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Central Hemodynamics in Relation to Circulating
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Background—Stiffening and calcification of the large arteries are forerunners of cardiovascular complications. MGP (Matrix Gla
protein), which requires vitamin K—dependent activation, is a potent locally acting inhibitor of arterial calcification. We hypothesized
that the central hemodynamic properties might be associated with inactive desphospho-uncarboxylated MGP (dp-ucMGP).

Methods and Results—In 835 randomly recruited Flemish individuals (mean age, 49.7 years; 45.6% women), we measured plasma
dp-ucMGP, using an ELISA-based assay. We derived central pulse pressure and carotid-femoral pulse wave velocity (PWV) from
applanation tonometry and calculated forward and backward pulse waves using an automated, pressure-based wave separation
analysis algorithm. Aortic PWV (n=657), central pulse pressure, forward pulse wave, and backward pulse wave mean+SD values
were 7.34+1.64 m/s, 45.2415.3 mm Hg, 33.2+10.2 mm Hg, and 21.8+£8.6 mm Hg, respectively. The geometric mean plasma
concentration of dp-ucMGP was 4.09 pg/L. All hemodynamic indexes increased across tertiles of dp-ucMGP distribution. In
multivariable-adjusted analyses, a doubling of dp-ucMGP was associated with higher PWV (0.15 m/s; 95% Cl, 0.01-0.28 m/s),
central pulse pressure (1.70 mm Hg; 95% Cl, 0.49-2.91 mm Hg), forward pulse wave (0.93 mm Hg; 95% Cl, 0.01-1.84 mm Hg),
and backward pulse wave (0.71 mm Hg; 95% Cl, 0.11-1.30 mm Hg). Categorization of aortic PWV by tertiles of its distribution
highlighted a decreasing trend of PWV at low dp-ucMGP (<3.35 pg/L) and an increasing trend at high dp-ucMGP (>5.31 pg/L).

Conclusions—In people representative for the general population, higher inactive dp-ucMGP was associated with greater PWV,
central pulse pressure, forward pulse wave, and backward pulse wave. These observations highlight new avenues for preserving
vascular integrity and preventing cardiovascular complications (eg, by improving a person’s vitamin K status). (/ Am Heart Assoc.
2019;8:e011960. DOI: 10.1161/JAHA.119.011960.)
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the heart and reflected waves returning from peripheral

T he stiffness of the arterial tree and wave reflection affect
branching sites to the central aorta.'® '® In a stiff compared

cardiac work, power, and chamber efﬁciency1 and

predict cardiovascular mortality and morbidity.?® Stiffening
of the central elastic arteries involves structural changes
within the media, such as fracture of the elastin fibers,
deposition of collagen,9 and arterial calcification,‘o’12 so that
with progressing disease, the rigid collagen fibers bear more
of the transmural pressure load. Furthermore, the arterial
pressure wave consists of a forward component generated by

with an elastic central arterial tree, reflected waves return
faster, reach the proximal aorta during systole, and augment
late systolic blood pressure and, therefore, the afterload on
the left ventricle.'®:

MGP (Matrix Gla protein) is an 11-kD protein synthesized
by vascular smooth muscle cells and the endothelium.'’
Activation of MGP requires 2 posttranslational modifications:
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Clinical Perspective

What Is New?

Desphospho-uncarboxylated matrix Gla protein is a marker
of poor vitamin K status.

In people representative for the general population, higher
inactive desphospho-uncarboxylated matrix Gla protein was
associated with greater aortic pulse wave velocity, central
pulse pressure, and the forward and backward wave
amplitudes.

What Are the Clinical Implications?

Aortic pulse wave velocity, central pulse pressure, and the
backward wave amplitude are associated with all-cause and
cardiovascular mortality, cardiovascular complications, and
remodeling of the left ventricle.

* Our current study highlights new avenues for preserving
vascular integrity and preventing cardiovascular complica-
tions (eg, by improving a person’s vitamin K status).

vitamin K—dependent y-glutamate carboxylation and serine
phosphorylation.'” Once activated, MGP is a potent locally
acting inhibitor of calcification in large arteries'” and protects
against macrovascular complications'® and stiffening of the
aorta.'” Inactive desphospho-uncarboxylated MGP (dp-
ucMGP) is a marker of poor vitamin K status.?® In our current
study, we tested the hypothesis that the central hemody-
namic load, to which the left ventricle is exposed, as reflected
by the central pulse pressure, aortic pulse wave velocity, the
forward and backward pulse waves, and their ratio, might be
associated with inactive dp-ucMGP. We tested our hypothesis
in the FLEMENGHO (Flemish Study on Environment, Genes,
and Health Outcomes). '®

Methods

Study Population

The FLEMENGHO complies with the Declaration of Helsinki for
research in humans.?' The Ethics Committee of the University
Hospitals Leuven (Leuven, Belgium) approved the protocol. The
data, analytic methods, and study materials will not be made
available to other researchers for purposes of reproducing the
results or replicating the procedure, because informed consent
did not cover this option. The FLEMENGHO is a longitudinal
family-based population study, which enrolled 3343 individuals
from 1985 until 2004."® The initial participation rate was 78.0%.
Participants were repeatedly followed up. Surviving partici-
pants, who still lived in the catchment area of the study (North
Limburg, Belgium) and who were not hospitalized or institu-
tionalized, were eligible for a follow-up examination that

included a tonometric assessment of their central hemody-
namics. From May 2005 until March 2015, we mailed an
invitation letter to 2189 participants, of whom 1447 (66.1%)
renewed informed written consent and 1395 (63.7%) under-
went applanation tonometry. Of those, we excluded partic-
ipants from analysis if we failed to record a high-quality radial
waveform (n=287), if the quality of the wave separation analysis
was substandard (n=72), or if plasma dp-ucMGP had not been
measured (n=193). This left 843 participants with an assess-
ment of their central hemodynamics of sufficient quality and
plasma dp-ucMGP available for analysis. We further excluded 8
participants from analysis, because dp-ucMGP was 3 SDs lower
(n=3) or mean arterial pressure was 3 SDs higher (n=4) than the
population mean or because they were receiving treatment with
warfarin (n=1), leaving 835 participants for statistical analysis.

