
Epidemiology and Prevention

Relations of Exercise Blood Pressure Response to
Cardiovascular Risk Factors and Vascular Function in the

Framingham Heart Study
George Thanassoulis, MD, MSc; Asya Lyass, PhD; Emelia J. Benjamin, MD, ScM;

Martin G. Larson, SD; Joseph A. Vita, MD; Daniel Levy, MD; Naomi M. Hamburg, MD;
Michael E. Widlansky, MD; Christopher J. O’Donnell, MD, MPH;

Gary F. Mitchell, MD; Ramachandran S. Vasan, MD

Background—Exercise blood pressure (BP) is an important marker of left ventricular hypertrophy, incident hypertension,
and future cardiovascular events. Although impaired vascular function is hypothesized to influence the BP response
during exercise, limited data exist on the association of vascular function with exercise BP in the community.

Methods and Results—Framingham Offspring cohort participants (n�2115, 53% women, mean age 59 years) underwent
a submaximal exercise test (first 2 stages of the Bruce protocol), applanation tonometry, and brachial artery
flow-mediated dilation testing. We related exercise systolic and diastolic BP at second stage of the Bruce protocol to
standard cardiovascular risk factors and to vascular function measures. In multivariable linear regression models,
exercise systolic BP was positively related to age, standing BP, standing heart rate, smoking, body mass index, and the
total cholesterol–to–high-density cholesterol ratio (P�0.01 for all). Similar associations were observed for exercise
diastolic BP. Carotid-femoral pulse wave velocity (P�0.02), central pulse pressure (P�0.0001), mean arterial pressure
(P�0.04), and baseline brachial flow (P�0.002) were positively associated with exercise systolic BP, whereas
flow-mediated dilation was negatively associated (P�0.001). For exercise diastolic BP, forward pressure wave
amplitude was negatively related (P�0.0001), whereas mean arterial pressure was positively related (P�0.0001).

Conclusions—Increased arterial stiffness and impaired endothelial function are significant correlates of a higher exercise
systolic BP response. Our findings suggest that impaired vascular function may contribute to exaggerated BP responses
during daily living, resulting in repetitive increments in load on the heart and vessels and increased cardiovascular
disease risk. (Circulation. 2012;125:2836-2843.)
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Exercise blood pressure (BP) is an important marker of
cardiovascular disease risk that is associated with inci-

dent hypertension,1–5 myocardial infarction,6,7 stroke,8 and
cardiovascular mortality9,10 in individuals without overt cor-
onary artery disease. In contrast to peak exercise BP, which is
highly effort-dependent and affected by fitness level, exercise
BP measured during submaximal exercise represents a phys-
iological response to low to moderate physical activity that is
closely correlated with ambulatory BP,11 mean daily BP, and
end-organ damage.12 Understanding the clinical and vascular
correlates of exercise BP response to moderate exercise may
provide mechanistic insights into the development of hyper-
tension, left ventricular hypertrophy (LVH), and cardiovas-

cular disease. However, predictors of exercise BP have not
been well characterized in ambulatory individuals in the
community.
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Individuals with a hypertensive exercise BP response are
frequently characterized by limited exercise tolerance, LVH,
and impaired left ventricular diastolic function,13 which have
been attributed to abnormalities in vascular function despite
limited data to support this claim. In addition, the relative
contributions of increased vascular stiffness and impaired
endothelial function to exaggerated BP response to exercise
have not been evaluated in a large community-based sample.
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We hypothesized that abnormal arterial stiffness, microvas-
cular function, and endothelial function would be associated
with an increased systolic BP response to exercise. Accord-
ingly, using data from the community-based Framingham
Offspring Study, we evaluated the cross-sectional relations of
exercise BP response to treadmill exercise with cardiovascu-
lar disease risk factors and measures of pulsatile arterial load
(central pulse pressure and its main components, forward
pressure wave amplitude and augmented pressure), steady-
flow arterial load (mean arterial pressure [MAP]), aortic
stiffness (carotid-femoral pulse wave velocity), and endothe-
lial function (flow-mediated dilatation [FMD] and forearm
microvascular reactivity).

