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SEALS, DOUGLAS R., AND PETER B. CHASE. Influence of
physical training on heart rate variability and baroreflex circu-
latory control. J. Appl. Physiol 66(4): 1886-1895, 1989.—Nine-
teen males (aged 45-68 yr) were studied before and after either
a period of regular endurance exercise [walk/jog 3-4 days/wk
for 30 £ 1 (SE) wk, n = 11] or unchanged physical activity (38
+ 2 wk, n = 8) (controls) to determine the influence of physical
training on cardiac parasympathetic (vagal) tone and baroreflex
control of heart rate (HR) and limb vascular resistance (VR)
at rest in middle-aged and older men. Training resulted in a
marked increase in maximal O, uptake (31.6 = 1.2 vs. 41.0 +
1.8 ml-kg™.min™, 2.56 + 0.16 vs. 3.20 + 0.18 1/min, P < 0.05)
and small (P < 0.05) reductions in body weight (81.2 + 3.5 vs.
78.7 + 4.0 kg) and body fat (23.8 + 1.3 vs. 20.9 + 1.3%). HR at
rest was slightly, but consistently, lower after training (63 + 2
vs. 58 = 1 beats/min, P < 0.05). In general, HR variability
(index of cardiac vagal tone) was greater after training. Chron-
otropic responsiveness to either brief carotid baroreflex stimu-
lation (neck suction) or inhibition (neck pressure), or to non-
specific arterial baroreflex inhibition induced by a hypotensive
level of lower body suction, was unchanged after training. In
contrast, the magnitude of the reflex increase in forearm VR
in response to three levels of lower body suction was markedly
attenuated after training (38-59%; P < 0.05 at —10 and —30
mmHg; P = 0.07 at =20 mmHg). None of these variables or
responses was altered over time in the controls. These findings
indicate that in healthy, previously sedentary, middle-aged and
older men, strenuous and prolonged endurance training I)
elicits large increases in maximal exercise capacity and small
reductions in HR at rest, 2) may increase cardiac vagal tone at
rest, 3) does not alter arterial baroreflex control of HR, and 4)
results in a diminished forearm vasoconstrictor response to
reductions in baroreflex sympathoinhibition.

exercise; exercise training; cardiac vagal tone; respiratory sinus
arrhythmia; autonomic nervous system

IT IS WIDELY PRESUMED that regularly performed endur-
ance (aerobic) exercise induces adaptations in the auto-
nomic nervous system (ANS) that result in both changes
in several cardiovascular variables at rest and in altera-
tions in the reflex control of the circulation (21, 25, 33).

One example of the former is the lower heart rate (HR)
at rest that is often observed in the physically trained
state (14, 15, 23, 25). This bradycardia is thought to be
mediated in part by a training-induced increase in car-
diac parasympathetic (vagal) tone (1, 25). However, com-
parisons of endurance-trained and untrained humans
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and laboratory animals have failed to demonstrate con-
sistent differences in vagal tone with the use of a variety
of experimental approaches (14, 16, 17, 23).

Training-associated changes in baroreflex control of
HR and vascular resistance (VR) have also been pro-
posed (2, 12, 18, 33). However, the experimental findings
to date have been remarkably inconsistent. Chronotropic
responsiveness to arterial baroreflex perturbations has.
been reported to be greater (1), not different (10, 36),
and blunted (30, 32, 33) in endurance-trained vs. un-
trained humans. Similarly, the reflex-mediated increases
in limb VR evoked during experimentally induced reduc-
tions in cardiopulmonary/arterial baroreceptor sympa-
thoinhibition have been reported to be markedly aug-
mented (12), unchanged (10, 31), and attenuated (18, 36)
in the endurance-trained state.

Because most of the information obtained to date has
been derived from cross-sectional comparisons of trained
and untrained groups of subjects, we reasoned that in-
tersubject variability within a group and/or nontraining-
related genotypic differences between groups may have
contributed to the apparent discrepancies in the results
of previous studies. Furthermore, because it has been
suggested that increases in cardiac parasympathetic tone
may exert a protective effect against life-threatening
arrhythmias (4), we thought it important to determine
whether such autonomic adaptations could be elicited by
physical training in sedentary men of an age typically
associated with the clinical manifestation of coronary
heart disease. Thus, the purpose of the present investi-
gation was to determine whether prolonged, moderately
strenuous, endurance exercise training would evoke
changes in cardiac vagal tone and in baroreflex control
of HR and limb VR in previously untrained, healthy,
middle-aged and older men.

METHODS
Subjects

Nineteen men (aged 45-68 yr) participated in this
study after providing their written, informed consent.
All subjects were normotensive (blood pressure < 140/
90 mmHg) and were free of overt cardiopulmonary dis-
ease as assessed by medical history and by electrocar-
diography both at rest and during an incremental exer-
cise test to subjective exhaustion. At the time of enroll-
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ment, none of the subjects was performing endurance
(aerobic) exercise on a regular basis. Eleven men [aged
53 + 2 (SE) yr] volunteered to participate in an exercise
training program (exercise group). The other eight men
(aged 54 = 3 yr) volunteered to participate in the study
as nonexercising controls (control group). All protocols
and procedures in which these subjects were involved
were approved by the institutional Committee on Human
Subjects Use.

Experimental Procedures

. Maximal O, uptake (V02 max). In the present study,
V02 mex Was used as a measure of maximal exercise ca-
pacity. Increases in VO2max in response to the exercise
program were used to document that a sufficient stimulus
had been applied to evoke adaptations in the cardiovas-
cular and skeletal muscle systems.

