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Abstract The purpose of this study was to test the
hypothesis that high-intensity strength training in-
creases vagal–cardiac control and cardiovagal barore-
flex sensitivity. Twenty-two subjects [age 22 (0.8) years]
were assigned to either strength training (ST, n=12) or
control (CON, n=10) groups. Subjects in the ST group
trained each major muscle group 3 days per week for
8 weeks with three sets of 10 repetitions and 2-min rest
periods. Resistance was increased progressively when
possible. Subjects in the CON group were active
recreationally but did not lift weights. Before and after
training, resting arterial pressure was measured with an
automated sphygmomanometer, and ECG, respiratory
rate, and finger photoplethysmographic arterial pres-
sures were recorded with subjects supine and breathing
at a set rate (0.25 Hz) for 5 min. Data were analyzed in
both time and frequency domains. Arterial baroreflex
sensitivity was estimated with the sequence method and
cross-spectral transfer function analysis of systolic
pressures and R-R intervals. Training increased whole-
body muscular strength and decreased arterial blood
pressure at rest (the exercise and pressure data have
been published elsewhere). R-R intervals and standard
deviations, and R-R interval spectral power at the

respiratory frequency were unaffected by training.
Similarly, training did not affect respiratory or
low-frequency systolic pressure spectral power or car-
diovagal baroreflex sensitivity. Although evidence sup-
ports beneficial cardiovascular adaptations to resistance
training, our results demonstrate that resistance train-
ing does not affect vagal–cardiac control or cardiovagal
baroreflex sensitivity in young healthy subjects.
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Introduction

Whole-body strength training increases muscular
strength and power, helps maintain skeletal mass and
density, and contributes to maintenance of normal body
weight (Kraemer et al. 2002). In addition to performance
benefits for athletes and recreational sports enthusiasts,
strength training has been shown to help control or
lower arterial blood pressure (Carter JR et al. 2003;
Kelley and Kelley 2000), and has been recommended as
therapy for patients with heart disease (McCartney
1998). Although strength training may also affect other
factors associated with cardiovascular health (Hurley
et al. 1988), some important associations have not been
studied.

For example, elevated vagal autonomic neural
activity is associated with better prognosis and lower
mortality associated with cardiovascular disease
(Kleiger et al. 1987). Chronic endurance exercise
training has been shown to increase vagal–cardiac
control (Carter JB et al. 2003) and cardiovagal baro-
reflex sensitivity (Iwasaki et al. 2003), and limit
reductions of vagal control and baroreflex sensitivity
associated with aging (Monahan et al. 2000). Less is
known of the effects of strength training on autonomic
cardiovascular regulation. Tatro et al. (1992) reported
that high-intensity lower-body strength training
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increased carotid–cardiac baroreflex sensitivity, and
one recent study demonstrated that isometric handgrip
training increased heart rate variability in elderly pa-
tients with hypertension (Taylor et al. 2003). However,
whole-body strength training programs are recom-
mended as an important component of a holistic fitness
regime (Kraemer et al. 2002), and longitudinal studies
investigating the influence of whole-body strength
training on autonomic cardiovascular regulatory
mechanisms do not exist.

We have shown previously that whole-body strength
training has no effect on resting sympathetic neural
traffic (Carter JR et al. 2003), but we have not explored
the effects of whole-body strength training on autonomic
vagal activity. Because strength training is associated
with reduction of cardiovascular disease risk factors
(Hurley et al. 1988; Kelley and Kelley 2000), and be-
cause reduced risk factors are associated with elevated
autonomic vagal activity, we tested the hypothesis that
strength training increases vagal–cardiac control and
cardiovagal baroreflex sensitivity.

Methods

Subjects

A total of 22 subjects participated in this study. Based
on pilot work with similar outcome variables and
assuming comparable variances (Cooke et al. 2002), we
estimated a sample size of nine subjects per group as
being the minimum number of subjects required to test
our hypothesis (1�b=0.8, a=0.05). Prior to inclusion,
all potential subjects were screened and excluded if they
were currently participating in, or had within the last
month participated in, a structured weight-training
program. All subjects were normotensive nonsmokers
with no prior history of autonomic dysfunction. In
addition, subjects were certified as apparently healthy
and free from contraindications to exercise training, as
determined by a physician during a routine physical
examination. The experimental protocol was approved
by the Human Research Committee of Michigan Tech-
nological University and all subjects gave written in-
formed consent before participating. The experiments
outlined in this report comply with the current laws of
the United States of America.

