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Abstract—Vascular function varies with age because of physiological and pathological factors. We examined relations
of longitudinal change in vascular function with change in metabolic traits. Longitudinal changes in vascular function
and metabolic traits were examined in 5779 participants (mean age, 49.8±14.5 years; 54% women) who attended
sequential examinations of the Framingham Offspring, Third Generation, and Omni-1 and Omni-2 cohorts. Multivariable
regression analysis related changes in vascular measures (dependent variables), including carotid-femoral pulse wave
velocity (CFPWV), forward pressure wave amplitude, characteristic impedance, central pulse pressure, and mean
arterial pressure (MAP), with change in body mass index, fasting total:high-density lipoprotein cholesterol ratio, serum
triglycerides, and blood glucose. Analyses accounted for baseline value of each vascular and metabolic measure, MAP
change, and multiple comparisons. On follow-up (mean, 5.9±0.6 years), aortic stiffness (CFPWV, 0.2±1.6 m/s), and
pressure pulsatility (forward pressure wave, 1.2±12.4 mm Hg; characteristic impedance, 23±73 dyne×sec/cm5; central
pulse pressure, 2.6±14.7 mm Hg; all P<0.0001) increased, whereas MAP fell (−3±10 mm Hg; P<0.0001). Worsening of
each metabolic trait was associated with increases in CFPWV and MAP (P<0.0001 for all associations) and an increase
in MAP was associated with an increase in CFPWV. Overall, worsening metabolic traits were associated with worsening
aortic stiffness and MAP. Opposite net change in aortic stiffness and MAP suggests that factors other than distending
pressure contributed to the observed increase in aortic stiffness. Change in metabolic traits explained a greater proportion
of the change in CFPWV and MAP than baseline metabolic values.  (Hypertension. 2018;71:237-242. DOI: 10.1161/
HYPERTENSIONAHA.117.10054.) Online Data Supplement
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small vessel function (as dependent variables) with changes in
metabolic traits (as the independent variables) in a large community-based, multiethnic sample of middle-aged and older
adults. Based on previously identified cross-sectional associations between metabolic risk factors and vascular function and
between older age and worsening vascular function, we hypothesized that longitudinal worsening of metabolic traits would be
associated with worsening of large and small vessel function.

rterial stiffness measures predict the onset of hypertension and incident cardiovascular disease (CVD) events.1–5
Cross-sectional correlates of vascular stiffness include age, sex,
weight, blood pressure, height, and metabolic features like fasting glucose and lipid levels.6 Our previous work demonstrated
strong, nonlinear relations between age and aortic stiffness measures, suggesting that aortic stiffness increases over time, particularly after midlife.7 Prior work has shown that age-related
trends in average values for risk factors, such as blood pressure,
may include effects from aging itself, age-related changes in
other risk factor levels, birth cohort effects, or other factors.8–10
CVD risk factors found to be associated with aging-related phenotypes in cross-sectional analyses can differ from observed
associations in longitudinal analyses.11 Therefore, we sought
to assess the prospective associations of changes in large and

