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VA S C U L A R S T I F F N E S S I N-
creases with advancing age
and is a major risk factor for
age-related morbidity and

mortality.1 A compliant aorta pro-
vides an important buffer for each ven-
tricular contraction that maintains pulse
pressure at low levels. Stiffening of the
aortic wall and improper matching be-
tween aortic diameter and flow are as-
sociated with unfavorable alterations in
pulsatile hemodynamics, including an
increase in forward arterial pressure
wave amplitude, which increases pulse
pressure. Stiffening of the aortic wall
also is associated with elevated pulse
wave velocity (PWV) and premature
wave reflection. The resulting in-
crease in pulsatile hemodynamic load
increases cardiac afterload, reduces dia-
stolic coronary flow, and damages mi-
crocirculation, particularly in high-
flow organs such as the kidneys and
brain.1,2
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Context Vascular stiffness increases with advancing age and is a major risk factor
for age-related morbidity and mortality. Vascular stiffness and blood pressure pulsa-
tility are related; however, temporal relationships between vascular stiffening and blood
pressure elevation have not been fully delineated.

Objective To examine temporal relationships among vascular stiffness, central he-
modynamics, microvascular function, and blood pressure progression.

Design, Setting, and Participants Longitudinal community-based cohort study
conducted in Framingham, Massachusetts. The present investigation is based on the
2 latest examination cycles (cycle 7: 1998-2001; cycle 8: 2005-2008 [last visit: Janu-
ary 25, 2008]) of the Framingham Offspring study (recruited: 1971-1975). Temporal
relationships among blood pressure and 3 measures of vascular stiffness and pressure
pulsatility derived from arterial tonometry (carotid-femoral pulse wave velocity [CFPWV],
forward wave amplitude [FWA], and augmentation index) were examined over a 7-year
period in 1759 participants (mean [SD] age: 60 [9] years; 974 women).

Main Outcome Measures The primary outcomes were blood pressure and inci-
dent hypertension during examination cycle 8. The secondary outcomes were CFPWV,
FWA, and augmentation index during examination cycle 8.

Results In a multivariable-adjusted regression model, higher FWA (�, 1.3 [95% CI,
0.5-2.1] mm Hg per 1 SD; P=.002) and higher CFPWV (�, 1.5 [95% CI, 0.5-2.6] mm
Hg per 1 SD; P=.006) during examination cycle 7 were jointly associated with systolic
blood pressure during examination cycle 8. Similarly, in a model that included systolic
and diastolic blood pressure and additional risk factors during examination cycle 7,
higher FWA (odds ratio [OR], 1.6 [95% CI, 1.3-2.0] per 1 SD; P� .001), augmenta-
tion index (OR, 1.7 [95% CI, 1.4-2.0] per 1 SD; P� .001), and CFPWV (OR, 1.3
[95% CI, 1.0-1.6] per 1 SD; P=.04) were associated with incident hypertension during
examination cycle 8 (338 cases [32%] in 1048 participants without hypertension dur-
ing examination cycle 7). Conversely, blood pressure during examination cycle 7 was
not associated with CFPWV during examination cycle 8. Higher resting brachial artery
flow (OR, 1.23 [95% CI, 1.04-1.46]) and lower flow-mediated dilation (OR, 0.80
[95% CI, 0.67-0.96]) during examination cycle 7 were associated with incident hyper-
tension (in models that included blood pressure and tonometry measures collected
during examination cycle 7).

Conclusion In this cohort, higher aortic stiffness, FWA, and augmentation index were
associated with higher risk of incident hypertension; however, initial blood pressure
was not independently associated with risk of progressive aortic stiffening.
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stiffness not only with age, but
also with other cardiovascular risk
factors such as hypertension, obesity,
impaired glucose tolerance, and
dyslipidemia.3,4 The European Soci-
ety of Cardiology considers elevated
PWV a negative prognostic factor to
be considered in the management of
patients with hypertension.5 The
association between vascular stiffen-
ing and blood pressure is particularly
interesting because the functional
relationship is likely bidirectional.
Elevated blood pressure may cause
vascular damage and accelerated con-
duit artery stiffening.6 Conversely,
aortic stiffening increases pressure
pulsatility and therefore affects sys-
tolic blood pressure. However, tem-
poral relationships between vascular
stiffness and blood pressure remain
incompletely elucidated. In particu-
lar, whether vascular stiffness ante-
dates hypertension or vice versa is
unclear.

