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Accuracy of tidal volume delivered by home
mechanical ventilation during mouthpiece
ventilation: A bench evaluation
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Abstract
The aim of our study was to evaluate efficacy and reliability of currently available ventilators for mouthpiece
ventilation (MPV). Five life-support home ventilators were assessed in a bench test using different settings
simulating the specificities of MPV, such as intermittent circuit disconnection and presence of continuous
leaks. The intermittent disconnection of the circuit caused relevant swings in the delivered tidal volume (VT),
showing a VT overshoot during the disconnection periods and a VT decrease when the interface was reconnected
to the test lung. The five ventilators showed substantial differences in the number of respiratory cycles necessary
to reach a stable VT in the volume-controlled setting, ranging from 1.3 + 0.6 to 7.3 + 1.2 cycles. These
differences were less accentuated in the volume-assisted setting (MPV-dedicated mode, when available). Our
data show large differences in the capacity of the different ventilators to deal with the rapidly changing respiratory
load features that characterize MPV, which can be further accentuated according to the used ventilator setting.
The dedicated MPV modes allow improvement in the performance of ventilators only in some defined situations.
This has practical consequences for the choice of the ventilator to be used for MPV in a specific patient.
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Introduction

Long-term home mechanical ventilation (HMV) was

introduced in the clinical practice in the 1950s under

the pressure of the polio epidemic and is currently one

of the few available treatments improving the clinical

course of neuromuscular disease patients.1–4 In the

current clinical practice, HMV is initially applied

using a non-invasive interface during night-time, but

in the course of the disease, as respiratory muscle

weakness progresses, the extension of HMV during

daytime may become necessary.3,5–7 Mouthpiece ven-

tilation (MPV) can be used as an alternative to nasal

or naso-buccal HMV interfaces for the daytime ven-

tilation, and it has been reported to improve cough,

speech, dyspnoea, survival and patient quality of

life.6,8–10 MPV has been developed using volumetric

ventilators, and a volumetric ventilation mode is usu-

ally chosen also with the new turbine-based home

ventilators.6,11,12 Unlike bellow ventilators which

deliver a constant tidal volume (VT) for each

respiratory cycle, independently of the respiratory

system load, the turbine-based ventilators perform a

volume-targeted pressure ventilation, using the mea-

sured VT of the previous respiratory cycles to adapt

the work pressure of the delivered cycle, in order to

reach the target VT.13 This modality has been proved

to be reliable in situations of constant ventilator

load,14,15 but its efficacy may be affected by changes
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4 ASV Santé, Gennevilliers, France

Corresponding author:
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in the characteristics of the respiratory system and by

the presence of leaks.15–18 The specificities of MPV,

such as the intermittent disconnection of the patient

and the presence of continuous leaks, may thus

represent a challenge for turbine-based home ven-

tilators. In the last few years, some ventilator man-

ufacturers have integrated several improvements

for MPV in their software, or even a dedicated

ventilation modality to deal with the particularities

of MPV, but we are unaware of any studies inves-

tigating the usefulness of these technical advances.

The aim of our bench study was to evaluate the

efficacy and reliability of currently available ventila-

tors for MPV according to different settings.

Methods

Ventilators

The five most recent life-support ventilators available

in France for home ventilation were tested: VIVO 60

(Firmware 3.05; BREAS Medical, Mölnlycke, Swe-

den), Astral 150 (SR 1.1; ResMed, Saint-Priest,

France), Puritan Bennet 560 (LX010101/AL020002;

Covidien, Mansfield, Massachusetts, USA), VentiLo-

gic LS (3.5.0; Weinmann, Hamburg, Germany) and

Trilogy 100 (13.2.04; Philips Respironics, Murrys-

ville, Pennsylvania, USA). The last two cited ventila-

tors have specific MPV mode and were tested with

this configuration for the assisted ventilation tests

(Trilogy 100 with MPV-dedicated ‘kiss’ trigger).

