
Slow breathing reduces chemore¯ex response to hypoxia
and hypercapnia, and increases barore¯ex sensitivity
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Objective To investigate whether breathing more slowly
modi®es the sensitivity of the chemore¯ex and barore¯ex.

Design Setting: University of Pavia, IRCCS Policlinico
S. Matteo. Participants: Fifteen healthy individuals.
Interventions: Progressive isocapnic hypoxia and
progressive hyperoxic hypercapnia were measured during
spontaneous breathing and during a breathing rate ®xed at
6 and 15 breaths per minute (b.p.m.). Main outcome

measures: Variations in chemo- and barore¯ex sensitivity
(by monitoring ventilation, oxygen saturation, end-tidal
carbon dioxide, R±R interval and blood pressure) induced
by different breathing rates.

Results Breathing at 6 b.p.m. depressed (P < 0.01) both
hypoxic and hypercapnic chemore¯ex responses,
compared with spontaneous or 15 b.p.m. controlled
breathing. Hypoxic and hypercapnic responses during
spontaneous breathing correlated with baseline
spontaneous breathing rate (r 20.52 and r 0.51,
respectively; P 0.05). Barore¯ex sensitivity was greater
(P < 0.05) during slow breathing at baseline and remained

greater at end rebreathing.

Conclusions Slow breathing reduces the chemore¯ex
response to both hypoxia and hypercapnia. Enhanced
barore¯ex sensitivity might be one factor inhibiting the
chemore¯ex during slow breathing. A slowing breathing
rate may be of bene®t in conditions such as chronic heart
failure that are associated with inappropriate chemore¯ex
activation. J Hypertens 19:2221±2229 & 2001 Lippincott
Williams & Wilkins.

Journal of Hypertension 2001, 19:2221±2229

Keywords: chemore¯ex, barore¯ex, hypoxia, hypercapnia, breathing rate

aDepartment of Internal Medicine, University of Pavia and IRCCS Ospedale S.
Matteo, Pavia, and bInstitute of Respiratory Diseases, University of Catania,
Catania, Italy.

Correspondence and requests for reprints to Luciano Bernardi MD, Clinica
Medica 1, Universita' di Pavia ± IRCCS Ospedale S. Matteo, 27100 Pavia, Italy.
Tel: �39 0382 502979; fax: �39 0382 529196; e-mail: lbern1ps@unipv.it

Received 20 April 2001 Revised 4 July 2001
Accepted 12 July 2001

Introduction
In patients with heart failure, reducing the breathing rate
can increase resting oxygen saturation as a result of an
improvement in ventilation/perfusion inequality. Simple
training aimed at a permanently slow breathing rate
reduces dyspnoea and improves exercise performance
[1]. Dyspnoea and hyperventilation in heart failure are
caused partly by a sensitized chemore¯ex response, as a
result of vasoconstriction and slower circulation through
chemore¯ex areas, in addition to other factors such as
pulmonary congestion [2]. Although the improvement
seen with slow breathing [1] could result from training of
the ventilatory muscles, this might also be due to slower
ventilation reducing the gain of the chemore¯ex, per-
haps as a result of reduced sympathetic tone and less
vasoconstriction in the glomus vessels. This may also be
relevant in other conditions characterized by increased
chemore¯ex sensitivity, such as essential hypertension.
Surprisingly, although the adverse effects of rapid
breathing are well known [3], this has never been
speci®cally examined before, even in healthy indivi-
duals, although relatively simple methods such as re-
breathing tests can be used to examine the ventilatory
response to either oxygen or carbon dioxide [4±8].

We therefore analysed the chemore¯ex responses (to
both oxygen and carbon dioxide) in a group of healthy
individuals, in three different conditions: during spon-
taneous breathing, during controlled breathing at a
frequency close to the spontaneous rate [15 breaths per
minute (b.p.m.)], and during controlled breathing at a
slow rate (6 b.p.m.). We controlled for the effects of
volitional breathing by also testing the responses at
15 b.p.m. Because the chemore¯ex can be depressed by
the activity of the arterial barore¯ex [9±13], we also
tested whether slow breathing had any effect on barore-
¯ex sensitivity. Finally, because, during controlled
breathing, the ventilatory stimulus (hypoxic or hyper-
capnic) can only increase ventilation by increases in
tidal volume, we tested the ability to increase tidal
volume adequately for each condition after the end of
each test.

