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BACKGROUND: Air stacking (AS) is a lung insufflation method that requires the use of a manual
insufflator to provide air volumes higher than inspiratory capacity. Neuromuscular patients benefit
the most from the maneuver; however, the acute effects of AS in healthy subjects are still unclear.
METHODS: Twenty healthy subjects (8 males) were studied by optoelectronic plethysmography to
investigate the immediate effects of AS on cough peak flow, operational volume variations, distri-
bution of these volumes in the chest wall compartments (pulmonary rib cage, abdominal rib cage, and
abdominal), breathing pattern, and shortening velocity of the respiratory muscles during a protocol that
included vital capacity maneuvers and spontaneous coughs before and after AS. RESULTS: Statistically
significant increases in cough peak flow (P < .03) and inspiratory capacity (P < .001) were found
immediately after AS. During its application, the pulmonary rib cage compartment was the largest
contributor (P � .002) to chest wall volume displacement. A significant increase in chest wall tidal
volume (P < .001), mainly in the pulmonary rib cage (P < .001), was observed. Significant increases
(P < .001) in end-inspiratory chest wall volume were observed with main distribution in pulmonary
(P < .001) and abdominal rib cage (P � .01). Significant increases in shortening velocity index of
inspiratory muscles (P < .001), expiratory muscles (P < .001), and diaphragm (P < .001) were also
observed. In addition, significant decreases in expiratory time (P < .001) and increases in duty cycle
(P � .02), breathing frequency (P � .02), minute ventilation (P < .001), maximum inspiratory (P < .001),
and expiratory flow (P < .001) were observed. CONCLUSIONS: In healthy subjects, cough peak flow
and chest wall volumes can be increased immediately after the application of the AS maneuver. Key
words: air stacking; cough peak flow; chest wall volumes; pulmonary expansion and optoelectronic plethys-
mography. [Respir Care 0;0(0):1–•. © 0 Daedalus Enterprises]

Introduction

In healthy subjects, about 2.3 L of air flow are expelled
during a normal cough from 6 to 20 L/s.1 Cough peak flow

is the most reproducible assessment of cough strength,2

being dependent upon the generation of flow and velocity
in the airways,3 elastic recoil of the lung, and chest wall
forces.4 According to Smith et al,5 the higher the opera-
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tional volumes, the greater the elastic recoil of the lungs
and the lower the airway resistance. Thus, in restrictive
diseases, high cough peak flows can be generated after an
increase in lung volume6 by either passive7 (air stacking
[AS]6,8,9 and mechanical infflation-exsufflation10-12) or ac-
tive (breath-stacking13-15 and glossopharyngeal breath-
ing16,17) methods.

Kang and Bach1 defined AS as a lung insufflation method
that requires the use of a manual insufflator or a portable
volume ventilator to provide volumes higher than the in-
spiratory capacity (IC). Therefore, after the completion of
a deep and maximum breath and consequent closure of the
glottis, air volumes can be stacked until reaching maxi-
mum insufflation capacity (MIC), defined as the maxi-
mum volume of air that can be held with the glottis closed
after insufflations.18

Patients with restrictive lung diseases, such as neuro-
muscular diseases, benefit the most with the AS maneuver.
In this population, increases in lung volume are strongly
correlated with increases in cough peak flow.1,5 In addi-
tion, the greater the lung expansion, the better the optimi-
zation of lung recoil pressure, the cough, and consequently,
the secretion extraction.1,19

However, the acute effects of the AS maneuver in healthy
subjects are unclear, so we hypothesized that because the
maneuver allows the respiratory system to reach MIC,
which is higher than total lung capacity (TLC), the cough
peak flow and chest wall volumes of this population can
also be increased. To test this idea, we studied healthy
subjects using optoelectronic plethysmography,5,20 an ac-
curate system that allows noninvasive evaluation of the
mechanisms during and immediately after a cough peak
flow (ie, flow and volume at the same time), during a
protocol that included AS maneuvers and cough peak flows.

Thus, the main objective of the study was to evaluate
the immediate effects of AS on cough peak flow of healthy
subjects. Second, variations in operational volumes, dis-
tribution of these volumes in the chest wall compartments
(pulmonary rib cage, abdominal rib cage, and abdominal),
breathing pattern, and shortening velocity of the respira-
tory muscles immediately after the application of AS were
also evaluated.

Methods

Subjects

The research consisted of a cross-sectional study with
healthy individuals from both sexes and was carried out in
the Laboratory of PneumoCardioVascular Physiotherapy
and Respiratory Muscles of the Federal University of Rio
Grande do Norte within the confines of the World Medical
Association Declaration of Helsinki for medical research
using human participants and approved by the Research

Ethics Committee (approval 1.344.512/2015). All individ-
uals involved in the study signed a clear and informed
consent form.

Subjects who self-reported as healthy with no history of
smoking, heart, or lung disease were included in the study.
Those who had spirometric values below predicted values
(�80% of FVC and FEV1), did not adapt, or failed to
perform the AS technique were excluded.

Lung Function

A Koko DigiDoser spirometer (nSpire Health, Longmont,
Colorado) was used to perform pulmonary function test. Three
technically acceptable and reproducible forced expiratory
curves were obtained for each participant. Variability be-
tween them was �5%, and only the curve with the best
performance was considered for analysis. FVC, FEV1, and
FEV1/FVC in their absolute and relative values were consid-
ered for analysis.

