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PLATELETS AND THROMBOPOIESIS

Sex-specific differences in genetic and nongenetic determinants of mean
platelet volume: results from the Gutenberg Health Study
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Mean platelet volume (MPV), a measure of platelet size, is a potential biological marker

of platelet function. To date, a comprehensive analysis including known genetic and

* Genetic and nongenetic
determiners of MPV
substantially differ between
males and females in a large
population-based study.

e MPV in males is significantly
determined by the traditional
CVRFs, and males with higher
MPV are at higher risk of death.

nongenetic factors that determine MPV is still lacking. MPV has been evaluated in 15010
individuals from the population-based Gutenberg Health Study. Genetic information was
available for 4175 individuals. Our results showed that age (B, 0.0346; 95% confidence
interval [CI], 0.0255 to 0.0436), cardiovascular risk factors (CVRFs) such as smoking ($3,
0.178; 95% ClI, 0.128 to 0.229), hypertension (3, 0.05; 95% Cl, 0.00289 to .0981), and high
glucose level (3, 0.00179; 95% Cl, 0.0006 to 0.00299) were linked with higher MPV in males
only. Intake of oral contraceptives (B, 0.150; 95% Cl, 0.0649 to 0.236) and menstruation (B,
0.123; 95% CI, 0.0231 to 0.224) were strongly associated with higher MPV in females.
Seven single nucleotide polymorphisms (SNPs) for females and 4 SNPs for males were
associated with higher MPV. The full model, including age, CVRFs, laboratory
parameters, medications, and genetic variation, explained 20.4% of the MPV variance in
females and 18.6% in males. The curves of cumulative mortality, stratified for sex, showed worse survival for males only with MPV
>9.96 fL. vs MPV <9.96 fL (P < .0001). This study provides evidence for heterogeneity in the profile of determinants for MPV between
sexes. The observed interactions between genetic variability, CVRFs, and MPV and its association with the development of

cardiovascular disease or thrombotic risk need to be further investigated. (Blood. 2016;127(2):251-259)

Introduction

Platelets play a key role in both hemostasis and thrombosis and,
according to recent findings, in inflammation, atherogenesis, and
cancer metastasis.! Mean platelet volume (MPV), a measure of platelet
size, is a potential biological marker of platelet function and is
commonly available in the clinical practice at relatively low cost.
Several cytokines and growth factors may affect megakaryocyto-
poiesis and release of larger platelets. In addition, changes in platelet
volume may also occur at the sites of activation with changes in
platelet shape.” Larger platelets are metabolically and enzymatically
more active and have higher thrombotic potential and higher ex-
pression of platelet surface activation markers.>> Higher MPV was
shown to be associated with traditional cardiovascular risk factors®
such as hypertension,’ diabetes,® obesity,” hypercholesterolemia, '’
and smoking'"' and is correlated with an increased risk for both
arterial'>'?® and venous thrombosis.'* Patients with preexisting

coronary artery disease and increased MPV are at higher risk of
myocardial infarction (MI)."> Furthermore, higher MPV implied
an increased risk of vascular mortality, particularly of ischemic
heart disease, in a large population study.'®

It has been recognized for almost 40 years that sex may influence
platelet biology.'”"'® Therefore, the determinants of MPV may vary
between males and females. Recent studies investigating the relation
between MPV and vascular risk factors report higher MPV in females
except for a Danish population based-study demonstrating higher
MPV in males,!>!416:19

Both genetic and nongenetic factors may influence the variation of
MPV. White blood cell (WBC) counts, sex, and age have recently been
identified as major determinants of MPV heterogeneity.'® A genome-wide
association study (GWAS) identified eight chromosomal regions with 22
independent single nucleotide polymorphisms (SNPs) that influence
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MPV across cohorts.?’ One of these SNPs, 1s342293 (FLJ36031,
PIC3CG) on chromosome 7q22.3 was recently associated with larger
MPV and with higher risk for adverse cardiovascular outcome in
patients with coronary artery disease who were undergoing percuta-
neous coronary intervention.”'

To date, a comprehensive, combined analysis that includes
known genetic and nongenetic factors that determine MPV is still
lacking. In addition, sex-specific information regarding the relation
of MPV and cardiovascular risk factors is limited. The Gutenberg
Health Study (GHS) offers the potential to investigate sex-specific
disparities in MPV determinants. Because of the observational and
representative character of this study, the continuum from healthy
individuals to those with cardiovascular disease such as coronary
heart disease, peripheral artery disease, history of MI, and heart
failure is present in the study sample. The setting offers the advan-
tage of exploring both genetic and nongenetic influences on MPV
variation in a comprehensively phenotyped population sample with a
standardized setting for MPV measurement.

Research design and methods
Population sample

MPV was determined in 15 010 participants enrolled in the GHS be-
tween April 2007 and April 2012 at their baseline examination. The
cohort was part of a population-based, prospective, observational,
single-center study in western mid-Germany conceptualized primarily
for studying cardiovascular disease. Residents of Mainz and Mainz-
Bingen County age 35 to 74 years were randomly selected from the
registries of the local governmental registry offices with stratification
for sex, residence (urban vs rural), and decade of age. All participants
underwent a 5-hour examination at the study center and followed
standard operating procedures provided by certified medical technical
assistants. Details of the study design were published earlier.”® The
project was approved by the local ethics committee, and the study
was conducted in accordance with the Declaration of Helsinki. Written
informed consent was obtained from all participants before they
entered the study.

