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Background-—Arterial stiffness, pressure pulsatility, and wave reflection are associated with cardiovascular disease. Left
ventricular function is coupled to proximal aortic properties, but the association of central aortic stiffness and hemodynamics with
incident clinical heart failure (HF) is not well described.

Methods and Results-—Framingham Study participants without clinical HF (n=2539, mean age 64 years, 56% women) underwent
applanation tonometry to measure carotid-femoral pulse wave velocity (CFPWV), central pulse pressure, forward wave amplitude,
and augmentation index. CFPWV was inverse-transformed to reduce heteroscedasticity and multiplied by �1 to restore effect
direction (iCFPWV). Over 10.1 (range 0.04–12.9) years, 170 HF events developed. In multivariable-adjusted analyses, iCFPWV was
associated with incident HF in a continuous, graded fashion (hazards ratio [HR] per SD unit [SDU] 1.29, 95% confidence interval [CI]
1.02–1.64, P=0.037). iCFPWV was associated with HF with reduced ejection fraction (HR=1.69/SDU, 95% CI 1.19–2.42,
P=0.0037) in age- and sex-adjusted models, which was attenuated in multivariable-adjusted models (P=0.065). Central pulse
pressure and forward wave amplitude were associated with HF in age- and sex-adjusted models (per SDU, HR=1.20, 95% CI 1.06–
1.37, P=0.006, and HR=1.15, 95% CI 1.01–1.31, P=0.036, respectively), but not in multivariable-adjusted models (both P≥0.28).
Augmentation index was not associated with HF risk (P≥0.19 in all models).

Conclusions-—In our prospective investigation of a large community-based sample of middle-aged to elderly individuals, greater
aortic stiffness (reflected by higher iCFPWV) was associated with increased risk of HF. Future studies may investigate the impact of
modifying aortic stiffness in reducing the community burden of HF. ( J Am Heart Assoc. 2015;4:e002189 doi: 10.1161/
JAHA.115.002189)
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E levated central arterial stiffness, a hallmark of aging,1,2

is associated with adverse clinical outcomes, including
coronary heart disease, stroke, and cardiovascular disease
(CVD) mortality.3–6 In animal and cross-sectional human
studies, greater arterial stiffness is closely related with both

left ventricular (LV) systolic and diastolic dysfunction.7–10 In
addition, individuals with clinical heart failure (HF) with
preserved11–13 or reduced ejection fraction14,15 (HFPEF,
HFREF, respectively) have elevated arterial stiffness. Wave
reflection is a property of normal aortic function, but when
elevated, it may increase hemodynamic load on the heart.
Wave reflection also has been shown to be associated with
incident HF.8,16 However, prior investigations used diverse
methodologies for the assessment of arterial stiffness, were
predominantly cross-sectional, and largely studied individuals
with some degree of existing systolic and/or diastolic LV
dysfunction. Comprehensive prospective studies relating
vascular stiffness to heart failure risk in samples without
prevalent CVD are sparse.16,17

The pathogenesis of aortic stiffness-related CVD may be due
in part and also potentiated by abnormal hemodynamic interac-
tions with the LV, particularly in patients with HFPEF.13 We
hypothesized that tonometric measures of aortic stiffness and
pressure pulsatility would be associated with incident HF in an
ambulatory cohort free of baselineHF.We also posited that aortic
stiffnessmeasuresweremore strongly associatedwith incidence
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of HFPEF versus HFREF. We sought to test our hypotheses in the
community-based Framingham Heart Study sample.

