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Background: Kidney stone disease (KSD) has been reported to be associated with several cardiovascular
diseases. However, the causality between the conditions remains unknown. In the study, we performed
a study on bidirectional causality by two-sample Mendelian randomization (MR) to investigate the
causality between KSD and cardiovascular diseases including coronary atherosclerosis, hypertension, and
cardiomyopathy.

Methods: In the recent study, we performed a bidirectional two-sample MR study using available genome-
wide association summary data from the online database MRBASE. We identified genetic variants associated
with KSD in one European population from UK Biobank (version 2, n=462,933). Two phenotypes of samples
were chosen from the population to define our genetic instrumental variables: (I) samples with the phenotype
of kidney stone/ureter stone/bladder stone (ukb-b-8297), and (IT) samples with the phenotype of kidney
stone surgery/lithotripsy (ukb-b-13537). For cardiovascular diseases, we picked up another independent
European population from FinnGen Biobank (n=93,421). We selected the exposure and outcome SNPs and
then performed the two-sample MR using R package.

Results: After bidirectional causality by two-sample MR, we verified that genetic predisposition to KSD
could increase the risk of coronary atherosclerosis (OR: 4.45x1037; SE=27.80x10", P for MR-Egger =0.024)
and cardiomyopathy (OR: 5.35x10"; SE=7.18x10°, P for IVW=0.045 for finn-a-I9_ CARDMYO, and OR:
3.60x10”; SE=£3.26x10", P for IVW=0.041 for finn-a-I9_CARDMYOOTH) when we used ukb-b-13537
as exposure group. Furthermore, hypertension could increase the risk of KSD (OR: 1.001; SE=x1.00, P for
IVW=0.003) when we used ukb-b-8297 as exposure group, without detected pleiotropy bias (P>0.05).
Conclusions: We confirmed KSD may trigger causal pathological processes including coronary

atherosclerosis and cardiomyopathy. Furthermore, hypertension may causally affect KSD.
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Introduction

Kidney stone disease (KSD) and cardiovascular diseases
are two common conditions, and more and more studies
reveal that KSD and cardiovascular diseases commonly
coexist (1,2). In addition, KSD is also associated with some
metabolic disturbance such as obesity (3) and diabetes
mellitus (4). However, there is little evidence about the
causality between KSD and these systemic diseases. On
the one hand, several studies suggested that occurrence of
KSD could increase the risk of cardiovascular events such
as hypertension (5,6), coronary atherosclerosis (7), and
myocardial disorders (8). On the other hand, some study
results showed that kidney stone formation was associated
with subclinical coronary atherosclerosis (9) and so on.
Therefore, the causality between KSD and cardiovascular
events need to be determined, which has important
implications for understanding the etiology of disease
processes.

Mendelian randomization (MR) is a recently developed
technique for causal inference based on large-scale genome-
wide association studies (GWAs) (10,11). Briefly, MR is
a technique that can detect causal effects of phenotypes
as unbiased and possibly estimate their magnitude (11).
This technique utilizes the random allocation of exposure-
related genetic variants. This random assortment minimizes
the possibility of environmental confusion and enables
the investigation to reveal the causal relationship between
exposures and outcomes. Numerous studies have used MR
to demonstrate the causality of coexisting phenotypes or
diseases (12-14). Based on these, Hemani ez /. developed
a platform called MR-Base (http://app.mrbase.org/) that
integrates a database of thousands of GWAS summary
datasets with a web interface and R packages for automated
causal inference through MR (15). Therefore, in the recent
study, we performed two-sample MR by the database
MRBASE to explore the bidirectional causality of KSD and
cardiovascular events including three diseases: coronary
atherosclerosis, hypertension, and cardiomyopathy.
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Methods
Ethical statement

"This research involving human participants were conformed
to the guidelines set forth by the Declaration of Helsinki
(2013).

Iimplementation and operation

In the recent study, we used two-sample MR designed (16)
by the online database MRBASE (15) (http://app.
mrbase.org/) which is a database and analytical platform
for Mendelian randomization developed by the MRC
Integrative Epidemiology Unit at the University of Bristol.
All the data used were from genome-wide association
studies (GWAS) and publicly available. These SNPs were
selected based on the GWAS findings. We selected the
exposure and outcome SNPs and then performed the two-

sample MR using R package.

