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Cardiovagal baroreflex sensitivity (BRS), the arterial baroreflex-mediated change in the
R—R interval per unit change in systolic blood pressure, decreases with advancing age in
sedentary adult humans. We determined the effects of regular aerobic exercise on the age-
related decline in cardiovagal BRS.

In the cross-sectional study, 133 healthy men 18—79 years of age who were either sedentary,
performing moderate aerobic exercise, or endurance exercise trained were studied. Among
the sedentary men, cardiovagal BRS (phase IV of Valsalva’s manoeuvre) was progressively
lower (P < 0:05) in the middle-aged (~33 %) and older (~60 %) groups compared with the
young group. In contrast, cardiovagal BRS was similar in the young and middle-aged men
in the moderate exercise and endurance-trained groups. Cardiovagal BRS was lower
(P < 0:05) in the older exercising men, but the magnitude of decline across age (~30 %) was
only half as great as that in sedentary men. Cardiovagal BRS was 40—75% greater (P < 0-05)
in middle-aged and older men who exercised regularly compared with their sedentary peers.

In the intervention study, a 3 month aerobic exercise intervention (primarily walking)
increased cardiovagal BRS by an average of 25% (P < 0:05) in 13 previously sedentary
middle-aged and older (56 £ 1 years) healthy men.

Our results demonstrate for the first time that regular aerobic exercise: (1) attenuates the
age-associated decline in cardiovagal BRS; and (2) partially restores the loss of cardiovagal
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BRS in previously sedentary middle-aged and older healthy men.

Cardiovagal baroreflex sensitivity (BRS) can be defined as
the slope of the relation between the R—R interval (interval
between successive R waves of the ECG) and systolic blood
pressure during an acute change in arterial blood pressure
(Smyth et al. 1969). Cardiovagal BRS appears to be an
important physiological determinant of electrical stability in
the heart, especially during ischaemia (Billman et al. 1982;
Schwartz et al. 1988; Cerati & Schwartz, 1991), and also is
believed to contribute to the beat-to-beat control of arterial
blood pressure (Sagawa, 1983).

Cardiovagal BRS decreases with age in sedentary humans
(Gribbin et al. 1971; Ebert et al. 1992; Laitinen et al. 1998).
We have been interested in the potential beneficial influence
of habitual exercise on these age-related changes. In our
initial set of cross-sectional studies (Davy et al. 1996,
1998), we used an indirect measure of cardiovagal BRS
(i.e.spontaneous BRS; Bertinieri et al. 1985; Parati et al.

1988; Blaber et al. 1995). We found that cardiovagal BRS
was: (1) higher in endurance exercise-trained compared
with sedentary healthy postmenopausal women (Davy et al.
1996, 1998); and (2) lower in both endurance-trained and
sedentary postmenopausal women compared with their
respective premenopausal controls (Davy et al. 1998). Using
the same measure, we subsequently found that cardiovagal
BRS was not changed by 12 weeks of relatively low-
intensity aerobic exercise training in previously sedentary
postmenopausal women with mildly elevated systolic blood
pressure (Davy et al. 1997). Thus, using an intervention
study design we were unable to confirm the favourable
influence of regular exercise on cardiovagal BRS that we had
observed in our earlier cross-sectional studies (Davy et al.

1996, 1998).

One possibility is that our measure of cardiovagal BRS was
not sensitive enough to detect either differences across age in
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sedentary compared with exercising adults or increases in
response to exercise training. Indeed, the validity of this
technique has recently been questioned (Watkins et al.
1996; Pitzalis et al. 1998). Another possibility is that the
exercise ‘stimulus’ used in our intervention study (Davy et
al. 1997) was not sufficiently strong to augment cardiovagal
BRS to the levels observed in endurance-trained middle-
aged and older subjects (Davy et al. 1996, 1998).

In the present investigation we re-tested two working
hypotheses: (1) habitual aerobic exercise is associated with a
delayed and/or attenuated reduction in cardiovagal BRS
with age in healthy adult humans; and (2) regular moderate-
intensity aerobic exercise can increase cardiovagal BRS in
previously sedentary middle-aged and older adult humans.
To do so, we used two different experimental approaches. To
test the first hypothesis, using a cross-sectional design we
determined cardiovagal BRS in groups of young, middle-
aged and older healthy adult men who were either sedentary,
performing moderate aerobic exercise, or engaged in
strenuous endurance exercise training. To test the second
hypothesis, cardiovagal BRS was determined in a group of
the sedentary middle-aged and older men before and after a
3 month aerobic exercise intervention.

