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Introduction

It has been well documented that the autonomic ner-
vous system progressively degenerates with advancing
age, contributing to overall functional impairment in
the elderly [16]. This degenerative process consists in a
reduction of the adrenergic modulation and in an al-
tered tonic and reflex parasympathetic cardiovascular
control [32].

The autonomic cardiovascular control can be studied
by the analysis of the heart rate variability (HRV) and of
the arterial pressure fluctuations, either in the time or in
the frequency domain. Frequency-domain analysis has

also been used for a non-invasive assessment of barore-
flex sensitivity (BRS) [21, 39].

It has been shown that the prevalence of cardiovas-
cular diseases increases with age, and it sharply rises af-
ter menopause in women [13, 24]. The morbidity and
mortality rate of several cardiovascular disorders have
been frequently related to reductions in heart rate vari-
ability and baroreflex sensitivity [17, 31, 46]. Moreover, a
reduced cardiovagal BRS increases the risk of ventricu-
lar tachyarrhythmias and sudden cardiac death in the
presence of myocardial ischemia [3, 7]. Finally, the com-
bination of reduced values of these two markers pro-
vides additional prognostic value to that of either
marker alone [30]. Since these are common findings in
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■ Abstract The decline in the car-
diovascular autonomic regulation
in advanced age is considered a
risk factor for several cardiovascu-
lar diseases. We tested, on eleven
healthy untreated women aged
60–70 years, whether a six-month
period of group-based training ex-
erts positive effects on this age-as-
sociated decline.

Before and after training, ECG
and arterial pressure (Finapres)
were recorded in supine position.
We calculated mean values ± SEM
of R-R period (RR), systolic (SAP)
and diastolic (DAP) arterial pres-
sure, as well as, by autoregressive
spectral analysis methods, low
(≈ 0.1 Hz) and high (respiratory)
frequency oscillations of RR (LFRR,
HFRR) and SAP (LFSAP, HFSAP), and
the baroreflex sensitivity (BRS).
Training induced statistically sig-

nificant changes (p < 0.05 by paired
t-test): increase in RR (mean ±
SEM) from 894 ± 41 to 947 ± 31 ms
and in heart rate variability (HRV)
by 25 %, decrease in DAP from
75.8 ± 3.0 to 70.8 ± 2.2 mmHg, no
change in SAP. LFRR and LFSAP in-
creased by more than 100 %, while
BRS by 32 %. We suggest that the
increase in BRS might be responsi-
ble for the observed bradycardia
and higher LFRR. An improved
modulation, rather than an in-
crease, in tonic sympathetic activ-
ity, is also suggested. A specific pro-
gram of moderate aerobic training
is adequate to increase the BRS and
the HRV in older women.

■ Key words exercise · autonomic
function · heart rate variability ·
ageing population · baroreflex
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the elderly, it is reasonable to study the beneficial effects
of exercise and the physiological mechanisms in elimi-
nating or reducing such cardiovascular risk factors. Re-
cently it has been shown that regular aerobic exercise
improves BRS in old men [36]. However, whether in
postmenopausal women, in whom the cardiovascular
degeneration due to the normal aging process is associ-
ated to the menopausal estrogenic loss, a regular physi-
cal activity program may be effective, is still under in-
vestigation [10, 11].

In the elderly population it is also necessary to assess
the proper intensity of an exercise-training program, in
order to keep the physical loads at minimal, although ef-
fective, levels. Unquestionably, heavy workloads in the
elderly can bear cardiovascular and locomotor haz-
ardous consequences. Moreover the adherence to phys-
ical activity programs among the elderly is strongly re-
lated to psychosocial aspects, leading to better results
while exercising in a group situation [6].

In the present investigation we test the hypothesis
that a group-exercise program, especially designed for
the aged population, is able to delay, or even reverse, the
age- and hormonal loss-associated decline in cardiovas-
cular autonomic functions, in healthy postmenopausal
women. To test this hypothesis we performed spectral-
and cross-spectral analysis of cardiovascular variables
on a group of 60–70 year aged women, before and after
a 6-month period of moderate group-exercise training.

Methods

The research was completed in 11 women (mean age 64 ± 3.8 years;
body mass index 24.8 ± 1.9). We selected the subjects among those
participating in the “Third Age Project”, an exercise based program
of health promotion organized by the Civic Administration of Verona
[6]. All subjects were previously evaluated by a complete physical ex-
amination, which was performed in the same room where the record-
ings took place in the following days. Exclusion criteria were hyper-
tension (> 140/90 mmHg), obesity (body mass index > 30) and
history of smoking and hormone replacement therapy. Of the 15
women initially accepted, we further excluded four because they were
taking cardiovascular and/or autonomic effective drugs or because
they did not reach the target level of training (< 80 % of attendance at
the gym lessons).