Blood sampling and laboratory measurements

Venous blood sampling was performed by using tubes containing
K3-EDTA. Platelet parameters (count and MPV) were automatically
determined on an ADVIA 120 Hematology System (Siemens, Erlangen,
Germany) between 30 and 90 minutes after blood sampling.

Internal quality control of automated blood counts was performed
by using the TESTpoint controls for the ADVIA 120 Hematology
System (Siemens). Results had to be within the limits indicated for the
respective control material. Coefficients of variation for MPV ranged
between 0.8% and 2.2% over time with a mean of 1.4%. The moving
average analysis on MPV performed over the duration of the study is
presented in supplemental Figure 1 (available on the Blood Web site).
Results have been obtained with three ADVIA 120 analyzers (Siemens)
at the Institute for Clinical Chemistry and Laboratory Medicine,
University Medical Center Mainz, in Mainz, Germany. To continu-
ously validate and align the measuring systems, 10 random blood
samples were analyzed on all 3 instruments on a monthly basis, and
the results were evaluated. The inter-instrument coefficient of variation
of MPV varied between 1.8% and 4.1% during the study period
(supplemental Figure 2). Inter-instrument coefficients of varia-
tion <5% were considered acceptable.
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Biochemical analysis of blood glucose and C-reactive protein
(CRP) measured in plasma and cholesterol, high-density lipoprotein,
low-density lipoprotein, cholesterol, and triglycerides measured in
serum were determined on the day of sampling by routine methods.
All laboratory measurements were performed in the central laboratory
of the University Medical Center in Mainz.

Selection, genotyping, and imputation of SNPs

MPV-related SNPs were selected from the catalog of published
GWASs with the term “mean platelet volume”?* and by a systematic
search of PubMed using the keywords “MPV”, “mean platelet
volume”, “SNPs”, and “genetic variants”. Overall, 36 SNPs were
selected (supplemental Table 1) from the available data, which were
described by large GWASs for MPV 292326

SNP information was taken from the genetic data avail-
able from the GHS. Genotyping was conducted on Affymetrix
Genome-Wide Human SNP 6.0 arrays (Affymetrix, Santa Clara,
CA) according to the manufacturer’s recommendations. After a
quality control review, genetic data were available for analysis in
4175 individuals. Before genotype imputation, SNPs showing
significant (P < 10~ *) deviation from the Hardy-Weinberg
equilibrium with minor allele frequency <1% or having a
genotyping call rate <98% were excluded. A two-step process was
performed for imputation. First, prephasing was performed by using
MACH v1.0.18c software. Second, genotypes were imputed by
using the reference panel 1000G Phase I Integrated Release Version
2 Haplotypes (2010-11 data freeze, 2012-02-14 haplotypes), and
minimac (release 2012-03-14) was used. The imputation results were
filtered by using a minimum imputation quality score > > 0.3 and a
minor allele frequency threshold of 2%. Imputation results were
summarized as allele dosage, defined as the expected number of copies
of the minor allele for each SNP (values of 0, 1, and 2), and genotype. A
ratio of observed to expected variance of the dosage statistic for each
SNP was calculated for imputation quality.

Data management and statistical analysis

Safe and efficient data management was ensured by acquiring, storing,
and analyzing all data electronically. All data underwent quality control
with a review for completeness and plausibility by using predefined
algorithms and criteria from a central data management unit.
Distribution of MPV is presented as the median with inter-
quartile range and was tested by using the Mann-Whitney U test.
Normally distributed continuous variables were described by
using mean ¥ standard deviation and tested with the ¢ test, whereas
categorical variables were expressed as absolute numbers and per-
centages and tested with the x> test if needed. The population
sample was categorized according to the 95th percentile of MPV
in the reference group. The reference group was a subsample of
the population sample and was defined as individuals without
known clinically established disease (ie, MI, coronary artery
disease, stroke, peripheral arterial disease, venous thromboem-
bolism, atrial fibrillation, chronic heart failure, cancer, kidney
disease, liver disease, chronic obstructive pulmonary disease, and
anemia) or traditional cardiovascular risk factors (ie, hypertension,
obesity, dyslipidemia, diabetes mellitus, smoking, and family
history of MI or stroke). For the definition of traditional cardio-
vascular risk factors and categorization of medications, please see
supplemental Data. Relations between continuous variables were
explored by using Pearson’s correlation coefficients. Quantile
regression was used to describe median MPV levels. Multivariable

20z aunr L0 uo Jsenb Aq ypd'LGz/L€02S€EL/152/2/ L2 /Pd-ajoe/poojqpau-suoneoligndyse//:djy woly papeojumog



BLOOD, 14 JANUARY 2016 * VOLUME 127, NUMBER 2

SEX-SPECIFIC DETERMINANTS OF MPV IN THE POPULATION 253

Table 1. Characteristics of the GHS population sample by stratification for values above and below the reference limits for MPV (N = 14 968)

Females Males
<95th percentile >95th percentile <95th percentile >95th percentile
(n =7012) (n = 385) (n = 7060) (n=51)