Technical procedures, acceptability criteria, reproduc-
ibility, and standardization of the different pieces of equip-
ment followed the recommendations of the American Tho-
racic Society/European Respiratory Society.21 The
predicted reference values for the studied population were
calculated according to Pereira et al.22

Respiratory Muscle Strength

Respiratory muscle maximal pressures (maximum in-
spiratory and expiratory pressures) were performed through

QUICK LOOK

Current knowledge

The use of the air-stacking maneuver has been studied
to increase cough peak flow in a variety of neuromus-
cular disease patients, but not healthy subjects. In ad-
dition, differently from cough peak flow instruments,
optoelectronic plethysmography allows a real-time as-
sessment of a natural cough and chest wall volumes
during and after the application of a technique without
the use of mouthpieces or any interface that may alter
mouth and cheeks movements.

What this paper contributes to our knowledge

The immediate application of volume by the air-stack-
ing maneuver is able to increase chest wall volumes and
cough peak flow of healthy subjects positioned at 45°
body inclination. The study also reveals that in this
population the increase in chest wall volume (mean of
599 mL) occurred above total lung capacity and re-
sulted in no chest wall hyperinflation.
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a digital manometer (NEPEB-LabCare, Belo Horizonte,
Brazil) with the subject in a seated position and with his or
her hands in a neutral position.

Maximum inspiratory pressure was obtained starting
from residual volume, and maximum expiratory pressure
was obtained starting from TLC. The evaluation was con-
sidered complete when 3 acceptable maneuvers were per-
formed, of which 2 were reproducible (with variation �10%
of the highest value) with 1 min of rest between the tests.
Interpretation of results followed the recommendations pro-
posed by Neder et al23 for the Brazilian population.

The sniff nasal inspiratory pressure test was conducted
with one nostril occluded by a nose clip and performed
from functional residual capacity with the subjects seated
upright, their backs against a chair, knees and hips flexed to
90°, and their heads in a neutral position. The test was
considered complete when 5 acceptable maneuvers had
been performed with a 30-s interval between them.24

Previously described reference equations25 were used for
interpreting the results.

Air Stacking

A manual resuscitator (RWR, São Paulo, Brazil) was
used to perform the AS technique. The sum of the inspired

volume (IC) and the volume applied by AS, reaching the
MIC level18, was represented as IC � AS. IC � AS was
achieved with the subject taking a deep breath, starting
from functional residual capacity and ending at TLC (Fig.
1, markers 1 and 2, respectively), holding it and air stack-
ing consecutive delivered volumes of air (Fig. 1, markers
3 and 4) until the maximum volume could be held with the
glottis closed.1 Each volume delivered by the manual
insufflator was followed by a deep inspiration and sub-
sequent closure of the glottis. During this moment, the
subjects were instructed to not exhale, holding the
amount of air in their lungs. At the end of the set of
maneuvers, the mask was removed, and the subject was
asked to perform a strong cough starting from IC � AS
volume. The highest cough peak flow of 3 attempts was
taken into account for analysis and compared with pre-
and post-spontaneous coughs.

Study Design

For each subject, all measurements were made in a sin-
gle day. After collection of anthropometric data (weight,
height, and body mass index), lung function, and respira-
tory muscle strength, the subjects were positioned on a
standard bed at 45° trunk inclination, and the data were

Fig. 1. Experimental tracings obtained on a representative subject during a spontaneous inspiratory capacity (IC) (1 and 2) and spontaneous
cough starting from TLC (left) and during application of air stacking (3 and 4) and subsequently cough starting from IC � AS (4) (right). On
the right, IC and IC � AS volume are indicated. A: Chest wall volume variations measured by optoelectronic plethysmography. B: Flow
variation measured by optoelectronic plethysmography; TLC � total lung capacity; AS � air stacking; FRC � functional residual capacity.
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recorded in 3 phases (Fig. 2): phase 1, (1) 60 s of quiet
breathing (QB), (2) slow vital capacity maneuver, and
(3) 60 s of QB; phase 2, (1) 60 s of QB, (2) spontaneous
cough (starting from spontaneous IC), (3) 40 s of QB,
(4) cough immediately after AS (starting from the vol-
ume reached after the insufflations [IC � AS]) (this step
was repeated 3 times with an interval of 20 s in be-
tween), (5) 40 s of QB, (6) spontaneous cough (starting
from spontaneous IC), and (7) 60 s of QB; phase 3, (1)
60 s of QB, (2) slow vital capacity maneuver, and (3)
60 s of QB.

