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Munir S, Jiang B, Guilcher A, Brett S, Redwood S, Marber M,
Chowienczyk P. Exercise reduces arterial pressure augmentation
through vasodilation of muscular arteries in humans. Am J Physiol Heart
Circ Physiol 294: H1645-H1650, 2008. First published February 22,
2008; doi:10.1152/ajpheart.01171.2007.—Exercise markedly influ-
ences pulse wave morphology, but the mechanism is unknown. We
investigated whether effects of exercise on the arterial pulse result
from alterations in stroke volume or pulse wave velocity (PWV)/large
artery stiffness or reduction of pressure wave reflection. Healthy
subjects (n = 25) performed bicycle ergometry. with workload in-
creasing from 25 to 150 W for 12 min. Digital arterial pressure
waveforms were recorded using a servo-controlled finger cuff. Radial
arterial pressure waveforms and carotid-femoral PWV were deter-
mined by applanation tonometry. Stroke volume was measured by
echocardiography, and brachial and femoral artery blood flows and
diameters were measured by ultrasound. Digital waveforms were
recorded continuously. Other measurements were made before and
after exercise. Exercise markedly reduced late systolic and diastolic
augmentation of the peripheral pressure pulse. At 15 min into recov-
ery, stroke volume and PWV were similar to baseline values, but
changes in pulse wave morphology persisted. Late systolic augmen-
tation index (radial pulse) was reduced from 54 * 3.9% at baseline to
42 £3.7% (P < 0.01), and diastolic augmentation index (radial pulse)
was reduced from 37 = 1.8% to 25 £ 2.9% (P < 0.001). These
changes were accompanied by an increase in femoral blood flow
(from 409 = 44 to 773 £ 48 ml/min, P < 0.05) and an increase in
femoral artery diameter (from 8.2 = 0.4 to 8.6 = 0.4 mm, P < 0.05).
In conclusion, exercise dilates muscular arteries and reduces arterial
pressure augmentation, an effect that will enhance ventricular-vascu-
lar coupling and reduce load on the left ventricle.

central blood pressure; pulse wave; nitroglycerin; pulse wave velocity

ARTERIAL PRESSURE DURING SYSTOLE is largely dependent on the
function of large elastic and muscular arteries. The importance
of muscular arteries is exemplified by nitroglycerin (NTG), a
powerful dilator of such arteries (15). NTG has a characteristic
effect on the pulse waveform: it reduces augmentation (Fig. 1)
in the central and peripheral pulse waveforms and reduces
central systolic pressure and central pulse pressure to a greater
degree than peripheral pressure. These effects are thought to be
due to reduction of pressure wave reflection from peripheral to
central arteries by vasodilation of muscular arteries (10, 23,
34). The reduction in central systolic blood pressure cannot be
determined simply by measurement of peripheral blood pres-
sure but can be detected from changes in the peripheral pulse
waveform (8), particularly reduction in peripheral systolic

augmentation index (AI), which approximates the ratio of
central to peripheral pulse pressure (18). Exercise induces
changes in pulse wave morphology, which are qualitatively
similar to those mediated by NTG, and could have important
implications for ventricular vascular coupling (19).

The purpose of the present study was to determine whether
effects of exercise on peripheral pulse wave morphology are
mediated by a mechanism similar to that of NTG, i.e., vaso-
dilation of muscular arteries, or whether they are accounted for
by changes in heart rate, stroke volume, or pulse wave velocity
(PWYV) in central arteries. To accomplish this, we measured
peripheral pulse waveforms at rest and during and after exer-
cise and measured stroke volume, large artery diameter, blood
flow, and PWV at rest and after exercise. We compared
changes in the pulse wave induced by exercise with those
induced by NTG.