Experimental set-up

The test ventilator was connected via a standard circuit

and a 15-mm angled, rigid plastic mouthpiece (Philips

Respironics) with a heat-and-moisture exchange filter

(Hygroflux 1; Vygon, Ecouen, France; Figure 1),

which showed the best results in the recently published

bench evaluation,11 to the main chamber of a two-

chamber test lung (Michigan Dual Adult Test Lung

TTL 2600i; Michigan Instruments, Grand Rapids,

Michigan, USA). The compliance of the lung model

was set at 30 mL cm�1 H2O, and the airway resistance

at 5 cm H2O/L s�1 (Pneuflo airway resistor Rp5;

Michigan Instruments), corresponding to typical values

for a neuromuscular disease adult.11 A master ventila-

tor (BREAS VIVO 50) was connected to the second

chamber of the test lung (driving chamber), which was

connected to the main chamber by a small metal com-

ponent, allowing the driving chamber to lift the main

chamber, mimicking the patient’s contribution to

inspiration. Because the metal component was not

secured to the main chamber, the latter could expand

freely above the driving chamber as dictated by the

tested ventilator. Flow and pressure signals were cap-

tured on the circuit both near the ventilator and near the

test lung, using Fleisch pneumotachographs (Fleisch,

Lausanne, Switzerland) and an analogue/digital system

(MP100; Biopac Systems, Goleta, California, USA)

and recorded on a microcomputer for further analysis.

Test protocol

For each ventilator, two volume-controlled settings

(VC-CMV with VT 500 and 1000 mL) and one

pressure-controlled setting (PC-CMV with an inspira-

tory pressure set at 20 cm H2O) were tested, at a

respiratory frequency of 15 bpm and with an inspira-

tory time (TI) of 1.3 seconds. For each setting, the

delivered VT was initially determined in the stable,

leak-free situation over 1 minute (15 respiratory

cycles). To simulate the clinical picture of intermit-

tent MPV, the mouthpiece was then intermittently

disconnected and connected from the test lung during

periods of 10 respiratory cycles and subsequently

obstructed during 10 respiratory cycles.

The same measurements were repeated using

an assisted volumetric mode (VC-CMV with VT

500 mL, with respiratory frequency set at the lowest

possible value, TI 1.3 seconds and inspiratory trigger

at the lowest level avoiding auto-triggering), using the

MPV mode when available; the master ventilator was

set at a frequency of 15 minute�1 and used only to

trigger the beginning of the inspiration (PC-CMV

mode at 5 cm H2O, TI 0.4 seconds).

A third series of measurements was performed with

this last configuration, alternating 10 controlled and

10 assisted cycles without debranching the interface

from the circuit. During the assisted cycles, the master

ventilator was set to simulate an inspiratory muscular

effort of the patient along the whole TI (PC-CMV

mode at 10 cm H2O, TI 1.3 seconds).

For the first two tested situations, the number of

respiratory cycles necessary to reach a stable targeted

VT or pressure according to the chosen mode, defined

as the VT or pressure measured in the leak-free test +
5%, was computed as the mean value of three discon-

nection/connection tests.

Statistical analysis

Statistical analysis was conducted using R 3.1.2 sta-

tistical software (R Core Team 2014, GNU General
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Public License). Continuous variables were described

by mean and standard deviation. We used t-test to

compare expected and measured values for the same

ventilator, and analysis of variance to assess differ-

ences between the five test ventilators.

Results

Controlled setting

In the stable, leak-free tests the five ventilators deliv-

ered the set VT accurately, with less than 10% differ-

ences between the desired VT and the measured VT,

which is considered as clinically acceptable. The gap

ranged from �45 mL (�9%, p < 0.001) to þ19 mL

(þ4%, p < 0.001) for the 500 mL setting and from

�67 mL (�7%, p < 0.001) toþ41 mL (þ4%, p¼ 0.04)

for the 1000 mL setting. In the PC-CMV setting, the

measured airway pressures (Paw) ranged between

þ0.3 cm H2O (1.5%, p < 0.001) and þ1.5 cm H2O

(7.4%, p < 0.001) above the set pressure of 20 cm H2O

(Figure 2).

