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Noninvasive Ventilation for Acute Hypercapnic Respiratory
Failure: Intubation Rate in an Experienced Unit

Damien Contou MD, Chiara Fragnoli MD, Ana Córdoba-Izquierdo MD,

Florence Boissier MD, Christian Brun-Buisson MD, and Arnaud W Thille MD PhD

BACKGROUND: Failure of noninvasive ventilation (NIV) is common in patients with COPD

admitted to the ICU for acute hypercapnic respiratory failure (AHRF). We aimed to assess the rate

of NIV failure and to identify early predictors of intubation under NIV in patients admitted for

AHRF of all origins in an experienced unit. METHODS: This was an observational cohort study

using data prospectively collected over a 3-year period after the implementation of a nurse-driven

NIV protocol in a 24-bed medical ICU of a French university hospital. RESULTS: Among 242

subjects receiving NIV for AHRF (PaCO2
> 45 mm Hg), 67 had cardiogenic pulmonary edema

(CPE), 146 had acute-on-chronic respiratory failure (AOCRF) (including 99 subjects with COPD

and 47 with other chronic respiratory diseases), and 29 had non-AOCRF (mostly pneumonia).

Overall, the rates of intubation and ICU mortality were respectively 15% and 5%. The intubation

rates were 4% in CPE, 15% in AOCRF, and 38% in non-AOCRF (P < .001). After adjustment,

non-AOCRF was independently associated with NIV failure, as well as acidosis (pH < 7.30) and

severe hypoxemia (PaO2
/FIO2

< 200 mm Hg) after 1 hour of NIV initiation, whereas altered con-

sciousness on admission and ventilatory settings had no influence on outcome. CONCLUSIONS:

With a nurse-driven NIV protocol, the intubation rate was reduced to 15% in patients receiving

NIV for AHRF, with a mortality rate of only 5%. Whereas the risk of NIV failure is associated with

hypoxemia and acidosis after initiation of NIV, it is also markedly influenced by the presence or

absence of an underlying chronic respiratory disease. Key words: noninvasive ventilation; acute

respiratory failure; acute-on-chronic respiratory failure; cardiogenic pulmonary edema; COPD; hyper-

capnic coma; endotracheal intubation. [Respir Care 2013;58(12):2045–2052. © 2013 Daedalus Enter-

prises]

Introduction

Noninvasive ventilation (NIV) reduces the rates of in-

tubation and mortality in patients with severe exacerbation

of COPD1,2 or cardiogenic pulmonary edema (CPE).3 In

our ICU, NIV has been used since the late 1980s, and was

shown by Brochard et al4 to be beneficial in patients ad-

mitted with exacerbation of COPD. A subsequent prospec-

tive randomized study demonstrated that NIV was associ-

ated with reduced rates of endotracheal intubation and

mortality in these patients.5

Several large surveys show that the use of NIV has

become widespread in treatment of severe exacerbation of
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COPD in Europe and in the United States.6-8 Despite the

increasing experience with this technique, the rate of NIV

failure remains high, between 20% and 30% in COPD

patients admitted to ICUs.2,5,9,10 NIV may also be used as

first-line management of non-COPD patients having acute

hypercapnic respiratory failure (AHRF), but the rate of

NIV failure and intubation can exceed 30–40% in this

group.8,11,12 In COPD patients the severity of hypercapnia

and/or acidosis after initiation of NIV is a major predictor

of NIV failure.11,13-15 However, no study has evaluated the

impact of the NIV ventilatory settings and respiratory pa-

rameters under NIV on outcome, and little information

is available on hypercapnic non-COPD patients treated

with NIV.

The aims of this study were to assess the rate of NIV

failure in patients admitted for AHRF, whatever the cause,

in an experienced unit, and to identify early predictors of

intubation under NIV. Some of the results of this study

have been previously reported in the form of an abstract at

the 2012 meeting of the European Society of Intensive

Care Medicine in Lisbon, Portugal.16

Methods

This observational cohort study was conducted in our

24-bed medical ICU at Hôpitaux Universitaires Henri

Mondor in Créteil, France. The institutional review board

of the French Society for Respiratory Medicine approved

this noninterventional study and waived the need for in-

formed consent.

Subjects

We prospectively included all consecutive patients ad-

mitted during a 3-year period (June 2008 to June 2011)

and who received NIV as initial ventilatory support for

AHRF. AHRF was defined as recent dyspnea with stern-

ocleidomastoid muscle activation and a breathing frequency

� 25 breaths/min and/or an arterial pH � 7.35, with a

PaCO2
above 45 mm Hg. We excluded patients who were

intubated before ICU admission or intubated upon ICU

admission without prior NIV, and patients for whom NIV

was used with a do-not-intubate order.

NIV Protocol and Definitions

The study was conducted after the implementation, in

June 2008, of a nurse-driven NIV protocol that included

prospective daily collection of clinical data and ventilatory

parameters on a specific NIV monitoring form. When the

NIV form was unavailable or incomplete, data were re-

trieved from the subject’s records.

All stages of the protocol had been developed within a

multidisciplinary working group including ICU physicians,

nurses, and respiratory therapists. A daily NIV prescrip-

tion by the physician indicated the duration of NIV ses-

sions and targeted expiratory tidal volume (around 6–8 mL/

kg) and SpO2
(88–92% in subjects with acute-on-chronic

respiratory failure [AOCRF], and � 94% in other sub-

jects). Given that respiratory therapists are not present

every day and all day long in our unit, the protocol aimed

at empowering nurses to adjust the ventilatory settings

and to improve the subject’s tolerance to NIV. Nurses

are not as highly skilled in mechanical ventilation as re-

spiratory therapists in the United States can be, and were

not involved in the decision to intubate. The first objec-

tive was to reach the targeted expiratory tidal volume and

SpO2
, and to improve the subject’s tolerance to NIV fol-

lowing a simple decision algorithm (see the protocol and

algorithm used in the supplementary material at http://

www.rcjournal.com).

Pressure-support ventilation was started, using a pres-

sure-support level of 8 cm H2O, a PEEP level of 0 cm H2O,

an inspiratory trigger of 3 L/min, and a maximal inspira-

tory time of 1 second. The nurses then adjusted the ven-

tilatory parameters, including pressure-support level and

FIO2
, according to the protocol. Pressure-support level was

gradually increased by 2 cm H2O steps to reach the target

expiratory tidal volume, and PEEP level was then ad-

justed as prescribed. FIO2
was gradually adjusted by 5%

steps to reach the targeted SpO2
. NIV was applied inter-

mittently for periods of at least 2 hours, with a minimal

duration of 6 hours per day, or continuously in case of

hypercapnic coma, and was maintained until signs of re-

spiratory distress improved. An algorithm was used by

nurses in case of leaks, which involved repositioning of

the mask, then reducing the PEEP by 2 cm H2O, then

QUICK LOOK

Current knowledge

Failure of noninvasive ventilation (NIV) is common in

patients with COPD admitted to the ICU for acute hy-

percapnic respiratory failure. In selected patients the

commonly reported failure rate is approximately 30%.

What this paper contributes to our knowledge

With a nurse-driven NIV protocol, the intubation rate

was reduced to 15% in patients receiving NIV for acute

hypercapnic respiratory failure, with an accompanying

mortality rate of only 5%. The risk of NIV failure is

associated with hypoxemia and acidosis after initiation

of NIV, and is also markedly influenced by the pres-

ence or absence of an underlying chronic respiratory

disease. Altered consciousness at admission and venti-

lator settings had no influence on outcome.
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reducing the pressure-support level by steps of 2 cm H2O

until the minimal expiratory volume was reached, and then

changing the mask interface. Continuous mandatory ven-

tilation could be used transiently in subjects with hyper-

capnic coma and triggering insufficient tidal volume de-

spite high pressure support levels.

A mobile cart containing all types and sizes of inter-

faces was available at the bedside during initiation of

NIV. NIV was performed via a non-vented oronasal mask

(FreeMotion RT041, Fisher & Paykel, Auckland, New Zea-

land, or Ultra Mirage, ResMed, San Diego, California),

with an ICU ventilator using a dedicated NIV mode

(Evita XL, Dräger, Lübeck, Germany, or Engström Care-

Station, GE Healthcare, Little Chalfont, Buckinghamshire,

United Kingdom), equipped with a heated humidifier

(MR850, Fisher & Paykel, Auckland, New Zealand).

The following criteria were used for endotracheal intu-

bation: hypercapnic coma with inability to deliver tidal

volume, loss of consciousness or persistent hypercapnic

coma under NIV, psychomotor agitation making nursing

care impossible and requiring sedation, pronounced wors-

ening in signs of respiratory distress with a breathing fre-

quency above 40 breaths/min under NIV, SpO2
remaining

below 90% despite FIO2
1.0, and persistent hypotension

despite fluid resuscitation requiring vasopressors. Wors-

ening respiratory acidosis or absolute values of pH/PCO2

were not used as criteria for intubation in the absence of

other signs cited above.

Data Collection

From the NIV monitoring forms we analyzed the num-

ber and duration of NIV sessions, ventilator settings (pres-

sure support level, PEEP, FIO2
), ventilatory parameters

(SpO2
, breathing frequency, expiratory tidal volume), level

of consciousness (assessed using the Richmond Agitation-

Sedation Scale),17 NIV tolerance (scored from 0 for “poor”

to 3 for “excellent”), amount of leaks (scored from 0 for

“no leaks” to 3 for “major”), and hemodynamic parame-

ters (heart rate, blood pressure). Poor tolerance was consid-

ered as a score of 0 or 1, and major leaks as a score of 2

or 3. Altered consciousness was defined as a Richmond

Agitation-Sedation Scale � 0, and coma as a Glasgow

coma score � 8. Blood gases were routinely measured

1 hour after initiation of NIV. Clinical data (breathing

frequency, SpO2
, blood pressure, heart rate, Glasgow coma

score) and blood gases at admission before NIV initiation

were retrospectively collected from the medical chart. An

independent pulmonologist classified subjects according

to the underlying cause of AHRF into one of 3 subgroups:

CPE, AOCRF (including subjects having chronic respira-

tory failure associated with COPD or with other, non-

COPD causes), and non-AOCRF, which included subjects

without underlying chronic respiratory disease.

Statistical Analysis

Data are expressed as mean � SD, median and IQR, or

number and percent (for dichotomous variables). Qualita-

tive data were compared using the chi-square test, and

quantitative data using the unpaired Student t test or Kruskal

Wallis test.

To evaluate independent factors associated with NIV

failure at admission, univariate risk factors with a P value

� .10 were examined using backward stepwise logistic

regression analysis. Among related significant univariate

factors, only the most clinically relevant were entered into

the regression model in order to minimize the effect of

collinearity. We therefore included the cause of AHRF,

tachypnea, and altered consciousness at admission, and

hypoxemia and respiratory acidosis after NIV initiation,

whereas Simplified Acute Physiology Score II was not

entered into the model. We considered 2-tailed P values

� .05 as significant. The statistical analysis was performed

using statistics software (Stata 10.1, StataCorp, College

Station, Texas).

