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BACKGROUND: Breath-stacking, which consists of taking 2 or more consecutive ventilator in-
sufflations without exhaling, is a noninvasive and inexpensive cough-assistance technique for pa-
tients with neuromuscular disease. Volumetric cough mode (VCM) is a recently introduced venti-
lator mode consisting of a programmable intermittent deep breath equal to a set percentage of the
baseline tidal volume. Here, our objective was to compare VCM to breath-stacking during volume-
control continuous mandatory ventilation in subjects on long-term noninvasive mechanical venti-
lation at home. METHODS: We included 20 subjects with neuromuscular disease causing severe
respiratory muscle dysfunction with a cough peak flow (CPF) < 270 L/min or maximum expiratory
pressure < 45 cm H2O. Each subject tested breath-stacking and VCM in random order. RESULTS:
CPF increased with both techniques but was higher with VCM than with breath-stacking in
16 subjects. In 17 subjects, CPF was highest with the technique that produced the greatest inspira-
tory capacity. CONCLUSION: Our results indicate that both breath-stacking and VCM are useful
cough-augmentation techniques. Displaying insufflated volumes on the ventilator screen is a simple
and accessible method for selecting the most efficient cough-augmentation technique delivered by
a home ventilator. Key words: cough; mechanical insufflation; neuromuscular diseases; intermittent
positive-pressure breathing; respiratory failure. [Respir Care 2019;64(3):255–261. © 2019 Daedalus
Enterprises]

Introduction

Impaired cough resulting in an inability to clear the
airways of secretions is among the factors causing acute
respiratory failure in subjects with neuromuscular disease.1

Cough peak flow (CPF) is widely considered to predict cough
efficiency2,3 and successful weaning from invasive mechan-

ical ventilation.4,5 When CPF is � 270 L/min in a med-
ically stable patient, cough assistance is recommended
as a means of preventing pneumonia, atelectasis, and
respiratory failure.6 Cough efficiency can be increased
by providing assistance during inspiration or expiration
or both.7

Inspiratory cough-assistance techniques increase the vol-
ume inspired just before the cough. Glossopharyngeal breath-
ing is a positive-pressure breathing technique in which the
glottis projects air into the lungs and then acts as a valve, thus
adding to the inspired volume. This technique, first described
by Dail during a poliomyelitis epidemic in the 1940s,8 is not
widely known or used today and requires normal glottis func-
tion.9 Mechanical insufflation such as intermittent positive-
pressure breathing can be used,10-13 but this requires a cum-
bersome and expensive device.

Breath-stacking is another means of increasing inspira-
tory capacity, in which the patient takes 2 or more con-
secutive insufflations without exhaling. Breath-stacking
can be performed using a home ventilator.14 Thus, no ad-
ditional device is required, and the subject can use breath-
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Garches, France. E-mail: f.lofaso@rpc.aphp.fr.

DOI: 10.4187/respcare.06259

RESPIRATORY CARE • MARCH 2019 VOL 64 NO 3 255



stacking as needed. The glottis must be competent, and
ventilation must be delivered via a volumetric mode. An-
other limitation is that the total insufflated volume is dif-
ficult to adjust based on tolerance.15

For patients who are not yet receiving home ventilation

SEE THE RELATED EDITORIAL ON PAGE 355

or who do not use a volumetric mode, breath-stacking can
be achieved using a manual resuscitation bag. In addition,
impaired glottis function can be substituted by a one-way
valve placed at the outlet port of the manual resuscitation bag
to prevent exhalation between successive insufflations.16 In a
recent study of subjects with Duchenne muscular dystrophy,
breath-stacking produced similar CPF values when achieved
with a volume-cycled ventilator or with a manual resuscita-
tor.17 Thus, cough assistance using a resuscitation bag is a
simple and inexpensive cough-augmentation technique that
may be useful for preventing and managing complications in
ventilated patients. However, this technique requires the in-
tervention of a skilled caregiver.

Recently, home ventilator manufacturers have sought to
improve their devices by adding inspiratory barometric or
volumetric modes designed to increase inspiratory capac-
ity and, therefore, cough performance. The volumetric
cough mode (VCM) can be controlled by the patient alone
and provides cough augmentation with no additional de-
vice, thereby limiting costs. Other advantages of VCM
include greater accuracy in adjusting the inspired volume
to the highest tolerated value and potential efficiency in
patients with weak bulbar muscles.