To examine temporal relationships
between vascular stiffening and blood
pressure, we evaluated vascular stiff-
ness, central hemodynamics, periph-
eral blood pressure, and incident
hypertension longitudinally in the
Framingham Heart Study Offspring co-
hort. Because both macrovascular stiff-
ness and microvascular properties affect
blood pressure, we also assessed
whether sonographic measures of en-
dothelial and microvascular function
are related to future blood pressure, vas-
cular stiffness, and central hemody-
namics.

METHODS
The study sample consisted of indi-
viduals who were participants of the
Framingham Offspring cohort and the
details and design have been de-
scribed.7 Offspring (and their spouses)
of the Framingham Original cohort
were recruited beginning in 1971. Par-
ticipants have undergone follow-up
examinations at the Heart Study clinic
approximately every 4 to 6 years, in-
cluding standardized questionnaires, a
physical examination, and assessment
of standard cardiovascular risk fac-

tors. The examining physician mea-
sured the blood pressure of seated par-
ticipants using a mercury column
sphygmomanometer, an appropri-
ately sized cuff, and a standardized pro-
tocol.8 The average of 2 blood pres-
sure readings taken by a physician
served as the examination blood pres-
sure, the primary exposure, and end
point for subsequent analyses. Pulse
pressure was calculated as systolic blood
pressure minus diastolic blood pres-
sure. Mean arterial pressure was cal-
culated as diastolic blood pressure plus
pulse pressure divided by 3. Presence
of hypertension was defined as a sys-
tolic blood pressure of 140 mm Hg or
greater, diastolic blood pressure of 90
mm Hg or greater, or the use of anti-
hypertensive medication.

The present investigation is based on
examination cycles 7 (1998-2001) and
8 (2005-2008), with examination cycle
7 representing the first cycle to in-
clude tonometry measurements. The
study protocol was approved by the
Boston University Medical Center in-
stitutional review board; written in-
formed consent was obtained from all
participants.

Arterial Tonometry

We evaluated 3 measures of arterial
stiffness and pressure pulsatility de-
rived from arterial tonometry, namely
carotid-femoral pulse wave velocity
(CFPWV), central forward pressure
wave amplitude (FWA), and augmen-
tation index. The CFPWV is the crite-
rion standard for assessing aortic stiff-
ness.9 The FWA depends on peak
systolic blood flow and characteristic
impedance of the aorta, which is the re-
sistance of the aorta to the pulsatile
component of blood flow.

The FWA and CFPWV are both de-
pendent on aortic wall stiffness and lu-
men diameter. However, compared
with CFPWV, FWA has a markedly (5-
fold) greater dependence on aortic di-
ameter and can be conceptualized as a
measure of matching between peak sys-
tolic blood flow and diameter of the
aorta. Because the central pressure wave
propagates distally, it is partly re-

flected at the interface with muscular
arteries due to impedance mismatch,
creating a backward traveling re-
flected wave. Augmentation index is de-
fined as the proportion of central pulse
pressure that is attributable to a late sys-
tolic increase in pressure due to over-
lap between the forward and reflected
pressure wave, and hence is a measure
of peripheral wave reflection.