The study conforms to the declaration of Helsinki, and was ap-
proved by the local Ethics Committee. The nature, purpose and risks
of the study were explained to each subject before they gave written
informed consent.

■ Experimental protocol

The records of cardiovascular variables, as specified below, were per-
formed between 9:30 and 12:30 a. m., at least 3 h after a light break-
fast, in a quiet room kept at constant temperature (23 °C). A 10-min
record was taken while the subjects laid quietly in supine position
with open eyes, after steady conditions were reached. All the subjects
were tested twice, in identical conditions, once before and once after
the exercise-training period.

■ Measurements

The ECG was recorded with a standard apparatus (OTE Biomedica,
Italy), beat-to-beat blood pressure with a non-invasive finger photo-
plethysmograph (Finapres, Ohmeda 2300, Englewood, CO, USA) and
respiratory airflow with a turbine-based spirometer connected to a
mouthpiece.The accuracy of the Finapres readings was checked at the
beginning of the recording sessions with a standard sphygmo-
manometer, and the Finapres cuff was re-positioned if a mis-
match > 5 % was found.

■ Signal processing

Off-line signal processing was performed to analyze the records in the
time and in the frequency domain, as detailed in previous works from
our laboratory [8, 19]. Briefly, beat-to-beat analysis of the stored sig-
nals provided time series of successive values of R-R interval (RR),
systolic (SAP), diastolic (DAP), mean (MAP) arterial pressure and in-
stantaneous respiratory airflow. Ectopic beats, if present, were substi-
tuted by linear interpolation of adjacent beats and significant trends
were removed by subtracting from the time series the best-fitting re-
gression line.We used an autoregressive monovariate approach [2] to
estimate the power and central frequency associated to each spectral
peak [22] in the RR and SAP time series. Two principal oscillations,
namely the high frequency (HF) component, which is related to res-
piration, and the low frequency (LF) component (0.05–0.15 Hz) are
essentially identified [14]. We reported for both parameters the low
frequency powers (LFRR and LFSAP) and the high frequency powers
(HFRR and HFSAP). We also performed transfer function analysis by a
bivariate autoregressive model, to estimate the frequency-related
squared coherence, the phase shift and the transfer function gain
(TFG) between RR and SAP. Discrete values of phase shift and TFG
between RR and SAP in the LF frequency region (TFG_LF) were taken
at the frequency corresponding to the highest coherence value, where
the estimate error is at a minimum [26]. If coherence is > 0.5 and the
phase shift is negative, TFG_LF may be used as an index of baroreflex
sensitivity (BRS) [8, 39]. Also the airflow records were processed for
spectral and cross-spectral analysis, in order to confirm the respira-
tory origin of the HF components, and to exclude the event that the
respiration rate approached the LF frequency.

■ Exercise training program

One-hour exercise sessions were carried out, from beginning of No-
vember to beginning of April, twice a week, for a total of 50 hours, un-
der the supervision of an experienced physical education teacher.The
training program considered both the metabolic and neuro-muscu-
lar aspects of the movement (including exercises for the development
of strength,resistance,velocity,balance, joint mobility,and global and
sectorial co-ordination). Table 1 shows the standard scheme of a gym
lesson with estimated energy expenditure for each type of activity, as
obtained from a Compendium of Physical Activities [1]. The purpose
of the program was to keep a moderate level of effort; however, we
could not prescribe individual workloads,because the subjects always
performed group exercise. To give a hint of the individual exercise in-
tensity, we reported in Table 2 the average resting and exercise heart
rates (recorded by a Polar HR monitor) obtained from records taken
after one month from the beginning of the course. Table 2 also reports
the percentage of heart rate reserve, %HRR [mean activity HR – rest-
ing HR]/[estimated HR max – resting HR], which has been shown to
be an accurate index for the assessment of the energy expenditure
[45]. Individual values ranged from 41.5 to 57.8 and the average
%HRR was slightly less than 50, which indicates that the exercise per-
formed can be globally classified as moderate.
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■ Statistical analysis

Data were reported as means ± SEM.We tested the significance of dif-
ferences between data recorded before and after training by Student’s
t-test for paired data. Since HF and LF powers have high interindi-
vidual variance and may not be normally distributed, we also per-
formed the statistical test after logarithmic transformation of power
values.We did not find any difference in the results of statistical analy-
sis performed on transformed and untransformed data. Significance
level was set at p < 0.05.