Methods
Participants
The study was carried out in 15 healthy individuals
[seven men and eight women: ages 31 � 2 years,
weights 62.8 � 2.9 kg, body mass index 21.1 � 0.6 kg/
m2 (mean � SEM)]. The procedure was approved by
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the local Ethics Committee, and all participants gave
informed consent to inclusion in the study, although
they were unaware of the speci®c aim of the study.

Procedure
All tests were carried out at sea level at 218C and 60%
relative humidity. The participants were seated, and
connected to a rebreathing circuit through a mouth-
piece, in a fashion similar to that previously described
and validated [5,6]. Rebreathing into a closed circuit
causes a progressive reduction in inspired oxygen and
increase in carbon dioxide concentration, both of which
stimulate ventilation. When the response to varying
oxygen was to be assessed, end-tidal carbon dioxide
pressure (etCO2) was kept constant at 40 � 1 mmHg by
passing a portion of the expired air into a scrubbing
circuit before returning it to the rebreathing bag.
Conversely, when the response to carbon dioxide was
to be tested, oxygen was continuously supplied to the
rebreathing circuit in order to maintain the percentage
arterial oxygen saturation (SaO2) at baseline values
(. 95%). The amount of air in the rebreathing circuit
was set at 5 litres, in order to maintain the duration of
each test (and hence the individual's compliance) at
about 7 min. Before each rebreathing test, individuals
breathed room air through the same mouthpiece at the
same frequency as during the rebreathing, in order to
collect baseline data. The rebreathing tests terminated
when SaO2 reached 70% (response to hypoxia) and
when etCO2 reached 55 mmHg (response to hypercap-
nia).

The following six rebreathing tests were performed in
each participant, in random order, allowing 10±15 min
between each test for return to baseline values: (a)
response to hypoxia during spontaneous breathing; (b)
response to hypercapnia during spontaneous breathing;
(c) response to hypoxia during controlled breathing at
6 b.p.m.; (d) response to hypercapnia during controlled
breathing at 6 b.p.m.; (e) response to hypoxia during
controlled breathing at 15 b.p.m.; (f) response to hyper-
capnia during controlled breathing at 15 b.p.m. During
interventions (c)±(f) the frequency of breathing was
controlled by a metronome or by visual instruction, but
the individuals were left free to adapt the depth of
breathing according to their needs. It was not dif®cult
for them to control their ventilatory rate during the
different gaseous stimuli. Two minutes after the end of
each intervention, the individual was asked to perform
a few maximal breaths at the same frequency at which
the test was performed, in order to test their maximal
ventilatory capacity at that ventilatory frequency; we
carried out this voluntary hyperventilation test at the
end of each chemore¯ex rebreathing study in order to
exclude fatigue as an explanation for reduced ventila-
tion.

In each condition, we continuously measured carbon
dioxide, etCO2 via a COSMOplus (Novametrix, Wall-
ingford, Connecticut, USA) connected to the mouth-
piece and SaO2 by 3740 Ohmeda Pulse Oxymeter
(Englewood, Colorado, USA). The airway ¯ow was
measured continuously by a heated Fleish pneumota-
chograph (Metabo, Epalinges, Switzerland) connected
to a differential pressure transducer (RS part N395-257,
Corby, Lancs, UK) that was connected in series in the
expiratory arm of the rebreathing circuit. In addition,
we recorded the electrocardiogram (ECG; by chest
leads), and continuous non-invasive blood pressure by
applanation at the radial artery (Pilot model, Colin
tonometry, San Antonio, Texas, USA). Previous valida-
tion studies have shown that the applanation method
faithfully tracks changes in invasively measured blood
pressure [14].

