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Effect of aging on carotid artery stiffness
and baroreflex sensitivity during
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Abstract

To examine the possible age-related blood pressure (BP) deregulation
in response to central hypervolemia, we measured spontaneous baro-
reflex sensitivity (SBRS), carotid arterial compliance (CC), and R-R
interval coefficient of variation (RRICV) during basal and thermoneu-
tral resting head-out-of-water immersion (HOWI) in 7 young (YG =
24.0 ± 0.8 years) and 6 middle-aged/older (OL = 59.3 ± 1.3 years)
healthy men. Compared with basal conditions (YG = 19.6 ± 4.0 vs OL
= 6.1 ± 1.5 ms/mmHg, P < 0.05), SBRS remained higher in YG than
OL during rest HOWI (YG = 23.6 ± 6.6 vs OL = 9.3 ± 2.1 ms/mmHg,
P < 0.05). The RRICV was significantly different between groups
(YG = 6.5 ± 1.4 vs OL = 2.8 ± 0.4%, P < 0.05) under HOWI. The OL
group had no increase in CC, but a significant increase in systolic BP
(basal = 115.3 ± 4.4 vs water = 129.3 ± 5.3 mmHg, P < 0.05) under
HOWI. In contrast, the YG group had a significant increase in CC
(basal = 0.16 ± 0.01 vs water = 0.17 ± 0.02 mm2/mmHg, P < 0.05) with
no changes in systolic BP. SBRS was positively related to CC (r =
0.58, P < 0.05 for basal vs r = 0.62, P < 0.05 for water). Our data
suggest that age-related vagal dysfunction and reduced CC may be
associated with SBRS differences between YG and OL groups, and
with BP elevation during HOWI in healthy older men.
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Introduction

Orthostatic hypotension is prevalent with
aging (1) and a proposed underlying mech-
anism is associated with impaired arterial
baroreflex sensitivity (BRS; 2,3). It has been
reported that in hypovolemic stress induced
by head-up-tilt, the fluid shifts from the up-
per to the lower part of the body, unloading

cardiopulmonary and arterial baroreceptors.
In contrast, head-out-of-water immersion
(HOWI) results in a significant increase in
cardiac filling accompanied by loading of
cardiopulmonary and arterial baroreceptors
(4). Arterial baroreceptors are sensory nerve
endings that innervate large arteries (carotid
sinuses and aortic arch) and appear to contri-
bute importantly to the regulation of blood
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pressure (BP) by the withdrawal of cardiac
vagal tone (the immediate increase in heart
rate (HR) determined by the acceleration of
the electrocardiographic (ECG) R-R inter-
val) during orthostatic challenge (5).

Age-related changes seem to provoke au-
tonomic changes with impairment of vagal
baroreflex and increases of baseline muscle
sympathetic nerve activity (2). Shi et al. (6)
demonstrated that age-related cardiac vagal
dysfunction is associated with an attenuated
response of BP regulation during hypovolemic
stress. Their study showed that the elderly
experienced orthostatic hypotension at the
onset of orthostatic challenge because of a
diminished HR response, but the increased
vasoconstriction helped maintain their BP dur-
ing a hypovolemic stress.

It has long been believed that aging leads to
progressive structural and functional changes
within the arterial walls, which are associated
with increased vascular stiffness (7). In asso-
ciation with structural alterations, the elastic
properties of the carotid arterial wall are re-
duced, blunting the baroreceptor response to
increases in BP (8). Studies have revealed that
the reduced carotid artery compliance (9,10)
plays an important role in the age-associated
decrease in cardiac BRS. On the other hand,
studies (11,12) using hypovolemic circulatory
stress have not detected changes in cardiovas-
cular reflex responses with aging. Thus, the
inconclusive findings concerning baroreflex
responsiveness in young and older men, as
well as its physiological consequences, pro-
vide a compelling rationale for the study of
hemodynamic changes associated with BP
regulation with advancing age.

The primary goal of the present study
was to investigate age-related changes in
cardiac autonomic control and elastic prop-
erties of the carotid artery related to BP
regulation during resting hemodynamic
stress. We used water immersion to load
arterial and cardiopulmonary baroreceptors
and hypothesized that: i) BP deregulation is
prevalent in older adults and an underlying

mechanism may be the result of impaired
BRS, and ii) age-related vagal dysfunction
and elastic properties of the carotid artery
could be related to BP changes and BRS
responses during hemodynamic stress.