Results

■ Time domain results. All the results reported refer to
supine resting conditions, as observed before and after
the training program. Time-domain results of heart pe-
riod and blood pressure are shown in Table 3. Exercise
training significantly increased RR by 6 % and HRV by
25 %. Systolic and mean arterial pressure did not change
while diastolic pressure decreased significantly by 6 %.

■ Frequency domain results. Table 4 reports the results
of spectral analysis of RR and SAP. After training, the
LFRR power increased significantly by 131 % (Fig. 1a).
On the other hand, the HFRR power remained un-
changed (Fig. 1b). The LF/HF ratio, therefore, was about
doubled.LFSAP increased significantly by 114 % (Fig. 1c),
while HFSAP did not change.

Table 2 Hint on the intensity of exercise from a training session. Heart rates of in-
dividual subjects in beats min–1: average resting and exercise values; percent of HR
reserve (% HRR) during exercise

Subject Resting Exercise % HRR

1 78 116 49.3

2 84 109 57.8

3 66 104 45.2

4 79 122 44.1

5 74 118 50

6 90 124 50.5

7 70 116 44.5

8 69 114 41.5

9 74 112 52.5

10 70 120 43.8

11 79 117 48.6

Mean 75.7 115.6 48.0

SD 7.1 5.8 4.7

Table 3 Time-domain results of training in aged women. Mean value ± SEM of heart period (RR), systolic (SAP), diastolic (DAP) and mean (MAP) arterial pressure, and their
respective variance, before and after training. Statistical significance of changes by paired Student t-test

RR RR SAP SAP DAP DAP MAP MAP
(ms) variance (mmHg) variance (mmHg) variance (mmHg) variance

(ms2) (mmHg2) (mmHg2) (mmHg2)

before 894±41 868±239 137.5±5.4 28.7±6.5 75.8±3.0 5.9±1.3 97.2±3.3 10.3±2.3

after 947±31 1087±245 135.4±5.9 31.8±7.0 70.8±2.2 7.0±1.4 94.0±3.5 12.2±2.5

t-test P < 0.05 P < 0.05 n. s. n. s. P < 0.05 n. s. n. s. n. s.

Table 4 Frequency-domain results of training in aged women. Spectral analysis of
heart period (RR) and systolic arterial pressure (SAP). Mean values ± SEM of pow-
ers in low (LF) and high (HF) frequency range before and after training. Statistical
significance of changes by paired Student t-test

Before After t-test

RR
LF (ms2) 133.2±43.6 307.9±107.9 p < 0.05
HF (ms2) 135.7±60.2 113.9±36.6 n. s.
LF/HF 1.4±0.3 2.8±0.5 p < 0.05

SAP
LF (mmHg2) 5.0±1.7 11.8±4.4 p < 0.05
HF (mmHg2) 1.4±0.4 1.6±0.4 n. s.

Time Activity description Exercise examples Codes METs

10–15 min warm-up walking, marching, slow running, 17170 From 3.0 to 5.0
movements of the legs 17220

20–25 min development of movements with or without tools, 02030 From 3.5 to 5.0
specific abilities in pairs or in small groups, in 03020

standing or lying position 15300

10 min games team games, with or without a ball 12010 From 4.0 to 6.0
03015

10–15 min cooling down in a sitting or lying position, 02100 2.5
respiratory and stretching exercises 02101

Table 1 Scheme of a gym lesson: exercise examples
with related METs (multiple of metabolic equivalent)
estimate [1]
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The results of the cross-spectral analysis between RR
and SAP fluctuations are shown in Table 5. Before train-
ing, the phase shift in the LF range was –90.6 ± 10.0 deg,
indicating that RR changes lagged behind SAP changes
with a delay of 1–2 heartbeats. The coherence was above
0.5 and the central frequency at the point of maximal
coherence was 0.091 ± 0.006 Hz. In the respiratory
range, the phase shift was near zero, indicating simul-
taneous changes of RR and SAP; coherence was well
above 0.5 and the central frequency at the point of max-
imal coherence was around 0.3 Hz. After the training
period, we detected, in the LF range, a significant in-

