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Abstract

Objective—Exercise has widely documented cardioprotective effects, but the mechanisms
underlying these effects are not entirely known. Previously, we demonstrated that aerobic but not
strength training lowered resting heart rate and increased cardiac vagal regulation, changes that
were reversed by sedentary deconditioning. Here, we focus on the sympathetic nervous system
and test whether aerobic training lowers levels of cardiovascular sympathetic activity in rest and
that deconditioning would reverse this effect.

Methods—We conducted a randomized controlled trial contrasting the effects of aerobic (A)
versus strength (S) training on indices of cardiac (preejection period, or PEP) and vascular (low-
frequency blood pressure variability, or LF BPV) sympathetic regulation in 149 young, healthy,
and sedentary adults. Participants were studied before and after conditioning, as well as after 4
weeks of sedentary deconditioning.

Results—As previously reported, aerobic capacity increased in response to conditioning and
decreased after deconditioning in the aerobic, but not the strength, training group. Contrary to
prediction, there was no differential effect of training on either PEP (A: mean [SD] —0.83 [7.8]
milliseconds versus S: 1.47 [6.69] milliseconds) or LF BPV (A: mean [SD] -0.09 [0.93] In mm
Hg? versus S: 0.06 [0.79] In mm Hg 2) (both p values > .05).

Conclusions—These findings, from a large randomized controlled trial using an intent-to-treat
design, show that moderate aerobic exercise training has no effect on resting state cardiovascular
indices of PEP and LF BPV. These results indicate that in healthy, young adults, the
cardioprotective effects of exercise training are unlikely to be mediated by changes in resting
sympathetic activity.

Trial Registration—Clinicaltrials.gov identifier: NCT00358137.
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INTRODUCTION

The role of the sympathetic nervous system (SNS) in heart disease is well established (1).
An increase in sympathetic tone is a component of the pathophysiological processes of
hypertension (2,3), cardiac arrhythmias (4), and heart failure (5). In contrast, physical
activity has widely documented cardioprotective effects (6). Some biological mechanisms
responsible for these positive effects are well understood, such as lessened metabolic
demands on myocardium and increased electrical stability (7), both of which are influenced
by the SNS. This suggests that one mechanism through which exercise exerts its
cardioprotective effect might be through diminished SNS activity.

We have demonstrated that a 12-week program of aerobic training, in contrast to strength
training, elevated cardiac parasympathetic modulation, measured as high-frequency R-R
interval variability, in a sample of healthy young adults (8). Moreover, we showed that 4
weeks of sedentary deconditioning was sufficient to completely reverse these effects. These
findings are consistent with many other studies suggesting that aerobic exercise enhances
cardiac parasympathetic regulation (9-12). However, evidence also suggests that increased
physical activity has effects on SNS activity. For example, Bertagnolli et al. (13) showed
that moderate exercise training reduced cardiac norepinephrine (NE) concentrations in rats
with hypertension, and DiCarlo et. al. (14) showed that daily spontaneous running decreased
low-frequency (LF) blood pressure variability (BPV) in hypertensive rats.

Studies in human subjects have produced conflicting results. Many studies have shown that
elevated resting sympathetic tone in cardiovascular disease (2,3) can be reversed by physical
activity. For example, exercise training in people with congestive heart failure led to a
significant decrease in muscle sympathetic nerve activity (MSNA) during rest (15,16).
Similar results have also been observed in patients after acute myocardial infarction (17).
However, most studies have shown no effect on MSNA in healthy participants (18). One
meta-analysis showed reduced serum-NE concentrations in response to exercise training,
suggestive of reduced SNS activity (19). Few large randomized trials of the effect of aerobic
exercise training on SNS function in healthy participants have been conducted, raising the
question about whether these benefits apply to the general population.

