
Acute Mucociliary Clearance Response to Aerobic Exercise
in Smokers

Ercy MC Ramos PhD, Luiz Carlos M Vanderlei PhD, Juliana T Ito MSc, Fabiano F Lima,
Fernanda MM Rodrigues MSc, Beatriz M Manzano PhD, Rômulo A Fernandes PhD,
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BACKGROUND: Mucociliary clearance is the main defense mechanism of the respiratory system,
and it is influenced by several stimuli, including aerobic exercise and cigarette smoking. We eval-
uated the acute response of mucociliary clearance to aerobic exercise in smokers and nonsmokers
compared with that found after acute smoking and smoking combined with exercise. Also, we
investigated whether there was a correlation between mucociliary clearance and the autonomic
nervous system under these conditions. METHODS: Twenty-one smokers were evaluated for mu-
cociliary clearance by saccharin transit time (STT), and the response of the autonomic nervous
system was evaluated by heart rate variability after aerobic exercise, after exercise followed by
smoking, after acute smoking, and after rest. For comparison, 17 nonsmokers were also assessed
during exercise. Repeated-measures analysis of variance with the Tukey test or the Friedman test
followed by the Dunn test was used to evaluate the STT, autonomic response, and other variables
to exercise and/or smoking in smokers. A paired t test or Wilcoxon test was used to analyze
responses to exercise in nonsmokers. Correlations were evaluated using Pearson or Spearman
coefficients. RESULTS: The STT was reduced after exercise in both groups, with similar responses
between them. Other stimuli also reduced the STT. The STT showed a negative correlation with
sympathetic activity in smokers and a positive correlation with the parasympathetic system in
nonsmokers. CONCLUSIONS: Although impaired in smokers, mucociliary clearance responded to
the stimulus of exercise, as demonstrated by similar STTs compared with nonsmokers. This re-
sponse was correlated with the autonomic nervous system in both groups. In smokers, mucociliary
clearance also responded to the stimuli of smoking and exercise followed by smoking. Key words:
aerobic exercise; airway; autonomic nervous system; mucociliary clearance; smoking; physical exercise.
[Respir Care 2015;60(11):1575–1584. © 2015 Daedalus Enterprises]

Introduction

Continuous exposure to the chemical substances con-
tained in cigarette smoke causes epithelial remodeling,

with an increased number of goblet cells, hypertrophy of
mucous cells, and the loss of ciliated cells. This leads to an
increase in the production of mucus and a reduced ability
to eliminate it, resulting in impaired mucociliary clear-
ance1-3 compared with nonsmokers.4 However, a reduction
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in mucociliary clearance time occurs in smokers immedi-
ately after smoking, and mucociliary clearance becomes
similar to that found in nonsmokers.5 This seems to be
mediated by activation of the sympathetic nervous system
due to the release of catecholamines stemming from the
activation of nicotinic receptors.6

The execution of aerobic physical activity can also en-
hance mucociliary clearance. A previous study7 found im-
proved clearance of radioactive particles in nonsmokers
after performing 30 min of aerobic exercise on a stationary
bicycle, which is a stimulus that also increases sympa-
thetic activity and the level of circulating catecholamines.8,9

However, it is not known whether mucociliary clearance
in smokers responds to the stimulus of aerobic exercise
with similar efficiency to that found in nonsmokers or
whether this response differs from that of the stimulus of
acute smoking or smoking combined with acute exercise.
Moreover, it is not known whether mucociliary clearance
is influenced by the autonomic nervous system under these
conditions.

The aims of this study were to evaluate the acute re-
sponse of mucociliary clearance to moderate aerobic ex-
ercise in smokers and nonsmokers and to compare this
response with that found following acute smoking and
smoking combined with exercise. An additional aim was
to investigate the possible correlation between mucociliary
clearance and the autonomic nervous system. The hypoth-
esis is that aerobic exercise stimulates mucociliary clear-
ance in smokers, contributing to the proper functioning of
one of the main pulmonary defense mechanisms in such
individuals, and that the stimuli of acute smoking and
smoking combined with exercise also promote an increased
mucociliary clearance response. Moreover, it is believed
that the autonomic nervous system is associated with the
mucociliary clearance response under these conditions.