Study exposures and outcomes

We selected the genetic variants of KSD in one European
population from UK Biobank (version 2, n=462,933). Two
phenotypes of samples were chosen to define our genetic
instrumental variables: (I) samples with the phenotype of
kidney stone/ureter stone/bladder stone (ukb-b-8297),
and (II) samples with the phenotype of kidney stone
surgery/lithotripsy (ukb-b-13537). For cardiovascular
diseases, we detected three phenotypes including coronary
atherosclerosis, hypertension, and cardiomyopathy. We
chosen an independent European population from FinnGen
Biobank to examine the causality between KSD and
these cardiovascular diseases. The detailed sub-group ID
were listed in Table 1. Both the databases were European
population.

All the SNPs used us instrumental variants were
from GWAS studies above. For SNPs selection, first of
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Table 1 Basic information of population in the study
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Phenotype Group ID Database Description
Kidney stone disease (KSD) ukb-b-8297 UK Biobank Non-cancer illness code, self-reported: kidney stone/ureter
stone/bladder stone
ukb-b-13537 Operation code: percutaneous/open kidney stone surgery/

Coronary atherosclerosis finn-a-19_CORATHER

Hypertension finn-a-19_HYPTENS
Cardiomyopathy finn-a-19_CARDMYO

finn-a-19_CARDMYOOTH

lithotripsy

FinnGen Biobank Coronary atherosclerosis
FinnGen Biobank Hypertension

FinnGen Biobank Cardiomyopathy

Cardiomyopathy, other and unspecified

all, genetic variants associated with exposure factors at
genome-wide significance (P<5x107) and not in linkage
disequilibrium (R’<0.01) were selected as instrumental
SNPs. Furthermore, SNP>0.05 was defined as minor
allele frequency. SNPs with MAF threshold was 0.01.
Second, through sensitivity analysis, the nonspecific SNPs
were removed. Third, through checking the allele and
frequency information of SNPs in both the exposure and
outcome groups, we removed the SNPs with inconsistent
information. We used “TwoSampleMR” R package to pick

up appropriate variants.

Statistical analysis (Mendelian randomization analysis)

The primary analysis estimated the effect of exposure on
the risk of outcome using “TwoSampleMR” R package. In
the recent study, two complementary MR approaches were
adopted in our analyses to assess the causal effect of the
exposure on the outcome and its robustness, including MR
Egger and Inverse variance weighted (IVW). Heterogeneity
tests were performed using IVW and MR-Egger, and
sensitivity analysis was performed using the weighted
median method and Leave-one-out analysis which were
described in the previous study (13). Scatter plots, forest
plots, and funnel plots were used to present the results.

Results
KSD increases the risk of coronary atherosclerosis

We selected two subtype groups from UK Biobank with a
genotype of KSD (ukb-b-8297 and ukb-b-13537) and one
group with a genotype of coronary atherosclerosis from
FinnGen Biobank (finn-a-19_ CORATHER) (Table 1).
We first performed KSD—coronary atherosclerosis MR
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analysis. For exposure, 30 and 24 SNPs were included as
genetic IVs for ukb-b-8297 and ukb-b-13537, respectively.
For outcome, 28 SNPs were included. After analysis, the
results showed that KSD increased the risk of coronary
atherosclerosis using MR-Egger method (Figure 14, OR:
4.45x10""; SE=+7.80x10", P=0.024) when ukb-b-8297 was
treated as the exposure group, without detected pleiotropy
bias (P>0.05). However, when we used ukb-b-13537 as
exposure group, KSD didn’t increased the risk of coronary
atherosclerosis (Figure 1B, P>0.05).

Then, we performed coronary atherosclerosis—KSD
MR analysis. For exposure, 19 SNPs were included as
genetic IVs for finn-a-19_CORATHER. For outcome, 12
and 10 SNPs were included ukb-b-8297 and ukb-b-13537,
respectively. After analysis, the results showed that coronary
atherosclerosis didn’t affect the outcome of KSD (Figure
1C,1D, P>0.05). The P value in all the heterogeneity test
results in the bidirectional MR analysis between KSD and
coronary atherosclerosis was >0.05.