V02 max Was determined during graded treadmill walk-
ing or jogging as described previously (26). Inspired vol-
umes were measured using a dry gas meter (Parkinson
Cowan), and expired fractions of O, and CO, were deter-
mined using Applied Electrochemistry gas analyzers (S-
3AI and CD-3A, respectively). Data were collected and
analyzed in 30-s intervals with a microcomputer (Apple
ITe). The criteria used to document that VOz max had been
attained during each test were I) a lack of increase in O,
uptake with an increase in work rate (leveling off crite-
rion), 2) attainment of the maximal HR predicted for
each subject’s age, and 3) a respiratory exchange ratio
(O, uptake/CO; production) >1.1.

Body fatness. Body fatness was estimated from skin-
fold thicknesses determined at six sites using a Harpen-
den caliper. Body density and percent body fat were
estimated using the equations of Jackson and Pollock
(11) and Siri (29), respectively.

HR variability. Cardiac vagal tone was estimated by
noninvasive measurement of HR variability (i.e., the
respiratory sinus arrhythmia) with the use of conven-
tional electrocardiography as described previously (23).
The magnitude of the variability in HR is highly and
directly correlated with the level of parasympathetic
cardiac vagal tone as assessed using a variety of phar-
macological and physiological experimental approaches
(7, 8, 13).

After 15 min of quiet rest in the supine position, the
subject’s electrocardiogram (ECG, V-5 lead, Cardiotach
Amplifier, Gould ES1000 recorder) was sampled by a
microcomputer (IBM-PC model 176) that measured and
stored each R-R interval over a 5-min period. To control
for the effects of breathing on HR variability, subjects
breathed at the rate of 10 breaths/min (3 s inspiration,
3 s expiration); the depth of breathing was increased
slightly to maintain normal minute ventilation.

HR variability was assessed using I) the standard
deviation of the R-R intervals (1, 7, 23) and 2) the
difference between the minimum and maximum R-R
intervals (7, 17, 23). The difference between the average
of the five shortest (minimum) and the average of the
five longest (maximum) R-R intervals was used to cal-
culate the latter. Nonsinus beats were infrequent (n =
21 for both testing sessions in the 2 subject groups
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combined) but were excluded from the analysis. The HR
at rest was determined from the average R-R interval
over the entire 5-min measurement period.

Arterial baroreflex control of HR. CAROTID BARORE-
FLEX. Carotid baroreflex control of HR was assessed
noninvasively using a neck collar that allowed applica-
tion of both negative (suction) and positive pressure to
the anterior region of the neck as described previously
(23). Neck suction increases carotid baroreceptor (inhib-
itory) afferent discharge by increasing carotid sinus
transmural pressure and elicits a reflex prolongation of
the R-R interval mediated primarily by an increase in
efferent cardiac vagal tone (19). Neck pressure decreases
carotid transmural pressure, which reduces carotid affer-
ent discharge and evokes a shortening of the R-R interval
initially because of a decrease in efferent cardiac vagal
nerve activity (19). In the present study, carotid barore-
flex control of HR was assessed by determining the
magnitudes of the changes in R-R interval in response
to neck suction and pressure.

With the subject in the supine position, suction (—10,
—25, and —40 mmHg) or pressure (10 and 30 mmHg)
was applied for 2 s during a held end expiration; the
onset of the stimulus was timed to begin 0.8 s before the
appearance of the next anticipated P wave as described
by Eckberg (6). Each level of pressure and suction was
applied at least seven times in random order with at least
45 s separating consecutive applications.

The R-R intervals before and after the onset of suc-
tion/pressure were measured and stored using the ECG
signal that was fed into the microcomputer. The two R-
R intervals immediately before the onset of the stimulus
were averaged, and this value was used as the base-line
(control) R-R interval. The length of these two R-R
intervals differed by <50 ms in each trial. The R-R
interval representing the largest change from control
over the first five cardiac cycles after the onset of the
stimulus was used to calculate the change in R-R interval
(AR-R) for that trial. The maximum change in R-R
interval normally occurred in the first or second cardiac
cycle after the onset of the stimulus. For each stimulus
level, the AR-R was calculated as the average response
over all seven trials.

NONSPECIFIC ARTERIAL BAROREFLEX. Lower body
negative pressure (LBNP) applied at levels >20 mmHg
decreases venous return, central venous pressure, systolic
blood pressure (SBP), and pulse pressure (PP) and re-
sults in reflex tachycardia (20). This tachycardia is likely
mediated by reductions in both aortic and carotid (arte-
rial) baroreflex central inhibition (20). We assessed non-
specific arterial baroreflex control of HR by examining
the magnitude of the tachycardia (beats/min) per mmHg
change in either SBP (AHR/A SBP) or PP (AHR/APP)
during a 2-min period of LBNP at —30 mmHg (see
below).

Baroreflex control of forearm vascular resistance (FVR).
Baroreflex control of VR was studied using LBNP to
produce graded reductions in baroreflex-mediated sym-
pathoinhibition and, thus, stepwise increases in sympa-
thetic outflow and VR in the forearm (20). Recent evi-
dence indicates that the reflex cardiovascular adjust-
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ments to even low (nonhypotensive) levels of LBNP may
result from reductions in both cardiopulmonary and ar-
terial baroreceptor sympathoinhibition (5). In the pre-
sent study, the magnitude of the increase in FVR from
base line during a specific level of LBNP was used as a
measure of nonspecific baroreflex vasoconstrictor re-
sponsiveness.

Subjects were positioned supine and sealed at the waist
in a metal tank designed for administration of LBNP.
After 15 min of rest, blood flow was measured in the
right forearm every 15 s using venous occlusion pleth-
ysmography (28), arterial blood pressure was determined
once per minute in the left arm by sphygmomanometry,
and HR was measured continuously via ECG for an
additional 2 min of rest (control) followed by 2 min of
LBNP at —10 mmHg. After a subsequent 10-min period
of rest, the same sequence of control and LBNP was
repeated at —20 mmHg and then at the —30-mmHg levels
of LBNP.