In this study, our objective was to compare VCM to
breath-stacking during volumetric mechanical ventilation
in terms of tolerance and cough parameter improvements
in subjects with neuromuscular disease who used a volu-
metric mode of noninvasive ventilation (NIV) at home and
required mechanical cough assistance.

Methods

This study was approved by the French Ethics Commit-
tee (Comité de Protection des Personnes) of Saint-Ger-
main-en-Laye, France, on September 3, 2015 (NCPP
15031) and registered on ClinicalTrials.gov as
NCT 02847299. Subjects gave written informed consent
before study inclusion.

Subjects

The study was performed between March 2016 and
June 2017 at the home ventilation unit of the medical ICU
of the Raymond Poincaré Teaching Hospital, Garches,
France. We used a randomized, open, single-center, cross-

over design to compare 2 inspiratory cough-assistance tech-
niques, VCM and breath-stacking. To obtain 80% power
for detecting a difference of 100 L/min, with a standard
deviation of 70 L/min, a within-subject correlation of 0.5,
and the alpha risk set at 5%, 20 subjects were required. We
recruited 20 subjects with neuromuscular disease during
their annual follow-up visits at our post-intensive care unit,
which routinely included subject education about cough-
assistance techniques.

Inclusion criteria were documented neuromuscular dis-
ease, home NIV with a volumetric mode, no previous
experience with cough-assistance techniques, age � 18 y,
hemodynamic stability, absence of acute bronchial con-
gestion (ie, respiratory tract infection) in the past month,
and CPF � 270 L/min as recommended,6 or maximum
expiratory pressure � �45 cm H2O.18 Exclusion criteria
were concomitant lung disease, respiratory infection on
the day of the assessment, and a tracheostomy.

At each visit, the following were recorded routinely:
vital capacity, unassisted CPF, maximum expiratory pres-
sure, and maximum inspiratory pressure.19 Slow vital ca-
pacity and CPF were measured with the same device and
by the same technician in all subjects.

Cough-Assistance Methods

Breath-stacking was achieved by instructing the sub-
jects to perform consecutive inspiratory hold insufflations

QUICK LOOK

Current knowledge

Cough impairment is a major contributor to respiratory
failure in patients on home ventilation due to neuro-
muscular disease. Mechanical cough-assistance devices
are cumbersome and costly, and their use requires the
patient to be disconnected from the ventilator. When
stacking ventilator breaths, the total insufflated volume
may prove difficult to adjust to patient tolerance.

What this paper contributes to our knowledge

Volumetric cough mode in which intermittent deep in-
sufflations equal to a set percentage of the baseline tidal
volume are programmed on a ventilator allowing a 500%
increase in tidal volume produced higher cough peak
flows compared to ventilator breath stacking in the ma-
jority of subjects with neuromuscular disease requiring
noninvasive ventilation at home. Cough peak flow was
generally higher with the method producing the greatest
insufflated volume. Both methods should be tested to
determine which performs best in an individual subject.
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until the lungs felt fully expanded, producing a stretching
sensation across the front of the chest, or until the insuf-
flation pressure plateau was 50 cm H2O. The first exha-
lation after this augmented insufflation was used to cough.

VCM intermittently inflated the lungs with a volume
greater than the baseline tidal volume (VT). This hyperin-
sufflation cycle was automatically repeated after 30 s of
usual cycles. An audio signal sounded just before the deeper
breath to alert the subject. This intermittent deep breath
began at 110% of the baseline VT and was volitionally
increased by 10% increments until the insufflated volume
reached the highest tolerated value or 500% of baseline
VT, or until the maximum pressure reached 50 cm H2O.

Testing Protocol

On the day before the test day, the subjects were famil-
iarized with the ventilator equipped with VCM (Astral
150, Resmed, Saint-Priest, France) and with the face mask
(Laerdal Medical, Limonest, France). The ventilator, com-
mercially available in Europe, was set to deliver noninva-
sive volume continuous mandatory ventilation modified to
allow a 500% increase in VT and was used in volumetric
mode for both VCM and breath-stacking. The subjects
received training in both breath-stacking and VCM. VT

and other settings were those habitually used by the sub-
ject. The number of consecutive insufflations required to
optimize the breath-stacking technique was determined for
each subject during the training session. Instructions were
tailored to each participant.

On the test day, each subject performed both techniques
in random order. All measurements were performed with
the subject seated in the usual wheelchair. One physio-
therapist and one technician carried out the tests, prevent-
ing leakage and performing the measurements, respectively.
Great care was taken to avoid leaks around the face mask
during each of the tests. The tests were performed using
the settings determined during the training sessions. Dur-
ing coughing, the subject received strong verbal encour-
agement from the physiotherapist.