For both studies, we measured cardiovagal BRS using
Valsalva’s manoeuvre (Eckberg & Sleight, 1992; Smith et al.
1996) because it: (1) is non-invasive and, thus, appropriate
for use in older adults; (2) provides results that correlate
strongly with invasive (‘gold standard’) techniques (Palmero
et al. 1981); and (3) depicts population differences in cardio-
vagal BRS as well as invasive techniques (James et al. 1996).
Finally, in the present investigation we studied men because
they tend to demonstrate greater age-related declines in
cardiovagal BRS than women (Laitinen et al. 1998). As such,
we reasoned that any modulatory influence of habitual
exercise on age-related changes should be more apparent in
this gender.
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Figure 1. Typical ECG, blood pressure and mouth
pressure responses to Valsalva’s manoeuvre

Phase IV (overshoot phase) is apparent shortly after release
of mouth pressure when blood pressure increases from the
systolic nadir to the peak, resulting in arterial baroreflex-
mediated R—R interval prolongation.

J. Physiol. 529.1

METHODS
Subjects

A total of 133 healthy men voluntarily participated in the
cross-sectional study. Subjects were classified into one of 9 groups
based on their age and habitual physical activity habits. The three
age groups comprised consecutive ~20 year age ranges: young
(18—37 years), middle-age (38—56 years) and older (5779 years).
Based on their exercise habits over the prior 2 years, the three
physical activity groups were defined as ‘sedentary’ (no regular
physical activity), ‘moderate exercise’ (moderately vigorous aerobic
exercise 3—5 days week™), or ‘endurance-trained’ (strenuous
endurance exercise > 5 days week " and participating in local road
race competitions). For the exercise intervention study, 13 previously
sedentary middle-aged to older men were studied before and after a
3 month period of aerobic exercise training.

All subjects were normotensive (< 140/90 mmHg), non-smokers,
non-obese, not taking any drugs known to affect cardiovascular and
autonomic function, and had no overt disease as assessed by medical
questionnaire, complete blood chemistries and haematological
evaluation. Subjects 40 years and older were further evaluated by
physical examination and by resting and maximal treadmill
exercise electrocardiograms (ECG).

This study was performed according to the Declaration of Helsinki,
and approved by the Human Research Committee of the University
of Colorado at Boulder. Written informed consent was obtained
from all participants after the nature, purpose and risks of the
study were explained.

Measurements

Prior to testing subjects abstained from caffeine and fasted for a
minimum of 4 h. Physically active men were studied 20—24 h after
their last exercise bout to avoid the acute effects of exercise.

Cardiovagal baroreflex sensitivity. Cardiovagal BRS was
determined using Valsalva’s manoeuvre as described previously
(Eckberg & Sleight, 1992; Smith et al. 1996). After 15 min in the
seated upright position subjects performed a Valsalva manoeuvre
after a deep inspiration. Subjects were asked to maintain an
expiratory mouth pressure of 40 mmHg for 10s in duration by
blowing through a 1 inch diameter tube against an open glottis so
as to direct the pressure development into the thorax. Mouth
pressure was measured with a pressure transducer, and was
displayed visually on an oscilloscope calibrated and set to the target
pressure to provide visual feedback to the subject. Subjects
breathed regularly after release of strain. R—R interval (ECG) and
arterial blood pressure (BP; Finapres, Ohmeda, Englewood, CO,
USA) were measured continuously. The right hand used for BP
monitoring was positioned at heart level to avoid hydrostatic
effects. Finapres-derived BP was used because it is obtained non-
invasively, and values agree closely with simultaneously recorded
intra-arterial BP during the Valsalva manoeuvre (Imholz et al.
1988). Typical ECG, BP and mouth pressure responses are shown
in Fig. 1. Subjects performed two Valsalva manoeuvres at 5 min
intervals during which time heart rate and BP returned to baseline
levels.