Methods
Study Sample
The Framingham Offspring Study enrolled the children of the
original Framingham Study participants and the spouses of these
children starting in 1971.14,15 Participant are examined approxi-
mately every 4 to 6 years. For the present analyses, participants
attending the seventh examination cycle (1998–2001) were eligible.
Of 2441 participants who underwent an exercise test at this exami-
nation, we excluded 326 individuals who did not complete both
stages of the protocol or had �1 exercise BP variable missing. After
all exclusions, 2115 participants remained eligible for the present
investigation. The study protocols were approved by the Institutional
Review Board of Boston University Medical Center and the Massa-
chusetts General Hospital, and all participants provided written
informed consent.

Assessment of Vascular Risk Factors
At the seventh examination cycle, risk factor information was
collected from routine medical history, physical examination, and
laboratory assessment. Serum total cholesterol and high-density
lipoprotein cholesterol were determined on fasting blood samples
using standardized biochemical methods. Body mass index (BMI)
was calculated as the weight in kilograms divided by the square of
the height in meters. BP was determined on the left arm of seated
participants with a mercury column sphygmomanometer, a cuff of
appropriate size and a standardized protocol; the mean of 2 such
physician-obtained readings was taken as the examination BP.
Diabetes mellitus was defined as a fasting glucose �126 mg/dL
(�7.0 mmol/L) or use of insulin or other hypoglycemic medications.
A physician elicited a self-report of cigarette smoking (based on
regular cigarette smoking within the last year) and medication use
(including antihypertensive and lipid-lowering therapy) using a
standardized questionnaire.

Submaximal Exercise Test
A submaximal exercise test (first 2 stages of the standard Bruce
protocol) was performed on a treadmill using standard procedures,
including continuous ECG monitoring, as described previously.16

Systolic and diastolic BP were recorded at the following time points
during the exercise test: (1) With the subject in a standing position on
the stationary treadmill before exercise, and during exercise at (2) the
midpoint of the first stage and (3) the midpoint of the second exercise
stage. In addition, BP was recorded with the subject in the supine
position at the end of each minute during the 4 minute recovery
stage.

Arterial Tonometry Measurements
Using a commercially available applanation tonometer (SPT-301;
Millar Instruments, Houston, TX), tonometry was performed as
described previously.17 Briefly, with the participants in the supine
position, arterial waveforms were obtained from the carotid, bra-
chial, radial, and femoral arteries with simultaneous acquisition of
the ECG with custom hardware and software (Cardiovascular Engi-

neering, Inc, Norwood, MA), and BP was measured with an
oscillometric device. Waveforms were signal averaged with the ECG
R-wave used as the fiducial point. Oscillometric systolic and
diastolic pressures were used to calibrate the peak and trough of the
signal-averaged brachial waveform. MAP was assessed by integrat-
ing the calibrated brachial pressure waveform. Other waveforms
were then calibrated with brachial MAP and diastolic pressure as
described previously.16 Carotid-femoral pulse wave velocity was
calculated from the transit distances (from body surface measure-
ments) and transit times (based on the timing of carotid and femoral
waveforms), as reported previously.17 The forward pressure wave
amplitude and augmented pressure amplitude were derived from the
calibrated carotid waveform, as described previously.18 The cali-
brated carotid pressure was used as a surrogate for the central
pressure.19

Brachial Artery Measurements
Brachial artery measurements were performed with a commercial
ultrasound system (Toshiba SSH-140A). Baseline brachial artery
diameter and flow velocity were assessed, and then a cuff on the
right forearm was inflated to 50 mm Hg above the participant’s
systolic BP for 5 minutes. Hyperemic flow was assessed during the
first 20 seconds after deflation of the cuff. We assessed Doppler flow
at baseline and during reactive hyperemia using a 3.75-MHz probe
and correcting for insonation angle. Mean baseline flow velocity and
hyperemic flow velocity were obtained from signal-averaged Dopp-
ler flow spectra by a semiautomated technique as reported previ-
ously.20 FMD was expressed as percent change in diameter from
baseline. Reproducibility results for brachial artery measurements
have been reported.21 The intraobserver and interobserver correlation
coefficients for baseline and deflation diameters were both 0.99. The
absolute error between measurements ranged from 0 to 0.12 mm
(FMDmm) and 0.02% to 2.99% (FMD%). For both FMDmm and
FMD%, the correlation coefficients ranged between 0.78 and 0.92.21

