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Abstract
Aim—To compare relationships at rest between breathing rate, levels of muscle sympathetic
nerve activity, total peripheral resistance and cardiac output among young men and women.

Methods—Recordings were made of respiratory movements, sympathetic nerve activity
(peroneal microneurography), intra-arterial blood pressure, electrocardiogram, cardiac output
(open-circuit acetylene uptake technique) in 19 healthy men (age 27 ± 2 years, mean ± SEM) and
17 healthy women (age 25 ± 1 years). Total peripheral resistance and stroke volume were
calculated. Four minutes epochs of data were analysed.

Results—Breathing rates and sympathetic activity were similar in men and women but compared
to men, women had significantly lower blood pressures, cardiac output and stroke volume. In men
breathing rate correlated positively with sympathetic activity (r = 0.58, P < 0.05) but not in
women (r = 0.12, P > 0.05). Furthermore, in men, respiratory rate correlated positively with total
peripheral resistance (r = 0.65, P < 0.05) and inversely with cardiac output (r = −0.84, P < 0.05)
and heart rate (r = −0.60, P < 0.05) but there were no such relationships in women (P > 0.05 for
all).

Conclusions—The positive relationship between breathing and sympathetic activity in men, and
the inverse coupling of breathing to cardiac output and heart rate suggest that influences of
respiration may be important not only for dynamic but also for ‘tonic’ cardiovascular function.
The lack of relationships among these variables in women shows that there are fundamental
differences in basic blood pressure regulation between the sexes.
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In a given human subject the strength of resting muscle sympathetic nerve activity (MSNA)
is reproducible over several years but among individuals, the strength may vary 7- to 10-fold
or more (Sundlöf & Wallin 1977, Fagius & Wallin 1993, Charkoudian et al. 2005). Despite
the large inter-individual differences in MSNA, there is no relationship between resting
levels of MSNA and blood pressure in young healthy individuals of both sexes (Sundlöf &
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Wallin 1978, Charkoudian et al. 2005, Narkiewicz et al. 2005). In recent studies we
investigated this apparent paradox, and found that, in young men, higher levels of MSNA
were balanced by lower levels of cardiac output (Charkoudian et al. 2005) and vascular
adrenergic responsiveness (Charkoudian et al. 2006). In a follow-up study to evaluate
potential sex differences in this neural-haemodynamic balance (Hart et al. 2009) we found
marked differences in the relationship between resting MSNA, total peripheral resistance
and cardiac output among men and women.

The interaction between respiratory and cardiovascular mechanisms has been investigated
mostly with regard to the rhythmic interplay between breathing and autonomic neural and/or
cardiovascular function over the respiratory cycle. Studies in anaesthetized animals suggest
that respiratory and autonomic neural rhythms originate in the same brainstem area or are
driven from a common oscillator in the brainstem (Bachoo & Polosa 1987, Guyenet et al.
1990). In humans, the close relationships between variations of breathing, sympathetic nerve
traffic and cardiovascular measures have been interpreted in terms of a central respiratory
gate, rather than baroreflex-related phenomena (Eckberg 2003).

In contrast to the dynamic relationships occurring over the respiratory cycle, little attention
has been given to the coupling between inter-individual differences in breathing
characteristics, basal levels of sympathetic nerve traffic and cardiovascular function in the
resting state. In that context, it is known, however, that at rest the intra-individual
reproducibility and the inter-individual differences in resting MSNA, mentioned above, have
a respiratory counterpart: the breathing pattern (including breathing rate, tidal volume,
inspiratory and expiratory durations) displays marked inter-individual diversity and long-
term intra-individual reproducibility (Shea & Guz 1992, Benchetrit 2000).

These findings may indicate a systematic link between the inherent characteristics of an
individual’s respiration and his/her baseline sympathetic activity. Recently, this idea was
supported by the finding of a positive correlation between spontaneous breathing frequency
and strength of MSNA in men (Narkiewicz et al. 2005). Against this background the present
study was under-taken to test the hypothesis that the relationships between respiratory
frequency, MSNA and cardiovascular variables also differ between men and women.