METHODS

Subjects (n = 25) were nonsmoking healthy volunteers aged 19-33 yr
recruited from the local community. They were recreationally active,
but none were amateur or professional athletes. They had no history
of cardiovascular disease and were taking no regular prescribed
medication. The study was approved by St. Thomas’ Hospital re-
search ethics committee, and all subjects gave written informed
consent. Exercise studies were performed in the morning in a quiet
temperature-controlled vascular laboratory. Subjects were instructed
to avoid caffeine and exercise other than walking on the morning of
the study. Baseline measurements of brachial blood pressure, radial
and digital pulse waveforms, PWV, stroke volume, brachial and
femoral artery diameter, and blood flows were determined with
subjects in the semisupine position. Subjects then performed a period
of supervised exercise on a magnetically braked bicycle ergometer
(Seca Cardiotest 100, Cardiokinetis, Salford, UK). Workload com-
menced at 25 W and was increased by 25 W at 2-min intervals to a
maximum of 12 min (with peak workload of 150 W) or until
exhaustion. Exercise was not interrupted during acquisition of digital
artery waveforms (see below). Immediately after exercise, subjects
returned to a semirecumbent posture, and hemodynamic and arterial
measurements were obtained immediately after exercise (blood pres-
sure and pulse wave measurements at 1 min after exercise and PWV
1-3 min after exercise) and at 15, 30, and 60 min into recovery.

Hemodynamic and arterial measurements. Brachial systolic and
diastolic blood pressure was measured at rest and after exercise by an
automated oscillometric method (model 705CP, Omron). Mean arte-
rial pressure (MAP) was derived from the radial artery waveform (see
below) calibrated with oscillometric values of systolic and diastolic
pressure. The digital arterial waveform was continuously recorded
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Fig. 1. Typical aortic and peripheral (radial) pressure pulse waveforms.
Peripheral systolic pressure differs from aortic systolic pressure (peripheral
usually greater than aortic) as a result of propagation and pressure wave
reflection in the upper limb. Pressure wave reflection within the systemic
circulation is thought to influence the morphology of the aortic and peripheral
pulse. Measures of morphology include peripheral augmentation index (Al,
defined from the peripheral pulse wave as shown) and central augmentation
index (cAl, defined from the aortic pulse wave). Changes in the diastolic
portion of the peripheral waveform were also quantified using diastolic
augmentation index (DAI) and time of diastolic augmentation (rpa) defined as
shown. SBP and DBP, systolic and diastolic blood pressure.

X 100%

using a servo-controlled finger pressure cuff (Finometer, Finapres
Medical Systems). Waveform data were sampled at 100 Hz and
stored on disk for subsequent analysis using in-house software. Radial
artery pressure waveforms were acquired via applanation tonometry
(SphygmoCor, Atcor) at rest and after exercise. Digital artery wave-
forms are closely related to radial artery waveforms (17) and, with use
of the Finometer, can be obtained continuously during exercise (in
contrast to the SphygmoCor system, which cannot be used during
exercise). The primary measures of pressure augmentation were Al
(the difference between pressure at the point of late systolic augmen-
tation and diastolic pressure expressed as a percentage of pulse
pressure; Fig. 1) and diastolic Al (DAL, the difference between peak
pressure in early diastole and diastolic pressure expressed as a per-
centage of pulse pressure; Fig. 1). Because Al and DAI are ratios of
pressures, they are not dependent on calibration of the arterial pressure
waveforms. Al and DAI were calculated from the radial and digital
waveforms. The within-subject standard deviation of repeated mea-
sures of Al and DAI in our laboratory ranges from 8 to 12%.

Al has previously been shown to shown to change, in parallel with
central aortic Al (cAl), the difference between peak aortic systolic
pressure and the first systolic shoulder of the aortic pulse wave (Fig.
1) and to closely approximate the ratio of central to peripheral pulse
pressure (18). To verify that this relationship remains during exercise,
we simultaneously measured Al from the carotid artery (a close
surrogate of cAl) by carotid tonometry and Al derived from the digital
artery at rest and immediately after exercise in a subset of 10 subjects.
Carotid tonometry immediately after exercise was performed with the
subjects in the semisupine position, with the head supported (rehabil-
itation trainer 881E, Monark), which limited the maximum workload
to 100 W. The radial-to-aortic transfer function in the SphygmoCor
system [validated for use during low-workload exercise (25)] was also
used to estimate central systolic blood pressure and cAl at rest and
after exercise. Radial artery waveforms were calibrated from brachial
systolic and diastolic blood pressure, and the radial-to-aortic transfer
function incorporated in the SphygmoCor system was used to estimate
central systolic blood pressure and cAl.

Carotid-femoral PWV was measured by ECG-referenced carotid-
femoral arterial tonometry using the SphygmoCor system. Path length
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over the carotid-to-femoral region was estimated from the distance
between the sternal notch and femoral artery at the site of applanation.
The points of applanation on the carotid and femoral arteries were
kept constant throughout the study. Apart from measurements imme-
diately after exercise, all blood pressure, waveform, and PWV mea-
surements were means of three consecutive readings centered over the
time points defined above.

