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Genetic Evidence for a Causal Role of
Serum Phosphate in Coronary Artery
Calcification: The Rotterdam Study

Natalia Campos-Obando “=, MD PhD*; Ariadne Bosman "=, MD*; Maryam Kavousi “*/, MD, PhD;
Carolina Medina-Gomez 2/, PhD; Bram C. J. van der Eerden 2/, PhD; Daniel Bos 2/, MD, PhD;
Oscar H. Franco, MD, PhD; André G. Uitterlinden “=/, PhD; M. Carola Zillikens “=, MD, PhD

BACKGROUND: Hyperphosphatemia has been associated with coronary artery calcification (CAC) mostly in chronic kidney dis-
ease, but the association between phosphate levels within the normal phosphate range and CAC is unclear. Our objectives
were to evaluate associations between phosphate levels and CAC among men and women from the general population and
assess causality through Mendelian randomization.

METHODS AND RESULTS: CAC, measured by electron-beam computed tomography, and serum phosphate levels were assessed
in 1889 individuals from the RS (Rotterdam Study). Phenotypic associations were tested through linear models adjusted for
age, body mass index, blood pressure, smoking, prevalent cardiovascular disease and diabetes, 25-hydroxyvitamin D, total
calcium, C-reactive protein, glucose, and total cholesterol : high-density lipoprotein cholesterol ratio. Mendelian randomiza-
tion was implemented through an allele score including 8 phosphate-related single-nucleotide polymorphisms. In phenotypic
analyses, serum phosphate (per 1 SD) was associated with CAC with evidence for sex interaction (P, eraction=0-003) (men B,
0.44 [95% Cl, 0.30-0.59]; P=3x10"%; n=878; women B, 0.24 [95% Cl, 0.08-0.40]; P=0.003; n=1011). Exclusion of hyperphos-
phatemia, chronic kidney disease (estimated glomerular filtration rate <60mL/min per 1.73 m?) and prevalent cardiovascular
disease yielded similar results. In Mendelian randomization analyses, instrumented phosphate was associated with CAC (total
population 8, 0.93 [95% CI: 0.07-1.79]; P=0.034; n=1693), even after exclusion of hyperphosphatemia, chronic kidney disease
and prevalent cardiovascular disease (total population §, 1.23 [95% ClI, 0.17-2.28]; P=0.023; n=1224).

CONCLUSIONS: Serum phosphate was associated with CAC in the general population with stronger effects in men. Mendelian
randomization findings support a causal relation, also for serum phosphate and CAC in subjects without hyperphosphatemia,
chronic kidney disease, and cardiovascular disease. Further research into underlying mechanisms of this association and sex
differences is needed.
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calcium and phosphate in the wall of arteries.? It
was considered a passive consequence of aging
until identified as a risk factor for cardiovascular events.®
Current evidence supports that a complex cellular-
mediated process underlies arterial calcification.* At

Arterial calcification is defined as the deposition of

least 2 different layers can calcify: the intima, char-
acteristic of atherosclerosis, and the media, typical of
chronic kidney disease (CKD). The arterial mineralization
process can result in hydroxyapatite [Ca,,(PO,)s(OH),]
formation, as is found in bone. Coronary artery calci-
fication (CAC) is one of the most studied calcification
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CLINICAL PERSPECTIVE

What Is New?

e Higher serum phosphate levels are associated
with coronary artery calcifications in the general
population, with stronger effects in men.

e Mendelian randomization findings support that
this association is causal, also for subjects with
normal serum phosphate levels and without
chronic kidney disease.

What Are the Clinical Implications?

e Serum phosphate and coronary artery calcifica-
tions are associated in the absence of chronic
kidney disease, hyperphosphatemia, and prev-
alent cardiovascular disease, challenging the
concept that only severe hyperphosphatemia,
in the setting of chronic kidney disease, is as-
sociated with coronary artery calcifications.

e Qur findings support a causal role for phos-
phate in the emerging epidemiological findings
that higher serum phosphate levels are associ-
ated with increased mortality and cardiovascu-
lar events in the general population.

Nonstandard Abbreviations and Acronyms

1,25(0H),D, 1,25-dihydroxyvitamin D
25(0OH)D 25-hydroxyvitamin D
ALP alkaline phosphatase

FGF23 fibroblast growth factor 23
GWAS genome wide association study
MR Mendelian randomization

PR prevalence ratio

PTH parathyroid hormone

RS Rotterdam Study

processes because of its specificity for atherosclerosis,
its correlation to plagque burden® and its ability to predict
cardiovascular events.®® Currently, it is widely accepted
that CAC occurs mainly in the intima.” Calcification
mechanisms are multifactorial, but ectopic bone forma-
tion is considered the basis of CAC.®

Serum phosphate has been related to arterial cal-
cification in several human and animal disorders,®"°
where genetically induced severe hyperphosphatemia
leads to extensive calcification. Hyperphosphatemia-
induced calcification was described as the main mech-
anism of increased mortality in CKD."" Similarly, the
role of phosphate in CAC has been restricted mainly
to hyperphosphatemia.’? However, Park et al reported

J Am Heart Assoc. 2022;11:e023024. DOI: 10.1161/JAHA.121.023024

Serum Phosphate and Coronary Artery Calcification

an association of serum phosphate and CAC even
within the normal phosphate range in Korean subjects
with normal renal function.’® Interestingly, it has been
reported that increasing yet normal serum phosphate
is also a risk factor for cardiovascular morbidity and
mortality in the general population.'*'® These findings
have been consistent, although a clear sex difference,
with stronger associations in men, became evident.'>1®
The mechanisms underlying the associations between
serum phosphate and cardiovascular morbidity and
mortality and the reported sex differences remain
unexplained.

Two non—-mutually exclusive mechanisms have
been described for serum phosphate in CAC: (1) pas-
sive deposition of calcium phosphate, inhibited by py-
rophosphate; and (2) active induction of osteoblastic
differentiation of vascular cells.”” Additionally, serum
phosphate is regulated by several factors including
parathyroid hormone (PTH), 1,25-dihydroxyvitamin D,
(1,25(0H),D; and a-klotho and fibroblast growth fac-
tor 23 (FGF23). PTH and 1,25(0H),D, exert inductive
effects on arterial calcification. a-klotho and FGF23
exert protective effects on arterial calcification.’®®
Nevertheless, reports on the association between
serum phosphate and CAC in the general population
are not consistent as Gronhoj et al did not find an asso-
ciation between serum phosphate and prevalent CAC,
but the same group reported an association of serum
phosphate with progression of CAC over time.?%2"

As literature on serum phosphate and CAC in the
general population is scarce and contradictive,?%?? we
aimed to analyze this association in the population-
based RS (Rotterdam Study) and test for potential sex
differences. Because results from epidemiologic as-
sociations can be affected by reverse causation and
unmeasured confounding, we also aimed to test for
causality applying Mendelian randomization (MR), a
statistical technique whereby genetic variants are used
as instrumental variables for the exposure with the pur-
pose of avoiding these sources of bias. If the relevant
assumptions are valid, significant MR results can be
interpreted as evidence of causality of the exposure on
the outcome.?®

METHODS

Study Population

The RS is a prospective cohort study of men and
women in the district of Ommoord, Rotterdam, de-
signed to investigate the incidence and determinants
of chronic disabling diseases. Rationale and design
have been described elsewhere.”* The RS is now
composed of 4 cohorts, named RS-I, RS-Il, RS-, and
RS-V (initiated in 1989, 2000, 2006, and 2017; total n
~18 000 subjects). Subjects were assessed at baseline
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and through follow-up visits. For the current study,
we included participants from RS-I (h=7983). Fasting
serum phosphate and CAC were assessed during the
second follow-up visit of RS-I. A total of 1889 subjects
with both measurements available were included in
the analyses. The RS was approved by the Medical
Ethics Committee of the Erasmus MC (registration
number MEC 02.1015) and by the Dutch Ministry of
Health, Welfare and Sport (Population Screening
Act WBO, license number 1071272-159521-PG). The
Rotterdam Study was entered into the Netherlands
National Trial Register ( www.trialregister.nl ) and into
the World Health Organization International Clinical
Trials Registry Platform (ICTRP; https:/apps.who.int/
trialsearch/ ) under shared catalog number NTR6831.
All participants provided written informed consent to
participate in the study and to have their information
obtained from treating physicians. Data can be ob-
tained upon request. Requests should be directed to
the management team of the RS (datamanagement.
ergo@erasmusmc.nl), which has a protocol for approv-
ing data requests. Because of restrictions based on
privacy regulations and informed consent of the partic-
ipants, data cannot be made freely available in a public
repository.

