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Abstract

Background: Heart rate variability (HRV), blood pressure variability, (BPV) and heart rate recovery (HRR) are
measures that provide insight regarding autonomic function. Maximal exercise can affect autonomic function, and
it is unknown if there are sex differences in autonomic recovery following exercise. Therefore, the purpose of this
study was to determine sex differences in several measures of autonomic function and the response following
maximal exercise.

Methods: Seventy-one (31 males and 40 females) healthy, nonsmoking, sedentary normotensive subjects between
the ages of 18 and 35 underwent measurements of HRV and BPV at rest and following a maximal exercise bout.
HRR was measured at minute one and two following maximal exercise.

Results: Males have significantly greater HRR following maximal exercise at both minute one and two; however,
the significance between sexes was eliminated when controlling for VO2 peak. Males had significantly higher
resting BPV-low-frequency (LF) values compared to females and did not significantly change following exercise,
whereas females had significantly increased BPV-LF values following acute maximal exercise. Although males and
females exhibited a significant decrease in both HRV-LF and HRV-high frequency (HF) with exercise, females had
significantly higher HRV-HF values following exercise. Males had a significantly higher HRV-LF/HF ratio at rest;
however, both males and females significantly increased their HRV-LF/HF ratio following exercise.

Conclusions: Pre-menopausal females exhibit a cardioprotective autonomic profile compared to age-matched
males due to lower resting sympathetic activity and faster vagal reactivation following maximal exercise. Acute
maximal exercise is a sufficient autonomic stressor to demonstrate sex differences in the critical post-exercise
recovery period.

Keywords: Heart rate variability, Heart rate recovery, Blood pressure variability, Sympathetic activity, Vagal
modulation

Background
Measures of autonomic nervous system function such as
heart rate variability (HRV), blood pressure variability
(BPV), and heart rate recovery (HRR) provide important
information regarding autonomic regulation [1]. Low
heart rate variability (HRV) is considered prognostic for
future risk of cardiovascular disease (CVD) and has been
linked to conditions such as coronary artery disease,

hypertension, and heart failure [2, 3]. Elevated BPV is
associated with essential hypertension [4] and increased
cardiovascular risk, independent of average blood pres-
sure values [5, 6]. Patients with high BPV have greater
end-organ damage and left ventricular mass index than
hypertensive patients with the same mean 24-h blood
pressure values with a lower BPV [7]. Further insight
into autonomic function can be gained following exer-
cise because of the significant effect exercise can have
on autonomic modulation [8, 9]. A delayed heart rate
recovery (HRR) during the first minute following graded
exercise is a predictor of overall mortality in individuals
with and without cardiovascular disease, independent of
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workload, the presence or absence of myocardial perfusion
defects, and changes in heart rate during exercise [10].
Females display lower sympathetic activity and in-

creased cardiac vagal modulation which could reflect the
lower prevalence of arrhythmias blood pressure compared
to males [11]. However, this may not be maintained fol-
lowing recovery after a short supramaximal exercise bout
[12]. Maximal exercise can affect the autonomic nervous
system by increasing sympathetic activity and decreasing
vagal modulation [13], and there is a delay in the return to
parasympathetic dominance following submaximal exer-
cise [14]. However, little is known with regard to sex
differences at rest and following maximal exercise in
several established measures of autonomic function. It is
unknown if an acute maximal bout of exercise will affect
young, untrained men and women differently and if auto-
nomic recovery is depressed in both males and females.
We hypothesize that females will have enhanced parasym-
pathetic dominance at rest compared to males, but an
acute maximal exercise bout will lead to elevated sympa-
thetic dominance in both males and females coupled with
delayed parasympathetic reactivation in females.

