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BACKGROUND: The growing number of patients on home mechanical ventilation has driven con-
siderable progress in the performance and functionality of ventilators, with features comparable
with those used in the ICU. However, a publication gap exists in the evaluation and comparison of
their performance and each ventilator choice depends on machine characteristics defined by
manufacturers. METHODS: We bench tested 8 home-care ventilators that are currently available:
Monnal T50, EOVE EO-150, Puritan Bennet 560, Weinmann, PrismaVent 50, Trilogy Evo, Astral
150, and Vivo 60 by using an active lung model. These devices were tested under 18 experimental
conditions that combined 3 variables: respiratory mechanics, ventilatory mode, and inspiratory mus-
cle effort. The volume delivered, trigger response, pressurization capacity, and synchronization were
analyzed. RESULTS: Significant differences were observed in the performance among the devices.
Decreased inspiratory muscle effort caused changes in the delivered volume, which worsened the
response-to-trigger time, pressurization capacity, and synchronization. Increased pressure support
favored the development of asynchronies. All the ventilators developed asynchronies under at least 1
set of conditions, but the EOVE and Trilogy Evo ventilators showed the fewest asynchronies during
the experimental conditions studied. CONCLUSIONS: Great variability in terms of technical per-
formance was observed among the 8 home-care ventilators analyzed. Asynchronies became a major
issue when home mechanical ventilation was used under higher pressure-support values and lower
muscle efforts. Our results may prove to be useful in helping choose the best suited machine based
on a patient’s clinical therapy needs. Key words: mechanical ventilation; noninvasive ventilation;
breathing mechanics; computer simulation; home care; ventilator performance; pressure-time product;
trigger delay time; asynchrony. [Respir Care 2021;66(10):1531-1541. © 2021 Daedalus Enterprises]

Introduction

Noninvasive ventilation (NIV) began its development in
1927 when Drinker and Shaw designed the iron lung, but it
was not until the end of the 20th century when Philips
Respironics (Murryville, Pennsylvania) introduced BiPAP
to the market. Since then, NIV has become a fundamental
therapy for patients with neuromuscular and obstructive
pathologies. Guidelines such as the Global Initiative for
Chronic Obstructive Lung Disease' established the criteria
for its indications. In 2000, de Lucas Ramos et al® analyzed
and documented the implementation of home mechanical
ventilation programs in Spanish hospitals. At that time
1,821 patients were treated at home. However, a great vari-
ability was observed in terms of indications, ventilators,
and interfaces used.

The continuous development of NIV has led to an
increase in its use parallel to ventilator technological
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improvements. Its scope covers the in-hospital and out-of-
hospital environments, including transport. Home mechani-
cal ventilation requires out-of-hospital settings, with the
consequent increase in the demand for home-care devices.
Home mechanical ventilation consists of the intermittent or
continuous use of a ventilator at home by using a nasal/fa-
cial mask as an interface (NIV), or directly connected to a
tracheostomy cannula (invasive ventilation). Its role in neuro-
muscular pathologies and acute exacerbations of COPD leaves
no doubt as, among other things, therapy reduces respiratory
work, prevents muscle fatigue, increases tidal volume (Vr),
and improves gas exchange. Two mechanical ventilation
modes are commonly used: volume control continuous
mandatory ventilation (VC-CMV) and pressure support venti-
lation (PSV). Patients with COPD benefit from pressure sup-
port therapies mainly at night; unloading respiratory muscles
with high mean positive airway pressure and mandatory high
breathing frequencies can improve alveolar ventilation and
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thereby reduce chronic hypercapnia.* Neuromuscular patients
benefit from volume-controlled therapies due to muscle weak-
ness or paralysis, which have demonstrated survival rates sim-
ilar to pressure support, with a lower number of admissions
and greater comfort reported by patients. However, in prac-
tice, PSV is also used.