Characteristic Median IQR Median IQR P Median IQR Median IQR P
Age (y) 55.0 45.0-64.0 56.0 46.0-65.0 .068 55.0 46.0-65.0 58.0 47.0-66.0 .0023
WBC (x 10%L) 6.94 5.90-8.30 7.37 6.04-8.61 .00086 6.84 5.74-8.20 7.10 6.07-8.37 .0025
Platelets (X 10%L) 289.0 249.0-332.0 230.0 197.0-265.3 <.0001 255.0 219.0-296.0 207.5 177.4-241.0 <.0001
CRP (mg/L) 1.60 0.57-3.50 1.80 0.85-3.60 18 1.50 0.51-2.90 1.70 0.81-3.30 .0018
Fibrinogen (mg/dL) 325.0 283.0-380.0 332.0 293.0-387.0 .071 315.0 272.0-369.0 327.0 285.0-388.0 .00045
Glucose (mg/dL) 90.0 84.0-96.0 89.2 83.7-98.0 .86 93.0 87.0-100.2 94.0 87.0-103.0 .047
LDL (mg/dL) 137.0 114.0-162.0 131.9 108.9-157.0 .013 137.0 115.0-160.0 132.0 109.0-161.9 .0094
HDL (mg/dL) 63.0 53.6-74.0 61.0 51.0-72.0 .012 49.0 42.0-57.0 48.0 40.0-55.0 .0065
Cholesterol (mg/dL) 223 197-252 216 188-247 .0032 215.0 189.0-241.0 210.0 182.0-241.0 .043
Triglycerides (mg/dL) 96.0 72.0-129.0 102.0 75.2-134.0 .068 117.0 85.0-164.0 122.0 89.0-171.0 .0091

Categories are based on the 95th percentile of MVP in the reference group.

HDL, high-density lipoprotein; IQR, interquartile range; LDL, low-density lipoprotein.

linear regression analysis was used to identify determinants of MPV.
Because of the explorative character of the analysis, a significance
threshold was not defined for P values. P values should be
interpreted as a continuous measure of statistical evidence. The
analysis of prospective mortality data with censoring is presented by
using plots of cumulative mortality with log-rank test and by Cox
proportional hazards models.

Results
Participant characteristics

Table 1 shows continuous biomarkers of cardiovascular risk strati-
fied for the 95th percentile of the reference group, which was
determined as 9.9 fL for males, 10.1 fL for females, and 10.1 fL in
the overall sample. WBC count, CRP, fibrinogen, and glucose and
triglyceride levels were significantly higher, whereas platelet count,
low-density lipoprotein, high-density lipoprotein, and total cholesterol
were significantly lower in the group of participants with MPV above
the reference limit.

Traditional cardiovascular risk factors (CVRFs) (ie, diabetes and
smoking) were associated with higher MPV both in males and
females (supplemental Figure 3). In addition, obesity was associated
with higher MPV in males only. Figure 1 shows the associations
between medication and MPV in separate single linear regression
models for each drug adjusted for age. Antithrombotic agents, in-
cluding aspirin and diuretics, were associated with higher MPV in
both males and females. Furthermore, antilipemic agents, antihy-
pertensives, angiotensin-converting enzyme inhibitors, and beta
blockers were associated with higher MPV in males. Interestingly,
oral contraceptives, but not hormone replacement therapy, showed a
significant association with higher MPV in females. Sex-specific
multivariable linear regression models adjusted for age, classical
CVRFs, medication, and laboratory parameters (Table 2) described
11.9% of MPV variation in both males and females. WBC count and
fibrinogen were positively associated with MPV, whereas platelet
count and CRP were negatively associated. In male participants,
hypertension, smoking, and glucose levels were positively associ-
ated with MPV (Table 2), whereas in females, a positive association
with MPV was observed for menstruation (3, 0.123;95% CI, 0.0231
to 0.224; P = .016) and oral contraceptives (3, 0.150; 95% CI,
0.0065 to 0.236; P = .00056).

Age- and sex-specific distribution of MPV

Of the 15 010 participants enrolled at baseline in the GHS cohort, MPV
was available for 99.7% (n = 14 968). The age range of the study
sample at the time of MPV measurement was 35 to 74 years with a
mean of 55 years, and 49.4% were female. Linear regression analysis
presented a higher MPV in females compared with males with an
estimated 3 of 0.357 (95% CI, 0.212 to 0.502; P < .0001; Figure 2);
however, there was a significant interaction effect between sex and
age. The graphic in Figure 2 displays an increase in MPV in males
only, with higher MPV in females until the age of approximately
65 years with an inversion of the relationship at older ages. Females
in the reference group had an MPV comparable to that of females in
the population sample (8.5 fL. [95% CI, 8.0 t0 9.1 fL.] vs 8.5 fL. [95%
CI, 8.0 t0 9.0 fL]; P = .2). Males from the reference group showed
significantly lower MPV compared with males in the population
sample (8.3 fL [95% CI, 7.8 to 8.8 fL] vs 8.4 fL [95% CI, 7.9 to
9.1 fL]; P < .0001).

