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Abstract

Background—Arterial dysfunction contributes to cardiovascular disease (CVVD) progression and
clinical events. Interrelations of aortic stiffness and vasodilator function with incident C\VVD remain
incompletely studied.

Methods and Results—We used proportional hazards models to relate individual measures of
vascular function to incident CVD in 4547 participants (mean age 51+11 years, 54% women) in
two generations of Framingham Heart Study participants. During follow-up (0.02-13.83 years),
232 participants (5%) experienced new-onset CVD events. In multivariable models adjusted for
cardiovascular risk factors, both higher carotid-femoral pulse wave velocity (HR=1.32; 95% ClI:
1.07, 1.63; P=0.01) and lower hyperemic mean flow velocity (HR=0.84; 95% CI. 0.71, 0.99;
P=0.04) were associated significantly with incident CVD whereas primary pressure wave
amplitude (HR=1.12; 95% CI: 0.99, 1.27; £=0.06), baseline brachial diameter (HR=1.09; 95% ClI:
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0.90, 1.31; P=0.39), and flow-mediated vasodilation (HR=0.85; 95% CI: 0.69, 1.04; £=0.12) were
not. In mediation analyses, 8-13% of the relation between aortic stiffness and CVD events was
mediated by hyperemic mean flow velocity.

Conclusions—Our results suggest that associations between aortic stiffness and CVD events are
mediated by pathways that include microvascular damage and remodeling.

Keywords

aortic stiffness; pulse wave velocity; hyperemic flow; flow-mediated dilation; microvascular

damage

Methods

Indicators of vascular dysfunction have emerged as surrogate markers for cardiovascular
disease (CVD) progression and disease event prediction. Brachial artery flow-mediated
dilation (FMD) evaluates conduit artery endothelial function! and has been shown to predict
incident CVD, particularly in individuals who are at high risk.2 Recently, the hyperemic
response to ischemia has emerged as a key noninvasive measure of microvascular function.
Previously, we showed stronger associations between several CVD risk factors and the
hyperemic response compared to brachial artery FMD.2 Additionally, we have shown that
the hyperemic response is lower in the setting of higher aortic stiffness assessed by carotid-
femoral pulse wave velocity (CFPWV) or pulse pressure.* Microvascular dysfunction may
contribute to progression of target organ damage and hence may represent a potential
mediator of relations between aortic stiffness and CVD events.>/

Recently, hyperemic flow velocity, but not FMD, was shown to be a significant risk
predictor for incident CVD events in men.8 We have reported that aortic stiffness predicts
incident CVD.%-11 However, the interrelations of aortic stiffness, brachial hyperemic
response, and FMD with incident CVD have not been studied comprehensively in
community-based cohorts. Thus, we aimed to assess whether microvascular damage or
dysfunction, as assessed by hyperemic response, may partially mediate relations between
aortic stiffness and incident CVD. We hypothesized that vascular function measures are
predictive of first-onset CVD and that microvascular dysfunction (measured by hyperemic
flow) is an important mechanistic link between greater aortic stiffness and incident CVD.

Participants

The study sample was drawn from the Framingham Offspring and Third Generation
Cohorts, which have been described.2: 13 Vascular function was assessed in participants in
the Offspring Cohort examination seven (1998-2001, N=3333) and Third Generation
examination one (2002-2005, N=4095). Participants were excluded for the following
reasons: age<35 years (n=1071) because of low CVD risk; missing tonometry (n=1207);
prior CVD (n=206); missing vascular measures (n=354); missing laboratory and/or covariate
data (n=18); and no follow-up after examination (n=25). All protocols were approved by
Boston University Medical Center's Institutional Review Board, and all participants
provided written informed consent.
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Clinical Evaluation and Definitions

Medical history, physical examination, and electrocardiography were performed routinely at
each examination.12 Physician-acquired blood pressures represent the mean of two
auscultatory measurements obtained on seated participants at the time of the clinic
examination. The physician blood pressures were acquired using a mercury column
sphygmomanometer and a standardized protocol with excellent measurement
reproducibility. Criteria for diabetes mellitus were a fasting glucose =126 mg/dL (7.0
mmol/L) or treatment with insulin or an oral hypoglycemic agent. Smoking was defined as
self-reported regular use of cigarettes in the year preceding the examination.