Synchronization and airway pressurization capacity
are fundamental requirements to optimize patients’ respi-
ratory work; these require adequacy in trigger response,
delivered volume, PEEP, and pressure support level.
Among the advantages of home mechanical ventilation
are decreased mortality rates, a reduced hospital length
of stay, and a lower number of admissions. Ventilation
optimization leads to improvement in the social condi-
tions and quality of life, better sleep quality, and toler-
ance of daily physical activity.’” Drawbacks are mainly
related to an inadequate ventilatory regime, prescribed
settings, and device performance. The growing number
of home ventilation users has led to an increased invest-
ment in technologic development by manufacturers to
improve ventilator performance. Home devices have so-
phisticated software and are under a continuous process
of study and change, and feature functions comparable
with ICU ventilators.>? They theoretically fulfill quality
and safety criteria, but many bench studies have shown
large differences in performance among available home-
care ventilators.®'°

The present study sought to describe and compare the
performance of 8 commonly used home-care devices
and to give clinicians information that might help them
choose a ventilator, mode, and settings based on indi-
vidual clinical conditions. The purpose was not to
generate a ranking but to describe each ventilator’s per-
formance based on a predefined methodology under
standardized conditions. We studied the performance in
VC-CMYV and PSV modes in 3 types of patient mechan-
ics, with 2 levels of inspiratory effort, and evaluated (1)
volume delivered, (2) response to trigger and pressur-
ization capacity, and (3) quantity and quality of the
asynchronies developed.
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Current knowledge

In theory, continuous development and acquisition of
modern home ventilators with advanced settings should
make it possible for these devices to better meet patient
requirements. It is challenging to evaluate and compare
these ventilators on the basis of their performance and
responsiveness to patient needs. Lung models that fea-
ture noninvasive ventilation conditions allow testing of
different ventilation scenarios, with the goal of offering
general guidance about the choice of devices and set-
tings to meet patient treatment goals.

What this paper contributes to our knowledge

Common themes during in vitro testing among the ven-
tilators studied were that decreased inspiratory effort
and increased support pressure worsened ventilator’s
response time and pressurization, and favored the de-
velopment of asynchronies. Ventilator choice and set-
tings may have a substantial impact on the ability of a
device to meet patient needs and to improve synchrony.
Because these ventilators and their interactions with
patients and their physiologies vary in many ways, it is
important to perform an in vivo clinical evaluation af-
ter home ventilation therapy is initiated.

Methods

Eight home-care ventilators available in the European
and American markets were evaluated: Monnal T50 and
EOVE EO-150 [EOVE] (AirLiquide Healthcare, Pau,
France), Puritan Bennett 560 [PB560] (Covidien, Dublin,
Ireland), Weinmann (Weinmann, Hamburg, Germany),
PrismaVent 50 (Lowenstein Medical, Hamburg,
Germany), Trilogy Evo (Philips, Murrysville), Astral
150 (ResMed, San Diego, California), and Vivo 60
(Breas Medical, Molnlycke, Sweden). All of these were
used with the appropriate limbs and connectors in ac-
cordance with each manufacturer’s guidelines. The ven-
tilators were connected via a single-limb circuit, with
intentional leak, to the active lung model ASL 5000
(IngMar Medical, Pittsburgh, Pennsylvania; software
version SW3.6 was used with the simulator bypass and
leak valve module) already validated in previous vent-
ilator evaluation studies.'®'" The simulator uses a
computer-operated piston to displace a predetermined
volume; displacement is controlled by following the
equation of motion of the respiratory system and allows
adjusting of the values of airway resistance (R,,) and
compliance (Cgs), simulating different mechanics and
inspiratory efforts.
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Table 1.  Eighteen Experimental Conditions that Resulted from the
Adjustment of 2 Magnitudes of Inspiratory Muscle Effort

Mechanics Standard Obstructive Restrictive

Po. Normal® Low’ Normal® Low’ Normal® Low'

VC-CMV VSN VSL VON VOL VRN VRL
PSV10 PIOSN  P10SL PIOON PI1OOL PIORN PIORL
PSV20 P20SN  P20SL P200ON  P200L P20RN  P20RL

#Pp; = -2 cm H,0.