Coronary Calcification Assessment
Coronary artery calcification was visualized using
electron-beam computed tomography (C-150 Imatron
Scanner, GE Healthcase, South San Francisco, CA).
From the level of the aortic root through the heart, 38
images were obtained with a 100-ms scan time and
a 3-mm slice thickness. During 1 breath hold, images
were acquired at 80% of the cardiac cycle by using
echocardiographic triggering. Quantification of coro-
nary calcification was performed with Acculmage
software  (Acculmage Diagnostics  Corporation,
South San Francisco, CA). The presence of calcifica-
tion was defined as a minimum of 2 adjacent pixels
(area=0.65mm?) with a density >130HU. Following
Agatston’s method, calcium scores were calculated by
multiplying the area in square meters of individual cal-
cified lesions with a factor based on the peak density
of the lesion.?® The total score for the entire epicardial
coronary vascular system comprised the sum of the
scores for all individual lesions. Scores were log trans-
formed (+1) to reduce the sensitivity to observations
with extremely high CAC values.

Laboratory Measurements

Fasting blood samples were obtained in the second
follow-up visit, and serum phosphate was meas-
ured with a method based on the formation of am-
monium phosphomolybdate that corresponds to the
inorganic fraction of total phosphorus. Total calcium
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concentrations were assessed through a colorimet-
ric o-cresolphthalein complex one method (Merck
Diagnostica, Amsterdam, the Netherlands). Levels
of 25-hydroxyvitamin D [25(0OH)D] were determined
through an electrochemiluminescense immunoas-
say, adjusting for seasonality through cosinor models.
Creatinine concentrations were determined through
a sarcosine-based colorimetric assay and stand-
ardized. Subsequently, the Chronic Kidney Disease
Epidemiology Collaboration equations were applied to
estimate glomerular filtration rate. C-reactive protein,
glucose, cholesterol, and alkaline phosphatase (ALP)
levels were measured through standard methods.?%:2"
lonized calcium was measured through a colorimetric
detection assay using a Hitachi 917 (Roche, Mannheim,
Germany). Assessments for ALP and ionized calcium
were done at baseline visit and are therefore not simul-
taneous with serum phosphate.

Genotyping

Participants were genotyped in the lllumina
HumanHap550 BeadChip SNP array. Variants were
filtered on call rate <98%, minor allele frequency <0.01
and Hardy Weinberg equiliorium P<10-%, and imputed
to the Haplotype Reference consortium panel, release
1.1. Genetic instruments for serum phosphate were se-
lected from genome-wide association analysis (GWAS)
significant independent single-nucleotide polymor-
phisms (SNPs) identified in the European GWAS by
Kestenbaum et al and in a Japanese GWAS by Kanai
et al.?29 Variants selected for analyses were checked
for Hardy Weinberg equilibrium P>0.05 for genotyped
SNPs, imputation quality for imputed SNPs (>0.8) and
allele frequencies for palindromic SNPs to decrease
the possibility of strand inconsistencies.

Other Covariates

Prevalent cardiovascular disease was defined as prev-
alent myocardial infarction, revascularization, stroke,
and heart failure. Prevalent cardiovascular disease
was assessed using general practitioners’ records
and hospital discharge letters.®® Smoking status was
assessed during home interviews. Blood pressure,
height, and weight were measured during visits. Body
mass index was calculated as weight in kilograms di-
vided by height in square meters. Prevalent diabetes
was assessed using general practitioners’ records, in-
formation on antidiabetic medication use, and fasting
blood glucose levels.®!

Statistical Analysis
Phenotypic Associations

The association between serum phosphate and CAC
as a continuous variable was assessed through linear
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regression models. The analysis was stratified accord-
ing to estimated glomerular filtration rate (eGFR; <60mL/
min per 1.73m?: CKD). Serum phosphate was assessed
continuously and in quintiles. In addition, we tested the
linearity of the association between serum phosphate
and CAC using restricted cubic spline functions with 5
default knots (5th, 27.5th, 50th, 72.5th, and 95th percen-
tile).3233 We tested if the calciumxphosphate product was
associated with CAC, as previously reported in CKD.3* In
addition, we assessed the association between serum
phosphate and CAC as a categorical variable through
prevalence ratios (PRs), for CAC scores >100, 300, 400,
and 1000.%5 We included interaction terms of phosphate
with sex in age-adjusted models to explore potential sex
differences in the association between phosphate and
CAC. When a sex difference in serum phosphate and
CAC was confirmed, we performed sex-stratified analy-
sis. Because calcium is synergistic to phosphate in ar-
terial calcification,®* we assessed the relation between
serum phosphate and ionized calcium.

Model | included adjustments for age, body mass
index, and smoking. Model Il included also blood pres-
sure, 25(OH)D, total serum calcium, C-reactive protein,
total cholesterol:high-density lipoprotein cholesterol ratio
and glucose levels, prevalent CVD and prevalent diabetes.

Sensitivity analyses

We restricted the analyses to subjects without hy-
perphosphatemia (hyperphosphatemia: serum phos-
phate>1.45mmol/L, >4.5mg/dL), without CKD and
without prevalent CVD. To explore for interaction, we
created 25(0OH)D categories splitting at 48nmol/L,
which is a threshold related to CVD in the Dutch popu-
lation.®® We assessed whether serum tissue nonspe-
cific ALP was associated with CAC. ALP generates
phosphate through hydrolysis of inorganic pyrophos-
phate, a potent arterial calcification inhibitor, and has
been independently related to CAC in the general pop-
ulation, in CVD and in CKD.*"

Mendelian Randomization

To test for causality we assessed whether phos-
phate was associated with continuous CAC.%® We se-
lected 8 SNPs, assumed an additive model, and built
a phosphate-increasing allele score aligning the alleles:
a higher score predicted a higher serum phosphate.®®
Scores (as a single instrument) are associated with lower
risk of weak instrument bias than the simultaneous use
of multiple SNPs.®8 The SNPs included in the score were
derived from a GWAS meta-analysis within the Cohorts
for Heart and Aging Research in Genomic Epidemiology
Consortium composed of individuals of European ances-
try, and a recent GWAS within the Biobank Japan Project
composed of individuals of East Asian ancestry.?%:29
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In the former, the population under study was part
of the discovery sample of the GWAS, which could
result in bias from winner’s curse. However, all SNPs
reported in the above-mentioned GWA studies have
been replicated in a UK biobank GWAS. Summary sta-
tistics of this GWAS are publicly available.®®

To properly account for uncertainty in imputed
SNPs, genotypes were extracted from dosage files
and therefore its values span between 0 and 2, reflect-
ing the probability of getting up to 2 risk (phosphate-
increasing) alleles. If the SNP was genotyped, we
report Hardy Weinberg equilibrium test; otherwise, the
imputation quality is displayed.

Palindromic SNPs were checked for allele frequency
concordance between RS and the GWAS catalog. In
addition, one SNP mapping to the nonpseudoautoso-
mal region of the X chromosome was coded as 0/2
in men (for O/1 risk allele) and as 0/1/2 in women, fol-
lowing recent guidelines when assuming a pattern of
X-chromosome inactivation.*°

Inclusion of correlated SNPs, in linkage disequilib-
rium, is a potential source for bias in standard MR anal-
yses without covariance matrix, leading to increased
type | error rates. Therefore, we included only indepen-
dent SNPs in the score, applying a threshold of r°<0.01.

We used the score to genetically predict serum
phosphate and tested for causality applying a 2-stage
least square regression, where the first stage re-
gresses the exposure on the instruments and the sec-
ond stage regresses the outcome on the fitted values
of the exposure estimated in first stage.®® We applied
robust standard errors. We assessed MR assumptions
as follows:

1. Assumption N°1: the instrument must be as-
sociated with the exposure, relevance condi-
tion. We regressed serum phosphate levels
on phosphate SNPs/score in the population
with serum phosphate levels available and
with serum phosphate and CAC levels avail-
able. We considered f, P, and F-statistic.
In general, an instrument with an F-statistic
<10 is considered a weak instrument and a
higher F-statistic reflects a better instrument.
However, no cutoffs should be made, as
bias is a continuous phenomenon.?338

2. Assumption N°2: The instrument must not be
associated with potential confounders, inde-
pendence condition. We regressed potential
confounders on phosphate scores. Evidently,
it is not possible to assess the association of
instruments with unmeasured confounders.