Material and Methods

Subjects

Thirteen healthy males, 7 young (YG, 24
± 0.8 years) and 6 middle-aged/older men
(OL, 59.3 ± 1.3 years), volunteered for the
study. All signed an informed consent form
released prior to participation. The experi-
ments were carried out with the approval of
the Ethics Committee of Kyoto University,
Graduate School of Human and Environ-
mental Studies. The subjects studied are nor-
motensive (BP <140/90 mmHg) with no ev-
idence of renal or cardiovascular disease as
indicated on the basis of medical history and
of a resting electrocardiogram.

Experimental design

All of the experimental procedures were
performed in two randomized sessions (rest-
ing basal conditions and during resting
HOWI) on separate days at the same time
each day. The following randomized meas-
urements were made: anthropometric pa-
rameters, carotid artery diameter (CD), echo-
cardiography measures, beat-to-beat HR, and
BP. All measurements were made with the
subject in the upright-seated position.

Experimental procedures

All measurements were made with the
subjects sitting on a chair under resting basal
conditions (air temperature of 27ºC) and in a
similar position during rest thermoneutral
water immersion. An adjustable chair was
placed in the swimming pool to adjust the
water to heart level in all subjects evaluated.
The subject, wearing only swim shorts, was
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instrumented with cuffs around the left up-
per arm and right finger for the determina-
tion of brachial and peripheral arterial BP,
respectively. Simultaneously, a beat-to-beat
HR signal was recorded using a bipolar lead
(CM5 lead). The noninvasive peripheral BP
wave was recorded using an automatic sphyg-
momanometer (Finapress 2300, Ohmeda,
Englewood, CO, USA) connected to a finger
cuff containing a plethysmographic trans-
ducer. The noninvasive beat-to-beat BP re-
cording device was fitted to the middle fin-
ger of the hand. The arm was placed at the
level of the heart and adjusted for similar
brachial BP values in all subjects under basal
conditions and during rest HOWI. Then, the
analog output of the ECG (with a band pass
filter between 0.5 and 100 Hz) and BP sig-
nals were digitized via a 13-bit analog-to-
digital converter (Trans Era Corporation,
South Orem, UT, USA) at a sampling rate of
1 kHz. The beat-to-beat ECG and BP signals
collected under basal conditions and during
rest HOWI were stored on a computer hard
disk for later analysis. To analyze spontane-
ous BRS (SBRS) and HR variability (HRV)
the beat-to-beat ECG and BP signals were
collected for 300 s.

Our beat-to-beat ECG and BP data col-
lection procedures have been described in
detail (13,14). The standard time domain
analysis of HRV was performed by calculat-
ing the beat-to-beat ECG R-R interval coef-
ficient of variation [RRICV = (R-R interval
standard deviation x 100)/mean R-R inter-
val]. In addition, the systolic (SBP) and dia-
stolic blood pressure (DBP) was measured at
the 5th and 10th min in the left brachial
artery with a standard sphygmomanometer.
Arterial pulse pressure (PP) was calculated
from arterial SBP minus DBP, and mean
arterial blood pressure (MBP) was calcu-
lated from DBP + 1/3 PP.

Left ventricular vessel size

Subjects were studied under quiet resting

basal conditions while they were sitting on a
chair and in a similar position during rest
HOWI. Our procedures to measure left ven-
tricular size have been described in detail
elsewhere. Briefly, left ventricular end-
diastolic diameter (LVEDD) and left ven-
tricular end-systolic ascending aortic diam-
eter (LVESD) were measured by M-mode
echocardiography with a model SSD 870
apparatus (Aloka, Tokyo, Japan) with the
2.5-MHz sector probe as previously reported
(15). LVEDD and LVESD were measured
during end respiration as an average of meas-
urements from 3 M-mode pictures obtained
from parasternal long axis views. All meas-
urements were performed in a blind fashion
and analyzed by the same investigator. Stroke
volume (SV) was derived from measure-
ments of LVEDD minus LVESD volumes.
Cardiac output (CO) and total peripheral
resistance were calculated from HR x SV
and MBP/CO, respectively, using brachial
MBP and HR values obtained before the
measurements of M-mode echocardiogra-
phy, as described previously (16).