Clinical and Hemodynamic Measurements

Participants were asked to refrain from heavy exercise,
smoking, drinking alcohol, or caffeine-containing beverages
for at least 3 hours before being examined. Study nurses
administered validated questionnaires, inquiring into each
participant’s medical history, smoking and drinking habits,
intake of medications, and lifestyle. Body mass index was
body weight (in kilograms) divided by height (in meters
squared). The umbilicus and greater trochanter were the
landmarks for measuring waist and hip circumference,
respectively. After the participants had rested for at least
5 minutes in the supine position, nurses measured blood
pressures twice to the nearest 2 mm Hg on the right arm,
using a standard mercury sphygmomanometer (Riester
GmbH, Jungingen, Germany) fitted with the appropriate cuff
size, according to European guidelines.?? The second of the 2
measurements was analyzed and used for calibration of the
pulse wave analysis. Hypertension was a brachial blood
pressure of at least 140 mm Hg systolic or 90 mm Hg
diastolic or use of antihypertensive drugs. Pulse pressure was
systolic minus diastolic blood pressure. Mean arterial pres-
sure was diastolic pressure plus 40% of pulse pressure.?® We
computed the ankle/arm systolic blood pressure ratio, as an
index of subclinical atherosclerosis,” from Doppler measure-
ments (D104 type, BV105 B; Oxford Sonicaid Ltd, UK) at the
brachial and posterior tibial arteries.

Next, experienced observers (F.-F.W., Z.-Y.Z.) recorded,
during an 8-s period, the radial arterial waveform at the
dominant arm by applanation tonometry. They used a high-
fidelity SPC-301 micromanometer (Millar Instruments Inc,
Houston, TX) interfaced with a laptop computer running the
SphygmoCor software, version 9.0 (AtCor Medical Pty Ltd,
West Ryde, New South Wales, Australia). Recordings were
discarded when blood pressure variability of consecutive
waveforms was >5% or the amplitude of the pulse wave signal
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was <80 mV. From the radial signal, the SphygmoCor
software calculates the aortic pulse wave by means of a
validated generalized transfer function.?*?*> The software
returns the central systolic, diastolic, and pulse pressure, and
the pressure at the first and second peak (shoulder) of the
central waveform (Figure S1). The augmentation ratio and
index are quotients of the second over the first peak of the
central blood pressure wave and of the absolute difference
between the second and first peak over central pulse
pressure, both expressed as a percentage. From the central
waveform, a triangular-flow pressure-based wave separation
algorithm,?® as implemented in the SphygmoCor software,
allows computing the forward and backward pulse pressure
amplitudes (Figure S1) and the timing of their peak height
relative to the electrocardiographic QRS complex. The reflec-
tion index was the ratio of the backward/the forward pulse
pressure amplitude, expressed as a percentage.

Aortic pulse wave velocity was measured by sequential
electrocardiographically gated recordings of the arterial
pressure waveform at the carotid and femoral arteries. The
observers measured the distance from the suprasternal notch
to the carotid sampling site (distance A), and from the
suprasternal notch to the femoral sampling site (distance B).
Pulse wave travel distance was calculated as distance B minus
distance A.?” Pulse transit time was the average of 10
consecutive beats.’ Carotid-femoral pulse wave velocity is the
ratio of the travel distance (in meters)/transit time (in
seconds). Pulse wave velocity was discarded in 13% of
participants if the SEM of 10 beats was >10%. We standard-
ized the augmentation ratio and index, the aortic pulse wave
velocity, the forward and backward wave amplitudes, and
peak times to a heart rate of 65 beats per minute (approx-
imately the mean in the study population).

Biochemical Measurements

Fasting blood samples were analyzed for plasma glucose and
serum total and high-density lipoprotein (HDL) cholesterol,
using automated enzymatic methods in a single certified
laboratory. Diabetes mellitus was a fasting plasma glucose of
>7.0 mmol/L (>126 mg/dL) or use of antidiabetic agents.
dp-ucMGP was measured on citrated plasma by precommer-
cial ELISA kits at VitaK (Maastricht University, the Nether-
lands).?® This dual-antibody MGP assay performed
satisfactorily with respect to intra-assay (5.6%) and interassay
(9.9%) variation and the detection limit (0.22 pg/L).?8

Statistical Analysis

For database management and statistical analysis, we used
SAS software, version 9.4 (SAS Institute Inc, Cary, NC). We
compared means and proportions by the large-sample z-test

or ANOVA and by the y? statistic, respectively. We normalized
the distributions of dp-ucMGP by a logarithmic transforma-
tion. The central tendency (spread) was represented by the
arithmetic mean (SD) for normally distributed variables and by
the geometric mean (interquartile range) for dp-ucMGP.?°
Statistical significance was a 2-sided significance of 0.05.

In exploratory analyses, we determined differences in
central hemodynamic measurements across tertiles of the
dp-ucMGP distributions. In multivariable-adjusted analyses, we
expressed association sizes between the hemodynamic mea-
surements and dp-ucMGP for a doubling of the biomarker. We
identified potential covariables by stepwise regression, with the
Pvalue for covariables to enter and stay in the model setat 0.15.
The covariables considered were sex, age, body mass index,
waist/hip ratio, heart rate, serum total and HDL cholesterol,
plasma glucose, current smoking and drinking, antihyperten-
sive drug treatment, and additionally mean arterial pressure for
the time-dependent central hemodynamic measurements,
including the augmentation ratio and index, pulse wave velocity,
the forward and backward amplitudes, and the reflection
magnitude. We tested for heteroscedasticity and independence
of error terms in the linear regression models, using the White
test and the Durbin-Watson statistic, respectively.