3. Assumption N°3: The instrument must be
related to the outcome only through the ex-
posure, meaning the absence of horizontal
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pleiotropy, exclusion-restriction condition. To
test this assumption, both a frequentist and a
Bayesian approach were applied, the latter as
sensitivity analysis. MR-Egger regression was
not applied because of our 1-sample setting
and its low statistical power when the SNP-
exposure associations are homogenous.*! We
implemented instead an adaptive /asso regres-
sion (sivreg, Stata) that provides estimates
while allowing less than 50% of instruments to
be invalid by horizontal pleiotropy.*?

Analyses were performed with unweighted scores.
Although weighted scores may increase power, use of
internal weights derived from the data should be avoided
because of the severe bias that this approach induces and
the RS represented ~40% of the Cohorts for Heart and
Aging Research in Genomic Epidemiology GWAS.?8:3%

To test if results from the score were driven by only
1 SNP, we applied the leave-1-out approach, excluding
1 SNP at a time from the score and testing for each re-
duced score whether genetically predicted phosphate
was still associated with CAC. This penalization tech-
nique is considered a robust method*3: if results are
driven by only 1 SNP, a high index of pleiotropy should
be suspected and properly assessed. To obtain re-
sults for the Sargan test, which is an indirect measure
of heterogeneity among instruments, we did not apply
robust standard errors to the leave-1-out analysis.

Similar to phenotypic associations, we performed
subgroup analyses excluding participants with hyper-
phosphatemia, CKD, and prevalent CVD.

Sensitivity analysis

In addition of applying a single score, we genetically
predicted phosphate through the combination of all
SNPs simultaneously (joint instruments analyses). This
approach might have more power but might suffer
from weak instrument bias.®® We applied in this setting
the Sargan test, an overidentification test, to assess
whether all instruments included in the regression are
valid in linear combination** and not correlated with
error terms. Additionally, Sargan provides a test of het-
erogeneity among instruments.*® We also applied the
leave-1-out approach to the joint instruments analysis.

Consistent with ancestry of participants, we built
a score derived only from SNPs from the Cohorts for
Heart and Aging Research in Genomic Epidemiology
meta-analysis (EUR-score) and tested for reproducibil-
ity of results.

Finally, we applied a Bayesian approach designed
for a 1-sample setting that allows several SNPs to
exert pleiotropic effects and that does not rely in the
assumption of no correlation between SNP strength
and pleiotropic effects. The method is described in
Data S1. This approach allows the implementation of
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pleiotropic effects for a subset (49%) of SNPs, incor-
porated in their prior distribution, and applies varia-
tional Bayes through a modified Markov chain Monte
Carlo to estimate the posterior mean and its 95% CI.4°
Genotypes were centered to improve convergence.
Analyses were performed after imputing missing val-
ues through multiple imputation with chained equa-
tions. We used SPSS version 21.0 (IBM Corp, Armonk,
NY), Stata version 16 (Stata Corp LP, College Station,
TX) and R version 3.5.0 (R Foundation for Statistical
Computing, Vienna, Austria). A 2-sided P<0.05 was
considered significant.

RESULTS

The general characteristics of the study population are
shown in Table 1. Mean serum phosphate levels were
higher in women than in men (P, e, 1.18mmol/L
[3.65mg/dL]; P, 1.02mmol/L [316mg/dL]; P,
10sr<0.001 [data not shown)) (reference range of serum
phosphate, 0.8-1.4mmol/L=2.5-4.5mg/dL). Median
CAC score levels were higher in men than in women
(CAC et 310.2; CAC,oment 947 Pyt whitney<0-001).
Total calcium and calciumxphosphate product was
positively associated with serum phosphate in both
sexes while ionized calcium was negatively associ-
ated with serum phosphate in women only. All results
are expressed per 1-SD increase of serum phosphate

(0.16mmol/L.=0.49mg/dL), unless otherwise stated.

Results From Phenotypic Associations
CAC as Continuous Trait

Table 2 shows that serum phosphate was associ-
ated with CAC in the total population after adjust-
ments for model | (8, 0.37 [95% CI, 0.26-0.48];
P=3x10"""; n=1889). We found a significant interaction
between serum phosphate and CAC across sexes
(Pinteraciion=0-003).  Sex-stratified analyses showed
that the association between serum phosphate and
CAC was stronger in men (B, 0.52 [95 ClI, 0.38-0.67];
P=5x107"%; n=878) than women (8, 0.22 [95 Cl, 0.06—
0.38]; P=0.006; n=1011). Further adjustments (model Il)
induced a slight attenuation of the association in men
(men B, 0.44 [95 CI, 0.30-0.59]; P=3x10"%; women B,
0.24 [95 ClI, 0.08-0.40]; P=0.003).

The stratified analyses (Table 3) showed that serum
phosphate was associated with CAC across the spec-
trum of kidney function in men (eGFR >60mL/min per
1.783m? B, 0.53 [95 Cl, 0.35-0.70]; P<0.001; n=736;
eGFR <60mL/min per 1.73 m? B, 0.53 [95 CI, 0.31-
0.75]; P<0.001; n=142), while in women this associa-
tion was constrained to normal eGFR (eGFR >60mL/
min per 1.73m? B, 0.22 [95 Cl, 0.04-0.39]; P=0.016;
n=839; eGFR <60 mL/min per 1.73 m? 3, 0.25 [95 ClI,
—-0.17 t0 0.66]; P=0.238; n=172). Adjustments for model
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Table 2. Association Between Serum Phosphate Levels and Coronary Artery Calcification Scores

Model | Model

n B (95% CI)* P value n B (95% CI)* P value
Men 878 0.52 (0.38-0.67) <0.001 878 0.44 (0.30-0.59) <0.001
Women 1011 0.22 (0.06-0.38) 0.006 1011 0.24 (0.08-0.40) 0.003
Total 1889 0.37 (0.26-0.48) <0.001 1889 0.34 (0.23-0.45) <0.001

BMI indicates body mass index; and HDL, high-density lipoprotein.
*Bs were obtained from linear regression models and expressed per 1-SD increase in phosphate (0.16 mmol/L=0.49mg/dL). Model |: adjusted for age, BMI,
smoking. Model ll: adjusted for age; BMI; blood pressure; smoking; prevalent cardiovascular disease; prevalent diabetes; and serum levels of 25-hydroxyvitamin

D, total calcium, C-reactive protein, total cholesterol to HDL cholesterol ratio, and glucose.

Table 3. Association Between Serum Phosphate Levels and Coronary Artery Calcification Scores, Stratified by eGFR

eGFR >60mL/min per 1.73m?* eGFR <60mL/min per 1.73 m?*
n B (95% CI)t P value n B (95% CI)t P value
Model |
Men 736 0.53 (0.35t0 0.70) <0.001 142 0.53 (0.31t0 0.75) <0.001
Women 839 0.22 (0.04 t0 0.39) 0.016 172 0.25 (-0.17 to 0.66) 0.238
Total 1575 0.36 (0.24 to 0.49) <0.001 314 0.42 (0.20 to 0.64) <0.001
Model Il
Men 736 0.44 (0.27 t0 0.62) <0.001 142 0.45 (0.21 t0 0.68) <0.001
Women 839 0.22 (0.05 to 0.40) 0.011 172 0.30 (-0.12 t0 0.72) 0.154
Total 1575 0.33 (0.21 to 0.46) <0.001 314 0.36 (0.14 to 0.58) 0.002

BMI indicates body mass index; eGFR, estimated glomerular filtration rate; and HDL, high-density lipoprotein.
*eGFR estimated from creatinine-based Chronic Kidney Disease Epidemiology Collaboration equations.

Bs were obtained from linear regression models and expressed per 1-SD increase in phosphate (0.16 mmol/L=0.49mg/dL). Model I: adjusted for age, BMI,
smoking. Model Il: adjusted for age; BMI; blood pressure; smoking; prevalent cardiovascular disease; prevalent diabetes; and serum levels of 25-hydroxyvitamin

D, total calcium, C-reactive protein, total cholesterol to HDL cholesterol ratio, and glucose.