Carotid artery measurements

Subjects were studied in a sitting posi-
tion under resting basal conditions and dur-
ing rest HOWI. Common CD was measured
from the images derived from an ultrasound
machine (Shimadzu SSD 350, Tokyo, Ja-
pan) equipped with a high-resolution linear
array transducer (7.5 MHz) as previously
described by Miyachi et al. (17). A longitu-
dinal image of the cephalic portion of the
common carotid artery was acquired 1 to 2
cm proximal to the carotid bulb, with the
transducer placed at a 90º angle to the vessel
so that near and far wall interfaces were
clearly discernible. These images were re-
corded using a VHS videocassette recorder
and analyzed with computerized image anal-
ysis software (NIH Image). The same inves-
tigator who was blind to the group of the
subjects performed all image analysis. Meas-
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urements of maximal (systolic) and minimal
(diastolic) lumen diameters from the media
adventitia border of the near wall to the
intima-lumen interface of the far wall were
made for analysis. The ∆CD was calculated
using the difference between systolic (CDsys)
minus diastolic (CDdia) CD. For the determi-
nation of arterial compliance under basal
conditions and during rest HOWI, we used
the combination of common CD with pe-
ripheral BP measurements obtained under
basal conditions and during rest HOWI, re-
spectively, using the following equation pre-
viously described (18):

Arterial compliance = [(CD1 - CD0)/CD0]/
[2(P1 - P0)] x π x (CD0)2

where arterial compliance is reported in mm2/
mmHg; CD1 = maximal CD (mm);
CD0 = minimal CD (mm); P1 = highest BP
(mmHg); P0 = lowest BP (mmHg).

Spontaneous baroreflex sensitivity

The spontaneous baroreflex modulation

of HR was assessed using the sequence
method. Details of this analysis have been
previously described (19). Briefly, sequences
of three or more consecutive beats, charac-
terized by either a progressive rise in SBP
and lengthening of R-R interval (+RR/+SBP
sequences) or by a progressive decrease in
SBP and shortening of the ECG R-R interval
(-RR/-SBP sequences) with a correlation
higher than 0.80 were identified. A linear
regression was applied to each sequence and
the mean individual slope of the significant
SBP/R-R interval relationship obtained by
averaging all slopes computed within the
test period was calculated and taken as a
measure of the SBRS.

Statistical analysis

Data are reported as means ± SEM. The
unpaired Student t-test was used to assess
statistical differences in anthropometric char-
acteristics. Two-way analysis of variance for
repeated measures was used to analyze dif-
ferences between conditions (basal condi-
tion; water) and groups (YG; OL). When a
significant effect was found, the Scheffé test
for multiple comparisons was applied for
condition and group. An alpha level of 0.05
was used to determine statistical significance.
The relationships between SBRS and CD
measured during rest HOWI were determined
by linear regression analysis. The correla-
tion coefficient (r) was calculated for the
product-moment equation. All calculations
were performed using the Statistica statisti-
cal program (version 5.0 for windows;
StatSoft Inc., Tulsa, OK, USA).

Results

There was a significant difference in age
between the YG and OL groups (24.0 ± 0.8
vs 59.3 ± 1.3 years, P < 0.01), but no signifi-
cant difference in height (171.5 ± 1.4 vs
169.0 ± 2.9 cm, P > 0.05), weight (71.1 ± 4.6
vs 68.9 ± 4.1 kg, P > 0.05), or body fat

Table 1. Cardiovascular parameters at rest during basal conditions and during head-
out water immersion of young and older subjects.