LBNP was produced by a commercial vacuum cleaner
with the desired level of suction attained by altering
input voltage to the vacuum cleaner with a rheostat. The
actual level of negative pressure in the tank was meas-
ured continuously using a pressure transducer (Statham
P50) and was both monitored on an oscilloscope and
recorded on a Gould ES1000 recorder.

Experimental Design

All of the experimental procedures described above
were performed in three sessions on separate days as
follows: session 1, VOq msy and body fatness; session 2, HR
variability and arterial baroreflex control of HR; and
session 3, baroreflex control of FVR. All experimental
procedures were performed on all 19 subjects before and
immediately after the respective intervention periods
(see below). Exercise group subjects maintained their
final training levels throughout their second round of
testing. However, no training session was performed
before an experimental procedure on any day.

Interventions

Endurance exercise training. Subjects in the exercise
group underwent a prolonged program of physical train-
ing [30 £ 1 (SE) wk, range 25-36]. During the initial 14
+ 1 wk of training, subjects walked/jogged 3.0 + 0.1 days/
wk for 33 £ 1 min/day at 68 = 2% of their heart rate
reserve [HRR; calculated as HRR = HR at rest + 0.68
(HR during maximal exercise — HR at rest)]. The level
of exercise was progressively increased so that during the
final 16 £ 1 wk of training subjects jogged an average of
3.5 £ 0.1 days/wk for 43 = 1 min/day at 81 * 2% of their
HRR. The intensity of the exercise was assessed by
monitoring HR during each training session. The amount
and intensity of exercise performed in each session was
recorded and used to document compliance with the
individually prescribed programs.

Unchanged physical activity. After completing the ini-
tial round of testing, the subjects in the control group
maintained their normal levels of physical activity over
a period of time similar to the intervention period for
the exercise group subjects (38 + 2 wk, range 34-49 wk).
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Data Analysis

Baroreflex control of FVR. Mean arterial blood pres-
sure (MAP) was calculated from the sphygmomanome-
try-determined SBP and diastolic blood pressure (DBP)
by the formula: MAP = DBP + 1/3 (SBP — DBP). PP
was calculated by subtracting the DBP from the SBP.
FVR was calculated from the corresponding values for
MAP and forearm blood flow (FBF) by the formula: FVR
= MAP + FBF. FBF and FVR were expressed in ml.
min~'.100 ml™" and in arbitrary units, respectively.

FBF during the control and LBNP periods was deter-
mined for each minute by averaging the four flow values.
FVR values during each 2-min level of LBNP were
calculated for each of the minutes separately and as an
average for both minutes. The 2 min of control were
averaged for all variables, and this value was used to
calculate individual changes from base line during
LBNP.

Data for the —30 mmHg LBNP trial were not obtained
on one exercise group subject during the initial round of
testing because of equipment failure. Thus, group data
for this level of LBNP are based on 10 subjects.

Statistics. Changes in a dependent variable from con-
trol during LBNP and differences in a dependent vari-
able or in the magnitude of the response of that variable
before vs. after the intervention periods were assessed
using an analysis of variance for repeated measures de-
signs. Post hoc comparisons were made using a Fisher’s
least significant difference analysis. Differences of P <
0.05 were considered to be significant for all statistical
analyses. All data are presented as means + SE.

RESULTS

V03 max and body composition. VOsmex increased 25%
(ml-kg™'-min™") and 30% (l/min) in the exercise group
in response to physical training (both P < 0.05, Fig. 1).
HR measured during maximal exercise was slightly, but
significantly, reduced after training (174 + 3 vs. 169 + 3
beats/min, P < 0.05). Body weight (81.2 & 3.5 vs, 78.7 +
4.0 kg) and body fat (23.8 + 1.3 vs. 20.9 + 1.3%) were
also decreased after training (both P < 0.05). In contrast,
VO3 max (2.60 + 0.19 vs. 2.62 + 0.20 1/min and 31.0 + 1.7
vs. 30.8 + 1.8 ml-kg™!.min, initial vs. 6 mo), maximal
exercise HR (175 = 3 vs. 177 & 4 beats/min), body weight
(84.0 = 4.4 vs. 85.2 = 4.7 kg), and body fat (23.1 + 1.6
vs. 22.8 = 1.5%) were unchanged over the same period
of time in the control group.

HR and its variability at rest. HR at rest was slightly,
but consistently, lower (mean change = 5 beats/min; P
< 0.05) after training in the exercise group (Fig. 2). HR
variability, when expressed as the difference between the
minimum and maximum R-R intervals, was unchanged
after training in the group as a whole (P = 0.38). This
index of cardiac vagal tone was higher in seven subjects
and lower in four subjects after vs. before training. How-
ever, when expressed as the standard deviation of the R-
R intervals, HR variability was increased slightly (15%),
but significantly (P = 0.01), after training. This variable
was higher in eight subjects, the same in one subject, and
lower in two subjects after compared with before training.
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FIG. 1. VOgme: before and after respective intervention periods for
exercise and control groups. Values are expressed both corrected for
body weight (ml-kg™.min™, top) and uncorrected (/min, bottom).
VO:mex Was increased significantly after training in exercise group,
whereas no change occurred over a similar period of time in controls.

HR at rest and its variability did not change over a
similar period of time in the control subjects.

Baroreflex control of HR. R-R INTERVAL RESPONSES TO
NECK SUCTION AND PRESSURE. Neck suction and pres-
sure produced stimulus intensity-dependent increases
and decreases in the R-R interval, respectively, in both
groups of subjects (Fig. 3). The magnitudes of the
changes induced by neck pressure were similar in the
two groups, although the responses to neck suction were
somewhat smaller in the controls. There were no signif-
icant changes in the R-R interval responses to any level
of suction or pressure after training in the exercise group.
The R-R interval responses to neck suction and pressure
also were unchanged over time in the controls.