Results

Characteristics of Participants

All 835 participants were white Europeans, of whom 381
(45.6%) were women. In all participants, mean+SD values
were 49.74+15.2 years for age, 26.2+4.1 kg/m? for body
mass index, and 128.6+16.2/78.6+9.3 mm Hg for systolic/
diastolic blood pressures. Among 381 women, the prevalence
of smoking and drinking was 51 (13.4%) and 92 (24.2%),
respectively; among 454 men, these numbers were 81
(17.8%) and 261 (57.5%), respectively. Of 341 participants
with hypertension, 174 were receiving antihypertensive drug
treatment (20.8% of all participants) with diuretics (n=55
[31.6%]), B blockers (n=94 [54.0%]), inhibitors of the renin-
angiotensin system (angiotensin-converting enzyme inhibitors
or angiotensin Il type-1 receptor blockers; (n=65 [37.4%]), or
vasodilators (calcium-channel blockers or o-blockers; n=41
[23.6%]), prescribed in varying combinations in 65 patients
(37.4%). Only 11 participants (1.3%) had diabetes mellitus.
In all 835 participants, the central systolic, diastolic, and
pulse pressures and the augmentation pressure averaged
124.8+17.6, 79.6+9.4, 45.2+15.3, and 11.0£8.9 mm Hg,
respectively. Mean values for the augmentation ratio and the
augmentation index, standardized to a heart rate of 65 beats
per minute, were 109.4+£7.1% and 23.84+11.6%. The stan-
dardized aortic pulse wave velocity, available in 657 partic-
ipants, averaged 7.34+1.64 m/s. Mean values for the
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forward and backward wave amplitudes and the forward and
backward pulse peak times, derived from the wave separation
analysis and standardized to a heart rate of 65 beats per
minute, were 33.24+10.2 mm Hg, 21.7+8.4 mm Hg,
107.24+13.0 ms, and 231.44-20.5 ms, respectively. The mean
value of the reflection index was 66.34+18.2%. The geometric
mean of dp-ucMGP was 4.09 pg/L (interquartile range, 2.95—
5.99 ug/L).

Categorical Analyses

Across increasing categories of dp-ucMGP (Table 1), age,
body mass index, blood pressure, serum total cholesterol, and
the prevalence of hypertension increased (P<0.004), whereas

HDL cholesterol and the prevalence of smoking decreased
(P<0.007). Table 2 lists the central hemodynamics by tertiles
of the dp-ucMGP distribution. There were no differences
across dp-ucMGP categories in the forward and backward
pulse peak times (P>0.31). However, with higher dp-ucMGP,
all other hemodynamic outcome variables increased
(P<0.009). Categorization of aortic pulse wave velocity by
tertiles of its distribution highlighted a decreasing trend of
aortic pulse wave velocity at low dp-ucMGP, an increasing
trend at high dp-ucMGP, and absence of a trend at medium
dp-ucMGP (Figure 1).

The findings for the time-dependent central hemodynamic
measurements were consistent, irrespective of the standard-
ization for heart rate (Table S1, Figure 2, and Figure S2).

Table 1. Characteristics of Participants by Tertiles of the dp-ucMGP Distribution

Characteristics Category of dp-ucMGP P Value
Limits, ng/L <3.35 3.35-5.31 >5.31
Participants, n (%) 279 (33.4) 278 (33.3) 278 (33.3)
All patients in category, n (%)
Women 131 (47.0) 129 (46.4) 121 (43.5) 0.68
Smokers 58 (20.8) 53 (19.1) 21 (7.6)f <0.001
Drinking alcohol 122 (43.7) 127 (45.7) 104 (37.4)* 0.12
Hypertension 81 (29.0) 94 (33.8) 166 (59.7) <0.001
Antihypertensive treatment 30 (10.8) 52 (18.7) 92 (33.1)f <0.001
Diuretics 932 13 (4.7) 33 (11.9) <0.001
{3 Blockers 20 (7.2) 30 (10.8) 44 (15.8) 0.005
ACEls or ARBs 12 (4.3) 15 (5.4) 38 (13.7)° <0.001
CCBs or a-blockers 7 (2.5) 10 (3.6) 24 (8.6) 0.002
Diabetes mellitus 2 (0.72) 2 (0.72) 7 (2.5) 0.099
History of cardiovascular disease 8 (2.9 11 (4.0 20 (7.2) 0.042
Factor, mean+-SD
Age, y 43.44+13.7 48.2+14.77 57.6+13.6" <0.001
Body mass index, kg/m? 247435 25.8+3.9 28.1+4.3" <0.001
Brachial SBP, mm Hg 123.8+14.2 127.74+16.2° 134.3+16.6" <0.001
Brachial DBP, mm Hg 76.8+9.6 78.2+8.8 80.9+9.2° <0.001
Ankle/arm SBP ratio 1.15+0.10 1.14+0.11 1.15+0.12 0.30
Serum total cholesterol, mmol/L 4.93+0.90 5.014+0.86 5.184-0.99* 0.004
Serum HDL cholesterol, mmol/L 1.46+0.36 1.4440.37 1.37+0.32¢ 0.007
Plasma glucose, mmol/L 4.79+0.68 4.86+0.81 4.95+0.77 0.051
Factor, geometric mean (IQR)
dp-ucMGP, pg/L 2.22 (1.89-2.95) 4.22 (3.79-4.77) 7.17 (5.99-8.08)" <0.001

Brachial blood pressure was the second of 2 measurements in the supine position. Hypertension was a brachial blood pressure of >140 mm Hg systolic or >90 mm Hg diastolic or use of
antihypertensive drugs. Diabetes mellitus was fasting plasma glucose of >126 mg/dL (=7.0 mmol/L) or use of antidiabetic agents. To convert dp-ucMGP from pg/L into pmol/L, multiply
by 94.299. P values denote the significance of the difference in prevalence (x? test) or means (ANOVA) across tertiles of the dp-ucMGP distribution. ACEI indicates angiotensin-converting
enzyme inhibitor; ARB, angiotensin-receptor blocker; CCB, calcium-channel blocker; DBP, diastolic blood pressure; dp-ucMGP, desphospho-uncarboxylated matrix Gla protein; HDL, high-

density lipoprotein; IQR, interquartile range; SBP, systolic blood pressure.
Significance of the difference with the adjacent lower tertile: *P<0.05, TP<0.01.
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Table 2. Central Hemodynamic Characteristics by Tertiles of the dp-ucMGP Distribution

Characteristics Category of dp-ucMGP P Value
Limits, ng/L <3.35 3.35-5.31 >5.31

Systolic pressure, mm Hg 119.8+14.8 123.1+£16.7* 131.7+19.0° <0.001
Diastolic pressure, mm Hg 78.0+9.6 79.0+8.9 81.94+9.4" <0.001
Mean arterial pressure, mm Hg 94.7+10.5 96.6+10.4* 101.8+£10.97 <0.001
Central pulse pressure, mm Hg 41.8411.7 4414144 49.84+18.0" <0.001
Augmentation pressure, mm Hg 8.3+7.7 10.5+8.6" 14.1+9.3" <0.001
Augmentation ratio, % 107.246.5 109.1+7.17 111.9+6.8" <0.001
Augmentation index, % 21.0+11.7 23.6+11.9 26.9+10.57 <0.001
Pulse wave velocity, m/s 6.84+1.26 7.224+1.64* 8.09-+1.78" <0.001
Forward pulse peak time, ms 107.3+13.6 107.1+£12.6 107.6+12.8 0.90
Backward pulse peak time, ms 231.1£23.9 231.6+£22.3 233.8+£20.5 0.31
Forward wave amplitude, mm Hg 32.2+9.4 32.7+£10.3 34.7+£10.8* 0.009
Backward wave amplitude, mm Hg 19.4+6.3 20.9+7.8* 24.74+9.9" <0.001
Reflection magnitude, % 63.0+18.0 65.7+18.3 70.2£17.6" <0.001