Genetic variation and MPV

Supplemental Table 1 presents the SNPs evaluated in this study. By
using genotype linear association analysis, we tested their association
with MPV. For 19 of these SNPs, which were not on the Affymetrix
array used in this study, an SNP in linkage equilibrium on the array was
chosen with 7% > .8 between the lead SNP and tag SNP. By correlation
analysis, we identified 14 SNPs that were strongly correlated with each
other (Pearson correlation coefficient R* ~1) as shown in supplemental
Figure 4. We consequently excluded 7 of these SNPs from multivari-
able linear regression analysis.

Linear regression analysis adjusted for age revealed 7 SNPs for
females and 4 SNPs for males associated with higher MPV (Table 3).
Three of these SNPs (rs342293, rs7961894, and rs342251) were
associated with MPV in both sexes. A multivariable model that in-
cluded both genetic and nongenetic factors by using the variable
stepwise selection by Akaike information criterion explained 20.4%
of the MPV variance in females and 18.6% in males (Table 4).
Compared with the sum of all nongenetic factors, genetic factors
explained 8.6% of MPV variance in females and 6.8% in males.
WBC count and fibrinogen concentrations remained independently
positively correlated with MPV in both males and females (P < .001),
whereas platelet count persisted as being negatively correlated
(P < .001). Oral contraceptives were still associated with higher
MPYV in females with an estimated 3 of 0.271 (95% CI, 0.109
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@ Men O Women
Beta [95%Cl]
Oral contraceptives . L ~ ] 0.11 [0.03; 0.20]
HRT —_— 0.02 [-0.05; 0.09]
Antithrombotic agents —e— 0.15[0.09; 0.21]
(BO1A) V=—0— 0.10[0.02; 0.18]
Aspirin P —e— 0.12 [0.06; 0.19]
(BO1AC56) 00— 0.08 [0.00; 0.17]
Antilipemic drugs ' —e— 0.10[0.04; 0.186]
(C10A) —0—= 0.05[-0.02; 0.12]
Antihypertensives —e— 0.11 [0.07; 0.16]
(C02) == 0.02 [-0.03; 0.07]
ACE inhibitors ¢ e 0.11 [0.06; 0.16]
(C09) =0— 0.01 [-0.04; 0.07]
Diuretics : ——e——1 0.21[0.12;0.31]
(C03) V=—C0— 0.11[0.02; 0.20]
ARBs p—to—{ 0.02 [-0.07; 0.12]
(C09C) 00— 0.05 [-0.05; 0.15]
Calcium channel blockers I—;—.—| 0.04 [-0.03; 0.12]
(C08) —0— 0.08 [-0.01; 0.16]
B-blocker —o— 0.17 [0.11; 0.22]
(Co7) =0 0.05 [-0.01; 0.11]
-0.1 0 0.1 0.2 0.3 0.4

beta estimate (MPV [fL])

to 0.433; P = .001), whereas smoking correlated with higher
MPV in males (8, 0.103; 95% CI, 0.0094 to 0.196; P = .031). Of
7 SNPs initially associated with MPV in females, 6 remained

analysis.
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p-value

0.0091

0.52

<0.0001
0.0099

0.00014
0.053

0.0012
0.13

<0.0001
0.38

<0.0001
0.60

<0.0001
0.019

0.62
0.31

0.29
0.077

<0.0001
0.078

Table 2. Sex-specific B estimates of determinants for MPV in the population sample

Figure 1. Medical treatment and MPV. Estimates of
B with 95% Cls for each drug from linear regression
modeling for MPV adjusted for age. Results are dis-
played with stratification for males (black) and females
(white). *Self-reported information. ACE, angiotensin-
converting enzyme; ARB, angiotensin Il receptor blocker;
HRT, hormone replacement therapy.

independently associated with higher MPV, and of 4 SNPs in
males, 2 remained as determinants in multivariable linear regression

Females (n = 7081)

Males (n = 7386)