Material and methods
Subjects

The subjects were 19 young men aged 18–35 years and 17 young women aged 19–30 years.
Seventeen of the men and 15 of the women were included in Hart et al. (2009) (four men
and two women from the material of Hart et al. 2009 were excluded because of inadequate
respiratory records). Further characteristics are given in Table 1. The study protocol was
approved by the Institutional Review Board of the Mayo Foundation. The subjects
volunteered to participate and gave written informed consent and the studies were completed
in accordance with the Declaration of Helsinki.

Participants were asked to not consume anything except small volumes of water within 2 h
of the experiment and were asked to abstain from caffeine or alcohol consumption 24 h
before the study. All women were studied in the early follicular phase of the menstrual cycle
or in the low hormone phase of oral contraceptive use (Minson et al. 2000). All subjects
were non-smokers, non-diabetic, normally active (neither sedentary nor highly exercise
trained) and not currently taking antihypertensive or other medications except for oral
contraceptives. Candidates were considered ineligible if they had any acute or chronic
disorders associated with alterations in cardiovascular structure or function.
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Measurements
All studies were performed in a Clinical Research Unit laboratory at the Mayo Clinic
maintained at ~22 °C. Upon arrival to the laboratory, subjects rested in the supine position
during instrumentation. After local anaesthesia with 2% lidocaine, a 5-cm, 20-gauge arterial
catheter was placed in the brachial artery, using the aseptic technique. This catheter was
connected to a pressure transducer placed at the level of the heart and used for measurement
of arterial pressure.

A three-lead electrocardiogram (ECG) was used for continuous monitoring of heart rate. A
strain gauge belt was wrapped around the upper abdomen to record respiratory movements.
Cardiac output was measured using an open-circuit acetylene uptake technique, as described
previously (Johnson et al. 2000). This technique has been validated against direct Fick
measurements of cardiac outputs over a range of values and has a variability of ~7% at rest
(Johnson et al. 2000). The instrumentation period included a practice cardiac output
measurement to familiarize the subject with the procedure.

Multi-unit MSNA was measured from the right peroneal nerve at the fibular head using
insulated tungsten microelectrodes (Sundlöf & Wallin 1977). A muscle sympathetic fascicle
was identified when taps on the muscle belly or passive muscle stretch evoked
mechanoreceptive impulses, and no afferent neural response was evoked by skin stimuli.
The recorded signal was amplified 80 000-fold, band pass filtered (700–2000 Hz), rectified
and integrated (resistance-capacitance integrator circuit time constant 0.1 s) by a nerve
traffic analyser.

Protocol—After placement of arterial catheters, ECG leads and device for recording
respiratory movements, subjects rested supine during instrumentation for microneurography.
Once a good electrode site for measurement of MSNA was found, baseline data were
recorded for 7–15 min and cardiac output was then determined.

Data analysis
Data were sampled at 240 Hz and stored on a personal computer for offline analysis. Mean
arterial pressure was calculated as the time integral over the pressure pulse. MSNA, heart
rate, mean and diastolic blood pressures were taken as 4 min averages during the 4 min
immediately preceding the first measurement of cardiac output. Breathing rate (breaths
min−1) was also determined from the same time period. No attention was paid to variation in
breathing pattern (regularity and depth) among individuals. Cardiac output is reported as the
average of the two measurements for each individual. Total peripheral resistance was
calculated as mean blood pressure divided by cardiac output and stroke volume was
calculated as cardiac output divided by heart rate.

Sympathetic bursts in the integrated neurogram were identified by a custom-manufactured
automated analysis program (Kienbaum et al. 2001); burst identification was then corrected
by visual inspection by a single investigator. The program compensated for baroreflex
latency, and associated each sympathetic burst with the appropriate cardiac cycle. Resting
MSNA is expressed as bursts/100 heart beats = burst incidence, and bursts/minute = burst
frequency.