Methods
Participants
Seventy-one (31 males and 40 females) healthy, non-
smoking, normotensive subjects between the ages of 18
and 35 participated in this study. All subjects were
recruited from a local university and community popula-
tion through flyers or word of mouth. Subjects were
classified as sedentary based on their exercise habits for
the past 6 months (no structured exercise activity of any
kind lasting longer than 30 min more than one time per
week). Participants completed a health history question-
naire and were free of any cardiovascular disease, hyper-
tension, or hyperlipidemia. None of the subjects were
taking any medications except oral contraceptives. The
study followed the procedures for protection of human
participants as provided in the 1975 Declaration of
Helsinki. Prior to any data collection, all participants
signed informed consent, and the study was approved by
the University of Illinois at Urbana-Champaign institu-
tional review board.

Study design
Subjects reported to the lab for one visit. All women
were tested in the early follicular phase or during the
placebo phase of oral contraceptives. Subjects were
instructed to be at least 4 h postprandial and to abstain
from caffeine and alcohol for at least 12 h and abstain
from exercise for at least 24 h before testing. Measure-
ments of height were taken using a stadiometer to the
nearest 0.5 cm, and body weight was obtained using a
beam balance platform scale to the nearest 0.5 kg.

Subjects then rested quietly in a supine position for 5 min
before systolic and diastolic blood pressure (BP) measure-
ments were taken using an automated oscillometric cuff
(HEM-907 XL; Omron, Japan). Brachial BP measurements
were repeated, and if values were within 5 mm Hg of each
other, the average of the two values was used for analysis.
If measurements were not within 5 mm Hg, readings were
taken until two values within 5 mm Hg were obtained.
American Heart Association guidelines were followed
except all measurements were performed in the supine
position to provide a more stable and reproducible blood
pressure. HRV and BPV measurements were assessed
using finger plethysmography (Finometer, FMS, the
Netherlands; see further description below). Subjects were
supine in a quiet, darkened room and underwent 5 min of
paced breathing to a metronome resulting in 12 breaths
per minute. Following these measures, the participants
underwent a VO2 peak test. The VO2 peak test was done
on an upright, stationary cycle ergometer (Lode Excaliber
Sport, Groningen, Netherlands). Heart rate (HR) was
recorded for the 2 min following cessation of maximal
exercise to determine HRR. Minute 1 was an active recov-
ery with the subject easily pedaling with no resistance.
Minute 2 was an inactive recovery, with the subject sitting
quietly on the ergometer. Following the 2-min recovery
period, subjects were then allowed to rest in a comfort-
able, supine position in a quiet, dark room. Approximately
5 min were used to setup and calibrate the plethysmo-
graph and subjects then underwent 5 min of BPV and
HRV measurements with paced breathing (Fig. 1).

Blood pressure variability
Beat-to-beat blood pressures were measured using finger
plethysmography (FMS, Amsterdam, The Netherlands).
This method yields valid assessment of blood pressure for
the changes that occur from heart beat to heart beat and
includes both short- and long-lasting changes [15]. Blood
pressure spectral peaks were detected using an established
algorithm, and Fast Fourier transform algorithms were
used to convert the data into frequency spectra.

Heart rate variability
R-R intervals were derived from beat-to-beat blood pres-
sure pulse intervals using finger plethysmography (FMS,
Amsterdam, The Netherlands). Finger plethysmography-
derived peak-to-peak intervals are highly correlated with
ECG R-R intervals, with similar variability, a high degree
of agreement (determined by Bland-Altman analysis);
there are no significant differences between the HRV
obtained from the two different methods [16]. The up-
stroke is determined using the pressure signal with a
resolution of 2 ms, and the interval between the two
consecutive upstrokes is measured.
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BPV and HRV analysis
Both BPV and HRV data were analyzed in the frequency
domain (WinCPRS, Absolute Aliens Oy, Turku, Finland).
Data were visually inspected, and any artifact was
eliminated prior to analysis. In the frequency domain,
the two primary components are low-frequency (LF;
0.04–0.15 Hz) and high-frequency (HF; 0.15–0.40 Hz)
spectra. HRV measures provide information primarily
on vagal modulation with the LF power spectrum
reflecting both sympathetic and parasympathetic modula-
tion and HF acting as a surrogate marker of parasympa-
thetic modulation of the R-R intervals [12]. The LF/HF
ratio is used as an indicator of sympathovagal dominance
[17]. BPV is thought to provide insight on sympathetic
modulation through the measure of LF power [18]. All
data acquisition and post-acquisition analyses were carried
out in accordance with the Task Force of the European
Society of Cardiology and North American Society of
Pacing and Electrophysiology [19].