Py =-0.5 cm H,0.

Py.; = airway occlusion pressure

VC-CMV = volume control continuous mandatory ventilation; PSV10 = pressure support venti-
lation 10 cm H,O; PSV20 = pressure support ventilation 20 cm H,O; VSN = VC-CMV in
standard mechanics with normal effort; VSL= VC-CMV in standard mechanics with low effort;
VON = VC-CMV in obstructive mechanics with normal effort; VOL= VC-CMV in obstructive
mechanics with low effort; VRN = VC-CMV in restrictive mechanics with normal effort; VRL
= VC-CMV in restrictive mechanics with low effort; PIOSN = PSV10 in standard mechanics
with normal effort; PIOSL = PSV10 in standard mechanics with low effort; PIOON = PSV10
in obstructive mechanics with normal effort; PIOOL = PSV10 in obstructive mechanics with
low effort; PIORN = PSV10 in restrictive mechanics with normal effort; PIORL = PSV10 in
restrictive mechanics with low effort; P20SN = PSV20 in standard mechanics with normal
effort; P20SL = PSV20 in standard mechanics with low effort; P20ON = PSV20 in obstructive
mechanics with normal effort; P20OL = PSV20 in obstructive mechanics with low effort;
P20RN = PSV20 in restrictive mechanics with normal effort; P20RL = PSV20 in restrictive
mechanics with low effort

For this study 3 types of respiratory physiology were
simulated by using different combinations of Cgg and R,y
values: standard (S) (Cgrs = 50 mL/cm H,0, R,y = 5 cm
H,O/L/s), obstructive (O) (Crs = 50 mL/cm H,O, R,y =
20 cm H,O/L/s), and restrictive (R) (Crs = 20 mL/cm
H,0, R,y = 5 cm H,0O/L/s). By using a scheme similar to
previous studies, standard settings were adjusted as follows:
spontaneous breathing frequency of 12 breaths/min and
PEEP of 5 cm H,O, with a trigger at maximum sensitivity
without developing auto-triggering. Because one of the main
characteristics of home ventilation is the constant and inevita-
ble presence of leaks, an additional constant leak of 6 L/min
(measured at 10 cm H,O) was added with the ASL 5000 leak
valve in all the experimental conditions.*'""'> Ventilators
were programmed in the VC-CMV mode with Vt of 500
mL, and in PSV with 2 pressure levels: 10 cm H,O (PSV10)
and 20 cm H,O (PSV20). Two levels of inspiratory muscle
effort were used: normal (N) airway occlusion pressure of —2
cm H,O and low (L) airway occlusion pressure of —0.5 cm
H,0." By combining these 3 variables (respiratory physiol-
ogy, ventilatory mode, and inspiratory muscle effort), 18 ex-
perimental conditions were tested (Table 1). Rise time
settings were adjusted at the beginning of each ventilator trial
as the maximum rate of rise (fastest response) allowed by
each device. Cycling criteria parameters were left at each
ventilator’s default settings. When adjustment was manda-
tory, 20% of peak inspiratory flow was set. In all conditions,
a minimum time of 1 min was left for stabilization of the sys-
tem (clear sequence of cycles with similar morphology), then
10 consecutive respiratory cycles were recorded at each ex-
perimental condition for subsequent analysis.
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Figure 1. Graphic representation of the pressure time product in the
first 500 ms of the respiratory cycle (PTP500) and trigger delay time
(TDT). PTP500 represents the net area under the pressure curve for
the first 0.5 s. The TDT represents the time from the beginning of the
inspiratory effort (pressure drop below zero or the PEEP) until the
beginning of the positive inspiratory flow (pressure above zero or
PEEP) in seconds.