Stroke volume and brachial and femoral artery diameters were
determined at rest and after exercise by transthoracic echocardio-
graphy (Accuson 128XP with 4-MHz probe) and duplex ultrasound
(Accuson 128XP with 7-MHz vascular probe), respectively. Aortic
outflow tract diameter was measured, and stroke volume was calcu-
lated from aortic outflow tract cross-sectional area and velocity-time
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Fig. 2. A: typical digital pressure pulse waveforms obtained by Finapres at
baseline and during exercise. Waveforms are ensemble averages of ~10
cardiac cycles and are shown normalized to the same diastolic and systolic
pressures to demonstrate the change in morphology. Exercise was accompa-
nied by reduction or abolition of late systolic augmentation (+) and diastolic
augmentation (#). B: similar changes in pulse wave morphology in response to
nitroglycerin (NTG) infusion at rest, in the absence of any change in heart rate.
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integral of the Doppler-derived aortic velocity measurements. Cardiac
output and total peripheral resistance were calculated from stroke
volume, heart rate, and MAP (derived from the SphygmoCor system
by integration of the radial pressure waveform). Wall tracking soft-
ware (Medical Imaging Applications) was used to measure brachial
and femoral artery diameters in diastole. Blood flow was obtained
from arterial diameter and mean velocity, computed from the velocity-
time integral (with incorporation of any reverse flow during diastole).
Echocardiographic and ultrasound measurements were performed by
a second operator, so that they could be obtained at the same time
point as PVW measurements.

To compare exercise- with NTG-induced changes in the pulse
waveform, we analyzed data previously obtained during NTG infu-
sion (27). Eight healthy subjects were infused intravenously with a
cumulative dose of NTG (10, 30, and 100 wg/min, each dose for 15
min) that produces a change in large artery (brachial, femoral, and
carotid) diameter of 5-20% (1, 27). Blood pressures, radial artery
waveforms, and PWV were obtained as described above at baseline
and during the last 5 min of each NTG dose.

Statistics. Results were compared by analysis of variance (for
repeated measures where appropriate). When this showed an overall
change, values at individual time points were compared by Student’s
paired #-test. Results are summarized as means * SE. Heart rate was
incorporated as a covariate in the analysis for comparison of changes
in AL All tests were two-sided, and P < (.05 was taken as significant.

RESULTS

The majority (21 of 25) of the subjects completed the 12-min
exercise protocol; the remaining subjects completed 10 min of
the protocol. Exercise was associated with a marked change in
morphology of the radial and digital pressure pulse waveforms
comprising a relative reduction in late systolic augmentation
and diastolic augmentation and, hence, Al and DAI (Fig. 2). At
higher workloads (and in 2 of 25 subjects early in recovery),
systolic and/or diastolic augmentation was undetectable. The
reduction in Al and DAI persisted for 60 min into recovery and
was present even when heart rate had returned to baseline
(Table 1). Correction for change in heart rate in the recovery
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period did not explain differences in Al and DAI, and there
was no significant correlation between changes in Al and
changes in heart rate. The SphygmoCor software did not detect
Al reliably immediately after exercise (when values obtained
from the digital artery were used); however, at rest and at other
time points in recovery, Al and DAI values obtained from the
radial and digital waveforms were comparable (Table 1). The
time to the point of maximal diastolic augmentation (fpa) was
reduced during and immediately after exercise, but not by as
much as the reduction in pulse period; at later stages in
recovery, fpa remained similar to baseline, despite a reduction
in DAI (Table 1). Estimated central systolic blood pressure and
pulse pressure were lower than brachial blood pressure at rest
and after exercise, with a tendency for the difference to be
greater after exercise. There was also a reduction in estimated
aortic Al that paralleled the reduction in digital/radial Al
Measurements of Al derived from the carotid and digital
arteries produced a similar change in carotid and digital AI [of
12.2 = 2.2 and 13.3 * 4.3%, respectively, each P < 0.05, P =
not significant (NS) for difference].