Data acquisition and analysis
All signals (ECG, blood pressure, pneumotachograph,
carbon dioxide and SaO2) were acquired continuously
on a personal computer (Apple Macintosh G3, Couper-
tino, California, USA), at a frequency of 600 samples
per channel. All signals were stored on optical disks for
further analysis.

The ventilatory ¯ow signal was integrated by software
and each breath was identi®ed by an automatic and
interactive program written in BASIC by one of our
group (L.B.). Breathing rate, tidal volume and minute
ventilation relative to each breath were recognized,
with their corresponding values of SaO2 and etCO2.
The chemore¯ex sensitivity to hypoxia or hypercapnia
was obtained from the angular coef®cient of the linear
regression line of minute ventilation plotted against
SaO2 or etCO2, respectively (Fig. 1). Mean values for
heart period (R±R interval) and systolic blood pressure
(SBP) were obtained during 1 min before (baseline),
and during the last 1 min of, each rebreathing test [15],
together with their standard deviation (variability).
Barore¯ex sensitivity was calculated from the same
sequences of R±R interval and SBP by the so-called
`alpha index' obtained by autoregressive power spectral
analysis of the R±R interval and SBP [9,16,17]. The
use of autoregressive algorithms gave reliable informa-
tion from short-term ( min) sequences.

Statistical analysis
Data are presented as means � SEM. They were sub-
jected to analysis of variance for repeated measures
[18] in order to test the effects of different breathing
rates, before and after each test. Linear regression
analysis was used to test the relationship between
spontaneous breathing frequency and chemore¯ex sen-
sitivity.
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Results
The rebreathing manoeuvres induced typical increases
in minute ventilation in response to either a decrease
in SaO2 or an increase in etCO2 (Figs 2, 3). The
response was qualitatively similar for hypoxia and
hypercapnia, although the hypercapnic tests appeared
to elicit a greater increase in ventilation, despite a
smaller decrease in R±R interval (Tables 1, 2). Figure
4 shows schematically the different slopes obtained by
the different breathing rates.

Spontaneous breathing
During both manoeuvres performed under spontaneous
breathing, breathing rates increased signi®cantly and to
the same extent (Table 2). The ventilation achieved at
the end of these rebreathing manoeuvres was not
limited by chest wall and lung mechanics, as it
remained signi®cantly less than maximal ventilation
(25.1 � 5.0 l/min compared with 31.0 � 5.7 l/min,
P , 0.05, for the hypercapnic response; 19.2 � 3.0 l/min
compared with 33.7 � 7.0 l/min, P , 0.01, for the hy-
poxic response).

Controlled breathing at 6 b.p.m.
When the breathing rate was paced at a slower
frequency, the responses to hypoxia and hypercapnia
were both markedly blunted compared with those
under spontaneous breathing, both in terms of minute
ventilation at the end of the test and in terms of

chemore¯ex sensitivity, despite a similar decrease in
SaO2 or increase in etCO2 being attained during sponta-
neous breathing in all participants (Table 1, Figs 2±4).
The response obtained was not the result of a mechani-
cal inability to increase ventilation further (by increased
tidal volume) at 6 b.p.m., because the values reached at
the end of each test remained signi®cantly lower than
the maximal voluntary ventilation possible at 6 b.p.m.
(13.9 � 1.6 compared with 25.4 � 4.0 l/min, P , 0.002,
for the hypercapnic response; 10.1 � 1.0 compared with
24.4 � 3.4 l/min, P , 0.001, for the hypoxic response).
All participants reported that this breathing rate al-
lowed them to tolerate the stimulus better (they
experienced fewer subjective feelings of headache and
dizziness), although the values of SaO2 and etCO2

attained at the end of all hypoxic or hypercapnic
interventions were the same.