Assessment of Cough Peak Flow and Chest
Wall Volumes

The optoelectronic plethysmography equipment (BTS
Bioengineering, Garbagnate Milanese, Italy) allowed mea-
surement of chest-wall volume (VCW) and volume of its
compartments. The equipment was calibrated before each
data collection to recognize the markers and using a fre-
quency of 60 frames/s. With the subject at 45° body in-
clination, 52 retro-reflective markers were placed at spe-

cific points of the thorax and abdomen, and 6
photosensitive cameras were positioned around the sub-
ject (3 on the left and 3 on the right) to capture the
movement changes of the markers according to the pro-
tocol described by Aliverti et al.26 Volumes were ob-
tained following an experimental model according to
the Gauss theorem.20,27

From optoelectronic plethysmography data, the follow-
ing variables were considered for further analysis: cough
peak flow (derived by the volume displaced by chest wall
and time during the cough [�VCW/�t]),28,29 chest wall
tidal volume and its compartments, IC, vital capacity, duty
cycle (TI/Ttot), maximum inspiratory (�VT(CW)/TI) and ex-
piratory flow (�VT(CW)/TE), minute ventilation (V̇E),
breathing frequency, inspiratory time (TI), expiratory time
(TE), total time of respiratory cycle (Ttot), end-inspiratory
volume, end-expiratory volume, and percentage of contribu-
tion of the compartments to VCW. Abdominal �V (�Vab)/TI,
pulmonary rib cage �V (�Vrcp)/TI, and �Vab/TE were
calculated as shortening velocity index of diaphragm,
inspiratory, and expiratory muscles, respectively, as de-
scribed previously.30

Fig. 2. Experimental tracings of total chest wall volume variation during a test on a single representative subject. The study protocol included a
period of quiet breathing (A) and a slow vital capacity maneuver (C) and a period of quiet spontaneous breathing, spontaneous cough, and 3 sets
of air stacking maneuvers interspersed with periods of quiet breathing (B). The dotted line in B denotes total lung capacity. X, end of cough.
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Statistical Analysis

Normality and data distribution were verified using the
Shapiro-Wilk test. For descriptive analysis, mean and SD
were used when distribution was normal, and median and
interquartile interval were used for non-normal distribu-
tion.

The Wilcoxon test was used for intragroup comparison
related to vital capacity. Repeated measures one-way anal-
ysis of variance or the Friedman test was used to verify
difference between the data of the following moments:
spontaneous coughs (pre- and post-spontaneous cough) and
cough with AS; spontaneous inspiratory capacities (ICpre

and ICpost) and IC � AS; and quiet breathing before and
after cough (Aftercough1, Aftercough2, and Aftercough3) and
recovery. When a significant difference was found, the
Bonferroni or Dunn post hoc test was applied to identify
the differences between the moments. The inferential data
analysis was performed using GraphPad Prism 6.01 for
Windows (GraphPad Software, La Jolla, California).

Effect sizes for the magnitude of statistically significant
moment differences were calculated using Cohen’s f sta-
tistic, and effect size was expressed as small (�0.10),
moderate (between 0.25 and 0.40), and large (�0.40) for
parametric data. Post hoc statistical power was calculated
using G*Power 3.1.9.2 (Christian-Albrechts-Universität,
Kiel, Germany) according to the volumes of ICpre, IC � AS,

and ICpost. P � .05 (2-sided) was considered as statisti-
cally significant for all statistical analysis.

Results

Sample Characteristics and Power of the Study

Twenty-one subjects were evaluated, but only 20 par-
ticipated in the study (8 males and 12 females; mean age
24.3 � 3.48 y, weighing 67.51 � 11.91 kg and
1.70 � 0.10 m tall, with body mass index of 23.31 � 2.50
kg/m2, FVC of 4.41 � 0.94 L, and FEV1 of 3.69 � 0.71 L).
One subject was excluded for presenting spirometric val-
ues below predicted. The anthropometric characteristics of
the sample are shown in Table 1. Absolute and percentage
of predicted values for lung function and respiratory mus-
cle strength are shown in Table 2.

A post hoc analysis considering the calculated effect
size for volumes of ICpre, IC � AS, and ICpost moments
showed a statistical power (1 � �) � .99 for this study.

Effects of Air Stacking on Cough Peak Flow

During the AS maneuver (AS moment), a significant
increase (P � .03, Cohen’s f � .47, large) in cough peak
flow was observed, as shown in Figure 3. Bonferroni’s
post hoc test showed a significant difference in AS mo-

Table 1. Characteristics of Each Subject in Relation to Anthropometric Data

Subject Sex Age (y) Height (m) Weight (kg) BMI (kg/m2)

1 Female 24 1.76 70 22.60
2 Female 22 1.53 50 21.36
3 Female 22 1.72 80 27.04
4 Female 30 1.65 58 21.30
5 Female 30 1.59 55 21.76
6 Female 25 1.69 69 24.33
7 Female 20 1.64 54 20.08
8 Female 20 1.64 60 22.31
9 Female 30 1.65 55 20.28
10 Female 20 1.55 53 22.06
11 Female 24 1.54 61 25.72
12 Female 26 1.77 64 20.43
13 Male 28 1.78 78 24.62
14 Male 26 1.82 76 22.94
15 Male 19 1.70 69 23.88
16 Male 22 1.86 81 23.41
17 Male 25 1.80 77 23.77
18 Male 22 1.69 63 22.23
19 Male 24 1.82 86 25.96
20 Male 27 1.73 90 30.07

Mean � SD 24.3 � 3.5 1.70 � 0.10 67.5 � 11.9 23.31 � 2.50

BMI � body mass index
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ment when compared with the pre-spontaneous cough mo-
ment (mean difference of 1.76 � 0.08 L/s).