Figure 3 shows the VT provided cycle by cycle by

the five ventilators in the volume-controlled settings

(VC-CMV) with VT 500 mL, when the mouthpiece

was then intermittently disconnected and connected

from the test lung. The VT increased during the dis-

connection periods (with decrease of the respiratory

system load) and decreased when the interface was

connected to the test lung. A similar trend was

obtained in the VC-CMV 1000 mL and in the

pressure-controlled (PC-CMV) 20 cm H2O tests (data

not shown). The five ventilators showed substantial

differences in the number of respiratory cycles neces-

sary to reach a stable VT in the volume-controlled

setting (p < 0.001 for both the VT 500 mL and VT

1000 mL settings), ranging from 1.3 + 0.6 to 7.3

+ 1.2 cycles (Figure 4, panels A and B). In the PC-

CMV mode, the mean stabilization durations ranged

between 1.0 + 0.0 and 1.3 + 0.6 cycles (p < 0.001).

Spontaneous (volume-assisted) setting

The same protocol was repeated using the volume-

assisted setting, with a VT of 500 mL and a backup

rate as low as possible, and is presented in Figure 5.

Three of the ventilators (Astral 150, Trilogy 100 and

VentiLogic LS) allowed setting a respiratory rate of 0

minute�1, whilst the respiratory rate was set to 1 for

the PB 560 and to 4 for the VIVO 60. In this setting,

most of the ventilators delivered no respiratory cycles

during the disconnection period (except for two epi-

sodes of auto-triggering at the time of the circuit dis-

connection), and the VT variations were smaller when

test lung ventilation was resumed, requiring less

Figure 1. Mouthpiece and filter used for the bench study. The test mouthpiece was a 15-mm angled, rigid plastic
mouthpiece (Philips Respironics) with a heat-and-moisture exchange filter (Hygroflux 1, Vygon). The graph represents the
resistance (flow-pressure slope) of the mouthpiece. Pressure drop was measured as pressure at the proximal end of the
mouthpiece, the tip of which was open to the atmosphere.
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cycles to reach the set VT (Figure 4, panel C). It should

be noted that the VentiLogic LS delivered a mean VT

of 674 +3 mL in the stable state (þ35% of the set

volume of 500 mL, p < 0.001).

Intermittent-assisted/controlled setting

The third test was performed with an assisted volu-

metric mode (VC-CMV with VT 500 mL), alternating

10 controlled and 10 assisted cycles, during which an

inspiratory muscular effort of the patient was simu-

lated, and is shown in Figure 6. During the assisted

periods, the ventilators had to reduce the respiratory

support to compensate for the simulated muscular work

of the patient. All the ventilators delivered a higher VT

during the assisted period than during the controlled

period, with differences ranging from 31+ 1 to 114 +
5 mL (þ6% to þ23% of the VT set at 500 mL, all p <

0.001), and with differences between the five ventila-

tors in the amount of cycles needed to stabilize the VT.

Discussion

The present data highlight relevant differences

between the five currently available life-support home

ventilators in their accuracy to provide the set VT in

the typical settings of MPV.

All the last generation home life-support ventilators

have a pneumatic system based on a turbine and per-

form volumetric ventilation using an algorithm to adjust

the working pressure based on the previous cycles

(volume-targeted pressure ventilation). The detailed

descriptions of the used algorithms are not explicitly

disseminated, and the performance of these ventilators

can only be evaluated in terms of their output for any

particular input, whilst how that output is determined

remains hidden in a kind of ‘black box’. According to

previous observations, current life-support ventilators

obtain good performances in the stable situation.13–15

However, this operating mode may be challenged when

facing rapidly changing load conditions (resistance and

compliance of the respiratory system), as it is the case

during MPV, because of intermittent disconnection of

the patient from the mouthpiece, changing leaks and

changing inspiratory muscular work of the patient. In

our tests setting, we reproduced some of these features,

highlighting some particularities of the tested ventila-

tors that may help clinicians to choose the best venti-

lator for individual clinical situations.