Il induced a slight attenuation in men (eGFR >60mL/
min per 1.783m? B, 0.44 [95 ClI, 0.27-0.62]; P<0.001;
eGFR<60mML/min per 1.73 m? B, 0.45 [95 CI, 0.21-
0.68]; P=0.001).

The analyses in quintiles suggested a threshold
for the association of serum phosphate and CAC
(Table 4): setting the first quintile as reference, men
with serum phosphate above 1.09mmol/L displayed a
significant trend for higher CAC (8 for fourth quartile,
0.87 [95 Cl, 0.46-1.28]; P<0.001; g for fifth quintile, 1.18
[95 ClI, 0.77-1.59]; P<0.001; P,,,;=3x107"%; n=878).
For women the threshold was >1.37 mmol/L (8 for fifth
quintile, 0.67 [95 ClI, 0.22-1.11]; P=0.008; P,,,,,=0.002;
n=1011). A 5-knot restricted cubic spline function did
not find evidence for a nonlinear association between
serum phosphate and CAC in the total population and
in men and women separately (Figure S1).

Similarly, the results of the calciumxphosphate
product with CAC (Table 5) suggested threshold val-
ues: setting the first quintile as reference, men with a
product above 2.44mmol?/L? displayed a significant
trend for higher CAC (B for third quintile, 0.49 [95 CI,
0.09-0.90]; P=0.017; B for fourth quintile, 0.77 [95
Cl, 0.37-1.18; P<0.001; g for fifth quintile, 1.17 [95 CI,
0.77-1.58]; P<0.001; P, ,=5x10""; n=878). In women
the threshold was above 3.05mmol?/L? (8 for fourth
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quintile, 0.47 [95 CI, 0.04-0.91]; P=0.034; @ for fifth
quintile, 0.64 [95 CI, 0.19-1.08]; P=0.005; P,,,,4=0.001;
n=1011). All coefficients are per unit increase in calci-
umxphosphate product. ALP was not associated with
CAC (men B, —0.001 [95 CI, —0.009 to 0.007]; P=0.873;
n=574; women f, —0.005 [95 CI, -0.012 to 0.001];
P=0.094; n=747) (data not shown).

CAC as a Categorical Trait

After adjustments for model Il (Table S1), each 1-SD
increase in serum phosphate (0.16 mmol/L) was asso-
ciated with an increased PR for CAC >100 of 8% in
men only (95 Cl, 4%-12%)]; P=6x107%); a PR for CAC
>300 of 10% in men only (95 Cl, 5%-15%; P=2x10"%); a
PR for CAC >400 of 10% in men only (95 ClI, 5%-16%;
P=2x10%, and a PR for CAC >1000 of 20% in men (95
Cl, 12%-28%; P=4x10"") and 36% in women (95 Cl,
18%—-55%; P<0.001).

Sensitivity Analysis

After exclusion of subjects with hyperphosphatemia,
serum phosphate was associated with CAC in both
men (B, 0.53 [95 Cl, 0.37-0.69]; P=1x10""%; n=873) and
women (B, 0.21 [95 CI, 0.03-0.40]; P=0.020; n=974)
(Table S2). In men, results from model Il showed a slight
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Table 4. Association Between Serum Phosphate Levels and Coronary Artery Calcification Scores, per Quintiles of
Phosphate Levels

175 0.83 (0.63-0.91) 1 (Ref) 202 0.98 (0.74 t0 1.06) 1 (Ref)
176 0.95(0.91t00.98) | 0.28(-0.13t00.69) | 0.178 202 141 (1.06 to 1.14) 0.04 (~0.40 t0 0.47) 0.869
175 1.02(0.98101.05) | 0.37 (-0.04100.78) | 0.078 202 147 (1.14 to 1.20) 0.03 (-0.41 t0 0.47) 0.889
176 1.09 (1.05 to 1.13) 0.87 (0.46 10 1.28) | <0.001 202 1.24 (1.20 to 1.28) 0.26 (~0.18 10 0.69) 0.247
176 1.21 (113 t0 2.47) 118 (0.77 to 1.59) <0.001 203 1.37 (1.28 to 1.70) 0.67 (0.22 to 1.11) 0.003
Prons <0.001 0.002

BMI indicates body mass index.
*Phosphate quintiles are expressed in mmol/L.

Betas were obtained from linear regression models. First quintile of phosphate was set as reference. Analyses were adjusted for age, BMI, and smoking.

Table 5. Association Between Serum CalciumxPhosphate Product Levels and Coronary Artery Calcification Scores, per
Quintiles Of CalciumxPhosphate Product Levels

175 1.97 (1.50 t0 2.16) 1 (Ref) 202 2.35 (1.67 t0 2.57) 1 (Ref)

176 2.27 (216 to 2.36) 0.03 (-0.37 10 0.44) | 0.868 202 2.68 (2.58 10 2.77) 0.001 (~0.43 10 0.44) 0.995
175 244 (2.36102.52) | 0.49(0.09100.90) | 0.017 202 2.86 (2.77 10 2.96) 0.29 (-0.14 10 0.73) 0185
176 2.62 (2.52 to 2.71) 0.77(0.37 0 1.18) | <0.001 202 3.05 (2.96 t0 3.15) 0.47 (0.04 t0 0.91) 0.034
176 2.96 (2.71106.57) | 117 (0.77 to 1.58) <0.001 203 3.40 (316 to 4.20) 0.64 (0.19 to 1.08) 0.005
Pyon <0.001 0.001

BMI indicates body mass index; and HDL, high-density lipoprotein.
*Calciumxphosphate product levels are expressed in mmol?/L2.

Betas were obtained from linear regression models. First quintile of calciumxphosphate product level was set as reference. Analyses were adjusted for age,

BMI, and smoking.

attenuation (men g, 0.46 [95 Cl, 0.31-0.62]; P=1x1078).
Moreover, exclusion of CKD and hyperphosphatemia
did not change the association between phosphate
and CAC (men B, 0.53 [95 ClI, 0.35-0.71]; P=1x1078;
n=733; women B, 0.22 [95 CI, 0.03-0.42]; P=0.026;
n=808). These results were slightly attenuated in men
after adjustments for model Il (men g, 0.45 [95 CI,
0.27-0.63]; P=1x1075). Finally, after exclusion of CKD,
hyperphosphatemia and prevalent CVD, the associa-
tion between serum phosphate and CAC remained
(men B, 0.55 [95 Cl, 0.35-0.74]; P=4x10"%, n=627;
women f3, 0.20 [95 CI, 0.0003-0.40]; P=0.050; n=765).
Adjustments for model Il yielded similar results (men g,
0.50 [95 ClI, 0.31-0.69]; P=5x10~"; women B, 0.22 [95
Cl, 0.02-0.43]; P=0.029). We found no evidence of ef-
fect modification by 25(0OH)D (data not shown).

Results From MR Analyses

No evidence of departure from Hardy Weinberg equi-
librium was observed in genotyped SNPs; for imputed
SNPs, the imputation quality was above 96%. No
frequency/strand inconsistency between the original
GWAS and RS was detected for the only palindromic
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SNP (rs2970818; Adenine/Thymine); therefore, it was
included in the score (Table S3).28

Concerning MR first assumption, the strength of
the instruments was tested regressing serum phos-
phate levels (expressed in entire units of mmol/L) on
the SNPs in all subjects with serum phosphate levels
available and further restricted to those with serum
phosphate and CAC (Table S4). The allele score was
significantly associated with serum phosphate in both
the whole cohort with available phosphate levels and in
the subset of the population with available phosphate
and CAC levels. The F-statistic for the allele score was
>25, meaning results from MR analyses should not be
affected by weak instrument bias.® Three SNPs from
Biobank Japan showed a significant association with
serum phosphate in the whole cohort but further re-
striction to subjects with serum phosphate and CAC
decreased power, and the associations were no longer
significant. Therefore, we first built a score including all
8 SNPs and subsequently applied sensitivity analyses.

Concerning MR second assumption, we regressed
potential confounders on the phosphate scores: the 8-
SNP score and the 5-SNP EUR-score (Table S5). We

(e}
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found no association of the scores with total calcium,
25(0OH)D, C-reactive protein, total cholesterol : high-
density lipoprotein cholesterol ratio and glucose; nor
with body mass index, smoking, prevalent CVD, or DM.