Statistical Analysis
The dependent variables for analyses were systolic and diastolic BP
recorded during the second stage of the exercise test. Cigarette
smoking, diabetes, and use of medications (ie, lipid-lowering and
antihypertensive agents) were treated as binary (yes/no) variables; all
other variables were treated as continuous variables. For exercise
systolic and diastolic BP at the second stage of exercise, linear
regression models were fitted with a backward elimination process
(with a criterion P�0.10 to stay in the model) to select a parsimonious
set of risk factor covariates that were associated with exercise BP. Sex
and age were forced in, whereas the following covariates were candi-
dates for removal: Resting systolic BP, diastolic BP, and resting heart
rate; diabetes; BMI; smoking history, total cholesterol–to–high-density
lipoprotein ratio; waist circumference; and exercise technician. We
also evaluated statistical interactions of sex or hypertension (includ-
ing hypertension treatment) with resting BP. Having created a model
that incorporated standard risk factors for each exercise BP variable,
we then entered the vascular stiffness variables (including carotid-
femoral pulse wave velocity, central pulse pressure, forward pressure
wave amplitude, augmented pressure, augmentation index, and
MAP) and the brachial artery variables (including baseline and
hyperemic artery dimensions and flow velocities). The vascular
stiffness variables and the brachial artery variables were added to the
model as 2 separate groups. If 1 variable remained significant
(P�0.10) when the group was added, we then tested each variable in
the group for retention in the model using a backward elimination
strategy (P�0.10).

To evaluate the joint relations of aortic stiffness and brachial flow
variables, we fitted a final model in which the baseline risk factors
for each exercise outcome were forced in and all vascular function
variables were considered simultaneously using a backward variable
selection strategy with P�0.10 for retention. Because of the explor-
atory nature of these analyses, we did not adjust for multiple testing.
For variables for which we obtained P�0.001, results are unlikely to
be false-positive findings; however, any variable for which we
obtained 0.001�P�0.05 should be considered as a “possibly of
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interest,” pending further replication by others. All analyses were
performed in SAS 9.1.

The authors had full access to the data and take full responsibility
for its integrity. All authors have read and agree to the manuscript as
written.

Results
Sample Characteristics
The study sample consisted of 2115 participants, of whom
53% were women. Mean age was 59�9 years (limits 34–81
years). Other clinical characteristics of the study sample are
summarized in Table 1.

Profile of BP Responses Over Time During
Exercise Test
Unadjusted profiles for systolic and diastolic BP during
various stages of the exercise test are presented in the
online-only Data Supplement Figure, panels A through F.
Systolic BP was higher at all exercise time points in men
(compared with women), in participants �60 years of age
(compared with �60 years of age), and in individuals with a
higher BMI category.

Relations Between Baseline Risk Factors and BP
Responses During Exercise Test
Mean BP during the second stage of exercise was 166�25/
75�15 mm Hg, and mean heart rate was 127�19 bpm.

Standard risk factor associations with exercise responses are
summarized in Table 2. In separate multivariable models,
exercise systolic BP was positively related to age, standing
BP, standing heart rate, cigarette smoking, BMI, and the
total–to–high-density lipoprotein cholesterol ratio. For exer-
cise diastolic BP, age, standing systolic BP, standing diastolic
BP, smoking, and BMI were positively associated.

Relations Between Vascular Stiffness and Exercise
BP Responses
Relations of tonometry and brachial measures with exercise
BP are summarized in Table 3. After adjustment for cardio-
vascular risk factors, we found positive associations of
exercise systolic BP with carotid-femoral pulse wave veloc-
ity, MAP, and central pulse pressure. Forward pressure wave
amplitude was negatively associated, whereas MAP was
positively associated with exercise diastolic BP (Table 3).
Overall, tonometry measures explained a small proportion of
the variance in exercise systolic BP (partial R2�1.7%) and
diastolic BP (partial R2�3.6%). For illustrative purposes,
panels A and B in the Figure show the unadjusted BP
responses for individuals with carotid-femoral pulse wave
velocity above versus below the median.

