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Abstract 

Few authors have used spectral analysis of heart rate 

variability to characterize cardiovascular control 

mechanisms during isometric exercise. This technique 

requires stationary signals and long exercise protocols 

for different loads, using at least three minutes per load. 

In this work we explore the use of cardiovascular time-

variant spectral indexes during a continuous incremental 

isometric exercise protocol. We studied the effect of three 

exercise loads for isometric one leg-knee extension on 

cardiovascular response. Two respiratory conditions, 

spontaneous and controlled breathing, were evaluated. 

Born-Jordan time-frequency distribution was used to 

estimate time-variant power spectra from RR intervals, 

systolic pressure and breathing series. The use of time-

variant analysis allowed us to quantify cardiovascular 

spectral indexes and to discriminate among three 

continuous exercise loads using a very short-term 

protocol of isometric exercise. 

 

1. Introduction 

Isometric exercise (IE) is characterized by increments 

in both arterial pressure and heart rate. Cardiovascular 

response to exercise involves changes in autonomic 

nervous system (ANS) activity. It is currently assumed 

that three neural mechanisms are concerned in this 

response [1]-[2][5]: the central command, the muscle 

metaboreflex, and the arterial baroreceptor reflex.  

Few works in literature [6][7] have used spectral 

analysis to characterize cardiovascular control 

mechanisms during one leg isometric exercise. 

Methods for the spectral analysis of heart rate 

variability (HRV) have been used and studied as a non-

invasive alternative technique with purpose of evaluating 

the physiological behavior of the cardiovascular control 

system. It was found that high frequency component 

(HF), between 0.15 and 0.5 Hz, describes 

parasympathetic activity of autonomic nervous system, 

while that between 0.04 and 0.15 Hz, named low 

frequency component (LF), gives an idea of sympathetic 

modulation [8]-[9]. 

Conventional spectral analysis assumes stationarity 

and ergodicity of signals, characteristics that are not 

present in the cardiovascular response to exercise. In 

addition, this technique requires long exercise protocols 

for different loads, using at least three minutes per load. 

However, there are various approaches that can overcome 

the problem of non stationarity, such as time-frequency 

distributions, wavelets and time-varying autoregressive 

analysis [10]-[14]. 

In this work, we explore the use of a time-variant 

spectral analysis in order to evaluate cardiovascular 

response during a short-term continuous incremental 

isometric exercise protocol under spontaneous and 

controlled breathing. 

 

2. Methods 

Ten healthy volunteers, aged 23.25 ± 3.50 years, 

participated in this study. All participants gave their 

written informed consent. All were non-smokers and not 

involved in regular physical activity.  

Isometric exercise maneuver consisted of 1 leg-knee 

extension (ILE) in seated position. Exercise maneuver 

was performed in three consecutive one-minute loads of 

ILE at 15% (E1), 30% (E2) and 45% (E3) of maximum 

voluntary contraction (MVC). MVC was determined as 

highest force developed by the subjects in three trials, 

each one  3 seconds long. 

Protocol consisted in two conditions, spontaneous and 

controlled breathing. A visual feedback allowed subjects 

to follow respiratory stimulus and maintain respiratory 

control at 0.2 Hz and 0.8 liters. 

Each condition consisted of 3 stages: control, one-

minute at rest; three-minute exercise maneuver, three 

consecutive loads; and two-minute of recovery at rest. 

Studies were performed in the morning, and subjects 

were summoned two times, one per each respiratory 

condition. Subjects were required not to eat or drink 

coffee at least 2 hours before the study. 
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Electrocardiogram (ECG), blood pressure, respiratory 

volume and extension force were continuously registered 

and acquired (Biopac System). To record ECG, the CM5 

electrocardiographic lead was processed through Biopac 

ECG Amplifier. Non-invasive arterial pressure was 

continuously measured at the middle finger of non-

dominant hand by Finapres (Ohmeda, model 2300). The 

arm with the instrumented finger was held extended at 

heart level by means of a sling. Respiration was assessed 

by a pneumotachometer (Hans Rudolph 2700) and a 

pressure transducer set (Validyne CD19A) connected to a 

face mask. Respiratory volume was obtained by 

integration of respiratory flow (Validyne FV156 

Integrator). Extension force was measured by a Smedley 

hand dynamometer (Stoelting 56380), appropriately 

adapted, and registered through Biopac Amplifier. The 4 

analog signals were acquired at 500 Hz per channel, and 

stored in a personal computer for offline analysis. 

RR intervals, systolic pressure (SP) and breathing 

series were extracted offline from acquired signals. 

Systolic pressure and respiratory series were obtained 

from respective signals sampled with the occurrence of R 

wave in ECG. Mean and standard deviation were 

computed for all series.  