Methods
Data, analytic methods, and study materials are available to other
researchers through National Heart, Lung, and Blood Institute
BioLINCC repository at https://biolincc.nhlbi.nih.gov/studies/
framcohort/. The study sample consisted of participants in the
Framingham Offspring, Omni 1, Third Generation, and Omni 2
cohorts, which have been described in detail.12,13 Briefly, children of
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the Framingham Original cohort, and spouses of those children, were
recruited beginning in 1971 (n=5124) into the Offspring cohort. To
reflect the increased diversity of the Framingham community, the ethnic or racial minority Omni 1 cohort was recruited in 1994 (n=507).
Participants who attended sequential Offspring examinations 8 and
9 (n=2224) or Omni 1 examinations 3 and 4 (n=254) were eligible
for inclusion in the present analyses. Also included in our analysis
are members of the Framingham Third Generation cohort (n=4095),
comprised of the children of the Offspring cohort and the spouses of
those children as well as a second minority cohort (Omni 2, n=410).
Participants of the Third Generation or Omni 2 cohort who attended
sequential examinations 1 and 2 (n=3411 and n=322, respectively)
were also eligible, giving a total eligible sample of 6211 individuals. The Omni cohorts were comprised of black, Hispanic, and Asian
individuals residing in the MetroWest Boston area. Of these 6211
participants, 432 individuals were excluded for missing tonometry
data at either of the sequential examinations (Figure S1 in the onlineonly Data Supplement). The Boston University Medical Center
institutional review board approved the study protocol and written
informed consent was given by all participants.
Participants return to the Heart Study clinic approximately every 4
to 6 years for examinations that include standardized questionnaires
focused on cardiometabolic disease and risk factors, physical examinations, including anthropometrics and a standardized protocol to
measure seated blood pressure and assessment of standard CVD risk
factors. Laboratory evaluation of standard CVD risk factors was performed on venous blood samples obtained after a 12 hour overnight
fast at baseline and follow-up visits. Plasma cholesterol and triglyceride concentrations were measured by enzymatic methods, HDL-C
(high-density lipoprotein cholesterol) was measured after dextran
sulfate–magnesium precipitation of apolipoprotein B–containing
lipoproteins, and blood glucose was measured using hexokinase
reagent.

Applanation Tonometry
Participants underwent applanation tonometry in a supine position
after 5 minutes of rest as described previously in detail.6 Systolic
and diastolic blood pressures were measured on the right arm using
a semiautomated auscultatory method (Cardiovascular Engineering
Inc, Norwood, MA). Tonometry waveforms were obtained from the
right-sided carotid, brachial, radial, and femoral arteries by using a
handheld custom tonometer. A caliper was used to measure the distance from the suprasternal notch to the femoral site and a fiberglass
tape measure was used to measure from suprasternal notch to other
sites. Waveform signals were digitized (1000 Hz) and then transferred
to the core laboratory (Cardiovascular Engineering Inc, Norwood,
MA), where analyses were performed blinded to all clinical data.
The R-wave of the ECG was used as the reference point to signal
average waveforms and assess relative timing between pulse sites.
Brachial cuff systolic and diastolic pressures were used to calibrate
tonometry-derived signal-averaged brachial pressure waveforms. The
brachial artery waveform was integrated to calculate mean arterial
pressure (MAP). Assuming uniform diastolic and mean pressure in
large arteries, brachial mean and diastolic pressures were used to calibrate the carotid waveform. The carotid waveform was used as a surrogate for central arterial pressure. Carotid-femoral transit distance
was adjusted for parallel transmission by using the suprasternal notch
as a fiducial point.7 Carotid-femoral pulse wave velocity (CFPWV)
was calculated by dividing the adjusted transit distance by the pulse
transit time difference between carotid and femoral sites. Previous
work has demonstrated that raw CFPWV values exhibit heteroscedasticity and skewness. Therefore, raw CFPWV was inverted (1/
CFPWV) and then multiplied by −1000 to compute negative inverse
CFPWV. Higher values of niCFPWV, which has units of ms/m, correspond to higher aortic stiffness. Central pulse pressure (CPP) was calculated as carotid systolic blood pressure−diastolic blood pressure.
Forward pressure wave (FPW) amplitude was assessed by performing time domain wave separation analysis using central pressure and
flow.7 Characteristic impedance (Zc), which is the impedance to pulsatile flow during systole, was calculated in the time domain by dividing the pressure increase by the flow increase up to 95% of peak flow.7

Covariate Definitions
Prevalent CVD, as adjudicated by the Framingham end points review
committee, included the presence of coronary heart disease (angina,
coronary insufficiency, and myocardial infarction), cerebrovascular
disease (stroke or transient ischemic attack), heart failure, or intermittent claudication. Hypertension was defined as a study physician-measured seated averaged arm blood pressure ≥140/90 mm Hg or current
use of antihypertensive medications. Diabetes mellitus was defined as a
fasting glucose concentration ≥126 mg/dL or the use of hypoglycemic
medications. Body mass index (BMI) was treated as a continuous variable calculated as the body weight in kilograms divided by the square
of height in meters. Heart rate was measured in beats per minute.
Smoking was ascertained based on self-reported smoking of at least
1 cigarette per day within the year preceding the Heart Study examination. Treatment with lipid-lowering medications was also recorded.