Young group Older group

Basal Water Basal Water

Heart rate (bpm) 58.4 ± 3.5 57.1 ± 3.1 62.9 ± 4.6 63.4 ± 5.6
RRICV (%) 4.8 ± 0.8 6.5 ± 1.4 2.3 ± 0.4 2.8 ± 0.4‡

Systolic BP (mmHg) 106.9 ± 2.5 105.9 ± 3.6 115.3 ± 4.4* 129.3 ± 5.3‡

Diastolic BP (mmHg) 63.7 ± 2.4 58.4 ± 2.6 70.5 ± 4.5 72.0 ± 5.3‡

Mean BP (mmHg) 78.0 ± 2.2 74.2 ± 2.1 85.7 ± 3.8 91.0 ± 4.6‡

Pulse pressure (mmHg) 43.1 ± 2.1 47.4 ± 4.5 44.8 ± 5.0 57.3 ± 5.3*
LVESD (mm) 3.1 ± 0.1 3.1 ± 0.2 3.2 ± 0.2 3.2 ± 0.2
LVEDD (mm) 4.7 ± 0.1 4.9 ± 0.2 4.7 ± 0.2 4.9 ± 0.1
Cardiac output (l/min) 4.5 ± 0.2 5.2 ± 1.3* 4.6 ± 0.6 5.5 ± 1.1*
Stroke volume (ml) 80.3 ± 7.5 94.7 ± 3.7* 72.7 ± 7.5 85.7 ± 4.6*
TPR (mmHg per l/min) 17.3 ± 0.9 14.4 ± 2.2 20.4 ± 3 17.8 ± 2

Data are reported as means ± SEM. Young group (24 ± 0.8 years, N = 7); older group
(59.3 ± 1.3 years, N = 6); RRICV = ECG R-R interval coefficient of variation; BP = blood
pressure; LVESD = left ventricular end-systolic diameter; LVEDD = left ventricular
end-diastolic diameter; TPR = total peripheral resistance.
*P < 0.05 basal vs water (two-way ANOVA).
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percentage (22.0 ± 3.0 vs 20.6 ± 1.6%, P >
0.05).

Cardiovascular responses

The cardiovascular responses obtained
for the two groups under the two conditions
are shown in Table 1. No significant differ-
ences were detected in HR, LVESD, or
LVEDD between groups between the basal
condition and resting HOWI. There were no
differences in RRICV between groups under
basal conditions, but RRICV was signifi-
cantly different between the YG and OL
groups during resting HOWI. The SV and
CO were significantly increased while total
peripheral resistance was slightly decreased
in both groups during rest HOWI compared
with basal conditions, with no significant
differences between groups. The YG group
showed no increase in resting SBP or PP
while the OL group showed a significant
increase in SBP and PP during rest HOWI.
There was a significant increase in SBP
between groups during rest HOWI. The
DBP and MBP in the YG group showed
a slight decrease in response to resting
HOWI, while the OL group showed a slight
increase. We found a significant difference
in DBP and MBP between groups during rest
HOWI.

Spontaneous baroreflex sensitivity

The SBRS group data, CD and carotid
artery compliance for both groups under the
two conditions are shown in Table 2. SBRS
was significant higher in the YG than in the
OL group under basal conditions. Upon rest-
ing HOWI, the SBRS was significantly dif-
ferent between the YG and OL groups.

Carotid artery diameter and compliance

Under basal conditions, the CDdia was
greater while the ∆CD was smaller in the OL
group compared with the YG group. YG

subjects had significant increases in CDdia

and CDsys in response to resting HOWI, lead-
ing to a significant difference in ∆CD com-
pared with the OL group. On the other hand,
OL individuals showed no significant
changes in CDdia and CDsys diameters in
response to resting HOWI. Arterial compli-
ance was significantly higher in the YG than
in the OL group under basal conditions and
was consistently higher in the YG group
during rest HOWI.

The relation between SBRS and elastic

Figure 1. Scatter plots of spontaneous baroreflex sensitivity and carotid arterial compliance
in all subjects during basal conditions (A), and during rest head-out water immersion (B).
Correlation coefficients were determined by the method of Pearson.
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Table 2. Spontaneous baroreflex sensitivity, carotid artery diameters, carotid arterial
compliance during basal conditions and during head-out water immersion of young
and older groups at rest are summarized.