Methods

A prospective, cross-sectional, randomized controlled
trial was carried out with smokers and nonsmokers of both
sexes 30–50 y old. The inclusion criterion was normal
lung function as determined by spirometry. The exclusion
criteria were cerebrovascular, cardiac, orthopedic, meta-
bolic, or rheumatic disease; hypertension; diabetes; alco-
holism; or any adverse health condition that could inter-
fere with exercise performance or autonomic modulation.
Individuals who did not understand or did not cooperate
with the procedures and research methods, those who did
not attend the sessions, and those with recent respiratory
infections were also excluded.

All volunteers received clarifications regarding the pro-
cedures and signed a statement of informed consent, agree-
ing to participate in the study. This study received ap-

proval from the human research ethics committee of the
Universidade Estadual Paulista (study 18/2011).

Study Protocols

On the days of the protocol, subjects were instructed to
eat a light meal 2 h before evaluation and to abstain from
alcohol, caffeine, smoking, and vigorous physical activity
for 12 h before evaluation. On the first day of the protocol,
all subjects underwent an initial evaluation, which included
an interview, exhaled carbon monoxide measurement, and
spirometry. The following day, participants performed a
progressive and exhausting treadmill test for the individual
prescription of exercise intensity.

All evaluations were carried out in a room with con-
trolled temperature (22.35 � 0.29°C) and relative humid-
ity (54.50 � 1.97%). The smokers were initially placed at
rest in a sitting position for 20 min and randomly assigned
to the following protocols with a 48-h interval between
sessions: P1, 20 min of aerobic exercise on a treadmill,
followed immediately by smoking 2 cigarettes while seated
within �20 min; P2, 20 min of aerobic exercise on a
treadmill; P3, smoking 2 cigarettes while seated within 20
min; and P4, at rest in a sitting position for 20 min. Heart
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Current knowledge

Mucociliary clearance is the main defense mechanism
of the respiratory system, and it is influenced by several
stimuli, including aerobic exercise and cigarette smok-
ing. Continuous exposure to the chemical substances
contained in cigarette smoke causes epithelial remod-
eling, with an increased number of goblet cells, hyper-
trophy of mucous cells, and the loss of ciliated cells.
This leads to an increase in the production of mucus
and a reduced ability to eliminate it, resulting in im-
paired mucociliary clearance compared with nonsmok-
ers.

What this paper contributes to our knowledge

Mucociliary clearance in smokers responded to the stim-
ulus of moderate aerobic exercise similarly to that in
nonsmokers. Changes in mucociliary clearance were
also seen after acute smoking and after exercise fol-
lowed by smoking, with a shorter clearance time in
smokers, but with no significant differences among the
evaluated stimuli. Correlations were found between mu-
cociliary clearance and cardiac autonomic activity in
both smokers and nonsmokers after the exercise
stimulus.
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rate variability, exhaled carbon monoxide, and mucocili-
ary clearance by saccharin transit time (STT) test were
evaluated after each protocol. Nonsmokers performed only
protocols P2 and P4, the order of which was determined
randomly.

Initial Evaluation

All subjects were interviewed to obtain information on
personal data and medical history (surgery or nasal trauma,
chronic respiratory disease, and infection in the previous
weeks). Exhaled carbon monoxide was measured at the
beginning of each protocol to determine abstinence from
smoking10 in both groups. Smokers were also asked about
their smoking history (years of smoking, no. of cigarettes/d)
and were classified according to the intensity of daily to-
bacco consumption11 and the degree of nicotine depen-
dence as assessed using the Fagerström test.12

Lung Function, Exhaled Carbon Monoxide, and
Carboxyhemoglobin

Spirometry was performed following the guidelines of
the American Thoracic Society and the European Respi-
ratory Society13 using a portable spirometer (Spirobank 3.6,
Medical International Research, Rome, Italy) and specific
reference values for the Brazilian population.14 Exhaled
carbon monoxide levels were used as biochemical markers
to confirm self-reported abstinence from smoking.15 Ex-
haled carbon monoxide and carboxyhemoglobin were mea-
sured using a carbon monoxide analyzer (Micro CO meter,
Cardinal Health, Dublin, Ohio). Subjects were instructed
to take a deep breath, followed by 20 s of apnea. The
mouthpiece of the device was then put into place, and
subjects were instructed to perform slow exhalation.16