In this study, we examined the effect of aerobic versus strength training on SNS function
measured by impedance cardiography (ICG) and LF (0.04-0.15 Hz) BPV. ICG is a
noninvasive method of measuring cardiac hemodynamic indices and systolic time intervals.
Among these, preejection period (PEP) is often used to assess myocardial f-adrenergic
activity (20-22). PEP is defined as the time interval between ventricular depolarization and
the opening of the aortic valve. Increases in sympathetically driven myocardial contractility
result in decreases in PEP. Numerous studies support PEP as an index of cardiac
sympathetic drive. For example, Mezzacappa et al. (23) demonstrated that administration of
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epinephrine in healthy participants significantly decreased PEP compared with placebo.
Blockade of B-adrenergic receptors leads to an increase in PEP (24), further validating it as a
noninvasive index of cardiac sympathetic tone. Other studies show similar results (25,26).

Some evidence suggests that LF BPV reflects vascular sympathetic tone (27-30). LF
oscillations in blood pressure (BP) exist in the absence of a functional baroreflex loop
(31,32), suggesting a central sympathetic origin for LF variability. Cevese et al. (31) showed
that in chloralose-anesthesized dogs, BPV less than 0.20 Hz was detectable in the iliac artery
even after mechanical isolation from the rest of the circulation. The only source of these
oscillations, they concluded, must be the sympathetically innervated vessel itself. Stafford et
al. (30) demonstrated that in healthy volunteers, LF systolic BPV increased during
nitroprusside-induced hypotension and decreased during NE-induced hypertension,
reflecting central SNS output. Also, significant increases in LF BPV amplitude in response
to ortho-static challenge have been observed (33,34). In this article, we tested the hypothesis
that in contrast to strength training, aerobic training would reduce resting cardiovascular
sympathetic indices.

METHODS
Study Design

The study was a randomized controlled trial of aerobic versus strength training on
cardiovascular autonomic regulation. All participants provided informed consent. The
institutional review boards of Columbia University Medical Center and St. John’s
University approved this study.

Previously, we reported findings from this trial on the effects of aerobic training on resting
levels of heart rate and cardiac parasympathetic modulation (35). Because that article
provided a comprehensive account of the research methods, below we present a less detailed
description.

Study Participants

Study participants were healthy, sedentary young adults aged 18 to 45 years. Participants
were eligible if they did not exercise regularly or exceed American Heart Association
standards for average fitness (VOomax < 43 and 37 ml kg~ min~1 for men and women,
respectively, established by cardio-pulmonary exercise testing). One hundred forty-nine
participants met enrollment criteria and were randomized to either the aerobic (n=74) or
strength training (n = 75) group. Participants received a 6-month membership in a fitness
facility and $300 for participation in the study. Data collection began in December 1998 and
ended in January 2003.

Experimental Protocol

Both training programs were 12 weeks in length. Before training, all participants met
individually with a trainer to review their exercise regimens. After that, they exercised on
their own, 3 to 4 times per week, in designated facilities. They were permitted to construct
individualized exercise programs so long as they met the criteria below. Adherence to
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training programs was documented by weekly logs and computerized attendance records.
Participants were tested before training, after completion of training, and again after 4 weeks
of sedentary deconditioning during which they were to abstain completely from any form of
exercise. Data were collected during 10-minute seated and supine resting periods as part of a
psychophysiology protocol (findings reported elsewhere) (8). Data collection staff were
blind to training group assignment.

Conditioning Programs

Aerobic Conditioning—~Participants chose from a series of activities, for example,
cycling on a stationary ergometer, running on a treadmill, or climbing on a Stairmaster.
Participants were instructed to exercise at 70% of their maximal heart rate (220-age for men,
226-age for women). They were given an initial goal of at least 20-minute aerobic exercise
per session and increased duration gradually for 2 to 3 weeks, up to 45 to 60 minutes.

Strength Training—At the initial session, participants established a level of effort that
permitted them to complete three sets of 10 repetitions for each of the following exercises:
bench presses, shoulder presses, quadriceps extensions, biceps curl, lateral pulls, triceps
presses, and hamstring curls exercise. Participants were instructed to increase the weight
loads for these exercises by 5 Ib every 2 weeks.