Controlled breathing at 15 b.p.m.
Controlling the breathing rate at a frequency close to
spontaneous did not change the normal pattern of
response, as the results remained close to those ob-
tained during spontaneous breathing (Fig. 4); in
particular, chemore¯ex sensitivity for hypoxia and hy-
percapnia were greater than those with the slower
breathing rate (Table 1). As in the previous man-
oeuvres, hypoxia and hypercapnia produced a similar
pattern of response. The maximal voluntary ventilation
achieved at 15 b.p.m. remained well above the values
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Fig. 1

Example of chemore¯ex testing in one individual, during spontaneous breathing. The decrease in oxygen saturation under isocapnic conditions and
the increase in end-tidal carbon dioxide (CO2) under hyperoxic conditions were linearly related to the resulting increase in minute ventilation. The
slopes of these relationships indicate the chemore¯ex sensitivity to hypoxia or hypercapnia, respectively.
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attained by all individuals at the end of the rebreathing
(26.8 � 4.0 compared with 48.3 � 7.6 l/min, P , 0.001,
for the hypercapnic response; 20.8 � 3.9 compared with
48.5 � 6.9 l/min P , 0.001, for the hypoxic response).

Relationship between breathing rate and chemore¯ex
sensitivity
We found a moderate but signi®cant relationship
between the spontaneous breathing frequency at base-
line and the chemore¯ex sensitivity obtained during
spontaneous breathing (r � �0.51, P � 0.05, for the

hypercapnic response; r � ÿ0.52, P � 0.05, for the
hypoxic response). This relationship was much stron-
ger when chemore¯ex sensitivity was compared with
the breathing frequency attained at the end of the test
(r � �0.65, P , 0.002, for the hypercapnic response;
r � ÿ0.68, P � 0.005, for the hypoxic response); in
other words, those individuals who had a greater
hypoxic or hypercapnic drive were those who had the
greater breathing rates at the peak of the test stimu-
lus.

R±R interval, R±R interval variability and blood pressure
during rebreathing manoeuvres
All manoeuvres signi®cantly (P , 0.01) decreased the
mean R±R interval (Table 2). At baseline, R±R
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Fig. 2

Example of respiratory and cardiovascular signals during progressive
hypoxia (obtained by rebreathing), performed while the individual was
breathing spontaneously at about 16 b.p.m. (left) or during controlled
ventilation at 6 b.p.m.. Note the marked increase in expiratory ¯ow (i.e.
increased ventilation; Exp. ¯ow) during spontaneous breathing, which
is absent during slow breathing. Systolic blood pressure (SBP)
increases with progressive hypoxia. The variability in R±R interval is
enhanced at the slower breathing rate and remains greater (although
considerably reduced) at the end of the test. SaO2, arterial oxygen
saturation.

0

4600

60

0

400

400

180

60

E
xp

. f
lo

w
 (m

l/s
)

et
C

O
2 

(m
m

H
g)

R
–R

 in
te

rv
al

 (m
s)

S
B

P
 (m

m
H

g)

1 366 1 361
No. R–R intervals No. R–R intervals

Spontaneous
breathing

6 b.p.m. controlled
breathing

Fig. 3

Example of respiratory and cardiovascular signals during progressive
hypercapnia (obtained by rebreathing), performed while the individual
(same as in Figure 2) was breathing spontaneously (left) or at a slow
rate (6 b.p.m.). Note the marked increase in expiratory ¯ow (i.e.
increased ventilation; Exp. ¯ow) during spontaneous breathing, which
is absent during slow breathing. During the hypercapnic tests, the
increase in blood pressure, the tachycardia and the reduction in R±R
interval variability are less pronounced than with the hypoxic tests.
etCO2, end-tidal carbon dioxide pressure; SBP, systolic blood
pressure.

Table 1 Effect of breathing rate on chemore¯ex sensitivity

Controlled breathing
Spontaneous

breathing 6 b.p.m. 15 b.p.m.