Statistical Analyses
The primary exposures of interest (independent variables) were BMI,
fasting plasma glucose, total:HDL-C ratio, and triglycerides (which
were natural logarithm transformed to normalize their skewed distribution), modeled as the combination of baseline visit level and the
change from baseline to follow-up visit, and entered as a paired set
in all models. Additional covariates included age, age squared, sex,
cohort, time elapsed between baseline and follow-up visit, baseline
visit values for height (meters), heart rate, presence of hypertension,
lipid-lowering therapy, prevalent CVD, smoking and diabetes mellitus, and the initial value for the vascular measure at the baseline
examination. The primary outcome variables (dependent variables)
were changes from baseline visit to follow-up visit for CFPWV, FPW,
CPP, Zc, and MAP (separate model for each).
Generalized linear models were constructed for each of the outcome variables with primary exposures of interest and covariates
noted above. Then baseline value and change in MAP were added to
each of the models, except for the model with MAP as the outcome.
We accounted for relatedness of participants by using generalized
estimating equations.14 Then for each hemodynamic change outcome variable, forward stepwise models were constructed by using
the aforementioned base model and offering the paired baseline and
change in metabolic measures as candidates for entry into the model.
At this stage a sensitivity analysis was performed replacing glucose
with fasting serum insulin concentration. The paired metabolic variables were retained if the P value for entry of the pair was <0.05.
Sex interaction terms were examined by including the product of
sex and change in each of the metabolic variables as an additional
term in the model. Age interaction terms were examined by dichotomizing (grouping) the combined cohort into individuals at or above
the median age versus below the median age at the time of the baseline examination, and then adding a term representing the product
of age group and change in each of the metabolic variables as an
additional term in the model.
The change in model R2 with the addition of the combination of
significant baseline visit metabolic variables and the change in R2 for
the combination of change in metabolic variables was reported to assess the relative proportion of variance of vascular outcome change
attributable to each respectively. Adjustment for 48 comparisons (5
dependent vascular outcomes and baseline or change in 4 metabolic
independent variables and MAP) resulted in a threshold for statistical
significance of P<0.05/48=0.001 for a 2-sided test. SAS 9.3 (Cary,
NC) was used for all analyses.

Results
Baseline characteristics of the combined cohorts are presented
in Table 1. The sample included 5779 individuals (54% women,
2.9% black, 3.2% Hispanic, and 2.5% Asian) with a broad age
range (19 to 91 years) and a mean age of 49.8±14.5 years. On
average, CFPWV, FPW, CPP, and Zc increased and MAP fell
during a mean follow-up of 5.9±0.6 years (Table 2). During the
same time period, BMI, triglycerides, and total:HDL-C ratio
increased, whereas fasting glucose did not change (Table 2).