VO2 peak test
Following a warm-up of 1 min of unloaded cycling, sub-
jects began pedaling at 50 watts (W). The resistance was
then increased 30 W every 2 min until test termination.
HR was measured using a heart rate monitor (Polar Elec-
tro, Woodbury, NY) and expired air was collected and
analyzed using a Quark b2 breath-by-breath metabolic
system (Cosmed, Rome, Italy). The sampling interval used
to determine VO2 peak was the highest 20 s average VO2.
All participants reached volitional fatigue or an inability to
maintain pedal rate above 60 rpm, upon which the test
was terminated. Following the VO2 peak test, test results
were examined and all participants were shown to have
satisfied two or more of the following four criteria: (1) a
respiratory ratio of 1.1 or greater; (2) a plateau in HR
despite an increase in workload; (3) a final rate of per-
ceived exertion (RPE) score of 17 or greater on the Borg
scale (scale 6–20); and/or d) an increase in work rate that

elicited an increase in VO2 of ≤150 mL/min, indicative of
a plateau in oxygen consumption [20, 21].

Statistical analyses
Pre- and post-maximal exercise test values were ana-
lyzed between sexes using a 2 × 2 repeated measures
analysis of variance (ANOVA) using SPSS 19.0 (Armonk,
NY: IBM Corp.). When the interaction was significant
(p < 0.05), the responses were further evaluated using
paired samples t tests within each group and independ-
ent t tests between sexes. Data were tested for normality
using Shapiro-Wilks, and all HRV and BPV variables
were not normally distributed, so data were log trans-
formed before statistical analyses. Log transformed data
are reported in figures.

Results
Subject descriptives are reported in Table 1. There were
significant sex differences in height and VO2 peak. Age
by sex frequencies are shown in Table 2. HRR (raw data)
are shown in Fig. 2a and demonstrates that males, com-
pared to females, have significantly greater HRR follow-
ing maximal exercise at both minute one and two (p <
0.05). After controlling for VO2 peak, the significance
between sexes was eliminated and adjusted means are
shown in Fig. 2b.
Raw data for HRV and BPV are reported in Table 3.

Data were not normally distributed; therefore, only log
transformed data are presented in figures.
BPV data are displayed in Fig. 3. Although males had

significantly higher LF values compared to females at rest
and did not significantly change following exercise, fe-
males had significantly increased LF values following acute
maximal exercise, eliminating sex differences (Fig. 3a). HF
decreased significantly and similarly in both males and
females (Fig. 3b). LF/HF increased significantly in both
males and females, with greater increase in females, elim-
inating the resting differences between sexes (Fig. 3c).

Fig. 1 Schematic outline of study protocol. Min minutes, BP blood pressure, HRV heart rate variability, BPV blood pressure variability, HRR heart
rate recovery
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HRV data are displayed in Fig. 4. Both sexes exhibited
a significant decrease in both LF (Fig. 4a) and HF
(Fig. 4b), although females had significantly higher HF
values following exercise. Both males and females signifi-
cantly increased their LF/HF ratio following exercise
(Fig. 4c); however, males had a significantly higher LF/
HF ratio at rest and exercise eliminated these sex differ-
ences. When using VO2 peak as a covariate when ana-
lyzing BPV and HRV data, any initial significance (p <
0.05) remained, and results were not affected.