Measurement of Physiological Signals

Electrocardiogram and ICG—Analog electrocardiogram (ECG) signals were digitized
at 500 Hz by a National Instruments 16 bit A/D conversion board and passed to a
microcomputer. ICG data were collected using the Minnesota 304B system with no gain.
The impedance signal (Z0) and the first derivative of pulsatile impedance acquisition (dZ/dt)
were digitized at 250 and 500 Hz, respectively, by the NI A/D board and collected by the
microcomputer. MindWare software (MindWare Technologies LTD, Gahanna, OH) was
used to analyze ECG and ICG signals in 60-second epochs. PEP was measured as the time
interval between the Q wave of the ECG and the B point of the dZ/dt wave. Errors in
marking of R waves in the ECG signal and B, Z, and X points in the dZ/dt waveform were
corrected by visual inspection.

Low-Frequency BPV—The beat-to-beat BP waveform was obtained using a Finapres
noninvasive BP monitor. The analog BP waveform was captured by the NI A/D board and
was sampled at 500 samples/s. Systolic and diastolic values for each cardiac cycle were
identified using custom-written software resulting in a BP time series. Mean BP and spectral
power in the LF (0.04-0.15 Hz) band of the BP power spectrum for both systolic BP and
diastolic BP were computed from these time series. Because the servo adjustment of the
Finapres monitor was enabled during the last minute of each 300-second period, spectra
were calculated on 240-second epochs using an interval method for computing Fourier
transforms similar to that described by DeBoer et al. (36). Before computing Fourier
transforms, the mean of the BP series was subtracted from each value in the series, and the
series was then filtered using a Hanning window (37) and the power, that is, variance (in
mm Hg 2), over the LF band was summed. Estimates of spectral power were adjusted to
account for attenuation produced by this filter (37).
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Statistical Analysis

RESULTS

Models of systolic LF BPV, diastolic LF BPV, and PEP were fitted for the seated and supine
baselines separately. A repeated-measures analysis was conducted to examine relationships
in the prediction of these outcomes by group assignment and session, while controlling for
sex and age. To model the correlation among repeated measures, an unstructured covariance
matrix was used. This matrix was selected according to the Akaike criterion (38). A group x
session interaction was tested to analyze the effectiveness of the strength or aerobic training
group during different sessions.

For all main effects, an a level of less than .05 was considered statistically significant. All
analyses were conducted using mixed modeling software (SAS 9.2 Proc Mixed) to generate
restricted maximal likelihood estimates, using all available data.

We randomized and tested 149 healthy, nonsmoking adults (58 men and 91 women) before
training. Data for analysis of PEP and LF BPV were available for 144 of these 149
participants. Demographic and physical characteristics of these 144 participants before
training are presented in Table 1.

Effect of Training on Aerobic Capacity

The group by session interaction was significant (F(2,18) = 3.74, p = .03) indicating a
differential effect of group assignment on VOonax. Table 2 presents these data.

Effect of Training on PEP and LF BPV

Results of the analysis are presented in Table 3. As Table 3 indicates, there was a main
effect of sex for all but LF diastolic BPV in the seated position. PEP was greater for men
compared with women in both positions. LF systolic BPV was greater for men compared
with women in both positions. LF diastolic BPV was greater for men compared with women
in the supine position only.

We hypothesized that in contrast to strength training, aerobic training would reduce
cardiovascular sympathetic indices. Contrary to expectations, the group x time interaction
failed to achieve significance for either PEP or LF BPV in either position. Figure 1 presents
these data. Because we previously found a significant group x time x sex interaction for
cardiac parasympathetic regulation (39), we tested whether a similar effect was found for
our sympathetic indices. However, no three-way interaction was significant. Pearson
correlation coefficients between changes from baseline to posttraining in VOymax and either
PEP or LF systolic BPV were not significant (0.16 and — 0.13 for the aerobic group and -
0.24 and - 0.17 for the strength group).

DISCUSSION

Engaging in physical activity is arguably the preeminent cardioprotective health behavior,
and consensus panels recommend it for both patients and healthy people alike (40,41).
Although the benefits of exercise are undisputed, the mechanisms are not completely
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understood. Because one candidate mechanism is the autonomic nervous system and
because numerous studies have demonstrated that aerobic exercise improves
parasympathetic function (35,42,43), we reasoned that exercise might also exert a beneficial
impact on the sympathetic branch of the ANS. However, we found that a 12-week program
of aerobic conditioning had no effect on LF BPV or PEP, suggesting that the intervention
had no effect on resting vascular or cardiac inotropic sympathetic regulation.