Effects of Air Stacking on Inspiratory Capacity and
Vital Capacity

A significant increase in volume during the application
of the maneuver (P � .001, Cohen’s f � .82, large) was
observed. Bonferroni’s post hoc test showed a significant
difference (mean difference of 599 mL) in IC � AS com-
pared with the ICpre moment, with no differences between
ICpost and ICpre moments (Fig. 3).

Regarding the volume displaced by the compartments,
the pulmonary rib cage compartment displaced a signifi-
cantly (P � .002) high amount of volume, which contrib-
uted to 40.6% of chest wall displacement during the ap-
plication of the maneuver. Dunn’s post hoc test showed a
difference in IC � AS compared with the ICpre moment.
Significant increases in abdominal rib cage (P � .001) and
abdominal compartment (P � .001, Cohen’s f � .81, large)
were also observed during AS, which contributed to 23.2
and 36.2% of the total chest wall volume displacement,
respectively. Dunn’s and Bonferroni’s post hoc test, re-
spectively, showed a significant difference in IC � AS

when compared with the ICpre moment in both compart-
ments (Fig. 4). No differences between IC � AS and
ICpost moments and ICpre and ICpost moments were found.
No significant differences in vital capacity (P � .86) after
the application of the technique were found.

Effects of Air Stacking on Total and Operational
Chest Wall Volumes

A significant increase in chest wall tidal volume (P �
.001) was observed after application of the maneuver.
Dunn’s post hoc test showed a significant increase in Af-
tercough1, Aftercough2, and Aftercough3 moments compared
with QB and recovery with a greater difference in Af-
tercough2 compared with the QB moment. Regarding the vol-
ume of the compartments involved, a greater increase in
tidal volume of pulmonary rib cage compartment (P �
.001, Cohen’s f � .89, large) was observed, followed by
an increase in abdominal (P � .001) and abdominal rib
cage compartment (P � .001). After Dunn’s post hoc test,
the increase in volumes of pulmonary and abdominal rib
cage compartments occurred in Aftercough1, Aftercough2, and
Aftercough3 moments compared with QB and in Aftercough1

and Aftercough2 compared with the recovery moment. In-

Fig. 3. Box plots showing the effects of air stacking (AS) on cough peak flow (A) and inspiratory capacity (B) of healthy subjects in 3 different
moments. A: Pre � spontaneous cough before AS; Air stacking � cough immediately after AS; Post � spontaneous cough after AS. B:
Pre � spontaneous inspiratory capacity before AS; IC � AS � inspiratory capacity plus AS volume; Post � spontaneous inspiratory
capacity after AS. Center lines indicate the median, and plus signs show mean values. The upper and lower limits of each box represent
the 75th and 25th percentiles, respectively. Whiskers denote minimum and maximum values.

Fig. 4. Inspired volume of chest wall compartments (pulmonary rib cage [A], abdominal rib cage [B], and abdominal [C]) of all study subjects
during spontaneous inspiratory capacity before (Pre), during inspiratory capacity � air stacking (IC � AS), and after (Post) the air-stacking
maneuver. Black lines show median values of each compartment and interquartile ranges between 25 and 75%.
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creases in tidal volume of the abdominal compartment
were observed in Aftercough1 and Aftercough2 compared with
the recovery moment (Table 3).

Regarding operational volumes, a significant increase in
end-inspiratory chest wall volume (P � .001) was found.
After Dunn’s post hoc test, it was observed that the in-
crease occurred in Aftercough1, Aftercough2, and Aftercough3

moments compared with QB. Concerning compartmental
analysis, an increase in pulmonary rib cage (P � .001,
Cohen’s f � .88, large) and abdominal rib cage (P � .01)
was observed with no significant changes in the abdominal
compartment (P � .56). Regarding pulmonary rib cage,
Bonferroni post hoc analysis showed a significant differ-
ence in Aftercough1, Aftercough2, Aftercough3, and recovery
moments compared with QB. Dunn’s post hoc analysis
showed a significant difference in Aftercough2 compared
with QB moment for the abdominal rib cage compartment.
No significant differences were found in end-expiratory
chest wall volume (P � .10) or compartmental analysis
(Table 3).

Effects of Air Stacking on the Contribution of the
Compartments to Tidal Volume

A significant increase in the percentage of contribution
of the pulmonary rib cage (P � .001, Cohen’s f � .60,

large) to tidal volume was observed. The Bonferroni post
hoc test showed a significant difference in Aftercough1,
Aftercough2, and Aftercough3 compared with QB with the
greatest difference in Aftercough1 compared with QB mo-
ment and Aftercough1 compared with the recovery moment.
No significant differences were observed related to ab-
dominal rib cage compartment (P � .061, Cohen’s f � .37,
moderate). Contrastingly, there was a decrease in the per-
centage of contribution of the abdominal compartment to
tidal volume (P � .001, Cohen’s f � .62, large). The
Bonferroni post hoc test showed a significant difference in
Aftercough1, Aftercough2, and Aftercough3 compared with QB,
with the greatest difference in Aftercough1 compared with
QB moment (Table 3).

Effects of Air Stacking on Breathing Pattern

A significant decrease in TE (P � .001) was observed
after the application of the maneuver. Dunn’s post hoc test
showed that this decrease occurred in the recovery mo-
ment compared with QB. A significant increase in TI/Ttot

(P � .02, Cohen’s f � .42, large) was also observed in
Aftercough3 compared with the QB moment. No significant
changes were observed in relation to TI and Ttot (Table 4).

