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Abstract
Previous human studies have shown that large-artery stiffness contributes to an age-related
decrease in cardiovagal baroreflex sensitivity. Whether this is also true with sympathetic
baroreflex sensitivity is unknown. We tested the hypothesis that sympathetic baroreflex sensitivity
is associated with the stiffness of baroreceptor segments (the carotid artery and the aorta) in
elderly individuals, and that sex affects this relationship. Sympathetic baroreflex sensitivity was
assessed from the spontaneous changes in beat-by-beat diastolic pressure and corresponding
muscle sympathetic nerve activity (microneurography) during supine rest in 30 men [69±1 (mean
±SEM) years] and 31 women (68±1 years). Carotid artery stiffness (B-mode ultrasonography) and
aortic stiffness (magnetic resonance imaging) were also determined. We found that elderly women
had lower sympathetic baroreflex sensitivity than elderly men (–2.33±0.25 vs. –3.32±0.25
bursts·100 beats–1·mmHg–1; P=0.007). β-stiffness indices of the carotid artery and the aorta were
greater in elderly women than in men (6.68±0.48 vs. 5.10±0.50 and 4.03±0.47 vs. 2.68±0.42; both
P<0.050). Sympathetic baroreflex sensitivity was inversely correlated with carotid artery stiffness
in both men and women (r=0.49 and 0.50, both P<0.05), while this relation was shifted in parallel
upward (towards a reduced sensitivity) in women with no changes in the slope (0.26 vs. 0.24 a.u.).
Sympathetic baroreflex sensitivity and aortic stiffness showed similar trends. Thus, barosensory
artery stiffness seems to be one independent determinant of sympathetic baroreflex sensitivity in
elderly men and women. The lower sympathetic baroreflex sensitivity in elderly women may
predispose them to an increased prevalence of hypertension.
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Introduction
The arterial baroreflex is a primary mechanism through which the autonomic nervous
system regulates blood pressure (BP). Previous human studies have shown that cardiovagal
baroreflex sensitivity (BRS) is blunted in normal aging1-3 as well as in patients with
hypertension.4, 5 The blunted cardiovagal BRS has been found to be a risk factor for life-
threatening arrhythmias and a predictor of sudden cardiac death.6, 7 Thus, understanding the
mechanisms underlying age-related changes in BRS has significant clinical relevance.

Since the deformation of the baroreceptors rather than direct intra-vessel pressure during
acute changes in arterial pressure is required to initiate neural firing,8 the stiffness of large
elastic arteries where the baroreceptors exist (the carotid artery and the aortic arch) could be
associated with a decrease in BRS. Indeed, a number of studies have demonstrated that an
age-related increase in the stiffness of these arteries is responsible for the decline in
cardiovagal BRS.2, 3, 9-11 Whether this is also the case with sympathetic BRS is unknown.

It was recently reported that sympathetic BRS was correlated with cardiovagal BRS in
healthy young women.12 On the other hand, O'Leary et al13 showed that the difference in
mechanical change of the carotid artery between nitroprusside and phenylephrine injection
was related to hysteresis of the cardiovagal baroreflex but not the sympathetic baroreflex. A
similar observation was made during a cold pressor test,14 head-up tilt,15 and volume
expansion,16 suggesting that the relation between arterial stiffness and sympathetic BRS is
complex. Surprisingly, there is no information available regarding the relationship between
the stiffness of the aorta and sympathetic BRS in humans. Recent evidence of sex
differences in age-related increases of arterial stiffness17, 18 and in autonomic control of
BP19-22 suggests that sex may affect the relationship between arterial stiffness and
sympathetic BRS.

In the present study, we hypothesized that sympathetic BRS would be associated with both
carotid artery and aortic stiffness in elderly people and that sex would affect these
relationships. To test this hypothesis, we assessed sympathetic BRS from the linear
correlation between muscle sympathetic nerve activity (MSNA) and beat-by-beat diastolic
BP (DBP) during spontaneous breathing, and the stiffness of the carotid artery and the aorta
with ultrasound imaging and magnetic resonance imaging (MRI), respectively. We then
determined the relationships between these variables in all subjects as well as in men and
women separately.

