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Abstract

Summary We conducted a phenome-wide Mendelian randomization analysis (MR-PheWAS) to survey health effects associated
with high normal serum calcium. We found causal evidence for conditions related to renal function, bone and joint health, and
cardiovascular risk. These conditions collectively suggest that tissue calcification may be a key mechanism through which serum
calcium influences health.

Introduction Calcium is essential for the normal functioning of the cardiovascular system, muscles, and nerves. In this MR-
PheWAS study, we sought to capture the totality of health effects associated with high normal serum calcium.

Methods We used data from up to 337,535 UK Biobank participants, and tested for associations between calcium genetic score
(calcium-GS) and 925 disease outcomes, with follow-up analyses using complementary MR methods.

Results Calcium-GS was robustly associated with serum calcium concentration (F statistics = 349). After multiple testing cor-
rection (P < 1.62E-4), we saw genetic evidence for an association between high serum calcium and urinary calculus (OR per
1 mg/dl 3.5, 95%CI 1.3-9.2), renal colic (9.1, 95%CI 2.5-33.5), and allergy/adverse effect of penicillin (2.2, 95%CI 1.5-3.3).
Secondary analyses with independent replication from consortia meta-analyses suggested further effects on myocardial infarction
and osteoarthrosis.

Conclusion We found causal evidence for effects of high normal serum calcium with conditions related to renal function, bone
and joint health, and cardiovascular risk, which may collectively reflect influences on tissue calcification and immune function.
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Introduction

Although less than 1% of the total body calcium is in blood,
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variants are randomly allocated at conception, resembling the
random allocation process in a RCT, analyses on disease as-
sociation using the MR approach are better able to overcome
limitations such as confounding and reverse causality that
affect findings from conventional studies [3]. The benefits of
combining the MR analyses with the hypothesis-free
PheWAS approach, which screens for associations of a variant
or a risk score across multiple disease outcomes, include the
ability to capture novel associations for which no prior evi-
dence is available. In this study, we used information from up
to 337,535 UK Biobank participants, and tested for associa-
tions between calcium genetic score (calcium-GS) and 925
disease outcomes, with follow-up analyses using multiple
complementary MR methods to interrogate the causal nature
of the signals.

Materials and methods

Participants UK Biobank is a large prospective cohort study
with over 500,000 participants aged 37—73 years recruited
from 22 assessment centers across the UK between 2006
and 2010 [4]. The study had the genome-wide genotyping
data and also collected a wide range of health and lifestyle
information, with health outcome data enhanced by electronic
health records and mortality registrations until March 2016.
We restricted our analyses to participants who were unrelated
and confirmed as White-British ancestry based on self-report
and genetic information [5] (N =337,535).

Genetic instrument We used seven genome-wide significant
variants identified from the large scale discovery study to
proxy serum calcium concentration, including CASR
(rs1801725), DGKD (1s1550532), GCKR (rs780094), GATA
3 (rs10491003), CARS (rs7481584), DGKH/KIAA0564
(rs7336933), and CYP24A1 (rs1570669) [2]. Each variant
was coded as 0, 1, and 2 to reflect the number of calcium-
increasing alleles. We derived a weighted genetic score for the
serum calcium concentration (calcium-GS) by first computing
the weighted average of number of calcium-increasing alleles
(with weights being the variant-calcium effect estimates in the
original GWAS [2]) and then multiplying it by the number of
available variants.

Serum calcium concentration (mg/dL) was measured using
Arsenazo III analysis on a Beckman Coulter AU5800 (http:/
biobank.ndph.ox.ac.uk/showcase/field.cgi?id=30680).

Phenome construction Phenome (or disease phenotypes)
were constructed using linked Hospital Episode Statistics
and Mortality data, which were recorded using the ICD
coding system, versions 9 and 10. We mapped the ICD
codes to phecodes, which have been shown to provide
disease groupings which are closely aligned with diseases
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commonly mentioned in clinical practice and genomic
studies [6]. Participants with the phecode of interest were
recorded as cases, while controls were those without the
phecode or directly related codes. We restricted analyses to
the phecodes with more than 200 cases, suggested in an
earlier simulation study to reflect the threshold with rea-
sonable power for detecting variant outcome associations
in PheWAS [7].