Hypoxic response (l/min per % SaO2) ÿ0.46 � 0.09 ÿ0.14 � 0.03��{{ ÿ0.39 � 0.13
Hypercapnic response (l/min per mmHg CO2) 1.38 � 0.29 0.32 � 0.07���{{ 1.15 � 0.30

Values are mean � SEM from 15 healthy individuals. SaO2, arterial oxygen saturation. ��P , 0.01, ���P , 0.001
compared with spontaneous breathing; {{P , 0.01 compared with controlled breathing and 15 b.p.m.
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interval variability (assessed by the standard deviation
of R±R intervals) was greater during ventilation at a
rate of 6 b.p.m. (P , 0.05 compared with spontaneous
breathing and P , 0.001 compared with controlled
breathing at 15 b.p.m. before the hypercapnic man-
oeuvres; P , 0.05 compared with spontaneous breath-
ing and P , 0.001 compared with controlled breathing
at 15 b.p.m. before the hypoxic manoeuvres). R±R
interval variability decreased with the hypoxic re-

breathing manoeuvres during spontaneous breathing
(P , 0.05) or at 15 b.p.m. (P , 0.01), whereas no
signi®cant changes were observed when rebreathing
was performed at 6 b.p.m. The pattern of response
was also similar during the hypercapnic manoeuvres,
but the decrease in R±R interval variability did not
reach statistical signi®cance. Nevertheless, at the end
of both the hypoxic and hypercapnic responses, the
R±R interval variability was markedly greater

Table 2 Effects of frequency of breathing on respiratory and cardiovascular data

Controlled breathing
Spontaneous

breathing 6 b.p.m. 15 b.p.m.

Hypoxic response
VE (l/min)

Baseline
End rebreathing

6.9 � 0.8
19.2 � 3.0{{{

8.0 � 0.9�
10.1 � 1.0��{{{{

10.3 � 1.3��
20.8 � 3.9{{

Breathing rate (b.p.m.)
Baseline
End rebreathing

12.64 � 1.18
17.94 � 2.12{{

±
±

±
±

Vt (ml)
Baseline
End rebreathing

603 � 79
1229 � 218{{

1309 � 151���{{
1593 � 172.5{

758 � 118
1327 � 241{{

R±R (ms)
Baseline
End rebreathing

868 � 29.2
680 � 18{{{

870 � 31
713 � 25{{{{

864 � 23
669 � 17{{{

R±R SD (ms)
Baseline
End rebreathing

53.4 � 6.4
35.6 � 5.9{

75.3 � 6.4�{{{
71.6 � 6.6���{{{

43.2 � 5.2
25.1 � 2.7{{

SBP (mmHg)
Baseline
End rebreathing

114.5 � 6.1
122.9 � 6.6{

115.7 � 5.7
125.8 � 4.7{{

117.0 � 7.6
128.7 � 10.2{

SBP SD (mmHg)
Baseline
End rebreathing

4.7 � 0.8
5.9 � 0.8

6.6 � 0.9{
7.3 � 0.8

4.6 � 0.6
6.0 � 0.9

Barore¯ex sensitivity} (ms/mmHg)
Baseline
End rebreathing

14.9 � 2.3
6.3 � 1.3{{{

22.5 � 3.5�{{
10.4 � 1.9�{{{{{

12.6 � 1.9
5.4 � 0.8{{{

Hypercapnic response
VE (l/min)