Methods
Subjects

One hundred and seventy-five elderly individuals were contacted between August 2008 and
September 2010; 92 of them were interested in participating in research and were screened,
and 61 (30 men, 31 women) were eventually qualified and enrolled in this study. They were
non-smokers and had no overt history of cardiovascular, neuromuscular, or renal diseases.
Women taking hormone replacement therapy were excluded. All subjects gave their written
informed consent to a protocol approved by the Institutional Review Boards of the
University of Texas Southwestern Medical Center at Dallas and Texas Health Presbyterian
Hospital Dallas. Subjects’ physical characteristics and fasting glucose and insulin are
presented in Table 1.

Measurements
Muscle sympathetic nerve activity—MSNA signals were obtained with
microneurography.23, 24 In brief, a recording electrode was placed in the peroneal nerve at
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the popliteal fossa, and a reference electrode was placed subcutaneously 2-3 cm apart from
the recording electrode. The nerve signals were amplified (70 000 to 160 000-fold), band-
pass filtered (700 to 2000 Hz), full-wave rectified, and integrated with a resistance-
capacitance circuit (time constant 0.1 sec). Criteria for adequate MSNA recording include:
pulse synchrony; facilitation during hypotension phase of the Valsalva maneuver, and
suppression during the hypertensive overshoot phase after release; increase in response to
breath holding; and insensitivity to emotional stimuli.24

Hemodynamics—Heart rate (HR) was determined from lead II of the electrocardiogram
(Hewlett-Packard) and beat-by-beat arterial BP was derived by finger
photoplethysmography (Nexfin). Arm cuff BP was measured by electrosphygmomanometry
(SunTech) with a microphone placed over the brachial artery to detect Korotkoff sounds.
Beat-by-beat carotid and radial pressures were obtained with a pencil-sized tonometer
containing a high-fidelity strain gauge transducer (SphygmoCor). Since the absolute levels
of these arterial pressures are subjected to hold-down force, the pressure signals obtained by
tomometry were calibrated by equating their DBP and mean BP (MBP) to those obtained at
the brachial artery as previously described.25 Cardiac output (CO) was measured with the
modified acetylene rebreathing technique.26 Stroke volume (SV) was calculated from CO
divided by HR, and total peripheral resistance (TPR) was calculated as the quotient of MBP
(DBP+[systolic BP (SBP)–DBP]/3) from arm cuff BP and CO, multiplied by 80, where all
valuables were measured during rebreathing. CO, SV, and TPR were normalized to body
surface area as cardiac index, stroke index, and TPR index.

Arterial images—Cross-sectional images of the right common carotid artery were
captured using a phase-locked echo tracking system coupled to a B-mode ultrasonic imager
(iE33, Philips), which allows sequential measurements of the arterial wall movement non-
invasively through a high-resolution transducer (7.5 MHz) positioned at 2 cm proximal to
the carotid bifurcation with simultaneous electrocardiogram recordings.27 MRI of the aortic
arch was obtained in the transverse plane at the level of the right pulmonary artery using 1.5-
T clinical magnetic resonance scanner (Gyroscan Intera, Philips) to assess aortic pulsative
dimension.

Protocol
The experiment was performed in the morning ≥2 h after breakfast, ≥72 h after the last
caffeinated or alcoholic beverage, and ≥24 h after strenuous physical activity in a quiet,
environmentally controlled laboratory with an ambient temperature of ~25° C. The subject
was placed in the supine position. At least 10 min after an acceptable nerve recording site
had been found, baseline data were recorded for 6 min during spontaneous breathing to
assess sympathetic BRS. Subsequently, two Valsalva maneuvers (40 mmHg for 20 sec)
were performed to assess cardiovagal BRS, separated by >2 min of recovery. Since the day-
to-day variability of MSNA is small and the reproducibility of the measurement is high,28

arterial stiffness was assessed on the next day in the morning. Baseline hemodynamics were
measured in all subjects. Both carotid and brachial arterial pressures were obtained using
tonometry and arm cuff BP at the brachial artery, followed by ultrasonography on the
common carotid artery for the assessment of carotid artery stiffness. Throughout the entire
experimental procedures, beat-by-beat BP, HR, and respiratory waveforms were recorded
continuously. The aortic MRI (for the assessment of aortic stiffness) was performed at the
University of Texas Southwestern Medical Center at Dallas.