HR responses to LBNP. There were no significant
differences in the AHR/ASBP or AHR/APP during
either minute of LBNP before vs. after training in the
exercise group (Table 1). For example, after training
AHR/ASBP for each minute of the 2-min LBNP period
was higher in five subjects and lower in the other five
subjects compared with before training. The ratios also
were not different over time in the control subjects.

Baroreflex control of FVR. In both groups of subjects,
FVR increased and FBF decreased from control levels in
response to LBNP; the magnitudes of the changes were
directly related to the stimulus intensity (Figs. 4 and 5,
Table 2). MAP did not change from control during any
level of LBNP in either group (Table 3). In general, PP
and HR did not change from control levels during LBNP
at —10 and —20 mmHg; however, PP decreased (7-11
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FIG. 2. Heart rate (A) and its variability at rest before and after
respective intervention periods for exercise and control groups. Heart
rate variability was assessed both as standard deviation of R-R intervals
(B) and as difference between minimum and maximum R-R intervals
(C). Heart rate was slightly but significantly lower after training in
exercise group; however, heart rate variability was increased only when
expressed in former manner. There was no change in heart rate or in
either index of its variability over time in control group. ms, millise-
conds; min, minimum; max, maximum.

mmHg; P < 0.05) and HR increased (6-10 beats/min; P
< 0.05) in both groups of subjects during LBNP at —30
mmHg.

The magnitudes of the increases in FVR in response
to LBNP at —10, —20, and —30 mmHg were reduced by
59 (P < 0.05), 38 (P = 0.07), and 39% (P < 0.05),
respectively, in the exercise group after physical training
when the FVR responses were assessed using the average
values over the entire 2-min period of LBNP at each
stimulus level (Fig. 4). Very similar training-related de-
creases in the FVR responses to LBNP were observed
when percent changes in FVR from control were used
rather than changes in absolute units (data not shown).
These training-induced reductions in the forearm vaso-
constrictor responses to LBNP were not associated with
either changes in control FVR (26.9 + 2.3 vs. 25.3 + 2.4,
26.3 £ 2.3 vs. 25.1 £ 2.7, and 26.4 + 2.2 vs. 24.3 + 2.8 U,
before vs. after training at —10, —20, and —30 mmHg
LBNP, respectively, all NS) or changes in the blood
pressure responses to LBNP (Table 3). When the FVR
responses were assessed for each minute of LBNP (Fig.
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TABLE 1. Ratios of average change in HR to average change in SBP or PP during LBNP for 2 min at —30 mmHg

AHR/ASBP AHR/APP
Group Before After Before After
Min 1 Min 2 Min 1 Min 2 Min 1 Min 2 Min 1 Min 2
Exercise 0.64+0.37 —0.76+1.34 0.24+0.22 0.37+0.17 0.63+0.20 1.06+0.27 0.53+0.48 1.22+0.77
Control 0.35+0.17 0.89+0.26 0.27+0.39 1.51+0.22 0.24+0.14 0.76+0.24 0.20+0.38 1.18+0.15

Values are means = SE. HR in beats/min; SBP in mmHg; PP in mmHg. There were no significant differences in either ratio during either
minute of LBNP before vs. after an intervention in either group of subjects. Note that pressure values used to calculate ratios were expressed as

positive numbers; thus, in general the ratios are positive.

5), it was evident that the attenuation in the 2-min
average responses were primarily the result of a markedly
blunted vasoconstriction during the 1st min of LBNP at
each stimulus level (63, 53, and 53% attenuation at the
—10, —20, and —30 mmHg levels, respectively, all P <
0.05). The magnitudes of the increases in FVR during
the 2nd min of LBNP were not significantly different at
any stimulus level in the exercise group before vs. after
training.

No changes in the FVR, FBF, MAP, PP, or HR
responses to any level of LBNP were observed in the
control subjects after their intervention period.

DISCUSSION

In the present study, we reinvestigated the question of
whether regularly performed endurance exercise induces
adaptations in the ANS that alter cardiovascular vari-
ables at rest and/or baroreflex circulatory control. We
attempted to answer this question more definitively than
in most previous investigations by studying the same
subjects before and after a vigorous program of exercise.
Our findings provide experimental support for at least
four major conclusions regarding this issue. Our results

indicate that in healthy, previously sedentary, middle-
aged and older men strenuous endurance training 1)
elicits a marked increase in maximal exercise capacity
and a slight, but consistent, reduction in HR at rest, 2)
may increase cardiac vagal tone at rest as assessed non-
invasively by HR variability, 3) does not alter arterial
baroreflex control of HR at rest, and 4) results in a
transient attenuation of the forearm vasoconstrictor re-
sponse to reductions in baroreflex sympathoinhibition.
Maximal exercise capacity. In the present study, we
used the magnitude of the training-induced increase in
VO:max as an indication of the adequacy of the exercise
stimulus for producing systemic cardiovascular adapta-
tions. We observed substantial increases in VOgpay in
our exercise group subjects after training; the magnitude
of change was as great or greater than the largest in-
creases reported previously in healthy subjects of similar
age (9, 12, 26). In contrast, VO2 max Was unchanged over
a similar period of time in the nonexercising controls.
These findings are important in at least three ways.
First, they confirm our recent observation (26) that
vigorous, prolonged endurance training elicits marked
increases in aerobic capacity in this population and pro-
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FIG. 4. Changes in FVR from control during 3 levels of LBNP
before and after respective intervention periods for exercise (top) and
control (bottom) groups. Responses were calculated using average FVR
over entire 2-min period of LBNP at each level. Notations above each
set of bars represent statistical comparisons for responses before vs.
after intervention periods. Note that magnitude of reflex increase in
FVR during all levels of LBNP was attenuated after training in exercise
group (P < 0.05 for ~10- and —30-mmHg levels and P < 0.08 for —20-
mmHg level), whereas no significant changes occurred over the same
period of time in control group.

vides support for the postulate that the ability to adapt
physiologically to this chronically applied stimulus is not
compromised in healthy, middle-aged and older men.
Second, our findings demonstrate that a striking, sys-
temic cardiovascular adaptation occurred in response to
the exercise program. Thus, if changes in the ANS do
result from endurance training, our stimulus should have
been adequate to evoke these adaptations. Finally, the
lack of change in VO2 mqy Over time in the control subjects
indicates that the increases in maximal exercise capacity
observed in the exercise group were the result of physical
training per se, rather than some nonexercise factor
associated with study participation.