A significant increase in breathing frequency (P � .02)
was observed. Dunn’s post hoc test showed a significant

Table 3. Effects of Air Stacking on Total Chest Wall and Compartmental Volumes and Operational Volumes

Parameter Quiet Breathing Aftercough1 Aftercough2 Aftercough3 Recovery P

VT(CW), L 0.40 (0.32–0.50) 0.61 (0.50–0.79)*† 0.57 (0.43–0.91)*† 0.55 (0.40–0.71)*† 0.41 (0.32–0.59) �.001
VT(rcp), L 0.14 (0.09–0.20) 0.30 (0.19–0.40)*† 0.28 (0.16–0.43)*† 0.22 (0.13–0.37)* 0.18 (0.08–0.26) �.001
VT(rca), L 0.06 (0.05–0.07) 0.10 (0.09–0.13)*† 0.09 (0.07–0.17)*† 0.10 (0.07–0.14)* 0.06 (0.05–0.10) �.001
VT(ab), L 0.20 (0.13–0.24) 0.21 (0.18–0.28)† 0.22 (0.18–0.29)† 0.20 (0.13–0.31) 0.18 (0.13–0.22) �.001
VT(rcp), %‡ 35.82 (27.05–47–94) 49.81 (29.20–56.57)*† 48.73 (32.55–57.26)* 43.87 (2886–54.67)* 43.57 (26.05–53.83) �.001
VT(rca), %‡ 16.61 (14.93–17.97) 17.90 (15.86–19.07) 17.71 (15.65–19.34) 17.56 (15.80–18.90) 17.32 (15.05–19.13) .061
VT(ab), %‡ 47.65 (37.14–55.71) 33.19 (22.88–51.36)* 34.60 (25.77–49.85)* 40.68 (27.73–54.15)* 39.24 (29.90–56.49) �.001
EIVCW, L 11.30 (10.38–12.64) 11.57 (10.61–13.17)* 11.87 (10.95–13.08)* 11.81 (10.82–13.07)* 11.45 (10.47–13.70) �.001
EIVrcp, L‡ 5.69 (5.15–6.29) 5.83 (5.33–6.39)* 5.76 (5.38–6.37)* 5.72 (5.27–6.33)* 5.73 (5.20–6.34)* �.001
EIVrca, L 1.94 (1.64–2.28) 2.02 (1.72–2.34) 2.08 (1.75–2.33)* 2.04 (1.76–2.33) 2.00 (1.69–2.31) .01
EIVab, L 3.86 (3.41–4.58) 3.82 (3.41–4.61) 3.82 (3.47–4.57) 3.80 (3.49–4.67) 3.80 (3.41–4.56) .56
EEVCW, L 10.92 (10.08–12.08) 10.93 (10.09–12.20) 10.92 (10.07–12.16) 10.99 (10.13–12.15) 11.05 (10.10–12.17) .10
EEVrcp, L‡ 5.02 (5.52–6.14) 5.47 (5.02–6.15) 5.49 (4.98–6.13) 5.53 (5.01–6.12) 5.55 (5.04–6.12) .15
EEVrca, L 1.86 (1.58–2.19) 1.91 (1.61–2.22) 1.91 (1.64–2.20) 1.92 (1.63–2.19) 1.91 (1.64–2.21) .39
EEVab, L 3.67 (3.27–4.31) 3.67 (3.25–4.32) 3.64 (3.24–4.32) 3.66 (3.25–4.32) 3.64 (3.26–4.34) .17

Data are presented as median (interquartile range).
* Intragroup difference compared with quiet breathing.
† Intragroup difference compared with recovery.
‡ Parametric data distribution.
VT � tidal volume
CW � chest wall
rcp � pulmonary rib cage
rca � abdominal rib cage
ab � abdominal
EIV � end-inspiratory volume
EEV � end-expiratory volume
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difference in Aftercough3 when compared with the QB mo-
ment. Significant increases in V̇E (P � .001) were also
observed. Dunn’s post hoc test showed a significant dif-
ference in Aftercough1, Aftercough2, and Aftercough3 com-
pared with QB and recovery moments, with a greater dif-
ference observed in Aftercough2 compared with the QB
moment (Table 4).

An increase in �VT(CW)/TI (P � .001) and �VT(CW)/TE

(P � .001) was also observed after application of the
maneuver. Dunn’s post hoc test showed a significant dif-
ference in Aftercough1, Aftercough2, and Aftercough3 moments
compared with the QB moment and in Aftercough1 and
Aftercough2 compared with the recovery moment for
�VT(CW)/TI, as well as in Aftercough1, Aftercough2, and Af-
tercough3 moments compared with the QB and recovery
moments for �VT(CW)/TE (Table 4).