Measures of Brachial Vascular Function

The methodology and reproducibility for assessing the brachial artery diameters and flow
have been reported previously.3 14 With the exception of water or decaffeinated coffee or
tea, participants were asked to not eat or drink beverages after 8PM the evening prior to
vascular examination. The brachial artery diameter was imaged with a high-resolution
ultrasound at rest and again 1 minute after onset of reactive hyperemia, which was induced
by a 5-minute forearm cuff occlusion.® Sonographers blinded to participants' status
measured arterial diameter offline using commercially available software.1> FMD was
calculated as the percent change in brachial diameter from the resting state. Alternative
methods to assess FMD are presented in the Data Supplement. Brachial artery flow velocity
was assessed using pulsed Doppler flow at rest and for 15 seconds after cuff release.
Technicians blinded to participants' status analyzed Doppler recordings using a semi-
automated signal-averaging method with correction for insonation angle.3 Resulting flow
waveforms were integrated to assess mean resting and mean hyperemic flow velocities.

Non-invasive Hemodynamics

Hemodynamic data were acquired as previously described.® Participants were studied in the
supine position after a 5-minute rest. Arterial tonometry with simultaneous
electrocardiography was obtained from brachial, radial, femoral, and carotid arteries using a
custom tonometer. Tonometric, electrocardiographic, and brachial Doppler data were
digitized during the primary acquisition and transferred to the core laboratory for analyses
that were performed blinded to clinical data.

Tonometry waveforms were signal-averaged using the electrocardiographic R-wave as a
fiducial point.? Cuff systolic and diastolic blood pressures obtained at the time of tonometry
were used to calibrate the peak and trough of the signal-averaged brachial pressure
waveform. Diastolic blood pressure and integrated brachial mean arterial pressure were used
to calibrate carotid pressure tracings.18 Calibrated carotid pressure was used as a surrogate
for central pressure.1® The primary pressure wave amplitude was defined as the pressure
difference between the foot of the upstroke and the pressure at the first peak or inflection
point of the carotid pressure waveform.1” CFPWV was calculated from tonometry
waveforms and body surface measurements, which were adjusted for parallel transmission in
the brachiocephalic artery and aortic arch with the use of the suprasternal notch as a fiducial
point.17
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Criteria for CVD events have been described previously.18: 19 Major CVD events were
defined as fatal or nonfatal myocardial infarction, unstable angina, heart failure, and
ischemic stroke. Medical records were obtained for hospitalizations and physician visits
related to CVD during follow-up and were reviewed by a committee of three physician
investigators; events were adjudicated following a written protocol. A separate panel of
neurologists adjudicated cerebrovascular events. Follow-up evaluations were performed on
data acquired through December 31, 2012.

Statistical Analyses

Baseline characteristics for the study sample were tabulated. CFPWYV was inverted in order
to limit heteroskedasticity; the inverted value was multiplied by -1000 in order to convert
units to ms/m and rectify directionality of the association with aortic stiffness. We estimated
partial correlations to assess associations among the various vascular function measures
accounting for age, sex, and cohort. To further characterize the interrelations of reactive
hyperemia and aortic stiffness, we classified participants into four groups using the median
values of hyperemic flow velocity and CFPWYV and tabulated the clinical characteristics of
each group.

We used Cox models to relate onset of major CVD to individual measures of vascular
function. We tested the proportional hazards assumption by assessing the significance of
time dependent covariates by creating interactions of each vascular measure and survival
time. Covariates were selected a priori and included components of the Framingham risk
score.20 Measures of vascular function were added individually to the base model initially
adjusting for age, sex, and cohort. For individual hemodynamic variables that showed
statistically significant association with incident CVD events, we examined effect
modification by age and sex by incorporating corresponding interaction terms in the
statistical models. Individual measures of vascular function that were related to the incidence
of CVD events in multivariable Cox models were evaluated further in an expanded model
adjusted for age, sex, cohort, total cholesterol, high-density lipoprotein cholesterol, systolic
blood pressure, smoking, diabetes mellitus, hypertension treatment, BMI, and correlation
among full siblings (relatedness). The correlation due to relatedness among full siblings was
accounted for using the robust (sandwich) variance estimator.