Results

Subjects

Over the 3-year period, 242 subjects received NIV for

AHRF, including 67 with cardiogenic pulmonary edema

(CPE), 146 with AOCRF, and 29 with non-AOCRF (Fig. 1).

Prospective data on NIV ventilatory parameters was avail-

able for 83% (201/242). Among the 47 subjects with non-

COPD AOCRF, 30 had obesity and/or obstructive sleep

apnea syndrome (median body mass index 38 kg/m2), while

others had bronchiectasis (n � 4), permanent ventilatory

impairment due to asthma (n � 4), pulmonary cancer

(n� 2), chest-wall disease (n� 3), myopathy (n� 2), and

myasthenia gravis (n � 2). Among the 29 subjects having

non-AOCRF and hypercapnia, 24 had pneumonia (includ-

ing 8 subjects with clinical criteria for ARDS), and 5 had

drug intoxication. The subjects’ characteristics at admis-

sion and their outcomes in ICU are reported in Table 1.

Overall, 31 subjects were comatose either at admission

(n � 15) or during the first 24 hours (n � 16).

Rates of NIV Failure and ICU Mortality

The overall rates of intubation and mortality were re-

spectively 15% (36/242) and 5% (13/242). The intubation

rates were 4% (3/67) in CPE, 15% (22/146) in AOCRF—

with an identical rate in COPD and non-COPD subjects—

and 38% (11/29) in non-AOCRF (P � .001) (Fig. 2). The

corresponding ICU mortality rates were 3% (2/67), 5%

(7/146), and 14% (4/29) (P � .08) (Fig. 3). The intubation

rates were 11% (13/115) in subjects having a pH on ad-
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mission � 7.30 and 18% (23/128) in those having a

pH � 7.30 (P � .15). The in-ICU mortality rate of intu-

bated subjects was 36% (13/36).

Factors Associated With NIV Failure

Among variables recorded on ICU admission, the eti-

ology of AHRF and tachypnea (� 30 breaths/min) was

independently associated with NIV failure (Table 2). Non-

AOCRF was an independent predictor of NIV failure, as

compared to subjects with AOCRF and CPE.

Pressure-support level adjusted by nurses was signifi-

cantly greater 1 hour after NIV initiation than at NIV

initiation (9.5 � 3.0 cm H2O vs 9.2 � 2.6, P � .036),

while tidal volume remained similar (468 � 144 mL vs

465 � 135, P � .64). Although not significantly different,

expiratory tidal volume 1 hour after NIV initiation tended

to be lower in subjects who failed NIV, compared to those

who succeeded in NIV.

Among variables recorded at one hour after NIV initi-

ation, ventilatory settings and subject tolerance to NIV or

amount of leaks had no influence on outcome, whereas

severe hypoxemia (PaO2
/FIO2

� 200 mm Hg) and severe

acidosis (pH � 7.30) were independently associated with

NIV failure.

After adjustment, altered consciousness at admission

was not associated with NIV failure and only 23% (14/60)

of subjects who had encephalopathy were intubated. Among

the 31 comatose subjects, 15 (48%) succeeded in NIV

without need for endotracheal intubation.

Discussion

In hypercapnic patients receiving NIV as first-line ven-

tilatory support for acute respiratory failure of various

origins, we found that the overall rate of intubation was

only 15%. However, this rate differed markedly according

to the underlying cause of acute respiratory failure, and

reached 38% in patients without chronic respiratory dis-

ease (non-AOCRF). Among patients with AOCRF, no dif-

ference was found between COPD and non-COPD pa-

tients.

Rate of NIV Failure According to the Cause for

Acute Hypercapnic Respiratory Failure

The intubation rate of only 4% in subjects receiving

NIV for CPE compares favorably with the 14% rate re-

ported in a meta-analysis3 and the 18% rate reported in a

survey from the United States.12 Some studies have even

reported intubation rates exceeding 20% in the subset of

hypercapnic patients.18 Our results are, however, consis-

tent with those of Nava et al,19 who reported an intubation

rate of only 6% in hypercapnic patients with CPE treated

in an ICU having extensive experience with NIV.

The 15% intubation rate we recorded in subjects with

AOCRF is also lower than the 20–30% rates usually re-

ported in studies evaluating NIV in COPD patients.5,8-10,12

Plant et al reported an overall intubation rate of only 15%

in patients receiving NIV in respiratory wards, but this

rate reached 36% in patients with a pH � 7.30,20 whereas

only 18% of our subjects with a pH � 7.30 needed intu-

bation. A recent study reported a rate of NIV failure of

only 11% in severe COPD patients admitted to a special-

ized respiratory ICU,21 with an ICU mortality rate of 8%,

which is close to the 5% recorded in our study. In this

large observational study, rates of NIV failure and mor-

tality were significantly lower in patients with obesity-

hypoventilation syndrome than in those with COPD.21 We

found a similarly low risk of NIV failure (15%) in subjects

having COPD or another underlying chronic respiratory

disease. Indeed, NIV has been successfully used in obese

patients with severe obstructive sleep apnea syndrome21-23

or bronchiectasis,24 and may also be effective, despite mixed

Fig. 1. Flow chart. NIV � noninvasive ventilation.
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results, in patients with restrictive pulmonary disease,25

myasthenia gravis,26 or neuromuscular disease.27 Identifi-

cation of an underlying chronic respiratory disease other

than COPD could be of major interest to better assess the

risk of NIV failure in hypercapnic patients.

By contrast, we found a markedly higher rate (38%) of

NIV failure in hypercapnic subjects with non-AOCRF,

mostly associated with pneumonia. High intubation rates

of 38%12 or 47%11 have already been reported in non-

Table 1. Characteristics and Outcomes of 242 Subjects Receiving Noninvasive Ventilation for Acute Hypercapnic Respiratory Failure of All

Origins

All AHRF
n � 242

CPE
n � 67

AOCRF
n � 146

Non-AOCRF
n � 29

P

Age, y 70 � 15 76 � 11* 70 � 12 56 � 21* � .001

Male, no. (%) 144 (60) 36 (54) 88 (60) 20 (69) .36

SAPS II 35 � 14 38 � 14† 33 � 12* 37 � 18 � .05

Systolic arterial pressure, mm Hg 143 � 50 165 � 81* 136 � 28* 130 � 25 � .001

Heart rate, beats/min 99 � 21 95 � 20 100 � 21 105 � 25 .11

Breathing frequency, cycles/min 29 � 8 32 � 7† 28 � 8* 30 � 10 .01

Glasgow coma score 14 � 2 14 � 2 14 � 2 14 � 3 .06

SpO2
, % 91 � 10 90 � 12 91 � 9 94 � 5 .17

pH 7.28 � 0.09 7.26 � 0.10† 7.28 � 0.07 7.31 � 0.10† .02

PaCO2
, mm Hg 68 � 17 62 � 15* 72 � 16* 59 � 16* � .001

PaO2
, mm Hg 99 � 65 118 � 77* 91 � 62† 96 � 38 � .001

Bicarbonate, mmol/L 33 � 7 29 � 6* 35 � 6* 29 � 7* � .001

PaO2
/FIO2

at NIV initiation, mm Hg 229 � 86 235 � 88 233 � 79 199 � 107 .10

Duration of NIV the first day,

median (IQR) h

8 (4–11) 7 (4–8)† 9 (4–12)* 6 (4–10) .01

Total duration of NIV, median (IQR) d 2 (1–4) 2 (1–3)* 3 (1–5)* 1 (1–3) � .001

Rate of NIV failure, no. (%) 36 (14) 3 (4)* 22 (15) 11 (38)* � .001

ICU stay, median (IQR) d 6 (4–9) 4 (3–6)* 7 (5–9) 8 (6–14)† � .001

ICU mortality, no. (%) 13 (5) 2 (3) 7 (5) 4 (14) .09

� Values are mean � SD.

* P � .02 as compared to all other subjects using the Student t test.

† P � .05 as compared to all other subjects using the Student t test.

AHRF � acute hypercapnic respiratory failure

CPE � cardiogenic pulmonary edema

AOCRF � acute-on-chronic respiratory failure

SAPS � Simplified Acute Physiology Score

NIV � noninvasive ventilation

Fig. 2. Intubation rate in subjects receiving noninvasive ventilation
for acute hypercapnic respiratory failure, overall and according to
the reason for admission. AOCRF � acute-on-chronic respiratory
failure.

Fig. 3. ICU mortality in subjects receiving noninvasive ventilation
for acute hypercapnic respiratory failure, overall and according to
the reason for admission. AOCRF � acute-on-chronic respiratory
failure.
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COPD patients receiving NIV for AHRF when including

patients with and without underlying chronic respiratory

disease.11,12 In patients having de novo acute hypoxemic

(non-hypercapnic) respiratory failure and no chronic re-

spiratory disease, even higher intubation rates of up to

60% have been reported.8,12 It is noteworthy that the in-

tubation rate in our subgroup of patients having de novo

acute hypercapnic respiratory failure was only 38%, and

that, although significantly less hypercapnic, they were not

more hypoxemic than the others 2 subgroups.

Predictive Factors for NIV Failure After

NIV Initiation

A higher severity score is usually associated with NIV

failure in hypercapnic patients.11,15,28 However, using the

Simplified Acute Physiology Score II is clinically imprac-

tical since this score is computed only at 24 hours after

admission, therefore taking into account any potential com-

plications of intubation in patients who failed NIV within

the first 24 hours.

Table 2. Predictors of Endotracheal Intubation in Subjects Admitted for Acute Hypercapnic Respiratory Failure Receiving Noninvasive Ventilation

NIV Success
n � 206

NIV Failure
n � 36

Bivariate
Tests P

Multivariate Logistic
Regression P

Odds Ratio 95% CI

Age, y 71 � 15 65 � 14 .04 ND ND NS

SAPS II 34 � 14 42 � 12 � .001 ND ND ND

Underlying cause of acute respiratory failure, no. (%) � .001

CPE 64 (31) 3 (8) .03 0.29 0.07–1.07 .06

AOCRF 124 (60) 22 (61) � .99 (reference)

Non-AOCRF 18 (9) 11 (31) .004 3.94 1.44–10.7 .007

At admission, before NIV

Altered consciousness (RASS � 0), no. (%) 46 (22) 14 (39) .03 ND ND NS

Breathing frequency, breaths/min 29 � 8 32 � 7 .08

Breathing frequency � 30 breaths/min, no. (%) 76 (37) 20 (56) .03 2.72 1.17–6.31 .02

pH 7.28 � 0.09 7.27 � 0.08 .76

pH � 7.30, no. (%) 105 (51) 23 (64) .15

PaCO2
, mm Hg 68 � 17 69 � 15 .60

Bicarbonate, mmol/L 33 � 7 32 � 8 .82

Systolic arterial pressure, mm Hg 143 � 33 132 � 24 .06 ND ND

Heart rate, beats/min 98 � 21 104 � 24 .12

Ventilatory settings under NIV n � 177 n � 22

FIO2
0.50 � 0.24 0.56 � 0.26 .31

PEEP, cm H2O 4.8 � 1.6 4.2 � 1.2 .09 ND ND NS

Pressure support, cm H2O 9.2 � 2.6 9.4 � 2.8 .74

Tidal volume, mL 475 � 140 415 � 166 .06 ND ND NS

Breathing frequency, breaths/min 27 � 8 29 � 7 .25

Important leaks, no. (%) 8 (4.5) 2 (8) .33

Poor tolerance, no. (%) 27 (15) 1 (4) .21

Blood gases after 1 h of NIV n � 188 n � 33

PaO2
/FIO2

, mm Hg 237 � 86 192 � 72 .006

PaO2
/FIO2

� 200 mm Hg, no. (%) 60/188 (32) 20/33 (61) .002 2.85 1.24–6.55 .01

pH 7.33 � 0.08 7.30 � 0.12 .03

pH � 7.30, no. (%) 53/188 (28) 16/33 (48) .03 2.48 1.06–5.77 .04

Lack of increase in pH, no. (%) 39 (21) 13/33 (39) .03

PaCO2
, mm Hg 61 � 18 68 � 21 .059

Decrease in PaCO2
, no. (%) 131 (70) 18 (55) .10

� Values are mean � SD.