Methods

Study Population
The Framingham Heart Study is a longitudinal epidemiological
cohort study of adults in the community. The design and
selection criteria of the Original and Offspring Cohorts have
been described previously.18,19 Briefly, the Original Cohort was
examined every 2 years, beginning with its recruitment in
1948. The Offspring Cohort began in 1971, with serial
examinations approximately every 4 to 8 years. Participants
underwent routine medical history, physical examination,
anthropometry, and electrocardiography. The present study
included Original Cohort members attending their 26th exam-
ination cycle (2000–2001) and Offspring Cohort members
participating in the 7th examination cycle (1998–2001).
Applanation tonometry was performed in 310 of 558 and
2660 of 3539 Original and Offspring Cohort members,
respectively. We excluded participants with prevalent HF
(n=60), no follow-up (n=6), and missing CFPWV (n=365).
Tonometry did not begin with the onset of Offspring examina-
tion 7 and consequently was not completed in individuals who
had their examinations early in the cycle. The characteristics of
participants in whom tonometry was and was not completed
are shown in Table 1. Participants who had tonometry were
younger and had a slightly lower prevalence of CVD.

The study was approved by the Boston University Medical
Center institutional review board. All study participants
provided written informed consent.

Arterial Tonometry Data Acquisition and Analysis
Participants were studied in the supine position after
�5 minutes of rest. Supine brachial systolic and diastolic
blood pressures were obtained using an oscillometric device.
Arterial tonometry with simultaneous ECG was obtained from
brachial, radial, femoral, and carotid arteries using a com-
mercially available tonometer (SPT-301; Millar Instruments,
Houston, TX). Transit distances were assessed by the
subtraction method, using body surface measurements from
the suprasternal notch to each pulse recording site.4 Tonom-
etry and ECG data were digitized during the primary
acquisition (1000 Hz), transferred to CD-ROMs, shipped to
the core lab (Cardiovascular Engineering, Inc, Norwood, MA)
and analyzed by operators who were blinded to clinical data.

Details of the tonometry data analysis have been
reported.20 Tonometry waveforms were signal-averaged using
the ECG R-wave as a fiducial point. The brachial waveform was
calibrated using cuff systolic and diastolic pressure and the

integrated calibrated waveform was used to derive mean
arterial pressure. Diastolic and integrated mean brachial
pressures were then used to calibrate carotid pressure
tracings. Central pulse pressure (CPP) was derived from
calibrated carotid pressure waveforms. CFPWV was calculated
from tonometry waveforms and body surface measurements,
which were adjusted for parallel transmission in the brachio-
cephalic artery and aortic arch, using the suprasternal notch
as a fiducial point. We used the carotid pressure waveform to
measure forward wave amplitude and augmentation index
(AI). AI was calculated as the augmented pressure divided by
CPP. Forward wave amplitude was estimated from the primary
pressure wave defined as the difference between pressure at
the waveform foot and pressure at the first systolic inflection
point or peak of the carotid pressure waveform.

Clinical Follow Up
Clinical covariates were assessed at the respective examina-
tions of the Original and Offspring cohorts. Diabetes mellitus
was defined as a fasting glucose ≥126 mg/dL, nonfasting
blood glucose ≥200 mg/dL, or the use of insulin or oral
hypoglycemic medications. Prevalent CVD, including coronary
heart disease, stroke, and transient ischemic attack was
adjudicated by a 3-investigator committee based upon review
of Framingham Heart Study (FHS) physician assessment and
all pertinent medical records. A history of coronary heart
disease was defined as myocardial infarction (diagnostic ECG,
cardiac biomarkers, and clinical presentation), coronary

Table 1. Clinical Characteristics of FHS Participants by
Tonometry Acquisition

Characteristic
No Tonometry
(n=1127)

Had Tonometry
(n=2970) P Value

Age, y 69�13 64�12 <0.0001

Male sex, % 42 44 0.28

Body mass index, kg/m2 28.2�5.0 27.9�5.3 0.22

Prevalent CVD, % 20 17 0.01

Systolic blood pressure,
mm Hg

128�19 129�20 0.22

Diastolic blood pressure,
mm Hg

72�10 73�10 <0.0001

Use of antihypertensive
medications, %

40 37 0.11

Diabetes, % 12 11 0.43

Current smoking, % 12 13 0.44

Total cholesterol, mg/dL 198�36 199�37 0.63

HDL cholesterol, mg/dL 51�16 54�17 <0.0001

Continuous data presented as mean�SD. CVD indicates cardiovascular disease; FHS,
Framingham Heart Study; HDL, high-density lipoprotein.
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insufficiency (unstable angina), or stable angina. We excluded
participants with missing covariates.