Allele Score Analyses

Figure 1 shows the results of the 2-stage least square
regression regression of phosphate, genetically pre-
dicted through the unweighted score, and CAC ad-
justed for age, sex, and 10 principal components in the
whole cohort. The allele score has been scaled to be
associated to 1 SD of serum phosphate (0.16 mmol/
=0.49mg/dL). A significant relation was found be-
tween the unweighted phosphate score and CAC (8,
0.93 [95 ClI, 0.05-1.82]; P=0.039).

Sex-stratified analysis suggested that the association
between genetically predicted phosphate and CAC
was more consistent in men than in women (men g,
1.31 [95 ClI, —0.02 to 2.64]; P=0.053; n=r82; women f3,
0.56 [95 ClI, —-0.61 to 1.75]; P=0.347; n=911).

When we applied the leave-1-SNP-out approach
(from the score), we found that results lost significance
after extracting rs1697421 (8, 0.48 [95 CI, -0.51 to
1.46]; P=0.344); rs2970818 (B, 0.96 [95 Cl, -0.02 to
1.93]; P=0.054) and rs35186465 (8, 0.85 [95 CI, —0.06
to 1.77]; P=0.068), one at a time.

Subgroup Analysis According to Serum
Phosphate Levels, Kidney Function, and CVD

The unweighted phosphate score remained associated
to CAC after exclusion of hyperphosphatemia (8, 1.10
[95 CI, 0.10-2.10]; P=0.031; n=1659); after exclusion
of hyperphosphatemia and CKD (8, 1.30 [95 ClI, 0.33-
2.27]; P=0.009; n=1377); and after exclusion of hyper-
phosphatemia, CKD, and prevalent CVD (B, 1.23 [95
Cl, 0.17-2.28]; P=0.023; n=1244) (Figure 2, Table S6).

Serum Phosphate and Coronary Artery Calcification

Sensitivity Analysis

Joint Instruments Analysis and Sargan Statistics
Phosphate genetically predicted through all 8 SNPs
simultaneously (Table S7) was associated with CAC
(B, 0.81 [95 ClI, 0.04-1.58]; P=0.038). The exclusion of
1 SNP at a time yielded similar results as their exclu-
sion from the score: phosphate is not associated with
CAC if the following SNPs are excluded, 1 at a time:
rs1697421, rs2970818, and rs35186465.

The Sargan tests could not reject the null hypothesis
in any case, providing validity of the instruments and
an indirect evidence of low heterogeneity among them.

EUR-Score

Table S6 shows that restriction to EUR-score did not
attenuate the results of genetically predicted phos-
phate and CAC (3, 1.04 [95 CI, 0.07-2.01]; P=0.036;
n=1693). Results remained significant after exclud-
ing hyperphosphatemia (8, 1.06 [95 CI, 0.04-2.08];
P=0.041; n=1659), after excluding hyperphosphatemia
and CKD (B, 1.30 [95 ClI, 0.29-2.30]; P=0.011; n=1377),
and after excluding hyperphosphatemia, CKD, and
prevalent CVD (B, 1.05 [95 CI, 0.08-2.03]; P=0.035;
n=1244).

Assessment of Potential Horizontal Pleiotropy

Concerning MR’s third assumption (Table S8), from
a frequentist approach the adaptive lasso regression
found no evidence of invalidity of instruments; there-
fore, the inference was similar as that obtained from 2-
stage least square regression. There was no rejection
of the Hansen test, meaning that all SNPs are valid and
uncorrelated with error terms.

From a Bayesian approach, we applied a method
that incorporates pleiotropic effects into a fraction of

Allele score

Leaving out:

0.93 (0.05-1.82)

rs1697421 (ALPL)

0.48 (-0.51-1.46)

rs17265703 (CASR)

- 0.92 (0.08-1.77)

rs9469578
rs947583

] ! 1.01 (0.05-1.96)

rs2970818 (FGF23)

1.19 (0.06-2.33)

rs17060705 (ENPP3)

0.96 (-0.02-1.93)

rs35186465

= 1 1.09 (0.16-2.02)

rs178710 (PHEX)

0.85 (-0.06-1.76)

" 1 0.92 (0.02-1.82)

-1 -0.6 -0.2 0.2 0.6

Beta (95% Cl)

1 1.4 1.8 2.2 2.6

Figure 1. Mendelian randomization results for serum phosphate and coronary artery calcification: allelic score method

and leave-1-SNP-out approach applied to the whole cohort.

Betas were derived from 2-stage least square for the score as a single instrument and adjusted for age, sex, and 10 principal
components. Results are expressed as change in outcome per 1-SD increase in phosphate (0.16 mmol/L=0.49 mg/dL). Leave-1-SNP-
out approach: allelic score analyses with the subtraction of 1 SNP at-a-time. Closest annotated gene is displayed if known to be

associated with (or possible related to) phosphate homeostasis.
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Whole cohort

Allele score L] 0.93 (0.05-1.82)
Subgroup analyses

Excluding hyperP » 1.10 (0.10-2.10)
Excluding CKD L] 1.10 (0.21-1.98)
Excluding hyperP & CKD L { 1.30 (0.33-2.27)
Excluding prevalent CVD » 1 1.00 (0.02-1.98)
Excluding hyperP, CKD and prevalent CVD » 1.23 (0.17-2.28)

-1.'50 -1.'00 -O.'50 O.E)O 0.'50 1.60 1.'50 2.60 2.:50 3.60
Beta (95% Cl)

Figure 2. Mendelian randomization results for serum phosphate and coronary artery calcification: allelic score method
applied in subgroup analyses according to serum phosphate levels, kidney function, and prevalent cardiovascular disease.
Betas were derived from 2-stage least square for the score as a single instrument and adjusted for age, sex, and 10 principal
components. Results are expressed as change in outcome per 1-SD increase in phosphate (0.16 mmol/L=0.49mg/dL). CKD indicates
chronic kidney disease, defined as a glomerular filtration rate <60mL/min per 1.73m?. Prevalent CVD, prevalent cardiovascular
disease, defined as prevalent myocardial infarction, revascularization, stroke, and heart failure; HyperP, hyperphosphatemia, defined

as a phosphate level >1.45mmol/L (=4.5mg/dL).

SNPs and tests whether the association between the
genetically predicted exposure and outcome remains.
Allowing 49% of SNPs to exert pleiotropic effects and
assuring model convergence, we found that genet-
ically predicted phosphate was still associated with
CAC (posterior mean, 0.94 [95% Cl,] 0.13-1.45).

DISCUSSION

Our analyses showed that serum phosphate was
strongly associated with CAC, even after excluding
subjects with hyperphosphatemia, CKD, and prevalent
CVD, in a Dutch population-based cohort study. The
implementation of MR methods, where genetically pre-
dicted phosphate is consistently associated with CAC,
strengthens the inference of our observational findings
and supports causality. It has been previously shown
that hyperphosphatemia or a supraphysiological high-
phosphate medium is able to induce an osteoblastic
transformation of vascular smooth muscle cells with
subsequent medial calcification,’®* characteristic of
CKD. Nevertheless, whether normal serum phosphate
is associated with intimal calcification has been much
less explored.?®?? Qur data demonstrated important
sex differences in this association, adding to sex differ-
ences previously found concerning serum phosphate
and all-cause mortality,*® CVD mortality,'® and athero-
sclerosis,'® where consistently a stronger (or unique)
relation has been described in men.

When analyzed as a categorical trait, serum phos-
phate increases the PR in men for CAC >100, which is
considered of moderate risk. In men, serum phosphate
increases PR for CAC >300 and >400, which is consid-
ered high risk.®> Remarkably, serum phosphate increases

J Am Heart Assoc. 2022;11:e023024. DOI: 10.1161/JAHA.121.023024

PR for CAC >1000 in both sexes, a category that confers
a high mortality risk.®® To the best of our knowledge, this
is the first study to assess the relation between serum
phosphate and CAC through MR, by definition less prone
to be affected by confounding and reverse causation.
An important source of bias in MR might be horizontal
pleiotropy.*” Nevertheless, we applied elaborated re-
gression models that assess or allow pleiotropy.#>4® The
persistence of similar results to standard 2-stage least
square regression, through lasso regression, and the ob-
tainment of significant results despite allowing almost half
of the SNPs to exert pleiotropic effects, through Bayesian
modeling, confirm the robustness of our findings.