Discussion
The major findings of this study are as follows: (1)
males had greater HRR than females, and differences

were eliminated after controlling for VO2 peak; (2)
females had significantly lower BPV-LF and BPV-LF/
HF values at rest compared to males but had more
pronounced increases with maximal exercise; (3)
males displayed a higher HRV-LF/HF ratio at rest,
and females had higher HRV-HF values following
exercise. Overall, this suggests greater vagal modula-
tion and potentially greater vagal reactivation follow-
ing maximal exercise in females while males display
elevated resting sympathetic dominance.
Resting measures of autonomic function are predictive

of cardiovascular outcome and abnormal autonomic re-
covery following exercise is associated with potentially
fatal arrhythmias, sudden cardiac death, and ischemic
heart disease [22]. Females have a lower incidence of ar-
rhythmias and sudden cardiac death compared to males
[23], suggesting enhanced autonomic function. These
sex differences could be due to the potential cardiopro-
tective effect of ovarian hormones [24], as estrogen im-
proves vasomotor tone and vascular integrity, lowers
blood pressure, and improves lipid profiles and choles-
terol metabolism [25]. In addition, ovarian hormones
have also been shown to influence autonomic cardiovas-
cular regulation [26] by preventing sympathovagal im-
balance [27] and improving baroreflex sensitivity [28].
The females in this study were pre-menopausal and
therefore can be assumed to have elevated estrogen
levels compared to the male cohort; however, we did not
directly measure ovarian hormones.
Further insight into sex differences may be discerned

by studying responses during the recovery period follow-
ing maximal exercise, when the autonomic nervous sys-
tem is transitioning from sympathetic to parasympathetic
dominance. During exercise, rapid parasympathetic with-
drawal and gradual increased sympathetic activity and
circulating catecholamines contribute to the increase in
HR [29]. HR decreases following maximal exercise reflect
both catecholamine clearance (we did not measure circu-
lating catecholamine levels nor catecholamine clearance

Table 1 Descriptive Statistics

Males (n = 31) Females (n = 40) Total (n = 71)

Age (years) 24 ± 1 25 ± 1 24 ± 0.5

Height (cm) * 177.9 ± 1.0 163.4 ± 1.1 170.2 ± 1.2

Weight (kg) 82.7 ± 2.4 73.0 ± 4.1 79.2 ± 2.6

BMI (kg/m2) 26.1 ± 0.8 27.1 ± 1.3 27.1 ± 0.8

VO2peak (ml/kg/min) * 39.2 ± 1.3 28.8 ± 1.0 33.3 ± 1.0

HR rest (bpm) * 62 ± 1 67 ± 2 65 ± 1

HR peak (bpm) 184 ± 2 179 ± 2 180 ± 1

HR at 1 min recovery (bpm) 153 ± 2 153 ± 2 153 ± 2

HR at 2 min recovery (bpm) 136 ± 2 136 ± 2 136 ± 1

All data presented as mean ± standard error. *p < 0.05 between sexes

Table 2 Age by sex frequencies

Age Male Females

Frequency Percent Frequency Percent

19 1 3.2 1 2.5

20 7 22.6 2 5

21 5 16.1 8 20

22 3 9.7 9 22.5

23 3 9.7 1 2.5

24 1 3.2 2 5

25 2 6.5 1 2.5

26 1 3.2 3 7.5

27 2 6.5 2 5

28 1 3.2 2 5

29 0 0 1 2.5

30 0 0 3 7.5

31 2 6.5 1 2.5

32 0 0 1 2.5

33 1 3.2 2 5

34 0 0 1 2.5

35 2 6.5 0 0

TOTAL 31 100 40 100
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rates in this study) and parasympathetic reactivation and is
predictive of all-cause mortality and sudden death [10].
Although HRR was significantly different between sexes,
after controlling for VO2 peak, there were no differences
between males and females at either minute one or minute
two following maximal exercise. This finding supports pre-
vious findings demonstrating a direct relationship between
HRR and aerobic fitness levels [30] and suggests that sex
does not impact HRR following maximal exercise in young,
healthy individuals, but instead, HRR is dependent on

