Viscoelastic Properties of Bronchial Mucus After
Respiratory Physiotherapy in Subjects With Bronchiectasis

Ercy MC Ramos PhD, Dionei Ramos PhD, Graciane L. Moreira PhD, Mariangela Macchione PhD,
Eliane T Guimaraes PhD, Fernanda Maria M Rodrigues MSc, Altay Alves Lino de Souza PhD,

Paulo HN Saldiva PhD, and José R Jardim PhD

BACKGROUND: Previous studies have evaluated the effectiveness of postural drainage (PD),
percussion (PERC), the coughing technique (CT), and other types of coughing in subjects with
bronchiectasis. However, the application times of these techniques and the quality of the expecto-
rated mucus require further study. The aim of our study was to evaluate the effectiveness of PD,
percussion, CT, and huffing in subjects with bronchiectasis and assess the quantity and quality of
bronchial mucus produced (measurement of wet and dry weight and determination of viscoelastic
properties). METHODS: Twenty-two subjects with stable bronchiectasis (6 men; mean age: 51.5 y)
underwent 4 d of experimental study (CT, PD+CT, PD+PERC+CT, and PD+huffing). The tech-
niques were performed in 3 20-min periods separated by 10 min of rest. Before performing any
technique (baseline) and after each period (30, 60, and 90 min), expectorated mucus was collected
for analysis of viscoelasticity. RESULTS: A significant increase in the dry weight/wet weight ratio
was found after 60 min of PD+PERC+CT (P = .01) and 90 min of PD+huffing (P = .03) and
PD+PERC+CT (P = .007) in comparison with CT. PD+PERC+CT and PD+huffing led to the
greatest removal of viscoelastic mucus at 60 min (P = .02 and P = .002, respectively) and continued
to do so at 90 min (P = .02 and P = .01, respectively) in comparison with CT. An interaction effect
was found, as all techniques led to a greater removal of elastic mucus in comparison with CT at
60 min (PD+CT, P = .001; PD+PERC+CT, P < .001; PD+huffing, P < .001), but only
PD+PERC+CT and PD+huffing led to a greater removal of elastic mucus than CT at 90 min
(P < .001 and P = .005, respectively). CONCLUSIONS: PD+PERC+CT and PD+huffing per-
formed similarly regarding the removal of viscoelastic mucus in 2 and 3 20-min periods separated
by 10 min of rest. PD+PERC+CT led to the greatest removal of mucus in the shortest period (2
20-min periods separated by 10 min of rest). Key words: bronchiectasis; mucus; viscosity; elasticity;
cough; physical therapy modalities. [Respir Care 2015;60(5):724-730. © 2015 Daedalus Enterprises]

Introduction

Bronchiectasis is characterized by abnormal, permanent
dilation of the bronchi,! which results in chronic cough,
mucus production in the airways, and recurrent pulmonary
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infections.? These respiratory infections can lead to pro-
gressive lung damage,? compromising the effectiveness of
mucociliary clearance.* Whereas normal bronchial mucus
is easily propelled by bronchial cilia,> clearance can be
inhibited under abnormal conditions, such as excessive
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mucus production and changes in the viscoelastic proper-
ties.®

Due to the chronic, progressive nature of bronchiectasis,
it is important to establish effective therapeutic strategies?
to facilitate mucus clearance and decrease the retention of
pulmonary secretions. A number of respiratory physiother-
apeutic techniques have been used for this purpose,” such
as postural drainage (PD), percussion (PERC), the cough-
ing technique (CT), and other types of cough therapy, such
as huffing, employed either alone or in combination.8-20
However, the studies cited only report the expectorated
volume and did not assess the rheological properties of the
mucus. Changes in the rheological properties of mucus
may interfere with ciliary clearance and clearance by cough-
ing.?! Thus, the analysis of mucus viscosity and elasticity
is important, as these elements are crucial to the effective
clearance of bronchial secretions.