Evidence suggests that in patient populations, for example, patients with hypertension or
congestive heart failure or post-myocardial infarction, exercise training influences SNS
activity. These conditions are known to result in autonomic dysregulation in the form of
SNS hyperactivity (44,45). Studies suggest that exercise attenuates this dysregulation,
lowering sympathetic tone to levels comparable with healthy controls. For example,
Izdebska et al. (46) demonstrated that hypertensive participants showed increased baseline
levels of LF BPV at rest compared with normotensive participants and that 12 weeks of
aerobic conditioning restored levels of LF BPV to the levels of the normotensives. For the
normotensive controls in this study, however, no significant change was found. Laterza et al.
(47) have shown similar results in a randomized controlled trial of aerobic conditioning for 4
months in a group of never-treated hypertensive patients and an age-matched control group.
Also, several studies on patients with heart failure (15,16,48) and myocardial infarction (17)
have shown similar reductions in levels of SNS, measured as MSNA, after exercise.

Few studies address the sympathetic consequences of aerobic training in healthy
participants. In a small study of sedentary young men, De Geus et al. (49) reported no effect
of a 7-week aerobic training program on resting PEP. In a larger and more comprehensive
examination, also of young and sedentary men, using both a longer training period and
deconditioning, this same group similarly found that aerobic training did not affect PEP or
overnight urinary epinephrine excretion (50). More recently, Meredith and colleagues (51)
measured total, renal, and cardiac NE spillover to plasma before and after 1 month of regular
bicycle exercise and 1 month of sedentary activity. In this small study of young, healthy
men, they demonstrated that exercise reduced resting heart rate and BP and total NE
spillover. This effect was caused primarily by a reduction in renal NE spillover. Cardiac NE
spillover was not changed by training. A more recent study, although not primarily about the
effect of aerobic training on SNS function, demonstrated that there was no difference
between healthy participants who were either high or only average fitness in MSNA (52).
Ray and Carter (53) also found no effect of aerobic training on MSNA in healthy
participants. A systematic review of studies concerning aerobic conditioning in healthy
individuals showed that for most studies, but not all, there was no effect of exercise training
on resting levels of MSNA (18).

In this study, we examined PEP and LF BPV as indices of myocardial and vascular
sympathetic function. Some studies have used these indices to examine the effects of
exercise training. Goedhart et al. (54) conducted a longitudinal study on healthy participants
with ambulatory 1CG that showed no difference in resting PEP between exercised and
sedentary participants. Similarly, Svedenhag et al. (55) showed no difference in PEP
between healthy sedentary and well-trained participants. However, these two studies were

Psychosom Med. Author manuscript; available in PMC 2015 July 29.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Alex et al.

Limitations

Page 7

small and observational, and few other studies on PEP and exercise are found in the
literature.

Several studies have examined the effect of exercise training on LF BPV, reporting negative
findings (46,56,57). However, these studies also were small and nonrandomized. One large
study of the effect of aerobic conditioning on BPV exists, although it recruited men only.
Uusitalo et al. (58) reported that a 5-year aerobic exercise training program, in contrast to a
control condition, increased aerobic capacity but had no effect on LF BPV. These studies of
exercise and PEP or LF BPV as indices of SNS function support our findings showing that
neither of these indices was affected by exercise training.

The consistency of these findings—that exercise training does not alter cardiac NE turnover,
MSNA, PEP, or LF BPVV—in healthy participants, along with the similarly consistent
findings of an effect of training in patients with elevated resting levels of SNS activity,
suggests the possibility of a floor effect: because in healthy participants, resting levels of
SNS activity are relatively low, to begin with, no further reduction was possible. However,
sympathetic activity is greater in the seated compared with the supine position, that is, the
SNS-reducing effect of treatment in the seated position should be apparent. As Figure 1
indicates, they were not for either PEP or LF BPV, suggesting that a floor effect is not likely
to account for the lack of an impact of aerobic training.