Cardiopulmonary Exercise Test

To determine maximum oxygen uptake (V̇O2
) and pre-

scription of aerobic exercise, subjects underwent cardio-
pulmonary exercise testing on a treadmill (Inbrasport ATL
2000, Inbrasport, Rio Grande do Sul, Brazil) at an initial
velocity of 5.0 km/h, constant inclination (1%), with in-
crements in velocity (0.5 km/h) every 2 min. The test was
performed to exhaustion.17 No subject experienced any
clinical or electrocardiography events that prevented com-
pletion of the test. A cardiologist was present during the
test, and the following variables were continuously mon-
itored: heart rate (Polar S810i, Polar Ectro, Kempele, Fin-
land), arterial blood oxygen saturation (BCI 3303 pulse
oximeter, Portex-Smiths Medical, Dublin, Ohio), and ven-
tilatory variables, which were obtained using a gas ana-
lyzer (VO2000, Medical Graphics, Saint Paul, Minnesota).
The gas analyzer was calibrated before each test following

the manufacturer’s specifications. Medium air flow was
used on all tests, and gas samples were taken every 10 s
(Aerograph software 4.3, AeroSport Inc., Ann Arbor, Mich-
igan).

To determine blood lactate concentrations, blood sam-
ples (25 �L) were collected from the earlobe during the
initial rest and immediately after exhaustion. The samples
were analyzed in a lactate analyzer (Model YSI 1500
SPORT, Yellow Springs, Ohio) using the electrochemical
method. All participants were required to meet at least 2 of
the 3 criteria for determining maximum V̇O2

: (1) heart rate
of �90% of the maximum predicted for age (220 � age),
(2) respiratory quotient of �1.10, and (3) peak lactate
levels of �8 mM.18 Maximum V̇O2

was assumed to be the
highest mean value in the last minute of the test. The
ventilatory equivalent for carbon dioxide and end-tidal CO2

were plotted against time to determine the second venti-
latory threshold, which was assumed to be the correspond-
ing intensity to the increase in the ventilatory equivalent
for carbon dioxide together with end-tidal CO2.19-21

Exercise Prescription

The aerobic exercise session was prescribed based on
the results of cardiopulmonary exercise testing. For mod-
erate intensity, subjects performed 20 min of sustained
effort on the treadmill at a speed corresponding to 90% of
threshold 2 (�60–70% of maximum V̇O2

). Before the ex-
ercise, subjects performed 2 min of warm-up at a mild
intensity (half the individually prescribed speed).

Nasal Mucociliary Clearance

The STT is a measure of nasal mucociliary clearance
that has been widely used in previous studies.5,22-24 The
STT test is a noninvasive, valid, simple, and reproducible
method to determine mucociliary clearance.25,26 Moreover,
nasal mucociliary clearance correlates well with tracheo-
bronchial clearance,26,27 which eliminates the need for in-
vasive procedures.28

Subjects were seated with their head extended at 10°,
and 250 �g of granulated sodium saccharin was deposited
under visual control �2 cm inside the right nostril. The
time from saccharin placement to the first perception of a
sweet taste in the mouth was recorded in minutes with a
digital timer (Model 1046, Kenko, Ciudad del Este, Par-
aguay). Subjects were instructed not to breathe deeply,
talk, cough, sneeze, or sniff during the test. Moreover,
subjects were instructed not to use medications, such as
anesthetics, analgesics, anticonvulsants, antidepressants, or
tranquilizers, at least 12 h before the test.

ACUTE MUCOCILIARY CLEARANCE RESPONSE TO AEROBIC EXERCISE IN SMOKERS

RESPIRATORY CARE • NOVEMBER 2015 VOL 60 NO 11 1577



Autonomic Nervous System Modulation

To evaluate autonomic modulation, an elastic catchment
strap was placed on the subject’s chest at the height of the
xiphoid process, and a heart rate monitor was placed on
the wrist (Polar Electro). This equipment has been previ-
ously validated for capturing beat-to-beat heart rate and
for calculating the different heart rate variability
indexes.29,30 Heart rate was recorded individually with sub-
jects at rest in a silent sitting position.

For analysis of heart rate variability indexes with each
protocol, 256 consecutive RR intervals were selected from
the most stable portion of the time corresponding to the
STT evaluation, that is, 128 heart beats before and 128
after the subjects reported tasting saccharin. The reading
was submitted to digital filtering using Polar Precision
Performance SW 4.01.029 (Polar Electro) with manual fil-
tering to eliminate ectopic premature beats and artifacts.
Only series with �95% sinus rhythm were considered.
Analysis was performed with the Kubios program (Bio-
signal and Medical Image Analysis Group, Department of
Physics, University of Kuopio, Kuopio, Finland).31