The aim of the present study was to evaluate the effec-
tiveness of PD, PERC, huffing, and CT and evaluate the
quantity (measurement of wet and dry weight) and quality
(viscoelastic properties) of the mucus removed using these
techniques.

Methods
Subjects

Twenty-two subjects (6 men and 16 women; mean age:
51.5 y; range: 1876 y) with non-cystic fibrosis bronchi-
ectasis participated in the study. Cases of cystic fibrosis
were diagnosed by the measurement of sodium and chlo-
ride in sweat using pilocarpine iontophoresis. All subjects
had cylindrical or varicose bronchiectasis, as determined
by high-resolution computed tomography. To be included,
the subjects had to have been clinically stable with a con-
stant production of mucus and no evidence of respiratory
infection in the previous 4 wk. Patients with saccular bron-
chiectasis and those who had changed/interrupted their
current medications or began taking new drugs during the
trial period were excluded. Nine subjects used bronchodi-
lators during the study period. Ten subjects were former
smokers, and 12 were non-smokers.

This study was carried out at the Federal University of
Sao Paulo, Brazil and received approval from the univer-
sity’s human research ethics committee. All subjects signed
a statement of informed consent.

Protocol

The subjects were called to the laboratory for 4 sessions
carried out at intervals of 48—72 h. To assess the stability
of each subject, expectorated mucus was collected for 24 h
before each experiment, and a urine sample was collected
on the morning of the experiment to evaluate urinary den-
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Current knowledge

Bronchiectasis is characterized by abnormal, perma-
nent dilation of the bronchi, which results in chronic
cough, mucus production, and recurrent pulmonary in-
fections. A number of airway clearance techniques have
been used to facilitate mucus removal. Most studies
cited only report the expectorated volume and do not
assess the rheological properties of the mucus.

What this paper contributes to our knowledge

In a group of subjects with bronchiectasis, postural drain-
age, percussion, and cough technique and postural drain-
age with huffing performed similarly regarding the re-
moval of viscoelastic mucus in 2 and 3 20-min periods
separated by 10 min of rest. Postural drainage, percus-
sion, and cough technique led to the greatest removal of
mucus in the shortest time frame, 2 20-min periods
separated by 10 min of rest.

sity and the degree of hydration. The day before the ex-
periment, the subjects were instructed to employ the CT
every time they needed to cough and collect the mucus in
a receptacle labeled “24-h collector,” which was graduated
in milliliters. A predetermined amount of mineral oil had
been placed in the collector to avoid drying out the mucus
and was later subtracted from the total volume in the col-
lector. The receptacle was stored in a cool place until the
day of the experiment.

The first day of the experiment was used as the control
session and only involved the CT. The subject coughed for
20 min to expectorate the greatest possible volume of mu-
cus, followed by a 10-min rest period. The same procedure
was repeated twice, for a total of 3 periods (30 min, 60 min,
and 90 min). The CT performed during the control session
differed from the CT of the day before the experiment, as
the subjects coughed at predetermined times (20 min of
coughing followed by a 10-min rest period over the course
of 2 h), whereas subjects coughed only when needed on
the previous day.

In the 3 subsequent sessions, PD combined with a par-
ticular type of cough and/or procedure was performed.
The protocol for each session was determined randomly.
The following procedures were used: postural drainage +
coughing technique (PD+CT), postural drainage + per-
cussion + coughing technique (PD+PERC+CT) and pos-
tural drainage + huffing (PD+huffing). In a given ses-
sion, the randomly selected combination of procedures
was applied in 3 20-min periods interspersed with 10 min
of coughing (30 min, 60 min, and 90 min). This proto-
col was chosen to determine whether the typically used
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Table 1.  Coughing Maneuvers Performed Throughout the Protocol

Previous Day

(24 h Before Session Baseline Rest At 30 min Rest At 60 min Rest At 90 min
. Type Period Period Period

Each Session)

CT CT CT 10 min CT 10 min CT 10 min CT

CT PD+CT CT 10 min CT 10 min CT 10 min CT

CT PD+PERC+CT CT 10 min CT 10 min CT 10 min CT

CT PD+huffing Huffing 10 min Huffing 10 min Huffing 10 min Huffing

CT = cough technique
PD = postural drainage
PERC = percussion

20-min duration would be sufficient to remove mucus with
changed viscoelastic properties or whether there was a
need to increase the application time of the technique,
respecting a period of 10 min for the appropriate handling
of expectorated sputum.