Data for assessment of cardiovagal BRS were recorded and stored
after analog-to-digital conversion at 500 Hz (CODAS, Dataq
Instruments, Akron, OH, USA) onto a PC computer for later oft-line
analysis. Cardiovagal BRS was assessed during phase IV (overshoot
phase) of the Valsalva manoeuvre, which occurs shortly after release
of strain (Fig. 1). Cardiovagal BRS was determined as previously
described (Palmero et al. 1981) and recommended by Eckberg &
Sleight (1992). Briefly, consecutive systolic BP values during
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phase IV of the Valsalva manoeuvre were linearly regressed
against corresponding (lag 1) R—R intervals from the time point
where R—R intervals begin to lengthen and continued to the point
of maximal systolic BP elevation. Typical results from data analysis
are depicted in Fig. 2. The slope of this relation was used as a
measure of cardiovagal BRS if the linear regression coefficient
exceeded r= 0-80 and if systolic BP values overshot baseline values
by > 15 mmHg. Using these criteria, the agreement between this
technique and the ‘Oxford technique’ is maximized (r=0-91)
(Palmero et al. 1981). The average of slopes from two repeated trials
was used to reduce variability associated with baroreflex testing.
The reproducibility of the measurements was established in
15 subjects varying in age who were studied on 2 days ~3 months
apart. The coeflicient of variation for the repeated assessment was
10 + 2%. This value corresponds closely with reported values of
variation for both the Valsalva manoeuvre and for the ‘Oxford
technique’ (Toyry et al. 1995; Laitinen et al. 1998).

Heart rate variability. Heart rate variability (HRV) was
determined using both time and frequency domain measures. Data
were obtained via ECG from 300s time series collected from
subjects in the supine position during paced breathing (0-25 Hz)
after 15 min of rest. The mean R—R interval and R—R interval
standard deviation (RRSD) were calculated as the mathematical
mean and standard deviation of these time series. Power spectral
analysis of R—R intervals based on the Welch algorithm (Welch,
1967) was performed as previously described in detail by our
laboratory (Davy et al. 1996). Briefly, 300 s time series of R—R
intervals were interpolated by a cubic spline function at 4 Hz to
assure equidistant time points, divided into three equal over-
lapping segments, detrended, Hanning filtered, and fast-Fourier
transformed into their respective frequency components. The
spectral estimates were based on the averaged periodograms.
The spectral power in the high frequency (HF) band was assessed
via integration of power in the frequency range between 0:15 and
0-35 Hz. Records were visually inspected to assure that the HF
band was centred on the paced breathing frequency of 025 Hz. As
excepted, the HF power of all subjects was centred very close to the
paced breathing frequency (4 0:01 Hz), and thus analysis ranges
and reported values were based on the 0:15—0-35 Hz range for the
entire study population.

Resting arterial blood pressure and heart rate. Chronic resting
BP was measured over the brachial artery using a semi-automated
device (Dinamap XL, Johnson&Johnson, Arlington, TX, USA)
with subjects in the sitting position according to American Heart
Association guidelines. The average of three consecutive measures
is reported. Resting heart rate was determined from the ECG.

Figure 2. Results of linear regression of systolic
blood pressure and corresponding (lag 1) R—R
intervals during phase IV of Valsalva’s manoeuvre
Regression begins during phase IV at the time of R—R
interval prolongation (lag 1) in response to systolic blood
pressure increases. Cardiovagal baroreflex sensitivity is
expressed as the slope of this relation.
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Treadmill exercise test. To assess aerobic fitness, subjects
performed incremental treadmill exercise using a modified Balke
protocol as previously described (Stevenson et al. 1994). Maximal
oxygen consumption (17()2,max) was measured using on-line computer-
assisted open circuit spirometry. Additionally, heart rate and rating
of perceived exertion were measured throughout the exercise and
total exercise time to exhaustion was recorded.

Body composition. Fat mass and fat-free mass were measured
using dual energy X-ray absorptiometry (Lunar Radiation,
Madison, WI, USA).

Exercise intervention study

After completion of baseline measurements, 13 sedentary middle-
aged to older men participated in a 3 month exercise intervention
consisting of daily walking. Subjects were asked to walk
5-7 days week ™, 40—50 min day ™, at 65-80% of their individual
maximal heart rate determined during maximal exercise testing.
As their fitness improved, some subjects integrated jogging into
their exercise sessions in order to provide the necessary stimulus to
maintain their heart rate within the prescribed range. Adherence to
the exercise program was documented every 2 weeks based on data
downloaded directly from heart rate monitors (Polar Electro Inc.,
Woodbury, NY, USA) and from subject diaries.