To further assess relations between vascular measures and CVD events, continuous predictor
variables were categorized into quartiles, and curves of cumulative probability of a first-
major CVD event were constructed. We used Cox models to relate onset of major CVD to
categorized vascular function measures. Non-CVD death was a censoring event; the Kaplan-
Meier plots were not modified for competing events.

Mediating variables are intermediate factors that may provide a link between a predictor
variable and an outcome variable. Statistically quantifying their effects on the relationships
of interest provides insight into mechanisms that potentially contribute to an observed
relation between a predictor variable and an outcome variable and examines the role of the
mediator.21-23 To investigate a possible biological mechanism underlying the association
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between vascular measures and CVD events, mediation analysis was performed. We used
the aforementioned partial correlations and Cox proportional hazards regression models to
produce conceptual mediation models based on our initial hypothesis using variables that
satisfied all of these assumptions. Formal mediation analysis was performed for selected
vascular measures (CFPWYV and primary pressure wave) with hyperemic flow velocity as
potential mediator while adjusting for age, sex, and cohort using a SAS macro for survival
outcome.23 Estimates (on the hazard ratio scale) of the total, direct, and indirect effects
along with 95% confidence intervals and proportion mediated were tabulated.24

All analyses were performed with SAS version 9.3 for Windows (SAS Institute, Cary, NC).
Two-tailed £<0.05 were considered statistically significant.

Study exclusion criteria resulted in a sample of 4547 participants (2446 [54%] women).
Baseline characteristics of the study sample are presented in Table 1. A comparison of these
characteristics between included and excluded participants is shown in Table S1. Table 2
demonstrates the interrelations of the vascular function measures. As we have previously
shown, hyperemic mean flow was associated modestly with higher FMD as expected since
hyperemic flow is the stimulus for brachial dilation during hyperemia. Additionally, higher
hyperemic flow velocity was modestly associated with lower aortic stiffness measures.
Characteristics of individuals across phenotypic groups according to hyperemic flow and
CFPWV are shown in Table S2. During follow-up (0.02-13.8 years; median 8.6 years), 232
of 4547 participants (5%) had a first-major CVD event. The most common events were
myocardial infarction (n=86), heart failure (n=61), and stroke (n=62); 17 episodes (7% of all
events) were fatal.

Cox proportional hazards models for individual measures of vascular function as predictors
of a major CVD event are presented in Table 3. After adjusting for age, sex, and cohort, each
measure of vascular function that was evaluated individually was predictive of first-major
CVD event. After further adjustment for total cholesterol, high-density lipoprotein
cholesterol, systolic blood pressure, smoking, diabetes mellitus, hypertension treatment,
cohort, BMI, and relatedness, the relation between CFPWV (HR=1.32; 95% CI: 1.07, 1.63;
P=0.01) and incident CVD events and the relation between hyperemic mean flow velocity
(HR=0.84; 95% ClI: 0.71, 0.99; P=0.04) and incident CVD events persisted. In the expanded
model, the association between incident CVD and primary pressure wave amplitude
(HR=1.12; 95% CI: 0.99, 1.27; P=0.06) had a tendency toward significance; whereas, the
associations between CVD events and both baseline brachial diameter (HR=1.09; 95% CI:
0.90, 1.31; A=0.39) and FMD (HR=0.85; 95% CI: 0.69, 1.04; £=0.12) were no longer
significant. Table S3 presents similar models further adjusted for pulse pressure.

Figure 1 depicts the cumulative probability of a first-major CVD event when participants
were grouped according to quartiles of each measure of vascular function. In a model
adjusted for age, sex, and cohort, participants in the lowest (<6.7 m/s) CFPWV group vs.
participants in the highest (=9.2 m/s) group had an adjusted HR of 4.4 (95% ClI, 1.8-10.7;
P=0.001). In a model adjusted for age, sex, and cohort, participants in the highest (=47.9 mm
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Hg) primary pressure wave amplitude group vs. participants in the lowest (<34.1 mm Hg)
group had an adjusted HR of 1.8 (95% Cl, 1.2-2.7; £=0.003). In a model adjusted for age,
sex, and cohort, participants in the highest (=71.0 cm/sec) hyperemic flow velocity group vs.
participants in the lowest (<42.8 cm/sec) group had an adjusted HR of 0.5 (95% ClI, 0.3-0.9;
P=0.01). We observed no significant differences between the quartile groups for FMD and
baseline brachial diameter.