Values are given as mean=+SD. To convert dp-ucMGP from pg/L into pmol/L, multiply by 94.299. Pulse wave velocity was available in 657 participants. The augmentation ratio and index,
pulse wave velocity, forward and backward pulse peak times, and forward and backward wave amplitudes were standardized to a heart rate of 65 beats per minute (population mean). P
values denote the significance of the difference in means (ANOVA) across tertiles of the dp-ucMGP distribution. dp-ucMGP indicates desphospho-uncarboxylated matrix Gla protein.

Significance of the difference with the adjacent lower tertile: *P<0.05, /P<0.01.

Contrasting the hemodynamic traits in the top quintile of the
dp-ucMGP distribution with those in the other 4 quintiles
combined confirmed the results shown in Figure 2 in
unadjusted, adjusted, and fully adjusted models (Table S2).
On the basis of the results of the categorical analysis, we did
not carry forward the forward and backward pulse peak times
in the continuous analysis.

Unadjusted and Adjusted Continuous Analyses

In unadjusted analyses (Table 3 and Figure S3), all central
hemodynamic measures increased with dp-ucMGP.

On the basis of the stepwise regression analysis relating
central blood pressure (Table S3), systolic augmentation
(Table S3), aortic pulse wave velocity (Table S4), and the

1
4'6.4 : 49.2 1 PWV <6.6 m/s

= 10 FP=069 mm PWV:6.6-7.6 m/s
< 3512, 36.4 = PWV>7.6m/s
- 16
= 30.7
©
2 1.9
& 20-

14.4

0
Low Medium High
dp-ucMGP

Figure 1. Prevalence of low, medium, and high pulse wave velocity (PWV; <6.6, 6.6-7.6, and >7.6 m/s,
respectively) by tertiles of the distribution of desphospho-uncarboxylated matrix Gla protein (dp-ucMGP). P
values, derived from a y? statistic, highlight a decreasing trend of PWV at low dp-ucMGP, an increasing
trend at high dp-ucMGP, and absence of a trend at medium dp-ucMGP.
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Figure 2. Central pulse pressure (cPP; A), forward wave amplitude (Pf; B), backward wave amplitude (Pb;
C), and reflection magnitude (D) by quintiles of the distribution of inactive desphospho-uncarboxylated matrix
Gla protein (dp-ucMGP). Each plotted point represents the unstandardized and unadjusted mean in 167
individuals. Vertical bars indicate the SEM. P values are for linear trend across the quintiles by dp-ucMGP.

separated pulse waves (Table S4), the covariables accounted
for were sex, age, body mass index, waist/hip ratio, heart rate,
serum total and HDL cholesterol, plasma glucose, current
smoking and drinking, antihypertensive drug treatment, and
additionally mean arterial pressure for the time-dependent
central hemodynamic measurements. In fully adjusted models
(Table 3), a 2-fold increment in dp-ucMGP was associated with
increases (P<0.047) in central systolic and pulse pressures,
augmentation pressure, the augmentation ratio, aortic pulse
wave velocity, and the forward and backward wave amplitudes,

amounting to 1.63 mm Hg, 1.70 mm Hg, 0.79 mm Hg,
0.50%, 0.15 m/s, 0.93 mm Hg, and 0.71 mm Hg, respec-
tively. Sensitivity analyses excluding 174 patients receiving
antihypertensive drug treatment (Table S5) produced consis-
tent results. Significance of the sex—by—dp-ucMGP interaction
terms ranged from 0.19 to 0.94. In our analyses, the P values
of the White test were >0.17, indicating that the homogeneity
of variance of residual had been met. The Durbin-Watson
coefficients, between 1.5 and 2.5, confirmed the absence of
first-order autocorrelations.

DOI: 10.1161/JAHA.119.011960

Journal of the American Heart Association 6

HDOYVHASHY TVYNIDIYO



Central Hemodynamics and dp-ucMGP

Table 3. Association of Hemodynamic Traits With dp-ucMGP

Wei et al

Unadjusted Models Adjusted Models Fully Adjusted Models
Hemodynamics Estimate (95% Cl) P Value Estimate (95% Cl) P Value Estimate (95% Cl) P Value
Central systolic pressure, mm Hg 6.57 (5.19-7.98) <0.001 1.59 (0.21-2.97) 0.024 1.63 (0.27-2.98) 0.019
Central diastolic pressure, mm Hg 1.84 (1.06-2.62) <0.001 —0.08 (—0.91 t0 0.74) 0.85 —0.08 (—0.90 to 0.75) 0.86
Central pulse pressure, mm Hg 4.74 (3.51-5.97) <0.001 1.67 (0.44-2.90) 0.008 1.70 (0.49-2.91) 0.006
Augmentation pressure, mm Hg 3.42 (2.72-4.12) <0.001 0.78 (0.25-1.31) 0.004 0.79 (0.27-1.31) 0.003
Augmentation ratio, % 2.58 (2.00-3.15) | <0.001 0.49 (0.09-0.90) 0.017 0.50 (0.09-0.91) 0.016
Augmentation index, % 3.50 (2.55-4.45) <0.001 0.47 (—0.29 t0 1.22) 0.22 0.47 (—0.29 t0 1.22) 0.22
Pulse wave velocity, m/s (n=657) 0.64 (0.49-0.79) <0.001 0.15 (0.01-0.28) 0.032 0.15 (0.01-0.28) 0.031
Forward wave amplitude, mm Hg 1.46 (0.61-2.30) 0.001 0.90 (—0.02 to 1.83) 0.055 0.93 (0.01-1.84) 0.047
Backward wave amplitude, mm Hg 2.82 (2.13-3.51) | <0.001 0.69 (0.09-1.29) 0.024 0.71 (0.11-1.30) 0.020
Reflection magnitude, % 4.48 (3.00-5.96) <0.001 —0.11 (—1.33 to 1.11) 0.86 —0.11 (-1.33 to 1.11) 0.86

Association sizes (95% Cls) express the difference in the hemodynamic indexes associated with a 2-fold higher matrix Gla protein. Adjusted models accounted for sex, age, body mass
index, waist/hip circumference ratio, heart rate, serum total cholesterol and high-density lipoprotein cholesterol, plasma glucose, smoking and drinking, and use of antihypertensive drugs
by class. The augmentation ratio and index, pulse wave velocity, forward and backward wave amplitudes, and reflection magnitude were also adjusted for mean arterial pressure. Fully
adjusted models additionally accounted for the ankle /arm systolic blood pressure ratio as an index of subclinical atherosclerosis. dp-ucMGP denotes desphospho-uncarboxylated matrix

Gla protein.