Logistic regression was performed using 219 observations: area under the receiver operating characteristic curve 0.79, sensitivity 66%, specificity 76%, positive predictive value 32%, negative

predictive value 93%, correctly classified 75%.

NS � not significant

NIV � noninvasive ventilation

ND � no data available or not included

SAPS � Simplified Acute Physiology Score

CPE � cardiogenic pulmonary edema

AOCRF � acute-on-chronic respiratory failure

RASS � Richmond Agitation-Sedation Scale
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The severity of hypercapnia and/or respiratory acido-

sis after initiation of NIV is a well known predictor of

NIV failure.11,13-15,29 Probably because we included

AHRF of all origins, we also found that severe hypoxemia

(PaO2
/FIO2

� 200 mm Hg) was an independent predictor of

intubation in hypercapnic subjects.

By contrast, tolerance to NIV and amount of leaks had

no impact on NIV failure. In a survey from 70 ICUs, poor

NIV tolerance was a strong predictor of NIV failure.8 How-

ever, this study reported good NIV tolerance in only 27%

of patients, and 57% had high levels of leaks. In our series,

86% of subjects had good NIV tolerance, and only 10%

had high levels of leaks, probably due to our NIV protocol.

Pressure-support level was significantly increased during

the first hour of NIV, suggesting that the protocol was

correctly applied by nurses. With such good NIV tolerance

during the first hour of NIV, the ventilatory parameters or

ventilator settings had no influence on outcome. However,

the trend toward a lower tidal volume in patients who

failed NIV, as compared to patients who avoided intuba-

tion, might suggest the need to increase the targeted tidal

volume in patients at high risk of failure.

Clinical Implications

In a general ICU using protocolized care and monitor-

ing of NIV by nurses, the overall rate of intubation in

hypercapnic patients receiving NIV for acute respiratory

failure could be maintained below 15%. This rate can be

used as an upper limit, both for COPD patients and for

other patients having a chronic underlying respiratory dis-

ease. These results are probably due, first, to our NIV

protocol optimizing the patient’s tolerance to NIV, and,

second, to our conservative intubation criteria, enabling

continuation of NIV under close monitoring in some pa-

tients with altered consciousness. As expected, the rate of

intubation was particularly high in patients with persis-

tently or newly occurring severe altered consciousness.

Nevertheless, 48% of our comatose patients achieved NIV

without the need for intubation. Several studies have al-

ready shown that NIV could be successful in patients with

hypercapnic coma.30,31 Moreover, it has been shown that

NIV failure was not associated with an increased mortality

rate in hypercapnic patients28; thus, delayed intubation in

some patients likely did not worsen their outcome. In our

study the ICU mortality rate for intubated patients was

36%, which is in line with the 30–40% rate reported in

large surveys.12,28 Our results also suggest that, similar to

protocols for weaning from mechanical ventilation32 or

sedation,33 which enabled reduction of the time to extu-

bation, NIV protocols involving nurses and/or respiratory

therapists might reduce the intubation rate.

Limitations

Our study was conducted in a single unit with long-

standing experience in the practice of NIV, and therefore

our results may not be applicable to other centers with less

extensive experience. Experience and nurse-driven proto-

cols may improve tolerance to NIV, and we report a poor

tolerance rate of only 14% after 1 hour of NIV. Another

limitation is the retrospective nature of the study. How-

ever, prospective data collection of ventilatory parameters

under NIV was available for a vast majority of our sub-

jects, and, because of the availability of computerized med-

ical charts for all subjects, all those receiving NIV for

AHRF could be analyzed.

Conclusions

While the rate of NIV failure is usually around 20 to

30% for acute hypercapnic respiratory failure, we found

that the intubation rate could be maintained below 15% in

a highly experienced unit, with an overall ICU mortality

of only 5%. Our study suggests that an NIV trial should be

considered in all hypercapnic patients presenting with acute

respiratory failure, even when the risk of failure is high

because of coma, whether in patients with AOCRF or in

patients without underlying respiratory disease. Interest-

ingly, severe hypoxemia was an independent predictor of

NIV failure in hypercapnic patients of all origins, whereas

altered consciousness at admission and ventilatory settings

had no influence on outcome.
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� Indication(s): � COPD      � CPE     � Obstructive Sleep Apnea     � Post-Extubation 

         � Pneumonia/ARDS    � Obesity/hypoventilation      � Other__________ 

� Humidification : Heated humidifier (Heat and moisture exchanger with Helmet) 

� NIV initiation (1st session and/or 1st session after extubation) : 

� YES  Duration: __________h        Arterial Blood Gas (ABG) under NIV H+1 � 

� NO 

� Other sessions :  

Minimal number of sessions/day: ___ (6 max)                  Minimal number of hours/day:____  

Sessions between 0 and 6h: � YES   continuously?  YES �  NO � 

                                               � NO  

� Ventilatory mode: � PSV using NIV mode (Evita 4, XL or Engström)  

Targeted expiratory VT between : l__l l__l l__l ml and l__l l__l l__l ml 

Minimal PS level: l__l l__l cm H2O 

� BIPAP: high pressure l__l l__l cm H2O    Ti l__l,l__l s    RR l__l l__l /min 

� ACV: VT l__l l__l l__l ml  RR l__l l__l /min   Inspiratory Flow : 40L/min 

� Objectives : SpO2 :  � 88-92%  � 92-96%  � 96%-100%  

PEEP   l__l l__l cm H2O 

� Settings at initiation of each session 

All modes 

 

 

    FiO2 

30%  if O2 < 3l/min 

50%  if O2 3-10 l/min 

100% if O2 > 10 l/min 

 

� ABG:  �� At 8 a.m.    � under NIV  � without NIV (>30 min after the last session) 

� Others : ___________________________________________ 

� Changes during the day:  
Name/hour           Prescription 

 
 

 

 
 

 

 

       NIV Day___ 
DATE____/____/____                                            Physician : ____________ 

                      Nurse day : ___________ 

            night : __________ 

 
 

Patient’s sticker 

PS mode 

PS level 8 cmH2O 

PEEP 0 cmH2O 

Insp. Trigger 3 L/min 

Max inspiratory. time 1 sec 

Delay Apnea 45 sec 

JZ



 

Before each NIV session: 

� Explain to the patient the course of the session 

� Apply an artificial skin (Comfeel®) over the bridge of the nose to avoid nasal ulceration  

� Check that heated humidifier is “on” in “NIV mode” 

� Adjust the ventilator settings in accordance with those indicated on the first page 

� Evaluate the potential risks before NIV session 

Risky NIV session: when one of the four criteria is present before NIV session, there is a high risk 

of intubation and/or cardiac arrest. In this case, the patient must be transferred from the 

intermediate care unit to the ICU.  

Monitoring codes 

Tolerance:  0 (poor)  1 (bad)  2 (acceptable) 3 (excellent) 

Leaks:  0 (none) 1 (few)  2 (many)           3 (major) 

 

Settings adjustment: 
 

 

 

What to do in case of leaks in PS mode? 

 

 
1. Adjust mask 
2. Reduce PEEP at 2 cmH2O 
3. Reduce PS level by step of 2 cmH2O until the minimal expiratory volume is reached 
4. Change the mask 
5. Switch to BIPAP mode with:  

a. Inspiratory time 1 second 
b. Respiratory rate 10/min 
c. Start with a high pressure of 8 cm H2O and gradually increase by step of 2cmH2O to reach 

the targeted expiratory VT 
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and also transport ventilators when needed.  9-11   Most 
ICU ventilators were initially built to work without any 
leak, at least in adults, and are prone to be disrupted 

      Noninvasive ventilation (NIV) has become a stan-
dard of care for the management of many causes 

of acute respiratory failure.  1-3   During NIV, the 
unavoidable presence of leaks around the mask  4   can 
interfere with the ventilator performance. Expira-
tory leaks can mimic an inspiratory effort for the 
ventilator, leading to auto-triggering  5  ; and inspiratory 
leaks can mimic a sustained inspiration, leading to 
delayed cycling.  6   Not surprisingly, patient-ventilator 
asynchronies have, therefore, been reported to occur 

with a high incidence during NIV in critically ill 
patients.  7   

 Different ventilators are now used to conduct NIV 
in ICU: ICU ventilators,  2   dedicated NIV ventilators,  8   

  Background:    Different kinds of ventilators are available to perform noninvasive ventilation (NIV) 
in ICUs. Which type allows the best patient-ventilator synchrony is unknown. The objective was 
to compare patient-ventilator synchrony during NIV between ICU, transport—both with and 
without the NIV algorithm engaged—and dedicated NIV ventilators. 
  Methods:    First, a bench model simulating spontaneous breathing efforts was used to assess 
the respective impact of inspiratory and expiratory leaks on cycling and triggering functions 
in 19 ventilators. Second, a clinical study evaluated the incidence of patient-ventilator asyn-
chronies in 15 patients during three randomized, consecutive, 20-min periods of NIV using 
an ICU ventilator with and without its NIV algorithm engaged and a dedicated NIV ventilator. 
Patient-ventilator asynchrony was assessed using fl ow, airway pressure, and respiratory muscles 
surface electromyogram recordings. 
  Results:    On the bench, frequent auto-triggering and delayed cycling occurred in the presence of 
leaks using ICU and transport ventilators. NIV algorithms unevenly minimized these asynchronies, 
whereas no asynchrony was observed with the dedicated NIV ventilators in all except one. These 
results were reproduced during the clinical study: The asynchrony index was signifi cantly lower 
with a dedicated NIV ventilator than with ICU ventilators without or with their NIV algorithm 
engaged (0.5% [0.4%-1.2%] vs 3.7% [1.4%-10.3%] and 2.0% [1.5%-6.6%],  P   ,  .01), especially 
because of less auto-triggering. 
  Conclusions:    Dedicated NIV ventilators allow better patient-ventilator synchrony than ICU and 
transport ventilators, even with their NIV algorithm. However, the NIV algorithm improves, at least 
slightly and with a wide variation among ventilators, triggering and/or cycling off synchronization.  
  CHEST 2012; 142(2):367–376   

  Abbreviations:  AI  5  asynchrony index; ICUniv   2   5  ICU ventilator with the noninvasive ventilation algorithm turned 
off; ICUniv 1   5  ICU ventilator with the noninvasive ventilation algorithm turned on; NIV  5  noninvasive ventilation; 
NIVv  5  dedicated noninvasive ventilation ventilator; PEEP  5  positive end-expiratory pressure; TD  5  triggering delay; 
T i excess  5  insuffl ation time in excess; T i sim  5  simulated active inspiration time; T i vent  5  time between the beginning of 
a simulated inspiratory effort and the end of the ventilator’s insuffl ation 

 Patient-Ventilator Asynchrony During 
Noninvasive Ventilation 
 A Bench and Clinical Study 

  Guillaume   Carteaux ,  MD ;  Aissam   Lyazidi ,  PhD ;  Ana   Cordoba-Izquierdo ,  MD ; 
 Laurence   Vignaux ;  Philippe   Jolliet ,  MD ;  Arnaud W.   Thille ,  MD ,  PhD ; 
 Jean-Christophe M.   Richard ,  MD ,  PhD ; and  Laurent   Brochard ,  MD  
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we conducted a clinical study in critically ill patients 
to compare the incidence of patient-ventilator asyn-
chrony between ICU ventilators with and without 
their NIV algorithm engaged, and a dedicated NIV 
ventilator. 

