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Abstract

Background: Associations of adult height with cardiometabolic and pulmonary traits have

been studied in majority European ancestry populations using Mendelian randomization and

polygenic risk score (PRS) analysis. The standard PRS approach entails creating a PRS for

height using variants identified in prior genome-wide association studies (GWAS). It is unclear

how well the standard PRS approach performs in non-European populations and whether

height–trait associations observed in Europeans are also observed in other populations.

Methods: In the Hispanic Community Health Study/Study of Latinos (HCHS/SOL), we

used: (i) the standard approach to create a PRS for height (PRS1) and (ii) a novel

approach to optimize the selection of variants from previously established height associ-

ation loci to better explain height in HCHS/SOL (PRS2). We also estimated the extent to

which PRS–trait associations were independent or mediated by the PRS effect on height.

Results: In 7539 women and 5245 men, PRS1 and PRS2 explained 9 and 29% of the vari-

ance in measured height, respectively. Both PRS1 and PRS2 were associated with forced

expiratory volume in 1 second (FEV1), forced vital capacity (FVC), FEV1/ FVC ratio, total

cholesterol and 2-hour oral glucose-tolerance test insulin levels. Additionally, PRS2 was

associated with estimated glomerular filtration rate and ankle brachial index. Both PRS1

and PRS2 had pleiotropic associations with FEV1/ FVC ratio in mediation analyses.
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Conclusions: Associations of polygenic scores of height with measures of lung function

and cholesterol were consistent with those observed in prior studies of majority

European ancestry populations. Mediation analysis may augment standard PRS

approaches to disentangle pleiotropic and mediated effects.

Key words: genome-wide association study, cardiovascular system, pulmonary elimination, genetic pleiotropy,

causality, body height

Introduction

There is increasing evidence that adult height predicts

cardiovascular disease risk. For example, in a recent meta-

analysis of 130 cohort studies, shorter stature was

associated with increased risk of cardiovascular death, and

this association was robust to adjustment for a wide range

of demographic, behavioural and clinical factors such as

blood pressure, lipids and diabetes.1 Similar associations of

shorter stature with increased cardiovascular morbidity

and mortality have also been reported in other studies.2–7

Despite the consistency of associations observed in the

abovementioned studies, there remains a concern that

associations of height with cardiovascular disease are

explained by biases that can occur in conventional epide-

miologic study designs (e.g. reverse causation).8,9 To ad-

dress this possibility, several groups recently used either

the MR or polygenic risk score (PRS) approach to recon-

sider associations of adult height with cardiovascular dis-

ease in majority European ancestry populations.10–12 Both

approaches construct a PRS—a weighted or unweighted

sum of trait-associated genotype alleles. The MR ap-

proach considers a causal analysis framework, in which

genotypes that constitute the PRS are assumed to be caus-

ally associated only with height, but not with other traits

of interest (genetic instrumental variable, IV), and used to

estimate and/or test the causal effect of height itself.

However, if the MR assumption on causal structure is

violated,13,14 then a test of the genetic IV effect on cardio-

vascular disease does not test a height–cardiovascular dis-

ease relationship. In contrast, the PRS approach does not

require testing causal assumptions and is now used to

study a wide variety of biologic traits in the context of di-

verse study designs.

In this investigation, we used PRS analysis to study

associations of genetic determinants of height with cardio-

metabolic and pulmonary traits in a diverse US Hispanic/

Latino population from the Hispanic Community Health

Study/Study of Latinos (HCHS/SOL). Cardiovascular dis-

ease events are not yet available in large numbers in

HCHS/SOL, but two of the prior studies that used a PRS

approach to consider the height–cardiovascular disease re-

lationship in majority European ancestry populations also

considered the effect of a PRS for height on cardiometa-

bolic and pulmonary traits.10,11 To further characterize the

shared genetic basis of height and cardiometabolic and pul-

monary traits and to consider whether associations ob-

served in Europeans are also seen in Hispanics/Latinos: (i)

we used two different methods in an attempt to create a

PRS that strongly represents the genetic components of

height in HCHS/SOL and (ii) we conducted formal media-

tion analyses to calculate indirect (mediated through

height) and direct (not mediated through height, reflecting

pleiotropy) effects of genetic determinants of height on car-

diometabolic and pulmonary traits.