Due to the large number of subjects studied, and due
to time constraints of both subjects and investigators,

subjects were enrolled on a staggered basis, with only
five to eight subjects being studied during any given
8-week period over the course of approximately 1 year.
For this reason, the experimental design was not strictly
randomized (i.e., subjects were not all recruited prior to
the beginning of the study). Subject characteristics are
shown in Table 1.

Exercise testing

The strength training group (ST) comprised subjects
required to perform resistance training specifically de-
signed to increase whole-body muscular strength, and
the control group (CON) comprised subjects who were
active recreationally but did not follow a structured
exercise program during the study period. Subjects from
both groups reported to the exercise facility (Portage
Wellness Center, Houghton, Mich.) at least 1 h post-
prandial. Maximal whole-body muscular strength was
assessed before and after 8 weeks of heavy resistance
strength training or 8 weeks of relative inactivity using
the following seven isotonic exercises in the order listed
(with the primary muscle groups trained shown in
parentheses): leg press (quadriceps), leg curls (ham-
strings), chest press (pectoralis major and minor, del-
toid, triceps), latissimus pull downs (trapezius, latissimus
dorsi, rear deltoid), shoulder press (deltoid), bicep curls
(biceps), and triceps press (triceps) (Cybex Strength
Systems, Medway, Mass, and Ground Zero, Colorado
Springs, Colo.). Subjects first completed ten warm-up
repetitions, followed by two or three additional sets with
increasing resistance until only four to six repetitions
could be completed with proper exercise form. One-
repetition maximum (1 RM) values were calculated
from the last set according to the following equation
(Fleck and Kraemer, 1997): 1 RM=weight lifted/
[0.95�(number of repetitions�2)(0.025)]. Proper exer-
cise form was taught and enforced by personal trainers
who supervised and documented each testing session.

Autonomic testing

Subjects arrived at the laboratory after having abstained
from exercise, alcohol, and caffeine for at least 12 h. All
tests were done with subjects in the supine position.
After resting blood pressures were measured with an
automated sphygmomanometer, subjects were instru-
mented with a three-lead ECG, a finger photoplethys-
mography cuff (model 2300, Finapres, Ohmeda,
Englewood, Colo.) to record beat-by-beat arterial pres-
sure, and a pneumobelt to record respiratory excursions
(uncalibrated strain-gauge pressure transducer) [we also
measured muscle sympathetic nerve activity (MSNA) by
inserting a tungsten microelectrode (Frederick Haer,
Bowdingam, ME) into the peroneal nerve in the popli-
teal region behind the left knee. These data have been
published (Carter JR et al. 2003)]. After instrumenta-

Table 1 Subject characteristics. Values are means (SE). ST
Strength training group (n=12; 11 men, 1 woman), CON control
group (n=10; 7 men, 3 women). Subject characteristics did not
differ statistically between groups

Group Age (years) Height (cm) Body mass (kg)

ST 21 (0.3) 180 (2.0) 82 (4)
CON 22 (0.7) 176 (4.3) 78 (6.0)
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tion, subjects were undisturbed for 5 min and were al-
lowed to breathe spontaneously. Subjects then were in-
structed to control their breathing frequency by
breathing in time to a metronome set at a pace of
15 breaths min�1 (0.25 Hz) for 5 min. The autonomic
function test was repeated after either 8 weeks of
strength training (ST) or relative inactivity (CON).

Exercise training

We used both single- and multiple-joint exercises,
starting with large muscle groups and finishing with
smaller muscle groups, incorporating repetitions and
rest intervals conducive to increasing whole-body mus-
cular strength. The subjects assigned to ST underwent
three supervised resistance-training sessions per week for
8 weeks. Each subject performed three sets of the same
exercises in the same order: leg press, leg curls, chest
press, latissimus pulldown, shoulder press, biceps curls,
and triceps press. Subjects performed ten repetitions
during sets one and two, and as many repetitions as
possible during the third set with resistance equaling
approximately 75–80% 1 RM. Resistance was increased
for the next exercise session if the subject could perform
ten complete repetitions during the third and final set for
each exercise. Subjects assigned to CON were asked to
maintain their normal recreational activity and not to
add any form of regular exercise training during the
8-week study period.