Results of the mediation analyses are summarized in Figure 2, which depicts models
demonstrating that hyperemic mean flow velocity partially mediated the relation of aortic
stiffness (measured by CFPWYV or forward wave) with incident CVD events. Effect
estimates are reported as hazard ratios. The analyses for both CFPWV and primary pressure
wave confirmed a significant direct effect and demonstrated a significant indirect effect of
hyperemic mean flow velocity consistent with the presence of mediation. Calculation of the
proportion mediated showed that hyperemic mean flow velocity was estimated to mediate
7.5% of the effect of CFPWV on time to CVD event. When primary pressure wave was
assessed as the predictor variable (lower panel), hyperemic mean flow velocity was
estimated to mediate 12.7% of the effect of primary pressure wave on time to CVD event.

Discussion

Principal Findings

We investigated the interrelations of aortic stiffness and markers of vascular dysfunction
with incidence of first-onset CVD events in a wide age range of participants in the
community-based Framingham Heart Study. In multivariable models adjusted for standard
CVD risk factors, cohort, BMI, and relatedness, both elevated CFPWV and reduced
hyperemic mean flow velocity individually associated with incident CVD. In the expanded
risk factor model, elevated primary pressure wave amplitude was marginally associated with
incident CVD, but baseline brachial diameter and FMD were not. We used mediation
analysis to examine the putative role of microvascular function (indicated by hyperemic flow
velocity) as a mediator of the relation between aortic stiffness (indicated by CFPWV and
primary pressure wave) and incident CVD. Mediation analysis revealed that hyperemic flow
velocity partially mediated the relation between aortic stiffness and incident CVD. Our
results are consistent with the hypothesis that elevated aortic stiffness may promote damage
or remodeling in the microcirculation, which contributed to the observed relation of aortic
stiffness with time to onset of a first-major CVD event in our community-based sample.

Vascular Measures and Incident CVD

Several studies have evaluated the relations of hemodynamic load, including novel measures
of aortic stiffness, such as peripheral and central pulse pressure and aortic pulse wave
velocity, with incident CVD and disease progression.®: 25-32 More specifically, CFPWV is a
well-established marker of aortic stiffness, which has been extensively studied as a predictor
of CVD risk. In an older Framingham cohort, we showed that elevated aortic stiffness, as
assessed by CFPWV, is related to incident CVD events.? The present study is consistent with
these forgoing analyses.
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On the other hand, the relative predictive value of hyperemic flow and FMD continues to be
a point of debate. FMD is traditionally measured after ischemia induced by occlusion of the
forearm vessels. The resulting hyperemic flow, which is attributable to dilation of forearm
microvessels, reflects microvascular function and is in part mediated by nitric oxide.33 In
previous cross-sectional studies, we reported that hyperemic flow velocity correlated more
strongly with CVD risk factors than FMD.3 Recently, Yeboah and colleagues showed
significant relations between FMD and CVD events in two different large cohorts.2 34
Conversely, the recent Firefighters and Their Endothelium (FATE) study showed that
hyperemic flow velocity, but not FMD, was predictive of incident CVD events in healthy
men.8 Among patients with prevalent peripheral arterial disease, Huang er a/. reported that
both FMD and reactive hyperemia related to CVD risk, but FMD was the stronger predictor
within this population with severe atherosclerotic disease.3® Demographic differences
among the study populations, such as age and prevalent risk factor and CVD burden, likely
underlie the inconsistent results regarding the associations among FMD, hyperemic flow,
and CVD events.8

In the present study, we observed associations of reactive hyperemia but not FMD with
incident events in expanded multivariable-adjusted models. Since hyperemic flow is a
marker of microvascular function, whereas FMD is an index of endothelial function of large
vessels, these data suggest that microvascular dysfunction may be a stronger marker of
cardiovascular risk. In light of previous studies among participants of various ages, our data
further suggest differential relevance for FMD and reactive hyperemia. For example, in older
individuals and persons with prevalent CVD pathology, endothelial dysfunction of large
conduit arteries may be a more relevant predictor of CVD risk and progression; whereas,
small artery and microvascular dysfunction may be a more important pre-clinical indicator
of CVD risk among healthier and younger individuals.8 However, we did not find significant
effect modification by age of the relation of FMD (P=0.89) or reactive hyperemia (P=0.25)
with events in our cohort of relatively younger participants.