It is also possible that the training regimen we used had insufficient intensity to have a
measurable effect on PEP or LF BPV. Using a pharmacologic provocation, Schachinger et
al. (24) demonstrated that even in healthy volunteers, resting PEP could be lowered by NE-
induced hypertension and that PEP could be increased after nitroprusside infusion. These
data indicate that with a powerful enough stimulus, it is possible to affect tonic levels of
sympathetic activation. Conceivably, with a more vigorous training program, similar effects
might be observed.

This study was a randomized controlled trial with a large population using an intent-to-treat
design. Nevertheless, several limitations must be considered. Our exercise training program
was only moderate in intensity, yielding improvements in aerobic capacity of approximately
15% (39). As previously discussed, it is possible that higher-intensity training programs
would lead to greater effects on resting levels of sympathetic activity. However, even
moderate improvements in exercise capacity are associated with cardioprotective effects
(40,41). If resting sympathetic activity were a mechanism of cardio-protection in healthy
people, one could expect that even training of moderate intensity should lead to a
measurable effect.

It is possible that our variables, PEP and LF BPV, do not adequately measure SNS.
However, there is considerable evidence that PEP is specifically sensitive to f-adrenergic
influences on the heart (20-24,59). Moreover, support for the validity of impedance-derived
measurements has been documented by comparison with other known measures (22,60), and
it is commonly used in psychophysiological research. The evidence supporting LF BPV as
an index of vascular sympathetic control is more controversial, with evidence supporting
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this interpretation (27-30) and other evidence suggesting the LF BPV reflects a resonance
phenomenon, product of the delay in the a-adrenergic vasoconstrictor response mediated by
the baroreceptors (61-63).

Another potential limitation is that we lack information to determine definitively that
participants adhered to the training protocol as intended. Participants were provided with the
training protocol and supervised during their first training session, but in subsequent
sessions, they exercised on their own. However, the aerobic and strength training groups
differed precisely, as expected, on changes in aerobic capacity after training and again after
deconditioning. Therefore, participants seem to have exercised as planned.

CONCLUSIONS

Aerobic exercise is widely recognized to confer cardioprotection, although the mechanisms
underlying this protection are not completely understood. We previously reported the results
that moderate aerobic training, in contrast to strength training, lowered heart rate and
increased cardiac parasympathetic regulation. Here, we report that indices of cardiac and
vascular SNS regulation were not altered by the aerobic training intervention. These results
indicate that if moderate levels of aerobic exercise influence autonomic regulation in such a
way as to reduce risk of future cardiovascular disease in healthy individuals, alterations of
resting levels of SNS activity are not a likely mechanism.

Acknowledgments

Source of Funding: This study was supported, in part, by Independent Scientist Award K02 MH01491 (Dr. Sloan)
from the National Institute of Mental Health and RO1 HL61287 (Dr. Sloan) from the National Heart Lung, and
Blood Institute, M01-RR00645 from the General Clinical Research Centers Program of the National Institutes of
Health, and the Nathaniel Wharton Fund.

Glossary
PEP preejection period
LF BPV low-frequency blood pressure variability
SNS sympathetic nervous system
NE norepinephrine
MSNA muscle sympathetic nerve activity
ICG impedance cardiography
ECG electrocardiogram
A/D analog to digital
BP blood pressure
ANS autonomic nervous system
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--o-- Aerobic

—a— Strength

Seated and supine resting levels of pre-ejection period (PEP) and low frequency systolic
(LF-SBPV) and diastolic (LF-DBPV) Blood Pressure Variability before training (Session 1),
after training (Session 2), and after sedentary deconditioning (Session 3). Data are shown as
least-square means. Error bars represent standard errors. PEP = preejection period; LF = low
frequency; SBPV = systolic blood pressure variability; DBPV = diastolic blood pressure
variability.
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TABLE 2
Changes in Aerobic Capacity (ml kg~ min~1)
Session
Group Baseline Posttraining  Postdeconditioning
Aerobic  34.24 (0.60)  37.50 (0.70) 34.29 (0.77)
Strength  33.81 (0.60)  33.43 (0.76) 32.18 (0.79)

Data are reported as least-square means (standard error).
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