Effects of Air Stacking on Shortening Velocity Index
of Respiratory Muscles

A significant increase in the �Vab/TI (P � .001, Co-
hen’s f � .55, large), �Vrcp/TI (P � .001), and �Vab/TE

(P � .001) was found. Dunn’s post hoc test showed a
significant difference in Aftercough1, Aftercough2, and Af-
tercough3 compared with the QB moment and in Aftercough1

and Aftercough2 compared with the recovery moments
for �Vrcp/TI, as well as Aftercough1, Aftercough2, and

Aftercough3 compared with the QB moment for �Vab/TE.
Regarding �Vab/TI, the Bonferroni post hoc test showed a
significant difference in Aftercough1 compared with QB
and Aftercough2 compared with the recovery moment (Ta-
ble 4).

Discussion

The main findings of the study were that AS in healthy
subjects was able to (1) increase cough peak flow imme-
diately after the maneuver; (2) exceed inspiratory capacity,
reaching the maximum insufflation capacity (IC � AS);
(3) increase chest wall tidal volume with no significant
changes in end-expiratory volumes; (4) modify breathing
pattern; and (5) increase the shortening velocity index of
respiratory muscles.

To date, this is the first study in which measurements of
chest wall volumes and percentage of contribution of the
chest wall compartments to tidal volume obtained after the
AS maneuver through optoelectronic plethysmography
were performed. Different from previous studies about
AS,6-9,17 the choice of the optoelectronic plethysmography
system as an evaluation tool of the cough peak flow was
due to the high and noninvasive accuracy that it provides20

with no interference of mouthpieces, nose clips, face masks,
or any interface that may alter mouth and cheek move-
ments, thus ensuring a natural cough.28 Otherwise, we

Table 4. Effects of Air Stacking on Breathing Pattern and Shortening Velocity Index of Respiratory Muscles

Parameter Quiet Breathing Aftercough1 Aftercough2 Aftercough3 Recovery P

TI, s 1.72 (1.35–1.88) 1.53 (1.26–2.04) 1.39 (1.18–1.84) 1.47 (1.28–1.87) 1.52 (1.22–1.83) .45
TE, s 2.17 (1.89–2.92) 1.9 (1.47–2.57) 1.87 (1.40–2.49) 1.76 (1.45–2.15)* 1.68 (1.47–2.14)* �.001
Ttot, s 3.82 (3.22–4.66) 3.35 (2.98–4.60) 3.24 (2.60–4.58) 3.21 (2.71–3.75) 3.24 (2.73–4.09) .07
Breathing frequency,

breaths/min
16.51 (14.33–19.37) 18.37 (13.43–20.98) 18.73 (13.20–23.71) 18.91 (16.22–23.32)* 19.12 (14.78–22.47) .02

V̇E, L/min 6.34 (5.02–7.28) 10.09 (7.65–14.54)*† 10.20 (7.57–15.93)*† 10.24 (8.48–12.30)*† 8.15 (6.24–9.98) �.001
�VT(CW)/TI, L/s 0.26 (0.20–0.31) 0.39 (0.29–0.53)*† 0.39 (0.30–0.58)*† 0.40 (0.33–0.44)* 0.30 (0.22–0.39) �.001
�VT(CW)/TE, L/s 0.18 (0.15–0.22) 0.31 (0.25–0.45)*† 0.32 (0.22–0.52)*† 0.33 (0.27–0.39)*† 0.26 (0.20–0.30) �.001
TI/Ttot‡ 42.51 (39.67–44.70) 45.05 (42.01–46.24) 42.50 (40.82–46.83) 45.82 (43.84–47.64)* 46.41 (43.28–49.62) .02
�Vrcp/TI, L/s 0.09 (0.06–0.12) 0.19 (0.09–0.29)*† 0.19 (0.10–0.31)*† 0.15 (0.08–0.22)* 0.12 (0.07–0.20) �.001
�Vab/TI, L/s‡ 0.08 (0.06–0.10) 0.11 (0.07–0.15)* 0.11 (0.07–0.17)† 0.11 (0.07–0.18) 0.11 (0.06–0.14) �.001
�Vab/TE, L/s 0.11 (0.09–0.16) 0.15 (0.11–0.20) 0.15 (0.11–0.21) 0.13 (0.09–0.18) 0.12 (0.10–0.16) �.001

Data are presented as median (interquartile range).
* Intragroup difference compared with quiet breathing.
† Intragroup difference compared with recovery.
‡ Parametric data distribution.
TI � inspiratory time
TE � expiratory time
Ttot � total respiratory cycle time
V̇E � minute volume
�VT(CW)/TI � maximum inspiratory flow
�VT(CW)/TE � maximum expiratory flow
TI/Ttot � duty cycle
�Vrcp/TI � shortening velocity index of inspiratory muscles
�Vab/TI � shortening velocity index of diaphragm
�Vab/TE � shortening velocity index of expiratory muscles
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would not have any opportunity to evaluate the real alter-
ations in chest wall kinematics or the real immediate ef-
fects of the AS maneuver on cough peak flow.

According to the effect size and power calculated,31 the
population of this study was satisfactory, and the applica-
tion of the maneuver resulted in a large effect on the IC of
the analyzed subjects. Sivasothy et al32 showed that cough
peak flow improvements could be achieved in healthy sub-
jects, neuromuscular disease subjects, and COPD subjects
when initiated from maximum inspiratory volumes. Addi-
tionally, Smith et al5 observed in healthy subjects that the
greater the inspired volume, the greater the cough peak
flow, with the inspired volume being the main factor in
determining the expelled volume during the cough and
achieved cough peak flow.