Zachariah et al   Metabolic Predictors of Vascular Change   239
Table 1. Sample Characteristics at Baseline and Follow-Up
(n=5779)
Characteristic

Baseline

Follow-Up

Age, y

49.8±14.5

55.7±14.3

Women, n (%)

3123 (54)

Height, cm

169.1±9.6

Weight, kg

78.2±18.0

79.7±18.5

61±10

63±10

Heart rate, bpm
Blood pressure lowering medicine, n (%)

1338 (23)

1817 (32)

Lipid-lowering medication, n (%)

1143 (20)

1727 (30)

Diabetes mellitus, n (%)

358 (6.2)

522 (9.0)

Smoker, n (%)

638 (11.0)

509 (8.8)

Prevalent cardiovascular disease, n (%)

276 (4.8)

418 (7.2)

All data are means±SD or counts and proportions as indicated.
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Results of regression modeling of vascular change outcome measures onto baseline and change in metabolic independent variable pairs are shown in Table S1. Baseline BMI
was associated with a decline in FPW, Zc, and CPP and an
increase in MAP, but was not associated with change in
CFPWV over time. An increase in BMI over time was associated with an increase in CFPWV and MAP. Baseline and
change in serum glucose concentration, total:HDL-C ratio,
and triglycerides were associated with a longitudinal increase
in CFPWV and MAP. Baseline levels of glucose and triglycerides were associated with longitudinal increase in FPW. MAP
at baseline and change in MAP were positively associated
with increases in CFPWV, FPW, Zc, and CPP. Several other
nominal associations that did not meet multiple comparison
corrected significance threshold were also present.
Results of stepwise models are presented in Table 3. The
models for CFPWV and FPW change retained associations
with paired (baseline and change) levels of BMI, glucose, and
triglycerides. The model for CPP change retained associations
with baseline BMI and triglyceride, whereas Zc change retained

baseline BMI and total:HDL-C ratio. The model for MAP
change retained paired levels of BMI and triglycerides. When
fasting glucose was replaced by fasting insulin level, baseline
and change in insulin levels were not related to change in vascular
measures at the corrected significance level (data not shown). The
proportion of variance explained by the various stepwise models including all retained metabolic variables and covariates was
modest, ranging from 0.6% to 3% across the various hemodynamic change outcomes. For CFPWV and MAP change, change
in metabolic variables accounted for a higher proportion of the
variance than did baseline visit metabolic values, whereas for
FPW, Zc, and CPP the opposite was true. Effect modification by
sex was present only for the relation between change in BMI and
change in MAP. A longitudinal increase in BMI was associated
with a larger longitudinal increase in MAP in men (0.75±0.11
mm Hg per kg/m2; P=0.0002) than in women (0.36±0.09 mm Hg
per kg/m2, P<0.0001; interaction term, P=0.0002). Effect modification by age at or above the median versus below the median
was not found for any cardiometabolic predictor model sets.

Discussion
In our multiethnic adult cohort spanning a broad age range,
measures of aortic stiffness (CFPWV) and pressure pulsatility
(FPW, Zc, and CPP) increased, whereas MAP fell between 2
examinations separated by ≈6 years. Changes in vascular measures were associated with baseline levels and change in several
metabolic traits.6 For example, changes in CFPWV and MAP
were associated with changes in BMI, glucose, total:HDL-C
ratio, and triglycerides. In contrast, changes in FPW, Zc, and
CPP were associated with baseline cardiometabolic factors but
were not related to change in these risk factors. Each of the
aortic stiffness measures was related to baseline and change
in MAP. Sex-based differences in associations were seen only
for the relation of change in BMI with change in MAP, where
the slope of the relation between BMI and MAP was steeper
in men than in women. However, despite positive associations
of MAP at baseline and change in MAP with increase in aortic
stiffness and pulsatility measures over the observation period,