Assessment of Heart Failure
HF events are adjudicated by a 3-physician committee after
extensive review of inpatient and outpatient medical records,
using established clinical criteria.21 The date of onset was
noted as the first episode of heart failure symptoms noted by
a physician or hospitalization. HFREF and HFPEF were defined
as left ventricular ejection fraction <45% and ≥45%, respec-
tively, as defined by echocardiography or radionuclide
angiography within the year of incident HF diagnosis.22 The
most common etiology of a significant change in ejection
fraction within a short time period is a myocardial infarction.
Thus, if an interim myocardial infarction between the time of
LV imaging and incident HF occurred, the ejection fraction
was considered unclassified, due to possible significant
change in ejection fraction following myocardial infarction.

Statistical Methods
We used t tests and chi-squared tests to compare continuous
and categorical clinical covariates, respectively, among indi-
viduals with and without tonometry (Table 1). Participants
from both cohorts were pooled and stratified by cohort type
in each of the analyses to assess the associations of each of
the tonometry variables with the outcome of incident HF.
CFPWV, the primary variable of interest, was inverted to
reduce heteroscedasticity, sex-standardized, and multiplied
by �1 to restore the directionality of effect (standardized
CFPWV, termed iCFPWV). CPP, forward wave amplitude, and
AI did not have heteroscedasticity and were not transformed
prior to statistical analysis. Figures 1 through 5 demonstrate
the variance of each tonometry variable with age. Continuous
relationships between CFPWV and incident HF were depicted
by a penalized cubic spline.23 Cumulative incidence curves
described associations between tertiles of CFPWV and
incident HF, adjusting for the competing risk of non-HF
death.24 We used proportional hazards regression models to
assess the associations between tonometry measures and
incident HF. The Fine-Gray method was used to account for
the competing risk of death. Models were first fitted adjusting
for age and sex, and then adjusting for additional clinical
covariates (body mass index, mean arterial pressure, total
cholesterol, HDL cholesterol, history of antihypertensive
medications, diabetes, current smoking, and prevalent
CVD). We only analyzed complete cases without missing
variables in multivariable models. We further conducted
separate, similar sensitivity analyses for the association of
CFPWV with HFPEF and HFREF, whereby participants with
unclassified LV ejection fraction were counted as non-events.

Lastly, we compared the hazards of CFPWV for HFPEF with
that of HFREF.

Results
Baseline clinical characteristics of our study sample by cohort
and heart failure status, including untransformed CFPWV, are
shown in Table 2. A total of 2539 participants (mean
age 64+12 years, 56% women) were included in the analy-
ses. Median follow-up time was 10.1 years (limits
0.04–12.9 years). Incident HF occurred in 170 participants
(Original Cohort, n=69; Offspring Cohort, n=101; n=86
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Figure 1. Plot of carotid femoral pulse wave velocity (CFPWV)
with age. The variance of untransformed CFPWV increased
markedly at older ages, whereas the variances of the other
tonometry variables with age (Figures 2 through 5) were not as
notable. Y axis is standardized measure of CFPWV.
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Figure 2. Plot of inverse-transformed carotid-femoral pulse
wave velocity (iCFPWV) with age. Y axis is standardized measure
of iCFPWV.
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women), among whom 77 (43%) developed HFPEF and 61
(34%) developed HFREF, with 32 unclassified cases (23%).

Relations of Arterial Stiffness, Pressure
Pulsatility, and Wave Reflection with Incident HF
Standardized, transformed CFPWV (iCFPWV) are presented to
describe the relations of arterial stiffness with HF. Each
standard deviation higher iCFPWV conferred a 50%
(P=0.0002) and �30% (P=0.037) increased risk of incident
HF in age- and sex-adjusted and multivariable-adjusted
analyses, respectively (Table 3). iCFPWV was associated with
risk for incident HF in a continuous manner (Figure 6). The
incidence of HF rose across iCFPWV tertiles (Figure 7). An
analysis of sex-interactions between iCFPWV and incident HF
was non-significant (P=0.90).