Key Messages

• Associations of adult height with cardiometabolic and pulmonary traits have been studied in majority European an-

cestry populations using Mendelian randomization (MR) and polygenic risk score (PRS) analyses.

• It is unclear how well PRS analysis performs in non-European populations.

• In the Hispanic Community Health Study/Study of Latinos, we used the standard PRS approach and a novel approach

designed to better explain height in the study.

• Associations of height with measures of lung function and cholesterol were consistent with those observed in prior

studies of majority European ancestry populations.

• Novel approaches to calculate stronger PRSs and mediation analysis may supplement standard approaches in non-

European populations.
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Materials and methods

Study population

The HCHS/SOL is a study of 16 415 Hispanic/Latino

adults recruited from four US communities (Bronx, Miami,

Chicago and San Diego) during 2008–11.15,16 The HCHS/

SOL study population was recruited using population-

based survey methodology and is representative of the

Hispanic/Latino populations residing in the four US sam-

pling areas. Participants completed physical examinations

and in-person interviews, and provided blood samples. The

HCHS/SOL protocol was approved by each local institu-

tional review board, and all participants provided in-

formed consent. Genetic studies in HCHS/SOL are

restricted to the 12 803 participants who provided in-

formed consent for genetic testing and passed follow-up

quality-control testing of genetic material.

HCHS/SOL examination methods

Participants were asked to fast and to refrain from smok-

ing for 12 hours prior to the HCHS/SOL examination and

to avoid vigorous physical activity on the morning of the

visit. Height was measured to the nearest centimetre and

body weight to the nearest 0.1 kg. Body mass index (BMI)

was computed as weight divided by height squared (kg/

m2). Following a 5-minute rest period, three seated blood

pressure (BP) measurements were obtained using an auto-

matic sphygmomanometer; the second and third readings

were averaged. Standard digitized spirometric measure-

ments of timed pulmonary function [forced expiratory vol-

ume in 1 second (FEV1); forced vital capacity (FVC)] were

performed based on Epidemiology Standardization

Project17 and American Thoracic Society18 recommenda-

tions by using a SensorMedics model 1022 dry-rolling seal

volume spirometer (CareFusion, Yorba Linda, CA). Blood

samples were collected and shipped to a central laboratory

for analysis according to standardized protocols. Quality-

control procedures for the study, including blind replicate

measurements on 5% of samples, have been described pre-

viously16 and all laboratory protocols are published on-

line.19 Low-density lipoprotein (LDL) cholesterol was

calculated using the Friedewald equation20 and the esti-

mated glomerular filtration rate (eGFR) was calculated us-

ing the combined creatinine–cystatin C equation.21 After

the initial venipuncture, all participants except those with

self-reported diabetes or measured (glucose meter) fasting

plasma glucose above 150 mg/dL (8.4 mmol/L) underwent

a standard 75-g 2-hour oral glucose-tolerance test

(OGTT), from which a 2-hour post-oral glucose-tolerance

test of plasma glucose was obtained. Protocols to deter-

mine the ankle brachial index (ABI) in HCHS/SOL have

also been published previously.22 ABI �0.9 is diagnostic of

peripheral artery disease (PAD) and is a predictor of car-

diovascular events and death, but risk of mortality is also

elevated with ‘borderline’ ABI �1.0 and with ABI �1.4,

which may reflect stiff (calcified) ankle arteries that may

mask underlying PAD.23 Participants younger than

45 years were not examined by the ABI and those with ABI

�1.4 were excluded from ABI analyses.

Genotyping, quality control and imputation

DNA extracted from blood was genotyped on the HCHS

Custom 15041502 array (Illumina Omni2.5M þ custom

content). Quality-control procedures in HCHS/SOL, in-

cluding methods used to construct principal components

(PCs) of genetic ancestry and a kinship matrix reflecting

genetic relatedness between study participants (some of

whom were sampled from the same household), have been

described previously.24 Genotyping and downstream qual-

ity-control procedures yielded 2 232 944 genetic variants

for genotyped HCHS/SOL participants.