Statistical analysis

Data for the cross-sectional study were assessed via two-way
(age x training status) analysis of variance. In the case of a
significant F value, the Newman-Keuls post hoc test for multiple
comparisons was used to assess differences between specific group
means. Paired ¢ tests were used to assess differences before compared
with after the exercise intervention. Significance was set a priori at
P<0:05. All data are presented as means + s.E.M. Univariate
correlation and regression analyses were used to assess the strength
of relations among variables of interest. Frequency estimates of HF
HRV were natural logarithm transformed (InHF) to adjust for
skewness in their distribution and to allow application of parametric
statistical analyses.

RESULTS

Cross-sectional study

Subject characteristics. The physical characteristics of the
subjects in the cross-sectional study are presented in Table 1.
There were no group differences in height or systolic BP.
Diastolic BP increased with age within the normotensive
range (P < 0:01), but was unrelated to exercise status. Body
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Table 1. Characteristics of subjects in the cross-sectional study

Sedentary Moderate exercise Endurance trained

Young Middle Older Young Middle Older Young Middle Older
No. of subjects (n) 16 18 15 9 10 16 18 16 15
Age (years) 27+1 49+1*  63+2%F  26+1 49+ 2% 62+ 1*%F 28+1 48+ 2% 64+ 1%F
Height (cm) 18142 176 +1 178+2 17743 17742 17342 17942 17442 176 +2
Body mass (kg) 86:'1+42 846433 81-11+1-8 786425 822431 796425 731+16f 72:0£2:0 732416
Body fat (%) 2141 2542  2641*  15+2f  2042% 24 41* 11+1f  15+1f  184+1%f
Vo, max (ml kg™ min™) 4241 36+1*  31+1*F  50+3% 44+2%t  354+1*%FF  61+11§  53+1*1§ 40+ 2*1i§
Heart rate (beats minfl) 6143 6142 6443 6542 5742 60+2 53+ 2§ 49+ 1% 51 +31§
Systolic BP (mmHg) 11243 114+4 11344 113+4 11444 118+4 11142 10843 115+4
Diastolic BP (mmHg) 60+2 70+3* 70+ 2* 60+3 69+3 70+2 63+1 65+1 6742

* P<0:05 vs. young subjects within same activity group; T P< 0-05 vs. middle-aged subjects within same
activity group; I P<0-05 vs. sedentary subjects of same age group; § P<0:05 vs. moderately exercising

subjects of same age group; Vo, maximal oxygen consumption; BP, blood pressure.

max?

mass was not related to age, but was progressively lower ~ P<0-05). In contrast, cardiovagal BRS was not different
with increasing habitual exercise status (P < 0:01). Body fat ~ between the young and middle-aged men in the moderate
percentage increased with age and was inversely related to  exercise and endurance-trained groups (16:6+2:1 ws.
habitual exercise status (P < 0-05). V()2,max declined across 165+ 16 ms mmHg ™" and 177 +1-2 vs. 176 + 11 ms
age within each exercise status; the lowest values were — mmHg™, respectively, P > 0-05), although it was lower in
observed in the sedentary men and the highest valuesin the  the older men in these groups (11-1+ 14 and 124 +
endurance-trained men (P < 0-01). Heart rate at rest was  1-3 ms mmHg™"; P<< 0-05 vs. the other two age groups).

unrelated to age, but generally was lower with increasing
exercise status (P < 0-01). There was no difference in the
number of years of prior exercise between the moderate
exercise (17 +3) and endurance-trained (15 =+ 2) groups
(P> 0-05). However, consistent with our study design, in
addition to their greater intensity of training the
endurance-trained men exercised more frequently (5:5 + 0-2
vs. 3'9 + 0-2 days week ™, P <0-0001) and for a longer
duration (65 + 3 vs. 47 + 4 min session_l, both P<0-0001)
compared with the moderate exercise group. Heart rate variability. Values for HRV are presented in
Table 2. RRSD declined 64 % with age in the sedentary men
(P < 0-05). The decline in RRSD with age was 38% in the
men who performed moderate exercise and 18% in the
endurance-trained men (P> 0-05). RRSD was higher in
middle-aged and older endurance-trained men compared

Cardiovagal BRS was not associated with physical activity
status among the young men. However, the middle-aged
and older men in the moderate exercise and endurance-
trained groups demonstrated greater cardiovagal BRS than
their age-matched sedentary peers (P < 0:05). Cardiovagal
BRS was not different in the moderately exercising and
endurance-trained men within either the middle-aged or the
older age groups.