In the age- and sex-adjusted model, CPP and forward wave
amplitude were nominally associated with incident HF, but
there were no statistically significant associations between HF
and CPP or forward wave amplitude after adjustment for
additional covariates (Table 3). In stepwise multivariable
analysis, total cholesterol level (P=0.0001) and diabetes
(0.003) were the covariates that attenuated the association
between either CPP or forward wave amplitude and HF
(observed in age- and sex-adjusted models). No significant
relation was seen between AI and incident HF in either age-
and sex-adjusted or multivariable-adjusted models.

Relations of Arterial Stiffness With HF Subtype
There was no statistically significant relation seen between
iCFPWV and incident HFPEF in an age- and sex-adjusted
model (HR=1.35 per SD increment, 95% CI 0.98–1.85,
P=0.054), which was attenuated in a model adjusting for
additional clinical covariates (HR=1.22 per SD increment,
95% CI 0.85–1.73, P=0.28). iCFPWV was associated posi-
tively with a significant risk for HFREF (HR=1.69 per SD
increment, 95% CI 1.19–2.42, P=0.0037) in age- and sex-
adjusted models, which was attenuated with further adjust-
ment for clinical covariates (HR=1.46 per SD increment, 95%
CI 0.98–2.18, P=0.065). There were no significant differ-
ences comparing the hazards of iCFPWV for HFPEF with that
for HFREF (age- and sex-adjusted P=0.58, multivariable-
adjusted P=0.71). These results suggest that there are
comparable risks for HFREF versus HFPEF conferred by
CFPWV.

Discussion
In our community-based sample of middle-aged and older
adults, we observed several important findings. Higher
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Figure 3. Plot of central pulse pressure (CPP) with age. Y axis is
standardized measure of CPP.
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Figure 4. Plot of forward wave amplitude with age. Y axis is
standardized measure of forward wave amplitude.
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Figure 5. Plot of augmentation index (AI) with age. Y axis is
standardized measure of AI.
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iCFPWV, a measure of greater global aortic stiffness, was
associated with incident HF, after adjustment for standard
risk factors including mean arterial blood pressure, consistent
with the hypothesis that the contribution of stiffness to
development of HF is beyond that conferred by these risk

factors. iCFPWV was associated with HF in a continuous
manner. Moreover, greater iCFPWV was associated with both
HFPEF and HFREF, although the findings did not achieve
statistical significance, in part due to a modest number of HF
events.

Aortic Stiffness and Incident HF
Elevated aortic stiffness is associated with cardiovascular
events, including coronary heart disease, stroke, and CVD
death in population studies.3–6 CFPWV was associated with
LV systolic and diastolic function cross-sectionally in a high-
risk population.8 In addition, HF was included in the compos-
ite CVD definition in a prior FHS study of CFPWV in prediction
of CVD events.4 However, to our knowledge, the present
investigation is one of the few to examine the relations of
CFPWV, the gold standard measure of global aortic stiffness,
and HF incidence prospectively in an unselected community-
based sample.

We observed a modest, albeit statistically non-significant,
association between aortic stiffness and HFREF. A common
etiology for HFREF is coronary heart disease and myocardial
infarction. CFPWV, as an index of aortic stiffness, is associ-
ated with coronary disease, including in those without
apparent CVD.3,25 Common pathophysiologic mechanisms
may underlie the associations of aortic stiffness with both

Table 2. Characteristics of FHS Participants by Cohort and Development of HF in Follow Up

Baseline Characteristic

Original Cohort (n=272) Offspring Cohort (n=2267)

No HF (n=203) HF (n=69) No HF (n=2166) HF (n=101)