HR at rest and its variability. In the present study, we
found a small but consistent reduction in HR at rest
after training in the exercise group subjects. The mag-
nitude of the change was similar to that reported in
several previous investigations in which the same sub-
jects were studied before and after training (9, 25, 36).
No change in HR was observed over time in the control
subjects.
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To determine whether the training-induced bradycar-
dia was mediated, at least in part, by an increase in
cardiac vagal tone, we assessed the variability in HR
(respiratory sinus arrhythmia) before and after the ex-
ercise program. An increase in HR variability after train-
ing would be suggestive of a higher level of vagal tone
and vice versa. We found that one of our expressions of
HR variability, i.e., the standard deviation of the R-R
intervals, was higher after training in 8 of the 11 exercise
group subjects (P < 0.05 for the group as a whole).
However, our other commonly used expression of HR
variability, i.e., the minimum to maximum R-R interval
difference, was not different after vs. before training in
the exercise group as a whole, although levels were in-
creased in 7 of the 11 individual subjects. Taken together,
these results suggest that cardiac vagal tone may have
been higher after training in the majority of our subjects.

Although it is commonly assumed and frequently
stated (cf. 25) that cardiac vagal tone is increased at rest
in the endurance-trained state, there is very little exper-
imental support for this concept in young humans and
in laboratory animals. In a preliminary report, Barney
et al. (1) found that HR variability at rest was greater in
endurance-trained vs. untrained subjects. However, re-
cent findings from our laboratory (23) and those of
Maciel et al. (17) indicate that HR variability at rest is
similar in highly trained endurance athletes and their
untrained peers, in spite of a markedly lower HR in the
athletes. Maciel et al. (17) also found that in previously
sedentary males 10 wk of aerobic exercise training elic-
ited an increase in peak O, uptake and an 11 beat/min
decrease in HR at rest but did not alter HR variability.
The results of these latter studies using HR variability
to assess cardiac vagal tone are supported by findings of
similar or even smaller increases in HR in endurance-
trained vs. untrained humans and rats on removal of
cardiac vagal influences with atropine (14, 16, 22, 35).
Thus, the vast majority of the experimental evidence to
date fails to support the view that endurance exercise
training augments cardiac vagal tone at rest in young
subjects. Instead, these results and the findings of others
(15, 21, 34) indicate that the bradycardia often observed
in the endurance-trained state is mediated by decreases
in cardiac sympathetic tone and/or by nonautonomic
mechanisms that lower the “intrinsic” HR.

The apparent discrepancy between the present find-
ings and those discussed above may be the result of
differences in the ages of the subjects studied. It is well
documented that cardiac vagal tone at rest decreases
with advancing age (27) and, therefore, may have been
considerably lower before training in the middle-aged
and older men studied here compared with the young
subjects studied previously. This postulate is supported
by the fact that HR variability was substantially lower
in the subjects of the present study compared with the
levels we recently reported in young men using the same
methodology (23). Based on this assumption, interven-
tions such as regular exercise would be more likely to
evoke increases in cardiac vagal tone in older persons or
in other populations with low base-line levels than in
young healthy subjects with high initial levels.
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TABLE 2. FBF and HR before and during LBNP
—10 mmHg LBNP —20 mmHg LBNP —30 mmHg LBNP
Control Min 1 Min 2 Control Min 1 Min 2 Control Min 1 Min 2
FBF, ml-min™*.100 mi™!
Exercise
Before 3.9+£0.4 2.7£0.2* 3.0+0.2* 3.9%£0.3 2.5+0.2* 2.8+0.2* 3.9+0.4 2.2+0.2* 2.7+0.2*
After 4.1+04 3.4+0.3*F 3.6+0.3 4.2+0.4 3.2+0.3*t 3.2+0.3 4.4+0.5 3.0+0.3*t 3.1+0.3*
Control
Before 3.1+0.4 2.5+0.4* 2.6+0.3* 3.3+0.4 2.3+0.3* 2.5+0.3* 3.4+0.3 2.0+0.3* 2.4+0.3*
After 3.8+0.4% 3.0+0.4*f 3.3+0.4*F 3.8+0.4 2.6+0.4* 3.0+0.3* 4.2+0.5% 2.74£0.5*F 3.1+0.5*
HR, beats/min
Exercise
Before 66+2 65+2 65+2 64+1 66+2 67+2 64+2 68+2 70+2*
After 60+1t 59+2% 59+1t 59+1t 60+2t 62+2 61+2 65+3 69+3*
Control
Before 61+1 60x1 62x1 60x1 61+2 65+2* 61+1 64+2 68+2*
After 61+2 61+2 63+2 60+2 63+2 66+3* 61+2 67+2* 71+3*

Values are means + SE. * P < 0.05 vs. control value for same trial. 1 P < 0.05 vs. before value for same condition.

If, as our present findings suggest, cardiac vagal tone
is increased by regular exercise in middle-aged and older
men, this could have important clinical ramifications.
The prevalence of coronary heart disease increases with
advancing age and is especially high in the age range of
the men studied here (3). Since high cardiac vagal tone
may protect against certain life-threatening conse-
quences of the atherosclerotic process (4), our findings
may provide further rationale for use of regular aerobic
exercise in the treatment of patients with coronary heart
disease.