B 95% ClI P B 95% ClI P
Age (per 5) 0.00776 —0.00672 to 0.0222 .29 —0.00134 —0.0120 to 0.00930 .80
Menopause (%) —0.0595 —0.126 to 0.00731 .081 — —
Menstruation (%) 0.123 0.0232 to 0.224 .016 — =
HRT (%) 0.0429 —0.0224 to 0.108 .20 —_ —_
Oral contraceptives (%) 0.150 0.0649 to 0.236 .00057 — —
Hypertension (%) 0.0351 —0.0181 to 0.0883 .20 0.0530 0.00520 to 0.101 .030
Smoking (%) 0.0476 —0.00686 to 0.102 .087 0.179 0.129 to 0.230 <.0001
Dyslipidemia (%) —0.0410 —0.0925 to 0.0105 12 0.0224 —0.0185 to 0.0632 .28
Diabetes (%) 0.0591 —0.0428 to 0.161 .26 0.0358 —0.0461 to 0.118 .39
Obesity (%) 0.0273 —0.0234 to 0.0780 .29 0.0280 —0.0181 to 0.0740 .23
Family history of MI or stroke (%) —0.0161 —0.0623 to 0.0300 .49 0.0281 —0.0197 to 0.0760 .25
Beta blockers (%) 0.00560 —0.0703 to 0.0815 .89 0.0542 —0.0166 to 0.125 13
Antiplatelets (%) 0.0150 —0.132 to 0.161 .84 —0.0324 —0.140 to 0.0755 .56
Antihypertensives (%) —0.0298 —0.123 to 0.0631 .53 —0.0655 —0.160 to 0.0288 a7
Aspirin (%) 0.0512 —0.104 to 0.207 .52 0.0819 —0.0294 to 0.193 .15
Antilipemic drugs (%) 0.0130 —0.0606 to 0.0867 .73 0.00998 —0.0537 to 0.0737 .76
ACE inhibitors (%) —0.0282 —-0.108 to 0.0518 .49 0.0557 —0.0268 to 0.138 19
Diuretics (%) 0.0487 —0.0458 to 0.143 .31 0.0703 —0.0225 to 0.163 14
WBC (X 10%/L) 0.0685 0.0574 to 0.0796 <.0001 0.0394 0.0308 to 0.0479 <.0001
Platelets (x 109/L) —0.00440 —0.00469 to —0.00411 <.0001 —0.00456 —0.00489 to —0.00424 <.0001
CRP (mg/L) —0.00470 —0.00910 to —0.000295 .037 —0.00494 —0.00890 to —0.000981 .014
Fibrinogen (mg/dL) 0.000652 0.000347 to 0.000956 <.0001 0.000812 0.000511 to 0.00111 <.0001
Glucose (mg/dL) 0.00126 —0.000120 to 0.00263 .074 0.00184 0.000642 to 0.00305 .0027
Hemoglobin (g/dL) 0.00311 —0.0176 to 0.0239 77 —0.0100 —0.0293 to 0.00926 .31

Multivariable linear regression model for MPV with adjustment for all variables included in the table. Males and females: R?, 0.119. P values <.05 are shown in bold.
ACE, angiotensin-converting enzyme; HRT, hormone replacement therapy.
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N= 14968 Beta (95% CI) p-value
MPV [fL]
Sex (F) 0.357 (0.212; 0.502) < 0.0001

Age [5 years] 0.0346 (0.0255; 0.0436) < 0.0001
Sex (F) * Age [5 years] -0.0287 (-0.0416; -0.0158) < 0.0001
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the Cox regression analysis for cardiovascular diseases was the
significant association between MPV and mortality lost (supple-
mental Table 3B).

10.5 —

10.0

8.5 4

MPV [fL]

8.0

Tl

7.0

Males
6.5 |4 — — = Females
T T T T T T T T

35 40 45 50 55 60 65 70

Age [y]

Figure 2. Distribution of MPV in males and females in the population sample
(N = 14 968). Effects of sex and age on MPV by using quantile regression for the
median. The graphic shows the median values of MPV (middle lines) with 5th and
95th percentile (bottom and top lines) for males (solid lines) and females (dashed
lines).

MPV, SNP, and CVRF interaction

To evaluate effects on MPV of interaction between SNPs and CVRFs,
we performed multivariable linear regression analysis that included the
associated SNP and an interaction term with each CVRF as a separate
variable (supplemental Table 2). Interestingly, the rs649729 variation
in females was associated with an MPV increase of 0.145 fLL (P = .023),
and the presence of this SNP variation together with smoking was
associated with a further increase in MPV of 0.251 fL (P = .019). An
1s4774471 variation was associated with a significant increase in MPV
of 0.197 fL in combination with hypertension in females (P = .021).
In males, there was a significant interaction between a family history
of MI or stroke and rs10506328 and/or rs2296828 variation leading
to MPV increases of 0.194 fL. (P = .042) and 0.213 fL (P = .024),
respectively.

MPV and total mortality

A total of 365 deaths were registered during the follow-up period
up to December 2014 with a median follow-up time of 5.0 years
(interquartile range, 3.6-6.3 years). As shown in Figure 3A, the
cumulative mortality in individuals with MPV above the reference
limit (>10.1 fL) was significantly worse (P = .00035) compared
with individuals with MPV below the 95th percentile. Analysis of
cumulative mortality, stratified for sex, showed a significant
difference for males only (Figure 3B-C). Cox regression analysis
adjusted for age and sex revealed that an increase in MPV of 1 fLL was
associated with an increase of 16% in mortality (hazard ratio, 1.16;
95% CI, 1.04 to 1.29; P = .0063). In addition, adjusting for
traditional CVRFs and oral contraceptives did not significantly
change the association between higher MPV and increased
mortality (supplemental Table 3A). Only after further adjusting

Discussion

This is the first sex-stratified comprehensive analysis of several genetic
and nongenetic factors on MPV in a population-based cohort. Interest-
ingly, despite commonalities, the importance of this approach is
highlighted by substantial differences in the profiles of genetic and
nongenetic determinants for MPV between males and females.
This is the first study of an adult population-based sample that
investigates MPV and total mortality in an analysis stratified by
sex. In non-sex-specific analyses, higher MPV has already been
associated with total mortality in the general population and with
vascular mortality in a large population of hospitalized patients.'>'®
We now show that an MPV outside the reference range is associated
with a higher risk of death in males only. Cox regression analysis
demonstrated that MPV is a robust determinant of increased mortal-
ity after adjusting for age, sex, oral contraceptive use, and traditional
CVREFs. The loss of association between MPV and mortality after
adjusting for heart failure, peripheral arterial disease, and stroke,
which have been associated with an increased MPV,?’?? suggests
a causal relationship between MPV and the development of cardio-
vascular disease or vice versa, which needs to be further explored.
Second, analysis displayed another interaction between sex and age
without an effect of age on MPV in women. As also observed by others,
MPV was significantly higher in females compared with males and it
increased with age in the total sample.'*'®!**° However, the study
implies that MPV was higher in females until the age of approximately