The following indexes in the time domain were ana-
lyzed: mean interval between adjacent normal heart beats
(RR interval), the square root of the sum of successive
differences between RR intervals (RMSSD, expressed in
ms), and the SD of all normal RR intervals (SDNN, ex-
pressed in ms).32,33 The following indexes of the frequency
domain were analyzed: spectral components of low (LF,
0.04–0.15 Hz) and high (HF, 0.15–0.40 Hz) frequency
(expressed in absolute values [ms2] and normalized units)
and the LF/HF ratio. Spectral analysis was performed us-
ing the fast Fourier transform algorithm.34

Quantitative analysis of the Poincaré plot was also used
for heart rate variability analysis. This plot is a diagram in
which each RR interval is plotted as a function of the
previous RR interval. Quantitative analysis was performed
by adjusting the ellipse of the figure formed by the attrac-
tor, from which the following indexes were calculated: SD
of instantaneous beat-to-beat variability (SD1), SD of long-
term variability (SD2), and the SD1/SD2 ratio.35,36

Statistical Analysis

SPSS 13.0 (SPSS, Chicago, Illinois) was used for data
analysis. The Shapiro-Wilk test was used to determine the
distribution of the data. Parametric data were expressed as
the mean � SD, and nonparametric data were expressed as
the median (interquartile range). Depending on the distri-
bution of the data, either the unpaired t test or the Mann-
Whitney test was used for the intergroup comparisons
(smokers vs nonsmokers).

In the intragroup analysis of the smokers (P1, P2, P3,
and P4), the Mauchly test was used to determine the sphe-

ricity of the data. When the assumption of sphericity was
met, repeated-measures analysis of variance followed by
the Tukey post hoc test was used. When this assumption
was not met, the Friedman test followed by the Dunn post
hoc test was used. In the intragroup analysis of the non-
smokers (P2 and P4), either the paired t test or the Wil-
coxon test was used depending on the distribution of the
data. Correlations were evaluated using either Pearson or
Spearman coefficients depending on the distribution of the
data. The level of significance was set to 5% (P � .05).

Results

Sixty-nine subjects were recruited for the study: 44 in
the smoking group and 25 in the nonsmoking group. How-
ever, following application of the eligibility criterion, the
final sample included 21 smokers and 16 nonsmokers
(Fig. 1).

Characteristics of Subjects, Pulmonary Function, and
Maximum V̇O2

Table 1 displays the anthropometric data, smoking his-
tory, spirometric values, and maximum V̇O2

of the smokers
and nonsmokers. The groups were matched for age and
body mass index. Most smokers reported moderate to-
bacco consumption (53.8%), and a large portion had high-
to-very-high nicotine dependence (44.4%). Smokers had a

Fig. 1. Flow chart.
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lower percent-of-predicted FEV1, but with no indication of
altered lung function. Smokers also had a lower maximum
V̇O2

compared with nonsmokers.

STT and Exhaled Carbon Monoxide of Smokers and
Nonsmokers in Each Protocol

Table 2 displays the STT and exhaled carbon monoxide
data during the different protocols in both groups. At rest
(P4), the STT, exhaled carbon monoxide, and carboxyhe-
moglobin were significantly higher in smokers compared

with nonsmokers. However, after aerobic exercise (P2),
the STT was reduced significantly and was similar in both
groups.

In intragroup analysis of the smokers, the STT was
shorter after all stimuli (P1, P2, and P3) compared with the
resting condition (P4), but no significant differences were
found between protocols. After acute smoking (P3), ex-
haled carbon monoxide and carboxyhemoglobin were sig-
nificantly higher compared with P2 and P4 and similar to
the values found after the exercise protocol followed by
smoking (P1). Among the nonsmokers, a significant re-

Table 1. Characterization of Smokers and Nonsmokers According to Age, Body Mass Index, Smoking History, Spirometry, and Maximum V̇O2

Variable Smokers (n � 21) Nonsmokers (n � 16) P

Age, mean � SD y 41.2 � 6.0 40.2 � 6.1 .60
BMI, mean � SD kg/m2 24.5 � 3.5 26.6 � 5.5 .12
Smoking history

Years of smoking, mean � SD 22.6 � 8.8 NA NA
No. of cigarettes/d, mean � SD 19.4 � 10.7 NA NA
Light smokers, % 30.8 NA NA
Moderate smokers, % 53.8 NA NA
Heavy smokers, % 15.4 NA NA
Pack-years, mean � SD 20.4 � 12.4 NA NA

Fagerström score, mean � SD 5.7 � 2.2 NA NA
Very low to low, % 26 NA NA
Moderate, % 29.6 NA NA
High to very high, % 44.4 NA NA