When a respiratory rate was set on the ventilator

(controlled setting), as it is recommended for the man-

agement of the more severe and ventilation-dependent

patients,6,19 the delivered volume was lower than

expected following each circuit disconnection. This

resulted from a VT overshoot during the phases of

circuit disconnection, causing a down-regulation of

the ventilator’s working pressure in the subsequent

cycles. When the test lung was reconnected to the

mouthpiece, the delivered VT was lower than the set

VT until the ventilators compensated for the changing

condition. The rapidity to compensate was the main

Figure 2. Delivered tidal volume and airway pressure in stable state without leaks. Bars represent mean tidal volume (VT),
respectively, airway pressure (Paw), whiskers represent the 95% confidence interval. (a) Volume-controlled setting (VC-
CMV) with VT 500 mL; (b) VC-CMV with VT 1000 mL; (c) pressure-controlled setting (PC-CMV) with inspiratory pressure
set at 20 cm H2O.
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characteristic differentiating the tested ventilators,

with two ventilators (Astral 150 and PB 560) needing

less than two respiratory cycles and two ventilators

(Trilogy 100 and VentiLogic LS) needing up to seven

respiratory cycles.

As expected, the use of a barometric ventilation

mode reduced the drop in delivered VT at the moment

of the circuit reconnection in our test model, which

alternated between two constant respiratory loads

(room air and test lung). This ventilation modality is

however less used in the home ventilation of depen-

dent patients, since it doesn’t guarantee a stable VT in

the case of changing resistance or compliance of the

respiratory system (e.g. in case of airways obstruction

due to secretions).6,11

Three of the tested ventilators (Astral 150, Trilogy

100 and VentiLogic LS) have been improved to deal

with MPV and allow (among other features) the use of

a volume-assisted ventilation mode without minimal

respiratory frequency. In our test, the use of this venti-

lation mode reduced the phenomenon of rise and fall of

the VT, since it avoided the delivery of respiratory

cycles during the phases of circuit disconnection. This

was particularly beneficial for the Trilogy 100 and

VentiLogic LS ventilators. It should however be

stressed that the MPV-dedicated volumetric mode of

VentiLogic LS is actually a volume-cycled barometric

(pressure support) mode, where a fixed inspiratory

pressure is set by the user and the TI is controlled by

the software basing on the delivered VT. This mode has

Figure 3. Intermittent disconnection test in the volume-controlled setting with VT 500 mL. VT: delivered tidal volume;
test periods (of 10 respiratory cycles): room air: mouthpiece disconnection; lung: mouthpiece connection to the test lung;
obstr.: mouthpiece obstruction.
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the advantages of the barometric mode for the rapidity

in adjusting VT delivery in the situation of intermittent

circuit disconnection, but, similarly to the barometric

modes, does not ensure a set VT. Furthermore, the test

ventilator delivered a 35% higher VT than the set vol-

ume in this modality, suggesting that the response time

to cycle into expiration was too long.

The simulated situation of a patient being intermit-

tently active during inspiration showed relevant dif-

ferences between the tested ventilators in their ability

to reduce the respiratory support to compensate for

the muscular work of the patient. As a consequence,

the spontaneous effort during assisted periods led to a

VT up to 27% higher than the set VT.