Arterial tonometry measures were ac-
quired as previously described.10,11 Af-
ter more than 5 minutes of rest, su-
pine brachial systolic and diastolic
blood pressures were obtained. For to-
nometry calibration only, we used an
oscillometric blood pressure device for
examination cycle 7 and an ausculta-
tory device for examination cycle 8.10,11

Arterial tonometry with a simultane-
ously acquired electrocardiogram was
obtained for the brachial, radial, fem-
oral, and carotid arteries.10,11

All recordings were performed on the
right side of the body. Transit dis-
tances were assessed by body surface
measurements from the suprasternal
notch to the pulse recording site. De-
tails of signal analyses and data pro-
cessing have been published else-
where and are summarized in eFigure
1 and eFigure 2 at http://www.jama
.com.10,11

Brachial Artery Flow
and Flow-Mediated Dilation

Brachial artery flow velocity and flow-
mediated dilation (FMD) measure-
ments were performed using a Toshiba
SSH-140A ultrasound system as previ-
ously described in detail.12 In brief, af-
ter acquiring baseline brachial artery
flow velocity and brachial artery diam-
eter, a cuff was inflated on the right fore-
arm to at least 50 mm Hg above the par-
ticipant’s systolic blood pressure,
interrupting blood flow for 5 minutes.
Brachial artery flow was measured again
during the first 15 seconds after deflat-
ing the cuff and brachial artery diam-
eter was reassessed 60 seconds after cuff
release. Flow-mediated dilation was de-
fined as the percentage change in bra-
chial diameter between baseline and hy-
peremia.
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Statistical Analyses
Carotid-femoral PWV was inverse-
transformed to reduce heteroscedas-
ticity and was then multiplied by –1000
to restore directionality and convert the
units to milliseconds per meter. Cor-
relates of blood pressure and tonom-
etry traits were explored using multi-
variable regression analysis. The
primary outcomes (dependent vari-
ables) assessed were continuous sys-
tolic blood pressure, diastolic blood
pressure, mean arterial pressure, and
pulse pressure during examination
cycle 8 as well as incident hyperten-
sion in those participants free of hy-
pertension during examination cycle 7.
The secondary outcomes were CFPWV,
FWA, and augmentation index mea-
sured during examination cycle 8.

In a first modeling stage, we inves-
tigated clinical and biochemical vari-
ables during examination cycle 7 (not
including blood pressure, tonometry
measures, and brachial ultrasound
traits) that were associated (P� .05)
with at least 1 of the assessed continu-
ous outcomes in a multivariable model.
The following independent variables
were eligible for entry into the model:
age, sex, body mass index (calculated
as weight in kilograms divided by height
in meters squared), height, heart rate,
diabetes, total cholesterol, high-
density lipoprotein cholesterol, triglyc-
erides, lipid-lowering treatment, fast-
ing glucose, prevalent cardiovascular
disease, current smoking, and time be-
tween examination cycles 7 and 8. All
variables except lipid-lowering treat-
ment and prevalent cardiovascular dis-
ease were identified as correlates of fu-
ture blood pressure or tonometry traits
and were included in later linear re-
gression models. Models with tonom-
etry traits as the dependent variable
were additionally adjusted for antihy-
pertensive treatment.

In a second stage, we used a step-
wise procedure to identify blood pres-
sure and tonometry measures col-
lected during examination cycle 7
(systolic blood pressure, diastolic blood
pressure, mean arterial pressure, pulse
pressure, CFPWV, FWA, and augmen-

tation index) that were associated with
the assessed continuous outcome in
multivariable models. To avoid colin-
earity effects among blood pressure
components, models for systolic and
diastolic blood pressure during exami-
nation cycle 8 considered only sys-
tolic and diastolic blood pressure dur-
ing examination cycle 7, whereas
models for pulse pressure and mean ar-
terial pressure during examination cycle
8 considered only pulse pressure and
mean arterial pressure during exami-
nation cycle 7; tonometry measures
were included in all models. In a third
step, we explored whether brachial flow
or FMD, which were available in a sub-
set of participants, further improved the
regression models.

Correlates of incident hypertension
were assessed in an analogous 3-stage
design using multivariable logistic re-
gression modeling. From the list of po-
tential clinical covariates described
above, modeling stage 1 identified only
age, sex, body mass index, height, and
triglycerides as significant correlates of
incident hypertension in our study
sample. Hence, for reasons of model
parsimony, no other covariates were
used in stages 2 and 3 of the logistic re-
gression modeling for incident
hypertension.