In conclusion, KSD increases the risk of coronary
atherosclerosis, but coronary atherosclerosis didn’t affect
the outcome of KSD.

KSD increases the risk of cardiomyopathy

"Two subtype groups from UK Biobank with the genotype of
KSD (ukb-b-8297 and ukb-b-13537) and two groups with
the genotype of cardiomyopathy from FinnGen Biobank
(finn-a-I19_CARDMYO and finn-a-19_CARDMYOOTH)
were selected (Table 1). We first performed
KSD—cardiomyopathy MR analysis. For exposure, 30 and
24 SNPs were included as genetic IVs for ukb-b-8297 and
ukb-b-13537, respectively. For outcomes, 28 and 28 SNPs
were included for finn-a-19_CARDMYO and finn-a-19_
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Figure 1 Mendelian randomization study of the bidirectional effect between KSD and coronary atherosclerosis. (A,B) Forest plots were
presented for the MR effect size for KSD-ukb-b-8297 (A), and KSD-ukb-b-13537 (B) on coronary atherosclerosis. The results showed that
KSD increased the risk of coronary atherosclerosis by using MR-Egger method (OR: 4.45x1037; SE=+7.80x1014, P=0.024) when we used
ukb-b-8297 but not ukb-b-13537 as exposure group. (C,D) Forest plots were presented for the MR effect size for coronary atherosclerosis
on KSD-ukb-b-8297 (C) and KSD-ukb-b-13537 (D). The results showed that coronary atherosclerosis didn’t affect the outcome of KSD
(P>0.05). For the forest plots, red points showing the combined causal estimate using all SNPs together in a single instrument, using each of
two different methods [inverse-variance weighted IVW) and MR-Egger]. Horizontal lines denote 95% confidence intervals.

CARDMYOOTH, respectively. After analysis, the results (Figure 2B)] when we used ukb-b-13537 as exposure group,
showed that KSD increased the risk of cardiomyopathy by without detected pleiotropy bias (P>0.05). However,
using IVW method [OR: 5.35x10"; SE=£7.18x10°, P=0.045 when we used ukb-b-8297 as exposure group, KSD
for finn-a-19_CARDMYO (Figure 24), and OR: 3.60x10”; didn’t increased the risk of cardiomyopathy (Figure 2C
SE=+3.26x10"", P=0.041 for finn-a-19_ CARDMYOOTH for finn-a-19_CARDMYO, and Figure 2D for finn-a-19_
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Figure 2 Mendelian randomization study of the effect of KSD on cardiomyopathy. (A,B) Forest plots were presented for the MR effect
size for KSD-ukb-b-13537 on cardiomyopathy-finn-a-19_CARDMYO (A) and cardiomyopathy-finn-a-I9_CARDMYOOTH (B). The
results showed that KSD-ukb-13537 increased the risk of cardiomyopathy by using IVW method [OR: 5.35x1013; SE=+7.18x106,
P=0.045 for finn-a-19_CARDMYO (A), and OR: 3.60x1025; SE=+3.26x1012, P=0.041 for finn-a-19_CARDMYOOTH (B)] when we used
ukb-b-13537 as exposure group. (C,D) Forest plots were presented for the MR effect size for KSD-ukb-b-8297 on cardiomyopathy-finn-
a-19_CARDMYO (C) and cardiomyopathy-finn-a-I19_CARDMYOOTH (D). The results showed that KSD-ukb-b-8297 didn’t affect the
outcome of cardiomyopathy-finn-a-I9_CARDMYO (C) nor cardiomyopathy-finn-a-I9_CARDMYOOTH (D) (P>0.05). For the forest
plots, red points showing the combined causal estimate using all SNPs together in a single instrument, using each of two different methods

(inverse-variance weighted [[VW] and MR-Egger). Horizontal lines denote 95% confidence intervals.

CARDMYOOTH, P>0.05). heterogeneity test results in the bidirectional MR analysis
Then, we performed cardiomyopathy—KSD MR analysis. between KSD and coronary atherosclerosis were with

After analysis, the results showed that cardiomyopathy didn’t P>0.05.

affect the outcome of KSD (Figure S1, P>0.05). All the In conclusion, KSD increases the risk of cardiomyopathy,
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but cardiomyopathy didn’t affect the outcome of KSD.