Table 2. Unadjusted Exposure and Hemodynamic Outcome Variables
Mean Change

Mean Change
Per Year

P Value

28.0±5.5

0.8±2.4

0.13±0.4

<0.0001

98.8±19.8

98.8±19.5

0.1±18.0

0.003±3.138

0.95

Total:HDL-C ratio

3.7±1.2

3.3±1.1

−0.4±0.9

−0.06±0.15

<0.0001

Loge triglycerides

4.6±0.5

4.6±0.5

0.01±0.4

0.002±0.071

0.03

CFPWV, m/s

8.1±2.7

8.3±2.8

0.2±1.6

0.04±0.28

<0.0001

0.46±3.05

<0.0001

Variable

Baseline

Body mass index, kg/m2

27.2±5.3

Fasting glucose, mg/dL

niCFPWV, ms/m

Follow-Up

−133.2±32.8

−130.7±32.9

2.7±17.8

FPW, mm Hg

48.4±13.8

49.6±14.1

1.2±12.4

0.21±2.12

<0.0001

Zc, dynes×sec/cm5

197±73

220±87

23±73

3.87±12.62

<0.0001

Supine CPP, mm Hg

56.6±17.8

59.1±18.6

2.6±14.7

0.44±2.54

<0.0001

MAP, mm Hg

92.5±11.9

89.2±11.2

−3.3±10.4

−0.57±1.79

<0.0001

CFPWV indicates carotid-femoral pulse wave velocity; CPP, central pulse pressure; FPW, forward pulse wave amplitude;
HDL-C, high-density lipoprotein cholesterol; MAP, mean arterial pressure; niCFPWV, negative inverse CFPWV (−1000/CFPWV);
and Zc, characteristic impedance.
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Table 3. Forward Stepwise Regression Model Results of Metabolic Variable Combinations on Change in Hemodynamic Outcomes
Metabolic Variables
Name

Hemodynamic Outcome Variable
Timing

niCFPWV, ms/m

Baseline

−0.07±0.05 (0.10)

Change

0.31±0.09 (0.0009)*

−0.07±0.06 (0.25)

−0.48±0.39 (0.21)

−0.19±0.07 (0.008)

0.58±0.05 (<0.0001)*

Glucose, per 1 mg/dL

Baseline

0.06±0.02 (0.0004)*

0.04±0.01 (0.0002)*

0.22±0.07 (0.002)

0.04±0.01 (0.005)

…

0.01±0.009 (0.16)

0.12±0.06 (0.04)

0.004±0.01 (0.70)

…

Total:HDL-C ratio, per 1 U

Baseline

…

…

3.39±0.91 (0.0002)*

…

…

Change

…

…

2.80±1.14 (0.01)

…

…

BMI, per 1 kg/m2

Change 0.07±0.01 (<0.0001)*

FPW, mm Hg

Zc, dyne×sec/cm5

Triglycerides, per 1 loge unit Baseline 2.70±0.48 (<0.0001)* 1.42±0.33 (<0.0001)*
Change 2.75±0.57 (<0.0001)*

CPP, mm Hg

−0.15±0.03 (<0.0001)* −1.73±0.19 (<0.0001)* −0.22±0.03 (<0.0001)*

…

MAP, mm Hg
0.10±0.02 (0.0001)*

1.63±0.38 (<0.0001)* 1.45±0.28 (<0.0001)*

0.54±0.38 (0.16)

…

0.30±0.44 (0.49)

2.27±0.33 (<0.0001)*

0.3579 (<0.0001)

0.3622 (<0.0001)

0.2457 (<0.0001)

0.4019 (<0.0001)

0.2733 (<0.0001)

Baseline metabolic variables
partial R 2

0.002 (0.0008)

0.0054 (<0.0001)

0.0112 (<0.0001)

0.0063 (<0.0001)

0.0018 (0.0009)

Change metabolic variables
partial R 2

0.0104 (<0.0001)

0.0005 (<0.0001)

0.0014 (<0.0001)

0.0007 (<0.0001)

0.0284 (<0.0001)

Total model R 2

0.3703 (<0.0001)

0.3681 (<0.0001)

0.2583 (<0.0001)

0.4089 (<0.0001)

0.3035 (<0.0001)