On each day of the experiment (CT, PD+CT,
PD+PERC+CT, and PD+huffing), subjects were initially
asked to cough for 20 min using the CT to expectorate the
greatest possible volume of mucus and allow the determi-
nation of the volume and rheological properties of the
sputum in the baseline period. This protocol was performed
to standardize the experiment so that all subjects began the
experiment with the same bronchial hygiene before each
session. After each 20-min period of the applied technique
(30 min, 60 min, and 90 min), the subject was asked to
cough to eliminate all the mucus produced. Depending on
the procedure used, the mucus could be produced by the
CT or huffing. Table 1 demonstrates the study design with
regard to the session type as well as the type of cough
performed in each moment after session.

The lateral decubitus position was selected for PD based
on the lobe with the greatest adventitious breath sounds.
The selection of right or left lateral decubitus was based on
auscultation of the lung segments, which was performed
with the subject in the sitting position. The lung segment
with the greatest adventitious breath sounds was placed in
the upward lateral position. The technique was applied for
20 min and the subject was then instructed to cough and
expectorate. After 10 min of rest, the therapist auscultated
again and determined the position for the second period.
Thus, the position could vary with every 20-min period
based on the results of the auscultation.

Percussion was performed at a rate of approximately
500 beats/min, alternating both hands. For CT, the subject
was instructed to breathe slowly and deeply using the di-
aphragm and intercostal muscles, followed by a short ap-
nea and opening the glottis with an abrupt expulsion of
lung volume. With the huffing technique, the subject in-
spired an average lung volume, followed by 2 expiratory
efforts (huffs).

726

The subject was instructed before the procedure to cough
and expectorate the mucus only after the end of each pe-
riod. Therefore, one aliquot was obtained for each period.
The expectorated mucus samples were stored in Eppen-
dorf tubes under mineral oil to minimize the effects of
dehydration during the cooling and storage period.?>23 Be-
fore analysis, the mineral oil was removed through im-
mersion in petroleum ether. The samples were stored
at —20°C.22 The collected mucus was stored within 5 min
to minimize contact with the air and avoid dehydration,
which would alter the physical properties.?*

For the qualitative assessment of the expectorated mu-
cus, a sample from each collection period was placed on a
sterile blade and weighed on an analytical balance. The
blade was then placed in a microwave oven at full power
for 20 min and re-weighed. The wet and dry mucus weight
was obtained by subtracting the weight of the blade alone
from the weight of the blade with the mucus before and
after drying. The ratio of dry to wet weight was computed
and expressed as percentage of solids.

Viscosity and Elasticity

A dual chamber capillary viscometer was used to mea-
sure the viscosity and elasticity of the bronchial mucus.25-27
The mucus sample filled the steel capillary to 0.2 cm from
the distal edge. The sample was subjected to negative
pressure for displacement, and the distance and time were
recorded. After displacement had ceased, the pressure was
removed and the recoil of the sample within the glass
capillary was recorded. The Poiseuille equation was used to
measure the viscosity (in poise) and elasticity (in dynes/cm)
of the mucus:

m = (m X r* X AP)/8 X 1XQ (M

in which ) = viscosity, r = tube radius (in cm), AP = pres-
sure of the sample through the tube (in cm H,O, which
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was converted to dynes/cm?), 1 = tube length (in cm), and
Q = volumetric flow.

Using the viscosity value, elasticity (dynes/cm), or elas-
tic modulus, was obtained by the application of Hooke’s
law:

F =k X Al @

in which F = the pressure applied to the system (F = a X P,
in which a = area (in the present study: 7 X r* with
m = 3.1416 and r = 0.055 cm) and P = pressure in cm
H,0, which was converted to dyne/cmz, Al = recoil of the
fluid through the capillary (in cm), and k = constant of the
elastic material being measured.'! During the viscoelastic
measurements, the laboratory room temperature was main-
tained at 26°C.