Putative Microvascular Mechanism Linking Aortic Stiffness with Incident CVD

Although crosstalk between small and large vessels has been described,36 the underlying
mechanisms linking hemodynamics of large vessels to the development and progression of
CVD remain to be completely elucidated. In the present study, elevated CFPWV and
reduced hyperemic flow were the two strongest vascular measures predictive of incident
CVD, suggesting that aortic stiffness and microvascular dysfunction may be implicated
independently or synergistically in incident CVD. Growing evidence has shown that elevated
aortic stiffness may lead to targeted organ damage and pathological events, including
incident CVD. Around midlife, the aorta begins to stiffen; aortic impedance increases
disproportionately to the muscular arteries leading to impedance matching and a reduction in
wave reflection. This reduction in proximal wave reflection, relative to the muscular and
resistance arteries, removes a protective mechanism that normally shields the peripheral
microcirculation from excessive pulsatility and thereby increases transmission of pulsatile
energy into the microcirculation.1”- 37 Higher pulsatility leads to hypertrophic remodeling
and progressive encroachment of arterial lumen, possibly as a means to protect the
microcirculation from pulsatile damage.38: 39

Circ Cardiovasc Imaging. Author manuscript; available in PMC 2017 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Cooper et al.

Limitations

Page 8

In this investigation, we performed formal mediation analysis to elucidate a possible
biological mechanism underlying the association between aortic stiffness and CVD events.
Hyperemic flow velocity modestly attenuated the relation between CFPWYV and incident
CVD events. Although aortic stiffness is independently associated with risk for CVD events,
our results suggest that elevated aortic stiffness may be associated with microvascular
remodeling and damage, which may be an important causal contributor to incident CVD.
Since early microvascular dysfunction is mostly asymptomatic, we posit that assessment
among healthier and younger individuals with a family history or perceived higher risk for
CVD may be beneficial and may provide an early marker of future risk. Although risk
reclassification analysis is beyond the scope of this investigation, studies with stratification
of individuals by both elevated aortic stiffness and reduced hyperemic flow reserve may be
warranted and may potentially lead to further insight toward prevention of incident CVD.

Our prospective study is observational with many years of follow-up. Although we were
able to infer temporal associations, our data only suggest causality regarding the partial
mediation that may underlie the observed associations among aortic stiffness, microvascular
function, and CVD events. We cannot dismiss the possibility that hyperemic flow may serve
as a proxy, and there may be residual confounding by duration or severity of unknown or
associated risk factors. Cardiovascular risk factors are key contributors to the development
of vascular dysfunction. Additionally, although we present paths by which aortic stiffness
leads to microvascular damage, Stefanadis ef a/. showed that removing the vasa vasorum
network led to deterioration of aortic elasticity in animal models, suggesting that small
vessel dysfunction may promote functional and structural remodeling of the aorta.0 41
Thus, it is possible that microvascular dysfunction promotes arterial stiffness or that stiffness
and microvascular dysfunction are mediators of traditional risk factors. Furthermore, the
measures of vascular function examined in the mediation analysis (i.e., CFPWYV, primary
pressure wave, and hyperemic flow velocity) have inherent variability, and the estimates of
the associations are modest. However, our findings have pathophysiologic implications
regarding the relevance of microvascular dysfunction to vascular health. In addition, we did
not obtain true forward wave amplitude derived from pressure and flow for both cohorts.
Therefore, we used the primary pressure wave amplitude as a pressure-only surrogate, which
could result in variable underestimation of forward wave amplitude. We recorded Doppler
information immediately after cuff release; thus, we are unable to assess the impact of the
entire hyperemic response that may have a different association with events. Participants
were permitted to consume water, decaffeinated coffee, or tea prior to the examination. The
effects of these beverages on vascular function were presumed to be minimal; however, it
remains possible that their consumption induced residual confounding or increased
heterogeneity of vascular testing. We did not account for multiple testing; thus, the reader
should consider that our investigation is more susceptible to type-1 error. Finally, because
our cohort was comprised primarily of white participants of European descent, our findings
may not be generalizable to other racial/ethnic groups.
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We have shown that measures of aortic stiffness and hyperemic flow velocity were