Table 3. SNPs positively associated with MPV

SNP Alleles B 95% Cl P
Females (n = 2042)
rs342293 C/Gvs C/C 0.134 0.0441 to 0.224 .0035

G/Gvs C/C  0.295 0.182 to 0.408 <.0001

rs7961894 C/TvsC/IC 0.218 0.121 to 0.316 <.0001
T/Tvs C/C  0.968 0.559 to 1.38 <.0001
rs12485738 G/Avs G/G  0.101 0.0157 to 0.186 .020
A/Avs G/G  0.320 0.197 to 0.443 <.0001
rs649729 A/Tvs A/A 0.152 0.0692 to 0.234 .00032
T/Tvs AA  0.172 0.0244 to 0.319 .022
rs342251 G/Avs G/G  0.134 0.0454 to 0.223 .0031
A/Avs G/G  0.250 0.135 to 0.365 <.0001
rs17568628 T/Cvs T/T  0.345 0.182 to 0.509 <.0001
C/Cvs T/T  0.625 -1.16 to 2.41 .49
rs4774471 T/Avs T/T  0.0861 0.00249 to 0.170 .044

A/Avs T/T  0.278 0.146 to 0.411 <.0001

Males (n = 2131)

rs342293 C/Gvs C/C 0.0286 —-0.0593to 0.117 .52
G/Gvs C/C  0.229 0.121 to 0.338 <.0001
rs7961894 C/Tvs C/C 0.253 0.155 to 0.351 <.0001
T/Tvs C/C  0.475 0.147 to 0.802 .0045
rs10876550 AGvs AJ/A 0.121 0.0326 to 0.209 .0073
G/Gvs A/A  0.205 0.0957 to 0.314 .00024
rs342251 G/Avs G/G  0.0319 -0.0547 t0 0.118 .47

A/Avs G/G  0.243 0.133 to 0.353 <.0001

Linear regression models for females and males adjusted for age. SNPs
positively associated with MPV and shared by both males and females are shown in
bold. Seventy-two tests were performed per sex (Bonferroni corrected a, .000694).
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Table 4. Variable selected model by Akaike information criteria
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Table 4. (continued)