Statistical Analysis

Statistical analysis was performed with SPSS 17.0 (SPSS,
Chicago, Illinois). All data were expressed as mean = SD
values. A repeated-measures general linear model was used,
employing a 4 (session) X 4 (period) within-subjects
model. This procedure considered sessions (CT, PD+CT,
PD+PERC+CT, and PD+huffing) and periods (baseline,
30, 60, and 90 min), as well as their interactions in a single
model. For the period-session interaction, changes in dry
weight/wet weight ratio, viscosity, and elasticity among
periods in each session were determined (Figs. 1-3). The
Bonferroni test was used for post hoc analysis. Statistical
significance was set to 5% (P < .05).

Results

The stability of each subject was assessed by the quan-
tification of expectorated mucus on the day before each
experiment and the measurement of density of the urine
sample on the morning of the experiment. The subjects
were clinically stable during the course of the study, as
no significant differences in mucus volume (mL) (CT =
24.9 = 10.7, PD+CT = 25.79 = 8.6; PD+PERC+CT =
26.6 £ 9.7 and PD+huffing = 27.4 = 8.6, P = .62) or
urinary density (kg/m’) (CT = 1,013.8 = 4.6; PD+CT =
1,012.9 = 6.1; PD+PERC+CT = 1,012.9 = 4.5 and
PD-+huffing = 1,012.9 = 4.8, P = .86) were demon-
strated before performing the different treatments.

Figure 1 illustrates the dry weight/wet weight ratio for the
sessions and evaluation periods. The percentage of solids
content at 60 min was greater following PD+PERC+CT
compared to CT (session effect P = .01). At 90 min, a
significant increase was found in the percentage of solids
content removed following PD+PERC+CT and PD+
huffing compared to CT (session effect P = .007 and
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Fig. 1. Results of interactions among sessions and periods for dry
weight/wet weight ratio. The symbols represent statistically sig-
nificant differences between sessions and periods, according to
Bonferroni post hoc analysis (P < .05). Data are shown as
mean * SD. * = statistically significant vs CT and PD+CT.

8
CT *. *.
e PD+CT Tt T
71-e- PD+PERC+CT gecememrmmeme—
-@- PD + huffing et
6 -
2 5
2
3 4
2
> 3
24
14
0Baseline 30 60 90
Time (min)

Fig. 2. Results of interactions among sessions and periods for
mucus viscosity. The symbols represent statistically significant
differences between sessions and periods, according to Bonfer-
roni post hoc analysis (P < .05). Data are shown as mean = SD.
* = statistically significant compared with CT; 1 = statistically sig-
nificant compared with PD+CT; £ = statistically significant com-
pared with baseline.

P = .03, respectively) and PD+CT (session effect P = .01
and P = .04, respectively). No significant differences in
the dry weight/wet weight ratios were found among the
periods and session-period interaction (P > .05, for all).

Figure 2 illustrates the bronchial mucus viscosity values
for the sessions and periods. PD+PERC+CT led to a
greater removal of viscous mucus at 60 and 90 min com-
pared to baseline (period effect P = .01 and P = .001,
respectively) and CT (session effect P = .02 and P = .001,
at 60 and 90 min respectively) and PD+CT (session effect
P = .04). Moreover, a session-period interaction was
found, as the viscosity of the mucus at 60 min was greater
following PD+PERC+CT (interaction effect P = .02)
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Fig. 3. Results of interactions among sessions and periods for
mucus elasticity. The symbols represent statistically significant
differences between sessions and periods, according to Bonfer-
roni post hoc analysis (P < .05). Data are shown as mean = SD.
* = statistically significant compared with CT; 1 = statistically sig-
nificant compared with PD+CT; £ = statistically significant com-
pared with baseline.

and PD+huffing (interaction effect P = .002) in compar-
ison with CT. These differences were also found at 90 min
(interaction effect P = .02 and P = .01, respectively).