cardiovascular fitness. Similar findings have also been
shown in an older (mean age = 56 years) clinical population
following exercise treadmill testing [31]. Prior studies have
also shown that there are no sex differences between HRR
and all-cause mortality [32, 33]. In addition, despite low
HRR (10–15 bpm) being linked with increased mortality,
values above 15–20 bpm are not associated with further
improvements in prognosis [10]. Therefore, in this particu-
lar population with HRR values well above 20 bpm, this
measure alone may not be adequate for estimating cardio-
vascular risk in young, healthy individuals.
HRV-LF values between males and females were simi-

lar at rest, and both sexes decreased HRV-LF significantly
following exercise, consistent with previous research [34].
However, males had a significantly greater decrease in LF
following maximal exercise. Since the LF power spectrum
represents both sympathetic and parasympathetic activity,
it is not possible to discern which arm of the autonomic
nervous system is responsible for this sex difference. How-
ever, our HRV data may suggest that the autonomic sys-
tem in males is more sensitive to maximal exercise, with a
more dramatic fluctuation in HRV-LF.
Although there were no sex differences at rest in

HRV-HF and both males and females decreased their HF
values following maximal exercise, females displayed
higher HF values following exercise, suggesting greater
vagal modulation and potentially greater vagal reactivation
following maximal exercise in females. Data from the Fra-
mingham study showed sex differences in the incidence of
adverse events related to autonomic dysfunction, such as
sudden cardiac death and arrhythmias. Despite an in-
crease in the incidence of sudden cardiac death with age
in both males and females, at all ages combined, women
experience approximately half of the annual rate of sud-
den cardiac death than men [35]. In addition, men develop
atrial fibrillation at one and a half times the rate of women
even after adjusting for age and other cardiovascular dis-
eases [36]. Although our study showed no sex differences
in HRV-HF at rest, it should be noted that the female co-
hort demonstrated enhanced sympathovagal balance at
rest and furthermore, our HRV data suggests that this
cardioprotection in females is present in the post-exercise

Table 3 Raw data

Males Females

Pre Post Pre Post

BPV-LF (mmHg2) 10.16 ± 1.90 8.02 ± 1.40 5.31 ± 0.71 8.22 ± 1.33

BPV-HF (mmHg2) 4.21 ± 0.94 2.11 ± 0.33 4.05 ± 0.54 2.19 ± 0.24

BPV-LF/HF (%) 351.05 ± 58.69 490.42 ± 79.21 219.33 ± 55.23 473.21 ± 74.55

HRV-LF (ms2) 2096.48 ± 505.31 996.67 ± 872.63 1415.31 ± 418.52 1439.80 ± 833.43

HRV-HF (ms2) 3348.67 ± 764.54 1921.74 ± 1789.78 4236.40 ± 791.31 1732.54 ± 1234.04

HRV-LF/HF (%) 135.31 ± 25.39 182.74 ± 35.38 51.79 ± 23.89 158.47 ± 33.30

All data presented mean ± SEM

Fig. 2 Heart rate recovery following maximal exercise. a Heart rate
recovery, raw data. b Heart rate recovery after adjusting for VO2

peak. HRR heart rate recovery, HR heart rate, bpm beats per minute,
1-min heart rate recovery in the first minute after exercise, 2 min
heart rate recovery in the second minute after exercise. *p < 0.05
sex differences
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period, which is a critical time for autonomic recovery.
Interestingly, HRV responses following exercise occurred
independent of fitness (VO2 peak), which was not the case
for HRR. These discrepancies could be due to the differ-
ences in these two measures; HRV is thought to reflect
phasic changes in vagal outflow whereas HRR reflects mean
cholinergic signaling at the sinoatrial nodal junction [37].
Although there is a direct relationship between HRR

and fitness levels [30], the relationship between HRV

and fitness is inconsistent, with some studies demon-
strating a link [38, 39] and others showing no relationship
[40, 41]. These discrepancies could reflect differences in
how HRV was measured, subject characteristics, age and
training status. Tulppo et al. [42] showed no differences in
resting HRV between groups of differing fitness levels des-
pite significant differences in resting HR; however, the
high fitness group demonstrated enhanced vagal function