Cardiovagal BRS. Values for cardiovagal BRS are
presented in Fig. 3. In the sedentary men, cardiovagal BRS
was progressively lower with increasing age (young group,
178 £ 1*8 ms mmHg™;  middle-aged  group, 11-9 +
1:3 ms mmHg_l; older group, 71 £ 0'6 ms mmHg_l; all

)
=

—
wm

Figure 3. Cardiovagal baroreflex sensitivity
of subjects in the cross-sectional study

* P< 0:05 vs. young subjects (Y) within same
activity group; T P < 0-05 vs. middle-aged subjects
(MA) within same activity group; I P< 0:05 vs.
sedentary subjects of same age group; Y, young;
MA, middle age; O, older.
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Table 2. Heart rate variability measures in the cross-sectional study

Sedentary Moderate exercise Endurance trained

Young Middle Older Young Middle Older Young Middle Older

No. of subjects (n) 16 18 15 9 10 16 18 16 15
RRi (ms) 1014 +43 1023 +42 958+40 929435 1075+44 1010+25 1143 +31§ 1236 + 271§ 1216 + 561§
RRSD (ms) 73+ 10 40 + 4% 26 + 3* 56 £ 8 49+5 35+3 65+ 7 60 + 41 53+ 7%
InHF (In(ms?)) 1111403 96+02* 864+03* 1005+05 98+04 93+02 11-14+03 107402 10-0 £+ 0-4f

* P< 0-05 vs. young subjects within same activity group;  P<<0:05 vs. sedentary subjects of same age
group; § P< 0-05 vs. moderately exercising subjects of same age group; RRi, R—R interval; RRSD, R—R
interval standard deviation; InHF, high frequency R—R interval variability.

with sedentary men of the same age (P < 0-05). Qualitatively
similar results were obtained using the frequency domain
measure of HRV. Natural logarithm transformed values of
HF R—R interval variability (InHF) declined in sedentary
men, showing a greater relative decline (22%; P < 0:05)
across age than occurred with the exercising men (10—11 %;
P> 0:05). InHF was higher in endurance-trained men than
in sedentary older men (P < 0-05), and this also tended to
be the case in the middle-aged men (P =0-10). InHF
tended to be higher in the moderately exercising men than
in the sedentary older men (P = 0-10).

Correlations. Several subject characteristics were related
(P <0:05) to cardiovagal BRS in the pooled study
population, including percentage body fat (r=—040),
Vog,max (r=0-50), resting systolic BP (r=—0-27), resting
diastolic BP (r = —0:33) and resting heart rate (r= —0-38).
Physiological characteristics related to RRSD and InHF
included percentage body fat (r=—045 and —0-49,
respectively), VOZ,max (r =047 and 0-55), resting systolic BP
(r=—0-20 and —0-25), resting diastolic BP (r=—0-35 and
—0-38), resting heart rate (r=-—0'48 and —0-46) and
cardiovagal BRS (r = 0:58 and 0-54).

Exercise intervention study

All 13 middle-aged and older men completed the aerobic
exercise intervention. Subjects exercised for an average of
135+ 1-0 weeks, 53 + 0-3 sessions week ", 45+ 2 min
session™ at 72 + 1% of maximal heart rate. The aerobic
exercise intervention did not alter body mass, percentage
body fat, or BP (Table 3). Aerobic exercise training increased
treadmill exercise time by ~20% (P < 0:001), and reduced
heart rate and ratings of perceived exertion during
standardized submaximal exercise (workload of ~70% of
baseline VOz,max) (P <001); VOZ,max and resting heart rate
were not significantly changed.