Statistical analyses As instrument validation, we first exam-
ined the association between calcium-GS and serum calcium
concentration by fitting a linear regression model. Our MR-
PheWAS analyses involved two stages, with the initial
PheWAS to screen for disease outcomes associated with
calcium-GS and 2-sample MR analyses to follow up the sig-
nals and interrogate their causal nature. In the PheWAS anal-
ysis, a logistic model was fitted, adjusting for age, sex, SNP
array, assessment center, and top 15 genetic principal compo-
nents, with threshold lower than 5% false discovery rate
(FDR) used to account for multiple testing (1.62E-4) [8]. In
the 2-sample MR analyses, variant-calcium and variant-
disease outcome effects were retrieved from the GWAS for
serum calcium concentration and from the initial PheWAS
analysis in the UK Biobank, respectively. We computed the
conventional inverse-variance-weighted (IVW) MR estimates
and complemented it with pleiotropy-robust methods, includ-
ing MR Egger regression [9], weighted median MR [10], and
weighted mode MR [11], each with largely independent as-
sumptions on pleiotropy and consistent estimates across mul-
tiple approaches that strengthen causal evidence [3]. We also
performed leave-one-out analysis and MR pleiotropy residual
sum and outlier (MR-PRESSO) test [12] to examine if [VW
estimates were distorted by outliers. Where possible results
were replicated by consortia data from the MR-Base [13] in-
cluding outcomes identified under nominal significance
(»<0.01). Instrument validation was performed in STATA
(v14), and all other analyses were conducted in R using the
PheWAS [14], Two-sample MR [13], and MR-PRESSO [12]
package.

Results

Instrument validation In the UK Biobank, mean serum calci-
um concentration is 9.5 mg/dl (SD 0.38), with 1.5% of partic-
ipants outside the normal range of 8.5-10.5 mg/dL [15] and
1.2% above 10.5 mg/dL. Calcium-GS was robustly associated
with serum calcium concentration with F/ statistic of 349,
explaining 0.94% of variation (Pyeng<1.0E-300,
Supplementary Fig. 1); this provided assurance that our MR
analyses were less likely to be affected by weak instrument
bias (threshold F statistic = 10) [16].
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MR-PheWAS We observed associations with three phecodes at
the 5% FDR corrected threshold, representing two distinct
diseases conditions (Fig. 1). Calcium-GS was associated with
the risk of urinary calculus, renal colic, and allergy/adverse
effect of penicillin (P < 6.2E-05 for all; Fig. 1), with odds
ratios (OR) from IVW MR of 3.5 (95%CI 1.3-9.2), 9.1
(95%CI 2.5-33.5), and 2.2 (95%CI 1.5-3.3) per 1 mg/dL
higher serum calcium, respectively (Table 1). For all three
diseases, MR estimates using different methods were broadly
consistent. We observed no evidence for unbalanced horizon-
tal pleiotropy (Ppiciotropy = 0.09 for all, Table 1) and leave-one-
out analysis and MR-PRESSO outlier test did not suggest
influential outliers (Supplementary Table 1). In the secondary
analysis, of 22 nominally significant signals (p <0.01), four
phenotypes (or their proxies) were identified in the MR-Base
[13]. Independent replication was suggested for myocardial
infarction, and osteoarthrosis (Table 1), with an inverse asso-
ciation seen for osteoarthrosis.

Discussion

This is the first MR-PheWAS examining the totality of health
effects associated with high normal serum calcium concentra-
tions. We found evidence for a possible causal association for
higher serum calcium levels with an increased risk for renal
colic, urinary calculus, and allergy/adverse effect of penicillin,
while independent confirmation for association was obtained
for myocardial infarction and osteoarthrosis which were nom-
inally significant in our analyses.

Disorders of parathyroid gland

Our study provides causal evidence for an adverse effect of
high normal serum calcium on the risk for urinary calculus
and renal colic. This is consistent with kidney stone formation
being a key complication of hypercalcemia, a condition in
which serum calcium level is above the normal range. It also
supports findings from the calcium supplementation trial, in
which 36,000 postmenopausal women were followed-up for
7 years, and individuals who received daily calcium and vita-
min D supplements had 17% increased risk for kidney stone
formation compared to those who received placebo [17]. We
also observed an association with allergy/adverse effects of
penicillin, which may reflect a consequence of compromised
renal function associated with high normal calcium level giv-
en that adverse antibiotic effects are often observed among
people with renal insufficiency [18]. Further, also supporting
previous studies [19, 20], serum calcium was associated with
an increased cardiovascular risk but a decreased risk for
osteoarthrosis in our secondary analyses. Taken together,
these observed genetic evidence may all reflect downstream
consequences of tissue calcification. That said, the association
with allergy/adverse effects of penicillin and with
osteoarthrosis/osteoarthritis may also be related to the role of
calcium in immune function [21], although the underlying
mechanism is likely to be complex given the opposing direc-
tion of the association for the two conditions. Independent
cohort studies and functional studies are warranted to validate
and characterize these relatively novel associations.

The current study, based on a large prospective cohort, is
the first MR-PheWAS to study the totality of health effects
associated with higher serum calcium levels. To ensure robust
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Fig. 1 Manhattan plot for the phenome-wide association analysis using
calcium-GS. Dashed line =5% FDR threshold (P =1.62E-4); dotted
line = nominal significant threshold (P =0.01); upward triangles indicate
OR > 1; downward triangles indicate OR < 1; size of the triangle is pro-
portional to OR; among nominally significant and correlated outcomes

(P<0.01), labels are only shown for the ones in the highest level. For
each calcium-GS-outcome association, a logistic model was fitted
adjusting for age, sex, SNP array, assessment center, and top 15 genetic
principal components. A higher calcium-GS indicates a higher serum
calcium concentration
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