Fig. 3 Blood pressure variability before and following maximal
exercise. a Blood pressure variability, low frequency. b Blood pressure
variability, high frequency. c Blood pressure variability low-frequency/
high-frequency ratio. BPV blood pressure variability, LF low frequency,
HF high frequency. * p < 0.05 sex differences; # p < 0.05 interaction
(time × sex); $ p < 0.05 time effect

Fig. 4 Heart rate variability before and following maximal exercise. a
Heart rate variability, low frequency. b Heart rate variability, high
frequency. c Heart rate variability low-frequency/high-frequency ratio.
HRV heart rate variability, LF low frequency, HF high frequency.
* p < 0.05 sex differences; # p < 0.05 interaction (time × sex); $ p < 0.05
time effect
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during exercise compared to the low-fitness group. How-
ever, HRV was measured during the actual exercise bout
and not during the recovery period, as with our study.
Our HRV and HRR results suggest that sex has a signifi-
cant impact on HRV following maximal exercise inde-
pendent of fitness levels, while HRR is more affected by
fitness levels as opposed to sex differences.
The HRV-LF/HF ratio was significantly greater in

males at rest, suggesting elevated sympathetic modulation/
dominance, and increased in both males and females fol-
lowing exercise, which supports previous studies [11, 12].
However, it is important to note that the increase in the
LF/HF ratio seen in the current study is most likely driven
by the decrease in HRV-HF and a less sharp decline in LF
in females. Interestingly, males had no significant changes
in BPV-LF and even displayed a slight decrease while fe-
males significantly increased their BPV-LF values following
exercise, thereby eliminating any sex differences initially
seen at rest. Females demonstrated the expected response
in BPV-LF values following exercise (increased sympathetic
activity) whereas males had similar values in BPV-LF both
before and following exercise. Thus, our findings show that
females exhibit both a greater change in, but similar abso-
lute levels of sympathetic modulation (BPV-LF), and
greater parasympathetic modulation (HRV-HF) following
maximal exercise.

Limitations
We did not directly measure ovarian hormone levels.
However, we did test all females during the early follicular
phase of their menstrual cycle, assuring all females were
relatively similar in their hormone levels. In addition, be-
cause all females were pre-menopausal, we can confirm
the estrogen differences between males and females.
We did not perform direct measures of sympathetic

activity. However, beat-to-beat blood pressure and finger
plethysmography has been validated against invasive
measures and is an accurate measure of HRV and BPV
[16, 43], allowing for the noninvasive determination of
autonomic nervous system activity.

Conclusions
In conclusion, our results suggest that young females
demonstrate enhanced autonomic function at rest and
following an acute exercise bout. This was demonstrated
in lower BPV-LF values at rest and higher HRV-HF
values following exercise compared to males, suggesting
greater vagal modulation and vagal reactivation following
maximal exercise in females with males displaying ele-
vated resting sympathetic dominance. We also found that
an acute maximal exercise bout was a sufficient auto-
nomic stressor to demonstrate sex differences in the crit-
ical post-exercise recovery period. Together, these results
indicate that pre-menopausal females exhibit differences

in autonomic function compared to age-matched males
due to lower resting sympathetic activity and faster vagal
reactivation following maximal exercise. Because elevated
sympathetic activity, even in healthy adults, is linked to
arterial remodeling [44] and fatal arrhythmias [45], these
sex differences in autonomic function may contribute to
the lower prevalence of cardiovascular disease and ar-
rhythmias in females [23].
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