 Materials and Methods 

 This study involved a bench part and a clinical part. An exten-
sive description of both the bench and clinical protocols is provided 
in e-Appendix 1  . 

 Bench Study 

 All 19 ventilators tested are reported in  Table 1   and included 
eight ICU ventilators, fi ve transport ventilators, and six dedi-
cated NIV ventilators. The test lung, an Active Servo Lung 5000 
(ASL 5000; IngMar Medical, Ltd), was used to simulate a mod-
erate inspiratory effort in the presence of an 80 mL/cm H 2 O respira-
tory system compliance and 10 cm H 2 O/L/s resistance to mimic 
a mild obstructive condition. The simulated respiratory rate was 
15 breaths/min and the inspiratory time 0.8 s. Three leak condi-
tions were generated ( Fig 1A  ): absence of leak, continuous leak 
(to reveal triggering asynchronies during expiratory leak), and 
inspiratory leak (to reveal cycling-off asynchronies). For this last 
experiment, the leak started at a pressure corresponding to a 
water column of 7 cm H 2 O, as detailed in e-Appendix 1. The 
inspiratory leak was characterized by a nonlinear pressure-fl ow 
relationship with a fl ow varying from 0 to 22 L/min for a pressure 
from 7 to 15 cm H 2 O. The continuous (expiratory) leak was char-
acterized by a fl ow of 16 L/min at 5 cm H 2 O pressure. 

 Ventilators were set in pressure support ventilation, with a 
pressure support level at 15 cm H 2 O and a positive end-expiratory 
pressure (PEEP) at 5 cm H 2 O. ICU and transport ventilators were 
tested with and without their NIV algorithm engaged, except 
the Elisee 250, whose NIV algorithm cannot be turned off. Data 
were acquired at 512 Hz from ASL 5000 and stored in a laptop 
computer for subsequent analysis (Acqknowledge 3.7.3; BIOPAC 
Systems, Inc). Inspiratory triggering synchronization was assessed 
using the triggering delay, the triggering pressure-time product, 
and the incidence of auto-triggering, expressed as a percentage 
and calculated as follows: auto-triggering incidence (%)  5  (auto-
triggered cycles/total ventilator cycles)  3  100. The pressurization 
was assessed using the pressure-time product at 300 milliseconds. 
Cycling synchronization was assessed by determining ventilator 
insuffl ation time in excess (T i excess), expressed as a percentage and 
calculated as follows: T i excess  5  [(T i vent  2  T i sim)/T i sim]  3  100, 
where T i vent is the time between the beginning of the simu-
lated inspiratory effort and the end of the ventilator’s insuffl ation, 
and T i sim the simulated active inspiration time. Delayed cycling 
was defi ned by a T i vent  �  2 T i sim and premature cycling by a 
T i vent  �  2/3 T i sim. 

 Clinical Study 

 A prospective, randomized, crossover study was conducted in 
two university hospital ICUs. The protocol was approved by the 
ethics committee CPP-Ile-de-France IX (number: 08-021), and 
informed consent was obtained from all patients. We included 
15 patients in the ICU receiving NIV in pressure support ventila-
tion mode with PEEP via a standard oronasal mask. The venti-
lator settings chosen by the clinician in charge of the patient were 
kept identical for the study. Three consecutive NIV sessions were 
applied in a random order, using the same oronasal mask: (1) use 
of an ICU ventilator whose NIV algorithm has been turned off 

by the presence of leaks during NIV.  12   To address 
this issue, manufacturers have implemented NIV algo-
rithms (so called “NIV modes”) on the latest gen-
eration of ICU ventilators to compensate and better 
manage the leaks. Both bench  12,13   and clinical  14   studies 
assessing the performance of NIV algorithms on ICU 
ventilators have shown mixed results, partly due to 
large variations among the ventilators, making it dif-
fi cult to draw an overall conclusion. Dedicated NIV 
ventilators stem from bilevel home ventilator tech-
nology, which has been particularly oriented toward 
leakage management and comfort. Some bench studies 
suggested that a dedicated NIV ventilator could pro-
duce better performance and synchronization than 
ICU ventilators in the presence of leaks.  13,15   However, 
no bench model concerning ventilator synchroniza-
tion during NIV has been clinically validated, raising 
the question of their clinical relevance in critically ill 
patients. Consequently, the kind of ventilator that 
allows the best synchronization during NIV in the 
ICU is still unknown. In some areas, NIV is mainly 
delivered with dedicated NIV ventilators,  8   whereas 
in other countries ICU ventilators are almost exclu-
sively preferred,  2   and this distribution refl ects local 
habits rather than an evidence-based approach. 

 The purpose of this study was to compare patient-
ventilator synchronization during NIV using ICU 
and transport ventilators with or without their NIV 
algorithm, and fi nally dedicated NIV ventilators. We 
designed a bench model to assess ventilator syn-
chronization with a simulated inspiratory effort in 
different leak conditions, simulating the different 
challenges to be faced by the ventilator. Furthermore, 

 Manuscript received September 7, 2011; revision accepted 
January 20, 2012      . 
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leaks exhibited a total triggering delay (TD) of 117 mil-
liseconds (99-131 milliseconds) and 143 millisec-
onds (114-174 milliseconds), respectively ( P   5  .37) 
( Fig 2 ).The addition of inspiratory leaks did not sig-
nifi cantly modify these values except for the Engstrom, 
G5, and T1, which had an increased TD, and the 
Medumat, which showed a reduced TD. Turning 
on the NIV algorithm while maintaining inspiratory 
leaks led to different behaviors among ICU and trans-
port ventilators: TD signifi cantly increased for fi ve 
ventilators (Medumat, Evita XL, Servo-i, V500, Sup-
portair), decreased for three (Engstrom, PB840, T1), 
and was not modifi ed for the others. In this last 
condition, the TD of ICU, transport, and dedicated 
NIV ventilators were 107 (83-120), 126 (112-190), 
and 125 (102-145) milliseconds, respectively ( P   .  .05 
for every intergroup comparison). When NIV algo-
rithms were used in the presence of inspiratory leaks, 
six ICU ventilators (Avea, Engstrom, PB840, Servo-i, 
V500, Vela), two transport ventilators (Elisee 250, 
Supportair), and two NIV ventilators (BiPAP Vision, V60) 
exhibited a TD  ,  117 milliseconds (ie, the median 
TD of ICU ventilators with the NIV algorithm turned 
off in absence of leaks). The additional assessment of 
the triggering pressure-time product is reported in 
e-Appendix 1 and e-Figure 1. 

 Auto-Triggering:   Occurrence of auto-triggering 
was assessed during the presence of continuous leaks 
( Fig 3  ). Expiratory leaks induced an incidence of auto-
triggering between 0% and 100% among ICU and 
transport ventilators when their NIV algorithm was 

(ICUniv 2 ), (2) use of an ICU ventilator whose NIV algorithm has 
been turned on (ICUniv 1 ), and (3) use of a dedicated NIV venti-
lator (NIVv). Each session was 20 min long. ICU ventilators used 
in the clinical study were: Evita XL or EVITA 4 (Dräger) (n  5  12) 
and Engstrom Carestation (GE Healthcare) (n  5  3). The dedicated 
NIVv was the BiPAP Vision (Philips Respironics). We selected 
this ventilator because it is widely used in ICUs using NIV ven-
tilators and also because it has been used in many clinical and 
physiologic studies concerning NIV. Flow, airway pressure, and 
diaphragmatic and inspiratory neck muscles surface electromyo-
grams were continuously recorded throughout the three NIV ses-
sions and stored in a laptop for subsequent analysis, as described 
in e-Appendix 1. All tracings were analyzed by one investigator 
(G. C.). The methodology used was previously described with-
out noticing any interobserver difference,  7,14   and allowed the 
quantifi cation of major asynchrony events (ineffective triggering, 
double-triggering, auto-triggering, premature cycling, and delayed 
cycling) ( Fig 1B  ). A global asynchrony index (AI), expressed as a 
percentage, was computed as follows  16  : AI (%)  5  (number of asyn-
chronies/[ineffective breaths  1  ventilator cycles])  3  100. 

 Statistics 

 Statistical analyses were performed with Statistical Package 
for the Social Sciences (version 16.0, SPSS). Continuous data 
are expressed as the median (25th-75th percentile). In both 
the bench and clinical study, the variables did not display 
a normal distribution, so only nonparametric tests, detailed in 
e-Appendix 1, were used. A  P  value of  ,  0.05 was considered sta-
tistically signifi cant. 