Baseline
End rebreathing

7.2 � 0.8
25.1 � 5.0{{{

9.8 � 1.4
13.9 � 1.6��{{{{

9.6 � 1.3
26.8 � 4.0{{

Breathing rate (b.p.m.)
Baseline
End rebreathing

13.11 � 1.44
19.21 � 2.23{{

±
±

±
±

Vt (ml)
Baseline
End rebreathing

587 � 59
1512 � 225{{{

1606 � 235���{
2311 � 282���{{{{{

862 � 248
1743 � 266{{

R±R (ms)
Baseline
End rebreathing

903 � 27
806 � 24{{

889 � 25
807 � 25{{{

867 � 35�
784 � 24{{

R±R SD (ms)
Baseline
End rebreathing

54.8 � 3.3
46.5 � 6.2

81.7 � 9.7�{{{
75.2 � 8.2�{{

42.8 � 4.7
40.2 � 5

SBP (mmHg)
Baseline
End rebreathing

114.7 � 6.9
130.9 � 7.6{{{

119.9 � 7.2
128.7 � 7.5{

114.2 � 9.0
122.4 � 8.2{

SBP SD (mmHg)
Baseline
End rebreathing

5.4 � 0.7
6.7 � 1.3

5.3 � 0.7{{
7.7 � 1.8{

3.9 � 0.7
5.3 � 0.9

Barore¯ex sensitivity} (ms/mmHg)
Baseline
End rebreathing

15.9 � 3.2
10.4 � 2.2{

25.5 � 5.1��{{{
17.4 � 2.3�{{

14.6 � 2.8
12.4 � 1.9{

Values are mean � SEM from 15 healthy individuals. VE, minute ventilation; Vt, tidal volume; R±R, mean R±R interval; R±R SD, standard
deviation of R±R intervals; SBP, systolic blood pressure; SBP SD, standard deviation of SBP. }See text for the (alpha) method used to
calculate the barore¯ex sensitivity. �P , 0.05, ��P , 0.01, ���P , 0.001 compared with spontaneous breathing; {P , 0.05,
{{P , 0.01, {{{P , 0.001, end rebreathing compared with baseline; {P , 0.05, {{P , 0.01, {{{P , 0.001, compared with controlled
breathing and 15 b.p.m.

Chemo-barore¯ex and breathing rate Bernardi et al. 2225



(P , 0.01 or better, Table 2) if the test was performed
at 6 b.p.m.

SBP increased during all manoeuvres (P , 0.05 or
better), whereas the SBP variability (as assessed by the
standard deviation) showed a trend toward an increase
which, however, did not reach statistical signi®cance
(except for the hypoxic test performed at 15 b.p.m.
controlled breathing). The variability in SBP at base-
line was slightly greater during the 6 b.p.m. than during
the 15 b.p.m. controlled breathing (Table 2).

At baseline, the barore¯ex sensitivity was greater
(P , 0.05 or better, Table 2) when the individual was
breathing at 6 b.p.m., whereas it was similar during
spontaneous breathing and 15 b.p.m. controlled
breathing. During both hypercapnic and hypoxic man-
oeuvres, the barore¯ex sensitivity decreased, but at
the end of the manoeuvres performed at 6 b.p.m. it
remained greater (P , 0.05 or better, Table 2) than
when rebreathing was performed during spontaneous
breathing or controlled breathing at 15 b.p.m. Pooling
together the data obtained under different ventilatory
rates, there was a signi®cant correlation between
chemo- and barore¯ex sensitivity, which was greater
for the hypercapnic manoeuvres (r � 0.39, P , 0.02,
hypercapnic compared with resting barore¯ex; r �
0.36, P , 0.05, hypoxic compared with resting
barore¯ex); the correlation was also slightly greater for
the the hypercapnic manoeuvres when the barore-
¯exes were compared at the end of rebreathing
manoeuvres (r � 0.48, P , 0.003, hypercapnic com-

pared with barore¯ex at end rebreathing; r � 0.32,
P , 0.05, hypoxic compared with barore¯ex at end
rebreathing).

Discussion
Main ®ndings
In this study we have demonstrated that slow breathing
decreases the chemore¯ex response to both hypoxia
and hypercapnia, and increases barore¯ex sensitivity.

The blunted chemore¯ex response was not an artefact
caused by exaggerated ventilation (as a result of
controlled breathing) already present at the beginning
of the test, as the minute ventilation was not markedly
different from that at baseline during spontaneous
breathing. Therefore, the slope was less steep because
of the decreased end-point, and not because of an
increased starting point (Fig. 4, Table 2). The results
were also not due to any mechanical inability to in-
crease minute ventilation (and tidal volume) with
progressively increasing chemoreceptor stimulation as,
after the end of each test, the participants were able
voluntarily to increase ventilation still further when
tested at each controlled rate. In addition, all partici-
pants were able to attain the same target level of
hypoxia or hypercapnia, not only with less discomfort
during slow breathing, but also with a slower heart rate
(higher R±R interval; Table 2). Had mechanical limit-
ations been the cause for the lack of increase in
ventilation, the participants would not have been able
to reach target values of hypoxia and hypercapnia and,
probably, the stress of the test would have induced a
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greater increase in heart rate. We also found a signi®-
cant correlation linking the spontaneous breathing rate
to the slopes of the chemore¯ex sensitivity both to
hypoxia and to hypercapnia, con®rming the hypothesis
that breathing rate is linked to chemore¯ex sensitivity.
These observations, in the absence of other metabolic
or environmental changes, indicate that the main
mechanism responsible for the reduction in chemore-
¯ex drive, under the conditions of the present study,
was the reduction in ventilatory rate.