Spirometry
FEV1, mean � SD % predicted 91.2 � 14.7 101.5 � 11.6* .02
FVC, mean � SD % predicted 97.7 � 11.4 103.6 � 12.3 .12
FEV1/FVC, mean � SD 0.78 � 0.09 0.82 � 0.06 .12
Maximum V̇O2

, mean � SD mL/kg/min 21.5 � 8.8 30.2 � 12.2* .038

* Statistically significant difference compared with smokers.
V̇O2 � oxygen uptake
BMI � body mass index
NA � not applicable

Table 2. STT, Exhaled Carbon Monoxide, and Carboxyhemoglobin After Each Protocol: P1, P2, P3, and P4 for Smokers and P2 and P4 for
Nonsmokers

Variable
Smokers Nonsmokers

P1 (n � 21) P2 (n � 21) P3 (n � 21) P4 (n � 21) P2 (n � 16) P4 (n � 16)

STT 8.1 (6.9–12.8)* 6.0 (4.9–8.3)* 10.5 (6.7–13.0)* 12.6 (8.9–18.7) 6.8 (4.7–9.4)† 9.9 (7.2–15.7)‡
Exhaled carbon monoxide, ppm 13.5 (9.7–22.0) 9.0 (7.0–14.0)§ 18.0 (10.0–29.0) 10.0 (6.0–16.0)§ 2.0 (0.5–3.0)� 2.0 (1.2–3.0)‡
Carboxyhemoglobin, % 2.1 (1.5–3.5) 1.4 (1.0–2.2)§ 3.0 (1.7–5.2) 1.7 (0.9–2.5)§ 0.3 (0.1–0.5)� 0.3 (0.2–0.5)‡

Data are expressed as the median (interquartile range).
* P � .001 compared with at rest (P4) in the smoking group.
† P � .040 compared with P4 in the nonsmoking group.
‡ P � .037 compared with P4 in the smoking group.
§ P � .001 compared with smoking (P3) in the smoking group.
� P � .001 compared with aerobic exercise (P2) in the smoking group.
P1 � aerobic exercise followed by smoking
STT � saccharin transit time
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duction was found in the STT after P2, whereas exhaled
carbon monoxide and carboxyhemoglobin remained
unaltered.

Heart Rate Variability Indexes of Smokers and
Nonsmokers in Each Protocol

Table 3 displays the heart rate variability indexes
during the different protocols in both groups. At rest
(P4), heart rate variability indexes did not differ signif-
icantly between groups. After the exercise stimulus (P2),
SD1, HF (ms2), and HF (normalized units) were signif-
icantly lower in the nonsmokers compared with the smok-
ers, whereas LF (normalized units) and the LF/HF ratio
were higher in the nonsmokers compared with the
smokers.

In intragroup analysis of the smokers, the SDNN,
RMSSD, SD1, SD2, LF (ms2), and HF (ms2) indexes de-
creased significantly after exercise plus smoking (P1) com-
pared with the resting condition (P4). The SDNN, RMSSD,
SD2, and LF (ms2) indexes also decreased after isolated
exercise (P2). The SDNN and SD2 indexes were lower
after isolated smoking (P3) compared with P4. In non-
smokers, all heart rate variability indexes, except LF (nor-
malized units) and HF (normalized units), changed signif-
icantly after P2.

Correlations Between STT and Heart Rate
Variability Indexes in Smokers and Nonsmokers

The STT demonstrated a moderate negative correlation
with the SD2 and LF (ms2) indexes in smokers (Fig. 2) and
a moderate positive correlation with the RMSSD, SD1,
and HF (ms2) indexes in nonsmokers (Fig. 3).

Discussion

Acute moderate aerobic exercise increased mucociliary
clearance in both smokers and nonsmokers. Indeed, both
groups exhibited a similar response, and smokers showed
mucociliary dysfunction at rest. Moreover, the combina-
tion of aerobic exercise and acute smoking also enhanced
mucociliary clearance in the smokers, with no significant

Table 3. Heart Rate Variability Indexes Evaluated in Each Experimental Protocol: P1, P2, P3, and P4 for Smokers and P2 and P4 for Nonsmokers

Variable
Smokers Nonsmokers

P1 (n � 21) P2 (n � 21) P3 (n � 21) P4 (n � 21) P2 (n � 16) P4 (n � 16)