 Results 

 Bench Study 

 Triggering Delay:   The ICU and transport ventilators 
with their NIV algorithm turned off in the absence of 

 Table 1— Bench Study: Characteristics of the ICU, Transport, and NIV Ventilators Tested in the Bench Study  

Ventilator  Supplier Use Gas Source Circuit NIV Mode ET Range IT Range

Avea CareFusion ICU Pressurized Double Manual 5%-45% 0.1-20 L/min
Engstrom GE Healthcare ICU Pressurized Double Manual 5%-50% 1-9 L/min;  2 1 to  2 10 cm H 2 O
Evita XL Dräger ICU Pressurized Double Automatic Automatic 0.3-15 L/min
G5 Hamilton Co ICU Pressurized Double Manual 5%-70% 0.5-15 L/min
PB840  a  Covidien ICU Pressurized Double Manual 1%-80% 0.2-20 L/min
Servo-i MAQUET GmbH 

 & Co KG
ICU Pressurized Double Manual 1%-40% 0%-100%;  2 20 to 0 cm H 2 O

V500 Dräger ICU Pressurized Double Automatic/manual Automatic; 5%-70% Automatic; 0.2-15 L/min
Vela CareFusion ICU Turbine Double Manual 5%-40% 1-8 L/min
Elisee 250 ResMed Transport Turbine Double Automatic/manual Automatic; 1%-6% Automatic
Medumat Weinmann Medical 

 Technology
Transport Pneumatic Single Automatic 5%-50% 1-15 L/min

Oxylog 3000 Dräger Transport Pneumatic Single Automatic Automatic Automatic
Supportair Covidien Transport Turbine Single Manual 5%-95% 01-05
T1 Hamilton Co Transport Turbine Double Manual 5%-80% 1-20 L/min
BiPAP Vision Philips Respironics NIV Turbine Single Automatic Automatic Automatic
Carina Dräger NIV Turbine Single Automatic Automatic Analogical (sensible/normal)
Trilogy 100 Philips Respironics NIV Turbine Single Automatic Automatic Automatic
V60 Philips Respironics NIV Turbine Single Automatic Automatic Automatic
Vivo 40 Breas NIV Turbine Single Automatic Automatic Automatic
VPAP 4 ResMed NIV Turbine Single Automatic Automatic Automatic

ET  5  expiratory trigger, expressed as a percentage of peak inspiratory fl ow; IT  5  inspiratory trigger; NIV  5  noninvasive ventilation.
 a Version comprising both an NIV mode and leak compensation.
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tilators whose NIV algorithm can be turned off. The 
NIV algorithms generally minimized the insuffl ation 
time, which remained signifi cantly higher than without 
leaks for only two ICU ventilators (Avea, G5) and three 
trans port ventilators (Oxylog 3000, Supportair, T1). 
With NIV algorithm and inspiratory leaks, ICU, 
trans port, and dedicated NIV ventilators exhibited a 
T i excess of 34% (29%-43%), 37% (25%-43%), and 
37% (18%-49%), respectively. In this condition, the 
T i excess was  ,  32% for four ICU ventilators (Engstrom, 
Evita XL, Servo-i, V500), two transport ventilators 
(Medumat, Supportair), and three dedicated NIV 
ventilators (BiPAP Vision, Trilogy 100, V60). 

 During inspiratory leaks when NIV algorithms were 
turned off, delayed cycling occurred with four ICU 
ventilators (Avea, G5, PB840, Vela) and three trans-
port ventilators (Medumat, Oxylog 3000, T1). The 
activation of the NIV algorithm eliminated delayed 
cycling for all of these ventilators but one (G5). How-
ever, the NIV algorithm of the Servo-i overcorrected 
the T i excess ( 2 4%). Concerning dedicated NIV ven-
tilators subjected to inspiratory leaks, one of them 
(VIVO 40) exhibited delayed cycling. 

 We also assessed the ability of the ventilators to pres-
surize the airway in the fi rst 300 milliseconds with or 
without leaks. For the sake of simplicity, these data 
are only shown in e-Appendix 1 and e-Figure 2. 

 Clinical Study 

 Fifteen patients of median age 68 years old 
(61-76 years) were included, 13 men and two women, 
with a median BMI of 24 kg/m 2  (20-27 kg/m 2 ). At 
inclusion, Simplifi ed Acute Physiology Score II was 
47 (32-62) and arterial blood gas levels were as fol-
lows: pH  5  7.36 (7.29-7.42), Pa co  2   5  48 mm Hg 

turned off. The activation of the NIV algorithm led to 
a heterogeneous response among these ventilators: 
the incidence of auto-triggering fell to or remained at 
0% for three ICU ventilators (PB840, Servo-i, V500) 
and three transport ventilators (Elisee 250, Suppor-
tair, T1), was not modifi ed for one ICU ventilator 
(Avea), and decreased slightly for the other ICU and 
transport ventilators. By contrast, no auto-triggering 
occurred with any NIV ventilator. 

 Cycling and Insuffl ation Time:   ICU and transport 
ventilators without their NIV algorithm in the absence 
of leaks exhibited a T i excess of 32% (30%-34%) and 
49% (24%-75%), respectively ( P   5  .93) (Fig 4 ). Inspi-
ratory leaks led to a signifi cant increase in insuffl a-
tion time for six ICU ventilators (Avea, Engstrom, 
G5, PB840, Servo-i, Vela) and all four transport ven-

  Figure  1. Experimental protocols. A, Bench study experimental 
design. To experimentally reproduce noninvasive ventilation (NIV) 
conditions with calibrated leaks, we placed a T-piece between the 
ASL5000 (lung simulator) and the ventilator circuit. Three situa-
tions were generated: no leak, in which the free extremity of the 
T-piece was closed; inspiratory leak, in which the free extremity 
of the T-piece was connected to a tube immersed in a 7 cm H 2 O 
column, allowing leaks to occur during insuffl ation only when the 
pressure in the circuit was higher than the height of the water 
column; and continuous leak using the same experimental assembly 
without water in the receptacle, allowing leaks to occur during the 
whole respiratory cycle. B, Clinical study representative record of 
an auto-triggered cycle. EMGd  5  diaphragmatic electromyogram; 
EMGn  5  neck muscles electromyogram; Paw  5  airway pressure.   

  Figure  2. Bench study triggering delay. Representation of the 
triggering delay for ICU and transport ventilators with their NIV 
algorithm turned off in the absence of any leak (NIV 2 /Leaks 2 , 
white bars), then in the presence of inspiratory leaks (NIV 2 /Leaks 1 , 
gray bars); and for ICU and transport ventilators with their 
NIV algorithm turned on as well as for NIV ventilators in the 
presence of inspiratory leaks (NIV 1 /Leaks 1 , black bars). #  P   ,  .05 
vs NIV 2 /Leaks 2 . $  P   ,  .05 vs NIV 2 /Leaks 1 . See Figure 1 legend 
for expansion of abbreviation.   
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for both comparisons) ( Fig 5  ). The incidence of 
each asynchrony during the three NIV sessions is 
represented in  Figure 6  . Auto-triggering had the 
highest incidence. The incidence of auto-triggering, 
however, was signifi cantly lower with NIVv than 
with ICUniv 2  and ICUniv 1 , 0.1/min (0.1-0.1/min) 
vs 0.5/min (0.1-1.1/min) and 0.3/min (0.1-1.2/min), 
 P   ,  .001, and the proportion of patients who exhib-
ited a high incidence of auto-triggering ( .  1/min) was 
signifi cantly lower with NIVv than with ICUniv 2  and 
ICUniv 1  ( Table 3  ). Four patients (27%) had an 
AI  .  10% with ICUniv 2 , two (13%) with ICUniv 1 , 
and none with NIVv ( P   5  .091). The level of leaks 
throughout the clinical study was noticeably high 
in these two last patients (14 and 16 L/min, respec-
tively). The proportion of patients who exhibited at 
least one asynchrony with a high incidence ( .  1/min) 
was signifi cantly higher with ICUniv 2  and ICUniv 1  
than with NIVv ( Table 3 ). 

 Discussion 

 To our knowledge, this study is the fi rst to com-
pare patient-ventilator synchronization during NIV 
between ICU, transport, and dedicated NIV ventilators, 
with both a bench and a clinical evaluation. The obser-
vations made with these two approaches were con-
sistent, offering a strong validation of the bench 
model, a logical explanation for the clinical data, and 

(41-63 mm Hg), Pa o  2 /F io  2   5  206 mm Hg (183-
252 mm Hg). Patients had spent one median day 
(0.3-1.0 days) under NIV before inclusion. Indica-
tions for NIV were the following: to avert respira-
tory failure after extubation (n  5  5), exacerbation of 
COPD (n  5  4), cardiogenic pulmonary edema (n  5  3), 
community-acquired pneumonia (n  5  2), and post 
thoracic surgery (n  5  1). Eight patients (53%) had 
COPD. Ventilator settings were pressure support 
level  5  10 cm H 2 O (8-11 cm H 2 O), PEEP  5  4 cm H 2 O 
(4-5 cm H 2 O), inspiratory trigger  5  1 L/min (1-2 L/min), 
pressurization slope  5  100 milliseconds (100-100 mil-
liseconds), and F io  2   5  40% (30%-50%). There was 
no signifi cant difference between the three NIV ses-
sions regarding ventilator settings, respiratory param-
eters, and the measured level of leaks ( Table 2  ). ICU 
ventilators used in the clinical study had a similar 
response to leaks as during the bench study in terms 
of asynchrony: a propensity to auto-triggering with 
expiratory leaks, partially corrected by the NIV algo-
rithm, but no delayed cycling with the NIV algorithm 
and inspiratory leaks ( Figs 3, 4 ). 

 Patient-Ventilator Synchrony:   The asynchrony index 
(AI) did not signifi cantly differ when using ICU venti-
lators without (ICUniv 2 ) or with (ICUniv 1 ) their 
NIV algorithm engaged, 3.7% (1.4%-10.3%) vs 2.0% 
(1.5%-6.6%), respectively,  P   5  .118. By contrast, AI 
was signifi cantly lower with NIVv (0.5% [0.4%-1.2%]) 
than with both ICUniv 2  and ICUniv 1  ( P   5  .001 

  Figure  3. Bench study incidence of auto-triggering during continuous leaks. Incidence of auto-triggering 
is represented as a percentage of the total ventilator cycles ([Auto-triggered cycles]/[total ventilator 
cycles]  3  100) during continuous leaks with ICU and transport ventilators without NIV algorithm 
(NIV  2 ,  white bar) and with the same ventilators with the NIV algorithm turned on, and with NIV 
ventilators (NIV 1 , black bar). The activation of the NIV algorithm on ICU and transport ventilators 
unequally led to an improvement in inspiratory triggering synchronization, whereas no auto-triggering 
occurred with any NIV ventilator. See Figure 1 legend for expansion of abbreviation.   
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of leaks equivalent to that of the ICU ventilators 
in absence of leaks. 
 Synchronization performance in the presence of • 
leaks remains heterogeneous among ICU as well 
as transport ventilators, and each machine should 
be considered individually. 
 The NIV algorithm usually improved, at least • 
slightly, the triggering and/or cycling synchroni-
zation of ICU and transport ventilators in the 
presence of leaks. 

lending strength to the main results of this study, 
which are: 

 In NIV conditions, most dedicated NIV ventila-• 
tors allowed better patient-ventilator synchroni-
zation than ICU and transport ventilators, even 
when the NIV algorithm was engaged, especially 
regarding the risk of auto-triggering. 
 Most of the dedicated NIV ventilators exhibited • 
a synchronization performance in the presence 

  Figure  4. Bench study on the effect of inspiratory leaks on insuffl ation time. Representation of the 
insuffl ation time for ICU and transport ventilators without their NIV algorithm in the absence of leak 
(NIV 2 /Leaks 2 , white bars), then in the presence of inspiratory leaks (NIV 2 /Leaks 1 , gray bars); and 
for ICU and transport ventilators with their NIV algorithm turned on as well as for dedicated NIV ven-
tilators in the presence of inspiratory leaks (NIV 1 /Leaks 1 , black bars). The simulated inspiratory time 
was 0.8 s (solid line). When insuffl ation time reached 1.6 s (dotted line) it corresponded to delayed 
cycling. For ICU and transport ventilators, the introduction of inspiratory leaks led to an increase in 
insuffl ation time when the NIV algorithm was turned off. This prolongation of insuffl ation due to 
leaks was partly and unequally minimized by the NIV algorithm. # P   ,  .05 vs NIV 2 /Leaks 2 . $ P   ,  .05 
vs NIV 2 /Leaks 1 . See Figure 1 legend for expansion of abbreviation.   