In all analyses, a 2-sided P value of
less than .05 was regarded as signifi-
cant. All analyses were performed using
SAS software version 9.2 (SAS Insti-
tute Inc).

RESULTS
Of the 3539 participants who at-
tended examination cycle 7, 1263
(36%) were excluded because they
either underwent an offsite examina-
tion (n=205), did not have tonometry
measures (n=1041), which were added
after the cycle started, or had a miss-
ing covariate (n=17). Of the 2276 par-
ticipants who met criteria during ex-
amination cycle 7, 1759 (77%) attended
and met criteria during examination
cycle 8 and represent the primary
sample for this study.

In contrast, the subset of 517 par-
ticipants who did not meet criteria dur-

ing examination cycle 8 were older (66
vs 60 years), included more men (47%
vs 45%), and included more smokers
(16% vs 12%) and those with preva-
lent cardiovascular disease (23% vs
10%) and diabetes (17% vs 8%). For the
analysis of incident hypertension, we
excluded 711 participants (40%) with
prevalent hypertension during exami-
nation cycle 7, resulting in 1048 par-
ticipants who experienced 338 cases
(33%) of incident hypertension dur-
ing examination cycle 8. Brachial ar-
tery measures were available in 1606 of
the participants from the full sample
and 957 of the participants free of hy-
pertension during examination cycle 7.

Clinical and biochemical character-
istics of the study sample during ex-
amination cycle 7 appear in TABLE 1.
Blood pressure, tonometry, and bra-
chial artery ultrasound measurements
during examination cycles 7 and 8 ap-
pear in TABLE 2. The pairwise correla-

Table 1. Characteristics of the Study Sample
During Examination Cycle 7 (N = 1759)

Characteristic
No. (%) of

Participantsa

Age, mean (SD), y 60 (9)

Female sex 974 (55)

Height, mean (SD), cm 168 (10)

Heart rate, mean (SD),
beats/min

64 (11)

Body mass index, mean (SD)b 27.2 (4.4)

Diabetes 141 (8)

Hypertension 711 (40)

Antihypertensive treatment 509 (29)

Prevalent cardiovascular
disease

173 (10)

Lipid-lowering treatment 324 (18)

Total cholesterol, mean (SD),
mg/dL

202 (36)

HDL-C, mean (SD), mg/dL 56 (17)

Triglycerides, mean (SD),
mg/dL

132 (84)

Fasting glucose, mean (SD),
mg/dL

102 (21)

Current smoking 215 (12)

Time to examination cycle 8,
mean (SD), y

6.5 (0.7)

Abbrevation: HDL-C, high-density lipoprotein choles-
terol.

SI conversion factors: To convert glucose to mmol/L, mul-
tiply by 0.0555; HDL-C and total cholesterol to mmol/L,
multiply by 0.0259; triglycerides to mmol/L, multiply by
0.0113.

aUnless otherwise indicated.
bCalculated as weight in kilograms divided by height in

meters squared.
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tions for all assessed blood pressure, to-
nometry, and brachial artery variables
during examination cycle 7 appear in
the eTable at http://www.jama.com.

Correlates of Blood Pressure
and Incident Hypertension
During Examination Cycle 8

In a multivariable-adjusted regression
model, higher FWA and higher CFPWV
during examination cycle 7 were asso-
ciated jointly with higher systolic blood
pressure during examination cycle 8
(TABLE 3). Lower systolic blood pres-

sure and CFPWV during examination
cycle 7 were associated with higher dia-
stolic blood pressure during examina-
tion cycle 8. In addition, lower base-
line (�, −0.8 [95% CI, −1.2 to 0.3]
mm Hg/1 SD; P=.002) and higher hy-
peremic (�, 0.6 [95% CI, 0.1 to 1.1]
mm Hg/1 SD; P=.02) forearm blood
flow during examination cycle 7 were
associated with higher diastolic blood
pressure during examination cycle 8.
Higher FWA, CFPWV, and augmenta-
tion index and lower mean arterial pres-
sure during examination cycle 7 were

associated with higher pulse pressure
during examination cycle 8 (Table 3).