For each experimental condition, data values of muscle
pressure, airway pressure, and flow as measured by the
ASL 5000 simulator were exported to an Excel (Microsoft,
Redmond, CA) spreadsheet. From these data, delivered vol-
ume, trigger response, pressurization capacity, and asyn-
chronies (quantity and quality) were calculated. Sampling
frequency of the data points was 512 Hz. The delivered Vt
was measured in milliliters in representative synchronous
respiratory cycles chosen by the investigators. When syn-
chronization was not achieved in any cycle during VC-
CMV, V1 was measured in an auto- triggering in which Vp
is theoretically equivalent to the Vr delivered in a con-
trolled cycle. The response to a trigger was measured by
the trigger delay time, defined as the time from the begin-
ning of the inspiratory effort (drop in muscle pressure
below zero) until the beginning of the positive inspiratory
flow (higher than the flow triggering value) expressed
in milliseconds. Pressurization capacity was evaluated
through the pressure time product (PTP) in the first 500 ms
of the respiratory cycle (PTP500). For this study, it was
measured as the area under the airway- pressure curve from
the beginning of the effort (where the muscle pressure val-
ues became negative) through 500 ms on each respiratory
cycle. Measurements of PTP500 and the trigger delay time
are illustrated in Figure 1.
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Figure 2. Tidal volume (V1) measured at 2 levels of inspiratory effort normal (N) and low (L) in the volume control continuous mandatory ventila-
tion (VC-CMV) mode, with a constant leak of 6 L/min in 3 mechanics. The black line corresponds to the V1 set to VC-CMV 500 mL.

When compared with invasive ventilation, the open sys-
tem nature of the NIV and the fluctuating resistances of the
ventilator-lung pairs may lead to patient-ventilator asynchro-
nies. These are defined as the mismatch between the activity
of the patient and the inspiratory mechanical cycle.'* The
quantitative and qualitative analysis of asynchronies in the
present study was carried out by visual inspection of airway
pressure, muscle pressure, and flow curves in the recorded
cycles. For each experimental condition, 10 cycles were col-
lected and analyzed as follows: (1) the asynchrony index
was calculated as the number of asynchronous events di-
vided by the total number of respiratory cycles (sum of trig-
gered and non-triggered cycles), expressed as a percentage;
the asynchrony index took into consideration ineffective
efforts, auto-triggering, and double/reverse triggering; when
= 10%, the asynchrony index was considered clinically rele-
vant'*'>; and (2) qualitative analysis of asynchronies
included time asynchronies (ineffective efforts, auto-trigger-
ing, and double/reverse triggering), flow (flow starvation
having an impact on airway pressure shape) and inspi-
ration/expiration cycling (premature or delayed).

Statistical Analysis

Each parameter value was represented as the mean of 3
breaths (whenever it was possible); all results were reported
as mean = SD. In general, the SDs of 3 cycles showed very
small variations (range, 1- 2%) and was not representative in
the presence of a high incidence of asynchronies. Because
data collected did not meet the assumption of normality, the
Welch analysis of variance was used to compare Vr, trigger
delay time, and PTP500 mean values for the 8 ventilators
and Student ¢ tests to compare pairs of ventilators for each
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condition; P < .05 was considered statistically significant.
Asynchrony analysis was performed by visual inspection of
respiratory cycle graphs for each experimental condition; the
evaluation was carried out individually by 2 researchers on
the same traces when agreeing on the type and magnitude of
asynchronies. Values taken for reference were based on the
safety standards in design and manufacture of ventilators for
home use when assuming a negligible variability intracondi-
tion that was not considered clinically relevant.'®