The association between serum phosphate and
CAC after restriction of MR to subjects without hyper-
phosphatemia, CKD and prevalent CVD, supports that
increasing (but within normal range) serum phosphate
in the general population without clinical CVD is a patho-
genic factor for increasing the CAC burden. This finding
challenges the concept that only severe hyperphospha-
temia, in the uremic context of CKD, is associated with
CAC. More importantly, it might provide an explanation
for the emerging epidemiologic associations of serum
phosphate and increased mortality and cardiovascular
events in cohorts*® with mostly normal serum phos-
phate; and to CVD mortality and atherosclerosis in men
with strict normal serum phosphate.'6 If these asso-
ciations are causal, there must be an underlying mech-
anism. CAC induction by an increasing, yet normal,
serum phosphate might be one of these mechanisms.

The approach of leaving 1 SNP out has recently been ac-
knowledged as a robust penalization method to test validity
in MR.*" We found that results were not significant when
specific SNPs were omitted from the score, 1 at a time:

10
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1. rs1697421: Its omission results in the nullifica-
tion of the association. This SNP is intergenic,
but its positional candidate gene is ALPL,
which encodes for tissue-nonspecific ALP.
ALP was not associated with CAC in our
population study; but it hydrolyzes pyrophos-
phate into phosphate. Pyrophosphate is one of
the most potent calcification inhibitors.®” The
condition where an SNP affects the outcome
through a pathway affected by the risk factor
of interest is termed vertical pleiotropy and
does not invalidate MR findings. If this SNP
influences ALP and its downstream activity/
levels, pyrophosphate and phosphate, it will
correspond to mediation of the effect.*”

2. rs2970818: This SNP is also intergenic but
one of the positional candidate genes is
FGF23, which encodes for a key hormone in
phosphate homeostasis through increased
renal phosphate excretion.'® In contrast to ob-
servational studies linking higher FGF23 levels
to arterial calcification, research at the cellular
level has shown that FGF23 inhibits osteo-
blastic differentiation of vascular cells, partially
through a-klotho actions.'®'® Therefore, hori-
zontal pleiotropy is unlikely.

3. rs35186465: There are not any known
phosphate-related genes annotated to this SNP.

Therefore, the association of genetically predicted
phosphate with CAC is explained mostly by the contribu-
tion of 3 SNPs from the allele score located in chromo-
somes 1, 12, and 17. Though a role from several SNPs
located throughout the genome improves the validity from
MR,*® it seems that rs1697421 near ALPL plays a key role.

Besides FGF23 and a-klotho, serum phosphate
is regulated by 1,25(0OH),D, and PTH levels. Both
1,25(0H),D; and PTH are positively associated with
CAC. The significant results from MR analyses decrease
their likelihood as confounders. Nevertheless, as PTH
has been related to arterial calcification even at normal
levels and PTH increases with increased serum phos-
phate, our data cannot rule out a role of PTH on CAC.

Two main pathways of phosphate-induced calcifi-
cation have been described in the coronary bed: (1) a
passive deposition of calcium and phosphate, strongly
regulated by ALP-pyrophosphate-P, and (2) an active
process of osteoblastic differentiation of vascular peri-
cytes and calcifying vascular cells, able to synthesize
matrix vesicles, which start the mineralization process.
Current evidence has shown that ALP, pyrophosphate
and phosphate are present in matrix vesicles surfaces
of atherosclerotic plaques, linking closely both mecha-
nisms of calcification in CAC and potentially providing
a biological explanation for our results.®
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Although a restricted cubic spline model did not find
evidence for a nonlinear association, we found an ap-
parent dose-effect relation in phosphate and CAC, with
normal serum phosphate thresholds of 1.09mmol/L
(8.35mg/dL) and 1.37mmol/L (4.24mg/dL) in men
and women. Interestingly, Dhingra et al'* (Framingham
study) described a close cutoff for serum phosphate
of 3.5mg/dL (1.13mmol/L) above which CVD mortal-
ity and morbidity increased. The authors stated that
it was not clear whether increasing serum phosphate
within normal range was associated with CVD risk. Our
data suggests that this question can be answered in a
confirmatory way.

We also found that normal levels of the calciumx-
phosphate product were associated with CAC. Recent
literature highlights that circulating calciprotein particles,
composed of calcium, phosphate, and calcification in-
hibitors such as fetuin A, are crucial in calcification and
that its composition dictates whether pathologic min-
eralization is inhibited or not.*® The calciumxphosphate
product within calciprotein particles has been identified
as the culprit in this process. Similar to serum phos-
phate, it might be that a normal product in serum does
not reflect a safe product at the cellular level.

The stronger associations observed in men are
consistent to previous research on serum phosphate
and CVD (atherosclerosis,'® cardiovascular event
rates*® and CVD mortality'®46). These results are unex-
pected, especially because women have higher serum
phosphate and because the protective effect of 17f3-
estradiol in arterial calcification*® is predominant in pre-
menopausal women. We can only speculate whether
the association between calcium and phosphate levels
plays a role in the sex difference as we (and others)
have found an inverse relation between serum phos-
phate and ionized calcium in women but not in men,
and an inverse relation between them seems neces-
sary to keep a constant calciumxphosphate product
in serum.®%5" It is important to add that phosphate in-
take has also been related to arterial calcification, as
an abrupt postprandial phosphate increase suffices to
initiate mineralization within seconds and to decrease
a-klotho expression.®?

This study has several limitations. We had a small
sample size and no measurements of 1,25(0H),Dj,
FGF23, and PTH levels, nor information on phosphate
intake. CAC and ALP were not determined simultane-
ously. Several tests were not suitable because of our
1-sample MR. Moreover, the RS is a Dutch population-
based cohort study, precluding inference to other
populations or ethnic groups. Finally, we did not have
prospective data on CAC and coronary events, which
prevents us from drawing conclusions about the clin-
ical implications of our findings. But there are several
strengths, especially concerning the results from MR,
that provides a formal test of causality provided the

11
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assumptions are fulfiled. Results from F-statistics
strongly suggest that our results are not affected by
weak-instrument bias. We were able to perform im-
portant stratified and subgroup analyses and to test
instruments’ validity.

To conclude, we hereby provide both frequentist
and Bayesian evidence from the MR approach that
normal phosphate is a causative factor in CAC in the
general population without hyperphosphatemia, with-
out prevalent CVD and with normal kidney function. We
add more evidence to support the concept of phos-
photoxicity, and our results call for a review of the cur-
rent normal serum phosphate range.”® We agree with
the European Food and Safety Agency®® that more re-
search is needed to study the relationships between
dietary intake of phosphate and serum phosphate lev-
els and adverse health outcomes. Public health poli-
cies might be needed to decrease phosphate intake
because of the growing evidence of phosphate as a
continuous risk factor for adverse outcomes such as
atherosclerosis, CVD mortality, and, now, CAC. Further
research should focus on unveiling the underlying
mechanisms of the detrimental effects of phosphate
in human health and to establish a threshold above
which phosphate must be considered harmful for men
and women,** especially because a large fraction of
the population appears to be exposed to nonsafe P
levels.
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inference. A matrix of J genotypes for N individuals is provided to STAN, together with a vector
> head(z,20)

Data S1. Supplemental Information for Bayesian Approach to Pleiotropy Assessment
It requires the installation of R package STAN, rstan library and MendelianRandomization
The genotypes are centered to mean prior to analysis, to decrease autocorrelation and improve

of outcomes values (Y) and vector of exposure values (X), properly arranged.

Example of matrix with 08 SNPs and centered dosage genotypes:

library.