Arterial baroreflex control of HR. In the present study,
we measured both the magnitudes of the changes in R-
R interval in response to neck suction and pressure and
the degree of tachycardia during LBNP-induced reduc-
tions in SBP and PP to assess arterial baroreflex control

of HR. We failed to observe any change in chronotropic
responsiveness after training in our exercise group sub-
jects with either of these experimental approaches. To
our knowledge, these are the only data available on
carotid baroreflex responsiveness before and after phys-
ical training in the same subjects. However, the lack of
change in the tachycardic response to LBNP observed
in the present study is consistent with the recent findings
of Vroman et al. (36), who reported that AHR/ASBP
during LBNP at —40 mmHg was very similar before vs.
after endurance training in a group of young, healthy
subjects. As in our study, large increases in VO2max
occurred in response to training, indicating that arterial
baroreflex responsiveness was unchanged in spite of the

fact that a marked systemic cardiovascular adaptation
had been demonstrated.
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TABLE 3. MAP and PP before and during LBNP at —10, —20, and —30 mmHg for 2 min each

—10 mmHg LBNP —20 mmHg LBNP —30 mmHg LBNP
Control Min 1 Min 2 Control Min 1 Min 2 Control Min 1 Min 2
MAP, mmHg
Exercise
Before 96x1 94+1 96+1 95+1 94+1 93+1 96+1 94+2 95+1
After 94+3 9443 94+3 95+3 94+3 94+3 9543 92+3 9243
Control
Before 94+2 94+2 93+2 95+1 94+2 93+2 962 93+2 94+2
After 93+2 92+2 91+1 93+2 91+2 93+2 93+2 91+2 9242
PP, mmHg
Exercise
Before 44+3 4143 42+4 43+3 39+3 404 44+3 37+3* 37+4*
After 504+ 463t 484t 494+ 44+4 45+5 49+4 40+5* 40+5*
Control
Before 43+2 41+2 39+2 43+2 4012 38+2 43+2 35+2* 32+2*
After 44+3 45+4 45+4 45+3 42+4 37+3* 4443 37+4* 36+3*

Values are means + SE. * P < 0.05 vs. control value for same trial. t P < 0.05 vs. before value for same condition. There were no significant
changes in MAP either from control to LBNP or before vs. after the 6-mo interventions for either group.

The results of studies that have compared various
measures of arterial baroreflex control of HR in groups
of endurance-trained vs. untrained subjects have been
surprisingly inconsistent. The magnitude of the increase
in HR (decrease in R-R interval) in response to either
hypotensive levels of LBNP (10, 30, 32, 36) or neck
pressure (1, 23, 33) has been reported to be greater (1),
not different (10, 23, 36), and attenuated (30, 32, 33) in
endurance-trained vs. untrained subjects. Similarly, the
magnitude of the decrease in HR (increase in R-R inter-
val) in response to either neck suction (1, 23, 33) or to
increases in blood pressure produced by phenylephrine
infusion (30) also have been reported to be greater (1),
not different (33), and smaller (30) in endurance-trained
subjects. In support of the latter finding, we recently
observed a twofold attenuation in the slope of the R-R
interval changes during graded neck suction in young,
highly trained cross-country runners when compared
with their untrained peers (23).

Thus, the results of the present study and the recent
findings of Vroman et al. (36) indicate that in previously
untrained, healthy subjects endurance exercise training
does not evoke changes in chronotropic responsiveness
to either carotid baroreflex stimulation or inhibition, or
to nonspecific unloading of the arterial baroreceptors.
Comparisons of groups of endurance-trained and un-
trained subjects have produced somewhat equivocal re-
sults, with the majority of studies performed to date
reporting either unchanged or attenuated chronotropic
responsiveness to both arterial baroreceptor stimulation
and inhibition in the endurance-trained state.

Baroreflex control of limb VR. We assessed nonspecific
baroreflex control of limb VR by measuring the magni-
tude of the increase in FVR in response to LBNP-
induced reductions in tonic baroreceptor sympathoinhi-
bition. We found that the vasoconstrictor response to
each level of LBNP was markedly attenuated in the
exercise group after training. In contrast, the FVR re-
sponses to LBNP were unchanged over time in our
nonexercising control subjects.

The diminished vasoconstrictor response to LBNP
after training could be explained by changes in the bar-
oreflex per se or by nonbaroreflex adaptations. Concern-
ing the latter, changes in base-line FVR or central venous
pressure (a stimulus for cardiopulmonary baroreceptor
discharge), differences in the magnitudes of the changes
in central venous pressure or arterial pressure (arterial
baroreceptor stimulus) from base line during LBNP, or
changes in nonspecific reflex responsiveness or in vas-
cular responsiveness to neurotransmitter release all
could have contributed to the altered FVR responses to
LBNP after training. Neither base-line FVR nor the
changes in arterial pressure during LBNP were altered
after training; thus, it is unlikely that these potential
mechanisms were involved. Although we did not assess
the other possible mechanisms in the current study, the
results of previous investigations may provide some in-
sight. For example, Jingu et al. (12) have recently re-
ported that neither base-line central venous pressure nor
the change from base line during LBNP at —10 and —40
mmHg was different before vs. after endurance training
in a group of men and women aged 36-67 yr. In the same
study, there was no change in nonspecific reflex respon-
siveness as judged by similar increases in FVR during a
cold pressor test before vs. after training. Furthermore,
vasoconstrictor responsiveness to a-adrenergic receptor
stimulation has been reported to be increased (21), not
different (2), and even decreased (37) in the endurance-
trained state. Thus, although the findings of previous
investigations in general fail to support these alternative
hypotheses, we cannot state with certainty that the at-
tenuated vasoconstrictor responses to LBNP observed
in the present study were the result of autonomic adap-
tations that resulted in changes in baroreflex control of
VR.