Data acquisition and time domain analysis

During the autonomic function tests, data were sampled
at 500 Hz and recorded directly to computer with
commercial hardware and software (WINDAQ, Dataq
Instruments, Akron, Ohio). Data then were imported
into a commercial analysis program (WinCPRS, Abso-
lute Aliens, Turku, Finland). R waves generated from
the ECG signal were detected and marked at their
occurrence in time. Systolic pressures were subsequently
marked from the arterial pressure waveform. R-R
intervals and R-R interval standard deviations were
calculated from the 5-min period of controlled breath-
ing. Within this same time range, we analyzed sequences
of three or more increasing systolic pressures (increasing
by at least 1 mmHg) and R-R intervals (increasing by at
least 4 ms) with linear regression analysis. Only se-
quences with correlation coefficients of at least 0.8 were
included for statistical comparison (Rothlisberger et al.
2003).

Frequency domain analysis

R-R intervals and systolic pressures were made equi-
distant by spline interpolating and resampling at 5 Hz.
Data were then passed through a low-pass impulse

response filter with a cutoff frequency of 0.5 Hz. Five-
minute data sets were fast Fourier transformed with a
Hanning window to obtain power spectrums. Spectral
power was expressed as the integrated areas within the
low-frequency (0.05–0.15 Hz) and high-frequency (0.15–
0.4 Hz) bands. In order to compare power spectra more
accurately from different individuals who may vary
widely in total power, we also normalized our data in the
low- and high-frequency ranges by dividing integrated
low- and high-frequency spectra by the total power
(minus oscillations occurring below 0.05 Hz) and then
multiplying this value by 100.

The squared coherence reveals the strength of the
linear association between two signals, and we calcu-
lated the squared coherence by dividing the cross-spec-
tral densities of systolic pressure and R-R interval by the
product of each individual autospectrum. If the squared
coherence value was at least 0.5 at frequencies between
0.05 and 0.15 Hz, then we considered the transfer
function magnitude to be an accurate representation of
arterial baroreflex sensitivity within these coherent fre-
quency ranges. Transfer function magnitude was calcu-
lated by dividing the cross-spectrum of systolic pressure
and R-R interval by the autospectrum of systolic pres-
sure (Cooke et al. 1999).

Statistical analysis

A two by two [group (ST vs CON) by time (before vs
after the 8-week study period)] ANOVA with repeated
measurements on time was used to compare dependent
variables. We tested for differences in subject charac-
teristics with paired t-tests. Data were analyzed with
commercially available statistical software (SAS Insti-
tute, Cary, N.C.). Means were considered to be signifi-
cantly different if P £ 0.05. Data are presented as means
(SE) unless otherwise specified.

Results

Exercise responses

The strength training program was successfully com-
pleted by all participants. Due to holiday interruptions
during the 8-week study period, six subjects completed
the required 24 training sessions within 9 weeks. During
the week subjects were unavailable for training, they
performed the required exercise to the best of their
ability with machines that were matched as closely as
possible, but these sessions were not monitored or
recorded.

We found that the resistance training program in-
creased whole-body muscular strength (by about 22%)
and decreased arterial pressure (by about 8 mmHg) at
rest. These data were published in a previous report
(Carter JR et al. 2003). For our prior publication (Carter
JR et al. 2003), five subjects from the control group
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(n=13) were studied prospectively and did not perform
controlled breathing with appropriate instrumentation.
For this reason, and for purposes of the present study,
we recruited an additional two subjects for the CON
group to increase our sample of control subjects per-
forming the autonomic function test from eight to ten.