Carotid-femoral PWV remained similar to baseline at all
time points after exercise (Table 1). At 15 min after exercise,
when echocardiographic and ultrasound measurements were
made, cardiac output was significantly higher and peripheral
vascular resistance was significantly lower than at baseline, but
stroke volume was unchanged compared with baseline (Table 2).
Brachial artery blood flow was lower than at baseline, and
brachial artery diameter was similar to baseline. Femoral blood
flow was approximately twice that at baseline (Table 2). This
increase in femoral blood flow was associated with a signifi-
cant increase in femoral artery diameter (Table 2). The change
from baseline in femoral artery diameter was not significantly
correlated with the change in Al or DAL

Pulse wave changes in response to NTG are summarized in
Table 3. NTG induced qualitatively similar changes in the
pulse waveform to exercise (Fig. 2), with a reduction in Al and

Table 1. Peripheral blood pressure and measures of pulse contour and PWV before and after exercise

Postexercise

Measurement Preexercise 1-3 min® 15 min 30 min 60 min
Heart rate, min~! 69+2.2 105*4.4¢ 80*2.7¢ 74*2.4¢ 73£2.6
Brachial blood pressures, mmHg
SBP 11722 138+3.9¢ 117x2.7 11624 110%2.5
DBP 66+1.7 6414 69+2.0 69+2.2 66+1.2
MAP 84x15 88*2.4¢ 80*1.6° 8113 79+1.0¢
PP 50*2.5 74+3.4¢ 48+2.8 47+2.8 44+2 3¢
Peripheral augmentation
Al %
Radial® 54*3.9 42+3.74 47+3.64 45+3.5¢
Finger 51%3.8 19+4.0¢ 45+23 45*3.1¢ 47+1.7¢
DAL %
Radial 3718 11=1.5¢ 25+2.9¢ 29+1.94 31%£2.8°
Finger 3717 8.5x1.4¢ 25*2.9¢ 30*£1.8° 30£1.5¢
tpa (finger), ms 480£20 369+ 13¢ 4649 487+16 478+21
Estimated central pressures and augmentation
SBP, mmHg 104+2.1 120+2.8¢ 100%2.0 100£2.0 96+1.44
PP, mmHg 35+1.6 51*2.4¢ 3220 31£1.6 29+1.44
Al (aorta), % 6.2+2.0 33*1.8 1.0£1.6° 1.2+1.84 2.9+2.1¢
PWV, m/s 7.1x£0.2* 7.4x0.2 7.1x£0.2 7.0%0.2 7.1x0.2

Values are means * SE. SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean blood pressure; PP, pulse pressure; Al, augmentation index;
DI, diastolic augmentation index; PWYV, pulse wave velocity. “Blood pressure and pulse wave were measured 1 min after exercise; PWV was measured 1-3 min
after exercise. ®SphygmoCor values for radial AI could not be obtained during or immediately after exercise. °P < 0.05; 4P < 0.01; °P < 0.001 vs. preexercise.
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Table 2. Stroke volume and femoral and brachial artery
diameter and flow before and 15 min after exercise

Preexercise Postexercise

Heart rate, min ' 69+2.2 80+2.7%
Stroke volume, ml 84.1+4.5 87.3+6.2
Cardiac output, 1/min 5.5%0.3 6.5+0.3*
PVR, mmHg-1" ' min 16.0£1.1 13.1£0.5%
Diameter, mm

Femoral artery 82+0.4 8.6+0.4*

Brachial artery 3.8%20.2 3.8%20.2
Flow, ml/min

Femoral 409+44 773+48*

Brachial 143+25 85.7+14.6*

Values are means = SE. PVR; peripheral vascular resistance. *P < 0.05;
TP < 0.001 vs. preexercise.

DAI. At lower doses, NTG induced a marked reduction in Al
and DAI without a significant change in heart rate. There was
also no significant change in carotid-femoral PWV.

DISCUSSION

Although cardiac function during exercise has been studied
extensively, relatively little is known about the influence of
exercise on ventricular vascular coupling and pulse wave
morphology. The main finding of the present study is that
exercise induces marked changes in the morphology of the
radial and digital pulse wave similar to changes induced by
nitrovasodilators, comprising a reduction in late systolic and
early diastolic pressure augmentation. These changes increase
with increasing intensity of exercise and persist for up to 60
min into recovery. In principle, such changes could be due to
altered heart rate/ventricular ejection characteristics, large ar-
tery stiffness/PWV, or change in tone of muscular arteries
influencing pressure wave reflection (21). However, changes in
waveform morphology were present in recovery when stroke
volume and carotid-femoral PWV values were similar to those
at baseline. Although small but significant differences in heart
rate persisted for up to 30 min into recovery, changes in
augmentation persisted for up to 60 min.