Genotype imputation was performed with the 1000

Genomes Project phase 3 reference panel25 as previously

described.24 Variants with at least two copies of the minor

allele and present in any of the four 1000 Genomes conti-

nental panels were imputed (about 50 million imputed

variants prior to quality filtering). For each variant, we cal-

culated the quality scores ‘info’ (outputted by IMPUTE226)

and ‘oevar’, defined as the ratio between the observed vari-

ance of the allelic dosage to the expected variance based on

the binomial distribution. Oevar was set to 1 for genotyped

variants. We also defined the effN measure by

effN¼ 2N�MAF� (1 – MAF) � oevar, which approxi-

mates the effect count of the minor alleles for rare variants,

adjusted for imputation quality.

Statistical methods

PRSs based on previously reported height loci

We generated two PRSs for adult height in HCHS/SOL.

For both PRSs, we used findings of the Genetic

Investigation of ANthropometric Traits (GIANT) consor-

tium. Specifically, we included 697 single-nucleotide

polymorphisms (SNPs) that had P< 5� 10�8 in a GWAS

meta-analysis of adult height from 79 studies consisting of

253 288 individuals of European ancestry.27 Also included

in the PRSs were an additional 71 and 36 SNPs that had

P< 5� 10–8 in GWAS meta-analyses of adult height in

93 926 individuals from East Asia28 and 20 427 individuals

of African ancestry.29 Of these 804 identified SNPs,

801 were included in the first PRS (PRS1); 2 SNPs were
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unavailable in the HCHS/SOL-imputed genetic dataset and

1 SNP was of poor quality (info <0.7).

To construct PRS1, we used these 801 previously

reported SNPs. The value of PRS1 for an individual

HCHS/SOL participant was obtained by summing

the counts of alleles associated with increased height of all

801 SNPs (SNPs within the same genomic regions were

allowed). The second PRS (PRS2) was created to potentially

serve as a stronger surrogate genetic basis for height in the

HCHS/SOL study population (see Supplementary Methods,

available as Supplementary data at IJE online). We first de-

fined a genomic region of 5� 105 base pairs centred at each

of the 804 previously reported height-associated SNPs.

These regions sometimes overlapped, e.g. when multiple

reported height variants were tightly clustered. Second, we

ranked all common (effN�250) variants (138–1368 inde-

pendent SNPs and indels per region) in each region accord-

ing to their p-values in a stratified GWAS of height

(performed stratified by the Hispanic/Latino background

group, followed by meta-analysis) and took the variant

with the highest rank from each region (the ‘lead SNP’ for

this region). Since genomic regions sometimes overlapped,

this led to the selection of 604 unique lead SNPs, as some

lead SNPs were the same for multiple regions. Finally, for

each participant, the value of PRS2 was the sum of the

height-increasing alleles of these 604 lead SNPs.

Supplementary Table 4, available as Supplementary data at

IJE online, shows the variants used to create PRS1 (801

SNPs) and PRS2 (604 SNPs and indels).

We report the variance in height explained by the PRSs.

The variance in height explained by a PRS was calculated

as 1� r2
g

r2
0

� �
� 100%, where r2

0 denotes the total variance

in the model adjusted for all covariates but without the

PRS and r2
g denotes the total variance in the model after

further adjustment for the PRS.

Association testing of height and PRSs with

cardiometabolic and pulmonary traits

We calculated associations of measured adult height, PRS1

and PRS2 with cardiometabolic and pulmonary traits using

mixed-effects regression models. All associations were ad-

justed for age, sex and five PCs of ancestry to prevent biases

due to population stratification. To account for the HCHS/

SOL sampling design that included genetically related indi-

viduals and individuals living in the same household and

community block unit, we used linear or logistic mixed

models (for quantitative and binary traits, respectively),

with correlations modelled via kinship, household sharing

and community block unit sharing matrices. Other partici-

pant characteristics (e.g. income, educational attainment,

markers of acculturation, diet, physical activity, medica-

tions) that might confound or modify associations observed

in conventional epidemiologic study designs were not in-

cluded in the regression models. For each of the tested varia-

bles (height, PRS1 and PRS2), we report the p-value (P),

with P< 0.05/21 being the Bonferroni-corrected p-value

based on the number of traits. In secondary analyses, we ad-

ditionally stratified by sex.