crease in coherence between SAP and RR oscillations
and also a considerable increase in the BRS, by 32 %
(Fig. 1d). On the other hand, at the respiratory fre-
quency we did not find significant changes in any of the
cross-spectral parameters. This was also confirmed by
direct measurements of the respiratory flow variability.
We always detected a single respiratory peak, at 0.296
± 0.03 Hz, and 0.289 ± 0.03 Hz, before and after the
training, respectively. The power was 3.9 ± 0.05 (l · s–1)2

before training and 4.0 ± 0.05 (l · s–1)2 thereafter. Cross-
spectral analysis did not show, in any case, a significant
coherence between airflow and the other cardiovascu-
lar parameters in the LF range demonstrating that the
respiratory rate did not overlap with the low frequency
variability.

Discussion

The aim of this longitudinal study was to assess the ef-
fects of a moderate training program on the autonomic
control of the cardiovascular system in a group of post-
menopausal sedentary healthy women. We confirmed
the hypothesis that a program of a specifically elderly
addressed exercise training, extended over a period of
six months, which was performed with large compliance
by a group of older women, be adequate to induce sig-
nificant changes in the autonomic function. This mod-
erate exercise was sufficient to stop and to partially re-
vert the decline in BRS and HRV, commonly associated

Fig. 1 Identity diagrams of the most important fre-
quency-domain variables in 11 aged women before
(abscissa) and after (ordinate) a 6-month aerobic
training period: a power of low frequency oscillations
of heart period (LFRR), logarithmic units; b power of
high frequency oscillations of heart period (HFRR),
logarithmic units; c power of low frequency oscilla-
tions of systolic arterial pressure (LFSAP), logarithmic
units; d transfer function gain at low frequency be-
tween RR and SAP, used as an index of baroreflex sen-
sitivity (BRS)

Table 5 Cross-spectral results of training in aged women. Mean values ± SEM of
phase, coherence and transfer function gain (TFG) between heart period and sys-
tolic arterial pressure, in the low (LF) and in the high (HF) frequency range. Statisti-
cal significance of changes by paired Student t-test

Phase Coherence TFG Frequency
(degree) (ms mmHg–1) (Hz)

LF Range

before –90.6±10.0 0.59±0.03 4.1±0.7 0.091±0.006

after –81.2±9.3 0.66±0.03 5.4±0.8 0.087±0.006

t-test n. s. P < 0.05 P < 0.01 n. s.

HF Range

before 4.6±11.4 0.82±0.03 7.5±1.4 0.278±0.022

after 11.2±12.3 0.78±0.06 7.9±1.4 0.296±0.026

t-test n. s. n. s. n. s. n. s.
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with aging and considered an important risk factor for
several cardiovascular diseases [17, 31, 46].

We found an increase in the total variance of heart
rate.HRV is assumed to be an index of the autonomic in-
fluence on the sinus node, especially of the parasympa-
thetic activity [40]. Conflicting results [4, 43] on the ef-
fects of aerobic training on HRV may be attributed to the
use of different methods and to the age of the subjects
under study.

In other studies, where postmenopausal women were
investigated, Davy et al. found enhanced HRV in well-
trained postmenopausal athletes, in comparison with
sedentary age-matched controls [10],while no change in
HRV [11] was reported on hypertensive women after a
12-week training. The authors recognized that “consti-
tutional makeup may have influenced their HRV find-
ings independent of physical activity levels” [10] and
that the exercise performed may have been not adequate
to induce modifications on the autonomic function of
hypertensive subjects [11]. Under this respect (HRV
changes), we demonstrated that a longer and appropri-
ate exercise program induces significant increases in
normotensive postmenopausal women. However, this
change in HRV was not matched with an increase in the
HF oscillations. Heart period HF is almost entirely me-
diated by the vagal efferent activity [25] and was found
to increase in very well trained subjects [18]. With our
moderate exercise protocol, training failed to produce
any increase in the HF oscillations of RR, despite a sig-
nificant reduction in heart rate. On the contrary, it en-
hanced LF oscillations of RR. It must be recalled that
RSA (HFRR) in itself has not always been proved to be a
reliable index of the total vagal traffic to the heart [28].
RSA (HFRR) mostly reflects the baseline vagal tone,while
the cardiac component of the baroreceptor mechanism
plays an important role in the parasympathetic reflex
control of heart rate [27]. Thus, the improvement of the
baroreflex function we have found, rather than any in-
crease in baseline vagal tone (HFRR), might account for
the bradycardia observed in our elderly subjects after
physical training.