Outcomes and Measurements

As previously suggested,20 we chose CPF as the pri-
mary outcome measure. The secondary outcome measures
were inspiratory capacity and subjective subject ratings of
breathing comfort and cough effectiveness.

During coughing, flow was measured using a pneumot-
achograph (Fleisch#4, Lausanne, Switzerland). Flow in-
creases were linear at � 600 L/min and, consequently, the
volume measured during calibration with a syringe was
not influenced by flows varying between 30 L/min and
600 L/min. The flow signal was sampled at 1,000 Hz and
recorded using an analogic-numeric system (MP100,

Biopac System, Goleta, California) and its software (Ac-
knowledge). Throughout the tests, oxygen saturation and
heart rate were monitored using a pulse oximeter.

Inspiratory capacity was calculated as VT delivered by
the ventilator multiplied by the number of stacked breaths
during breath-stacking and as the delivered volume during
VCM. CPF was measured during coughing after the sub-
ject was disconnected from the ventilator at the end of the
augmented insufflation, to avoid resistance. Subjects could
rest between each cough, and total subject participation
did not exceed 1 h. In addition, care was taken to use the
circuits recommended by the manufacturer. To avoid al-
tering device performance, when the measurement circuitry
was added between the subject and device, the device
circuit length was decreased commensurately to ensure
that resistance remained unchanged.

Each test was repeated at least 3 times.21 The highest
CPF value was selected if the difference did not exceed
10% of the other 2 values. At the end of each condition,
breathing comfort was evaluated by the subject using a
visual analog scale22 ranging from 0 (I breathe very badly)
to 10 (I breathe very well). Cough effectiveness as per-
ceived by the subject was also rated on a 10-point visual
analog scale (from 0, indicating a completely inefficient
cough, to 10, indicating a fully effective cough).

Statistical Analysis

Quantitative variables were described as median and
interquartile range. To compare VCM and breath-stacking,
we used the nonparametric Friedman test followed by
post hoc pairwise comparisons with the Wilcoxon paired
test and the Holm correction. When necessary, linear re-
gression was used to evaluate the degree to which 2 vari-
ables were related. The percentage difference between val-
ues with VCM and breath-stacking was computed as the
difference between the 2 values divided by the mean of the
2 values. P values � .05 were considered significant. Sta-
tistical analyses were conducted using R 3.2.3 statistical
software.

Results

Table 1 lists the main characteristics of the 20 consec-
utive subjects included during the study period. None of
the subjects had used hyperinflation techniques in the past
5 y.

Table 2 reports the insufflation characteristics (VT, num-
ber of breaths stacked during breath-stacking, percentage
of VT during VCM) and inspiratory capacity with breath-
stacking and VCM in each subject. Of the 20 subjects,
3 were unable to stack at least 2 insufflations during breath-
stacking, despite normal bulbar function; of the other
17 subjects, 12 stacked 2 cycles and 5 stacked �3 cycles.
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During VCM, all 20 subjects were able to take in a volume
greater than the VT, and 16 subjects took in at least twice
the VT. Finally, inspiratory capacity at the end of the aug-
mented insufflation was not significantly different between
breath-stacking and VCM.

Figure 1 shows the individual CPF values. CPF was
always lower without than with mechanical cough assis-
tance. In 16 subjects, CPF was higher with VCM than with
breath-stacking. CPF values differed significantly across
the 3 conditions (baseline, VCM, and breath-stacking:
P � .001). In the pairwise comparisons, CPF with VCM
was higher than at baseline and with breath-stacking
(P � .001 and P � .001, respectively), and CPF with
breath-stacking was higher than at baseline (P � .004).

Figure 2 shows that the percentage CPF difference be-
tween VCM and breath-stacking correlated with the per-
centage inspiratory capacity difference between VCM and
breath-stacking during the inspiratory phase of the cough-
assistance maneuver (r � 0.82 and P � .001).

Comfort and subjective cough effectiveness as rated by
the subjects were similar with the 2 techniques (Table 3).

Discussion

We report the first comparison of breath-stacking dur-
ing volumetric NIV versus preprogramed adjusted hyper-
insufflation delivered by the same ventilator (VCM) as
cough-assistance methods in subjects with neuromuscular
disease. Both methods improved CPF. Mean CPF was
higher with VCM than with breath-stacking. However, the
analysis of individual results showed that breath-stacking
did not improve CPF in all subjects and that VCM did not
always produce higher CPF values than breath-stacking.
Therefore, both methods should be evaluated to determine
which is best for each patient.