Results

Effort reduction may influence triggering in VC-CMV
and PSV, but small effects on delivered V1 were expected.
Surprisingly, there were statistically significant differences
for all the devices analyzed and decreased respiratory effort
caused a decrease in V. In VC-CMV (Fig. 2), V1 was
reduced significantly in most of the ventilators with low
effort. The PB560, PrismaVent and Trilogy Evo ventilators
maintained V1 around the prescribed 500 mL, whereas the
Monnal T50 ventilator delivered a lower Vt for all condi-
tions. With S mechanics, decreased effort resulted in a drop
in Vr for all the devices, except for the Trilogy Evo venti-
lators. Ventilators with the highest decrease in V1 were
the Monnal T50 (64% drop), EOVE (63%), and
Weinmann (44%). With O mechanics, a decrease in
muscle effort did not change Vr in 5 of 8 ventilators an-
alyzed. With R mechanics, V1 was < 500 mL, despite
being in VC-CMYV, significantly lower than under S and
O mechanics. The lowest V1 values were recorded for
all the devices except the Trilogy Evo when R mechan-
ics and L effort were set. Vr for the Astral 150
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Figure 3. Tidal volume (V1) measured at 2 levels of inspiratory effort normal (N) and low (L) in the pressure support ventilation 10 cm H,O
(PSV10) mode, with a constant leak of 6 L/min in 3 mechanics. The black lines correspond to the expected V.

1,200

1,100
1,000

Vy(mL)

IS A AIYY,
Lz

Wittt

Standard

Obstuctive

m Monnal T50 N
Monnal T50 L
O EOVEN
g EOVEL
O PB560 N
PB560 L
m Weinmann N
B Weinmann L
B PrismaVent N
B PrismaVent L
@ Trilogy EVO N
H Trilogy EVO L
m Astral 150 N
- @ Astral 150 L
@ Vivo60 N
N Vivo 60 L

ittt

Restrictive

Figure 4. Tidal volume (V1) measured at 2 levels of inspiratory effort normal (N) and low (L) in the pressure support ventilation 20 cm H,O (PSV20)
mode, with a constant leak of 6 L/min in 3 mechanics. The black lines correspond to the expected V.

ventilator in L effort was not measured because the
ASL 5000 developed ineffective efforts in all cycles.
When analyzing Vt in PSV, a decrease in muscle effort
and increase in pressure support from 10 to 20 cm H,O
made synchronization difficult for all ventilators ana-
lyzed, especially with R mechanics. In PSV10 (Fig. 3),
with expected V1 of 500 mL with S and O mechanics
and 200 mL with R mechanics, effort reduction
decreased Vr in all the patterns for the 8 devices. Four
of 8 ventilators maintained correct synchronization
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(cycling in all conditions), despite the changes: EOVE,
PB560, Trilogy Evo, and Vivo 60. With S mechanics
and L effort, the Vivo 60 ventilator recorded the lowest
Vr value (251 mL) and the Monnal T50 ventilator
recorded the highest value (631 mL). In PSV20 (Fig.
4), with an expected Vr of 1,000 mL with S and O
mechanics, and 400 mL with R mechanics, the EOVE,
Trilogy Evo, and Astral 150 ventilators delivered Vr in
all conditions, with little variation, despite decreased
effort. However, Vp delivered by the Astral 150
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Figure 5. Trigger delay time (TDT) values (ms) of the 8 devices with 2 levels of inspiratory effort normal (N) and low (L) in the volume control con-
tinuous mandatory ventilation (VC-CMV) mode for 3 mechanics, a constant leak of 6 L/min. Black line corresponds to the expected value.
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Figure 6. Trigger delay time (TDT) values (ms) of the 8 devices with 2 levels of inspiratory effort normal (N) and low (L) in pressure support ventila-
tion 10 cm H,0 (PSV10) for 3 mechanics, a constant leak of 6 L/min. Black line corresponds to the expected value.

ventilator with O mechanics was remarkably low (215
mL). Synchronization difficulties were a factor for ven-
tilators when used with the model with O mechanics.
The Weinmann ventilator remained as the ventilator
with the highest intracondition variability and devel-
oped asynchronies (mainly auto-triggering and ineffec-
tive efforts) in all the conditions.