On this basis, we propose a physiological interpreta-
tion, which can provide a reasonable explanation for co-
existence of bradycardia with no change in HFRR and an
increase in LFRR variability. Although, the LFRR variabil-
ity has been classically interpreted mainly as a marker of
the sympathetic drive to the sinus node [38], it was often
suggested that LFRR depends both on the sympathetic
and the parasympathetic efferent controls of the heart
[23]. Particularly, we [8, 19], as well as other authors [9],
have proposed that, at least in the supine position, LFRR
variability is induced by low-frequency oscillations of
peripheral resistance. These oscillations arise from the
sympathetic vasomotor control, and are conveyed to the
heart by the baroreflex, mainly through the efferent va-
gal activity. This model of the LFRR origin has been re-

cently confirmed on healthy supine resting volunteers
[8]. Thus, we suggest that a prolonged training program
might have increased the power of LFRR by enhancing
the baroreflex sensitivity. We believe that also the in-
crease in the coherence value in the LF range reflect an
improvement in the baroreflex function. This conside-
ration is supported by the consistent reduction of
linearly correlated SAP-RR segments as well as of
average coherence values induced by pharmacological
autonomic blockade [33] and baroreceptor deafferenta-
tion in animals [34].

The issue of the effects of training on the barorecep-
tor reflex is controversial. The discrepancy in the results
may be ascribed to the variety of the methods used and
also to the age and gender of the subjects investigated [5,
10, 11, 41, 42]. In the present study, after six months of
moderate training, we observed a significant increase in
the BRS.This result,which differs from previous studies,
probably depends on the type, rather than on the inten-
sity, of the physical activity performed. Indeed, the exer-
cises carried out by our subjects were principally based
on a variety of different movements, rather than a repe-
tition of the same action (as it is in walking), which in-
duced transient changes in arterial blood pressure, re-
quiring quick cardiovascular responses. It must be also
emphasized that the method to estimate BRS in elderly
by TFG_LF used in this research, was validated by James
et al. [21].

The observed changes in HRV and BRS,together with
bradycardia, are the most coherent findings of the pres-
ent study and reflect an improved vagal control of the
heart, which can play an important metabolic cardio-
protective function and improve the electrical stability
of the heart. However the observed increase in LFSAP in
the trained old women deserves a brief comment. Al-
though LFSAP is generally interpreted as an index of the
vasomotor sympathetic activity, several aspects of our
results, such as decrease in DAP, lack of an increase in
SAP,and relative bradycardia, suggest that an increase in
the sympathetic tone did not occur in our subjects after
training. As an alternative explanation, we propose that
exercise training produced an augmented sympathetic
peripheral modulation, probably due to improved
adrenergic responsiveness [44], which led to greater LF
variability of blood pressure.Also an increased vascular
compliance, which has been demonstrated to occur in
elderly after moderate exercise [37], could be responsi-
ble not only of the improved baroreflex function [35],
but also of the larger blood pressure oscillations.

Some experimental limitations of our study must be
mentioned. Besides the possible role of intraindividual
variability, we cannot exclude that the observed re-
sponses may be attributed, for example, to seasonal vari-
ations in the autonomic outflow [15]. If this were the
case, however, we should have expected changes in the
opposite direction (i. e. increase in DAP and HR, de-
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crease in HRV), which have been shown to occur in the
cold season [29, 47], since our training program was car-
ried out in winter. In addition, it has been demonstrated
that the BRS estimated by spectral analysis in the LF re-
gion has a good reproducibility, and is suitable for lon-
gitudinal long-term studies [12, 20].

In the present paper, we do not provide information
about the effectiveness of training, such as changes in
VO2max or muscle strength. We recall however that our
intervention was indeed not aimed at increasing
strength or aerobic capacity of the subjects, but at inves-
tigating autonomic adaptations induced by a moderate
group-based exercise program. Noteworthy, in a previ-

ously cited similar study by Monahan et al. [36], exercise
induced an increase in BRS in older men, despite no
change in aerobic capacity.

In conclusion, we emphasize that the exercise activity
performed by the subjects in this research required
light, relatively risk-free workloads, and included varied
and enjoyable activities. This contributed to strengthen
the motivation in the participants, as attested by the low
dropout rate. Consequently we believe that this kind of
activity, which leads to an improvement in the reflex
control of the cardiovascular function and in several
cardiovascular risk factors, might be suggested for the
third age population.
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