Figure 3 illustrates the bronchial mucus elasticity values
for each period and session. PD+PERC+CT led to a greater
removal of elastic mucus at 60 min (period effect P = .001),
whereas PD+huffing led to a greater removal of elastic
mucus only at 90 min (period effect P = .007) in com-
parison with baseline. An interaction effect was found, as
all techniques led to a greater removal of elastic mucus in
comparison with CT at 60 min (interaction effect for
PD+CT, P = .001; PD+PERC+CT, P < .001;
PD+huffing, P < .001), but only PD+PERC+CT and
PD+huffing led to a greater removal of elastic mucus than
CT at 90 min (interaction effect P < .001 and P = .005,
respectively).

Discussion

A number of studies have investigated the effective-
ness of respiratory physiotherapeutic techniques for the
removal of mucus.3-20 However, most studies evaluated
efficacy based on spirometry,3282° the inhalation of a
radioaerosol®® or the volume of expectorated secre-
tion.!0-12.15,18,19,31,32 Thyg, the aim of the present study was
to examine the viscoelasticity of mucus removed follow-
ing PD, percussion, and huffing in subjects with cylindri-
cal and/or varicose bronchiectasis.

The present findings demonstrate that PD+PERC+CT
and PD+ huffing led to more efficient removal of mucus
with the worst rheological properties. However, satisfac-
tory effects were found only when these methods were
applied for 2 20-min periods separated by 10 min of rest.
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The relative amount of mucus expectorated during each
session was assessed by the dry weight/wet weight ratio,
and bronchial mucus viscoelasticity was analyzed using a
dual chamber capillary viscometer due to its easy prepa-
ration and handling. The measurements were obtained
quickly, and this device is simpler and more practical than
the magnetic micro-rheometer device used in most studies
to determine the rheological properties of bronchial mu-
cus. Saliva was easily separated from mucus?? due to its
more liquid and foamy characteristics.3* The baseline mea-
surements of viscoelasticity and mucus quantity were sim-
ilar in the 4 sessions of the experiment, demonstrating that
the subjects remained stable and also that the effect of
duration following application of the respiratory therapy
techniques was less than 48 h. Thus, the treatments had
only an acute effect on the quantity and quality of the
bronchial mucus expectorated.

The evaluation of the dry weight/wet weight ratio indi-
cates the true quantity of mucus expectorated. As shown in
Table 1, PD+PERC+CT led to the removal of the greatest
amount of mucus in the shortest period (60 min) followed
by PD+huffing (90 min) in comparison with CT and
PD+CT. These results are in agreement with previous
studies, which found that the combination of percussion
and PD was more effective in terms of the volume of
expectorated mucus than coughing alone in subjects with
stable chronic bronchitis35 and that forced exhalation (such
as huffing) combined with PD was more effective than CT
with regard to sputum production and radioisotope clear-
ance.?0

In the present study, the physicochemical properties of
expectorated mucus were analyzed to determine differ-
ences in the effectiveness of physiotherapy techniques.
The results show that PD+PERC+CT and PD+huffing
led to the greatest removal of viscous mucus at both 60 min
and 90 min (see Fig. 2). In subjects with clinically stable
chronic air-flow obstruction, PD and coughing with or
without PERC have been found to improve mucociliary
clearance in a 20-min session.'® In the present study,
PD + PERC led to the removal of more viscous mucus,
but at least 2 20-min periods were required (see Fig. 2).
The difference in duration may be explained by differ-
ences in the method used to assess mucociliary transport
and the combination of breathing exercises with these tech-
niques in the study cited.