Variable Alleles B 95% CI P Variable Alleles B 95% CI P

Females (n = 1975) rs13042885 T/Tvs C/C -0.215 —0.352 to —0.0779 .0021
Age (per 5y) —-0.0275  -0.0476 to —0.00732  .0076 rs2950390 T/Tvs C/IC —0.103 -0.214 to 0.00861 .071
Hypertension (%) 0.0849 -0.0122 to0 0.182 .086 rs12355784 A/Avs C/IC  —0.0651 -0.146 to0 0.0153 A1
Diabetes (%) 0.206 0.0393 to 0.373 015 rs4951184 T/Avs T/T —0.0603 -0.136 to 0.0159 A2
Obesity (%) —0.0684 -0.164 to 0.0268 16 rs4951184 A/AVs TIT -0.213 -0.322t0o —0.104  <.001
WBC (x 10°L) 0.0448 0.0240 t0 0.0657  <.001 rs7342306 G/Avs G/G  0.136 0.0560 to 0.215 <.001
Platelets (x 10%/L) —0.00421 —0.00476 to —0.00366 <.001 rs7342306 A/AvVs G/IG  0.106 0.00683 to 0.206 .036
Fibrinogen (mg/dL) 0.00121  0.000692 to 0.00173  <.001 rs2296828 C/TvsC/C  0.0962 0.0257 to 0.167 .0075
Oral contraceptive (%) 0.271 0.109 to 0.433 .0010 rs4676428 G/Gvs T/T —0.139 -0.261to —0.0174  .025
Antithrombotics (%) 0.132 -0.00214 to 0.266 .054 rs2816608 C/Tvs C/C —0.125 -0.197 to —0.0541  <.001
Antihypertensive (%) -0.114 -0.219 to —0.00860  .034 rs10512628 C/Cvs T/T  0.0643 -0.0192 t0 0.148 13
rs342293 C/Gvs C/C  0.0978 0.0145 to 0.181 .021 rs4774471 T/Avs T/T  0.0700 ~0.00400 to 0.144 .064
rs342293 G/GvsC/C  0.236 0.132 to 0.340 <.001 rs4774471 AAVST/T  0.145 0.0219 to 0.267 .021
rs10506328 C/Avs C/C  0.0565 -0.0160 to 0.129 13 rs17568628 T/Cvs T/T  0.206 0.0662 to 0.346 .0039
rs12485738 A/Avs G/IG  0.169 0.0642 to 0.274 .0016 rs7961894 TTvsCIC  0.228 0.140 to 0.316 <.001
rs2138852 T/Cvs T/T —0.0651 -0.153 to 0.0224 14 __ i _ _ ]
e GoaTT o  omvioomn <o, MV e r ol r My o emnes o s v
rs10076782 G/Avs G/G  0.0553 -0.0200 to 0.131 15 0.186. P values <.05 are shown in bold.
rs11734132 G/Cvs G/G —0.0607 -0.141 to 0.0195 14
rs12969657 T/Cvs T/T —0.128 -0.216 to —0.0396  .0045
rs12969657 C/Cvs T/T —0.105 -0.210to —0.00119  .047 . . .
1513042885 C/TvsCIC —00860  —0.1621t0 —0.00048 o2 0D years, after which MPV was higher in males because of the absent
1513042885 TTusC/IC —0.150  —0.298t0 —0.00252 046  relation with age in women.
12950390 T/Tvs C/C —0.0818 ~0.193 to0 0.0296 15 Third, this study confirmed the influence of female hormonal
rs4812048 C/TvsC/C —0.0897  -0.172to —0.00777  .032  status on MPV, particularly in the presence of menstruation or intake
rs4812048 T/Tvs C/C  —0.190 -0.420 to 0.0395 10 of oral contraceptives. Female sex hormones have been suggested
rs649729 AT vs /A 0.100 0.0240 to 0.177 010 to have an effect on the regulation of platelet indices, because the
rs649729 TMvs VA 0137 0.00093910 0273 048 pgle of endogenous estrogen on proplatelet formation has been
I DURCEIC O V02 —0ED o AUIIE 098 demonstrated in animal models.>' Estrogen replacement therapy
1512355784 C/Avs CIC —0.110 ~0.19710 ~0.0218 01% " has also been associated with an increase in MPV in postmen-
rs12355784 A/Avs C/C —0.164 -0.267 to —0.0602 .0019 mp
154951184 TAVS TT —0.0667 0,145 16 0.0120 096 opau'sal women; howevergzwe could not confirm an 1nd-ependent
rs4951184 AAvs TIT  —0.232 034510 —0421 <001 relationship in our study.”” A recent study reported an increased
157342306 G/Avs G/G  0.0623 -0.0193 to 0.144 13 platelet count in menstruating women suggesting that loss of iron
17342306 AAvs G/G  0.147 0.0381 to 0.255 0081 during bleeding could stimulate platelet production.”’35 Higher
rs10512628 C/Cvs T/T  0.0685 -0.0214 to 0.158 14 MPV in menstruating women can be explained by the increased
rs17397129 AGvs A/A  0.125 0.0397 to 0.211 0041 platelet production with release of young platelets, which are known
rs17397129 G/Gvs VA 0.412 0.103 to 0.720 0089 to have larger volume and reactivity compared with mature
rs4774471 T/Avs T/T  0.0811 0.00424 to 0.158 039 platelets.>®
rsd774471 AA Vs TIT 0287 011510 0.360 <.001 Fourth, MPV was significantly and positively associated with
rs6135137 G/Avs G/G 0.0902 0.0163 10 0.164 017" CVRFs in males, in particular with smoking, hypertension, and high

Uy g, hyp! > g

rs17568628 T/Cvs T/T  0.264 0.115 to 0.412 <.001 . . . o
P R e g glucose levels. Smokmg has been previously associated Wlth in-

Males (n = 2084) creased MPV, and studies have demonstrated that duration z;r;d
Age (per 5 y) _0.0345  —-0.05291t0 —0.0160 <.001 intensity of active and/or passive smoking influences MPV.'%%7
Smoking (%) 0.103 0.00940 to 0.196 031 Furthermore, smoking cessation was associated with decreased
Obesity (%) 0.0864 0.00388100.169  .040  MPV values.*® Higher MPV in smokers could partly be induced by
WBC (X 10%/L) 0.0290 0.0165 to 0.0415 <.001 smoking-mediated inflammation, as demonstrated by the inde-
Platelets (x 10°L) —0.00468 -0.00528t0 —0.00408 <.001  pendent correlation between highly sensitive CRP and
CRP (mg/L) ~0.00743  -0.015410 0.000530 067  gmoking.’® QOur study confirmed this finding and also displays
FIRTEEE (gl 0.000881  0.000323 10 0.00144 .0020  ¢py6king as being associated with higher MPV independently of
Aspirin (%) 0.125 0.00380 to 0.247 .043 . e
Bniipemia (%) 0111 0.000248 10 0,222 051 WBC count, CRP, and fibrinogen. We also cpnﬁrmed thf: association
Diuretics (%) 0.149 0.00325 0 0,302 055 betw§en MPV and WBC count a.nd/or ﬁbr}nog.en, which supports
] GIGVsCIC 0172 REE i 6EE% 601 the llnklgig\z/leen platelets and inflammation in both males and
rs10506328 C/AvsC/IC  0.138 0.0613t00.214 <01  females. ™%
rs10506328 AAvs C/C 0171 0.0654 to 0.277 0015 Fifth, this is the first study to include all known genetic variants
rs12485738 A/Avs G/G 0116 0.0132 to 0.218 027  fromlarge GWAS:s in exploring MPV heterogeneity at the population
rs2138852 T/Cvs T/T —0.0741 -0.159 to 0.0103 085  level. Genetic variants associated with MPV explained 8.6% of the
rs2138852 C/Cvs T/T —0.180 -0.277t0 —0.0823 <001  MPV variation in females and 6.8% in males. In a multivariable linear
rs2180748 G/Tvs G/G 00960  -0175t0 -0.0178  .017  regression analysis, 6 SNPs in females and 2 SNPs in males remained
52180748 T/Tvs G/G - ~0.110 021410 —0.00852 039 4ependently positively associated with MPV. In females, we
rs:;zﬂzz 2//((;: vs 2;2 78'?225 _g';‘z 0 2'31;6 '??5 determined an increase in MPV of 0.251 fL for an interaction of
:, 13042885 o \\i e = 0: 0758 _(;_ 150 toto_ 0'_ 00 158 I :0 45 the rs649729 polymorphism (which was correlated with MPV only