Data analysis
Data were sampled at 625 Hz and stored on personal computer with a commercial data
acquisition system (Biopac). Off-line data analyses were performed using signal-processing
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software (LabView). Beat-by-beat HR was calculated from the R-R interval (RRI) measured
by electrocardiogram. Beat-by-beat SBP and DBP were obtained from the arterial-pressure
waveform. Sympathetic bursts were identified by a computer program,14 and then confirmed
by an experienced microneurographer. The integrated neurogram was normalized by
assigning a value of 100 to the largest amplitude of a sympathetic burst during the 6-min
baseline.29 Burst area was measured as the area under the curve of each sympathetic burst of
the normalized integrated neurogram on a beat-by-beat basis. The number of bursts per
minute (burst frequency), the number of bursts per 100 heart beats (burst incidence), and
total burst area per minute and per 100 beats (total MSNA) were used as quantitative
indices.

Sympathetic BRS was assessed using the slope of the linear correlation between MSNA and
DBP during spontaneous breathing, and cardiovagal BRS was assessed by RRI and SBP
during the Valsalva maneuvers after adjusting all signal and physiological delays (see the
Online Supplement at http://hyper.ahajoutnals.org). Detailed assessments of carotid artery
and aortic stiffness were also reported in the Online Supplement.

Statistical analysis
Values are expressed as means±SEM. Linear regression analysis was used to evaluate the
correlation between arterial stiffness and sympathetic BRS. Data between men and women
were compared using unpaired t-tests. If normality tests and/or equal variance tests failed,
we compared the differences between sexes using Mann-Whitney Rank Sum Tests. β-
stiffness of the aorta calculated with transferred aortic pressure and direct carotid pressure
for men and women was evaluated using two-way repeated ANOVA. A P value of <0.05
was considered statistically significant.

Results
Hemodynamics and Neural Variables

Table 2 depicts supine resting hemodynamics and MSNA. There was no difference between
sexes in arm cuff SBP and MBP. Women had lower arm DBP, CO, and SV, but higher HR
compared with men (all, P<0.05). Cardiac index showed no sex difference (P=0.392) while
stroke index was significantly smaller in elderly women than men (P<0.001). TPR trended
higher in elderly women than men (P=0.099), but TPR index did not differ between sexes
(P=0.458). Although MSNA burst frequency tended to be higher in elderly women
(P=0.078), there were no significant differences in burst incidence and total MSNA between
sexes.

Baroreflex Sensitivity and Arterial Stiffness
Sympathetic and cardiovagal BRS data are shown in Figure 1. Elderly men had higher
sympathetic BRS than elderly women. There were no significant sex differences in
cardiovagal BRS assessed during phase II of the Valsalva maneuver; however, cardiovagal
BRS was greater in elderly men than women during phase IV. Elderly men had lower β-
stiffness indices than women in both the carotid artery and aorta (Figure 2).

Relationship between Sympathetic Baroreflex Sensitivity and Arterial Stiffness
Sympathetic BRS was significantly and inversely correlated with β-stiffness index of the
carotid artery in all, as well as in men and women separately (Figure 3A). The slope of this
relationship was 0.26 in women and 0.24 a.u. in men, while the y-intercept was –4.05 in
women and –4.55 bursts·100 beats–1·mmHg–1 in men. Sympathetic BRS was not correlated
with β-stiffness index of the aorta calculated with aortic pressure derived from transfer
function analysis in any groups (Figure 3B). Conversely, sympathetic BRS was correlated
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with β-stiffness of aorta calculated with carotid artery pressure in all subjects together,
though with less statistical certainty in men and women examined separately (Figure 3C).
This relation was shifted in parallel upward (towards a reduced sensitivity) in women with
no changes in the slope.

Discussion
Our major findings are: (1) sympathetic BRS was lower and β-stiffness indices of both the
carotid artery and aorta were higher in elderly women than men; (2) sympathetic BRS was
correlated with carotid artery stiffness and aortic stiffness in all subjects, as well as in
elderly men and women separately; and (3) the slope of the correlation between sympathetic
BRS and carotid artery and aortic stiffness was similar between sexes, however, the line
relating these two variables was shifted in parallel upward in elderly women. Thus,
barosensory artery stiffness seems to be one independent determinant of sympathetic BRS in
elderly men and women. The lower sympathetic BRS in elderly women may predispose
them to an increased prevalence of hypertension.