Cardiovagal BRS responses to aerobic exercise training are
presented in Fig. 4. Regular aerobic exercise increased
cardiovagal BRS ~25% (from 7:9+0:8 to 9:8 £ 09 ms
mmHg™; P<0-05) in the overall group. Values for
cardiovagal BRS were higher after exercise training in nine
of the 13 men, with an average increase in the nine men of
~50%. There were no significant changes following the
intervention in mean R—R interval (938 +41 ws. 962 +
47 ms), RRSD (30 £ 3 vs.36 &+ 6 ms), or InHF (8:6 £+ 0-3 wvs.
8:8 4+ 0-8 In(ms?) (all P> 0:05). There were no significant

Table 3. Characteristics of subjects in the exercise intervention study

Before After
Age (years) 56 + 1 —
Body mass (kg) 856 +40 849440
Body fat (%) 2942 2742
Systolic BP (mmHg) 117+ 4 119+3
Diastolic BP (mmHg) 76 + 2 78 + 2
Heart rate (beats min_l) 65+ 3 66 + 4
Vo, max (ml kg™ min™) 3000412  309+13
Treadmill time to exhaustion (min) 96+ 03 11-5 4+ 0-4*
Submaximal exercise heart rate (beats min ™)t 149+ 2 140 + 3*
Submaximal exercise RPE (units) t 13+1 11+ 1*

* P<0-05 vs. values before excercise intervention. I
pressure; RPE, rating of perceived exertion. t Treadmill walking at ~70 % of baseline V

0,,max: Maximal oxygen consumption; BP, blood

Oy, max-*
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physiological correlates of the change in cardiovagal BRS in
response to the exercise intervention in either the nine
‘responders’ or in the overall group of subjects.

DISCUSSION

The major findings from the present study were as follows.
First, in contrast to sedentary healthy men, cardiovagal BRS
appears to be maintained well into middle age in men who
regularly perform aerobic exercise. Second, the magnitude
of the decline in cardiovagal BRS with age appears to be
markedly attenuated in men who exercise regularly. Third,
moderate aerobic exercise appears to be a sufficient stimulus
to attenuate the age-associated decline in cardiovagal BRS
in healthy men. Fourth, regular aerobic exercise can increase
cardiovagal BRS in previously sedentary middle-aged and
older men. To our knowledge, these are the first experimental
data to show that regular exercise can both lessen the age-
related decline in cardiovagal BRS and augment the low
baseline levels in sedentary middle-aged and older men.

Several studies in sedentary humans, some of which included
older subjects with systolic hypertension, have reported that
cardiovagal BRS declines 55-70% from young to older
adulthood (Gribbin et al. 1971; Ebert et al. 1992; Laitinen et
al. 1998). Consistent with these previous observations, in
the present study cardiovagal BRS was 60 % lower in older
men than in young healthy sedentary men. The reduction in
cardiovagal BRS in sedentary adults was observed by
middle age, with that group demonstrating a 33% lower
BRS than the young controls. In contrast to the sedentary
men, there was no difference in cardiovagal BRS between
the young and middle-aged men in either the moderate
exercise or the endurance-trained groups. Cardiovagal BRS
was lower in the older men in both of these groups, but the
magnitude of the difference between young and older men
(~30%) was only half as great as that observed in the
sedentary men.

There were no differences in cardiovagal BRS among the
young men in any of the groups. This presumably was
because sedentary young healthy men have normal (high)

—
—

#*

-
=

Cardiovagal BRS (ms/mmHg)

After Exercise
Training

Before Exercise
Training

Figure 4. Cardiovagal baroreflex sensitivity before and
after the aerobic exercise intervention

* P< 0-05 vs. before exercise.
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cardiovagal BRS and, therefore, a further beneficial influence
of exercise would not be expected (ceiling effect). This is
consistent with the earlier findings of Kingwell et al. (1992)
who found in young adults that 4 weeks of endurance
training did not change baroreflex sensitivity, although the
sympathetic component of the baroreflex response was
reduced. Somers et al. (1991) have shown that regular
endurance exercise is associated with greater cardiovagal
BRS in patients with elevated blood pressure who normally
demonstrate reduced BRS. Consistent with this, in the
present study cardiovagal BRS was 40—75% higher in the
middle-aged and older exercising men than in sedentary
men of the same age. Thus, a favourable association between
regular exercise and cardiovagal BRS was clearly observed at
older ages in which baseline BRS was reduced. Importantly,
based on the results of our cross-sectional study, moderate
exercise appeared to be enough to delay and attenuate the
age-associated decline in cardiovagal BRS —no additional
benefit was demonstrated in middle-aged and older men
who performed more strenuous and prolonged endurance
training.