Relations Between Endothelial Function, Brachial
Artery Flow, and Exercise BP Response
FMD was inversely related to exercise systolic BP after
adjustment for standard risk factors (Table 3), explaining
�1% of its variance. We found no significant associations
between FMD and exercise diastolic BP. Both baseline and
hyperemic brachial artery flow were positively associated
with exercise stage 2 systolic BP but explained only �1% of
its variance. No other statistically significant relations were
identified for brachial flow measures and exercise diastolic

Table 1. Baseline Participant Characteristics and Measures of
Vascular Function

Participants (n�2115)

Baseline characteristics

Age, y (limits) 59�9 (34–81)

Male, n (%) 991 (47)

Standing SBP, mm Hg 118�18

Standing DBP, mm Hg 75�11

Standing HR, bpm 77�12

BMI, kg/m2 27.5�4.6

Total cholesterol/HDL ratio 4.0�1.3

Diabetes, n (%) 146 (7)

Smoking, n (%) 263 (12)

Lipid treatment, n (%) 304 (14)

Hypertension treatment, n (%) 514 (24)

Arterial tonometry variables

Carotid-femoral pulse wave velocity, m/s 9.24�2.7

Mean arterial pressure, mm Hg 90.6�11.0

Central pulse pressure, mm Hg 47.6�13.9

Forward pressure wave amplitude, mm Hg 38.7�11.0

Augmentation pressure, mm Hg 7.67�6.6

Augmentation index, % 14.3�12.5

Brachial artery variables

Resting flow, cm/s 8.4�4.9

Hyperemic flow, cm/s 54.3�21.0

Baseline brachial artery, mm 4.22�0.9

Flow-mediated dilatation, % 3.16�2.9

SBP indicates systolic blood pressure; DBP, diastolic blood pressure; HR,
heart rate; BMI, body mass index; and HDL, high-density lipoprotein.

Data are presented as mean�SD, except where otherwise specified.

Table 2. Relations of Standard Risk Factors to Second-Stage
Exercise Blood Pressure Responses in Multivariable Models

Exercise SBP,
�̂�SE P

Exercise DBP,
�̂�SE P

Male sex 0.6�0.9 0.48 0.4�0.5 0.38

Age 5.3�0.4 �0.0001 0.6�0.3 0.014

Standing SBP 12.9�0.4 �0.0001 1.6�0.3 �0.0001

Standing DBP … … 5.1�0.3 �0.0001

Standing HR 3.9�0.4 �0.0001 … …

Smoking 3.2�1.2 0.011 1.8�0.7 0.007

Diabetes 2.9�1.6 0.071 … …

Body mass index 3.3�0.4 �0.0001 1.3�0.2 �0.0001

Total cholesterol/HDL 1.7�0.4 0.0001 … …

Anti-HTN treatment … … 1.1�0.5 0.050

Model R2 0.48 0.53

SBP indicates systolic blood pressure; SE, standard error; DBP, diastolic
blood pressure; HR, heart rate; HDL, high-density lipoprotein; and HTN,
hypertension.

Data are estimated regression coefficient (� per SD increment for continu-
ous variables, or presence versus absence for binary ones) �SE. Sex and age
were forced into all models. Additional covariates with P�0.10 retained by
backward selection are reported. All continuous variables are presented per 1
SD. (See Table 1 for SD of variables.)
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BP (Table 3). For illustrative purposes, panels C and D in the
Figure show the unadjusted BP responses for individuals with
FMD above versus below the median.

Joint Relations of All Vascular Function Variables
and Exercise BP Responses
For each exercise outcome measure, we constructed a final
model that included the baseline risk factors and all vascular
function variables to identify a final set of predictor variables
(Table 4). For exercise systolic BP, carotid-femoral pulse
wave velocity, central pulse pressure, MAP, and mean
baseline brachial flow velocity were positively associated,
whereas FMD was negatively associated. These vascular
function variables as a group explained 8.0% of the variance
of exercise systolic BP. For diastolic BP, MAP was positively
associated, whereas forward wave amplitude was negatively
associated. The vascular function variables together ex-
plained 3.7% of the variance in exercise diastolic BP.