Relationships among tonometry mea-
sures or blood pressure during exami-
nation cycle 7 and incident hyperten-
sion during examination cycle 8 appear
in eFigure 3 and TABLE 4. We ob-
served that systolic blood pressure, dia-
stolic blood pressure, FWA, augmen-
tation index, and CFPWV considered
together in a single multivariable model
were associated with incident hyper-
tension during examination cycle 8
(Table 4). Higher baseline brachial ar-
tery flow and lower FMD considered to-
gether in a single multivariable model
that included blood pressure and to-
nometry traits during examination cycle
7 were associated with incident hyper-
tension during examination cycle 8
(Table 4).

Correlates of Tonometry Traits
During Examination Cycle 8

In multivariable models, CFPWV but
not blood pressure or other tonom-
etry measures during examination cycle
7 was associated with CFPWV during
examination cycle 8 (TABLE 5). Higher
CFPWV, lower diastolic blood pres-
sure, and higher pulse pressure dur-
ing examination cycle 7 were associ-
ated with a higher FWA measure during
examination cycle 8 (Table 5). Lower
CFPWV and higher systolic blood pres-
sure during examination cycle 7 were
associated with a higher augmenta-
tion index measure during examina-
tion cycle 8 (Table 5). In models con-
sidering tonometry and blood pressure
traits during examination cycle 7, bra-
chial ultrasound measures during ex-
amination cycle 7 were not associated
with tonometry measures during ex-
amination cycle 8.

COMMENT
Principal Findings

We investigated longitudinal relation-
ships among aortic stiffness, central he-
modynamics, microvascular proper-
ties, and peripheral blood pressure. We
observed that 3 key tonometry mea-
sures were jointly related to future
blood pressure levels (particularly sys-

Table 2. Blood Pressure, Tonometry Measures, and Brachial Artery Ultrasound Characteristics
During Examination Cycles 7 and 8 (N = 1759)

Mean (SD)

Examination Cycle 7 Examination Cycle 8

Blood pressure, mm Hg
Systolic 125 (18) 128 (17)

Diastolic 74 (10) 74 (10)

Mean arterial pressure, mm Hg 91 (11) 92 (10)

Pulse pressure, mm Hg 51 (15) 55 (16)

CFPWV, m/s 9.6 (3.1) 10.4 (3.8)

Forward wave amplitude, mm Hg 40 (12)a 56 (17)b

Augmentation index, % 15 (13) 16 (13)

Brachial artery flow, cm/sc

At baseline 8.1 (4.7) NA

Hyperemic 53 (21) NA

Flow-mediated dilation, % 3.0 (2.8)c NA
Abbreviations: CFPWV, carotid-femoral pulse wave velocity; NA, test not performed.
aBased on oscillometric calibration.
bBased on auscultatory calibration.
cAvailable in 1606 participants.

Table 3. Correlates of Blood Pressure During Examination Cycle 8 (N = 1759)

Dependent Variable During
Examination Cycle 8a

Predictor Variables During
Examination Cycle 7a

Estimated Regression
Coefficient (95% CI)b

P
Value

Systolic blood pressure Systolic blood pressure 6.8 (5.9 to 7.7) �.001

Forward wave amplitude 1.3 (0.5 to 2.1) .002

CFPWV 1.5 (0.5 to 2.6) .006

Diastolic blood pressure Diastolic blood pressure 5.3 (4.7 to 5.8) �.001

Systolic blood pressure −1.1 (−1.7 to −0.5) �.001

CFPWV −0.7 (−1.3 to −0.1) .03

Mean arterial pressure Mean arterial pressure 5.1 (4.5 to 5.6) �.001

Pulse pressure −0.9 (−1.5 to −0.3) .005

Pulse pressure Pulse pressure 6.4 (5.6 to 7.3) �.001

Forward wave amplitude 2.0 (1.3 to 2.7) �.001

CFPWV 2.1 (1.2 to 2.9) �.001

Mean arterial pressure −1.1 (−1.8 to −0.4) .003

Augmentation index 0.7 (0 to 1.4) .04
Abbreviation: CFPWV, carotid-femoral pulse wave velocity.
aModels were adjusted for age, sex, body mass index (calculated as weight in kilograms divided by height in meters squared),