associated with incident CVD in an ambulatory community-based sample. In addition, we
showed that hyperemic flow velocity partially mediated the relation between aortic stiffness
and incident CVD. This novel hemodynamic mechanism was shown in a broad age range of
men and women participants. With age, the aorta becomes increasingly stiff and sends
excessive pulsatile energy into the microcirculation, leading to microvascular injury, target
organ damage, and ultimately incident CVD. Since aortic stiffening may be preventable,
further clinical research on earlier preventive measures that focus on aortic stiffness and
microvascular remodeling within younger individuals is warranted.
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Clinical Perspective

Vascular dysfunction contributes to cardiovascular disease (CVD) progression and
clinical events. We assessed several functional indicators of vascular function (hyperemic
mean flow velocity, flow-mediated vasodilation, carotid-femoral pulse wave velocity,
primary pressure wave amplitude, and baseline brachial diameter) in Framingham Heart
Study participants (N=4547). In age- and sex-adjusted models, both impaired
vasodilation and higher arterial stiffness were associated with higher CVD risk.
Multivariable models adjusted for cardiovascular risk factors showed that higher carotid-
femoral pulse wave velocity and lower hyperemic mean flow velocity remained
associated with incident CVD events. Furthermore, mediation analysis indicated that
8-13% of the relation between measures of aortic stiffness and CVD events was mediated
by hyperemic mean flow velocity. Our findings reveal a putative but novel mechanism by
which the associations between aortic stiffness and CVD events are partially mediated by
pathways that include microvascular damage and remodeling. Aortic stiffening and
vascular dysfunction are modifiable and may be preventable; therefore, earlier prevention
and measures that focus on reducing aortic stiffness and microvascular remodeling may
reduce CVD risk.
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Figure 1. Kaplan-Meier estimators of the cumulative probability of a first-major CVD event
when participants were grouped according to quartiles of vascular function measures (N=4547)

CVD events per person for quartile groups of vascular function measures (A-E). A. Carotid-
femoral pulse wave velocity: Group | (<6.7 m/s, 6/1090 [0.55%]); Group Il (6.7 to <7.7 m/s,
18/1156 [1.56%]), Group Il (7.7 to <9.2 m/s, 50/1179 [4.24%]); and Group IV (=9.2 m/s,
158/1122 [14.08%]). B. Primary pressure wave amplitude: Group I (<34.1 mm Hg, 41/1126
[3.64%]); Group 11 (34.1 to <40.4 mm Hg, 43/1142 [3.77%]); Group 11 (40.4 to <47.9 mm
Hg, 50/1146 [4.36%]); and Group IV (=247.9 mm Hg, 98/1133 [8.65%]). C. Hyperemic flow
velocity: Group | (<42.80 cm/sec, 122/1137 [10.73%]); Group Il (42.80 to <57.53 cm/sec,
59/1137 [5.19%]); Group Il (57.53 to <71.00 cm/sec, 31/1135 [2.73%]); and Group IV
(=71.00 cm/sec, 20/1138 [1.76%]). D. Baseline brachial diameter: Group I (<3.51 mm,
34/1136 [2.99%]); Group Il (3.51 to <4.08 mm, 48/1137 [4.22%]); Group |11 (4.08 to <4.82
mm, 65/1137 [5.72%]); and Group 1V (=4.82 mm, 85/1137 [7.48%]). E. Flow-mediated
vasodilation: Group | (<1.81%, 119/1136 [10.48%]); Group Il (1.81 to <4.05%, 61/1137
[5.36%]), Group 11 (4.05 to <6.77%, 37/1137 [3.25%)]); and Group IV (=6.77%,15/1137
[1.32%)]).
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A. Hyperemic
Flow
/ \
CFPWY ——t—, CVD
Event
Path Estimate 95% ClI P
Direct (A1) 1611 1.335,1.942 <0.001

