our data help to resolve controversies about the
relevance to CHD of higher-than-average eGFR. In con-
trast with the observation that higher-than-average creati-
nine-based eGFR values are associated with higher CHD
risk at >105 mL'min~"-1.73 m™, we found that genetically
predicted higher eGFR values were not associated with
CHD risk in this same group. This discordance implies dif-
ferent pathophysiological meanings of creatinine-based

eGFR values >105 mL'min™"1.73 m™ (which may rep-
resent a transient state of hyperfiltration before progres-
sion to poorer kidney function and CKD) and genetically
predicted higher eGFR values (which represent a lifelong
tendency toward exposure to better kidney function). This
explanation is supported by our findings showing that the
association between higher creatinine-based eGFR val-
ues and higher CHD risk was principally in participants
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Genetic evidence
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Figure 3. Associations of genetically predicted eGFR with risk of coronary heart disease and stroke (n=413718).

The reference point is 90 mL'min~"-1.73 m™2 Gradients at each point of the curve represent the localized average causal effect on coronary heart
disease or stroke per 5 mL'min"-1.73 m=? change in genetically predicted eGFR. The vertical lines represent 95% Cls. Analyses were adjusted for
age, age-squared, sex, study center, and the first 10 principal components of ancestry. eGFR indicates estimated glomerular filtration rate.
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Table 2. Mendelian Randomization Estimates per 5 mL-min~'-1.73 m-2 Lower Genetically Predicted eGFR With Risk of

Coronary Heart Disease and Stroke

GFR, Mean eGFR, No. of Coronary heart disease Stroke

mL:-min-1.73 m~2 mL:-min-1.73 m~2 participants No. of events HR (95% CI) No. of events HR (95% CI)
<60 51.2 14818 1749 1.14 (1.08-1.27) 491 1.19 (0.97-1.47)
60 to <75 68.9 53256 4314 1.08 (1.01-1.15) 1318 1.14 (1.01-1.28)
75 to <90 83.3 123664 8229 1.05 (1.00-1.10) 2565 0.97 (0.89-1.06)
90 to <105 96.9 176180 9973 1.01 (0.96-1.05) 3582 1.06 (0.98-1.14)
>105* 109.7 45800 1652 0.91 (0.82-1.02) 666 0.95 (0.79-1.14)

Hazard ratios are shown per 5 mL:min="-1.73 m=2 lower genetically predicted eGFR and are adjusted for age, age-squared, sex, study center, and the first 10
principal components. eGFR indicates estimated glomerular filtration rate; and HR, hazard ratio.

*HRs in the group with eGFR >105 were shown per 5 mL:min="-1.73 m2 higher genetically predicted eGFR. Mean eGFR within each stratum was weighted by
the number of participants from each contributing study, and HR estimates within each stratum were meta-analyzed using inverse variance weighting and fixed effects.

who had albuminuria (and, therefore, preexisting kidney
damage) at entry into the study.

Fourth, our results are broadly consistent with a causal
relationship between eGFR and stroke. The lack of sta-
tistically significant findings in our Mendelian random-
ization analysis for stroke outcomes principally reflects
the lower power of our study to evaluate a GRS with
stroke compared with CHD. It may also be attributable
to pathogenetic heterogeneity in stroke diagnoses (eg,
cardioembolic, small vessel disease, and hemorrhagic
subtypes may be less driven by atherosclerotic pathol-
ogy than other ischemic stroke subtypes).442

Our study had major strengths, including a large
sample size, access to individual-participant data, use
of multiple genetic causal inference methods tailored
to the evaluation of nonlinear disease associations, and
an updated GRS that explains more variation in eGFR
than previous analyses.'* However, there are also poten-
tial limitations. First, Mendelian randomization assump-
tions state that the only causal pathway from the genetic
variants to the outcome is through eGFR. Although we
assessed the potential for interference by horizontal plei-
otropy, there is the possibility of residual confounding by
unrecognized effects of genotypes on other risk factors
and by adaptation during early life to compensate for
genetically lower eGFR. Second, to reduce the scope for
confounding by ancestry (population stratification), our
analyses were limited to participants of European ances-
tries. This limitation means that our findings might not
be applicable to other populations, and additional stud-
ies on this topic are needed, especially in non-European
ancestry populations. Third, although serum creatinine is
used routinely for estimating eGFR, true measurement
of GFR requires the use of inulin, iohexol, or iothalamate.
Assay of serum creatinine is liable to interference from
other serum components (eg, bilirubin and glucose)*3#*
and autoimmune activation*® and is sensitive to changes
in individuals’ muscle mass (eg, sarcopenia). Assessment
of cystatin C, an analyte that enables an alternative cal-
culation of eGFR without the potential limitations of cre-
atinine, was available only in a subset of the participants
we studied. However, our genetic analyses restricted to
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genetic variants additionally associated with other bio-
markers of kidney function showed results consistent
with those for creatinine-based eGFR. Last, we used the
2009 Chronic Kidney Disease Epidemiology Collabora-
tion equation to calculate eGFR. However, our analysis
was limited to populations with European ancestry, in
which the 2009 and 2021 Chronic Kidney Disease Epi-
demiology Collaboration equations provide similar esti-
mates of eGFR.*®

CONCLUSIONS

In people without manifest CVD or diabetes, mild-to-
moderate kidney dysfunction was causally related to
cardiovascular outcomes, highlighting the potential car-
diovascular benefit of preventive approaches that im-
prove kidney function.
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