Cardiometabolic and pulmonary traits in the following

groups were considered in this investigation: anthropometry

(BMI); blood pressure (systolic BP, diastolic BP and pulse

pressure); lung function (FEV1, FVC and FEV1/FVC ratio);

lipid measures [total cholesterol, high-density lipoprotein

(HDL) cholesterol, LDL cholesterol and triglycerides]; gly-

cemic traits (fasting glucose, 2h-OGTT glucose, fasting insu-

lin, 2h-OGTT insulin, HOMA-IR, haemoglobin A1c);

inflammation, kidney and PAD [hsCRP, eGFR and ABI

(ABI> 1.0 vs ABI�1.0 and ABI> 1.0 vs ABI�0.9)].

Sensitivity analysis for PRSs

We performed two sensitivity analyses to address potential

limitations of the PRSs—inclusion of highly correlated ge-

netic variants in PRS1 due to the merging multiple external

sources and potential over-fitting of PRS2 due to the high

number of SNPs tested in each region. First, for both PRS1

and PRS2, we generated linkage disequilibrium (LD)-

pruned counterparts, in which we computed the LD (r2)

between all genetic variants composing them, and removed

SNPs in a random order to generate a list of SNPs with

pairwise r2<0.5. Second, for PRS2, we took the number

of tests in each of the association regions into account, as

follows. For each association region of size 1 Mbp, we

took all genotyped SNPs (to reduce the number of tests,

compared with genotypedþ imputed) and calculated the

effective number of SNPs (effSNP) in the region using the

simpleM method.30 Then, we selected the (genotyped) SNP

with the smallest p-value in the HCHS/SOL height GWAS,

and used it in the PRS if its p-value was � 0:05=effSNP.

We calculated the explained variance of height by these

PRSs and tested their associations with cardiometabolic

and pulmonary traits.

Mediation analysis

Because HCHS/SOL recruited multiple members of house-

holds and mediation formulae were developed under the

assumption of independent and identically distributed

(IID) observations, we first generated a restricted data set

of genetically unrelated (kinship coefficient <2–11 in the

kinship matrix) individuals not living in the same house-

hold (8060 or 63% of the study population). Estimated di-

rect (not mediated through height, reflecting pleiotropy)

and indirect (mediated through height) effects of PRS1 and
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PRS2 on a given trait were then calculated using outputs

from two regression models. In the first regression model,

a trait was regressed on both measured height and the PRS

of interest, adjusting for covariates (sampling weight, age,

sex, centre, five PCs of ancestry) to obtain the effect of

height (ay) and the effect of the PRS (by) on the trait. In the

second model, we regressed height on the PRS (adjusted

for covariates) to obtain the effect of the PRS on height

(bm). For continuous traits, the direct effect of the PRS on

the cardiometabolic or pulmonary trait was by and the in-

direct effect was aybm: For binary traits, the same equation

was used after scaling the coefficients,31 although this ap-

proach has not been widely validated. We used a bootstrap

with 5000 iterations to estimate confidence intervals for

mediation analysis of continuous and binary traits.

Results

Study population and genetic risk scores

The study population included Hispanics/Latinos (7539

women and 5245 men) for whom there were data on mea-

sured height and genetic markers. Depending on trait-specific

exclusion criteria, some analyses had lower sample sizes. The

distribution of cardiometabolic and pulmonary traits in these

participants is shown in Table 1. Associations of 801 SNPs

that were reported as having P< 5� 10�8 in prior GWAS

studies of adult height in global populations of European,

East Asian and African ancestry (see ‘Methods’ section) with

height in HCHS/SOL are shown in Figure 1. The effect esti-

mates (b) observed in prior GWAS studies for these 801 SNPs

were correlated with those observed in HCHS/SOL with

Table 1. Distribution of cardiometabolic traits in HCHS/SOL participants

Women (n¼7539) Men (n¼5245)

Median (IQR) Median (IQR)

Age, years 48 (38–57) 47 (35–56)

Anthropometry

Height, cm 157 (152–161) 170 (165–175)

Weight, kg 72 (63–83) 82 (73–94)

BMI, kg/m2 29 (26–34) 29 (26–32)

Blood pressure

Systolic blood pressure, mm Hg 117 (106–131) 123 (114–133)

Diastolic blood pressure, mm Hg 71 (65–79) 74 (67–81)