height, heart rate, total cholesterol, high-density lipoprotein cholesterol, triglycerides, fasting glucose, diabetes, current
smoking, and time between examination cycles 7 and 8.

bDerived from a single multivariable model for each blood pressure measure during examination cycle 8 and are presented
per 1-SD difference in the value of predictor variables (SDs appear in Table 2).
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tolic blood pressure and pulse pres-
sure) and incident hypertension. Blood
pressure traits were associated with fu-
ture FWA and augmentation index, but
not with future CFPWV. Brachial ar-
tery measures of microvascular resis-
tance and endothelial function were
jointly associated with incident hyper-
tension after considering blood pres-
sure and tonometry variables.

RelationshipofTonometryMeasures
With Future Blood Pressure
and Incident Hypertension

Several studies have established impor-
tant relationships among tonometry
measures (particularly CFPWV) and
clinical cardiovascular events.13-17 Fewer
studies have investigated whether mea-
sures of vascular stiffness are related to
future blood pressure or incident hy-
pertension and were limited by size or
a less comprehensive assessment of aor-
tic stiffness and central pulsatile hemo-
dynamics.18-21 A study by Dernellis and
Panaretou20 found that higher proxi-
mal aortic stiffness assessed by echo-
cardiography was associated with in-
cident hypertension. Najjar et al21

reported that higher CFPWV was as-
sociated with an increase in systolic
blood pressure and incident hyperten-
sion. Takase et al19 observed that bra-
chial-ankle PWV was associated with
blood pressure progression and inci-
dent hypertension. A large study by Liao
et al18 of the Atherosclerosis Risk in
Communities cohort reported that
higher carotid artery stiffness was as-
sociated with incident hypertension.

To our knowledge, our present in-
vestigation is the largest and most com-
prehensive longitudinal study that has
assessed relationships among tonom-
etry measures, including CFPWV (the
criterion standard measure for aortic
stiffness), and blood pressure progres-
sion.9 We demonstrate prospectively for
the first time that not only CFPWV, but
also FWA and augmentation index are
related to future systolic blood pres-
sure, pulse pressure, and incident hy-
pertension. Furthermore, by measur-
ing blood pressure and tonometry
variables at 2 points in time, we were

able to demonstrate that higher arte-
rial stiffness was predictive of incident
hypertension, whereas higher initial
blood pressure was not predictive of an
increase in arterial stiffness.

We further observed that measures
of brachial artery FMD and microvas-
cular function were also associated with
incident hypertension in a model that
included blood pressure and tonom-
etry variables. Our data suggest that aor-
tic stiffness, central pressure pulsatil-
ity, peripheral wave reflection, large
artery endothelial function, and micro-
vascular function jointly antedate and
potentially contribute to the develop-
ment of clinical hypertension. Arterial
stiffness and function may therefore be
important potential targets for inter-
ventions aimed at preventing incident
hypertension.

Correlates of Future
Vascular Stiffness
and Central Hemodynamics

Longitudinal studies investigating cor-
relates of vascular stiffness are sparse and
not conclusive. In a case-control study,
Benetos et al22 reported that the pres-
ence of hypertension was associated with
steeper progression of CFPWV, whereas
systolic blood pressure within groups
(normotensive and hypertensive) was
not. Li et al23 reported that childhood or
lifetime burden of systolic blood pres-
sure was associated with adult brachial-
ankle PWV; however, these analyses
were not adjusted for baseline PWV be-

cause childhood measurements were not
performed.