Effort decrease did not cause significant differences in
trigger response times, although there was a trend toward
slightly higher times in almost all devices tested. Lowest
trigger delay time variations with changes in mechanics
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were recorded for the PB560, EOVE, and Vivo 60 ventila-
tors. Ventilatory mode modification from VC-CMV to
PSV did not cause changes in the trigger response time for
the EOVE, Trilogy Evo, and Vivo 60 ventilators. Missing
bars in Figures 5-7 correspond to unmeasured values due
to the lack of synchronous cycles. The trigger delay time
could not be assessed for the Monnal T50 ventilator due to
numerous and heterogeneous asynchronies, mainly related to
ineffective efforts and flow starvation. In general, decreased
inspiratory effort meant an increase in the trigger delay time
and exceptions, for example, the Weinmann ventilator,
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Figure 7. Trigger delay time (TDT) values (ms) of the 8 devices with 2 levels of inspiratory effort normal (N) and low (L) in pressure support ventila-
tion 20 cm H,0 (PSV20) for 3 mechanics, a constant leak of 6 L/min. Black line corresponds to the expected value.

corresponded to conditions in which only one synchronous
cycle was analyzed (which might be a coincident cycle).

In VC-CMV (Fig. 5), and with the N effort, 5 of 7 venti-
lators represented (except the PrismaVent and Astral 150)
had a response time to trigger of <200 ms. The fastest
responses (lowest trigger delay times) were achieved by the
EOVE and Vivo 60 ventilators. Decreased effort led to a
marked increase in the trigger delay times for the
PrismaVent (with S mechanics), Trilogy Evo (with O
mechanics), and PB560 (with R mechanics) ventilators.
With PSV10 (Fig. 6), the EOVE and Vivo 60 ventilators
had trigger delay time values of <200 ms for all the condi-
tions. Decreased (L) effort resulted in an increase in trigger
delay time (being the largest for the PrismaVent ventilator
with S and O mechanics, and for the PB560 ventilator with
R mechanics). With PSV20 (Fig. 7), the trigger delay time
decreased in almost all the devices that were studied,
regardless of the lung mechanics. The EOVE and Vivo 60
ventilators did not show significant differences with effort
decrease or with changes in mechanics, again with trigger
delay time values of <200 ms. The trigger delay time
increased markedly with O mechanics for the PrismaVent
ventilator (165 ms with the N effort versus 605 ms with the
L effort). The Weinmann ventilator failed to synchronize
under any condition for any of the tested mechanics, and
the Astral 150 ventilator failed to synchronize with O and R
mechanics.

PTP500 values were obtained only from the synchronous
cycles, despite the fact that these were a low percentage of
the total number of cycles analyzed. Conditions in which
negative or near zero values were obtained were due to the
lack of synchrony because of insufficient inspiratory flow
(flow starvation). To show the effect of synchronization on
PTP500 values, the asynchrony index, expressed in percen-
tages for each condition, was included in the x-axis in
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Figures 8 and 9. Synchrony, an important factor in reducing
the inspiratory workload during assisted ventilation, was a
determining factor in the lower pressurization capacity
observed. Pressurization capacity varied considerably among
the devices (PSV10: range, —3.56 to 77.37%; PSV20: range,
—2.38 to 75.56%). For each ventilator studied, there were no
significant differences in PTP500 when comparing PSV10
(Fig. 8) and PSV20 (Fig. 9). PTP500 increased with R
mechanics compared with O (N effort) for all the devi-
ces except the EOVE ventilator (% PTP500 with S:
60%, with O: 77%, and with R: 0%). The EOVE,
PrismaVent, and Astral 150 ventilators registered
PTP500 values > 50% of the ideal pressurization with
N effort and S mechanics at both levels of PSV, but
PTP500 decreased with the L effort. The Weinmann
ventilator with both levels of support showed PTP500
values of <16%. Asynchronies developed by the venti-
lators studied were cataloged by wave analysis of the
trigger delay time and PTP500 because they affected
these variables by prolonging the trigger delay time and
decreasing pressurization capacity with lower PTP500
values.