Discussion

Stiffening? ® and calcification of the large arteries'®'? are
associated with cardiovascular complications. In the Danish
arm of the Monitoring of Trends and Determinants in
Cardiovascular Disease health survey,? in the FHS (Framing-
ham Heart Study),® and in an individual participant-level meta-
analysis,® aortic pulse wave velocity predicted the incidence of
a composite cardiovascular end point over and beyond
traditional cardiovascular risk factors, including brachial sys-
tolic pressure,®® and even 24-hour mean arterial pressure.? In
the MESA (Multi-Ethnic Study of Atherosclerosis), greater
backward wave amplitude and higher reflection magnitude
predicted all-cause mortality (617 deaths among 5988 partic-
ipants) independent of confounders and markers of subclinical
atherosclerosis.” In the MESA, the reflection index also
predicted heart failure (91 incident cases among 4345
participants).® The association between cardiovascular mor-
tality* or a composite cardiovascular outcome® and the
backward wave amplitude was also observed in a commu-
nity-based sample of Taiwanese individuals (64 cardiovascular
deaths among 1272 participants)* and among patients with
coronary heart disease (139 events among 725 patients).’ In
the CRIC (Chronic Renal Insufficiency Cohort) study, during
3.5 years of follow-up, 154 participants had a first hospital
admission of heart failure among 2602 participants free of
heart failure at baseline.>® Compared with the lowest tertile,
the multivariable-adjusted hazard ratio for the highest tertile
was 3.01 (95% Cl, 1.45-6.26; P=0.003).>° What our current
study adds is that aortic pulse wave velocity”® and the

backward wave amplitude,®”® which predicted adverse car-

diovascular health outcomes in longitudinal studies with a
follow-up ranging from 3.8° to 15.0* years, were greater with
higher plasma dp-ucMGP levels, a biomarker reflecting vitamin
K status. Moreover, in our current study, central systolic
pressure, central pulse pressure, the augmentation pressure,
the augmentation ratio, and the forward wave amplitude were
also greater with higher circulating dp-ucMGP. These findings
were consistent with additional adjustment for the arm/ankle
systolic pressure ratio, an index of subclinical atherosclerosis,”
and in participants not receiving antihypertensive drug treat-
ment. Associations of the central hemodynamic measure-
ments were directionally similar in women and men.

A previous FLEMENGHO publication'® demonstrated that
higher dp-ucMGP predicted total and cardiovascular mortality.
The most obvious mechanistic explanation for these previous
and our current findings is that activated MGP is a potent
locally acting inhibitor of calcification of the arterial wall, a
hypothesis that is strongly supported by the literature.'®'?
McEniery and colleagues'® investigated the association
between aortic calcification and aortic stiffness in 193
healthy individuals and 15 patients with resistant isolated
systolic hypertension. Aortic calcium content was quantified
from high-resolution, thoracolumbar computed tomography
images using a volume scoring method. In a multiple
regression model, aortic calcium was independently associ-
ated with aortic pulse wave velocity (f=0.15, P=0.03)."° Tsao
and coworkers examined the associations of arterial stiffness,
pressure pulsatility, and wave reflection, including carotid-
femoral pulse wave velocity, central pulse pressure, and
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forward wave amplitude, with thoracic and abdominal aortic
calcification and coronary artery calcification, in 1905 FHS
Third Generation and 1015 Offspring Cohort participants.'' In
multivariable-adjusted models that included systolic blood
pressure, carotid-femoral pulse wave velocity was significantly
(P<0.001) associated with arterial calcification (odds
ratios per SD for thoracic aortic calcification, 2.69 [95% Cl,
2.17-3.35]; abdominal aortic calcification, 1.47 [95%
Cl, 1.26—1.73]; and coronary artery calcification, 1.48 [95%
Cl, 1.28-1.72]). Higher central pulse pressure and forward
wave amplitude increased the risk of thoracic aortic calcifi-
cation (P<0.001) and abdominal aortic calcification
(P<0.018)."" In 867 participants from the CABL (Cardiovas-
cular Abnormalities and Brain Lesions) study, multivariable
logistic regression analysis revealed that augmentation index
was associated with an increased risk of moderate-severe
aortic valve calcification (odds ratio, 1.07; P=0.02).'?

In patients with hypertension,®’ diabetes mellitus,®* or
renal dysfunction®® and in the general population,®*3°
inactive dp-ucMGP behaves as a circulating biomarker
associated with arterial stiffness. Carotid-femoral pulse wave
velocity is considered the gold standard measurement of
arterial stiffness. In 1001 participants from a multicenter,
family-based, cross-sectional study, carotid-femoral pulse
wave velocity was significantly associated with inactive dp-
ucMGP in  multivariable-adjusted  models  (=0.186,
P<0.001).>* In 1087 subjects from the Czech post-MONICA
(Monitoring Trends and Determinants in Cardiovascular
Disease) study, carotid-femoral pulse wave velocity increased
across the quartiles of the plasma dp-ucMGP distribution
(P<0.001). After adjustment for all potential confounders,
carotid-femoral pulse wave velocity remained independently
(P=0.031) associated with plasma dp-ucMGP.%*