Young group Older group

Basal Water Basal Water

SBRS (ms/mmHg) 19.60 ± 4.5+ 23.60 ± 6.6 6.10 ± 1.5 9.30 ± 2.1‡

CDsys (mm) 6.64 ± 0.2 7.16 ± 0.1* 7.09 ± 0.2 7.21 ± 0.3
CDdia (mm) 5.95 ± 0.2+ 6.41 ± 0.1* 6.63 ± 0.2 6.76 ± 0.2
∆CD (mm) 0.69 ± 0.1+ 0.75 ± 0.1 0.46 ± 0.1 0.46 ± 0.1‡

Compliance (mm2/mmHg) 0.16 ± 0.01+ 0.17 ± 0.02 0.12 ± 0.02 0.10 ± 0.02‡

Data are reported as means ± SEM. Young group (24 ± 0.8 years, N = 7); older group
(59.3 ± 1.3 years, N = 6); SBRS = spontaneous baroreflex sensitivity; CDdia = diastolic
carotid artery diameter; CDsys = systolic carotid artery diameter; ∆CD = difference
between CDsys and CDdia.
*P < 0.05 land vs water; +P < 0.05 young vs older during basal conditions; ‡P < 0.05
young vs older in water (two-way ANOVA).
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properties of the carotid artery was deter-
mined in all subjects under basal conditions
and during rest hypervolemic circulatory
stress (Figure 1). BRS was positively related
to carotid arterial compliance (r = 0.58, P <
0.05) under basal conditions and a signifi-
cant association also was present during rest
HOWI (r = 0.62, P < 0.05).

Discussion

The goal of this study was to investigate
age-related changes in cardiac autonomic
control and elastic properties of the carotid
artery related to BRS and BP regulation dur-
ing resting hemodynamic stress. The new
findings of this study are that the age-related
vagal dysfunction and the elastic properties
of the carotid artery may be related to SBRS
differences between YG and OL groups, as
was also the case for BP elevation during
HOWI in healthy older men.

During rest HOWI, the RRICV, a measure
of HRV, was significantly higher in the YG
group, indicating a greater reflex action shift-
ing the cardiovascular autonomic modulation
toward the prevalence of parasympathetic ac-
tivity. On the other hand, BP was significantly
elevated in OL subjects with a lack of buffer-
ing vagal autonomic modulation during rest
HOWI. These findings agree with previous
studies suggesting that age-related vagal defi-
ciencies may contribute to BP deregulation
(6), which would reduce neural transduction
of stretch into vagal outflow (associated with
central autonomic integration, vagal outflow
and sinoatrial node responsiveness) and blunt
baroreflex responses (20).

In the present study, the SBRS was sig-
nificantly higher in the YG than in the OL
group under basal conditions. Upon resting
HOWI, the SBRS was significantly different
between OL and YG groups. Reduced BRS
is associated with potentially adverse changes
in BP control including an increase in arteri-
al BP variability (21-24). On the other hand,
HOWI is a powerful stressor used to assess

autonomic nervous modulation as it relates
to BP control. In the present study, our HOWI
procedures stimulated arterial baroreceptors
because PP and RRICV increased in the OL
and YG groups, respectively. Since SBRS is
based on analysis of spontaneous BP and HR
fluctuations allowing us to assess the cardiac
BRS as it operates in response to BP varia-
tions, in the present study, we chose the
SBRS technique for analysis of cardiac BRS
during rest HOWI.

It is well documented that a complex
interaction exists between cardiac barore-
flexes and arterial baroreflexes (25). Shi et
al. (26) reported that an increase in central
venous pressure due to lower body positive
pressure (LBPP) or volume expansion di-
minished the carotid BRS. Potts et al. (27)
reported that the baroreflex gain in HR was
decreased by LBPP but was not affected by
volume expansion in humans. For instance,
one could predict that SBRS would be re-
duced during rest HOWI due to the increased
firing of the cardiopulmonary and arterial
baroreceptors, as seen in LBPP experiments.
The discrepancy between the present and
previous results using LBPP in YG groups
may be due to the activation of intramuscu-
lar mechanoreceptors during LBPP, which
has been reported to modulate the sympa-
thetic nervous system (28).

It has been reported that leg venous com-
pliance may have important implications for
arterial BP regulation during orthostatic stress
in men (29). A previous study (12) reported
that the reduced cardiovascular reflex re-
sponse found in the elderly during orthos-
tatic stress seems to be caused by a reduced
capacitance in the legs with age and a con-
comitantly smaller central hypovolemic
stimulus rather than a reduced efficiency of
the reflex response. In the present study, to
avoid the influence of peripheral venous
compliance on central blood volume, we
used the sitting position during all measure-
ments. Our results showed that both the YG
and OL groups demonstrated an increase in
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SV to a similar extent during rest HOWI.
Furthermore, the SV and CO increased in
both groups without significant differences
between them. Thus, our interventional
stimulus using rest HOWI during the sitting
position might have increased central blood
volume in YG, as well as in OL subjects and
loading baroreceptors to a similar extent.