Regarding mucus elasticity, all techniques led to the
removal of secretions that were more elastic (ie, had a
smaller elastic modulus) than that obtained by CT in
60 min (see Table 1), but only PD+PERC+CT and PD+
huffing continued to achieve significant differences at
90 min, demonstrating that these techniques were able to
move mucus with a higher elastic modulus throughout
the session. Huffing produces higher expiratory flow3°
by dynamic compression and collapse of the airways
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downstream of the equal pressure point, which helps to
clear and mobilize secretions. In addition, the results of the
present study showed that percussion tends to be a fre-
quency- and time-dependent technique because better
rheological mucus properties were obtained with more ses-
sions or longer duration of each session. So, these situa-
tions may have contributed to removing mucus with greater
elasticity.

PD+PERC+CT and PD+huffing proved to be the most
effective techniques for the removal of mucus with the
worst rheological profile when applied for 2 20-min peri-
ods. This indicates that PD+PERC+CT and PD+huffing
removed secretions that would otherwise be difficult to
clear, as more elastic and viscous mucus exhibits greater
impedance, which hinders its removal.37-3¥ A number of
in vitro studies on human bronchial mucus have demon-
strated an inverse relationship between mucociliary clear-
ance and viscoelastic properties.2324-38-41 So, when it is not
possible to execute the percussion due to contraindications
or a lack of patient tolerance, the huffing technique may be
considered in daily practice. Furthermore, it is important
to note that performing any type of airway clearance tech-
nique for the usual duration of 20 min may not differ from
using CT alone this particular patient population and the
therapist may need more time (at least 2 20-min periods)
to obtain a significant effect on mucus viscoelasticity (see
Figs. 2 and 3).

It is difficult to compare the present findings with data
in the literature due to the small number of studies that
have evaluated the effectiveness of the techniques em-
ployed herein with regard to the rheological properties of
mucus. App et al*? analyzed the effects of using flutter and
autogenic drainage on the rheological properties of mucus
removed from patients with cystic fibrosis and concluded
that the mucus viscoelasticity was significantly lower after
treatment with flutter, suggesting that this technique
changes mucus properties. Some airway clearance tech-
niques have important physiological differences on rheo-
logical properties of mucus. The application of manual
techniques, such as percussion, remove secretions without
changes in mucus viscoelasticity; however, devices such
as flutter that offer a combination of positive airway pres-
sure and oscillation of air within airways during expiration
change mucus properties, reducing the viscoelasticity of
sputum.*3

Therefore, it is important to know physiological princi-
ples of physiotherapeutic techniques and to determine the
effects of these techniques on the rheological properties of
the mucus, which is a factor for the effective clearance of
bronchial secretions.** Mucus with a higher degree of
viscoelasticity is more difficult to remove spontaneously,
and, logically, more mucus in the bronchi may lead to the
proliferation of bacteria, making the patient more suscep-
tible to respiratory infection and recurrent exacerbations.
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Despite the lack of scientific evidence, the identification
and application of techniques that are effective in leading
to the removal of mucus with high viscoelasticity may
contribute to reductions in exacerbations and the frequency
of hospital admissions, thereby leading to an improvement
in quality of life. There is a lack of randomized control
trials that investigate the effect of bronchopulmonary hy-
giene techniques on these clinical outcomes. Such assess-
ments are important and should be considered in further
research.

There are several study limitations that warrant consid-
eration in the interpretation of our results. First, the sample
size was small, but subjects participated in 4 separate ses-
sions, yielding a large number of therapeutic observations.
Also, there was no separate control group; however, sub-
jects served as their own control, and procedures were
used to measure baseline stability and variances. These
control sessions were conducted prior to research initiation
and the start of each protocol session, and analysis dem-
onstrated no statistically significant difference in subject
baseline sputum volume at any time period. In addition,
applicability of these results to actual clinical practice may
be limited by provider time constraints to perform therapy
for the duration used in our study. Reproducibility of our
results may also depend on provider technique in perform-
ing the various airway-clearance modalities.

Conclusions

The present findings demonstrate that PD+PERC+CT
and PD+huffing achieve similar effects regarding the
removal of more viscous and more elastic mucus in 2 20-min
periods compared to CT alone. Moreover, PD+PERC+CT
led to the removal of the greatest amount of secretions in
the shortest period (60 min).
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