Also relevant to the current study is the strong well-
documented protein-protein interaction between MGP and
bone morphogenetic protein (BMP), including BMP-2 and
BMP-4, whereby bound MGP reduces BMP signaling
(Figure S$4).%¢ Malhotra and colleagues reported that inhibition
of BMP signaling leads to reduced vascular calcification and
improved survival in MGP™/~ mice.®” Immunohistochemical
studies in aging rats showed that calcified lesions in the aortic
wall contained elevated concentrations of MGP that was poorly
y-carboxylated and did not bind BMP-2.% A conserved proline
residue (Pro64) centrally located in the BMP-binding region,
with 2 Gla residues on each side, is a prerequisite for binding to
BMP.? This proline residue is conserved in MGP from all
species examined to date.?? In calcifying vascular cells, only
MGP proteins with preserved ability to bind and inhibit BMP-4
prevented osteogenic differentiation and calcification. Confocal
microscopy after immunohistochemical staining proved that
the BMP-2/MGP complex exists in vivo in rats, which is
consistent with a role for MGP as a BMP inhibitor.>®

The noninvasive quantification of arterial wave reflection
plays an increasingly important role in cardiovascular
research. Recently, an automated pressure-based wave
separation analysis algorithm was implemented in the
SphygmoCor software to overcome the limitations of pulse
waveform analysis. We did not measure aortic flow by Doppler
ultrasound but analyzed assumed rather than measured flow.
However, in 392 randomly selected participants of African
ancestry, there was a strong correlation (*=0.82) between
the backward wave amplitude derived from the triangular
algorithm, as implemented in the SphygmoCor software, or
derived from measured aortic flow.*° Along similar lines,
estimates derived from wave separation analysis compared
with the ultrasound approach were feasible in patients with
reduced ejection fraction.*’

The current study must be interpreted within the context of
its strengths and potential limitations. A strong point is that
with adjustments applied for covariables, including sex, age,
body mass index, waist/hip circumference ratio, mean arterial
pressure, heart rate, serum total cholesterol and HDL
cholesterol, plasma glucose, smoking, alcohol consumption,
and use of antihypertensive drugs, hemodynamic indexes
remained positively significantly associated with dp-ucMGP.
Among the potential limitations of our current study is its
cross-sectional design, which precludes direct causal infer-
ences. However, 3 observational studies** ** and 2 random-
ized clinical trials'®?° examined the effects of vitamin K
substitution on plasma dp-ucMGP levels, the cardiovascular
risk profile,*? or indexes of arterial stiffness.'®** The patients
enrolled in these studies included either healthy people'*?° or
patients with chronic kidney disease.**** Overall, these
studies showed a dose-dependent decrease in circulating dp-
ucMGP, with an 86% decrease already observed after 4 weeks
of substitution by 360 pg menaquinones.** First, in a
randomized, double-blind trial of 244 postmenopausal women
followed up for 3 years, arterial stiffness, as captured by
aortic pulse wave velocity (0.36 versus 0.021 m/s; P=0.040)
or stiffness index 3 (0.67 versus 0.15; P=0.018), decreased in
the intervention compared with the control group.19 Second,
we did not measure circulating levels of vitamin K, which is
rarely done in clinical practice, because of the complexity of
the assay and the lack of a high-throughput method*® and
because plasma levels only reflect dietary intake and
production by the gut microflora (vitamin K,: menaquinones)
without giving any indication of functionality (ie, the amount of
MGP undergoing carboxylation).?® Third, 560 of 1395 study
participants (40.1%) who underwent applanation tonometry
were excluded from the current analysis. However, partici-
pants analyzed and not analyzed had similar prevalences of
smoking and drinking, history of cardiovascular disease,
diastolic blood pressure, and plasma glucose (P>0.060;
Table S6) but were, on average, 3.3 years older and therefore
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had a slightly higher systolic blood pressure and serum total
cholesterol (P<0.044; Table S6). Fourth, we could not reliably
assess the dietary intake of vitamin K because validated food
frequency questionnaires and food composition tables are
unavailable for use in Flemish. Finally, our current findings in
white Flemish individuals cannot be extrapolated to other
ethnicities.

Notwithstanding potential limitations, our findings have
clinical implications. First, high levels of plasma dp-ucMGP are
a proxy for vitamin K deficiency.'*?° Levels ranging from 1.4
to 4.6 ng/L are probably optimal in terms of the risk of
mortality and macrovascular cardiovascular complications. '®
In Flemish individuals, the 4.6-ng/L threshold corresponds
with the 65th percentile of the dp-ucMGP distribution,
indicating that nearly 35% of Flemish individuals might be
vitamin K deficient, which raises the question as to whether
the current recommended dietary allowance for vitamin K
intake is sufficient to prevent cardiovascular disease. Second,
vitamin K supplementation reduced aortic pulse wave velocity
in healthy postmenopausal women.” In a double-blind,
placebo-controlled trial, healthy postmenopausal women
received either placebo (n=124) or menaquinone-7 (n=120)
for 3 years. Compared with placebo, menaquinone-7
decreased dp-ucMGP by 50%.'° Assuming reversibility, our
current findings highlight the protective role of vitamin K to
the vascular integrity. Vitamin K has a wide safety range.
Sources are leafy vegetables (phylloquinone: vitamin Kj),
fermented foods (menaquinones: vitamin K,), or dietary
supplements.*®

In conclusion, in people representative for the general
population, higher inactive dp-ucMGP was associated with
greater pulse wave velocity, central pulse pressure, and
forward and backward wave amplitudes. These central
hemodynamic measures are longitudinally'® associated with
all-cause” and cardiovascular mortality* or a composite
cardiovascular outcome®**® and concentric remodeling of
the left ventricle.' Our current findings, along with the
literature,'®'#'71? highlight new avenues for preserving
vascular integrity, maintaining left ventricular structure and
function,' and preventing cardiovascular complications'® (eg,
by improving a person’s vitamin K status).
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Table S1. Central Hemodynamic Characteristics by Tertiles of the dp-ucMGP Distribution.

Characteristics Category of dp—ucMGP P Value
Limits (ug/L) <3.35 3.35-5.31 >5.31

Augmentation ratio (%) 107.5+6.7 109.3+£7.2¢ 111.84+7.2¢ <0.001
Augmentation index (%) 21.4+11.8 23.9+12.0* 26.7+10.9t <0.001
Pulse wave velocity (m/s) 6.84+1.26 7.21+1.63* 8.09+1.78% <0.001
Forward wave amplitude (mm Hg) 32.3¥9.4 32.7£10.3 34.7+£10.8* 0.013
Backward wave amplitude (mm Hg) 19.8+6.4 21.2+7.9* 24.6+10.41 <0.001

Values are means (SD). dp-ucMGP, desphospho-uncarboxylated matrix Gla protein. To convert dp-ucMGP from pg/L
into pmol/L, multiply by 94.299. Pulse wave velocity was available in 657 participants. The augmentation ratio and
index, pulse wave velocity, and forward and backward wave amplitudes were not standardized to a heart rate of 65
beats per minute (population mean). P-values denote the significance of the difference in means (ANOVA) across
tertiles of the dp-ucMGP distribution. Significance of the difference with the adjacent lower tertile: * P<0.05; 1+ P <0.01.