Similarly, McEniery et al24 showed
that midlife blood pressure was asso-
ciated with CFPWV 20 years later, but
again these analyses were not ad-
justed for baseline vascular stiffness.
Our investigation indicates that fu-
ture FWA (which partially and in-
versely depends on aortic diameter) is
associated with initial aortic stiffness,
pulse pressure, and diastolic blood pres-

Table 4. Correlates of Incident Hypertension
During Examination Cycle 8

Predictor Variables
During Examination

Cycle 7
Odds Ratio

(95% CI)
P

Value

Tonometry modela
Systolic blood

pressure
3.3 (2.3-4.7) �.001

Diastolic blood
pressure

1.5 (1.1-1.9) .004

Forward wave
amplitude

1.6 (1.3-2.0) �.001

Augmentation index 1.7 (1.4-2.0) �.001

CFPWV 1.3 (1.0-1.6) .04

Brachial artery modelb
Flow-mediated

dilation
0.80 (0.67-0.96) .01

Baseline brachial
artery flow

1.23 (1.04-1.46) .01

Abbreviation: CFPWV, carotid-femoral pulse wave velocity.
aOdds ratios per 1-SD difference derived from a single mul-

tivariable model in 1048 participants free of hypertension
during examination cycle 7 (338 incident cases of hyper-
tension,32%);modelwasfurtheradjustedforage,sex,body
mass index (calculated as weight in kilograms divided by
height in meters squared), height, and triglycerides.

bOdds ratios per 1-SD difference derived from a single mul-
tivariablemodel in957participants freeofhypertensionwith
complete brachial artery data during examination cycle 7
(316 incidentcasesofhypertension,33%);modelwas fur-
theradjusted forage,sex,bodymass index,height, triglyc-
erides, systolic anddiastolicbloodpressure,CFPWV, for-
ward wave amplitude, and augmentation index.

Table 5. Correlates of Tonometry Measures During Examination Cycle 8 (N = 1759)

Dependent Variable During
Examination Cycle 8a

Predictor Variables During
Examination Cycle 7a

Estimated Regression
Coefficient (95% CI)b

P
Value

CFPWV CFPWV 17.5 (16.2 to 18.7) �.001

Forward wave amplitude Pulse pressure 4.3 (3.4 to 5.2) �.001

Forward wave amplitude 3.5 (2.7 to 4.3) �.001

CFPWV 2.8 (1.8 to 3.8) �.001

Diastolic blood pressure −0.9 (−1.6 to −0.2) .01

Augmentation index Augmentation index 4.6 (4.0 to 5.2) �.001

Systolic blood pressure 1.1 (0.4 to 1.8) .001

CFPWV −1.1 (−1.9 to −0.2) .01
Abbreviation: CFPWV, carotid-femoral pulse wave velocity.
aModels were adjusted for age, sex, body mass index (calculated as weight in kilograms divided by height in meters squared),

height, heart rate, total cholesterol, high-density lipoprotein cholesterol, triglycerides, fasting glucose, diabetes, antihy-
pertensive treatment, current smoking, and time between examination cycles 7 and 8.

bDerived from a single multivariable model for each tonometry measure during examination cycle 8 and are presented per
1-SD difference in the value of predictor variables.
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sure. In contrast, augmentation index
during examination cycle 8 was nega-
tively related to CFPWV during exami-
nation cycle 7. The negative relation-
ship between CFPWV and subsequent
augmentation index is consistent with
the notion that impedance mismatch
between a normally compliant aorta and
stiff muscular arteries, which contrib-
utes to wave reflection, abates as the
aorta stiffens.10

The observation that initial blood
pressure is associated with future pres-
sure pulsatility but not aortic wall stiff-
ness (CFPWV) may indicate that cur-
rent blood pressure affects future central
hemodynamics by interfering with dy-
namic matching between peak sys-
tolic flow and aortic diameter, leading
to an increase in FWA and pulse pres-
sure on follow-up. Importantly, the ob-
servation that antecedent blood pres-
sure was not independently associated
with future CFPWV when analyses
were adjusted for initial CFPWV and
cardiovascular risk factors adds to grow-
ing evidence that, in contrast to a widely
held belief, arterial stiffness precedes the
development of hypertension rather
than vice versa.