At 15 min into recovery, changes in augmentation were not
correlated with heart rate but were accompanied by dilation of
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the femoral arteries. Changes in augmentation were not corre-
lated with changes in femoral artery diameter, but the absolute
changes (~400 pwm) were relatively small in comparison with
the resolution of the scanner (~100 wm) and subject to
within-subject variability of ~30%. Reflection depends on
impedance, which is related to high-order powers of diameter,
which will amplify within-subject variability in diameter and
limit any correlation with measured change in diameter. Fur-
thermore, we did not measure femoral artery diameter at 60
min into recovery, and we cannot exclude the possibility that
another mechanism might be responsible for or contribute to
the reduction in augmentation during/after exercise. Neverthe-
less, the similarity of exercise- to NTG-induced changes in Al
strongly suggests that vasodilation of muscular arteries with a
reduction in pressure wave reflection from the lower body is an
independent mechanism underlying exercise-induced changes
in pulse waveform morphology. Relaxation of vascular smooth
muscle in muscular arteries leads to vasodilation and a reduc-
tion in PWV (2, 12). The present findings are, therefore,
consistent with the decrease in PWV after exercise in muscular
arteries of the exercising limb observed by a number of other
investigators (7, 11, 20, 29). Although aortic PWV (closely
related to carotid-femoral PWV) is probably more important
than lower limb PWV in determining the timing of reflections
and, hence, augmentation, a decrease in lower limb PWV could
also contribute to a reduction in pressure augmentation.

The most obvious implications of the exercise-induced
change in the arterial pulse relate to loading on the left
ventricle. Central aortic systolic pressure is usually estimated
using a radial-aortic transfer function, such as that incorporated
into the SphygmoCor system. This transfer function has been
validated to reliably estimate central systolic blood pressure
(and pulse pressure) at low workloads (25) but has not been
validated at higher heart rates/workloads (approx >100 beats/
min). Transfer functions do change during exercise (28), and
the technique may have limitations with respect to precise
estimation of central pressure at high heart rates/workloads.
Limitations on the accuracy of estimation of central pressure
may also be imposed by calibration of peripheral arterial
waveforms by brachial cuff pressure (22) and by brachial-to-
radial amplification (30). In the present study, we used mea-

Table 3. Peripheral blood pressure and measures of pulse contour and PWV at baseline and during NTG infusion

NTG
Baseline 10 pg/min 30 pg/min 100 pg/min

Heart rate, min~! 63.6+4.5 64.5+3.8 64.3+4.1 68.8+4.7+
Brachial blood pressures, mmHg

SBP 109.5%3.6 108.2+3.2 105.4+3.3% 102.2+3.17

DBP 68.2+2.1 61.4+1.9% 59.6+1.8% 57.2+2.5%

MAP 82.0*+2.4 77.0%£2.2% 74.9+2.0% 722+2.5%

PP 41.3%2.8 46.8+2.37 45.7+3.0% 45.1+2.1
Peripheral augmentation

Al (radial), % 60.1+6.2 37.4+3.7% 36.9+5.3F 33.7£3.9%

DAL (radial), % 41.2£25 33.3%+2.0% 32.1*=1.4% 28.1*+2.1%

toa (radial), ms 418+4.8 450*5.8% 452*6.5% 459+7.8%
Estimated central pressures and augmentation

SBP, mmHg 92.9+4.5 78.7+2.7% 76.8+£3.5% 72.4+3.2%

PP, mmHg 247+3.0 17.2+1.5% 17.2%£3.9% 15.2+2.0%

Al (aorta), % 16.2+4.6 1.1£3.4F —4.4+27% —6.9+3.1%
PWV, m/s 8.9+0.36 8.7+0.37 8.60.47 8.4%+0.39