[,8]

[,7]
-0.49 -1.08
-0.49 -1.08
-0.49 -1.08
.15 -0.60 -0.15 -0.17 -0.49 -1.08

0.40 -0.15 -0.17 -0.49 -1.08
0.40 -0.15 0.83 -0.49 -0.08
.15 -0.60 -0.15 -0.17 0.51 -1.08

-0.49 0.92
.15 -0.60 0.85 -0.17 0.51 -1.08

0.83 0.51 0.92

[,51 [,6]
0.40 -0.15 -0.17 -0.49 0.92
0.40 -0.15 -0.17 0.51 0.92
5 -0.60 -0.15 -0.17 -0.49 -0.08
0.40 -0.15 0.83 -0.45 0.92

.15 -0.60 -0.15 -0.17 1.27 -1.08
.15 -0.60 -0.15 -0.17 0.51 0.92

.15 -0.60 -0.15 -0.17 0.51 0.92
0.40 0.85 -0.17 -0.49 -0.08

0.40 -0.15 -0.17

-0.58 0.84 -0.17

0.40 -0.15

0.40 -0.15 -0.17 0.51 -0.08
0.40 -0.15 -0.17 -0.48 0.92

[,4]
.15 -0.60 0.85 -0.17

.15 -0.60 -0.15 -0.17

= === e [ e [ e i R e [ e Qo e Y e e e i e Y e ) e [ e e e R e e}
| [ | ] I 1 I I |

L = = e e O B T B, O 1 T O = O O IO O e
09900009009009000000

10001000000100001000
1 I |

[ 1]

o W s W W W s I s s e T T s B e W e W T e B e W s e W W B s |
1234567{8901234567{890
N S T S W S S S S i
[[[[[[

e e et e A

Downloaded from http://ahajournals.org by on August 2, 2022



2202 ‘z snbny uo Aq Bio'sfeuunofeye//:dny wouy papeoumoq

The software estimates pleiotropic effects for a subset of the SNPs, through the incorporation in
their prior distribution. 1000 Markov chains are generated, the first 300 are discarded because are
assumed not to be in equilibrium. Inference is based in the rest of Markov chains, assumed to be
in equilibrium. The output provides the posterior mean and its 95% credible interval. Model

convergence should be assessed through rhat (should equal 1).
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Table S1. Association between serum phosphate levels and CAC prevalence ratios, stratified by

CAC category according to Agatston’s units

Model 1 Model 11

n / total PR (95% CI)  P-value n/ total PR’ (95% CI) P-value
CAC score >100
Men 600/878 1.10 (1.06 to 1.13)  <<0.001  600/878 1.08 (1.04 to 1.12)  <<0.001
Women 418/1011  1.09 (1.00 to 1.06)  0.038 418/1011 1.07 (1.00 to 1.15)  0.055
CAC score >300
Men 444/878 1.12 (1.08 to 1.17)  <<0.001  444/878 1.10 (1.05to 1.15)  <<0.001
Women 237/1011  1.12(1.00 to 1.25)  0.050 237/1011 1.09 (0.98 to 1.21)  0.106
CAC score >400
Men 398/878 1.14 (1.09to 1.19)  <<0.001  398/878 1.10 (1.05 to 1.16) <<0.001
Women 199/1011 1.11(0.97to 1.25) 0.122 199/1011  1.06 (0.93 to 1.18) 0.368
CAC score >1000
Men 206/878 1.20 (1.15t0 1.25) <<0.001  206/878 1.20 (1.12t0 1.28)  <<0.001
Women 70/1011 1.29 (1.09 to 1.50)  0.006 70/1011 1.36 (1.18 to 1.55)  <0.001

* Betas reflect change in CAC prevalence ratio per 1-SD increase in phosphate (0.16

mmol/1=0.49 mg/dL). Model I: adjusted for age, BMI and smoking. Model II: adjusted for age,

BMLI, blood pressure, smoking, prevalent cardiovascular disease, prevalent diabetes mellitus and

serum levels of 25-hydroxyvitamin D, total calcium, C-reactive protein, total cholesterol to HDL

cholesterol ratio and glucose. CAC, coronary artery calcification; PR, prevalence ratio.
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Table S2. Association between serum phosphate levels and coronary artery calcification scores

in subgroup analyses according to serum phosphate levels, kidney function and prevalent

cardiovascular disease

Model 1 Model 11

n B (95% Ch* P-value n p (95% CDH* P-value
Men
Whole cohort 878 0.52 (0.38 to 0.67) <0.001 878 0.44 (0.30 to 0.59) <0.001
Excluding hyperP’ 873 0.53 (0.37 to 0.69) <0.001 873 0.46 (0.31 to 0.62) <0.001
Excluding hyperP’ & CKD? 733 0.53 (0350 0.71) _ <0.001 733 0.45(0.27 to 0.63) <0.001
Excluding hyperP’, CKD} 627 0.55 (0350 0.74) _ <0.001 627 _ 0.50 (0.31 to0 0.69) <0.001
and prevalent CVD?
Women
Whole cohort 1011 0.22 (0.06 to 0.38) 0.006 1011 0.24 (0.08 to 0.40) 0.003
Excluding hyperP’ 974 0.21 (0.03 to 0.40) 0.020 974 0.25 (0.07 to 0.43) 0.008
Excluding hyperP' & CKD* 808 0.22 (0.03 to 0.42) 0.026 808 0.24 (0.04 to 0.44) 0.017
Excluding hyperPT, CKD' 765  0.20 (0.0003 t0 0.40)  0.050 765  0.22(0.02 to 0.43) 0.029
and prevalent CVD?}

* Betas were obtained from generalized linear models and expressed per 1-SD increase in
phosphate (0.16 mmol/1=0.49 mg/dL). Model I: adjusted for age, BMI, smoking. Model II:
adjusted for age, BMI, blood pressure, smoking, prevalent cardiovascular disease, prevalent

diabetes mellitus and serum levels of 25-hydroxyvitamin D, total calcium, C-reactive protein,

total cholesterol to HDL cholesterol ratio and glucose. T HyperP, hyperphosphatemia, defined as
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a phosphate level > 1.45 mmol/L (=4.5 mg/dL). I CKD, chronic kidney disease, defined as a
glomerular filtration rate < 60 mL/min/1.73 m?. § Prevalent CVD, prevalent cardiovascular

disease, defined as prevalent myocardial infarction, revascularization, stroke and heart failure.



Table S3. Characteristics of GWAS-significant SNPs for serum phosphate score derived from

CHARGE GWAS meta-analysis and Biobank Japan Project

Genetic instruments for serum phosphate score

Genotyped SNPs

rsID Chr Pos (Build37) EA* OA EAF pg HWE B (UKBB)* p-value (UKBB)+*
p-value

rs1697421 1 21823292 A G 0.51 0.05 0.614 0.02 <1.00 x 10

rs947583 6 136133659 C T 0.29 0.04 0.189 0.004 3.61 x 10

Imputed autosomal SNPs

rsID Chr Pos (Build37) EA* OA EAF pg R?

rs17265703 3 122048644 A G 0.86 0.04 0.99 0.01 1.51x 108
rs9469578 6 33706479 C T 0.92 0.06 0.99 0.03 <1.00 x 10
rs17060705 6 132086493 A G 0.08 0.06 0.99 0.01 1.65x 10°7°
rs2970818% 12 4606168 A T 0.08 0.05 0.97 0.02 2.46 x 10277
rs35186465 17 66681582 A G 0.25 0.04 0.99 0.01 7.13x 107
Imputed X-linked SNP

rs178710 X 22051034 A G 0.54 0.04 0.99 0.01 1.28 x 10°%2

* Effect alleles were aligned in an increasing phosphate-levels sense. 1 Betas derived from
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CHARGE GWAS meta-analysis or Biobank Japan Project. Internal weights were avoided. §
betas and p-values derived from UK Biobank. § Palindromic SNP with similar EA & EAF
between CHARGE meta-analysis and RS-1, discarding strand inconsistencies. Chr, chromosome;

EA, effect allele; EAF, effect allele frequency; HWE p-value, p value for Hardy Weinberg test
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within RS-I; OA, other allele; Pos, position; R?, imputation quality; rsID, SNP unique

identification; SNP, single-nucleotide polymorphism; UKBB, UK Biobank.