Autonomic responses

For both ST and CON, R-R intervals averaged
approximately 900 ms, R-R interval standard devia-
tions averaged approximately 61 ms, and these values
were not significantly different between groups or
changed over the course of the 8-week study period
(Table 2). Heart rates were similarly unaffected for ST
[65 (3) pre- vs 63 (2) beats min�1 post-training] and
CON [66 (4) pre- vs 65 (4) beats min�1 post-training].
Power spectral and cross-spectral analyses revealed
oscillatory components of R-R intervals, systolic arte-
rial pressures, and systolic pressure and R-R interval
associations. R-R interval and systolic pressure spectral
power, and coherence and transfer function magnitude
between systolic pressure and R-R interval are shown
in Fig. 1; in the subject depicted (and all other sub-
jects), breathing at a controlled rate of 0.25 Hz effec-
tively separated respiratory (high) from lower
frequency oscillations. Strong coherence (i.e., above
0.5) was apparent between the two signals at both high
and low frequencies for all subjects.

As shown in Table 2, strength training did not sig-
nificantly alter the magnitude of high- or low-frequency
R-R interval or systolic pressure oscillations regardless
of whether data were presented as absolute values or as
normalized, transformed data. Prior to exercise training,
arterial baroreflex sensitivity (assessed from systolic

pressure and R-R interval sequences and low frequency
transfer function magnitude) averaged approximately
15 ms mmHg�1. After training, baroreflex sensitivity
averaged 16 ms mmHg�1 and the magnitude of change
was not different between groups or between analysis
techniques.

Discussion

We investigated the influence of strength training on
autonomic cardiovascular control. Although this par-
ticular strength-training program increases whole-body
muscular strength and lowers arterial blood pressure
(Carter JR et al. 2003), it does not increase autonomic
vagal activity. These results are in contrast to those
reported for traditional endurance training programs.

Autonomic variability

Athletes in general, and endurance athletes in particular,
display low resting heart rates. This resting bradycardia
has been attributed to elevated vagal neural activity
(Ekblom et al. 1973) and small reductions of intrinsic
heart rates (Smith et al. 1989). R-R intervals change as
direct linear functions of vagal–cardiac nerve activity
(Katona and Jih 1975), and oscillations of R-R intervals
at the respiratory frequency (respiratory sinus arrhyth-
mia) are mediated predominantly by fluctuations of
vagal–cardiac nerve traffic. Because direct measurements
of vagal nerve traffic have not been made in humans,
investigators have relied on time and frequency-domain
measures of heart rate variability to estimate vagal
activity noninvasively. Resting heart rates were lower
after 8 weeks of lower-body strength training (Kanakis

Table 2 Autonomic cardiovascular responses to whole-body
strength training. Values are means (SE) (ST, n=12; CON, n=10).
RRI, R-wave-to-R-wave, RRISD R-wave-to-R-wave standard
deviation, BRS baroreflex sensitivity sequence method, RRILF R-
R interval spectral power at the low frequency, RRIHF R-R
interval spectral power at the high frequency, RRILFnu normalized
units for R-R interval spectral power at the low frequency,
RRIHFnu normalized units for R-R interval spectral power at the

high frequency, SAPLF systolic pressure spectral power at the low
frequency, SAPHF systolic pressure spectral power at the high
frequency, SAPLFnu normalized units for systolic pressure spectral
power at the low frequency, SAPHFnu normalized units for sys-
tolic pressure spectral power at the high frequency, TF transfer
function magnitude between systolic pressure and R-R interval. All
P values for main and interaction effects were >0.05

Variable ST CON

Pre-training Post-training Pre-training Post-training

RRI (ms) 902 (32) 915 (57) 896 (35) 917 (29)
RRISD (ms) 59 (9.5) 63 (9.8) 62 (15) 64 (12)
BRS (ms mmHg�1) 15 (1.2) 17 (3.3) 14 (2.9) 14 (3.1)
RRILF (ms2) 852 (342) 891 (243) 875 (223) 902 (301)
RRIHF (ms2) 1,338 (346) 1,460 (398) 1,412 (340) 1,397 (305)
RRILFnu (ms2) 47 (6.9) 48 (6.9) 44 (3.6) 46 (6.7)
RRIHFnu (ms2) 52 (6.9) 53 (7.1) 59 (5.6) 55 (5.9)
SAPLF (mmHg2) 3.9 (3.2) 4.9 (1.3) 5.4 (1.7) 5.2 (2.3)
SAPHF (mmHg2) 3.4 (0.9) 4.1 (0.9) 3.4 (2.1) 3.7 (1.4)
SAPLFnu (mmHg2) 48 (4.9) 46 (6.3) 45 (4.4) 50 (9.5)
SAPHFnu (mmHg2) 52 (4.9) 53 (6.3) 54 (5.2) 54 (9.1)
TF (ms mmHg�1) 16 (2.9) 18 (3.8) 16 (3.6) 17 (4.9)
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and Hickson 1980) and Olympic-style weight lifting
(Stone et al. 1983), but heart rate variability was not
specifically assessed in these two studies (Kanakis and
Hickson 1980; Stone et al. 1983). In the present study,
R-R intervals averaged about 900 ms and R-R interval
standard deviations (a global measure of heart rate
variability) averaged about 61 ms; these values were not
affected by strength training (Table 2). Integrated R-R
interval spectral power at the high frequency similarly
was unaffected by strength training, suggesting that in
contrast to endurance training (Carter JB et al. 2003),
strength training does not affect the overall magnitude
of vagal–cardiac control at rest.