Covariates only model R 2
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Regression estimates (change in native units per 1 native unit difference or change in independent variable), SE, and P values (in parentheses) for baseline and
change of the metabolic predictors are reported, as well as the partial R 2 and P value in parentheses for the group covariates forced in to the group of significant
metabolic variables at baseline, the group of change in metabolic variables. Because of skewed distribution, triglycerides were natural logarithm transformed. For each
hemodynamic variable, only the independent metabolic variables found significant as a group (baseline and change) on forward stepwise regression after forced entry
of covariates were included in the combined model and were retained in the model at P value <0.01. Covariates forced into each model include age, age squared, sex,
cohort, time between exams, baseline height, heart rate, hypertension therapy, lipid therapy, prevalent CVD, smoking, and prevalent diabetes mellitus. The non-MAP
models were additionally adjusted for baseline value and change in MAP. BMI indicates body mass index; CFPWV, carotid-femoral pulse wave velocity; CPP, central
pulse pressure; FPW, forward pulse wave amplitude; HDL-C, high-density lipoprotein cholesterol; MAP, mean arterial pressure; niCFPWV, negative inverse CFPWV
(−1000/CFPWV); and Zc, characteristic impedance.
*Results significant at a Bonferroni-corrected P value threshold, which for 48 possible tests is conservatively set to P<0.05/48=0.001.

aortic stiffness measures increased during the follow-up
period, whereas MAP decreased. A functional change in aortic stiffness as a result of a change in distending pressure was
unlikely to explain the concordant increases in aortic stiffness
and pulsatility measures in light of the fall in MAP. Whereas
metabolic traits were consistently associated with arterial measures, baseline and change in metabolic measures explained
a small proportion (1% to 3%) of the variance in vascular
change. Although most of the variance in vascular outcomes
remain unexplained, for FPW, Zc, and CPP baseline metabolic
variables explained more of the variance than change in metabolic traits, whereas for the key outcome CFPWV and MAP,
change in metabolic traits predominated.
Previous work has shown a consistent association between
baseline adiposity, as measured by weight, BMI, or waist circumference, and increase in CFPWV across age, sex, and
race.15–21 A study of younger adults between 20 and 40 years
of age showed weight gain was associated with an increase
in CFPWV, whereas another study of young to middle-aged
adult men found that change in BMI did not predict change in
CFPWV.16,19 In our cohort, baseline BMI was not associated
with change in CFPWV but increasing BMI was associated with
an increase in CFPWV. Pleiotropic effects of adiposity include
predisposition toward hyperglycemia, hypertriglyceridemia,
diminished HDL-C, insulin resistance, diffuse fibrosis, altered
neurohormonal axes, and volume retention.22–30 This potent
milieu may increase vessel distention, promote fibrosis in large