Pulse pressure, mm Hg 45 (38–54) 49 (43–55)

Lung function

FEV1, mL 2466 (2094–2833) 3442 (2933–3925)

FVC, mL 3037 (2623–3450) 4310 (3762–4864)

FEV1/FVC 82 (78–85) 80 (76–84)

Lipid measures

Total cholesterol, mg/dL 197 (71–226) 195 (167–224)

HDL cholesterol, mg/dL 50 (43–59) 43 (37–51)

LDL cholesterol, mg/dL 119.4 (97–145) 121 (97–145)

log(Triglycerides), mg/dL 4.7 (4.3–5) 4.8 (4.5–5.2)

Glycemic traits

Glucose, fasting, mg/dL 94 (88–102) 97 (92–106)

Glucose, 2h-OGTT, mg/dL 119 (99–146) 110 (89–136)

log(Insulin, fasting), mU/L 2.4 (1.9–2.8) 2.3 (1.9–2.8)

log(Insulin, 2h-OGTT), mU/L 4.3 (3.8–4.8) 4 (3.3–4.6)

log(HOMA-IR) 0.9 (0.5–1.4) 1 (0.4–1.5)

log(Hemoglobin A1c), mmol/mol 3.6 (3.5–3.7) 3.6 (3.5–3.7)

Inflammation, kidney and peripheral artery disease

hsCRP, mg/L 1 (0.2–1.7) 0.5 (–0.2–1.2)

eGFR 104 (90–117) 105 (91–116)

N (%) N (%)

ABI �0.9 276 (6) 120 (4)

0.9<ABI�1.0 1064 (23) 319 (11)

1.0<ABI�1.4 3286 (70) 2443 (81)

IQR, interquartile range; BMI, body mass index; FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity; HDL, high-density lipoprotein; LDL,

low-density lipoprotein; 2h-OGTT, 2-hour post-oral glucose-tolerance test; HOMA-IR, homeostatic model assessment of insulin resistance; hsCRP, high-

sensitivity C-reactive protein; eGFR, estimated glomerular filtration rate.

International Journal of Epidemiology, 2018, Vol. 47, No. 6 2063



Pearson r¼ 0.51. PRS1, which was calculated with these

801 SNPs, was a strong predictor of height in HCHS/SOL

in analyses adjusted for age, sex, five PCs of ancestry, kin-

ship and HCHS/SOL recruitment site and sampling design

[b¼ 1.86 per 1 standard deviation (SD) of PRS1 on height

(cm); 95% confidence interval (CI) ¼ 1.75–1.97;

P¼ 1.4� 10�264], explaining 9% of the variance in mea-

sured height. As expected by design, the association of

PRS2 with measured height was stronger than that of

PRS1 (b¼ 3.29 per 1 SD of PRS2 on height (cm); 95%

CI¼ 3.20–3.38; P< 2.2�10�308) explaining 29% of the

variance in measured height.

Relationship of measured height with

cardiometabolic and pulmonary traits

Measured height had associations below the Bonferroni-

corrected level of P< 0.05/21 with most investigated traits:

systolic BP, pulse pressure, FEV1, FVC, FEV1/FVC ratio, total

cholesterol, HDL cholesterol, LDL cholesterol, 2h-OGTT

glucose, fasting insulin, 2h-OGTT insulin, HOMA-IR, eGFR

and both ABI comparisons (Figure 2 and Supplementary

Table 3, available as Supplementary data at IJE online).

Most of these associations also had P< 0.05/21 in both men

and women in sex-stratified analyses, aside from those for to-

tal cholesterol, HDL cholesterol, LDL cholesterol and

ABI> 1.0 vs ABI�0.9 (Supplementary Figures 1 and 2,

available as Supplementary data at IJE online).

Relationship of genetic risk scores with

cardiometabolic and pulmonary traits

The strongest associations of both PRS1 (estimated from

prior GWAS of European, African and Asian popula-

tions) and PRS2 (created to predict adult height in

HCHS/SOL) were with measures of lung function.