Endothelial Function
and Microvascular Resistance

Prior work from Framingham cohorts
has shown that aortic stiffness is cor-
related with higher baseline and hy-
peremic forearm vascular resistance,25

supporting the hypothesis that exces-
sive aortic stiffness and pressure pul-
satility may impair function of or dam-
age microcirculation. A strong negative
relationship between FMD and sys-
tolic blood pressure in cross-sectional
studies also has been reported to-
gether with speculation that impaired
endothelial function may be a precur-
sor of hypertension.26

In the present work, we have shown
that initial measures of endothelial and
microvascular function are associated
prospectively with incident hyperten-
sion even after considering the poten-
tial confounding effects of initial blood
pressure as well as aortic stiffness and
excessive pressure pulsatility. Higher

FMD is a favorable indicator of endo-
thelial function and hence a protec-
tive association was observed as ex-
pected. The association of higher
baseline brachial artery flow with higher
risk of hypertension may be related to
the observation that higher baseline bra-
chial artery flow is associated with com-
ponents of the metabolic syndrome.25

Our present longitudinal findings sup-
port the hypothesis that subclinical al-
terations in aortic stiffness, pressure
pulsatility, and brachial artery ultra-
sound measures of microvascular re-
sistance and endothelial function are
jointly associated with incident hyper-
tension, suggesting both conjoint and
independent effects of these various
measures of vascular function on the
pathogenesis of hypertension.

Limitations

Several limitations of our study de-
serve consideration. Our study is ob-
servational and therefore does not al-
low for causal inferences. A proportion
of our study sample was receiving an-
tihypertensive treatment during exami-
nation cycle 7 or may have received new
or higher doses of antihypertensive
medication between examination
cycles, which may have caused us to un-
derestimate the relationships among
blood pressure progression and tonom-
etry measures. We used oscillometric
blood pressure during examination
cycle 7 and auscultatory blood pres-
sure during examination cycle 8 to cali-
brate FWA. Hence, we may have mis-
classified FWA during examination
cycle 7 and change in FWA. Of note,
other tonometry measures (CFPWV,
augmentation index) are not affected
by calibration method.

We did not correct for multiple sta-
tistical testing, leading to an inflated
type I error. However, because our traits
are correlated, classic correction (eg,
Bonferroni method) would be overly
conservative. Nevertheless, we ac-
knowledge that borderline significant
findings should be interpreted with cau-
tion. Generally, our approach of mul-
tivariable adjustment has potential limi-
tations. It is likely that some of the

cardiovascular risk factors (such as age,
heart rate, or lipid profile) for which we
adjusted our analyses exert their ef-
fects on blood pressure through vas-
cular stiffening, endothelial function,
or microvascular alterations. There-
fore, our models may be overadjusted
and hence we may have underesti-
mated the relationships among tonom-
etry and brachial artery ultrasound mea-
sures and blood pressure progression
and incident hypertension. Our par-
ticipants were middle-aged to older
adults of European ancestry; our find-
ings may not be generalizable to
younger individuals or ethnic/racial mi-
norities.

CONCLUSIONS
In a longitudinal assessment of the tem-
poral relationships among peripheral
blood pressure, vascular stiffness, cen-
tral hemodynamics, wave reflection, and
microvascular function, we demon-
strate that aortic stiffness, central FWA,
and wave reflection are jointly associ-
ated with future systolic blood pres-
sure, pulse pressure, and incident hy-
pertension. Initial blood pressure traits
were associated with future FWA and
augmentation index but not with aortic
stiffness assessed by CFPWV. Our find-
ings support thenotion thatvascular stiff-
ness is a precursor rather than the re-
sult of hypertension.
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