Prior to perform spectral analysis, series were 

resampled at 4Hz and detrended [15]. Born-Jordan time-

frequency distribution was used to estimate time-variant 

power spectra from RR intervals, systolic pressure and 

breathing series. High (HF; 0.15 – 0.5 Hz) and low 

frequency (LF; 0.04 – 0.15 Hz) components were 

computed from the obtained power spectra. For statistical 

analysis, we considered six one-minute stages: control, 

exercise maneuver (E1, E2, E3), early recovery (R1) and 

late recovery (R2). For all statistical comparisons, 

ANOVA for repeated measurements and post hoc 

Bonferroni test were used (P<0.05). 

 

3. Results 

In both spontaneous and controlled breathing, we 

observed the well-known behavior of cardiovascular 

system during exercise, decrease of RR intervals and 

increase of systolic arterial pressure. Mean of RR 

intervals, rMSSD and mean systolic arterial pressure are 

shown in figure 1. RR intervals (figure 1 - top) decreased 

progressive and continuously for incremental exercise 

loads, returning to control levels at recovery. In relation 

to control stage, this reduction was significant (P<0.05) 

for each exercise maneuver stage (E1, E2 and E3). 

The rMSSD (figure 1 - middle) presented a similar 

behavior to RR intervals. However, reduction was just 

significant for E2 and E3. 

 

 

Mean SP series (figure 1 - bottom) raised with 

increasing exercise loads, and returned to control level 

during recovery. This augmentation was significant for 

E2 and E3 under spontaneous breathing and for E3 just in 

controlled breathing condition.  

 

 

Figure 1. Mean and standard deviation (SD) of RR 

intervals, rMSSD and SP. Bars denote mean values 

(spontaneous breathing – black; controlled breathing – 

grey) and lines indicate SD for each protocol stage.  ‘C’ 

control, ‘E1’ exercise (15% MVC), ‘E2’ exercise (30% 

MVC), ‘E3’ exercise (45% MVC), ‘R1’ early recovery, 

and ‘R2’ late recovery. 

 

 

Spectral densities of RR intervals obtained by Born-

Jordan distribution are depicted in figure 2. In 

spontaneous breathing condition, more spectral 

components dispersion was observed. Under controlled 

breathing condition the respiratory component, centered 

in 0.2 Hz, was evident.    

Spectral indexes for RR intervals are illustrated in 

figure 3. For both studied respiratory conditions, in 

relation to control stage, RR intervals’ total power (TP, 

figure 3 - top) and high frequency component (HF, figure 

3 - bottom), progressively decreased along the increments 

of the exercise loads, while increased during recovery. 

This decrement was significant for E2 and E3 stages 

under both studied breathing conditions. LF component 

(figure 3 - middle) also decreased in E3, for spontaneous 

breathing condition. In general, under spontaneous 

breathing condition, the spectral indexes presented higher 

variance than under controlled breathing. 
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Figure 2. Spectral Densities obtained by Born Jordan 

distribution under the two protocol conditions, 

Spontaneous Breathing (top) & Controlled Breathing 

(bottom). 

 

4. Discussion and conclusions 

Mean of RR intervals and systolic arterial pressure 

presented the expected behavior for an incremental 

exercise protocol. Reduction of rMSSD is consistent with 

vagal withdraw during exercise. 

In general, spectral components presented higher 

variance in spontaneous breathing condition, possibly due 

to respiratory adjustments during exercise. When 

respiration was controlled, frequency components became 

more regular.  

LF component behavior along increasing exercise 

intensity was ambiguous. For both considered respiratory 

conditions, HF component behavior was more obvious, 

showing a progressive decrease with increasing exercise 

loads, indicating gradual vagal withdraw. In this sense, 

HF component adequately indicates autonomic behavior 

during IE. Conversely, LF component did not display a 

gradual change for progressively increasing exercise 

intensity. 

 The assessment of HRV with traditional spectral 

analysis techniques during increasing intensity IE (3 or 4 

minutes per load) results very difficult, due to the fast 

muscular fatigue which is characteristic of this exercise. 

 

 

 

Figure 3. Spectral indexes for RR intervals. Bars denote 

mean values and lines standard deviation for each 

protocol stage.  ‘C’  control, ‘E1’ exercise (15% MVC), 

‘E2’ exercise (30% MVC), ‘E3’ exercise (45% MVC), 

‘R1’ early recovery, and ‘R2’ late recovery. 

 

 

Our preliminary results show that this difficulty can be 

overcome by means of a short-term IE protocol, where 

intensity is progressively augmented every minute, 

allowing several loads in the same maneuver. However, 

this approach generated non-stationary signals. A time-

frequency distribution allows us to satisfactorily estimate 

HRV spectral density in this non-stable state. In this way, 

the use of time-variant analysis permitted us to quantify 

cardiovascular spectral indexes to discriminate between 

three continuous exercise loads, under two breathing 

conditions. Hence, it was possible to evaluate autonomic 

nervous activity during an incremental IE protocol. 

 In conclusion, time-variant techniques are appropriate 

tools to characterize, during short-term protocols, changes 

in cardiovascular variables during continuous incremental 

isometric exercise. 
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