Values are means = SE. NTG, nitroglycerin. *P < 0.05; P < 0.01; £P < 0.001 vs. baseline.
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surements of augmentation obtained directly from the digital
and radial arteries without the use of a transfer function, as well
as transfer function estimates of central systolic pressure and
cAl. Although the upper limb modifies the pulse waveform,
vascular tone in the upper limb has only a minor influence on
the peripheral pulse, in contrast to that in the systemic circu-
lation (6). Changes in peripheral Al parallel changes in cAl
(measured invasively) during pacing and after administration
of vasodilators, interventions producing hemodynamic changes
similar to those induced by exercise (18), and peripheral Al
closely approximates the ratio of central to peripheral pulse
pressure. In the present study, we observed parallel changes in
carotid Al, a close surrogate of aortic Al, and peripheral Al.
This confirms that reduction of radial/digital Al results from an
exercise-induced change in the systemic circulation, rather
than an artifact arising from change in the upper limb.

It is well established that exercise is associated with ampli-
fication of peripheral systolic blood pressure above central
systolic blood pressure (13, 24, 26), which is expected on the
basis of an increase in heart rate (31, 32). However, the present
study suggests that peripheral vasodilation is an independent
mechanism contributing to reduced Al and, therefore, a reduc-
tion in central relative to peripheral systolic blood pressure.
Reduced pressure augmentation after exercise could be one
mechanism contributing to the phenomenon of warm-up an-
gina, whereby an initial period of exercise (even below the
ischemic threshold) in patients with coronary heart disease
limits subsequent angina (3).

Previous work on pulse wave analysis has focused on the
systolic component of the waveform. However, it is thought
that pressure wave reflection is responsible for the augmenta-
tion of diastolic pressure or “the diastolic tidal wave” (21).
Indeed, if pressure wave reflection occurs from small muscular
arteries proximal to resistance arteries but distal to conduit
arteries, then calculations based on path length and PWV of
reflected waves (expected to approximate that of forward waves)
suggest that the majority of reflection would be expected to occur
in diastole (6). In the present study, we observed a reduction in the
diastolic wave in parallel with a reduction in late systolic aug-
mentation, and at high levels of exercise the “diastolic wave” was
virtually abolished. Although the time to the point of maximal
diastolic augmentation was reduced during exercise (Fig. 1), it
was not reduced to the same extent as the pulse period, and at
later stages in recovery it remained similar to baseline, despite
areduction in DAL This finding is consistent with formation of
DAI by wave reflection. During exercise, reflected waves that
arrive in diastole of the same cardiac cycle at low heart rates
may arrive in systole of the next cycle when heart rate in-
creases and the period of the pulse decreases. This would
account for the disappearance of the diastolic wave as it
becomes overridden by the systolic wave. Reduction of the
“diastolic component” of the pressure wave is thus of impor-
tance; otherwise, by augmentation, it would lead to a greater
rise in systolic blood pressure during exercise.

Our study did not identify the signaling pathway(s) through
which vasodilation of muscular arteries occurs. Endothelium-
derived mediators, such as nitric oxide (9), prostaglandins (33),
and endothelin (16), may be involved, and under conditions
associated with impaired endothelial vasomotor dysfunction
(5), exercise-induced vasodilation may be impaired, with ad-
verse consequences on ventricular-vascular coupling. Ana-
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tomic or structural changes in the arterial tree, possibly asso-
ciated with fetal programming, are also likely to influence
regulation of pressure wave reflection during exercise (4, 14).

In conclusion, exercise leads to changes in the arterial
pressure waveform that are likely to arise from dilation of
muscular arteries supplying skeletal muscle and reduced pres-
sure wave reflection. These changes are likely to form an
important part of a functional adaptation to exercise that
enhances ventricular-vascular coupling and reduces load on the
left ventricle.

GRANTS

The authors acknowledge financial support from the Department of Health
via the National Institute for Health Research comprehensive Biomedical
Research Centre award to Guy’s and St. Thomas’ National Health Service
Foundation Trust in partnership with King’s College London. S. Munir was
supported by British Heart Foundation Fellowship FS/04/059.

REFERENCES

1. Arcaro G, Cretti A, Balzano S, Lechi A, Muggeo M, Bonora E,
Bonadonna RC. Insulin causes endothelial dysfunction in humans: sites
and mechanisms. Circulation 105: 576582, 2002.

2. Bank AJ, Kaiser DR, Rajala S, Cheng A. In vivo human brachial artery
elastic mechanics: effects of smooth muscle relaxation. Circulation 100:
41-47, 1999.