Arterial pressures oscillate at the respiratory fre-
quency primarily through mechanical influences of res-
piration (Badra et al. 2001), and we did not expect
changes in high frequency arterial pressure spectral
power. On the other hand, arterial pressure oscillations
at the low-frequency conceivably could be affected by

strength training, although these associations have not
been reported. At least two general hypotheses have
been advanced to explain low-frequency arterial pres-
sure rhythms. First, evidence suggests the presence of a
central pacemaker (Guzzetti et al. 1994) or intrinsic
vasomotor mechanisms (Rizzoni et al. 1995) that mod-
ulates arterial pressure rhythms independent of auto-
nomic control loops. Second, low-frequency arterial
pressure oscillations have been linked to sympathetic
vascular responses to arterial baroreceptor stimulation
and inhibition (Guyton and Harris 1951).

As to the first hypothesis, we are unaware of any
studies (including the present study) that have investi-
gated the influence of resistance training on arterial
pressure oscillations initiated and modulated by the
spinal cord or the vasculature. As to the second
hypothesis, increases and decreases in sympathetic traffic
have been linked directly to increases and decreases in
low-frequency systolic pressure oscillations (Malliani
1999), supporting the original suggestion of Guyton and
Harris (1951) that ‘vasomotor waves’ are mediated (at
least in part) by sympathetic baroreflex responses. In the
present study, strength training did not affect low-fre-
quency systolic pressure spectral power, which suggests
that strength training does not affect sympathetic vas-
cular control [these results are in agreement with our
observation that muscle sympathetic neural activity was
unchanged in these subjects after the 8-week program
(Carter JR et al. 2003)]. We conclude that resistance
training does not affect the magnitude of vasomotor
waves, and speculate that this is due to unchanged
resting sympathetic tone.

Cardiovagal baroreflex sensitivity

After Stegemann et al. (1974) first reported impaired
arterial pressure control mechanisms in exercise-trained
subjects, the notion that endurance exercise training
decreases arterial baroreflex sensitivity and compro-
mises orthostatic stability has been both supported
(Raven and Pawelczyk 1993) and refuted (Convertino
1993). Both interpretations are probably correct, in
that highly trained athletes with aerobic capacities of
approximately 65 ml kg�1 min�1 and above may be
susceptible to orthostatic intolerance (Levine et al.
1991), and recreational athletes with ‘normal’ aerobic
capacities of approximately 40–50 ml kg�1 min�1 may
improve tolerance to orthostatic stress with exercise
(Convertino et al. 1990). The effects of resistance
training on arterial pressure control mechanisms are
less clear, but some evidence suggests that resistance
athletes may possess greater orthostatic stability due to
decreased leg compliance, increased blood volumes,
and/or increased carotid–cardiac baroreflex sensitivity
(Convertino 1993).