Increases in volumes beyond IC promote increases in
cough peak flow,1 and although our study was performed
in healthy subjects with no previous lung or rib cage dis-
orders, the findings coincide with those of Ishikawa et al,4

where AS promoted a significant increase in the cough
peak flow of 61 subjects with Duchenne muscular dystro-
phy. Similarly, Jeong and Yoo33 and Kang and Bach1,9

observed a significant increase in cough peak flow of sub-
jects with cervical spinal cord injury and neuromuscular
disease, respectively, after a daily program composed of
AS maneuvers, attributing this increase to the increase in
IC.

The volume applied through AS was able to exceed
20.4% (mean of 599 mL) of the volume of ICpre of the
subjects, and this perhaps explains the fact that the highest
difference was found in cough peak flows obtained imme-
diately after the maneuver. This increase in volume above
ICpre occurred mainly in the pulmonary rib cage compart-
ment and contributed to 40.6% of chest wall displacement,
followed by the abdominal compartment (36.2%). Further-
more, although it was nonsignificant, 78% of the subjects
remained with high volumes after a rest period (ICpost

moment), and this increase may also have influenced the
increase in spontaneous cough peak flows of 55% of the
subjects (post-spontaneous cough moment). The results
demonstrate that the AS maneuver can increase the cough
peak flow of healthy subjects, and this condition, which
occurs immediately after AS, may also continue for a cer-
tain period of time. This can be explained by the fact that
the positive applied pressure increases lung volumes to
their maximum, causing an increase in passive elastic re-
coil of the lungs and rib cage, thereby decreasing the air-
way resistance,4,5,19 in addition to lengthening the expul-
sive phase5 and increasing the cough.

In patients with neuromuscular disease, the increase in
cough peak flow after AS occurs in those for whom vital
capacity changes with the application of the positive pres-
sure.1,9 This may not happen the same way in healthy
subjects, since no differences in vital capacity were found

after the maneuver. Thus, we presume that the technique
does not influence the vital capacity of healthy subjects,
possibly because they do not present lung or chest wall
disorders, thus confirming the fact that the maneuver in-
fluences the cough peak flow of this population only when
a positive pressure is applied above IC level.

An increase in chest wall tidal volume throughout all of
the intervention protocol was higher among Aftercough2

compared with the QB moment. This increase was mainly
observed in the pulmonary rib cage followed by the ab-
dominal and abdominal rib cage compartments, occurring
in a gradual manner during the application of the maneu-
ver and returning to baseline values after a period of quiet
breathing (recovery moment). The pulmonary rib cage com-
partment was responsible for the largest increase in per-
centage of volume contribution to the chest wall, mainly
between Aftercough1 and QB moments, whereas a decrease
in the same proportion in the contribution of the abdom-
inal compartment was observed during the same moments
(Table 3). The increase in volume of the upper chest re-
gion may have also occurred because of the influence of
the position at 45° body inclination. The complacency of
these compartments and the geometry of the diaphragm
change with different positions,34 so the greater the body
inclination (from supine to seated position), the greater the
contribution of the rib cage, and the lower the contribution
of the abdomen to tidal volume.35

The pulmonary rib cage compartment was mainly re-
sponsible for the increase in end-inspiratory chest wall
volume, especially among Aftercough2 compared with the
QB moment. The same behavior was observed in the
abdominal rib cage compartment with an increase in
Aftercough3 compared with the QB moment. No significant
changes in end-expiratory chest wall volume or its com-
partments were observed, suggesting that the application
of the maneuver in healthy subjects positioned at 45° body
inclination influences an increase in volume of the upper
chest wall and does not result in chest wall hyperinflation
at any time.

Because end-expiratory chest wall volume (an index of
lung volume) did not change, we can presume that the
increase of 599 mL during the application of AS (IC � AS
moment) in healthy subjects was momentarily due to an
increase in TLC. This fact corroborates with other stud-
ies36-38 in which the TLC of healthy subjects can be altered
after an increase in volume, and consequently transpulmo-
nary pressure, greater than to those which the lung would
normally be exposed to. Conventionally, TLC is the point
of maximum inflation, and this volume is reached when
maximal inspiratory muscle tension is exerted. To increase
lung volume above normal TLC, the applied pressure has
to be substantially high because of the low compliance at
high lung volumes.37
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The application of the maneuver also influenced changes
in breathing pattern. The increase in V̇E was possibly more
due to the increase in tidal volume than increases in breath-
ing frequency. Higher expiratory flows were expelled in a
shorter time (decrease in TE), and, although TI remained
constant, gradual increases in VT(CW)/TI were observed,
possibly due to the increase in tidal volume. This behavior
may be explained by a possible change in respiratory drive
caused by the applied positive pressure. Ttot and TI showed
no significant changes, but their small variations may have
influenced the significant increase in TI/Ttot.