Table S2. Hemodynamic Traits in the Top Quintile versus the Other Quintiles of the dp-ucMGP Distribution.

Unadjusted Models Adjusted Models Fully Adjusted Models
Hemodynamics
Estimate (95%CI) P Estimate (95%Cl) P Estimate (95%Cl) P
Central pulse pressure (mm Hg) 9.19(6.68t011.7)  <0.001 3.27 (0.86 to 5.68) 0.008 3.33(0.96 to 5.70) 0.006
Forward wave amplitude (mm Hg) 3.16 (1.43t04.88)  0.0004 1.81 (0.01 to 3.60) 0.048 1.84 (0.06 to 3.61) 0.043
Backward wave amplitude (mm Hg) 5.48 (4.07 to 6.90) <0.001 1.25 (0.09 to 2.42) 0.035 1.28 (0.12 to 2.43) 0.030
Reflection magnitude (%) 7.97 (4.92t011.0)  <0.001 ~1.92 (-4.48100.63)  0.14 ~1.93 (—4.48 t0 0.63) 0.14

Association sizes (95% confidence interval) express the difference in the hemodynamic indexes between highest quintile and the remaining quintiles. Adjusted models
accounted for sex, age, body mass index, mean arterial pressure (not for central pulse pressure), heart rate, waist-to-hip circumference ratio, serum total cholesterol and
high-density lipoprotein cholesterol, plasma glucose, smoking and drinking, and use of antihypertensive drugs by class. Fully adjusted models additionally accounted for
the ankle-to-arm systolic blood pressure ratio as index of subclinical atherosclerosis.



Table S3. Correlates of Central Blood Pressure and the Augmentation Ratio and Augmentation Index.

Central Blood Pressure (n=835) Systolic Augmentation (n=835)
Variables
SBP (mm Hg) DBP (mm Hg) PP (mm Hg) Ratio (%) Index (%)
R2 0.35 0.20 0.31 0.67 0.57
Association size
Female sex (0,1) —4.33+1.01 -3.78+0.781 5.32+0.31¢t 8.81+0.59t
Age (+15.2 years) 8.66+0.561 1.65+0.361 6.80+0.54t 4.65+0.17t 6.87+0.31t
Mean arterial pressure (+10.8 mm Hg) 1.28+0.17t 2.16+0.32t
Waist-to-hip circumference ratio (+0.08) 0.87+0.45* —0.93+0.54
Body mass index (+4.1 kg/m2) 0.92+0.36* —-0.60+0.16% —0.73+0.29*
Heart rate (+9.2 beats per minute) 1.44+0.31t —-1.85+0.451 -1.79+0.15¢% —2.72+0.29t
Serum total cholesterol (+0.92 mmol/L) 0.87+0.50 1.62+0.30t —1.03+0.48* 0.52+0.28
HDL cholesterol (+0.35 mmol/L) 0.82+0.52
Plasma glucose (+0.76 mmol/L) 0.99+0.47* —0.44+0.28
Smoking (0,1) —3.03+1.36* 1.56+0.401 3.85+0.75%
Drinking (0,1) 1.04+0.64
Use of antihypertensive drugs (0,1) 5.55+1.35t% —-1.20+0.82 6.32+1.22t1 0.81+0.40*

SBP, systolic blood pressure; DBP, diastolic blood pressure; PP, pulse pressure. Correlates of the central hemodynamic indexes were identified by stepwise
regression with P-values for covariables to enter and stay in the models set at 0.15. For continuously distributed variables, the association size (B) expresses the
difference in central hemodynamic indexes associated with a 1-SD increment in the explanatory variable. R2 is the coefficient of multiple determination and
indicates the total variance explained by the models. Significance of the association sizes: * P<0.05; + P <0.01.



Table S4. Correlates of Pulse Wave Velocity, the Forward and Backward Wave and the Reflection Magnitude.

Forward Wave (n=835) Backward Wave (n=835)

Variables P\(/:\_/é;n;)s) 2!\!8(;/;))
Peak Time (ms) Amplitude (mm Hg) Peak Time (ms) Amplitude (mm Hg)
R2 0.46 0.07 0.14 0.35 0.49 0.53
Association size
Female sex (0,1) —0.32+0.10t —6.25+0.90t —3.20+0.79t 11.0+1.4% 2.74+0.56t 12.4+0.95%
Age (+15.2 years) 0.79+0.06t 7.48+0.72% 3.75+0.28t 9.86+0.49t
Mean arterial pressure (+10.8 mm Hg) 0.34+0.06t —2.19+0.47t 2.68+0.38t 2.01+0.74% 2.95+0.261 2.95+0.52t
Waist-to-hip circumference ratio (+0.08) —1.49+0.42t —-0.61+0.33
Body mass index (+4.1 kg/m2) 0.71+0.46 —1.39+0.67* —0.63+0.26* —0.98+0.46*
Heart rate (+9.2 beats per minute) 0.09+0.05 —9.94+0.661 —2.00+0.23t —-5.40+0.46%
Serum total cholesterol (+0.92 mmol/L) —1.54+0.351 1.34+0.66* -0.56+0.23* 1.35+0.46%
HDL cholesterol (+0.35 mmol/L)
Plasma glucose (+0.76 mmol/L) 0.13+0.05t 0.85+0.34* —1.05+0.66 0.42+0.23
Smoking (0,1) —1.96+0.92* 4.89+1.21¢t
Drinking (0,1)
Use of antihypertensive drugs (0,1) 0.29+0.14* 1.77+1.13 3.37£0.871 2.25+0.60¢1

PWYV, aortic pulse wave velocity; RM, reflection magnitude. Correlates of the central hemodynamic indexes were identified by stepwise regression with P-values for covariables to
enter and stay in the models set at 0.15. For continuously distributed variables, the association size (B) expresses the difference in central hemodynamic indexes associated with a
1-SD increment in the explanatory variable. R2 is the coefficient of multiple determination and indicates the total variance explained by the models. Significance of the association
sizes: * P<0.05; + P <0.01.