 Table 2— Clinical Study: Main Respiratory Parameters  

Respiratory Parameters ICUniv 2 ICUniv 1 NIVv  P  Value

RRp, per min 29 (22-31) 27 (22-31) 26 (24-30) .982
T i p, ms 780 (599-914) 674 (558-957) 749 (629-923) .057
T i excess, % 14 (4-24) 12 (6-23) 13 (11-21) .344
V te , mL 467 (269-633) 465 (322-548) 487 (278-539) .931
V te , mL/kg 6.5 (4.3-9.4) 6.9 (4.6-8.3) 7.0 (4.6-9.0) .797
   e , L/min 11.5 (8.7-15.5) 10.3 (9.2-16.7) 10.6 (8.6-14.0) .683
Leaks, L/min 6.3 (4.3-10.8) 6.2 (2.6-12.1) 7.3 (3.0-11.7) .947
Leaks, %    e 55 (39-101) 47 (26-113) 81 (16-121) .612  

Main respiratory parameters recorded throughout the three NIV sessions during the clinical study. ICUniv 2   5  NIV session using an ICU 
ventilator whose NIV algorithm has been turned off; ICUniv 1   5  NIV session using an ICU ventilator whose NIV algorithm has been turned on; 
NIVv  5  NIV session using a dedicated NIV ventilator; RRp  5  patient’s respiratory rate measured with the use of the electromyogram signal; 
T i excess  5  percentage of insuffl ation time that exceeds the neural inspiratory time; T i p  5  patient’s neural inspiratory time;    e   5  minute ventilation; 
V te   5  expired tidal volume. See Table 1 legend for expansion of other abbreviation.
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dence of patient-ventilator asynchronies during NIV 
in a clinical study involving 65 patients and fi ve 
ICU ventilators. Without the NIV algorithm engaged, 
46% of the patients had an AI  .  10%. The NIV algo-
rithm permitted a decrease in the incidence of asyn-
chronies due to leaks but without a decrease in the 
overall incidence of patient-ventilator asynchronies 
(38% vs 46%,  P   5  .69), due to a high incidence of 
asynchronies not directly related to leaks. We report 
a lower proportion of patients exhibiting an AI  .  10% 
due to a lower incidence of some major asynchronies. 
Several reasons explain this discrepancy. First, the 
level of assistance in our study was lower than the one 
observed in the study by Vignaux et al,  14   leading to a 
lower tidal volume, which might explain our low inci-
dence of ineffective efforts.  20   Second, we have modi-
fi ed the defi nition of premature cycling, considering 
that the previous one was too sensitive in terms of 
clinical relevance and what can be considered as a 
“major” patient-ventilator asynchrony. This defi nition 
modifi cation has automatically led to less recorded 
premature cycling, so to a lower AI. Third, the ICU 
ventilators used in our clinical assessment had the 
same behavior during our bench evaluation: a propen-
sity to auto-triggering with expiratory leaks, but no 
delayed cycling in the presence of inspiratory leaks. 
Although the strength of our bench model was to 
assess separately the impact of expiratory and inspira-
tory leaks on triggering and cycling synchronizations, 
respectively, the originality of our clinical study was 
to use ICU ventilators that had the same behavior 
during their bench evaluation. This led to intelligible 
results and gave a mutual validation to the two assess-
ments. In the meantime, as a part of this behavior 
was to avoid delayed cycling, this logically led to a 
decrease in the overall AI during the clinical study 
as compared with previous studies conducted with 
other ventilators. Finally, an AI  .  10% in our clinical 
study was mainly related to a high incidence of auto-
triggering, which refl ects the ventilator’s ability to 
manage leaks rather than the relevance of the settings 
chosen by the clinician. 

 As with ICU ventilators, our bench evaluation also 
showed very uneven performances of transport ven-
tilators and their NIV algorithms in the presence of 
leaks. Such heterogeneity has also been previously 
reported with transport ventilators assessed in inva-
sive conditions.  21,22   

 On the whole, our results suggest that rather than 
being considered as belonging to a group of venti-
lators, each ICU and transport ventilator should be 
examined individually regarding its ability to manage 
NIV conditions. By contrast, dedicated NIV venti-
lators exhibited more homogeneous behavior during 
our bench evaluation, with an ability to avoid auto-
triggering or delayed cycling while keeping a short 

 Patient-Ventilator Interactions During NIV 

 Patient-ventilator asynchrony is frequent during 
both invasive  16,17   and noninvasive  7,14   mechanical ven-
tilation. However, the respective proportion of each 
type of major asynchrony markedly differs between 
these two techniques. During invasive mechanical ven-
tilation, ineffective effort represents the most preva-
lent asynchrony.  16,18   Its occurrence is largely favored 
by overassistance and can frequently be avoided by 
reducing the amount of support both in terms of tidal 
volume and inspiratory time.  19,20   By contrast, during 
NIV, additional asynchronies, especially auto-triggering 
and delayed cycling, are induced by the presence of 
leaks around the mask  4,7   and refl ect more the ventila-
tor’s ability to manage leaks than the settings chosen 
by the clinician. Our bench study showed a wide var-
iation in this ability among ICU ventilators and their 
NIV algorithms, which is consistent with previous 
bench studies.  12,13   More interestingly, our bench results 
were also well reproduced during our clinical study. 
In fact, auto-triggering represented the most frequent 
asynchrony with ICU ventilators used in the clinical 
study, as predicted during their bench evaluation. Fur-
thermore, there was a trend toward less asynchrony 
with the NIV algorithm, which usually minimized 
asynchronies during the bench study. Vignaux et al  14   
assessed the impact of the NIV algorithm on the inci-

  Figure  5. Clinical study asynchrony index during the three 
NIV sessions. The box plots represent the asynchrony index 
(thick horizontal bar: median; extremities of the boxes: 25th 
and 75th percentiles; thin horizontal bars: fi fth and 95th per-
centiles) during each 20-min NIV session: ICU NIV 2  , ICU NIV 1  , 
and NIV V . The asynchrony index was signifi cantly lower with 
NIV V  than with ICU NIV 2   and ICU NIV 1  . ICU NIV 2    5  ICU ventilator 
with NIV algorithm turned off; ICU NIV 1    5  ICU ventilator with 
NIV algorithm turned on; NIV V   5  dedicated NIV ventilator. See 
Figure 1 legend for expansion of abbreviation.   
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indication for NIV in ICU.  23   Second, only one level of 
both inspiratory and expiratory leaks was designed. 
These experimental conditions may not reproduce 
what happens in clinical conditions. However, our 
clinical study showed that our bench model succeeded 
in capturing the kind of asynchronies that may occur 
in the presence of leaks with each ventilator in the 
clinical setting. 

 Clinical Relevance 

 It is currently unknown if patient-ventilator asyn-
chronies, especially those due to leaks, can affect 
the clinical outcome of NIV and therefore infl uence 
ventilator choice by clinicians. However, several argu-
ments favor the best possible synchronization dur-
ing NIV. First, it seems reasonable to assume that 
auto-triggering and delayed cycling will reduce the 
tolerance of the procedure, an important key to NIV 
success.  24,25   Second, the occurrence of delayed cycling 

triggering delay despite the presence of leaks. This 
is consistent with two previous bench studies that 
showed a better synchronization ability of a dedicated 
NIV ventilator as compared with several ICU ventila-
tors without  15   or with  13   their NIV algorithm engaged. 
Our clinical study is the fi rst to our knowledge to con-
fi rm that the use of a NIV ventilator to perform NIV 
in critically ill patients led to a signifi cant decrease in 
the incidence of patient-ventilator asynchrony. 

 Limitations 

 Several limitations of this study should be under-
lined. First, during the bench study, only mild 
obstructive respiratory mechanics were simulated, as 
respiratory mechanics are known to affect the cycling 
delay. Our aim was to uncover delayed cycling in the 
presence of inspiratory leaks, which could be mini-
mized in the case of restrictive respiratory mechanics.  12   
In addition, COPD represents the most recognized 

  Figure  6. Clinical study incidence of each patient-ventilator asynchrony during the three NIV sessions. Each patient-ventilator asyn-
chrony is represented as box plots (thick horizontal bar: median; extremities of the boxes: 25th and 75th percentiles; thin horizontal bars: 
fi fth and 95th percentiles) for each 20-min NIV session: ICU NIV 2  , ICU NIV 1  , and NIV V . * P   ,  .05 vs NIV V , † P   ,  .05 vs auto-triggering. See 
Figure 1 and 5 legends for expansion of abbreviations.   

 Table 3— Clinical Study Patients Presenting Each Type of Asynchrony With a High Incidence (  .  1/min) or an 
Asynchrony Index  .  10%  

Type of Asynchrony  ICUniv 2 ICUniv 1 NIVv  P  Value

Auto-triggering 5 (33) 5 (33) 0 .016
Double-triggering 0 1 (7) 0 …
Ineffective effort 0 0 0 …
Delayed cycling 0 0 0 …
Premature cycling 3 (20) 1 (7) 0 .097
At least one asynchrony 6 (40) 5 (33) 0 .012
Asynchrony index  .  10% 4 (27) 2 (13) 0 .091

Data are presented as No. (%). See Table 1 and 2 legends for expansion of abbreviations.
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can lead to dynamic hyperinfl ation and contribute 
to the development of ineffective efforts,  6,19   which 
are associated with a prolongation of the ventilation 
during invasive mechanical ventilation.  26   Given the 
benefi ts of NIV when avoiding intubation,  23,25,27,28   each 
factor potentially involved in its success should logi-
cally be promoted. However, if no patient exhibited 
a high incidence of asynchrony with the NIV venti-
lator in our study, just a few had an AI  .  10% with 
ICU ventilators. We cannot know to what extent 
this difference may be clinically relevant and fur-
ther clinical studies addressing the impact of dif-
ferent devices on the outcome of different groups 
of patients under NIV are needed to formulate some 
recommendations. 

 Conclusion 

 In conclusion, our study shows that dedicated NIV 
ventilators allow a better patient-ventilator synchrony 
in the presence of leaks than ICU and transport ven-
tilators, even if their NIV algorithm is engaged, espe-
cially for what concerns auto-triggering. When using 
an ICU or transport ventilator to perform NIV, the 
NIV algorithm usually improves, at least slightly and 
with variations among ventilators, triggering and/or 
cycling synchronization. 
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Patient-Ventilator Asynchrony During 
Noninvasive Ventilation 
 
A Bench and Clinical Study 
 
Guillaume Carteaux, MD; Aissam Lyazidi, PhD; Ana Cordoba-Izquierdo, MD; 
Laurence Vignaux; Philippe Jolliet, MD; Arnaud W. Thille, MD, PhD; 
Jean-Christophe M. Richard, MD, PhD; and Laurent Brochard, MD 
 
 
METHODS 

Bench study 

Ventilators  

We have assessed 19 ventilators (Table 1): Eight ICU ventilators, five transport ventilators, and six dedicated NIV 

ventilators. For each ventilator, the last version available by the time of the manuscript submission has been tested. 