We also found that most of the diminished FVR re-
sponse to LBNP after training was the result of changes
in the initial minute (Fig. 5). Although complete time
course data on FBF from the onset of LBNP are rare,
the present findings and those of Rowell and colleagues
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(24) indicate that the magnitude of the reflex decrease
in blood flow (increase in FVR) is greatest during the 1st
min. Although the mechanism responsible for this par-
ticular time course is unknown, it appears that in the
current study the primary training-induced changes in
the FVR response to LBNP occurred during this initial
phase of the reflex adjustment.

Previous investigators have employed both cross-sec-
tional comparisons of endurance-trained vs. untrained
subjects and longitudinal comparisons of the same sub-
jects before and after endurance training to address this
question. Cross-sectional comparisons have reported
both similar (10, 31) and attenuated (18) FVR responses
to LBNP in endurance-trained vs. untrained subjects.
During the preparation of this manuscript, the results of
two studies employing longitudinal comparisons were
reported. Vroman et al. (36) found a marked attenuation
in the FVR response to a hypotensive level of LBNP
(—40 mmHg), but an unchanged response to a nonhy-
potensive level (—=10 mmHg), in a group of young subjects
after endurance training. In striking contrast, Jingu and
co-workers (12) observed a 2.5-fold augmentation in the
FVR response to LBNP at —10 mmHg after endurance
training in a group of primarily middle-aged men and
women. In their study, the increase in FVR in response
to LBNP at —40 mmHg was approximately twofold
greater after vs. before training, although the difference
did not attain statistical significance.

Thus, as with the available data concerning the influ-
ence of endurance exercise training on arterial baroreflex
control of HR, the information on possible training-
associated changes in baroreflex control of limb VR is
somewhat inconsistent. The present results and those of
Vroman et al. (36) provide support for the hypothesis
that endurance training results in a diminished FVR to
acute reductions in baroreflex sympathoinhibition in
previously sedentary, healthy subjects; however, the find-
ings of Jingu et al. (12) suggest that the opposite is true.
The results of cross-sectional studies are equivocal with
reports of both similar (10, 31) and attenuated (18) FVR
responses in endurance-trained vs. untrained subjects.
Taken together, the majority of the available evidence
would suggest that limb reflex vasoconstrictor respon-
siveness may be blunted in the endurance-trained state.
However, additional studies of baroreflex circulatory
control in the same subjects before and after training are
needed if this question is to be more definitely answered.

The authors thank Jackie Miller and John Penner for their diligent
and exhausting efforts as exercise leaders, Marilyn Kramer for assist-
ance in the preparation of the manuscript,.and Lisa Clayton-Bare for
assistance in the statistical analyses and graphics.

This study was supported by a grant-in-aid from the Arizona Affil-
iate of the American Heart Association and by National Institute of
Aging Grant AG-06537.

Address for reprint requests: D. R. Seals, Dept. of Exercise and
Sport Sciences, McKale Center, Room 228-B, University of Arizona,
Tucson, AZ 85721.

Received 19 July 1988; accepted in final form 29 November 1988.

REFERENCES

1. BARNEY, J. A., T. J. EBERT, L. GROBAN, AND J. J. SMITH. Vagal-
cardioactivity and carotid-to-cardiac baroreflex responses in

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

BAROREFLEX RESPONSIVENESS AFTER PHYSICAL TRAINING

trained and untrained men (Abstract). Federation Proc. 44: 818,
1985.

. BEDFORD, T. G., AND C. M. TIPTON. Exercise training and the

arterial baroreflex. J. Appl. Physiol. 63: 1926-1932, 1987.

. BIERMANN, E. L., AND R. Ross. Aging and atherosclerosis. Ath-

eroscler. Rev. 2: 719-111, 1977.

. BILLMAN, G. E,, P. J. SCHWARTZ, AND H. L. STONE. The effects

of daily exercise on susceptibility to sudden cardiac death. Circu-
lation 69: 1182-1189, 1984.

. CornisH, K. G., J. P. GILMORE, AND T. McCuLLoOCH. Central

blood volume and blood pressure in conscious primates. Am. J.
Physiol. 254 (Heart Circ. Physiol. 23): H693-H701, 1988.

. ECKBERG, D. L. Baroreflex inhibition of the human sinus node:

importance of stimulus intensity, duration, and rate of pressure
change. J. Physiol. Lond. 269: 561-577, 1977.

. ECKBERG, D. L. Human sinus arrhythmia as an index of vagal

cardiac outflow. J. Appl. Physiol. 54: 961-966, 1983.

. Fouap, F. M., R. C. TArAzi, C. M. FERRARIO, S. FIGHALY, AND

C. ALICANDRI. Assessment of parasympathetic control of heart
rate by a noninvasive method. Am. J. Physiol. 246 (Heart Circ.
Physiol. 15): H838-H842, 1984.

. HARTLEY, L. H.,, G. GRiMBY, A. KiLBOM, N. J. NILSSON, L

ASTRAND, J. BJURE, B. EKBLOM, AND B. SALTIN. Physical training
in sedentary middle-aged and older men. 3. Cardiac output and gas
exchange at submaximal and maximal exercise. Scand. J. Clin.
Lab. Invest. 24: 335-344, 1969.

HupsoN, D. L., M. L. SMITH, AND P. B. RAVEN. Physical fitness
and hemodynamic response of women to lower body negative
pressure. Med. Sci. Sports Exercise 19: 375-381, 1987.

JACKSON, A. S., AND M. L. PoLLOCK. Generalized equations for
predicting body density of man. Br. J. Nutr. 40: 497-504, 1978.
JINGU, S., A. TAKESHITA, T. IMA1zuMi, M. NAKAMURA, M.
SHINDO, AND H. TANAKA. Exercise training augments cardiopul-
monary baroreflex control of forearm vascular resistance in middle-
aged subjects. Jpn. Circ. J. 52: 162-168, 1988.

KATONA, P. G., AND J. JIH. Respiratory sinus arrhythmia: nonin-
vasive measure of parasympathetic cardiac control. J. Appl. Phys-
iol. 39: 801-805, 1975.