A related, but separate, question addressed in the present
investigation was whether the age-related reduction in
cardiovagal BRS could be at least partially restored by
performing regular aerobic exercise. The results of our
exercise intervention study provide experimental support
for this concept. The increases in cardiovagal BRS observed
with regular exercise were not related to increases in aerobic
fitness, changes in body mass/composition, or reductions in
resting heart rate (increase in R—R interval) or BP. It is
important to emphasize that the increases in cardiovagal
BRS were achieved within a 3 month period using a type
(primarily walking), frequency, and intensity of exercise
that most, if not all, healthy middle-aged and older men are
able to perform.

Three previous intervention studies in middle-aged and older
adults found no change in cardiovagal BRS in response to
regular aerobic exercise (Sheldahl et al. 1994; Bowman et al.
1997; Davy et al. 1997), whereas Spina et al. (1994) actually
reported a decrease in cardiovagal BRS after endurance
exercise training. One explanation for the differences in
results between the present study and the three earlier
investigations showing no change was the use of a less intense
exercise stimulus in the earlier studies. Specifically, the total
volume of the exercise performed in the present study
(56 days week " for ~45 min session for 135 weeks) was
greater than that performed in these prior investigations
(< 3 days week " for ~20—43 min session ™ for 612 weeks).
The wide variety of methods used to measure cardiovagal
BRS is another likely contributor. For example, measurement
of spontaneous cardiovagal BRS using the sequence method
as in our earlier study (Davy et al. 1996) showed no
difference before compared with after endurance exercise
training in 10 subjects in whom measurements were
performed in the present intervention study (13:5 + 35 vs.
12:9 + 1-8 ms mmHg™; P> 0-05). The differences between
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the present results and those of Spina and colleagues (Spina
et al. 1994) may be linked to at least two other
methodological factors. Their use of heart rate as an
indicator, when combined with the reduction in resting
heart rate which they observed with exercise training,
would effectively reduce cardiovagal BRS, whereas the use
of R—R interval responsiveness would probably have shown,
at the very least, no change. In addition, they employed a
non-bolus drug infusion technique that probably produced a
different baroreflex stimulus than that used in the present
study. Finally, the increase in cardiovagal BRS observed
with endurance training in the present study but not in our
prior intervention studies (Davy et al. 1997) could be
explained by the different genders of the subjects.

In our previous cross-sectional and intervention studies
using the sequence technique (Davy et al. 1996, 1997, 1998),
we found that spontaneous cardiovagal BRS was associated
with HRV. This suggested that spontaneous cardiovagal BRS
might be physiologically linked to tonic vagal modulation of
heart rate, at least in the context of ageing and habitual
exercise. In the present cross-sectional study, we also
observed an association between HRV and Valsalva-derived
cardiovagal BRS across age and habitual exercise groups.
However, our exercise intervention resulted in a substantial
increase in cardiovagal BRS without a significant increase
in our measures of tonic vagal modulation of heart rate.
This suggests that these events may not be coupled in a
mechanistic ‘cause and effect’ manner, and that moderate-
intensity training can augment
cardiovagal BRS without obvious corresponding increases in
tonic vagal modulation of heart rate. It also suggests that
the prior associations noted for these two variables may
have been due to the fact that measurement of spontaneous
cardiovagal BRS via the sequence technique is influenced by
HRV. Alternatively, fluctuations in R—R interval represent
respiratory gating of vagal motoneurones (Gilbey et al.
1984). It is possible that respiration influences on HRV were
maximal in our subjects before training (Eckberg et al. 1988),
and that an increase in cardiovagal BRS of the magnitude
demonstrated would not be expected to increase this
respiratory influence, and therefore HRV, further.