SDNN 26.0 (20.5–38.0)* 29.0 (22.0–43.0)* 37.0 (25.7–43.7)* 41.0 (31.0–51.0) 24.0 (18.5–33.0)† 35.5 (27.7–59.0)
RMSSD 16.0 (11.1–285)* 14.2 (11.3–31.5)* 29.9 (16.0–41.7) 29.1 (18.0–39.4) 11.5 (8.8–20.4)† 20.2 (16.4–37.8)
SD1, ms 11.5 (8.0–20.5)‡ 12.9 (9.5–23.0) 21.4 (11.6–29.8) 20.8 (12.9–28.5) 8.3 (6.4–14.7)†§ 14.5 (11.8–27.0)
SD2, ms 45.7 (35.3–58.6)* 44.7 (34.8–63.9)* 52.5 (40.5–61.2)* 67.3 (50.9–74.8) 37.1 (31.7–53.8)† 56.9 (44.7–84.7)
LF, ms2 31.0 (15.0–70.2)* 35.0 (16.0–93.5)* 73.0 (25.0–99.5) 108.0 (57.0–282.0) 17.0 (12.5–61.0)† 58.5 (34.2–246.5)
HF, ms2 10.5 (5.0–44.7)‡ 13.0 (8.0–82.0) 49.0 (10.5–92.0) 61.0 (18.0–121.0) 4.0 (2.5–17.0)†§ 20.5 (12.5–71.2)
LF, normalized unit 73.0 (62.2–81.3) 68.5 (51.7–78.3) 67.7 (48.9–76.5) 73.8 (53.3–79.9) 84.9 (66.4–89.8)§ 71.5 (60.9–83.2)
HF, normalized unit 26.9 (18.6–37.7) 31.5 (21.6–48.3) 32.3 (23.5–50.0) 26.2 (20.1–46.7) 15.1 (10.1–33.6)§ 28.5 (16.7–39.0)
LF/HF 2.7 (1.6–4.4) 2.1 (1.1–3.6) 2.1 (0.9–3.2) 2.8 (1.1–3.9) 5.6 (1.9–8.9)†§ 2.5 (1.5–4.9)

Data are expressed as the median (interquartile range).
* P � .001 compared with P4 in the smoking group.
† P � .036 compared with P4 in the nonsmoking group.
‡ P � .004 compared with P4 in the smoking group.
§ P � .02 compared with P2 in the smoking group.
P1 � aerobic exercise followed by smoking
P2 � aerobic exercise
P3 � smoking
P4 � at rest
SDNN � SD of all normal RR intervals
RMSSD � square root of sum of successive differences between normal adjacent RR intervals
SD1 � SD of instantaneous beat-to-beat variability
SD2 � SD of long-term continuous RR intervals
LF � low frequency
HF � high frequency

Fig. 2. Correlation between saccharin transit time and heart rate
variability indexes in smokers. A: SD of long-term continuous RR
intervals (SD2). B: low frequency (LF, expressed in ms2).
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difference between the stimuli. The mucociliary clearance
response to aerobic exercise was influenced by cardiac
autonomic activity in both smokers and nonsmokers. The
smokers had a lower percent-of-predicted FEV1, which
demonstrates the harmful effect of smoking on lung func-
tion, although lung function was within the normal
range37,38 in the smokers in this study because this was the
inclusion criterion. Moreover, this group had lower max-
imum exercise capacity as reflected by the maximum V̇O2

compared with nonsmokers. This finding is in agreement
with data in previous studies39,40 reporting that smokers
had reduced exercise capacity compared with nonsmokers.

Mucociliary Clearance and Exhaled Carbon
Monoxide Responses

After moderate aerobic exercise, mucociliary clearance
in the smokers was similar to that in the nonsmokers ex-
posed to the same stimulus. Although slower than the
mucociliary clearance in the nonsmokers at rest, mucocili-
ary clearance in this group responded acutely to moderate
exercise. This finding lends support to the hypothesis that
the exercise stimulus leads to beneficial responses, even in
smokers who already exhibit impairment with regard to
this important defense mechanism.