Table S5. Association of Central Hemodynamic Traits and dp-ucMGP in Untreated Participants.

Unadjusted Models Adjusted Models
Hemodynamics
Estimate (95%Cl) P Estimate (95%Cl) P

Central systolic pressure (mm Hg) 5.64 (4.14 t0 7.14) <0.001 1.52 (0.02 to 3.03) 0.047
Central diastolic pressure (mm Hg) 2.17 (1.25t0 3.10) <0.001 -0.21(-1.16t0 0.74)  0.66
Central pulse pressure (mm Hg) 3.45(2.20t0 4.71) <0.001 1.75 (0.42 to 3.09) 0.010
Augmentation pressure (mm Hg) 2.72 (1.97 to 3.48) <0.001 0.56 (-0.02t0 1.13)  0.056
Augmentation ratio (%) 2.06 (1.42 to 2.69) <0.001 0.31 (-0.14 to 0.76) 0.18
Augmentation index (%) 3.03(1.90t0 4.17) <0.001 0.11 (-0.77 to 1.00) 0.80
Pulse wave velocity (m/s, n=657) 0.58 (0.42 t0 0.74) <0.001 0.16 (0.02 to 0.30) 0.032
Forward wave amplitude (mm Hg) 0.84 (-0.13 to 1.80) 0.088 1.11 (0.07 to 2.15) 0.037
Backward wave amplitude (mm Hg) 2.10 (1.40 to 2.80) <0.001 0.74 (0.10 to 1.38) 0.023
Reflection magnitude (%) 3.87 (2.12 t0 5.61) <0.001 -0.27 (-1.67t01.14) 0.71

Association sizes (95% confidence interval) express the difference in the hemodynamic indexes associated with a doubling
higher matrix Gla protein. Adjusted models accounted for sex, age, body mass index, waist-to-hip circumference ratio, heart
rate, serum total cholesterol and high-density lipoprotein cholesterol, plasma glucose, and smoking and drinking. The
augmentation ratio and index, pulse wave velocity, forward and backward wave amplitudes and reflection magnitude were also
adjusted for mean arterial pressure.



Table S6. Characteristics of Participants Analyzed and Not Analyzed.

Characteristics Analyzed Not Analyzed P

Number of participants (%) 835 560

All patients in category

Women 381 (45.6) 331 (59.1) <0.001
Smokers 132 (15.8) 109 (19.5) 0.077
Drinking alcohol 353 (42.3) 208 (37.1) 0.06
Hypertension 341 (40.8) 259 (46.2) 0.045
Antihypertensive treatment 174 (20.8) 164 (29.3) <0.001
History of cardiovascular disease 39 (4.7) 34 (6.1) 0.25

Mean (SD) of characteristic

Age (years) 49.7+15.2 53.0+16.6 0.001
Body mass index (kg/m2) 26.2+4.1 26.8+4.8 0.005
Systolic pressure (mm Hg) 128.6+16.2 130.5£19.3 0.044
Diastolic pressure (mm Hg) 78.6£9.3 78.6£10.3 0.87
Serum total cholesterol (mmol/L) 5.04+£0.92 5.261£1.01 <0.001
Plasma glucose (mmol/L) 4.87+0.76 4.89+0.65 0.61

HDL, high-density lipoprotein. Hypertension was a blood pressure of 2140 mm Hg systolic or 290 mm Hg
diastolic or use of antihypertensive drugs. The P-value denotes the significance of the difference between
participants analyzed and not analyzed.



Figure S1. Pressure-based wave separation analysis algorithm.
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A central pressure waveform is separated in its forward and backward wave component using s
triangular-shaped flow estimate. Start, peak and end of the estimated flow curve are derived from the
ejection period and the first shoulder of the central pressure curve. cPP indicates central pulse pressure;
Pb, backward wave amplitude; Pf, forward wave amplitude.



(A) 55-

@- Women 76
= Men 90
__ 501 P<0.001
[®)]
T
£
E 45
o /
o
© ;92
40- J/
TGI P<0.001
35-
13 21 34 53 84 134
(C) 30+
27-
o)
T 24-
=
E
o 214
18+ 90 P<0.001
15

1.3 21 34 53 84 134

dp-ucMGP (pg/L)

(B)

Pf (mm Hg)

C

Reflection magnitude (%)

40-

374

34

31+

284

25-

80+

74

68

62

56+

50-

P=0.44
91 90

91 176
90 /
92 /

7

/
/
Tegr
76

76 P=0.005

13 21 34 53 84 134

an P<0.001

1?3 2_I1 3.I4 5.I3 8.I4 13l.4
dp-ucMGP (pg/L)

Figure S2. Central pulse pressure (A [cPP]), forward wave amplitude (B [Pf]),

backward wave amplitude (C [Pb]) and reflection magnitude (D) by quintiles

of the sex-specific distribution of inactive desphospho-uncarboxylated matrix

Gla protein (dp-ucMGP). Vertical bars indicate standard errors. P-values are for

linear trend across the quintiles of the dp-ucMGP distribution.
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Figure S3. Unadjusted associations of central pulse pressure (A [cPP]), aortic pulse wave
velocity (B [PWV]), the forward wave amplitude (C [Pf]) and the backward wave amplitude (D
[Pb]) with inactive desphospho-uncarboxylated matrix Gla protein (dp-ucMGP). The forward
and backward pulse pressure amplitudes were derived from the central pulse wave by a triangular-
flow pressure-based wave separation algorithm. Regression lines are given with the 95%

confidence interval for prediction of the mean.



Figure S4. Contractile vascular smooth muscle cells (VSMCs) synthesize matrix Gla protein
(MGP).
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In the presence of sufficient vitamin K, MGP is carboxylated (cMGP) and thereby prevents
mineralization of VSMCs and the extracellular matrix (ECM) and inhibits transdifferentiation of
VSMCs. Under pathologic conditions (e.g., high calcium, high phosphate or increased oxidative
stress), VSMCs differentiate from a contractile to an osteochondrogenic phenotype. In the case of
vitamin K deficiency, MGP remains uncarboxylated (ucMGP). Transdifferentiated VSMCs produce
less MGP, are susceptible to apoptosis, and secrete more matrix vesicles and apoptotic bodies,
resulting in extracellular mineralization. Reprinted with adaptations from Schurgers et al* with

permission. Copyright ©2013, Elsevier Inc.
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