CPF values � 270 L/min were achieved in only 3 sub-
jects with breath-stacking and in 7 subjects with VCM.
Among the 8 subjects whose baseline CPF was � 180
L/min, 6 with breath-stacking and 3 with VCM were un-
able to increase their CPF above this value. Neither tech-
nique is among the most sophisticated available to date,
and both act only on the inspiratory phase of the cough.

Table 1. Subject Characteristics

# Sex Age, y Diagnosis
Mechanical
Ventilation
Duration, h

Vital
Capacity

(seated), %

Maximum
Inspiratory

Pressure, cm H2O

Maximum
Expiratory

Pressure, cm H2O

Cough
Peak Flow,

L/min

1 Male 23 DMD 10 14 11 11 158
2 Male 29 SA 8 28 29 32 191
3 Male 29 Ulrich 24 14 20 22 221
4 Male 39 Ac.Malt. 8 15 19 10 69
5 Female 31 DMD 8 41 25 23 215
6 Male 22 DMD 9 11 16 12 154
7 Male 34 SA 8 28 32 20 210
8 Female 26 DMD 8 16 15 22 168
9 Male 56 VM 8 26 24 70 163
10 Male 71 Polio 11 48 30 64 205
11 Female 25 DMD 10 29 14 17 209
12 Male 26 DMD 8 16 37 18 272
13 Male 21 DMD 10 11 18 09 107
14 Female 31 SA 8 26 32 21 185
15 Female 51 G.glyc. ND 6 03 04 56
16 Female 33 SA 8 12 22 14 98
17 Male 54 SA ND 34 59 27 208
18 Male 37 BD 8 30 14 35 262
19 Male 57 SA 12 7 08 07 56
20 Male 50 G.glyc. 8 18 14 17 141
Median/IQR 17/14 21/15 21/10 176/68

DMD � Duchenne muscular dystrophy
SA � spinal amyotrophy
Ulrich � Ulrich syndrome
Ac.Malt. � acid maltase deficiency
VM � vacuolar myopathy
Polio � poliomyelitis
G.glyc. � gamma-sarcoglycanopathy
ND � not determined
BD � Becker muscular dystrophy
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Fig. 1. Cough peak flow at baseline and with the 2 cough-assistance techniques: breath stacking during volumetric mechanical ventilation
and volumetric cough mode (VCM). Box plots indicate the 25th percentile, the median, and the 75th percentile. Whiskers show the 5th and
95th percentiles. Dotted lines indicate the means. * � outliers; † � different from the other conditions, Wilcoxon paired test. Friedman test:
P � .001.

Table 2. Characteristics of the Inspiratory Phase of Cough Maneuvers With the Two Techniques

# VT, L
VT/IBW,
mL/kg

Number of
Breaths

Stacked, no.

IC Delivered
During Breath

Stacking, L

% of VT

during
VCM

IC Delivered
During VCM, L

1 450 7 2 900 400 1,800
2 580 10 3 1,740 400 2,320
3 670 9 2 1,340 180 1,206
4 810 17 1 810 120 972
5 350 6 7 2,450 500 1,750
6 450 7 4 1,800 400 1,800
7 500 7 5 2,500 330 1,650
8 550 8 2 1,100 200 1,100
9 650 9 2 1,300 380 2,470
10 450 8 1 450 380 1,710
11 700 13 2 1,400 180 1,260
12 700 11 2 1,400 230 1,610
13 550 12 2 1,100 230 1,265
14 480 10 1 480 300 1,440
15 970 18 2 1,940 220 2,134
16 520 9 2 1,040 190 988
17 800 13 2 1,600 260 2,080
18 650 11 2 1,300 240 1,560
19 550 11 2 1,100 180 990
20 760 12 4 3,040 320 2,432
Median 565 10 2 1,320 250 1,630
Q1 495 8 2 1,085 198 1,247
Q3 700 12 3 1,755 380 1,870

Wilcoxon test, P � .12.
VT � tidal volume (delivered by the ventilator)
IBW � ideal body weight
IC � inspiratory capacity
VCM � volumetric cough mode
Q1 � first quartile, Q3 � third quartile
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However, breath-stacking and VCM are simple and inex-
pensive because they require no additional device for sub-
jects on home NIV. In France, a cough-assistance device
costs the health insurance system about $925 per year, in
addition to the cost of the ventilator. This additional cost
is eliminated by using breath-stacking or VCM. Another
advantage of breath-stacking and VCM that is particularly
valuable when ventilatory assistance is required during the
day is that the patient does not need to be disconnected
from the ventilator for the cough maneuvers.