and small blood vessels, and alter vascular tone. However, the
longitudinal decline in FPW, Zc, and CPP in those with higher
BMI at baseline and the lack of change in pulsatility measures
with an increase in BMI over time contrasts strongly with the
increase in MAP and CFPWV in those with an increase in
BMI over time. The discordant pattern of change in stiffness
and pulsatility measures suggests that factors other than fibrosis
of the aortic wall may be involved in longitudinal remodeling
of the aorta. CFPWV, as the gold-standard measure of aortic
stiffness, is strongly dependent on aortic wall stiffness.31 Zc is
similarly dependent on aortic wall stiffness, but has in addition
a strong inverse relation with aortic diameter.1,32–34 The differing
relations of CFPWV and Zc with BMI may therefore relate to
remodeling of the diameter of the aorta with increasing BMI,
which could simultaneously increase wall stiffness (CFPWV),
because a larger aorta is under greater wall stress, and reduce
impedance to pulsatile flow (Zc), because the greater lumen
area can accommodate higher flows.
Our findings differ from previous work with respect to the
relations of changes in glycemic measures with arterial function. Although most studies have shown that baseline glucose
is not associated with change in aortic stiffness, one study demonstrated associations of glucose with vascular change only in
men and a different study only in women.15,16,18,19 No studies to
date have demonstrated an association with change in glucose
and change in aortic stiffness. Our data suggest baseline and
change in glucose was associated with change in CFPWV and
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change in MAP, although after entry into the same model with
other traits, change in glucose no longer maintained relations
with change in MAP. Associations of glycemia with change
in CFPWV and MAP may be consistent with direct effects of
glycemic regulatory mechanisms on vascular properties, direct
effects of glucose or advanced glycation end products on the
vasculature, or indirect effects of glycemia mediated by alterations in endothelial nitric oxide (NO) production.35 In those
affected by diabetes mellitus and insulin resistance, vascular
dysfunction has been associated with decreased endothelial NO
production, higher oxidative stress and increased accumulation
of advanced glycation end products and expression of receptor
of advanced glycation end products.36,37 Circulating advanced
glycation end products disrupt cell-extracellular matrix and
matrix–matrix interactions and increase collagen cross-linking,
potentially leading to an increase in vascular stiffness.38,39
Similar to glycemia, previous studies on lipid associations
to vascular function have been equivocal, with some demonstrating baseline HDL and triglyceride values were associated
with aortic stiffness, whereas others showed no association.
One study showed an association between triglycerides and
vascular function only in men.15,16,18,19 No prior studies have
demonstrated relations of lipid traits with change in vascular
function. Our observations provide some evidence of longitudinal associations between lipids and stiffness measures
although several associations were attenuated after inclusion
of additional metabolic variables in a single model. The differences in our study versus previous investigations are likely
based on the larger sample size, adult age range, including preand postmenopausal women, and mixed racial composition.
Limitations of the current analysis include the observational nature of the study. Despite the prospective nature of
the present analyses, causal inference is challenging. Whereas
Bonferroni-corrected associations are highlighted herein, several nominally significant associations were also observed,
which may be considered hypothesis generating. We lacked
statistical power to examine specific ethnic or racial subgroups. We considered various potential confounders, but
additional unmeasured confounders may account for the
observed associations. Change measures are challenging to
analyze as small measurement errors at baseline and followup produce additive error that contributes to misclassification of change. However, such misclassification would likely
bias toward the null. Strengths of our study include the large
cohort size, wide age range, variable ethnic and racial composition, adjustment for many covariates that were routinely and
robustly assessed and longitudinal study design.

Perspectives
In our multiracial, multiethnic community-based sample spanning a broad age range, aortic stiffness measures increased
over time, whereas MAP decreased. The opposite directions of
change in stiffness measures and MAP suggest that functional
stiffening because of an increase in distending pressure does not
explain the increase in aortic stiffness over time. Our analysis
of previously identified metabolic traits that exhibit cross-sectional associations with vascular function revealed associations
with change in vascular function, but the proportion of variance
explained by metabolic factors was relatively small. The results

suggest that metabolic traits may represent potential targets for
further investigation of the progression of vascular stiffening
over time, but much of the vascular change remains unexplained.
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Novelty and Significance
What Is New?

•
•
•

Aortic stiffness increased over time, whereas mean arterial pressure
decreased.
Baseline and change in metabolic traits were associated with change
in carotid-femoral pulse wave velocity, mean arterial pressure, forward
pressure wave amplitude, pulse pressure, and characteristic impedance.
Change in metabolic traits, rather than baseline values, explained a
larger proportion of variance of change in carotid-femoral pulse wave
velocity and mean arterial pressure.

What Is Relevant?

•
•

Aortic stiffness predicts incident hypertension.
Worsening metabolic traits may contribute to worsening vascular function and in turn incident hypertension.