Hypertension increases the risk of KSD

Two subtype groups from UK Biobank with genotype of
KSD (ukb-b-8297 and ukb-b-13537) and three groups
with genotype of hypertension from FinnGen Biobank
(finn-a-19_HYPTENS) (Table 1). We first performed
KSD—hypertension MR analysis. For exposure, 30 and
24 SNPs were included as genetic IVs for ukb-b-8297 and
ukb-b-13537, respectively. For outcome, 28 SNPs were
included. After analysis, the results showed that KSD didn’t
affect the outcome of hypertension (Figure 34,3B, P>0.05).
Then, we performed hypertension—KSD MR analysis.
For exposure, 77 SNPs were included as genetic IVs for
finn-a-19_HYPTENS. For outcome, 47 and 41 SNPs
were included ukb-b-8297 and ukb-b-13537, respectively.
After analysis, the results showed that hypertension could
increase the risk of KSD by using IVW method (Figure 3C,
OR: 1.001; SE=+1.00, P=0.003) when we used ukb-b-8297
as exposure group, without detected pleiotropy bias
(P>0.05). However, when we used ukb-b-13537 as exposure
group, hypertension didn’t increase the risk of KSD
(Figure 3D, P>0.05). All the heterogeneity test results in the
bidirectional MR analysis between KSD and hypertension
were with P>0.05.

In conclusion, hypertension increases the risk of KSD,
but KSD didn’t affect the outcome of hypertension.

Discussion

In this MR-based bidirectional causality study, we detected
the causality between KSD and cardiovascular events,
including coronary atherosclerosis, hypertension, and
cardiomyopathy. We found that KSD was associated with
higher coronary atherosclerosis and cardiomyopathy
risks, and hypertension was associated with a higher KSD
risk. In the bidirectional MR analysis between KSD and
cardiovascular events, all the heterogeneity test results were
with P>0.05, and no detected pleiotropy bias was detected
(P>0.05). Based on a wide variety of sensitivity analyses to
test the MR assumptions, our results showed an association
between KSD and cardiovascular events are likely to be
causal. Moreover, our findings are consistent with previous
observational studies (7-9,17,18). Lots of observational
studies proved that KSD and cardiovascular diseases
commonly coexisted. But the causality between these
phenotypes couldn’t be known from these studies. The main
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benefit of MR studies is to avoid the common biases in the
conventional observational literature (19). Based on these,
we thought our findings were useful for patient care. We
recommend that if patients with KSD, regular image logical
examinations were suggested to monitor the probable risk of
coronary atherosclerosis and cardiomyopathy. Meanwhile,
for patients with hypertension, KSD was also need to be
noticed in patient care.

In the year of 1976, Elmfeldt ez 4l. first reported an
association between KSD and cardiovascular events (20).
However, this cross-sectional study had only included
299 males and adjusted for age. Subsequently, more and
more studies observed the association. In our study, we
focused on three common cardiovascular events: coronary
atherosclerosis, hypertension, and coronary atherosclerosis.
Our study first confirmed the causality between these
three clinical phenotypes and KSD. For hypertension
and KSD, although several studies presented an increased
risk of hypertension with KSD (21-23), our MR study
showed that patients with KSD didn’t get a higher risk
of hypertension (P>0.05). This maybe because certain
types of stones are associated with different comorbidities.
Nevertheless, hypertension might be one independent
cause of kidney stone formation (OR: 1.001; SE=+1.00,
P=0.003). Cupisti and colleagues believed that the
relationship between hypertension and KSD had similar
pathophysiological mechanisms to insulin resistance in
diabetes (24). KSD is generally recognized as a systemic
disease indicating an adverse metabolic environment (4).
Therefore, hypertension which was a systematic
disease could contribute to kidney stone formation. In
addition, hypercalciuria, which is usually described in
hypertension, can increase the urinary calcium excretion
and may cause the formation of calcium kidney stones
(24-26). However, it was worth mentioning that in our
recent study, we only observed that hypertension could
increase the risk of KSD when we used ukb-b-8297 as
an exposure group based on an OR of 1.001. When we
used ukb-b-13537 as an exposure group, hypertension
didn’t increase the risk of KSD (P>0.05). Based on these
results, we thought that the observed statistical and clinical
significance was not remarkable. More independent
analysis need to be performed to validate the findings
in future studies. In addition, through the bidirectional
MR study, we confirmed that KSD was associated with
a higher coronary atherosclerosis (P for MR-Egger
=0.024) and cardiomyopathy (P for IVW=0.045 for finn-
a-19_CARDMYO group, and P for IVW=0.041 for
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Figure 3 Mendelian randomization study of the bidirectional effect between KSD and hypertension. (A,B) Forest plots were presented for the
MR effect size for KSD-ukb-b-8297 (A), and KSD-ukb-b-13537 (B) on hypertension. The results showed that KSD didn’t affect the outcome of
hypertension (P>0.05). (C,D) Forest plots were presented for the MR effect size for hypertension on KSD-ukb-b-8297 (C) and KSD-ukb-b-13537
(D). The results showed that hypertension could increase the risk of KSD by using IVW method (C, OR: 1.001; SE=+1.00, P=0.003) when we
used ukb-b-8297 as exposure group. However, when we used ukb-b-13537 as exposure group, hypertension didn’t increased the risk of KSD (D,