The individual analysis of our results (Fig. 2) showed
that the cough-assistance method yielding the highest CPF
values also produced the highest inspiratory capacity val-
ues in 17 of the 20 subjects. This information may be
useful to clinicians. CPF measurement requires that pa-
tients be disconnected from the ventilator and connected to
a pneumotachograph via a face mask. Thus, CPF is not
easily measured by a clinician working alone. In contrast,
inspiratory capacity during breath-stacking or a VCM in-
spiration is displayed on the ventilator screen.

Although we took great care to avoid leakage during the
insufflations, inspiratory capacity may have been overes-
timated in some cases. Overestimation of inspiratory ca-
pacity may be more likely to occur during breath-stacking
if the glottis does not close fully or permanently between
inspirations. Such leakage through the glottis may explain
the higher CPF with VCM in 3 subjects who had higher
inspiratory capacity values with breath-stacking than with
VCM. Nevertheless, the differences were small in these
3 subjects.

We hypothesized that VCM might be better tolerated
than breath-stacking due to better volume adjustment and
to the continuous hyperinsufflation with no need to refrain
from exhaling between 2 insufflations. Theoretically, VCM
should perform better in patients with bulbar dysfunction
who cannot achieve full closure of the glottis. However,
the 3 subjects who were unable to stack at least 2 cycles
with breath-stacking in our study had normal bulbar func-
tion. Therefore, this point needs to be specifically evalu-
ated in subjects with neuromuscular disease.

A limitation to the general applicability of our findings
is that we used a modified ventilator that allowed a 500%
increase in VT. Commercially available home ventilators
capable of delivering NIV do not offer such large VT

increases. For instance, the Astral 150 usually provides a
maximum VT increase of 250%, and the boost function of
the Monnal T50 (Air Liquide Medical Systems, Antony,
France) increases VT by 150%. Of our 20 subjects,
10 achieved their best results with a VT increase
�250%, which was well tolerated. Consequently, current
home ventilators would not seem to provide optimal cough
enhancement with their usual settings. This should be an
incentive for manufacturers to offer additional ventilator

Table 3. Subjective Evaluations of Breathing Comfort and Cough
Effectiveness Sensation

#
Comfort With Cough Effectiveness With

Breath Stacking VCM Breath Stacking VCM

1 3.2 6.1 5.8 5.4
2 7.6 5.6 5.1 7.0
3 6.4 5.0 7.0 6.5
4 9.0 5.5 5.0 4.9
5 8.7 8.8 7.6 9.3
6 9.7 9.5 7.8 8.7
7 9.6 9.8 9.4 9.0
8 7.4 7.0 7.0 8.1
9 5.9 9.7 7.1 9.3
10 2.1 3.9 2.0 4.6
11 3.8 4.9 5.5 4.7
12 6.6 6.5 7.5 6.0
13 6.8 3.8 4.8 4.0
14 1.8 6.4 5.2 6.1
15 4.0 9.3 7.2 8.5
16 3.7 4.8 4.8 4.6
17 6.7 6.9 5.5 4.9
18 4.9 6.9 3.6 4.0
19 7.4 5.3 6.6 5.7
20 4.9 7.2 6.7 7.9
Median 6.5 6.4 6.2 6.0
Q1 3.9 5.2 5.1 4.85
Q3 7.4 7.6 7.1 8.2
P .31 .17

Subjects evaluated comfort and cough effectiveness on a 0–10 visual analog scale.
VCM � volumetric cough mode
Q1 � first quartile, Q3 � third quartile
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Fig. 2. Relationship between the percentage cough peak flow (dif-
ference between volumetric cough mode (VCM) and breath stack-
ing and the percentage inspiratory capacity (difference between
VCM and breath stacking divided by the mean). These 2 variables
correlated significantly with each other (linear regression r � 0.82,
P � .001).
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settings to provide the most efficient support to subjects
with cough impairment.

Tolerance was similar with both methods in our popu-
lation, and the technique providing the best results differed
across subjects. Therefore, patients with neuromuscular
diseases should be evaluated on a case-by-case basis to
determine which cough-assist technique is most beneficial.
The comparison of the insufflated volume with each tech-
nique, which is provided by the ventilator, can help the
patient and clinician to choose the most efficient tech-
nique.
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