Discussion
Principal Findings
In our community-based sample of �2100 individuals, we
identified important relations between exercise BP responses
and cardiovascular risk factors, including age, BP, cigarette
smoking, BMI, and cholesterol. In addition, our results
demonstrate that measures of arterial stiffness are associated
with second-stage systolic BP and diastolic BP during a

submaximal exercise test. These relations persisted after
adjustment for the baseline cardiovascular risk factors and
resting BP. In addition, we also found that lower levels of
endothelial function, as measured by FMD, were associated
with higher exercise systolic BP responses. Overall, the
present results implicate several vascular function measures
in the BP response to exercise and may explain in part the
increased cardiovascular risk associated with a hypertensive
response to exercise.

In the Context of the Current Literature
Exercise BP is an important marker of mean ambulatory BP22

and LVH12,23,24 and a predictor of future hypertension2,5,9,25

and cardiovascular events.10,16,26,27 Despite the importance of
exercise BP as a marker of cardiovascular risk, limited data
exist regarding the predictors of exercise BP in large cohorts
of ambulatory individuals. Prior studies evaluating cardiovas-
cular risk factors and exercise BP have been limited by small
sample sizes28,29 and evaluation of predictors solely in
women.30 Despite these limitations, the present findings are
consistent with previous published reports of important asso-
ciations with age, smoking, BMI, resting BP, and total
cholesterol with exercise systolic BP.28–31 In addition to the
importance of exercise systolic BP, we have previously
shown that exercise diastolic BP is a predictor of cardiovas-
cular events.16 We identified several cardiovascular risk
factors that were also important predictors of exercise dia-
stolic BP response.

Although abnormal vascular function has been suggested
as a possible mechanism for an exaggerated systolic BP
response to exercise, few studies have systematically evalu-
ated the relations between measures of vascular function
(stiffness or endothelial function) with exercise BP responses.
Tsioufis et al29 evaluated 171 individuals and found that
carotid-femoral pulse wave velocity was associated with an
exaggerated systolic BP response to exercise, but this was not
a significant predictor in multivariable models. Conversely,
Stewart et al28 reported an association of reduced FMD with
exercise and systolic BP but failed to detect any association
between carotid-femoral pulse wave velocity and exercise BP
in a small study of 82 mildly hypertensive individuals. In a
much larger study of �9000 individuals, central arterial
stiffness, as measured by pulse pressure, was associated with
exercise systolic BP in univariate analyses; however, multi-
variable methods were not used, and tonometric data were not
available to further evaluate this relation.32 In the present
study of �2000 participants with exercise BP, tonometric
data, brachial flow velocity, and FMD, we demonstrated that
arterial stiffness, microvascular reactivity, and endothelial
function (as assessed by FMD) were significant correlates of
exercise BP, thereby implicating abnormal vascular function
as a contributing factor in the exaggerated BP response
observed with exercise.

Possible Mechanisms
During normal exercise, cardiac output increases in response
to the demand of working muscle because of a sympatheti-
cally mediated increase in heart rate and stroke volume. The
BP response to the increase in cardiac output during exercise

Table 3. Relations of Tonometry and Brachial Artery Measures
With Second-Stage Exercise Blood Pressure Responses

Exercise
SBP,

�̂�SE P

Exercise
DBP,

�̂�SE P

Tonometry

Carotid-femoral pulse
wave velocity

1.7�0.7 �0.01 … …

Central pulse pressure 2.7�0.6 �0.0001 … …

Forward pressure wave
amplitude

… … �1.6�0.3 �0.0001

Augmented pressure … … … …

Augmentation index … … … …

Mean arterial pressure 1.6�0.7 0.02 2.0�0.4 �0.0001

Brachial artery dimensions

Baseline … … … …

Flow-mediated
dilation

�2.0�0.5 �0.0001 … …

Brachial artery blood
flow velocity

Baseline 1.8�0.6 0.001 … …

Hyperemic �1.7�0.6 0.004 … …

SBP indicates systolic blood pressure; SE, standard error; and DBP, diastolic
blood pressure.