Specifically, PRS1 and PRS2 had trait-increasing associa-

tions (P< 0.001) with FEV1 and FVC in both sexes com-

bined (Figure 2) and in women and men separately

(Supplementary Figures 1 and 2, available as

Supplementary data at IJE online). Furthermore, the di-

rection of the PRS1 and PRS2 associations with FEV1 and

FVC were the same as those for measured height (all posi-

tive associations). In contrast, PRS1 and PRS2 were in-

versely associated with the FEV1/FVC ratio [a marker in

some patient populations of persistent airflow limitation

and chronic obstructive pulmonary disease (COPD)32]—

these associations had P< 0.05/21 in both sexes but were

stronger in women as compared with men. Sample sizes,

effect estimates, 95% CIs and p-values for combined and

sex-stratified analyses of PRS1, PRS2 and measured

height with cardiometabolic and pulmonary traits are

shown in Supplementary Tables 1–3, available as

Supplementary data at IJE online.

We also observed inverse associations of PRS1 and

PRS2 with 2h-OGTT insulin and total cholesterol meas-

ures in both sexes combined (P< 0.05/21, Figure 2 and

Supplementary Table 3, available as Supplementary data

at IJE online). However, the 2h-OGTT insulin associations

with PRS1 had P< 0.05/21 only in men (P< 0.001 in men

vs P¼ 0.002 in women). Further, only PRS2 in women had

total cholesterol association with P< 0.05/21 (P¼ 0.18 in

men vs P¼ 0.001 in women; Supplementary Figures 1 and

2 and Supplementary Tables 1 and 2, available as

Supplementary data at IJE online).

In addition, PRS2 (which explained a greater percentage

of the variance in height than PRS1) was associated at the

Bonferroni-corrected level with 2h-OGTT glucose, eGFR

and ABI> 1.0 vs ABI� 1.0 in the combined population of

women and men. PRS2 was also associated with ABI>1.0

vs ABI�1.0 in both women and men in sex-stratified anal-

yses (Supplementary Figures 1 and 2 and Supplementary

Tables 1 and 2, available as Supplementary data at IJE on-

line) with P< 0.05/21. Associations of PRS1 and PRS2

with other cardiometabolic traits beyond those mentioned

above were consistent with null associations.

Figure 1. Associations of 801 single-nucleotide polymorphisms (SNPs)

that had P< 5� 10�8 in prior studies of adult height in global popula-

tions of European, East Asian and African ancestry (see the ‘Methods’

section) with measured height in the Hispanic Community Health

Study/Study of Latinos (HCHS/SOL). The dashed line is the estimated

regression line (no intercept) of effect estimates observed in prior stud-

ies of global populations and effect estimates observed in HCHS/SOL.

The dotted line is the line of identity. SNP effects were estimated

according to the height-increasing alleles in prior studies, on the

Z-score of height (normalized rank).
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Sensitivity analysis

Three alternate forms of PRS1 and PRS2 were considered: (i)

an LD-pruned PRS1 with pairwise r2< 0.5 (726 SNPs); (ii)

an LD-pruned PRS2 with pairwise r2<0.5 (597 SNPs); and

(iii) an LD-pruned PRS2 in which we also took the number

of tests in each of the association regions into account (93

SNPs). Supplementary Table 6, available as Supplementary

data at IJE online, provides for each of these alternate PRSs

the explained variance in height. Supplementary Table 7 and

Supplementary Figures 3–5, available as Supplementary data

at IJE online, show associations of these alternate PRSs with

cardiometabolic and pulmonary traits.

LD-pruned PRS1 had reduced variance in height

explained as compared with PRS1 (8.83 vs 9%), but asso-

ciations of LD-pruned PRS1 and PRS1 were similar with

some qualitatively different findings (e.g. total cholesterol,

ABI>1.0—Supplementary Figure 3, available as

Supplementary data at IJE online). LD-pruned PRS2

explained a similar amount of the variance in height as

PRS2 (28.9 vs 29%) and had similar associations with car-

diometabolic and pulmonary traits (Supplementary Figure

4, available as Supplementary data at IJE online). LD-

pruned PRS2 additionally corrected for multiple testing

explained 10.4% of the variance of height (Supplementary

Table 6, available as Supplementary data at IJE online)

and its associations with cardiometabolic and pulmonary

traits were usually weaker than those of the primary PRS2.

Nevertheless, LD-pruned PRS2 additionally corrected for

multiple testing in association regions still reached

P< 0.05/21 for pulmonary traits and 2h-OGTT insulin

(Supplementary Figure 4, available as Supplementary data

at IJE online).