in females) with smoking. Located on chromosome 2p23.1, this
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Figure 3. Total mortality and MPV. Plots of cumulative mortality depending on MPV in (A) the overall sample (N = 14 576), (B) in males (n = 7,319), and (C) in females
(n = 7,257). Individuals were stratified for the 95th percentile of MPV in the reference group as cutoff value (cutoff values for MPV: overall sample, 10.1fL; males, 9.96 fL;

females, 10.1 fL).

intronic SNP lies in the Eps15 homology (EH) —domain containing
3 (EHD3) gene which is highly expressed in brain and heart and
functionally associated with regulation of intracellular protein trans-
port, membrane trafficking, and endocytosis.*> Recently, the EHD3
polymorphisms, including rs649729, have been associated with major
depressive disorder in females only.** This mechanism may explain
the recent finding of higher MPV in patients with major depression.**
Another interaction in females was found between hypertension
and rs4774471. This SNP is associated with the TPM1 gene on
chromosome 15q22.2 that encodes tropomyosin I, which regulates
the calcium-dependent interaction of actin and myosin, a key step in
platelet formation.?® rs4774471 was associated with higher MPV in
both sexes. In males, we observed an important interaction between 2
SNPs, rs10506328 (nuclear factor erythroid 2 [NFE2] and coatomer
protein complex {1 [COPZI]) and rs2296828 (dedicator of cytoki-
nesis [DOCKS]), and family history of MI and/or stroke that was
associated with higher MPV. rs10506328 (located on chromosome
12q13.13) has been associated with the NFE2 gene which is critical
for megakaryocyte development and proplatelet formation, whereas
the COPZI gene, which encodes a subunit of coatomer protein complex
1 (COPI), is involved in intracellular traffic and autophagy.*>*® The
DOCKS gene on chromosome 9p24.3 (rs2296828) regulates interstitial
dendritic cell migration and is critical for the survival and function of
natural killer T cells.*’ Family history of MI and/or stroke is known to be
a major cardiovascular risk factor. The presence of these two SNPs
identified in our study might represent an additional factor of increased
thrombotic risk.

Finally, antithrombotics, aspirin, and diuretics in both males and
females and antilipemic and antihypertensive drugs in males were
consistent with an altered MPV when using univariate models adjusted
for age. However, the effects lost significance after analyzing them
in multivariable linear regression. In the literature, statins were
described as decreasing MPV irrespective of their cholesterol-
lowering effect.*®* Amlodipine-based therapy has been associated
with a decrease in MPV, whereas low-dose aspirin showed no effect
on MPV in healthy volunteers after 7 days of ingestion of 81 mg
aspirin.”>° However, effects of medical treatment on MPV were
beyond the scope of this study, and other study designs and/or
study samples are necessary for investigating this interesting issue
in more detail.

The variability of MPV as a result of changing preanalytics,
however, is a major limiting factor in using this parameter as a marker of
platelet reactivity in clinical practice. Time to measurement after

blood sampling, storage temperature of sample tubes, type of
anticoagulant used, and the instrument used for MPV measure-
ments have all been implicated in MPV variation and discor-
dance among studies.’’ Because platelets shrink in citrate and
swell in EDTA, several groups proposed different measuring
times ranging from within 1 hour regardless of the anticoagulant
used to 120 minutes for EDTA and 60 minutes for citrate
anticoagulant.>>3* A recent study by Shah et al>® also observed
platelet swelling in EDTA until 180 minutes after blood withdrawal.
Interestingly, Diaz et al> reported a progressive increase in MPV
with storage in EDTA measured at different time intervals up to
24 hours. To control for variation in these preanalytical factors, we
performed our analysis under standardized conditions measuring
MPV between 30 and 90 minutes after blood sampling. Other
strengths of this study are the large sample size and the highly
standardized setting that supported the comprehensive analysis of
MPV with both genetic and nongenetic determinants in a sex-specific
approach.

In conclusion, this study provides evidence for substantial hetero-
geneity in the profile of determinants for MPV between sexes. To the
best of our knowledge, this is the first large population-based study
showing evidence of interaction between genetic variations, CVRFs,
and MPV, suggesting a need for deeper insight into the interplay
between environmental factors and genetic variability for MPV as a
biomarker that indicates platelet function. Additional studies should
investigate the role of MPV in males for increased risk of thrombosis
and development of cardiovascular disease, because they are signif-
icantly determined by traditional CVRFs and associated with total
mortality.
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