P>0.05). For the forest plots, red points showing the combined causal estimate using all SNPs together in a single instrument, using each of two

different methods [inverse-variance weighted (IVW) and MR-Egger]. Horizontal lines denote 95% confidence intervals.
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finn-a-19_CARDMYOOTH group) risk. Of course, we
need to pay attention to the that we only observed the
significance between KSD and cardiomyopathy when we
used ukb-b-13537 as an exposure group. We thought the
source of samples in the two groups (ukb-b-13537 and
ukb-b-8297) were different which cause to the different
results. Some studies thought that patients with kidney
stones have an increased pulse-wave velocity, arterial
stiffness and vascular calcifications (27,28). These factors
were associated with cardiovascular events such as coronary
atherosclerosis. Furthermore, most kidney stones are
composed of calcium oxalate, which can accumulate in
all tissues, including the heart, and even lead to heart
tissues damage in some reported cases (29,30). In these
above cases, patients with Primary hyperoxaluria, a rare
disease with a genetic disorder characterized by increased
urinary excretion of calcium oxalate, accompanied
by cardiomyopathy. Our study presented that other
types of kidney stones could also increase the risk of
cardiomyopathy.

There is a limitation with the present study. First,
we didn’t find appropriate data to verify our results in
other populations such as Asians. Second, the effect
on hypertension for KSD, and on KSD for coronary
atherosclerosis were validated in only one group. Third, for
KSD, we checked the population information carefully, and
unfortunately, we found that these KSD patients were only
with a diagnosis of kidney stone/ureter stone/bladder stone
without the specific type of stone. Therefore, we could not
confirm the specific type of KSD which could increase the
risk of coronary atherosclerosis and cardiomyopathy. Based
on these, we will collect another independent population to
validate the findings in the future studies.

In conclusions, we confirmed KSD may trigger causal
pathological processes including coronary atherosclerosis
and cardiomyopathy. Furthermore, hypertension may
causally affect KSD. Through a bidirectional MR study
based on GWAS data, we attempted to discuss and reveal
the causality between KSD and common cardiovascular
events. Furthermore, these results proved that KSD play a
crucial role to affect the pathology process of cardiovascular
events.
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Figure S1 Mendelian randomization study of the effect of cardiomyopathy on KSD. (A,B) Forest plots were presented for the MR effect size for
cardiomyopathy-finn-a-I9_ CARDMYO (A) and cardiomyopathy-finn-a-19_ CARDMYOOTH (B) on KSD-ukb-b-8297. (C,D) Forest plots were
presented for the MR effect size for cardiomyopathy-finn-a-I9_CARDMYO (C) and cardiomyopathy-finn-a-I19_ CARDMYOOTH (D) on KSD-
ukb-b-13537. The results showed that cardiomyopathy didn’t affect the outcome of KSD (P>0.05). For the forest plots, red points showing the
combined causal estimate using all SNPs together in a single instrument, using each of two different methods [inverse-variance weighted (IVW)

and MR-Egger]. Horizontal lines denote 95% confidence intervals.
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