endurance exercise

We can only speculate on the mechanisms by which regular
aerobic exercise is associated with augmented cardiovagal
BRS in middle-aged and older men. In our intervention
study we found no physiological correlates of increases in
cardiovagal BRS among the individual subjects. One
possibility is that habitual exercise results in increased
compliance in the large cardiothoracic arteries where the
baroreceptors are located (ascending aorta and carotid
sinus; Tanaka et al. 2000). The stiffening of these segments
is believed to contribute to the age-related decline in
cardiovagal BRS by impairing the transduction of
BP-related stimuli which would reduce baroreceptor afferent
responsiveness (Rowe, 1987). Enhanced arterial compliance
associated with habitual exercise would presumably act to
augment stimulus transduction and afferent responsiveness.
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In addition, reductions in muscarinic receptor density in the
sino-atrial node with advancing age may contribute to the
decline in cardiovagal BRS (Poller et al. 1997; Brodde et al.
1998). If so, regular exercise may increase cardiovagal BRS
in middle-aged and older humans by augmenting muscarinic
receptor density. Another possibility is that an increase in
blood volume contributed to the increase in cardiovagal
BRS with our exercise intervention. We did not measure
blood volume in the present study, but the results of
previous studies indicate that blood volume does not appear
to increase in middle-aged and older adults in response to
moderate exercise training programmes (Hagberg et al.
1989; Stachenfeld et al. 1998). Moreover, blood volume has
been reported to influence the absolute blood pressure
responses during the Valsalva manoeuvre, but not the values
for cardiovagal BRS per se (Luster et al. 1996; Fritsch-Yelle
et al. 1999). Finally, it is possible that habitual exercise
somehow modulates CNS integration of afferent feedback to
enhance cardiovagal BRS.

There are experimental limitations of our study that should
be mentioned. First, we studied only healthy men; the
effects of regular exercise on cardiovagal BRS in healthy
women or in adults with chronic disease may differ from
those reported here. Second, the Valsalva manoeuvre-
derived method employed to measure cardiovagal BRS is a
complex stimulus for cardiovascular reflexes (Eckberg &
Sleight, 1992; Smith et al. 1996). For example, this procedure
may produce acute baroreflex resetting (Smith et al. 1996).
If the resetting differed among groups (cross-sectional
study) and/or changed with exercise training (intervention
study), it could have influenced our results. We are not
aware of any experimental evidence, however, that would
support such a potential effect. Moreover, muscle sympathetic
nervous system activity increases during the early portion
of the Valsalva manoeuvre (Smith et al. 1996). If sympathetic
activity to the sino-atrial node in the heart also increases
during this period, and if the increases were different among
groups or changed with training, it could have influenced
our results. However, we have demonstrated that reflex
control of muscle sympathetic activity does not change with
age (Ng et al. 1994), and is not significantly influenced by
the endurance-trained state (Seals, 1991). Thus, we do not
believe that changes in sympathetic nervous activity had an
important influence on our results. Finally, it is recognized
that controversy exists regarding which variable, heart rate
or R—R interval, is most appropriate for determining the
sensitivity of cardiovagal baroreflex. Our rationale for using
the latter measure in the present study is as follows. Because
alterations in BP induced by the Valsalva manoeuvre are
both rapid and transient, the reflex chronotropic response is
produced primarily by changes in cardiac—vagal nerve
activity (Elisberg et al. 1953). Increases in cardiac—vagal
tone appear to be protective against the development of
ventricular fibrillation and cardiac sudden death during
acute exposure to cardiac ischaemia (Cerati & Schwartz,
1991). Thus, methods that allow assessment of changes in
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cardiac—vagal nerve firing rate can provide physiologically
insightful and clinically relevant information for human
function and health. In this context, changes in the stimulus
to the arterial baroreceptors cause proportional, linear
changes in cardiac—vagal nerve firing which, in turn, result
in corresponding changes in R—R interval, which is not the
case with heart rate (Carlsten et al. 1957; Angell-James &
Lumley, 1975; Borst et al. 1983).

In addition to possible influences on cardiac electrical
stability (Billman et al. 1982, 1984; Schwartz et al. 1988;
Cerati & Schwartz, 1991), the modulatory effects of age and
habitual endurance exercise on cardiovagal BRS may have
important implications for arterial blood pressure control.
For example, cardiovagal BRS declines with age in sedentary
subjects, whereas blood pressure variability increases (Zito
et al. 1991; Imai et al. 1997; Davy et al. 1998). The opposite
is the case with subjects undertaking endurance exercise,
which is associated with augmented cardiovagal BRS and
reduced blood pressure variability in middle-aged and older
adults (Davy et al. 1996, 1998; Stevenson et al. 1997; Seals
et al. 1999).

In conclusion, the results of the present study provide
experimental evidence supporting the hypothesis that
regular aerobic exercise both attenuates the age-associated
decline in cardiovagal BRS, and partially restores the loss of
cardiovagal BRS in previously sedentary middle-aged and
older healthy men. This could have important physiological
implications for the maintenance of myocardial electrical
stability and/or control of arterial blood pressure in older
adults.
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