KaToNa, P. G.,, M. McCLEAN, D. H. DIGHTON, AND A. Guz.
Sympathetic and parasympathetic cardiac control in athletes and
non-athletes at rest. J. Appl. Physiol. 52: 1652-1657, 1982.

LEwis, S. F., E. NYLANDER, P. GAD, AND N. H. ARESKOG. Non-
autonomic component in bradycardia of endurance trained men at
rest and during exercise. Acta Physiol. Scand. 109: 297-305, 1980.
LiN, Y.-C., AND S. M. HORVATH. Autonomic nervous control of
cardiac frequency in the exercise-trained rat. J. Appl. Physiol. 33:
796-799, 1972.

MACIEL, B. C., L. GALLO, J. A. MARIN NETO, E. C. LimMA FIiLHO,
J. TERRA FILHO, AND J. C. MANCO. Parasympathetic contribution
to bradycardia induced by endurance training in man. Cardiovasc.
Res. 19: 642-648, 1985.

MACcK, G. W., X. SHI, H. NOSE, A. TRIPATHI, AND E. R. NADEL.
Diminished baroreflex control of forearm vascular resistance in
physically fit humans. J. Appl. Physiol. 63: 105-110, 1987.
MANCIA, G., AND A. L. MARK. Arterial baroreflexes in humans. In:
Handbook of Physiology. The Cardiovascular System. Peripheral
Circulation and Organ Blood Flow. Bethesda, MD: Am. Physiol.
Soc., 1983, sect. 2, vol. III, part 2, chapt. 20, p. 755-794.

MARK, A. L., AND G. MANCIA. Cardiopulmonary baroreflexes in
humans. In: Handbook of Physiology. The Cardiovascular System.
Peripheral Circulation and Organ Blood Flow. Bethesda, MD: Am.
Physiol. Soc., 1983, sect. 2, vol. III, part 2, chapt. 21, p. 795-813.
OSTMAN-SMITH, 1. Adaptive changes in the sympathetic nervous
system and some effector organs of the rat following long term
exercise or cold acclimation and the role of cardiac sympathetic
nerves in the genesis of compensatory cardiac hypertrophy. Acta
Physiol. Scand. Suppl. 447: 1-101, 1979.

RaaB, W., P. P. SiLva, H. MARCHET, E. KIMURA, AND Y. K.
STARCHESKA. Cardiac adrenergic preponderance due to lack of
physical exercise and its pathogenic implications. Am. J. Cardiol.
5: 300-320, 1960.

REILING, M. J., AND D. R. SEALS. Respiratory sinus arrhythmia
and carotid baroreflex control of heart rate in endurance athletes
and untrained controls. Clin. Physiol. 8: 511-519, 1988.

ROWELL, L. B, C. R. Wyss, AND G. L. BRENGELMANN. Sustained



25.

26.

217.

28.

29.

30.

BAROREFLEX RESPONSIVENESS AFTER PHYSICAL TRAINING

human skin and muscle vasoconstriction with reduced baroreceptor
activity. J. Appl. Physiol. 34: 639-643, 1973.

SCHEUER, J., AND C. M. TipTON. Cardiovascular adaptations to
physical training. Annu. Rev. Physiol. 39: 221-251, 1977.

SEALS, D. R., J. M. HAGBERG, B. F. HURLEY, A. A. EHSANI, AND
J. 0. HoLLoszy. Endurance training in older men and women. L.
Cardiovascular responses to exercise. J. Appl. Physiol. 57: 1024—
1029, 1984.

SHANNON, D. C., D. W. CARLEY, AND H. BENSON. Aging of
modulation of heart rate. Am. J. Physiol. 253 (Heart Circ. Physiol.
22): H874-H871, 1981.

SIGGAARD-ANDERSEN, J. Venous occlusion plethysmography on
the calf. Evaluation of diagnosis and results in vascular surgery.
Dan. Med. Bull. 17, Suppl.: 1-66, 1970.

Sir1, W. E. Body composition from fluid spaces and density. In:
Techniques for Measuring Body Composition, edited by J. Brozek
and A. Henschel. Washington, DC: Natl. Acad. Sci., 1961, p. 223-
244.

SMITH, M. L., H. M. GRAITZER, D. L. HUDSON, AND P. B. RAVEN.
Baroreflex function in endurance- and static exercise-trained men.
J. Appl. Physiol. 64: 585-591, 1988.

3L

32.

33.

34.

35.

36.

37.

1895

SMITH, M. L., D. L. HUDSON, H. GRAITZER, AND P. B. RAVEN.
Vasoconstrictor response to lower body negative pressure during
autonomic blockade: effect of fitness (Abstract). Med. Sci. Sports
Exercise 18, Suppl.: S15, 1986.

SMITH, M. L., AND P. B. RAVEN. Cardiovascular responses to lower
body negative pressure in endurance and static exercise-trained
men. Med. Sci. Sports Exercise 18: 545-550, 1986.

STEGEMANN, J., A. BUSERT, AND D. BROCK. Influence of fitness
on the blood pressure control system in man. Aerosp. Med. 45: 45—
48, 1974.

SUTTON, J. R., A. COLE, J. GUNNING, J. B. HICKIE, AND W. A.
SELDON. Control of heart rate in healthy young men. Lancet 2:
1398-1400, 1967.

TipTON, C. M., AND B. TAYLOR. Influence of atropine on heart
rate of rats. Am. J. Physiol. 208: 480-484, 1965.

VROMAN, N. B,, J. A. HEALY, AND R. KERTZER. Cardiovascular
response to lower body negative pressure (LBNP) following endur-
ance training. Aviat. Space Environ. Med. 59: 330-334, 1988.
WEIGMAN, D. L., P. D. HARRIS, I. G. JOSHUA, AND F. N. MILLER.
Decreased vascular sensitivity to norepinephrine following exercise
training. J. Appl. Physiol. 51: 282-287, 1981.