Lung Model 

A lung simulator, comprising an active lung model Active Servo Lung 5000 (ASL 5000; Ingmar Medical, 

Pittsburgh, Pennsylvania) and a microprocessor, was used. The microprocessor was programmed with a script 

driver, using a mathematical model of the equation of motion of the respiratory system, to control the piston’s 

movement in ASL 5000. The script driver was settled with a compliance of 80 ml/cm H2O and a resistance of 10 cm 

H2O/l.s-1. The flow profile at the Y piece was 30 L/min. Respiratory rate and inspiratory time were 15 cycles/min 

and 0.8 s respectively. 

Leak System 

Three leak conditions have been designed: absence of leak, continuous leak (in order to reveal triggering 

asynchronies), and inspiratory leak (in order to reveal cycling-off asynchronies). Each ventilator was connected to 

the ASL 5000 with the manufacturer’s circuit if provided, or a standard double-circuit (Intersurgical, Berkshire, 

UK). To create a calibrated leak we used a T-piece placed between the ASL 5000 and the ventilator circuit. The 

inspiratory leak was generated by connecting the free extremity of the T-piece to a tube immersed in a 7 cm water 

column (Fig. 1). In this situation, the leak occurred during the insufflation only when the pressure in the circuit 

exceeded 7 cm H2O. For the generation of a continuous leak, the same system was used without water in the  
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receptacle, allowing leaks to occur during the whole respiratory cycle. Using this experimental design, the 

inspiratory leak was characterized by a non-linear relationship of flow varying from 0 to 22 l/min when the pressure 

rose from 7 to 15 cm H2O, while the expiratory leak during continuous leak was characterized by a flow of 16 l/min 

at 5 cm H2O.  

Ventilator setting 

Ventilators were set in Pressure Support Ventilation mode, with a Pressure Support Level at 15 cm H2O and a PEEP 

at 5 cmH2O. The pressurization slope was set at the fastest value without overshooting. Inspiratory trigger, when 

adjustable, was set at the highest sensitivity while avoiding auto-triggering in the case of no leak and was 

maintained in an identical fashion during leaks. Expiratory trigger was adjusted at 25% of peak inspiratory flow 

when NIV algorithms were turned off on ICU and transport ventilators, and at 40% of peak inspiratory flow, 

otherwise automatic, when NIV algorithms were turned on. Some of the NIV ventilators can be used with a passive 

or active exhalation port. They were tested using the passive exhalation port. Maximal inspiratory time was set, 

when adjustable, at 3 seconds when assessing the ventilator cycling off synchronization (during inspiratory leak) and 

at 1 second when assessing the ventilator triggering synchronization (during continuous leak).  

Measured Parameters 

Each ventilator was assessed in each leak condition for two minutes after steady state. ICU and transport ventilators 

were tested twice: with and without their NIV algorithm engaged, except the Elisee 250 whose NIV algorithm 

cannot be turned off. Data were acquired at 512 Hz from the ASL 5000 and stored in a laptop computer for 

subsequent analysis (Acqknowledge 3.7.3, Biopac Systems, Goleta, CA, USA). 

The measured parameters were defined as follows: 

- The triggering delay (TD, ms) was the time from the beginning of the simulated inspiratory effort to the 

beginning of the ventilator’s pressurization.  

- The triggering pressure-time product (PTPTrig, cmH2O.s) was the area under the pressure-time curve from the 

onset of the simulated inspiratory effort to the return to pressure baseline. 

- The pressure-time product at 300 ms (PTP300, cmH2O.s) was the area under the pressure-time curve during the 

first 300 ms after the onset of the inspiratory effort. 

- The auto-triggerings were ventilator’s insufflations without any previous simulated effort. They are reported 

as a percentage calculated as follows: Auto-triggering incidence (%) = (Auto-triggered cycles / total 

ventilator cycles) x 100. 

be
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- Cycling (or expiratory trigger) synchronization was assessed by determining ventilator insufflation time in 

excess (Tiexcess), expressed as a percentage and calculated as follows: Tiexcess = [(Tivent - Tisim)/ Tisim] x 100,  

where Tivent is the time between the beginning of the simulated inspiratory effort and the end of the 

ventilator’s insufflation, and Tisim the simulated inspiration time.  A “delayed cycling” was defined by a Tivent 

≥ 2 Tisim. A “premature cycling” was defined by a Tivent < 2/3 Tisim. 

 

Clinical Study 

Study population: 

The clinical study was conducted in two university hospital ICUs: one medical (Créteil, France), and one medical-

surgical (Geneva, Switzerland).  

ICU patients requiring NIV for the following indications were eligible: 

1) Hypercapnic or non-hypercapnic respiratory failure, defined by at least two of the following1-2: 

a. Worsening dyspnoea over the last 10 days in patients with chronic respiratory failure; 

b. Respiratory rate > 25/min; 

c. Arterial pH < 7.35; 

d. PaCO2 > 50 mm Hg; 

e. PaO2 < 50 mm Hg. 

2) To avert extubation failure in patients at risk, i.e. with one of these criteria at the time of extubation3: 

a. More than one failure of a weaning trial; 

b. Congestive heart failure; 

c. PaCO2 > 45 mm Hg; 

d. Ineffective cough; 

e. Upper airways stridor at extubation not requiring immediate reintubation. 

Non inclusion criteria were classical contraindications to NIV. 

Furthermore, patients were included only if either a diaphragmatic (EMGd) or an inspiratory neck muscles (EMGn) 

surface electromyogram was available and of sufficient quality. Six patients have been excluded due to non reliable 

EMG signals. 

The sample size was arbitrarily set at 15 patients. 
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Additional settings information 

The expiratory trigger was not adjustable on the NIV ventilator because it was automatically adjusted by the 

ventilator. It was set by default at 25% of the peak inspiratory flow and was not adjustable in the 11 patients with an 

Evita 4 or XL (Drager). For the remaining four patients with an Engstrom Carestation (GE Healthcare), it was set 

at 40% for three of them, and 25 % for the other one. 

Measurements 

Patients received in a random order three consecutive 20 minutes-sessions of NIV: 1) use of an ICU ventilator 

whose NIV algorithm has been turned off (ICUNIV-), 2) use of an ICU ventilator whose NIV algorithm has been 

turned on (ICUNIV+) and 3) use of a dedicated NIV ventilator (NIVV).  

Flow was measured with a non-heated pneumotachograph (Fleish No. 2, Lausanne, Switzerland) inserted between 

the mask and the Y-piece of the circuit and connected to a differential pressure transducer (Validyne MP45, ± 

2cmH2O, Northridge, CA, USA). Volume was obtained by integration of the flow signal. The leak around the mask 

was quantified as the difference between inspiratory and expiratory volumes. Airway pressure was measured with a 

differential pressure transducer (Validyne MP45, ± 70cmH2O, Northridge, CA, USA) placed between the mask and 

the pneumotachograph. Signals were acquired online over the three NIV sessions (ICUNIV-, ICUNIV+, NIVV) using an 

analog-digital converter (MP 100; Biopac systems, Goleta, CA, USA) sampled at 200 Hz, and stored in a laptop 

computer for subsequent analysis with the Acqknowledge 3.7.3 software (Biopac systems, Goleta, CA, USA). 

EMGd was recorded with two surface electrodes placed bilaterally over the costal margin, one reference electrode 

being placed over the sternum4. EMGn was recorded with two surface electrodes placed in the posterior triangle of 

the neck (aiming at recording mainly scalene EMG activity) or over the body of the sternocleidomastoid (aiming at 

recording mainly sternocleidomastoid activity), one reference electrode being placed over the sternum. The 

analogue signal was first filtered and digitized at a sampling rate of 1000 Hz by using a Biopac EMG module 

(Biopac systems, Goleta, CA, USA), then rectified and stored in a laptop computer for subsequent analysis 

(Acqknowledge 3.7.3; Biopac systems, Goleta, CA, USA).  

Respiratory parameters were defined by analyzing these tracings as previously described1-2. For each parameter, a 

mean value of 10 consecutive cycles at 5, 10, 15 and 20 minutes of each NIV session was calculated. 

The patient’s neural inspiratory time (Tip) was measured as the interval between the initial increase in and the initial 

rapid decrease of electrical activity on the processed EMG signal1-2, 5. The difference between the end of Tip and the 

end of the ventilator’s pressurization was measured as Tiexcess, expressed as a percentage of the Tip as follow: Tiexcess = 

[(Tivent – Tip)/ Tip] x 100, where Tivent is the time between the beginning of the inspiratory effort and the end of the 
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ventilator’s insufflation.   Major patient-ventilator asynchronies were defined and detected by visual inspection of 

the recordings as previously published1-2, 6: 

Auto-triggering: a cycle delivered by the ventilator without a prior inspiratory EMG activity. 

Double-triggering: two cycles separated by a very short expiratory time during the same inspiratory EMG activity.  

Ineffective effort: presence of an inspiratory EMG activity not followed by an assisted cycle.  

“Delayed cycling”: a cycle where the ventilator's insufflation time is greater than twice the Tip.  

“Premature cycling”: a cycle where the ventilator's insufflation ended before the 2/3 of the Tip.  

Each asynchrony event was considered as frequent if it occurred at an average of > 1/min over the 20 min recording 

period. A global asynchrony index (AI) was computed as previously published1-2, 6, defined as the total number of 

the above events divided by the total number of triggered and non-triggered ventilator cycles. Therefore AI (%) = 

[number of events / (ineffective triggerings + ventilator cycles)] x 100.   

 

Statistics 

Statistical analyses were performed with Statistical Package for the Social Sciences (version 16.0, SPSS, Chicago, 

IL, USA). Continuous data are expressed as the median (25th-75th percentile). In both the bench and clinical study, 

the variables did not display a normal distribution, so only non parametric tests were used. A p value of less than 

0.05 was considered statistically significant. 

Continuous data from the test lung to assess the impact of leaks or NIV algorithm for each kind of ventilator were 

compared using a Wilcoxon test. Comparisons between different kinds of ventilators were made using a Kruskal-

Wallis test then a Mann Whitney test for pairwise comparisons.  

Continuous data between the three NIV sessions were compared using a Friedman test, then a Wilcoxon test for 

paired measures. Comparisons of the proportions of asynchronies between the three sessions were performed with 

the Cochran Q test, then a Mc Nemar test for pairwise comparisons.  

 

ADDITIONAL RESULTS 

Bench Study 

Triggering pressure-time product (e-Figure 1) 

ICU and transport ventilators with their NIV algorithm turned off in the absence of leaks exhibited a triggering 

pressure-time product (PTPTrig) of -0.06 (-0.09--0.05) and -0.08 cmH2O.s (-0.16--0.06) respectively. 

With inspiratory leaks, turning on the NIV algorithm led to either an improvement (Engstrom, G5, PB840) or no 

significant modification (Avea, Evita XL, Servo-i, V500, Vela) of the PTPTrig with ICU ventilators, and to either an  
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improvement (T1) or a worsening (Medumat, Oxylog 3000, Supportair) of the PTPTrig with transport ventilators. In 

this last condition, the PTPTrig was -0.06 cmH2O.s (-0.08--0.04) with ICU ventilators, -0.10 cmH2O.s (-0.37--0.07) 

with transport ventilators, and -0.04 cmH2O.s (-0.06--0.02) with dedicated NIV ventilators. When NIV algorithms  

were used in the presence of leaks, three ICU ventilators (Avea, Engstrom, PB840), four dedicated NIV ventilators 

(BiPAP Vision, Trilogy 100, V60, VPAP 4), and one transport ventilator (Elisee 250) exhibited a PTPTrig less than -

0.06 cmH2O.s, i.e.,  the median PTPTrig of ICU ventilators in the absence of leaks (NIV algorithm turned off). 