Mediation analysis

Indirect (mediated through height) and direct (not mediated

through height, reflecting pleiotropy) effects of PRS1 and

PRS2 along with their 95% CIs calculated by bootstrapping

are shown in Figures 3 and 4. Whereas, for most traits, the

direct effects of PRS1 and PRS2 were null, there were a few

notable exceptions. Specifically, the direct effects of both

PRS1 and PRS2 on the FEV1/FVC ratio and on triglycerides

had P< 0.05/21. The direct effect of PRS1 on HDL choles-

terol, as well as the direct effects of PRS2 on fasting insulin

and HOMA-IR, had P< 0.5/21. As observed in Figures 3

and 4, associations of PRS1 with HDL cholesterol and

PRS2 with fasting insulin and HOMA-IR had both indirect

and direct effects in opposite directions with P<0.05/21.

Discussion

In this study, we investigated the complex relationship of

height and its genetic determinants with cardiometabolic

Figure 2. P-values of estimated effect sizes of PRS1 (estimated from prior GWAS of European, African and Asian populations), PRS2 (created to ex-

plain adult height in HCHS/SOL) and measured height with cardiometabolic and pulmonary traits in HCHS/SOL men and women combined. Effects

are for a one (1) standard deviation (SD) increase in PRS1, PRS2 or measured height. Plus (þ) symbols indicate a positive association and minus (–)

symbols indicate an inverse association. Two lines are shown—corresponding to P¼ 0.05 and for the Bonferroni-corrected P¼ 0.05/21, where 21 is

the number of cardiometabolic and pulmonary traits.
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Figure 3. Mediation analysis for associations of PRS1 with cardiometabolic and pulmonary traits in HCHS/SOL men and women combined. For quan-

titative traits, effects are for a one (1) standard deviation (SD) increase in PRS1 and a one (1) SD increase in the cardiometabolic trait. For the binary

analyses of ankle brachial index (ABI), the outcome is a one (1) SD increase in the log odds ratio (OR). 95% confidence intervals (CIs) were calculated

using a bootstrap (see the ‘Methods’ section).

Figure 4. Mediation analysis for associations of PRS2 with cardiometabolic and pulmonary traits in HCHS/SOL men and women combined. For quan-

titative traits, effects are for a one (1) standard deviation (SD) increase in PRS2 and a one (1) SD increase in the cardiometabolic trait. For the binary

analyses of ankle brachial index (ABI), the outcome is a one (1) SD increase in the log odds ratio (OR). 95% confidence intervals (CIs) were calculated

using a bootstrap (see the ‘Methods’ section).
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and pulmonary traits in an admixed population of

Hispanics/Latinos. We first calculated two polygenic risk

scores (PRS1 and PRS2), both based on previously reported

height loci, but PRS2 was specifically designed to more ac-

curately reflect height in HCHS/SOL. We then used the

PRSs, as has recently been used by other groups,10,11 to

study the association of height with cardiometabolic and

pulmonary traits. Finally, we also used mediation analysis

to study pathways of associations between height, its PRSs,

and cardiometabolic and pulmonary traits.

The strongest associations of the PRSs observed in our

study were with FEV1, FVC (trait-increasing associations)

and the FEV1/FVC ratio (trait-decreasing association).

These observations are consistent with those of the prior

height study of exclusively European ancestry participants

that included measures of lung function.11 No direct effects

(not mediated through height) of PRS1 or PRS2 with FEV1

and FVC were observed, suggesting that stature or related

biological effects are directly related to these measures of

lung function.

In contrast, a direct effect of both PRS1 and PRS2 with

the FEV1/FVC ratio [a marker in some patient populations

of persistent airflow limitation and chronic obstructive

pulmonary disease (COPD)32] was also observed, suggest-

ing pleiotropy (Figures 3 and 4). In fact, the mediation

analyses suggested both direct and mediated (via height)

inverse associations of the PRSs with FEV1/FVC ratio

(Figures 3 and 4). Although it appears surprising that a di-

rect PRS effect was observed for the composite FEV1/FVC

ratio measure but not for FEV1 and FVC individually, this

observation is consistent with the fact that a GWAS of

lung function measures identified mostly different loci as-

sociated with FEV1/FVC ratio vs FEV1 (albeit with some

overlap).33

Both PRS1 and PRS2 were associated with total choles-

terol with P< 0.05/21 (Figure 2 and Supplementary Table

3, available as Supplementary data at IJE online).