3. Bogaty P, Poirier P, Boyer L, Jobin J, Dagenais GR. What induces the
warm-up ischemia/angina phenomenon: exercise or myocardial ischemia?
Circulation 107: 1858-1863, 2003.

4. Broyd C, Harrison E, Raja M, Millasseau SC, Poston L, Chowienczyk
PJ. Association of pulse waveform characteristics with birth weight in
young adults. J Hypertens 23: 1391-1396, 2005.

5. Brunner H, Cockcroft JR, Deanfield J, Donald A, Ferrannini E,
Halcox J, Kiowski W, Luscher TF, Mancia G, Natali A, Oliver JJ,
Pessina AC, Rizzoni D, Rossi GP, Salvetti A, Spieker LE, Taddei S,
Webb DJ. Endothelial function and dysfunction. II. Association with
cardiovascular risk factors and diseases. A statement by the Working
Group on Endothelins and Endothelial Factors of the European Society of
Hypertension. J Hypertens 23: 233-246, 2005.

6. Chowienczyk PJ, Kelly RP, MacCallum H, Millasseau SC, Andersson
TL, Gosling RG, Ritter JM, Anggard EE. Photoplethysmographic
assessment of pulse wave reflection: blunted response to endothelium-
dependent {3:-adrenergic vasodilation in type II diabetes mellitus. J Am
Coll Cardiol 34: 2007-2014, 1999.

7. Davies TS, Frenneaux MP, Campbell RI, White MJ. Human arterial
responses to isometric exercise: the role of the muscle metaboreflex. Clin
Sci (Lond) 112: 441-447, 2007.

8. Jiang XJ, O’Rourke MF, Jin WQ, Liu LS, Li CW, Tai PC, Zhang XC,
Liu SZ. Quantification of glyceryl trinitrate effect through analysis of the
synthesised ascending aortic pressure waveform. Heart 88: 143-148,
2002.

9. Joannides R, Haefeli WE, Linder L, Richard V, Bakkali EH, Thuillez C,
Liischer TF. Nitric oxide is responsible for flow-dependent dilation of
human peripheral conduit arteries in vivo. Circulation 88: 2511-2516,
1995.

10. Kelly RP, Gibbs HH, O’Rourke MF, Daley JE, Mang K, Morgan JJ,
Avolio AP. Nitroglycerin has more favourable effects on left ventricular
afterload than apparent from measurement of pressure in a peripheral
artery. Eur Heart J 11: 138-144, 1990.

11. Kingwell BA, Berry KL, Cameron JD, Jennings GL, Dart AM.
Arterial compliance increases after moderate-intensity cycling. Am J
Physiol Heart Circ Physiol 273: H2186-H2191, 1997.

12. Kinlay S, Creager MA, Fukumoto M, Hikita H, Fang JC, Selwyn AP,
Ganz P. Endothelium-derived nitric oxide regulates arterial elasticity in
human arteries in vivo. Hypertension 38: 1049-1053, 2001.

13. Kroeker EJ, Wood EH. Comparison of simultaneously recorded central
and peripheral arterial pressure pulses during rest, exercise and tilted
position in man. Circ Res 3: 623—-632, 1955.

14. Lurbe E, Torro MI, Carvajal E, Alvarez V, Redon J. Birth weight
impacts on wave reflections in children and adolescents. Hypertension 41:
646-650, 2003.

AJP-Heart Circ Physiol - VOL 294 « APRIL 2008 - www.ajpheart.org

2T02 ‘22 Ainc uo 2'€€'022°0T Aq /610 ABojoisAyd-reaydfe//:dny wouy papeojumoq



http://ajpheart.physiology.org/

H1650

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Mason DT, Braunwald E. The effects of nitroglycerin and amy! nitrite on
arteriolar and venous tone in the human forearm. Circulation 32: 755-766,
1965.

McEniery CM, Wilkinson IB, Jenkins DG, Webb DJ. Endogenous
endothelin-1 limits exercise-induced vasodilation in hypertensive humans.
Hypertension 40: 202-206, 2002.

Millasseau SC, Guigui FG, Kelly RP, Prasad K, Cockcroft JR, Ritter
JM, Chowienczyk PJ. Noninvasive assessment of the digital volume
pulse. Comparison with the peripheral pressure pulse. Hypertension 36:
952-956, 2000.