The mechanism by which exercise improves mucocili-
ary clearance is related to both sympathetic and parasym-
pathetic stimulation. Increased ventilation stimulates up-
per-airway receptors. This results in increased vagal
activity, which in turn accelerates mucociliary clearance
due to the increase in mucus secretion. Moreover, physical
exercise leads to high levels of plasma catecholamines
(epinephrine and norepinephrine), which stimulate sympa-
thetic activity and consequently accelerate ciliary beat fre-
quency.7,41,42

A shorter mucociliary clearance time was also found in
nonsmokers who performed aerobic exercise. This finding
is in agreement with data described in a previous study,7

which reported acceleration of mucociliary clearance after
aerobic exercise in healthy subjects as demonstrated by
analysis of radiolabeled particles. However, Olséni et al43

found that moderate exercise did not improve mucociliary
clearance in subjects with bronchial hypersecretion. This
suggests that the mucociliary clearance response to exer-
cise is influenced by the properties and amount of mucus.
The acute responses of this mechanism following moder-
ate exercise in both smokers and nonsmokers in our study
may be related to the fact that no subject had hypersecre-
tion in the upper airways, as confirmed by the question-
naire addressing any respiratory infections that preceded
each experimental protocol.

The stimulus of acute smoking also reduced the STT,
but with less intensity compared with moderate aerobic
exercise, although no significant difference was found be-
tween these 2 stimuli. This acute change in mucociliary
clearance was also reported by Proença et al,5 who found
that the STT in smokers immediately after smoking equaled
that in nonsmokers at baseline. Such behavior may be
explained by the acceleration in ciliary beat frequency due
to the stimulus of inflammatory mediators generated by an
acute response of the respiratory epithelium to the offend-
ing agent (cigarette smoke)44 and the stimulation of sym-
pathetic activity caused by nicotine, which activates gen-
eral metabolism.45 However, the acute effect of smoking
remains only until the nicotine is metabolized, after which
mucociliary clearance slows again, reflecting the chronic
effect of smoking.5

Regarding the effect of the combination of both aerobic
exercise and smoking on mucociliary clearance, the STT
was also shorter compared with the resting condition. The
combined stimuli were expected to lead to a more en-
hanced mucociliary response. However, no significant dif-
ferences were found among the different stimuli. None-
theless, despite the lack of statistical significance, aerobic
exercise alone led to greater mucociliary clearance com-
pared with the combined stimuli. One hypothesis for this
response is the fact that smoking occurred immediately
following exercise, which may have reduced the effect of
exercise. Thus, as mucociliary clearance was evaluated
only after smoking in the P1 protocol, the stress caused by
exercise, such as hyperventilation and sympathetic stimu-
lation, may have been attenuated after the subjects sat
down and began smoking. The different mechanisms by
which exercise and smoking modify mucociliary clearance
may have exerted an influence on this response.

The measurement of carbon monoxide levels is a non-
invasive method considered to be the accepted standard
for detecting very recent smoking.15,46,47 The increased
levels in smokers confirmed this, as carbon monoxide lev-

Fig. 3. Correlation between saccharin transit time and heart rate
variability indexes in nonsmokers. A: Square root of the sum of
successive differences between RR intervals (RMSSD). B: SD of
instantaneous beat-to-beat variability (SD1). C: high frequency.
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els were more pronounced after acute smoking than after
smoking following aerobic exercise. This may be explained
by the effect of exercise, which increases breathing fre-
quency and consequently increases elimination of carbon
monoxide.48 It is therefore assumed that exercise provided
the initial elimination of this gas to levels below those
found at rest.

Cardiac Autonomic Modulation Response

At baseline, smokers and nonsmokers had similar car-
diac autonomic modulation, which differs from findings
described in previous studies reporting autonomic nervous
system dysfunction in smokers.49-51 The profile of the our
sample may have influenced this finding because smoking
history exerts an influence on this system.52 The smoking
group consisted of individuals with different intensities of
smoking consumption, which may have masked the result,
as a light smoker may not exhibit autonomic changes, and
influenced the outcome, as heavy smokers may have au-
tonomic dysfunction.

Exercise causes major changes in the functioning of the
cardiovascular system and its mechanisms of autonomic
adjustment.53,54 In this study, a reduction in heart rate vari-
ability indexes occurred following moderate aerobic exer-
cise, characterized by the predominance of sympathetic
over parasympathetic activity in both groups, with a more
pronounced response in nonsmokers. Alonso et al53 ana-
lyzed heart rate variability in adult subjects submitted to
an exercise test on a stationary bicycle and also found a
reduction in heart rate variability. This decrease is sug-
gested to be largely dependent on vagal withdrawal.