Indirect (B,-C,)  1.031 1.002,1.060 003
Total (A;-B;C,) 1660 1382 1994 <0.001

B. Hyperemic
Flow
/ \
Primary A, CcVD
Pressure — > Event
Wave
Path Estimate 95%Cl P
Direct (A) 1.209 1.082,1.350 <0.001

Indirect (B,C,) 1025  1.005,1045 001
Total (A,-B,C,) 1239 1112, 1381  <0.001

Figure 2. Analysisfor the effect of aortic stiffnesson incident CVD events mediated by
hyperemic flow (N=4547)

The effect estimate (hazard ratio) and 95% confidence intervals are reported for all paths:
direct effect, A; indirect effect, B-C; and total effect, A-B-C. Models adjusted for age, sex,
and cohort. A. Mediation analysis of the effect of CFPWYV on CVD events. Proportion
mediation=7.5%. B. Mediation analysis of the effect of primary pressure wave amplitude on
CVD events. Proportion mediation=12.7%.
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Table 1

Baseline characteristics of the sample (N=4547)

Variable

Value

Clinical measures

Age,y

Women, N (%)

Height, cm

Weight, kg

Body mass index, kg/m?2

Systolic blood pressure, mm Hg
Diastolic blood pressure, mm Hg
Heart rate, bpm

Total cholesterol, mg/dL

High-density lipoprotein cholesterol, mg/dL
Triglycerides, mg/dL

Hypertension treatment, N (%)
Diabetes mellitus, N (%)

Smoker, N (%)

Generation 3 Exam 1, N (%)

Vascular measures

Baseline brachial diameter, mm
Flow-mediated vasodilation, %
Hyperemic mean flow velocity, cm/sec
Carotid-femoral pulse wave velocity, m/s

Tonometry primary pressure wave, mm Hg

51+11
2446 (54)
16910
77.9+17.1
27.0+4.9
12117
75210
63+10
19736
55+17
123+90
826 (18)
291 (6)
703 (15)
2626 (58)

4.2+0.9

4.5+3.6
58+20

8.4+2.7
42+11

All values are meanzstandard deviation except as noted.
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Table 2
Matrix of Pearson partial correlation coefficients for measures of vascular function
(N=4547)
Basdline brachial diameter ~ Flow-mediated dilation pri:—n?arn?/rgfté);ﬂe H%f’o\e'ngu"gf"“
wave

Carotid-femoral pulse wave velocity 0.15 <0.001 -0.14 <0.001 0.28 <0.001 -0.13 <0.001
Baseline brachial diameter -0.31 <0.001 0.020.11 -0.12 <0.001
Flow-mediated dilation -0.10 <0.001 0.35 <0.001
Tonometry primary pressure wave -0.12 <0.001

Top value is partial radjusted for age, sex, and cohort; bottom value is Pin each cell.
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Table 3
Individual measures of vascular function as predictors of amajor CVD event (N=4547)
Vascular measure Hazard Ratio (LCL, UCL) Minimal P Hazard Ratio (LCL, UCL) Expanded P
Model™ Model T
Baseline brachial diameter 1.24 (1.04, 1.48) 0.02 1.09 (0.90, 1.31) 0.39
Flow-mediated vasodilation 0.78 (0.64, 0.95) 0.01 0.85(0.69, 1.04) 0.12
Hyperemic mean flow velocity 0.76 (0.65, 0.89) <0.001 0.84 (0.71, 0.99) 0.04
Carotid-femoral pulse wave velocity 1.69 (1.41, 2.03) <0.001 1.32(1.07, 1.63) 0.01
Tonometry primary pressure wave 1.25(1.12, 1.39) <0.001 1.12 (0.99, 1.27) 0.06

Models add covariates to the vascular variables one at a time.

*
Minimal models adjusted for age, sex, and cohort.
#

Expanded models adjusted for age, sex, total cholesterol, high-density lipoprotein cholesterol, systolic blood pressure, smoking, diabetes mellitus,

hypertension treatment, cohort, BMI, and relatedness. LCL, UCL, lower and upper limits of the 95% confidence intervals. HRs expressed per 1 SD

higher value, 232 events (5%) with median of 8.6 years of follow-up.
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