Discussion

In an evidence-based medicine world, there is little
knowledge about ventilators targeted for use in home care.
Our group performed a bench analysis to evaluate the per-
formance of 8 home-care devices by using a lung model
(ASL 5000) under 18 experimental conditions that were
intended to mimic the clinical scenarios that might be
encountered for home mechanical ventilation. These evalu-
ations are necessary and useful because they provide infor-
mation about performance under clinical conditions that are
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Figure 8. Pressure time product (PTP) in the first 500 ms of the inspiratory effort (expressed in percentages) at 2 levels of airway occlusion pres-
sure (Pg.1) normal (N) and low (L) in pressure support ventilation 10 cm H,O (PSV10) for 3 mechanical patterns, a constant leak of 6 L/min. The

x-axis (mechanics) includes the value of the asynchrony index (Al) (%).

not covered in the user guides provided by the manufac-
turers. These results may help guide decisions about home
ventilation management, particularly with respect to the
choice of a device and its primary settings. One would
expect the newest devices with newer turbines and
advanced software to be able to compensate for changes in
respiratory conditions to maintain a stable performance that
meets patient needs.

However, our results showed that it is not the case for
most devices. The present study illustrated the great vari-
ability observed in performance among devices that may
require clinicians to account for device differences in their
patient management. Our findings were consistent with
those reported in previous publications.'”?® On the one
hand, decreased inspiratory effort caused an increase in
the trigger delay time. Even if this effect should be neg-
ligible in high-quality triggering systems, increases in
the trigger delay times were the main cause for
decreases in pressurization capacity and synchroniza-
tion in previous studies.'”'® On the other hand, synchro-
nization worsened while increasing pressure support
from 10 to 20 cm H,0. This effect might be related to
an insufficient pressurization ramp slope after inspira-
tory onset, failure to meet higher inspiratory flow
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demand, or an increase in inspiratory and/or expiratory
times.'”'*2° It is worth noting the variability and lack of
accuracy in the delivered volume, as previously
shown.>?! In VC-CMV, no large variations were
observed, performance worsened whenever adverse
conditions developed (increased pressure support and
restrictive physiology). Inspiratory effort reduction
caused a greater impact on the volume delivered, up to a
50% decrease in some cases.”'"?? In our study, the
Monnal T50 ventilator showed good results, contrary to
previous published studies.??

For assisted modes, the effort required to trigger the ven-
tilator theoretically represents 10-20% of the respiratory
effort. Higher trigger sensitivity leads to shorter response
times, which should lead to less dyspnea, but there is no
evidence that a variation of 100 ms among devices has a
clinically significant impact.** The current trend is toward
the development of devices with a shorter trigger delay time.
Our results showed that the trigger delay time was heteroge-
neous among the ventilators and longer than observed in pre-
vious studies.'” In general, the trigger delay time increased
with decreased inspiratory muscle effort. The EOVE, Vivo
60, and Trilogy Evo ventilators did not have much variation
in trigger delay times under any conditions, with values in
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Figure 9. Pressure time product (PTP) in the first 500 ms of inspiratory effort (expressed in percentage) at 2 levels of airway occlusion pressure
(Po.1) normal (N) and low (L) in pressure support ventilation 20 cm H,O (PSV20) for 3 mechanics, a constant leak of 6 L/min. The x-axis (mechan-
ics) includes the value of the asynchrony index (Al) (%). See the Figure 8 legend.

the tolerated range of around 200 ms or below. The
PrismaVent ventilator showed increased trigger delay times
with decreased inspiratory effort. In other studies, the Astral
150 ventilator showed good performance despite changes in
leak and muscle effort, contrary to what we found in this
research.'® Because of asynchronies, the trigger delay time
could not be assessed for the Monnal T50 ventilator (ineffec-
tive efforts and flow starvation) or the Weinmann ventilator
(auto-triggering and ineffective efforts).