Phosphate levels available Phosphate & CAC levels available

Table S4. Test of MR assumption N°1: association of the unweighted genetic instruments with

serum phosphate levels, as assessed by f, p and F-statistic

*

Instrument n F B (95% CI)T P-value n F B (95% CI)T P-value

Genetic instruments derived from European ancestry study *

rs1697421 3486 174  0.012(0.01-0.02) <0.001 1693  13.1 0.02 (0.009-0.03) <0.001

rs17265703 3486 4.8 0.01 (0.001-0.02)  0.028 1693 0.0 -0.0003 (-0.02-0.02) 0.964

rs9469578 3486 5.7 0.02 (0.003-0.03)  0.017 1693 5.5 0.02 (0.004-0.04) 0.019

rs947583 3486 3.5 0.01 (-0.003-0.02) 0.060 1693 8.1 0.02 (0.005-0.03) 0.005

rs2970818 3486 15.5  0.03 (0.01-0.04) <0.001 1693 2.5 0.02 (-0.004-0.04) 0.118

Genetic instruments derived from East Asian ancestry study $

rs17060705 3486 6.1 0.02 (0.003-0.03) 0.014 1693 1.3 0.01 (-0.008-0.03)  0.252

11 P90 JUMOd

rs35186465 3486 7.2 0.01 (0.003-0.02)  0.007 1693 1.9 0.01 (-0.004-0.02)  0.169

rs178710 3486 6.1 0.01 (0.001-0.01) 0.014 1693 1.3 0.01 (-0.004-0.01)  0.257

Allele score 3486 57.1  0.01 (0.01-0.02) <0.001 1693 253 0.01 (0.01-0.02) <0.001

2202 ‘2 snbny uo £q B1o'seulnofeye/.diy

* F: F-statistics, derived from regressions of serum phosphate on the genetic instrument. 1 Betas
derived from regression of serum phosphate on the genetic instrument in RS-1, expressed as
change in serum phosphate levels (entire units of mmol/L) per increase in one risk allele in the
SNP or in one unit in the allelic score. These betas were estimated with the unique purpose of
testing MR assumption #1, not for weighting the allelic score for analyses. § GWAS-significant
SNPs found in CHARGE meta-analysis. § GWAS-significant SNPs found in Biobank Japan

Project. MR, Mendelian randomization; SNP, single-nucleotide polymorphism.
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Table S5. Assessment of MR assumption N°2: association between unweighted allelic scores

and potential confounders

08-SNP score” EUR-scoret

Continuous outcomes

n Potential confounder £ (95% CI) P-value f (95% CI) P-value
1693 BMI 0.001 (-0.11 to 0.12) 0.984 -0.04 (-0.20 t0 0.12) 0.606
1693 Total calcium -0.002 (-0.004 to 0.001) 0.268 -0.002 (-0.01 to 0.002) 0.368
1693 250HD 0.11 (-0.57 to 0.80) 0.749 0.48 (-0.45 to 1.42) 0.311
1693 CRP 0.07 (-0.11 to 0.25) 0.455 0.01 (-0.24 to 0.25) 0.951
1693 Glucose -0.02 (-0.06 to 0.02) 0.399 -0.045(-0.11 t0 0.01) 0.130
1693 Chol:HDL ratio -0.03 (-0.07 t0 0.01) 0.141 -0.03 (-0.09 to0 0.02) 0.221

Categorical outcomes

n Potential confounder OR (95% CI) P-value  OR (95% CI) P-value
1693 Ever smoking 1.01 (0.93 to 1.09) 0.781 0.98 (0.88 to 1.08) 0.718
1693 Prevalent CVD 1.08 (0.99 to 1.17) 0.089 1.07 (0.94 to 1.20) 0.302
1693 Prevalent DM 0.95 (0.87 to 1.04) 0.300 0.95 (0.83 to 1.07) 0.386

* Unweighted scaled allele score derived from SNPs from Biobank Japan Project and
CHARGE meta-analysis. T Unweighted scaled allele score derived from SNPs from CHARGE
meta-analysis. Results are age and sex-adjusted. 250HD, 25-hydroxyvitamin D; BMI, body
mass index; CRP, C reactive protein; Chol:HDL ratio, total cholesterol:HDL ratio; MR,
Mendelian randomization; Prevalent CVD, prevalent cardiovascular disease; Prevalent DM,

prevalent diabetes mellitus; SNP, single-nucleotide polymorphism.



Table S6. Mendelian Randomization results for serum phosphate and CAC: allelic score method
applied in stratified analyses according to serum phosphate levels, kidney function and prevalent

cardiovascular disease after implementation of robust standard errors

Unweighted instruments Unweighted EUR-score*

n B (95% CI)T P-value n B (95% CI)T P-value
Whole cohort
Allele score 1693  0.93 (0.07to 1.79) 0.034 1693  1.04 (0.07t0 2.01) 0.036
Subgroup analyses
Excluding hyperP* 1659  1.10(0.10 to 2.10) 0.031 1659  1.06 (0.04 t0 2.08)  0.041
Excluding CKD§ 1404  1.10(0.21 to1.98) 0.015 1404 1.22(0.24t02.20) 0.014
Excluding hyperP* & CKD§ 1377 1.30 (0.33t0 2.27) 0.009 1377  1.30(0.29t02.30) 0.011
JExcluding prevalent CVD I 1503 1.00 (0.02 to 1.98) 0.046 1503  1.02 (-0.04 to 2.07) 0.060
s

SExcluding hyperP ', CKD§ 1244 1.23(0.17t0 2.28) 0.023 1244 1.05(0.08 to 2.03)  0.035
<

Sand prevalent CVD/

* Allelic score including only European-ancestry derived instruments (EUR-score). | Betas
were derived from two stage least square for the score as a single instrument adjusted for age,
sexe and 10 principal components and after implementation of robust standard errors. Results are

expressed as change in outcome per 1-SD increase in phosphate (0.16 mmol/1=0.49 mg/dL).
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HyperP, hyperphosphatemia, defined as a phosphate level > 1.45 mmol/L (=4.5 mg/dL). §CKD,
chronic kidney disease, defined as a glomerular filtration rate < 60 mL/min/1.73 m?. || Prevalent
CVD, prevalent cardiovascular disease, defined as prevalent myocardial infarction,

revascularization, stroke and heart failure. CAC, coronary artery calcification.
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Table S7. Mendelian Randomization results for serum phosphate and CAC: joint instruments

analyses method applied to whole cohort and tests of overidentification

Unweighted instruments Test of overidentification”
n B (95% CI)T P-value  Sargan statistic’  Sargan
P-value
Joint instruments 1693  0.81 (0.04 to 1.58) 0.038 ¥2 7:6.66 0.465
Leaving out$:
rs1697421 (ALPL) 1693  0.39(-0.46to 1.23)  0.371 v 6:2.23 0.898
rs17265703 (CASR) 1693 0.81 (0.04 to 1.58) 0.038 v? 6:6.65 0.354
rs9469578 1693 0.89 (0.07 to 1.72) 0.033 v?6:6.23 0.398
rs947583 1693  1.10(0.13 to 2.08) 0.026 x? 6:5.26 0.511
rs2970818 (FGF23) 1693  0.84(-0.02t0 1.70)  0.054 1% 6:6.61 0.359
rs1706005 (ENPP3) 1693 0.92 (0.13 to 1.71) 0.023 v?6:5.01 0.543
rs35186465 1693 0.76 (-0.03 to 1.56)  0.061 v? 6:6.49 0.371
rs178710 (PHEX) 1693 0.80 (0.01 to 1.60) 0.048 v? 6:6.66 0.353

* Overidentification tests provides a measure of validity of all included instruments, where Ho
states that included instruments are valid. Sargan is an overidentification test applied in one-
sample MR setting. T Betas derived from two stage least square regression with multiple
instruments jointly and adjusted for age, sex and 10 principal components. Results are expressed
as change in outcome per 1-SD increase in phosphate (0.16 mmol/1=0.49 mg/dL). { Sargan

statistic follows a %2 j.1 d.f. distribution, where j is number of genetic instruments. § MR test of
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joint instruments excluding one SNP at-a-time (penalization technique). CAC, coronary artery

calcification.
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Table S8. Assessment of potential horizontal pleiotropy through frequentist and Bayesian

approaches

Results Comment

Frequentist approach

Adaptive lasso®  Hansen test does not reject in the No evidence of invalid

first place instruments

Bayesian approach

MCMC Posterior mean: 0.94 Model achieved

estimation ' (95% Credible Interval: 0.13-1.45)  convergence

* The test first applies an overidentification test (Hansen test) to test the validity of instruments.
In case of invalidity, it estimates a valid beta provided less than 50% of instruments are invalid.
Otherwise, tsls results are appropriate. T The Bayesian approach allows a subset (49%) of SNPs
to be invalid due to pleiotropic effects and provides estimates in this condition. Output provides
Markov Chain Monte Carlo derived posterior mean, its 95% Credible Interval and whether the

model achieved convergence.



2202 ‘z snbny uo Aq Bio'sfeuunofeye//:dny wouy papeoumoq

Figure S1. Linearity of the association between serum phosphate levels and the log odds ratio

for CAC in men and women from the Rotterdam Study
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Linearity of the association between serum phosphate and CAC was tested using a 5 knot
restricted cubic spline function. Results are adjusted for sex. The 95% confidence intervals are
depicted. The red line shows the mean serum phosphate level for the population. CAC, coronary

artery calcification.
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