Analysis of static measures of carotid
hemodynamic indicated that CDdia was
greater in the OL compared with the YG
group values at basal conditions. Also, the
OL group showed a smaller ∆CD during the
cardiac cycle reflecting the loss of arterial
wall distensibility in older adults. These
changes between YG and OL are consistent
with findings of previous studies showing
the main modifications of the physical prop-
erties of large arteries in human vascular
aging: an increase in arterial diameter (30)
and a decreased distensibility (9). Despite
increased CDdia at baseline, OL subjects
showed no changes in carotid diameters with
resting HOWI, but a significant increase in
peripheral SBP and PP during HOWI. On the
other hand, the YG group had a significant
increase in CDdia and CDsys diameters and
peripheral MBP decreased by 4 mmHg. Dur-
ing rest HOWI, the MBP in the OL group
increased by 5 mmHg as compared to basal
conditions. We found significant differences
in MBP and DBP during resting HOWI be-
tween groups. Previous study (31) showed
that transmural arterial pressure was linearly
related to changes in carotid diameter. In
patients after endarterectomy, those with in-
creased carotid sinus diameter had greater
carotid sinus nerve activity and lower post-
operative BP (32). Thus, in the present study,
the significant increase in carotid diameters
in YG group during resting hypervolemic
stress, may contribute to maintain stable the
BP. On the other hand, the absence of changes
in carotid diameters in OL group may reflect
the large arterial rigidity with advancing age
which tends to increase SBP and PP during
rest hypervolemic stress. The reduction in

BP obtained during rest HOWI in the YG
group is in line with the previous study (33)
measuring BP invasively during rest HOWI
in young subjects.

Hunt et al. (20), and more recently Kornet
et al. (34) suggested that assessment of varia-
tion in parameters derived from CD might
serve as an appropriate index of arterial baro-
receptor stimulus and resulting afferent ac-
tivity. Recently, published papers, argue for
an important role of arterial compliance in
contributing to age-associated declines in
baroreflex function (9,35,36). The evalua-
tion of carotid arterial compliance has also
been reported to be an important tool for
cardiovascular prognosis (including isolated
systolic hypertension, left ventricular hyper-
trophy, congestive heart failure, and orthos-
tatic and postprandial hypotension) in older
adults (7,37-39). In the present study, the
carotid arterial compliance was higher in
YG subjects on basal conditions and consis-
tently higher during rest hemodynamic stress.
Furthermore, we demonstrated a positive
correlation with carotid arterial compliance
during basal conditions as well as under
resting hypervolemic stress.

Since SBP changes are sensed by arterial
baroreceptors located in the carotid sinus,
the stiffening of this vessel might lead to less
afferent firing for a given change in arterial
pressure, which would reduce baroreceptor
afferent responsiveness. Age-related vagal
deficiencies may also reduce neural trans-
duction of stretch into vagal outflow and
blunt baroreflex responses. These structural
and neural changes may contribute for SBRS
differences between YG and OL groups, as
well as BP deregulation during rest hyper-
volemic stress.

Limitation of this study

In the present study, all BP measure-
ments were made in the periphery, which
may not reflect changes that occur in the
vascular regions of interest (i.e., carotid ar-
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tery). Furthermore, with advancing age, the
amplification of the pressure wave between
central and peripheral arteries is reduced so
carotid and brachial SBP become similar in
older adults (40). Another arterial BRS to
control muscle sympathetic nerve activity
and cardiopulmonary BRS were not ana-
lyzed.

The present study provides fundamental
evidence that BP deregulation is prevalent in
older adults during rest hemodynamic stress.

Age-related vagal dysfunction, as well as the
elastic properties of the carotid artery, may
contribute to SBRS differences between YG
and OL groups, as well as BP elevation
during rest central hypervolemia in healthy
older men. Thus, the neural and structural
adaptations appear to be components of fun-
damental importance for cardiovascular ho-
meostasis during rest HOWI in healthy hu-
mans.
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