Linear regression models for second-stage SBP and second-stage DBP were
adjusted for risk factors listed in Table 2. Each set of vascular function
variables (in bold) was evaluated in a separate model that did not include other
vascular function variables. Results are presented as estimated regression
coefficients (�) per 1-SD increment in the independent variables�SE. (See
Table 1 for SD of variables.)
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Figure. Unadjusted exercise systolic (SBP) and
diastolic (DBP) blood pressure responses during
submaximal exercise test according to higher
(above median) vs lower (below median) carotid-
femoral pulse wave velocity (CFPWV; A and B)
and flow-mediated dilation percent (FMD; C and
D). SBP standard error of the mean (SEM) varied
from 0.5 to 0.9 and DBP SEM varied from 0.5 to
0.9 depending on the time point for CFPWV
above and below the median. SBP SEM varied
from 0.5 to 1.01 and DBP SEM varied from 0.3 to
0.6 depending on the time point for FMD above
and below the median.
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is moderated in part by a fall in peripheral artery resistance
via endothelium-dependent vasodilation and microcirculatory
reserve.13,33 Chronic exposure to vascular risk factors, includ-
ing cholesterol, cigarette smoking, and increased BP, have
been shown to promote endothelial dysfunction and arterial
stiffness by reducing availability of nitric oxide34,35 and by
altering the normal balance and spatial organization of
arterial structural elements (including collagen and elas-
tin).36,37 The present results suggest that a greater increase in
BP during exercise is likely caused by the combination of a
stiffer aorta (as measured by increased carotid-femoral pulse
wave velocity and higher central pressure pulsatility) and
impaired endothelial function, (as measured by higher resting
brachial flow, lower reactive hyperemia, and reduced FMD).

Interestingly, we also found an inverse association between
exercise diastolic BP and forward pressure wave velocity;
however, the underlying mechanism for this association is not
entirely clear. It is conceivable that such an association
reflects the fall in diastolic BP in response to a transient
increase in cardiac load posed by acute exercise. In addition,
because the model also included MAP, the association may
simply indicate a lower diastolic BP in those with a higher
forward wave amplitude at a given MAP.

Clinical Implications
The present findings that impaired vascular function, includ-
ing increased arterial stiffness and abnormal endothelial
function, is associated with increased exercise BP responses
may provide an important mechanistic link between a hyper-
tensive response to exercise, LVH, and increased risk of
cardiovascular events. Our observations suggest that individ-
uals with a hypertensive response to exercise likely have
underlying impaired vascular function, which limits their
ability to compensate for the increased cardiac output asso-
ciated with the low to moderate exercise frequently encoun-
tered during normal activities and thus resulting in frequent
rises in BP. Although such individuals may have normal (or
near-normal) resting BP, the frequent transient increases in
BP may increase the propensity for developing LVH and may

increase the risk for future cardiovascular disease events.
Furthermore, large-artery stiffness, as measured by carotid-
femoral pulse wave velocity, contributes to central pulse
pressure, which represents the pressure directly exerted on the
heart and brain.38 Increased stiffness leads to increased
systolic afterload,39,40 which provides the stimulus for LVH
and atherosclerosis.

Both arterial stiffness41–45 and impaired endothelial func-
tion46,47 are important predictors of future cardiovascular
events, which may further explain the observed associations
between a hypertensive response to exercise and cardiovas-
cular events. It has been suggested that the increased pulse
wave velocity and the earlier timing of the reflected wave that
occurs during systole, rather than diastole, may reduce
coronary perfusion.38 In addition, impaired FMD may be a
marker for vascular inflammation and propensity for throm-
bosis.48 Progressive stiffening of the aorta may also attenuate
the normal interface between central and peripheral arteries,
equalizing the impedance of central and peripheral arteries,
reducing wave reflections, and subjecting the peripheral
microcirculation to potentially deleterious pulsatile energy
that increases the propensity for end-organ damage.17

Despite the knowledge that a hypertensive BP response is
a risk factor for future hypertension and cardiovascular
events, the use of exercise testing as a screening test for
prehypertension has not been recommended, given the low
predictive value of a hypertensive response for subsequent
cardiovascular events.33 Furthermore, despite recent evidence
for improved risk reclassification with noninvasive mea-
sures,17,47 the use of FMD or tonometry as routine screening
tests is not currently recommended nor widely available.
However, because exercise testing is a common test that is
performed routinely, a hypertensive response to exercise may
represent an easily available clinical marker of increased
vascular stiffness or impaired endothelial function. Further
research exploring the value of exercise BP as a preliminary
assessment of vascular function may be warranted.