Sex Differences in Baroreflex Sensitivity
Recent studies suggested that there was no sex difference in sympathetic BRS in young
individuals.12, 20, 30, 31 However, our data in elderly subjects showed that women had lower
sympathetic BRS than men, suggesting that age-related changes in sympathetic baroreflex
function may be different between sexes. Similar sympathetic BRS across all ages was
reported in men during steady state changes in BP with a neck chamber method32 and
continuous phenylephrine infusion.33 Conversely, lower sensitivity in elderly men than
young men was observed during dynamic changes in BP by the Valsalva maneuver.34

Although a limited number of studies have included women, Studinger et al35 found that age
did not affect integrated sympathetic BRS in men and women during bolus injection of
nitroprusside and phenylephrine. The discrepancy between our results and those of
Studinger et al may be attributable to different methods used for the assessment of
sympathetic BRS. However, it has been demonstrated that pharmacological and spontaneous
BRS values are closely correlated in most instances.36 Another possible explanation for the
discrepancy may be age differences. Our subjects were older than those in the study of
Studinger et al (i.e., mean age 68 vs. 62 yrs). It has been shown that sympathetic activity
increases with age while the increment is greater in women, especially after menopause,
compared with men.37 Resting MSNA was much lower in the study by Studinger et al (22
bursts·min-1 both in men and women) than ours (39 in men and 42 in women). Additionally,
we found that resting MSNA trended greater in elderly women than men, while Studinger et
al did not. It is likely that BP is regulated near the threshold of the baroreflex curve,
particularly in elderly women in our study, where the sensitivity is lower than the maximal
point38, and therefore, we found sex differences in sympathetic BRS.

We recently found in healthy young individuals that cardiovagal BRS during BP falls (phase
II of the Valsalva maneuver) was similar between sexes; however, women had lower
cardiovagal BRS during BP rises (phase IV) than men.20 Similar results were found in
elderly subjects in the current study. Advancing age decreases cardiovagal BRS even in the
healthy population,1-4 men and women seem to have a similar decline in cardiovagal BRS,
whereas the rate of increase in arterial stiffness is greater in women.17, 18, 39 One animal
study40 showed that cardiovagal BRS was lower in female than male rats only during BP
rises with phenylephrine, and the difference disappeared by infusion of atropine but not
propranolol, suggesting that the sex difference in cardiovagal BRS was caused by a lower
vagal response to baroreceptor activation. Thus, sex differences in cardiovagal BRS, which
impaired the correction of hypertension in women41 may originate in the neural component
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of the baroreflex, altering the relationship between sympathetic and cardiovascular BRS in
the elderly compared to the young12 (see Figure S1 in the Online Supplement).

The Relation between Sympathetic Baroreflex Sensitivity and Arterial Stiffness
We found that sympathetic BRS was inversely correlated with the barosensory artery
stiffness. To our knowledge, there have been only two studies which simultaneously
assessed sympathetic BRS and arterial stiffness;13, 35 however, neither study investigated the
correlation between these two variables. O'Leary et al13 reported that the hysteresis during
drug-induced changes in BP occurred in the mechanical change of the carotid artery but not
sympathetic BRS in middle-aged subjects; therefore, they concluded that there was no
association between sympathetic BRS and carotid artery stiffness. Conversely, Studinger et
al35 described the reduction in integrated sympathetic BRS and a greater sensitivity of the
neural component in elderly compared to young subjects during decreasing BP, suggesting
that there was an association between integrated sympathetic BRS and carotid artery
stiffness. Since all subjects in our study were seniors, we cannot determine the effects of
aging per se on the relationship of sympathetic BRS and arterial stiffness. Within the
elderly, sympathetic BRS was lower as carotid and aortic arterial stiffness was higher, which
supports the idea proposed by Studinger et al.

This significant correlation was also shown separately in elderly men and women; however,
some important sex differences existed. The line relating sympathetic BRS and artery
stiffness in elderly women was shifted in parallel upward (less sensitive) compared to
elderly men, but the slope of the linear regression line was similar between sexes. These data
suggested that the effect of artery stiffness, serving as the mechanical component of
sympathetic BRS, is similar between elderly men and women (if the effect were different
between sexes, this slope would have been different). However, the higher artery stiffness
did not account entirely for the lower sympathetic BRS in elderly women (if the higher
arterial stiffness were the only cause of the lower sensitivity, the relation in elderly women
would have been shifted right-upward on the same regression line of elderly men). We used
DBP and MSNA as the input and output variables, respectively, which contained both the
mechanical and neural components of the baroreflex (Figure S2). Therefore, the offset of
this relation may indicate the difference of the neural component. Since Studinger et al
demonstrated that the neural component of sympathetic BRS increased in the elderly,35 the
lower sympathetic BRS in elderly women found in this study seems to be attributable to the
lower increase in the neural component, as well as the higher stiffness of the barosensory
artery during BP falls.