We also found that, when the tests were performed at
slower breathing rate, the changes in R±R interval
variability, and the index of autonomic modulation to
the heart, were preserved despite the well-known fact
(con®rmed by the present study) that both hypoxic and
hypercapnic stimulation tend to induce sympathetic
activation [9±11]. This ®nding appeared to be linked to
an increased gain in arterial barore¯ex at slower breath-
ing rates.

Possible explanations
What is the mechanism by which slow breathing
reduces the chemore¯ex increase in ventilation?

Small in¯uence of deadspace

A simple explanation such as an effect of the anatomi-
cal deadspace on ventilation cannot explain the present
results: although the effect of the anatomical deadspace
in reducing the alveolar ventilation is more important
at greater breathing rates, the marked difference in
ventilation obtained during the various manoeuvres
indicates that this explanation is insuf®cient.

Effect of mouthpiece and awareness of ventilation

Awareness of the breathing rate is a well-known factor
causing changes in ventilatory parameters [19]. Al-
though, in the present and similar studies, the neces-
sary use of a rebreathing circuit and of a mouthpiece
might have interfered with the spontaneous ventilatory
pattern, it was clear that the changes in chemore¯ex
sensitivity were attributable to the frequency of breath-
ing and not to the fact of controlling the breathing rate
per se, as only minor differences were found between
15 b.p.m. controlled breathing and spontaneous breath-
ing.

In¯uence of barore¯ex

It has been demonstrated [9±12,14,20] that the barore-
¯ex exerts a tonic in¯uence on the chemore¯ex:
essentially, an enhanced barore¯ex inhibits the chemor-
e¯ex, whereas the chemore¯ex is augmented by a
depressed barore¯ex (such as in conditions associated
with increased sympathetic activity). Respiration is one
of the most powerful modulators of the arterial barore-
¯ex, as the change in venous return induced by
respiration alters stroke volume, which in turn produces

phasic changes in SBP, which modulate heart rate
through the barore¯ex [21,22]. It is therefore possible
that differences in tidal volume (due to different
ventilatory rates) modify the barore¯ex, which in turn
®nally modi®es the chemore¯ex. In practice, slower
ventilation determines greater tidal volume; this must
have the effect of increasing blood pressure ¯uctuations
(Table 2 shows that blood pressure ¯uctuations at
baseline were slightly greater when the participants
were breathing at 6 b.p.m. than at 15 b.p.m); these then
increase R±R interval variability. The barore¯ex at
baseline was greater during breathing at 6 b.p.m., but
of particular importance is the fact that the barore¯ex,
although reduced, remained greater at the end of
rebreathing at 6 b.p.m., but decreased markedly during
both spontaneous ventilation and during 15 b.p.m.
ventilation. Therefore, it seems possible that the reduc-
tion in the chemore¯ex during the 6 b.p.m. ventilation
can be attributed, at least in part, to the previously
described [9,20] inhibitory effect of the arterial barore-
¯ex, which we have found to be increased at slow
breathing rates. Naughton et al. [23] reported that, in
individuals with congestive heart failure, muscle nerve
sympathetic activity correlates directly with breathing
rate and inversely with tidal volume. Those ®ndings
are clearly in agreement with the present data, and
further suggest a link between autonomic activity and
breathing pattern; the interaction between chemo- and
barore¯ex [11] can explain this relationship. Obviously,
the marked complexity of these regulatory mechanisms
might also allow for other explanations, and certainly
further studies are necessary to clarify this phenomenon
fully.