Regarding the shortening velocity index of the respira-
tory muscles, the increase in �Vab/TI mainly occurred from
an increase in volume displacement by the abdominal com-
partment, since no significant decrease in TI was found.
Since the diaphragm acts as the main flow generator,39 it
is likely that the increase in diaphragm shortening velocity
could also influence the generation of high cough peak
flow. On the other hand, the increase in �Vab/TE mainly
occurred from a decrease in TE throughout application of
the protocol, in addition to a higher amount of volume
displaced by the compartment. In contrast to diaphragm
and expiratory muscles, the inspiratory muscles of the rib
cage develop more passive tension for active force devel-
opment when stretched beyond their optimal size,40 and
perhaps this is why a greater shortening velocity was seen
in �Vrcp/TI in relation to the other indexes. In general, the
increase in shortening velocity could be explained by the
activation and recruitment of motor units in addition to
the change in neural drive.30 The neural drive to a muscle
results in a power output that is the product of the devel-
oped force and the shortening velocity. Thus, the parti-
tioning of power between force and velocity is primarily a
function of the load the muscle contracts against, although
central drive can determine recruitment patterns of motor
units.41

According to Kang and Bach,9 for up to 50 y, no baro-
traumas or any complications have been reported by neu-
romuscular patients as a result of AS application. Although
this study has been performed in healthy subjects with no
primary intrinsic lung disease, none of them reported any
complications during or after the application of the ma-
neuver, since the manual insufflator was well calibrated,
and the pressure valve automatically opened when reach-
ing 40 cm H2O while applying positive pressure.

The posture in 45° body inclination was adopted in this
study to mimic the posture in which AS is applied in most
bedridden patients, so no other postures were included in
the study design. Furthermore, because we only studied
healthy subjects, the applicability of our results to individ-
uals with neuromuscular disease is unknown, since they
present with lung and chest wall mechanics quite different
from those of healthy subjects. In addition, as limitations
of the study, we can cite the lack of hemodynamic mon-

itoring during AS application, pressure-volume curve and
alveolar recruitment measurement, calculation of the vol-
ume and pressure at the mouth, the amount of gas com-
pression inside the chest wall caused by AS42 as well as
blood shift from the trunk to the extremities during and
after application of the maneuver.

Conclusions

In healthy subjects, the cough peak flow can be in-
creased immediately after the application of the AS ma-
neuver, as well as the total and operational chest wall
volumes, inspiratory capacity, respiratory muscle shorten-
ing velocity, and breathing pattern. Although this study
has attempted to answer some questions about the AS
maneuver, we do not know to what extent the technique
influences lung and chest wall compliance. For this, future
studies are needed to better understand the physiology
around the AS maneuver in healthy subjects and subjects
with restrictive lung disorders.
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11. Winck JC, Gonçalves MR, Lourenço C, Viana P, Almeida J, Bach
JR. Effects of mechanical insufflation-exsufflation on respiratory
parameters for patients with chronic airway secretion encumbrance.
Chest 2004;126(3):774-780.

12. Vianello A, Corrado A, Arcaro G, Gallan F, Ori C, Minuzzo M,
Bevilacqua M. Mechanical insufflation-exsufflation improves out-

ACUTE PHYSIOLOGICAL EFFECTS OF AIR STACKING

RESPIRATORY CARE • ● ● VOL ● NO ● 11

RESPIRATORY CARE Paper in Press. Published on February 14, 2017 as DOI: 10.4187/respcare.05189

Copyright (C) 2017 Daedalus Enterprises ePub ahead of print papers have been peer-reviewed, accepted for publication, copy edited 
and proofread. However, this version may differ from the final published version in the online and print editions of RESPIRATORY CARE



comes for neuromuscular disease patients with respiratory tract in-
fections. Am J Phys Med Rehabil 2005;84(2):83-88; discussion 89-
91.

13. Jenkins HM, Stocki A, Kriellaars D, Pasterkamp H. Breath stacking
in children with neuromuscular disorders. Pediatr Pulmonol 2014;
49(6):544-553.

14. Cleary S, Misiaszek JE, Kalra S, Wheeler S, Johnston W. The effects
of lung volume recruitment on coughing and pulmonary function in
patients with ALS. Amyotroph Lateral Scler Frontotemporal De-
gener 2013;14(2):111-115.

15. Toussaint M, Boitano LJ, Gathot V, Steens M, Soudon P. Limits of
effective cough-augmentation techniques in patients with neuromus-
cular disease. Respir Care 2009;54(3):359-366.

16. Bach JR, Zhitnikov S. The management of neuromuscular ventila-
tory failure. Semin Pediatr Neurol 1998;5(2):92-105.

17. Bianchi C, Carrara R, Khirani S, Tuccio MC. Independent cough
flow augmentation by glossopharyngeal breathing plus table thrust in
muscular dystrophy. Am J Phys Med Rehabil 2014;93(1):43-48.

18. Dohna-Schwake C, Ragette R, Teschler H, Voit T, Mellies U. IPPB-
assisted coughing in neuromuscular disorders. Pediatr Pulmonol 2006;
41(6):551-557.

19. Panitch HB. Airway clearance in children with neuromuscular weak-
ness. Curr Opin Pediatr 2006;18(3):277-281.

20. Aliverti A, Pedotti A. Opto-electronic plethysmography. Monaldi
Arch Chest Dis 2003;59(1):12-16.

21. American Thoracic Society/European Respiratory Society. ATS/ERS
statement on respiratory muscle testing. Am J Respir Crit Care Med
2002;166(4):518-624.

22. Pereira CA, Sato T, Rodrigues SC. Novos Valores De Referência Pra
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