We found no correlation between sympathetic BRS and aortic stiffness calculated with
aortic pressure derived from transfer function analysis. However, when directly measured
carotid artery pressure (calibrated by brachial BP) was used for calculation of aortic
stiffness, we found that although the value was similar to that calculated using transferred
aortic pressure, the relationship between sympathetic BRS and aortic stiffness became more
clearly discernable. This discrepancy may be caused by an artifact of the general transfer
function, especially in the elderly population. It seems to be more reasonable to use carotid
artery pressure rather than transferred central pressure for calculation of aortic stiffness in
our study (Table S1). Certainly, we recognize that carotid artery pressure is different from
real aortic pressure. Sander et al42 found that the reduction in sympathetic activity during
phenylephrine injection with (isolated aortic baroreceptor loading) and without (both carotid
and aortic baroreceptor loading) neck pressure was similar, indicating that aortic
baroreceptors play a more important role in BP control. One previous animal study showed
that the aortic baroreceptors were mainly involved in the control of high BP, whereas at
lower pressures the major control occurred through the carotid baroreflexes.43 To determine
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the relative contribution of carotid and aortic baroreceptors in BP regulation, future studies
are needed, perhaps with direct invasive measurements of vascular pressures.

Limitations
First, sympathetic BRS was evaluated during spontaneous breathing with peripheral (finger)
DBP, and therefore, the entire baroreflex stimulus-response curve to central BP cannot be
determined. We used the binning method to reduce the impact of non-baroreflex influence,
which allowed us to reveal the physiological modulation of sympathetic control around the
prevailing and operating point.20 Conversely, we could not completely solve the discrepancy
between peripheral and central BP, although we used finger DBP which showed the least
error compared to finger SBP (Table S2).44 Second, aortic stiffness was evaluated with
MRI, which could be limited by low spatial resolution. The aortic size may affect the
calculation of aortic stiffness (Table S3). However, the reproducibility for the analysis of
aortic MRI in our laboratory was high while there seemed to be small sex differences (the
typical error of the intra-operator variability of the manual calculation: 2.1% for men and
1.8% for women). Third, the range of the neural component is so wide, containing afferent
sites including barosensory segments, central nervous system, and efferent sites, that we
cannot determine which site(s) have been affected by sex (Figure S2).

Perspectives
Large epidemiological studies have demonstrated the higher prevalence of hypertension and
the lower BP control rate in elderly women than men.45, 46 Since baroreflex function is
blunted in hypertensive patients,4, 5 the lower sympathetic BRS in elderly women than men,
combined with the lower cardiovagal BRS during BP rises shown in this study, may be one
major mechanism underlying sex differences in hypertension and responses to
antihypertensive medications. The lower BP control function in elderly women caused by
the higher stiffness of the carotid artery and less sympathetic baroreflex buffering has
clinical implications, because the relationship between BP and cardiovascular events is more
pronounced in people aged ≥65 years.47 However, which component of the sympathetic
baroreflex--arterial stiffness, MSNA response, or sympathetic vascular transduction--is
responsible for the risks of hypertension in elderly women remains to be determined in
future studies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Sympathetic baroreflex sensitivity (BRS) calculated from burst incidence (A) and total
MSNA (B) during spontaneous breathing in the supine position, and cardiovagal BRS
assessed during phase II (C) and phase IV (D) of the Valsalva maneuver in elderly men and
women. Values are means±SEM.
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Figure 2.
β-stiffness indices of the carotid artery assessed using ultrasonography (A) and the aorta
assessed using magnetic resonance images with the aortic pressure computed by transfer
function from radial artery and with the carotid artery pressure directly measured by
tonometory (calibrated by brachial BP) (B) in elderly men and women. Values are means
±SEM.
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Figure 3.
Linear regression analysis of the inter-individual relationship between sympathetic BRS and
β-stiffness of the carotid artery (A; 30 men, 31 women) and the aorta (28 and 29) calculated
with aortic pressure derived from transfer function analysis (B) and carotid artery pressure
(C) in all subjects and in elderly men (○) and women (●), separately.
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