Age, y 85�3 84�3 61�9 71�8

Body mass index, kg/m2 26.2�4.3 25.9�4.0 27.3�4.6 29.0�4.8

Prevalent CVD, % 37 43 11 39

Systolic blood pressure, mm Hg 141�21 148�18 127�19 138�21

Diastolic blood pressure, mm Hg 68�11 66�10 74�10 73�11

Mean arterial pressure, mm Hg 92�14 95�13 91�12 96�13

Use of antihypertensive medications, % 65 62 31 58

Diabetes, % 4 6 9 30

Current smoking, % 4 4 13 9

Total cholesterol, mg/dL 190�37 177�31 202�37 187�38

HDL cholesterol, mg/dL 56�17 55�19 55�17 48�16

Tonometry measures

Carotid-femoral pulse wave velocity, m/s 15.7�5.6 17.3�6.2 10.0�3.5 13.3�4.7

Central pulse pressure, mm Hg 65.2�21.8 69.6�18.0 50.3�16.1 60.7�21.5

Forward wave amplitude, mm Hg 54.2�17.9 56.4�16.0 40.5�12.5 48.6�18.5

Augmentation index, % 13.0�12.0 16.1�12.5 15.0�12.4 14.4�17.1

Data presented as mean �SD or percentage. CVD, prior coronary heart disease, myocardial infarction, angina, stroke, transient ischemic attack. CVD indicates cardiovascular disease;
FHS, Framingham Heart Study; HDL, high-density lipoprotein; HF, heart failure.

Table 3. Relations of Tonometry Measures With Incident HF

Model

Age- and Sex-Adjusted Multivariable-Adjusted

HR (95% CI) P Value HR (95% CI)
P
Value

iCFPWV, s/m 1.50 (1.21
–1.85)

<0.001 1.29 (1.02
–1.64)

0.037

Central pulse pressure,
mm Hg

1.20 (1.06
–1.37)

0.006 1.10 (0.93
–1.29)

0.28

Forward wave
amplitude, mm Hg

1.15 (1.01
–1.31)

0.036 1.02 (0.88
–1.19)

0.79

Augmentation index, % 1.10 (0.95
–1.29)

0.21 1.11 (0.95
–1.31)

0.19

HR for incident HF expressed per standard deviation increment in tonometry variable. SD
for the pooled sample were as follows: iCFPWV SD=31.1 s/m, Central pulse pressure
SD=17.7 mm Hg, Forward wave amplitude SD=14.1 mm Hg, Augmentation index
SD=12.6%. Multivariable model adjusted for age, sex, body mass index, mean arterial
pressure, total cholesterol, HDL cholesterol, history of antihypertensive medications,
diabetes mellitus, current smoking, and baseline cardiovascular disease. HDL indicates
high-density lipoprotein; HF, heart failure; HR, hazards ratio; iCFPWV, inverse-
transformed carotid femoral pulse wave velocity; SD, standard deviations.
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HFREF and HFPEF. For example, the myocardial oxygen
supply-demand mismatch conferred by both LV hypertrophy
and lower central diastolic blood pressure (often concomitant
with increased aortic stiffness) may result in reduced coronary
perfusion and subendocardial ischemia.26,27 Elevated aortic
stiffness may also create intimal damage, leading to devel-
opment and accelerated progression of coronary atheroscle-

rosis. The results of studies from FHS and others have
substantiated these hypotheses, demonstrating that
increased aortic stiffness is associated with greater
atherosclerotic burden.25,28,29

Community-based studies have demonstrated that ventric-
ular and arterial stiffening occur in parallel with aging,30 and
multiple lines of evidence suggest that ventriculo-arterial
interactions contribute to the pathophysiology of both HFPEF
and HFREF. Patients with HF with either normal12,13 or
reduced31 EF have elevated aortic stiffness compared with
reference subjects without HF. Physiological studies in
hypertensive cohorts have shown that greater degrees of LV
diastolic dysfunction are associated progressively with higher
arterial stiffness.32 Greater aortic stiffness results in an earlier
reflected wave return, which augments systolic blood pres-
sure, places an unfavorable load on the LV during systole, and
may delay ventricular diastolic relaxation.33 We did not
observe a significant association of aortic stiffness with
incident HFPEF, which may have been attributable to low
event rates and the relative health of our sample. While
middle-aged women may have greater LV wall stress than
men,34 we did not observe effect modification by sex in the
relation between arterial stiffness and incident HF. Overall,
our study extends prior observations of the cross-sectional
relations of aortic stiffness with HF by demonstrating
prospectively a continuous relation between aortic stiffness,
measured by CFPWV, and incident clinical HF, across the full
spectrum from HFREF to HFPEF.