Statistics
Group average data are expressed as mean ± SEM. The relationships among breathing rate,
MSNA and cardiovascular variables were assessed using linear regression analysis and
Pearson’s correlation coefficient was used. P < 0.05 was accepted as statistically significant.
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Results
Group averaged data for respiratory, cardiovascular and neural variables

Group data are given in Table 2. In summary, breathing rate was similar in men and women
but compared with men, women had significantly lower systolic, diastolic and mean blood
pressures, cardiac output and stroke volume. Heart rate was higher in women. MSNA was
lower in women than in men but the difference did not reach statistical significance (burst
incidence: P = 0.08).

Relationship between breathing frequency and MSNA
There was a significant positive correlation between the number of breaths and MSNA
(burst incidence) in men (r = 0.58, P < 0.01) but not in women (r = 0.12, P > 0.05; Fig. 1).

When MSNA was expressed as burst frequency, the tendency was similar in men but the
relationship did not reach statistical significance (r = 0.39, P > 0.05). In women there was no
correlation between these variables (r = 0.10, P > 0.05).

Relationship between breathing rate and cardiovascular variables
The vasoconstriction evoked by MSNA is likely to influence total peripheral resistance.
Consistent with this idea we found that when breathing rate was related to total peripheral
resistance there was a significant positive correlation in men (r = 0.65, P < 0.01); however,
this was not evident in women (Fig. 2, upper panels). Cardiac output also displayed a close
(inverse) relationship to breathing rate in men (r = −0.80, P < 0.01) but not in women (Fig.
2, middle panels). Cardiac output is a function of heart rate and stroke volume. In men, heart
rate was inversely correlated with breathing rate (r = −0.56, P = 0.01), whereas there was no
relationship in women (Fig. 2, bottom panels). For stroke volume, the relationships were not
significant, neither in men (r = −0.36, P > 0.05) nor in women (r = 0.23, P > 0.05).

In contrast, the sex-related differences for the relationship between respiratory rate and
blood pressure were opposite to those shown in Figure 2. Thus, breathing rate showed
significant positive correlations in women for diastolic (Fig. 3, right) and mean (r = 0.52, P
< 0.05), but not for systolic (r = 0.29, P > 0.05) blood pressures. In men, there was no
correlation for diastolic (Fig. 3, left), mean (r = 0.06) or systolic (r = 0.10) pressures.

As body size has an influence on MSNA and possibly respiration, we correlated body mass
and body mass index with MSNA and breathing rate. We found that there was no
relationship of body mass to MSNA expressed as burst incidence (women: r = 0.03; men: r
= 0.05), MSNA expressed as burst frequency (women: r = −0.11; men: r = 0.08) or
breathing rate (women: r = 0.27; men: r = −0.23; P > 0.05). We also found no correlation of
body mass index with MSNA expressed as burst incidence (women: r = −016; men: r =
0.34), MSNA expressed as burst frequency (women: r = −0.22; men: r = 0.19) or breathing
rate (women: r = 0.17; men: r = 0.05; P > 0.05).

Discussion
The main findings of the present study are (1) respiratory rate shows a remarkable set of
relationships to resting levels of sympathetic and cardiovascular variables in young healthy
humans and (2) these relationships are fundamentally different between men and women. In
men we confirm the positive correlation between respiratory rate and MSNA, previously
reported by Narkiewicz et al. (2006), but we found no such relationship in women. In
addition, in men, but not in women, respiratory rate correlated inversely with cardiac output
and heart rate and positively with total peripheral resistance.
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Coupling between respiration and cardiovascular data
In individual humans, close dynamic relationships between respiratory, sympathetic and
cardiovascular variables are well established. Transient blood pressure variations (including
those induced by respiration) are regularly associated with baroreflex-induced inverse
changes in MSNA (Sundlöf & Wallin 1977). In addition, there is also a clear blood pressure-
independent coupling to respiration per se, so that during normal breathing the occurrence of
sympathetic bursts declines during inspiration and increases again during expiration
(Eckberg et al. 1985, Seals et al. 1990). Presumably, this respiratory rhythmicity is of
primary central origin (Seals et al. 1993, Eckberg 2003).