Hering±Breuer re¯ex

The Hering±Breuer re¯ex (a vagally mediated re¯ex
that inhibits inspiration after lung in¯ation), which is
believed to have an important role in the regulation of
ventilatory frequency and depth in infancy, may also
explain the present results, even though its relevance
in adults is controversial. In order to maintain adequate
ventilation, tidal volume is of necessity increased dur-
ing slow breathing; as a consequence, tidal volume may
reach a threshold value and trigger a vagally mediated
re¯ex inhibition of inspiration [24] at slower rates of
ventilation, compared with faster breathing rates. This
re¯ex vagal activation may also have inhibited the
chemore¯ex stimulus. In addition, inspiration and ex-
piration during controlled breathing were ®xed at 50%
of the ventilatory period (5 s during breathing at
6 b.p.m. and 2 s during 15 b.p.m.); as expiratory time
was found to be linearly related to inspiratory time [24],
this may have contributed to maintaining a slow
ventilatory rhythm.
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Fatigue

Ventilatory muscle/central nervous system fatigue
might be an explanation for the reduced ventilatory
response at 6 b.p.m. However, the ability to achieve
even greater ventilation by voluntary ventilation at the
end of a chemore¯ex/rebreathing test would seem to
negate this.

Effects of slow ventilation on the central nervous system

Ventilation at 6 b.p.m., known to produce a strong
entrainment of cardiovascular components of heart rate
variability [16], might modulate the central `excitatory
state', leading to a marked inhibition; this would be
accompanied by both an increased barore¯ex sensitivity
and a decreased chemore¯ex sensitivity.

Practical implications
The results of this study provide an experimental
explanation for some clinical observations, and may
have potential practical applications.

In chronic heart failure, an increase in chemore¯ex
sensitivity has been clearly documented [25,26]. The
exaggerated ventilation in response to even modest
metabolic demand, in the presence of deconditioned
ventilatory muscles, may decrease exercise tolerance
and be one of the main causes of dyspnoea [9,20,27];
recent evidence points to a signi®cant prognostic value
of an exaggerated chemore¯ex response during exercise
[26]. We have previously shown [1] that training
individuals with chronic heart failure to breathe slowly
(in the range of 6 b.p.m.) has several favourable effects:
increasing oxygen saturation at rest, increasing exercise
tolerance, and reducing dyspnoea. The present data
suggest that reducing the breathing rate might also
reduce the chemore¯ex sensitivity and thus help in
reducing the exaggerated/inappropriate ventilation in
these individuals. Furthermore, in heart failure the
impairment of the arterial barore¯ex [28] and the
increase in sympathetic activity [2,29,30] have been
implicated in the mechanisms enhancing the chemore-
¯ex, in addition to other mechanisms that have been
described and demonstrated (for example the ergore-
¯ex, [31]). The increased barore¯ex sensitivity ob-
served in response to a reduction in the breathing rate
may thus be of further potential help, in that it may
increase the barore¯ex and reduce the chemore¯ex
hyperactivity. Similarly, other conditions with similar
alterations of cardiorespiratory control mechanisms,
such as essential hypertension, can potentially bene®t
from this intervention.

Conclusions
The novel ®nding of this study is that a simple
reduction in ventilatory rate can reduce the sensitivity
of the chemore¯ex. Another novel ®nding is that slow
breathing increases barore¯ex sensitivity. These ®nd-

ings are of potential clinical importance, as breathing
rates can be easily manipulated by techniques such as
physical training or yoga [1,32,33]. In conditions such as
chronic heart failure, the reduction in chemore¯ex gain
can substantially improve dyspnoea. Ventilatory train-
ing aimed at slowing ventilatory rates improves resting
oxygen saturation, exercise tolerance and quality of life
in these patients [1,34]. The present study also indi-
cates that slower breathing is accompanied by an
enhanced barore¯ex. This observation might be also of
great interest, in view of the adverse prognostic effect
of the impaired barore¯ex in chronic heart failure [35]
and myocardial infarction [36], and in view of the
facilitating effect exerted by altered barore¯ex/in-
creased chemore¯ex/increased sympathetic activity in
essential hypertension [37].
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