Pressure Pulsatility, Wave Reflection, and Left
Ventricular Dysfunction
The associations between pressure pulsatility and wave
reflection with HF are less clear. The inclusion of CVD risk
factors in multivariable models significantly attenuated the
observed relations seen between CPP and forward wave
amplitude with incident HF in age- and sex-adjusted models.
Brachial pulse pressure was associated with incident HF
previously in the older FHS cohort in models adjusting for
common CVD risk factors, which did not include measures of
blood pressure.35 In contrast, we studied central pulse
pressure, included a younger cohort with fewer HF events,
and additionally accounted for mean arterial pressure and
blood pressure-lowering medications, which may partially
explain differences in results.

We did not observe a relation of AI, a commonly used index
of wave reflection, with incident HF, consistent with other
studies, including population-based samples.16,17,36 An arte-
rial forward wave is partially reflected at areas of impedance
mismatch, such as branching or vessel narrowing. Augmen-
tation pressure, the increase in aortic pressure above that
contributed by the forward waveform, has been thought to be

Figure 7. Risk of heart failure by tertile of sex-standardized
iCFPWV. The cumulative incidence of HF rose with greater tertile
of iCFPWV. Sex-standardized iCFPWV tertiles: Tertile 1: <�0.5;
Tertile 2: �0.5 to 0.4; Tertile 3: >0.4. iCFPWV indicates inverse-
transformed carotid femoral pulse wave velocity; HF, heart failure.

Figure 6. Continuous association of iCFPWV with risk for
incident HF. The risk for incident HF increased continuously with
increasing standardized iCFPWV. The x-axis represents standard-
ized values for inverse-transformed CFPWV: mean �104.2 s/m
maps to 0 and 1 unit on x-axis (1 SD) corresponds with 31.1 s/
m. Each 1 SD increase in iCFPWV corresponds with 1.29-fold
higher hazard for incident HF. A test for non-linearity was
nonsignificant (P=0.63). iCFPWV indicates inverse-transformed
carotid femoral pulse wave velocity; HF, heart failure; HR, hazard
ratio.
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primarily determined by the backward reflected wave. How-
ever, invasive hemodynamics suggest that the magnitude of
augmented pressure is influenced by LV contraction and
relaxation accounting for the reflected wave.37 Likewise, LV
dynamics likely affects CPP and AI, the ratio of augmented
pressure to CPP. As individuals with impaired LV function are
those who manifest clinical HF symptoms, CPP and AI are not
reliable measures of wave reflection particularly in this group.
In contrast, CFPWV, as a measure of central aortic stiffness, is
relatively less confounded by LV dysfunction,38 rendering
these findings more robust.

Strengths and Limitations
The strengths of our study include its prospective design,
comprehensive assessment of arterial stiffness and wave
reflection, and meticulous follow-up of participants with HF
events that were adjudicated through review of medical
records and symptoms. Our modest number of HF events,
perhaps related to the relative health of our sample, limited
our ability to examine the development of HFPEF and
HFREF separately. Due to the limited number of events, we
also did not have adequate power to examine the relations
of arterial stiffness with HF in a subsample without baseline
CVD. Future studies may investigate the association of
arterial stiffness and pressure pulsatility with HF severity, in
which standardized criteria were unavailable across FHS
examinations. Lastly, our sample consisted of a majority
of people who were white and of European ancestry,
limiting the generalizability of our findings to other ethnic
groups.

Conclusions
In our prospective study of a community-based sample of
ambulatory older adults, elevated aortic stiffness as evi-
denced by higher iCFPWV was associated with the develop-
ment of HF. Replication of our findings would emphasize the
need for evaluating underlying biological mechanisms and for
studying the impact of lowering arterial stiffness on HF risk in
the community.
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