The present findings suggest, however, that respiration also is coupled to cardiovascular
regulation in a previously unrecognized way: In recumbent, resting men an association
between average breathing rate and level of MSNA is reflected in significant relationships
between average breathing rate and several basic cardiovascular measures. In women, on the
other hand, we found no association between breathing rate and level of MSNA and then,
breathing rate was usually not related to the cardiovascular variables. Why there was a
correlation between breathing rate and diastolic blood pressure in women but not in men is
unclear.

Spontaneous breathing frequency at rest is known to vary within very wide limits and in old
publications, the range is given as 6–36 breaths min−1 in adults (cited by Benchetrit 2000).
In a given individual the characteristics of respiration are similar from day to day (Golla &
Antonovich 1929, Morrow & Vosteen 1953) and Dejours et al. (1961) introduced the term
‘la personnalité ventilatoire’ to indicate the reproducibility of a person’s respiratory
frequency, tidal volume and airflow shape. To measure a subject’s respiratory characteristics
is methodologically challenging because any measuring device tends to alter the pattern of
breathing. Respiratory frequency has been found to be particularly reproducible (Shea et al.
1987), which may be because it can be obtained without a disturbing measuring device.
These findings have been confirmed and extended in several later studies (Shea & Guz
1992, Benchetrit 2000). Thus, an individual’s respiratory pattern is reproducible over 4–5
years (Benchetrit et al. 1989), the inter-individual differences are present also during deep
(stage 4) sleep (Shea et al. 1990) and, in a study of identical twins, it was concluded that the
inter-individual differences are likely to be of genetic origin (Shea et al. 1989). So far,
however, the central nervous mechanisms determining ‘personnalité ventilatoire’ are
unknown.

In a way similar to that for the respiratory pattern, the strength of resting sympathetic
vasoconstrictor outflow to muscle shows intra-individual reproducibility over long periods
of time but varies widely (10-fold or more) among individuals (Sundlöf & Wallin 1977,
Fagius & Wallin 1993, Charkoudian et al. 2005). Furthermore, in pairs of homozygotic
twins, both individuals have been found to have similar levels of MSNA (Wallin et al.
1993), suggesting that these inter-individual differences also have a genetic background.
Thus, in several respects ‘tonic’ respiratory and sympathetic vasoconstrictor drives have
similar intra- and inter-individual characteristics.

Underlying mechanisms
Neurophysiological studies in animals (Bainton et al. 1985, Boczek-Funke et al. 1992,
Häbler & Jänig 1995) provide evidence of a strong link during the respiratory cycle between
the outputs from inspiratory and expiratory respiratory neurones in the medulla oblongata on
the one hand, and variations of efferent sympathetic nerve traffic on the other hand. This has
led to the proposal of regulatory models in which the activities of respiratory and
cardiovascular neurones control (Bachoo & Polosa 1987), or are coupled to (Barman &
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Gebber 1976), cardiovascular neuronal activities. Alternatively, respiratory and
cardiovascular neurones are governed by a common pool of ‘cardiorespiratory’
interneurones (Richter & Spyer 1990) which may be located in the caudal ventrolateral
medulla (Mandel & Schreihofer 2006). Our present findings in men are compatible with the
idea that this type of interaction extends not only to dynamic but also to ‘tonic’
cardiorespiratory function. In other words, there may be an overriding cardiorespiratory
influence, which regulates tonic levels of activity in the two systems in proportion to each
other. Along these lines there is recent evidence of a central nervous upregulation of the
respiratory–sympathetic coupling in neonatal spontaneously hypertensive rats (Simms et al.
2009). In humans, Narkiewicz et al. (2006) found a significant coupling between breathing
rate and MSNA in healthy males. In addition, in patients with cardiac failure a relatively
strong relationship between breathing rate and MSNA has been reported (Naughton et al.
1998) but as no healthy control group was included, it is unclear whether this was a
physiological finding or evidence of an upregulated respiratory–sympathetic coupling.