Summary
Aortic stiffening was not attributable to an increase in arterial distending pressure. Associations of change in metabolic traits with
change in carotid-femoral pulse wave velocity and mean arterial
pressure suggest that vascular outcomes may be modifiable.
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SUPPLEMENTAL TABLE S1: Regression Model Associations Between Baseline and Change in Each Metabolic Variable Separately
with Change in Each Hemodynamic Outcome
Metabolic Variables
Name

Timing

BMI
(kg/m2)

Baseline
Change

Glucose
(mg/dL)

Baseline
Change

Total:HDL-C
ratio
(unitless)

Baseline
Change

Triglycerides
(mg/dL)

Baseline
Change

MAP
(mm Hg)

Baseline
Change

Hemodynamic outcome variable
niCFPWV

FPW

Zc
5

CPP

MAP

(ms/m)
0.000 ± 0.013
(0.98)
0.065 ± 0.012
(<0.0001)*
0.081 ± 0.018
(<0.0001)*
0.091 ± 0.014
(<0.0001)*

(mm Hg)
-0.045 ± 0.012
(0.0002)*
-0.008 ± 0.011
(0.48)
0.063 ± 0.018
(0.0003)*
0.019 ± 0.013
(0.15)

(dyne x sec/cm )
-0.110 ± 0.013
(<0.0001)*
-0.006 ± 0.012
(0.64)
0.039 ± 0.019
(0.04)
0.022 ± 0.014
(0.12)

(mm Hg)
-0.062 ± 0.012
(<0.0001)*
-0.028 ± 0.011
(0.01)
0.039 ± 0.017
(0.02)
0.0004 ± 0.013
(0.97)

(mm Hg)
0.062 ± 0.012
(<0.0001)*
0.155 ± 0.012
(<0.0001)*
0.082 ± 0.018
(<0.0001)*
0.063 ± 0.014
(<0.0001)*

0.055 ± 0.014

0.039 ± 0.014

0.031 ± 0.015

0.032 ± 0.013

0.069 ± 0.015

(0.0001)*
0.065 ± 0.013
(<0.0001)*
0.087 ± 0.014
(<0.0001)*
0.084 ± 0.013
(<0.0001)*
0.283 ± 0.016
(<0.0001)*
0.456 ± 0.013
(<0.0001)*

(0.005)
0.023 ± 0.013
(0.06)
0.050 ± 0.013
(0.0002)*
0.014 ± 0.012
(0.27)
0.293 ± 0.016
(<0.0001)*
0.402 ± 0.013
(<0.0001)*

(0.04)
0.031 ± 0.014
(0.02)
0.031± 0.014
(0.03)
0.012 ± 0.014
(0.36)
0.183 ± 0.016
(<0.0001)*
0.290 ± 0.014
(<0.0001)*

(0.02)
0.004± 0.012
(0.73)
0.040 ± 0.013
(0.002)
-0.003 ± 0.012
(0.80)
0.373 ± 0.016
(<0.0001)*
0.509 ± 0.012
(<0.0001)*

(<0.0001)*
0.079 ± 0.013
(<0.0001)*
0.099 ± 0.014
(<0.0001)*
0.134 ± 0.013
(<0.0001)*
NA
NA

Results are given as the standardized regression parameter estimate (standard deviation change in dependent outcome per
standard deviation difference at baseline or change in cardiometabolic trait independent variable) with standard error and p value
4

(in parentheses) for baseline and change pairs evaluated separately for each cardiometabolic trait. Due to skewed distribution,
triglycerides were natural logarithm transformed. Data are from multivariable adjusted linear regression models with dependent
variables defined as change in hemodynamic variable from baseline to follow-up exam. Covariates include baseline value for the
corresponding change variable, age, age squared, sex, cohort, time between exams, baseline height, heart rate, hypertension
therapy, lipid therapy, prevalent CVD, smoking, prevalent diabetes, and in the non-MAP models, additional adjustment for MAP at
baseline and change in MAP.
Abbreviations- MAP, mean arterial pressure; CFPWV, carotid femoral pulse wave velocity; FPW, forward pulse wave; Zc,
characteristic impedance; CPP, central pulse pressure; ln; natural logarithm transformed.
*Indicates results significant at a Bonferroni corrected p value threshold equal to 0.05 divided by 48 tests which is 0.001.
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SUPPLEMENTAL FIGURE S1
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