Strengths and Limitations
A major strength of the present study is the measurement of
exercise BP, tonometry, and brachial artery flow measure-
ments on the same morning in each participant, thereby
allowing for an unbiased assessment of the cross-sectional
relations between these variables. In addition, our large
community-based sample of individuals with detailed cardio-
vascular risk factor data allowed for relations to be explored
in ambulatory individuals and permitted multivariable mod-
eling of exercise BP to elucidate the effects of vascular
function on exercise BP with adequate statistical power. The
present study also had a number of limitations that deserve
mention. First, given the observational nature of the study,
causality cannot be inferred for any of the reported associa-
tions. Second, because exercise BP responses and vascular
function measurements occurred years after enrollment into
the Offspring cohort and were conditional on survival to the
seventh examination cycle of the study, the present sample
may be biased toward a healthier group of participants. Third,
participants underwent a submaximal exercise test, and thus,
BP responses do not represent peak BP responses, which

Table 4. Vascular Function Variables Retained in Final Models
for Exercise Systolic and Diastolic Blood Pressure

�̂�SE P

Exercise SBP

Carotid-femoral pulse wave velocity 1.5�0.7 0.02

Central pulse pressure 2.8�0.6 �0.0001

Mean arterial pressure 1.5�0.7 0.04

Baseline brachial flow 1.6�0.5 0.002

Flow-mediated dilation �1.8�0.5 0.001

Exercise DBP

Forward pressure wave amplitude �1.6�0.3 �0.0001

Mean arterial pressure 2.0�0.4 �0.0001

SE indicates standard error; SBP, systolic blood pressure; and DBP, diastolic
blood pressure.

Linear regression models for systolic BP, diastolic BP were adjusted for risk
factors listed in Table 2.

Data are estimated regression coefficients (�)�SE. All variables are
presented per 1 SD. (See Table 1 for SD of variables.)
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could potentially result in underestimation of the impact of
abnormal vascular function on maximal exercise BP re-
sponses. However, BP measured during submaximal exercise
correlates well with ambulatory BP and may be a more
representative measure of the physiological rise in BP with
exercise. Fourth, our sample was predominantly white and of
European descent; reported results may not be generalizable
to other ethnicities.

Conclusions
In our investigation of a moderate-sized community-based
sample, we have demonstrated that cardiovascular risk factors
(including resting BP, smoking, cholesterol, and BMI) are
important correlates of BP responses during a submaximal
exercise test. Most important, we have demonstrated that
increased arterial stiffness and impaired endothelial function
are associated with exercise BP, which supports the notion
that abnormal vascular function may contribute to exagger-
ated BP responses to exercise.
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CLINICAL PERSPECTIVE
Exercise blood pressure is an important marker of cardiovascular disease risk that is associated with incident hypertension,
myocardial infarction, and cardiovascular mortality in individuals without overt coronary artery disease. It has been
hypothesized that individuals with a hypertensive response to exercise may have abnormalities in vascular function that
limit the compensatory mechanisms necessary to dampen the rise in blood pressure with exercise. Using data from �2000
individuals from the Framingham Offspring Study, we demonstrate that increases in blood pressure during low-intensity
exercise (ie, walking) are associated with both endothelial dysfunction and increased aortic stiffness. Our findings suggest
that impaired vascular function may contribute to exaggerated blood pressure responses during activities of daily living,
resulting in repetitive increments in load on the heart and vessels and increased cardiovascular disease risk. Our results
provide an important mechanistic link between the hypertensive response to exercise, left ventricular hypertrophy, and the
associated increased risk of cardiovascular events.
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