Acute smoking also affected cardiac autonomic modu-
lation, as reflected by the significant reduction in the SDNN
and SD2 indexes, which represent overall variability. This
is in agreement with findings described in previous studies
in which changes in heart rate variability indexes were
found in the time and frequency domains after cigarette
smoking.55 Acute changes in cardiac autonomic control
induced by smoking are mostly attributed to nicotine, which
stimulates the release of catecholamines (norepinephrine
and epinephrine) through activation of nicotinic receptors
located on sympathetic nerve endings and the adrenal
glands, causing widespread adrenergic stimulation at the
peripheral level.56

The combination of both stimuli led to a significant
reduction in all heart rate variability indexes, except LF
(normalized units), HF (normalized units), and the LF/HF
ratio. The combined stimuli of exercise and smoking led to
a further reduction in SD1 and HF (ms2) indexes, which
reflect vagal activity, whereas these variables did not re-
spond to the stimulus of exercise alone. As mentioned
above,56 the effect of nicotine on the autonomic nervous
system leads to sympathetic activation mediated by the

increase in plasma catecholamines, but is also associated
with a reduction in vagal tone,57 which seems to be related
to the effect of smoking on sinus node automaticity. In
light of this, the acute effect of smoking added to exercise
led to a reduction in vagal activity, which is also reflected
by these heart rate variability indexes.

Correlations Between Mucociliary Clearance and
Heart Rate Variability Indexes

Proper mucociliary clearance depends on the amount of
mucus, its rheological properties, intact ciliary structure
and activity, and the perfect interaction among these com-
ponents. Neurohormones and neurotransmitters associated
with the autonomic nervous system also exert a significant
influence on mucociliary clearance because cholinergic
and adrenergic agents stimulate the mucociliary activity or
ciliary beat frequency.41,58 Thus, the association between
mucociliary clearance and the autonomic nervous system
was also investigated in this study with heart rate variabil-
ity indexes, and significant correlations were found in both
groups when submitted to aerobic exercise.

A moderate negative correlation was found between the
STT and both SD2 and LF (ms2) in the group of smokers.
Thus, a greater sympathetic response, as reflected by LF
(ms2), denotes better mucociliary transportability. This
finding confirms the influence of the autonomic nervous
system, specifically sympathetic activity, on the increase
in mucociliary clearance. The SD2 index represents both
sympathetic and parasympathetic activities, but does not
allow one to distinguish whether a change is due to in-
creased sympathetic tone or the withdrawal of vagal tone.59

Because this index refers to the response to exercise, it is
suggested to be influenced mainly by sympathetic activity.

A moderate positive correlation was found between the
STT in nonsmokers and RMSSD, SD1, and HF (ms2),
indicating that lower vagal activity is related to a shorter
STT (ie, enhanced mucociliary clearance). This explains
the effect promoted by exercise on the autonomic nervous
system, as demonstrated by the increase in sympathetic
activity and reduction in vagal activity, which affect mu-
cociliary clearance, improving this mechanism after expo-
sure to aerobic exercise.

The association between cardiac autonomic activity and
mucociliary clearance was found only during an acute re-
sponse to one form of stimulus. Thus, further studies are
needed to evaluate the relationship between systems in
response to different stimuli to clarify this issue.

One limiting factor of this study concerns the protocol
used to evaluate the combined effect of aerobic exercise
and smoking on mucociliary clearance and cardiac auto-
nomic control. The way this protocol was implemented
may have attenuated the effect of one of the stimuli and
therefore may not have reflected the sum of both. Another
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limiting factor is the variation in the characteristics of the
smokers, which may have led to the lack of significant
differences between groups regarding heart rate variability
indexes. Categorization according to smoking conditions
can make future samples homogeneous and therefore con-
tribute to different findings. One should also bear in mind
that the assessment of cardiac autonomic modulation was
performed in the time interval in which mucociliary clear-
ance was evaluated to investigate the relationship between
the autonomic nervous system and mucociliary clearance.
Therefore, the moment used to evaluate the autonomic
nervous system in the 4 protocols varied among subjects,
which may have influenced the response of the heart rate
variability indexes.

Because the STT is a measure used to evaluate the
interaction between cilia and mucus components, it is also
important to investigate the effect of exercise on each
component through methods that assess mucus and cilia
separately to determine whether either one has a greater
influence on mucociliary clearance. Moreover, it is nec-
essary to evaluate this response in subjects with different
clinical respiratory conditions.

Conclusions

Based on our findings, mucociliary clearance in smok-
ers responded to the stimulus of moderate aerobic exercise
similarly to that in nonsmokers. Furthermore, this mech-
anism also responded to acute smoking and to exercise
followed by smoking, with a shorter clearance time in
smokers, but with no significant differences among the
evaluated stimuli. Finally, correlations were found between
mucociliary clearance and cardiac autonomic activity in
both smokers and nonsmokers after the exercise stimulus.
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