Using a cross-sectional experimental design, Smith
et al. (1988) infused phenylephrine to study integrated
arterial baroreflex sensitivity and found that slopes

Fig. 1 Power spectral density (PSD) representation of R-wave-to-
R-wave interval (R-R) and systolic pressure (SBP) is shown with
coherence and transfer function calculations. The horizontal dashed
line in the coherence window delineates frequency ranges where
systolic pressures and R-R intervals showed significant coherence
as defined by values above 0.5. The vertical dotted lines in the
transfer function window encompass coherent values within the
low-frequency band (0.05–0.15 Hz) that are averaged for statistical
comparison. This analysis revealed a cardiovagal baroreflex
sensitivity of 20 ms mmHg�1 for the subject depicted
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relating mean arterial pressures and heart rates were
similar in resistance-trained and untrained subjects.
Unfortunately, cross-sectional studies do not reveal
training-specific adaptations. Tatro et al. (1992) used
neck pressure and suction to study carotid–cardiac
baroreflex responses before and after a 12-week program
of intense lower-body resistance training. Training
lowered arterial blood pressure and increased baroreflex
sensitivity by about 20% (Tatro et al. 1992). Others have
reported no change in carotid–cardiac baroreflex sensi-
tivity after 12 weeks of whole-body resistance training
(Lightfoot et al. 1994). Ours is the first longitudinal
study to investigate integrated (cardiopulmonary, aortic,
and carotid) cardiovagal baroreflex sensitivity before
and after a program of whole-body strength training.
Both the sequence method and transfer function analysis
revealed that 8 weeks of whole-body strength training
does not alter cardiovagal baroreflex sensitivity.

The present study differs from that of Tatro et al.
(1992) in at least two important ways. First, Tatro et al.
(1992) used the neck pressure and suction technique to
test responsiveness specifically of the carotid–cardiac
baroreflex and we did not attempt to isolate specifically
carotid baroreceptors. Second, the neck suction tech-
nique provides stimuli over a wide range of carotid
distending pressures (i.e., from �75 to 160 mmHg),
whereas the sequence and transfer function methods
analyze dynamic baroreflexes within ranges of naturally
occurring arterial pressure rhythms. However, our re-
sults are similar conceptually to those presented by Ta-
tro et al. (1992) in at least one respect. Tatro et al. (1992)
reported a leftward shift on the response relation
describing changes of R-R intervals as functions of
changes in estimated carotid distending pressures,
showing that carotid baroreflex responses were reset to
lower arterial pressures after resistance training. In that
study (Tatro et al. 1992), strength training lowered sys-
tolic blood pressure by about 6 mmHg, which is con-
sistent with the reduction of about 9 mmHg previously
reported for our subjects (Carter JR et al. 2003).
Reduction of resting blood pressure with no change of
resting R-R interval in the present study suggests that
resistance training may reset cardiovagal baroreflexes to
lower operating pressures without necessarily changing
the sensitivity of the arterial pressure/R-R interval
stimulus response relationship.

Limitations

The results of the present study should be considered in
light of several limitations. First, during subject
recruitment, it was difficult to obtain equal numbers of
males and females willing to participate in high-intensity
strength training. This is a concern given that autonomic
regulatory mechanisms may differ in men and women at
rest (Evans et al. 2001) or during hemodynamic chal-
lenges (Convertino 1998). However, we are unaware of
any data suggesting that such differences between males

and females are either negated or enhanced with exercise
training. Second, we made no effort to classify or de-
scribe our subjects based on their baseline aerobic fitness
levels. Although we screened our subjects and stressed
the importance that they be active recreationally but not
highly trained, it is possible that some subjects from
both ST and CON groups may have been aerobically fit,
and therefore may have differed in their baseline auto-
nomic responses or their autonomic responses to exer-
cise training (Iwasaki et al. 2003).

Summary

Cardiovascular adaptations with aerobic endurance
exercise training are associated with decreased cardio-
vascular risk factors, and reduced risk factors are asso-
ciated with elevated autonomic vagal activity.
Resistance training also imparts cardiovascular benefits,
but the effects of whole-body resistance training on
autonomic control mechanisms have not been studied
thoroughly. Our results show that high-intensity
strength training resulting in significant increases in
whole-body muscular strength and decreases in arterial
blood pressure (Carter JR et al. 2003) has no effect on
vagal–cardiac control or cardiovagal baroreflex sensi-
tivity in young healthy subjects. However, our results,
taken together with data presented elsewhere (Tatro
et al. 1992), and in combination with data presented in
our previous report (Carter JR et al. 2003), support the
suggestion that strength training resets cardiovagal
baroreflex responses to lower arterial pressures without
affecting reflex sensitivity.
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