Associations of PRS1 and PRS2 with LDL cholesterol were

in the same direction and had similar magnitudes

(Supplementary Table 3, available as Supplementary data

at IJE online) and no direct effects with total or LDL cho-

lesterol were observed. These data, which are consistent

with those of recent studies of majority European ancestry

participants in which a height PRS had significant inverse

associations with LDL cholesterol,10,11 support a poten-

tially causal association of height [or an unmeasured medi-

ator (X) caused by height] with total and/or LDL

cholesterol. However, associations of PRSs with triglycer-

ide levels observed in prior studies10,11 were not observed

in HCHS/SOL and direct effects (not mediated through

height) of PRS1 and PRS2 with triglyceride levels observed

in mediation analyses suggest that caution is warranted in

the interpretation of the height–triglyceride relationship.

The interpretation of opposite direct and indirect associa-

tions for HDL cholesterol (PRS1) and fasting insulin and

HOMA-IR (PRS2) is unclear, although it is conceivable

that pleiotropic and height-mediated effects on these traits

are qualitatively different.

Both PRS1 and PRS2 or PRS2 alone were also associated

with 2h-OGTT insulin, 2h-OGTT glucose, eGFR and

ABI> 1.0 vs ABI� 1.0 with P< 0.05/21. No direct effects

were observed in mediation analyses for these associations.

To our knowledge, these associations have not been

reported previously and require replication in other cohorts.

PRS1, based solely on SNPs discovered in other (major-

ity European ancestry) study populations, explained 9% of

the variance in height in HCHS/SOL, whereas PRS2

explained 29% of the variance. This improvement in the

variance explained is expected given our methodology of

selecting ‘lead SNPs’ in previously identified loci and it is

likely that this methodology leads to over-fitting of genetic

associations with height. In other words, PRS2 may have

stronger associations with height in HCHS/SOL than it

would in the general population of US Hispanics/Latinos,

and may contain measurement error. However, we specu-

late that over-fitting, if it occurred, would not bias associa-

tions with cardiometabolic or pulmonary traits because

measurement error in height would not be expected to af-

fect cardiometabolic traits, although it could reduce

power.

In sensitivity analysis, we considered this issue using an

LD-pruned PRS2 in which we took the number of tests in

each of the association regions into account. Associations

of LD-pruned PRS2 adjusted for multiple testing (93 SNPs)

were similar albeit sometimes attenuated as compared with

those of primary PRS2 (604 SNPs—Supplementary Figure 4,

available as Supplementary data at IJE online). This could

be due to a loss of power or to less bias or both.

A limitation of mediation analysis is that it assumes that

there is no unmeasured confounding between measured

height and the outcome (cardiometabolic and pulmonary

traits). For most HCHS/SOL participants, this may be a

reasonable assumption because adult height preceded the

HCHS/SOL study examination. However, as noted above,

unmeasured confounding (U) by factors such as childhood

economic hardship that preceded attainment of adult

height could bias the mediation analyses if they were also

independently associated with cardiometabolic and pulmo-

nary traits measured at the time of the HCHS/SOL clinic

visit.

The concordance of our findings related to lung func-

tion and cholesterol with those of recent studies of major-

ity European ancestry participants10,11 suggests that the

PRS approach may be an important tool to investigate the
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underlying biology of cardiometabolic and pulmonary

traits in global populations. When statistical power per-

mits, our results suggest that it may also be advantageous

to stratify by sex because PRS associations with cholesterol

and 2h-OGTT insulin were not the same in women and

men, despite the fact that our PRSs were not sex-specific.

Finally, we suggest that mediation analysis may represent a

helpful supplement to the PRS approach. Whereas, for

most traits, the direct effects of the PRSs were null, for

FEV1/FVC, triglycerides, fasting insulin and HOMA-IR, it

is possible that genetic variants that predict height are asso-

ciated with these traits through pathways unrelated to

those that result in increased height.

Supplementary Data

Supplementary data are available at IJE online.
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