The reason for our finding of sex-related differences in respiratory sympathetic coupling is
unclear. In a study of 25 men and 25 women (Shea et al. 1987), men had larger forced
ventilatory capacity, tidal volume and minute ventilation than women, so one possibility
would be that sex-related differences in afferent signalling lead to differences in
cardiovascular regulation.

Another possibility would be direct central nervous influence of steroid sex hormones
(including both oestrogen and progesterone) on the control of respiration. Several such
effects have been reported (for a review, see Behan et al. 2003) and as an example,
oestrogen receptors have recently been found on respiratory motor neurones in the medulla
oblongata (Behan & Thomas 2005).

The effects of oestrogen on peripheral blood vessels may also contribute to the absence of
correlation to cardiovascular parameters in women. For example, oestrogen has a direct
vasodilatory effect which might compete with sympathetic vasoconstriction (Gilligan et al.
1994, Volterrani et al. 1995). Furthermore, oestrogen is known to increase the
bioavailability of the vasodilator nitric oxide (Sudhir et al. 1996) and beta-2-mediated
vasodilatation is greater in women than in men (Kneale et al. 2000).

Limitations
We do not claim that respiratory rate is the primary factor linking respiratory and
sympathetic outputs, other aspects of the respiratory pattern may also be important.
However, the experiments reported in the present study were not designed to study primarily
respiratory function and therefore breathing rate was the only recorded respiratory variable.
Thus, additional studies are required to clarify the mechanisms underlying the striking
findings.

It is also possible that the observed sex-related differences in the relationships of breathing
rate to neural-haemodynamic variables might be due to differences in body size and not sex
hormones per se. However, we found that body mass and body mass index was not related
to breathing rate or MSNA in men and women. This suggests that body size was not a factor
involved in the observed sex-related differences.

In summary, there are important differences between young men and women in relationships
between breathing rate, sympathetic nerve activity and haemodynamic variables. The
positive relationship between breathing rate and MSNA in young men, and the inverse
relationship between breathing and cardiac output, suggest that influences of respiration may
be important for ‘tonic’ neural-haemodynamic balance. The lack of relationships among
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these variables in women reinforces our recent conclusion that there are fundamental
differences between the sexes in terms of basic blood pressure regulation (Hart et al. 2009).
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Figure 1.
Relationships between breathing rate and MSNA (BI = burst incidence = number of bursts/
100 heart beats) in men and women.
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Figure 2.
Relationships between breathing rate and total peripheral resistance (TPR; upper diagrams),
cardiac output (CO; middle diagrams) and heart rate (HR; bottom diagrams).

Wallin et al. Page 10

Acta Physiol (Oxf). Author manuscript; available in PMC 2010 December 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Relationships between breathing rate and diastolic blood pressure (DBP).
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Table 1

General characteristics of the study groups

Men Women

Age 27 ± 1 25 ± 1

Height (cm) 180 ± 3 170 ± 2*

Weight (kg) 79 ± 3 65 ± 2*

BMI 25 ± 1 22 ± 1*

BMI, body mass index.

*
P < 0.05.
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Table 2

Cardiovascular and neural variables in men (n = 19) and women (n = 17)

Men Women

HR (beats min−1) 56 ± 2 62 ± 2*

SBP (mmHg) 139 ± 2 127 ± 1*

DBP (mmHg) 74 ± 1 69 ± 1*

MAP (mmHg) 96 ± 2 89 ± 1*

SV (mL) 113 ± 6 85 ± 4*

CO (L min−1) 6.3 ± 0.3 5.3 ± 0.2*

TPR (mmHg L min−1) 15.7 ± 1.0 17.1 ± 0.6

MSNA (bursts min−1) 22 ± 2 19 ± 2

MSNA (bursts 100 hb−1) 40 ± 3 33 ± 4

Breathing rate (breaths min−1) 13.5 ± 0.5 14.0 ± 0.9

Values are mean ± SEM. HR, heart rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure; SV, stroke
volume; CO, cardiac output; TPR, total peripheral resistance; MSNA, muscle sympathetic nerve activity.

*
Different from men (P < 0.05).
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