In spite of a patient’s inspiratory effort at a given pres-
sure-support level, ventilators must deliver a high initial
flow that meets individual demand. An insufficient inspira-
tory flow rate can be considered the most distressing form
of dyspnea. It influences home mechanical ventilation,
especially for those patients with severe kyphoscoliosis and
obesity, for whom a ventilator’s ability to pressurize is nec-
essary for comfort, optimal gas exchange, and tolerance of
activity.® In our study, there was much variability observed
in terms of pressurization capacity, ranging from 0 to 77% of
the ideal. It improved with normal inspiratory effort, which
suggested that the ventilators studied did not compensate
with decreases in inspiratory effort, as seen in previous stud-
ies.® This parameter must be interpreted with caution because
of the great variability associated with the trigger delay time.
Previous investigations showed that low PTP500 values in
home-care ventilators were more likely due to increases
in the trigger delay time as opposed to deficiencies in
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pressurization capacity. No significant differences were
found when comparing PSV10 and PSV20, consistent
with L’Her et al'! but in contrast to Chiumello et al,'® who
found that lower PTPs were associated with increases in
pressure support. PTP500 improved with R mechanics (N
effort) in all the devices except the EOVE. Inspiratory
muscle effort changes had a highly variable impact on the
PTP500 as reported previously.®*?*> PTP500 is measurable
only in cycles synchronous with patient effort, which thus
explains the poor response seen with the Weinmann de-
vice.'® The best pressurization range for comfort and syn-
chronization, both closely related characteristics, is still
under question.

Synchrony is important for patient comfort and work of
breathing, but it is also related to hospital and ICU admis-
sions and to mortality.?® Proper adjustments of main
settings to meet patient demands will reduce the develop-
ment of asynchronies. Expiratory trigger settings, often
underappreciated, can cause premature cycling in patients
with restrictive characteristics or delayed cycling in ob-
structive cases. All the ventilators evaluated in this study
developed asynchronies at least once, but the EOVE and
Trilogy Evo ventilators remarkably showed synchroniza-
tion under almost all the experimental conditions tested.
The Weinmann ventilator developed frequent asynchro-
nies that increased when inspiratory effort was reduced
and pressure support was increased.
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The main limitation of our study, similar to that of previ-
ous bench tests, is the difficulty of extrapolating our results
to real clinical situations. Advantages of the ASL 5000 ven-
tilator include standardization of mechanical characteris-
tics, reproducibility of experiments, and the ability to
simulate a wide range of conditions. The lung model repli-
cates patients’ inspiratory effort during assisted mechanical
ventilation. However, there are several factors that our
model could not emulate: (1) the imperfect fit of the mask
interface to a patient’s facial characteristics, (2) variable ac-
tivity of respiratory muscles along the day, and (3) multifo-
cal and irregular leaks during home mechanical ventilation.
Moreover, the parameters chosen to define patient mechan-
ics and inspiratory muscle effort are similar to those used in
previous publications but they vary inter- and intra-subject
breath-to-breath in real life, so they may not always repre-
sent our population. For example, in the case of airway
occlusion pressure, variations may be as high as 50%.%’
The clinical relevance of these findings is difficult to deter-
mine and may depend on patient status (eg, trigger delay
time variation, from 150 to 250 ms). In addition, delivered
Vr, response-to-trigger time, and pressurization capacity
characterize only some of the ventilator response during
assisted modes.

Conclusions

Heterogeneous results from previous publications and
lack of guidelines leave the choice of NIV device to physi-
cians who routinely care for patients at home and on venti-
lation. This bench model study demonstrated a wide
heterogeneity of performance among the 8 tested venti-
lators. Some devices showed asynchronies in almost all
the experimental conditions, which, in clinical practice,
would be addressed by manual adjustment. These
results may help clinicians in choosing portable ventila-
tors for their potential performance based on their
patients’ respiratory mechanics and ability to trigger
ventilatory support. Further studies should aim at
assessing device performance and optimal patient-ven-
tilator interactions, both for medical knowledge and to
enable manufacturers to improve their machines.
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