Summarizing our findings, the two ventilators with

a dedicated MPV mode (Philips Trilogy 100 and Wein-

mann VentiLogic LS) showed the poorest perfor-

mances in the controlled setting, the usual ventilation

mode used for the most severe, ventilator-dependent

patients. In the assisted setting, the Trilogy 100 showed

Figure 5. Intermittent disconnection test in the volume-assisted setting with VT 500 mL. VT: delivered tidal volume; test
periods (of 10 respiratory cycles): room air: mouthpiece disconnection; lung: mouthpiece connection to the test lung;
obstr.: mouthpiece obstruction; *auto-triggering at mouthpiece disconnection.

Figure 4. Number of cycles necessary to reach a stable VT after reconnection. Bars represent mean values; whiskers represent
the 95% confidence interval. (a) Volume-controlled setting (VC-CMV) with VT 500 mL; (b) VC-CMV with VT 1000 mL;
(c) volume-assisted/controlled setting (VC-CMV) with VT 500 mL and mouthpiece-dedicated mode when available.
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good performances thanks to the MPV mode, whilst

the reduction in VT instability obtained by the Venti-

Logic LS using the MPV modality was counterba-

lanced by a þ35% VT overshoot. The ResMed Astral

150 has no MPV ventilation mode but has been con-

ceived with some features allowing to deal with MPV

(such as the possibility to set the respiratory backup

rate to zero and to customize the alarms) and showed

good performances in both the controlled and the

assisted setting. Out of the two ventilators without

dedicated MPV features, the BREAS VIVO 60 was

slower in adapting to the changing load conditions,

whilst the Covidien PB 560 showed good perfor-

mances in both the controlled and the assisted setting.

The described differences between the study ven-

tilators have an impact for the daily clinical practice,

and our data may help clinicians to make an informed

choice about using a specific ventilator in individual

clinical situations. First of all, the choice of the venti-

lator should take into account the advantages and

limitations of each machine, which also depend on

the planned ventilator mode. For example, the

MPV-dedicated mode without backup respiratory rate

may be beneficial in less-dependent patients who use

MPV in an intermittent manner with frequent discon-

nections from the interface, whilst the most severe,

ventilator-dependent patients may take greater advan-

tage of a more reactive ventilator, with greater rapid-

ity in adjusting VT delivery following changing load

conditions. Furthermore, any change of ventilator

model or modification of ventilatory mode requires

an adjustment of the ventilator settings and a new

assessment of the delivered parameters. Last but not

least, patients should be informed about the fact that

the delivered VT following disconnection from the

mouthpiece may be smaller than expected and that

recovery to the usual VT may take several respiratory

cycles, since this may be perceived as uncomfortable.

The main limitation of our study is linked to the need

to standardize the test situations, whilst trying to repro-

duce the potentially problematic features of MPV. As a

consequence, we had to simplify the multitude of

possible MPV use pattern, which represents a wide

spectrum of rapidly changing load conditions for the

used ventilators. We selected the worst conditions

considering that the transient changes were the largest

when going from no leaks to total disconnection. Our

work’s purpose was to help caregivers to recognize

Figure 6. Intermittent controlled-assisted test (VC-CMV setting with VT 500 mL). VT: delivered tidal volume; Paw: airway
pressure; test periods (of 10 respiratory cycles): controlled: volume-controlled setting; assisted: volume-assisted setting.
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the potential problems related to MPV set up, but it

should be stressed that the individual clinical context

of the patients, their pattern of MPV use and the ven-

tilator settings play a central role and must be taken

into account in the choice of a ventilator for MPV.

In conclusion, our data show large differences in

the capacity of the different life-support ventilators to

deal with the rapidly changing respiratory load fea-

tures that characterize MPV, which can be further

accentuated according to the choice of ventilator set-

tings. Furthermore, the newly developed MPV modes

allow to improve the performance of ventilators only

in some definite situations. This has practical conse-

quences, since the choice of the ventilator to be used

for MPV in a specific patient should also contemplate

the advantages and limitations of each machine,

which depend on the planned ventilator mode.
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