Munir S, Guilcher A, Kamalesh T, Clapp B, Redwood S, Marber M,
Chowienczyk P. Peripheral augmentation index defines the relationship
between central and peripheral pulse pressure. Hypertension 51: 112-118,
2007.

Murgo JP, Westerhof N, Giolma JP, Altobelli SA. Effects of exercise
on aortic input impedance and pressure wave forms in normal humans.
Circ Res 48: 334-343, 1981.

Naka KK, Tweddel AC, Parthimos D, Henderson A, Goodfellow J,
Frenneaux MP. Arterial distensibility: acute changes following dynamic
exercise in normal subjects. Am J Physiol Heart Circ Physiol 284:
H970-H978, 2003.

Nichols WW, O’Rourke MF. McDonald’s Blood Flow in Arteries.
Theoretical, Experimental and Clinical Principles. London: Arnold, 1998.
O’Rourke MF, Adji A. An updated clinical primer on large artery
mechanics: implications of pulse waveform analysis and arterial tonome-
try. Curr Opin Cardiol 20: 275-281, 2005.

Pauca AL, Kon ND, O’Rourke MF. Benefit of glyceryl trinitrate on
arterial stiffness is directly due to effects on peripheral arteries. Heart 91:
1428-1432, 2005.

Rowell LB, Brenglemann GL, Blackmon JR, Bruce RA, Murray JA.
Disparities between aortic and peripheral pulse pressures induced by
upright exercise and vasomotor changes in man. Circulation 37: 954-964,
1968.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

EXERCISE HEMODYNAMICS

Sharman JE, Lim R, Qasem AM, Coombes JS, Burgess MI, Franco J,
Garrahy P, Wilkinson IB, Marwick TH. Validation of a generalized
transfer function to noninvasively derive central blood pressure during
exercise. Hypertension 47: 1203-1208, 2006.

Sharman JE, McEniery CM, Campbell RI, Coombes JS, Wilkinson
IB, Cockceroft JR. The effect of exercise on large artery haemodynamics
in healthy young men. Eur J Clin Invest 35: 738744, 2005.

Stewart AD, Jiang B, Millasseau SC, Ritter JM, Chowienczyk PJ.
Acute reduction of blood pressure by nitroglycerin does not normalize
large artery stiffness in essential hypertension. Hypertension 48: 404—410,
2006.

Stok WJ, Westerhof BE, Karemaker JM. Changes in finger-aorta
pressure transfer function during and after exercise. J Appl Physiol 101:
1207-1214, 2006.

Sugawara J, Otsuki T, Tanabe T, Maeda S, Kuno S, Ajisaka R,
Matsuda M. The effects of low-intensity single-leg exercise on regional
arterial stiffness. Jpn J Physiol 53: 239-241, 2003.

Verbeke F, Segers P, Heireman S, Vanholder R, Verdonck P, Van
Bortel LM. Noninvasive assessment of local pulse pressure: importance
of brachial-to-radial pressure amplification. Hypertension 46: 244-248,
2005.

Wilkinson IB, MacCallum H, Flint L, Cockcroft JR, Newby DE,
Webb DJ. The influence of heart rate on augmentation index and central
arterial pressure in humans. J Physiol 525: 263-270, 2000.

Wilkinson IB, Mohammad NH, Tyrrell S, Hall IR, Webb D], Paul VE,
Levy T, Cockeroft JR. Heart rate dependency of pulse pressure ampli-
fication and arterial stiffness. Am J Hypertens 15: 24-30, 2002.

Wilson JR, Kapoor SC. Contribution of prostaglandins to exercise-
induced vasodilation in humans. Am J Physiol Heart Circ Physiol 265:
H171-H175, 1993.

Yaginuma T, Avolio A, O’Rourke M, Nichols W, Morgan JJ, Roy P,
Baron D, Branson J, Fenley M. Effect of glyceryl trinitrate on peripheral
arteries alters left ventricular hydraulic load in man. Cardiovasc Res 20:
153-160, 1986.

AJP-Heart Circ Physiol - VOL 294 « APRIL 2008 - www.ajpheart.org

2T02 ‘22 Ainc uo 2'€€'022°0T Aq /610 ABojoisAyd-reaydfe//:dny wouy papeojumoq



http://ajpheart.physiology.org/