Pressure-time product at 300 ms (e-Figure 2) 

In the absence of leaks, all ICU and transport ventilators without their NIV algorithm engaged exhibited a positive 

PTP300 except the Oxylog 3000. Thus, the median PTP300 was 1.6 cmH2O.ms (1.3-1.8) with ICU ventilators. The 

addition of inspiratory leaks led to a significant decrease in PTP300 for all ICU and transport ventilators except one 

(T1). With the NIV algorithm, the PTP300 remained lower than without leaks with all ICU and transport ventilators 

except three (Engstrom, PB840 and T1), and was even negative for two transport ventilators (Medumat, Oxylog 

3000). With both inspiratory leaks and NIV algorithms, the PTP300 with ICU, transport and dedicated NIV 

ventilator was 1.4 (1.3-1.4), 0.3 (-0.2-0.9) and 0.5 cmH2O.ms (0.3-0.7) respectively. One dedicated NIV ventilator 

exhibited a negative PTP300 (VIVO 40). 
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e-Figure 1. 
 

 
 
 
 
e-Figure 1. Bench Study – Triggering Pressure Time Product (PTPTrig): Representation of the PTPTrig for ICU and 

transport ventilators with their NIV algorithm turned off in the absence of any leak (NIV-/Leaks-, white bars), then 

in the presence of inspiratory leaks (NIV-/Leaks+, grey bars); and for ICU and transport ventilators with their NIV 

algorithm turned on as well as for NIV ventilators in the presence of inspiratory leaks (NIV+/Leaks+, black bars).  

#: p<0.05 versus NIV-/Leaks-. $: p<0.05 versus NIV-/Leaks+. 
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e-Figure 2. 
 

 
 
 
 
e-Figure 2. Bench Study – Pressure Time Product at 300 ms (PTP300): Representation of the PTP300 for ICU and 

transport ventilators with their NIV algorithm turned off in the absence of any leak (NIV-/Leaks-, white bars), then 

in the presence of inspiratory leaks (NIV-/Leaks+, grey bars); and for ICU and transport ventilators with their NIV 

algorithm turned on as well as for NIV ventilators in the presence of inspiratory leaks (NIV+/Leaks+, black bars).  

#: p<0.05 versus NIV-/Leaks-. $: p<0.05 versus NIV-/Leaks+. 
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Sleep is commonly disrupted in ICU patients, both in 
terms of alterations of circadian night/day distribution 
and architecture (1–3). A high sleep fragmentation with 

a marked reduction in the duration of rapid eye movement 
(REM) and slow wave sleep (SWS) has been described (1, 3, 4). 
Multiple factors contribute to these abnormalities such as the 
severity of illness (5), medications (6), noise (2, 3), patient care 
activities, (3) and mechanical ventilation (4, 7–9). The venti-
latory mode (4, 7, 8), ventilatory settings (8, 9), and patient–
ventilator synchronization (7, 9, 10) can have an impact on 
sleep quality. A high frequency of patient–ventilator asynchro-
nies has been reported during noninvasive ventilation (NIV) 
in critically ill patients in the ICU (11). The choice of conven-
tional ICU ventilators or dedicated ventilators for NIV deliv-
ery depends not only on the care setting and the etiology of 
the respiratory failure, but also on the geographical region and 
local protocols (12–14). ICU ventilators, initially conceived 
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for invasive ventilation, have been improved with algorithms 
aiming to minimize the impact of leaks on ventilation func-
tion and patient–ventilator synchronization. It has been shown 
that these algorithms partially correct this problem, albeit with 
variations between ventilators, both in bench (15, 16) and 
clinical studies (16, 17). Alternatively, dedicated NIV ventila-
tors, derived from home ventilators, are usually very efficient 
in dealing with leaks, as has been suggested in both bench (16, 
18, 19) and clinical (16) studies. In a recent short-term physio-
logical study, Carteaux et al (16) showed a reduction in the fre-
quency of patient–ventilator asynchronies, especially autotrig-
gering, when a dedicated NIV ventilator was used compared 
with ICU ventilators either with or without their NIV mode 
engaged. Other studies have suggested that dedicated ventila-
tors may be better tolerated: a study by Ferrer and colleagues 
(20) reports a mean of 18 hrs of continuous NIV administered 
with such ventilators in postextubated patients. Because com-
fort and patient–ventilator synchronization could influence 
sleep, comparing both types of ventilators was of clinical rele-
vance. Additionally, intermittent or sequential delivery of NIV 
has often been advocated for ICU patients (21, 22), and this 
approach is often used even at night. A previous ICU study 
from our group conducted with patients under NIV showed 
that most of the sleep time over a 17-hr period occurred at 
night (23). In that study, however, no monitoring of NIV treat-
ment delivery was performed. Because sleep induces a delete-
rious effect on respiratory failure by a decrease in ventilation 
compared with wakefulness (24), knowing whether NIV use at 
night in the ICU environment could favor or impede sleep may 
be important for clinical practice.

The goal of this study was to determine whether the type 
of ventilator used for NIV could influence sleep in critically 
ill patients with acute hypercapnic respiratory failure (AHRF) 
and second, whether patients slept correctly with ventilators 
at night.

MATERIALS AND METHODS
The study protocol was approved by the ethics committee of 
our institution (Comité de Protection des Personnes Ile-de-
France IX, Créteil, France). This protocol complied with a 
French law provision concerning a category of clinical research 
with minimal risk, called research on usual care (“Recherche 
portant sur les soins courants” L. 1121-1 du Code de la Santé 
Publique, arrêté du 9 mars 2007), which does not require writ-
ten consent from participants and simplifies administrative 
procedures (25). We were allowed to use this specific provision 
because we had already used the two types of ventilators in the 
unit and because we did not change our method of NIV deliv-
ery for the study. Patients or their surrogates were informed 
about the trial and their right to refuse participation. Patients 
who declined to participate were not treated differently.

Patients
All patients admitted to our medical ICU for AHRF over a 1-yr 
period and requiring NIV for >1 day were eligible for the study. 
AHRF was defined as respiratory distress with a respiratory rate 

≥25 breaths/min, PaCO
2
 >45 mm Hg, and pH <7.35. Exclusion cri-

teria included hypercapnic coma, use of medications that could 
alter sleep, previous home treatment with NIV or with continu-
ous positive airway pressure (because they could be accustomed 
to home ventilators better than an ICU ventilator), the presence 
of central neurological disease, and hemodynamic instability.

Noninvasive Ventilation
Patients were evaluated between the second and the fourth 
day after NIV initiation and randomized to receive NIV treat-
ment with either an ICU ventilator (NIV

ICU
) or a dedicated 

NIV ventilator (NIV
D
). The NIV

ICU
 used was either an Evita 

XL (Dräger, Lübeck, Germany) or an Engström Carestation 
(GE Healthcare, Fairfield, CT) with the NIV mode engaged. 
Both ventilators showed similar performances in the presence 
of leaks in a previous bench study (16). The NIV

D
 used was a 

V60 (Philips Respironics, Murrysville, PA). All patients were 
ventilated in the pressure support mode with a conventional 
oronasal mask. A heat humidifier was used for the NIV

ICU
 (26).

Ventilatory parameters were set as follows: a positive end 
expiratory pressure between 4 and 6 cm H

2
O (up to 8 when 

obstructive sleep apnea syndrome was suspected); an adequate 
pressure support level to obtain an expiratory tidal volume of 
approximately 6–8 mL/kg and a respiratory rate <35 breaths/
min; an inspiratory trigger sensitivity at either 3 L/min in the 
NIV

ICU
 or automatic in the NIV

D
; a pressure ramp time be-

tween 100 and 150 msec in the NIV
ICU

 and at an equivalent 
qualitative value of 2 in the NIV

D
; and a maximal inspiratory 

time of 1 sec in the NIV
ICU

 and set by default (not adjustable) 
to 3 secs for the NIV

D
. Expiratory trigger was automatic for 

the Evita XL and the V60 and of 40% of maximal inspiratory 
flow for the Engström. During the study period, a 1- to 3-hr 
session of NIV was prescribed in the afternoon followed by a 
(preferably) longer session during the night based on clinical 
tolerance and/or a patient’s need. Between periods of ventila-
tion, patients received a minimal oxygen flow to achieve a he-
moglobin oxygen saturation ≥90%. In all cases, arterial blood 
gases were obtained during unassisted spontaneous breathing 
(SB) between 5 AM and 7 AM.

Polysomnography
Standard polysomnography (Embla S7000; Embla ResMed, 
Denver, CO) was conducted from 4 PM to 9 AM in all patients. 
Seven electroencephalographic channels, right and left electro-
oculograms, and two electromyograms of the chin muscle were 
used for conventional sleep staging. Respiratory efforts were 
monitored by chest and abdominal movements using induc-
tive plethysmography. The oxygen saturation of hemoglobin 
was continuously recorded with a finger pulse oxymeter. Flow 
and airway pressure were monitored with a pressure transducer 
connected to the mask during NIV sessions. During SB, the 
nasal pressure was measured through nasal prongs connected to 
a pressure transducer. Noise was simultaneously recorded near 
the patients’ head (Quest Technologies, Oconomowoc, WI).

Sleep recordings were manually scored according to crite-
ria of Rechtschaffen and Kales (27) by a physician blinded to 
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the study (X.D.). Sleep quantity was determined by total sleep 
time (TST). Sleep quality was assessed by calculating the sleep 
efficiency (defined as TST divided by total recording time), the 
percentage of TST spent in each sleep stage, and the fragmen-
tation index (defined as the number of arousals and awaken-
ings/TST). Arousals and awakenings were scored according 
to the criteria of the American Association of Sleep Medi-
cine (28). Subcortical arousals, represented by low-frequency 
electroencephalographic changes (K-complex bursts and/or  
Δ wave burst) without α activity, were scored following pa-
tient–ventilator asynchronies as an index of sympathetic activ-
ity. Nighttime was considered to be from 11 PM, when lights 
are usually turned off, to 7:30 AM.

Patient–Ventilator Asynchrony and Respiratory Events
Patient–ventilator asynchronies (Fig. 1) were detected based 
on inductive plethysmography, flow, and airway pressure sig-
nals as previously reported (8, 9, 29) using the following def-
initions. An ineffective effort was defined as the presence of 
an inspiratory effort without an assisted ventilatory cycle. A 
prolonged cycle was defined as a ventilator cycle that spanned 
two inspiratory efforts; in this situation, the second effort was 
not considered as an ineffective effort. Double triggering was 
defined as the occurrence of two consecutive ventilator cycles 

during a single inspiratory effort. Autotriggering was defined 
as the occurrence of one to several consecutive and rapid ven-
tilator-delivered breaths without a concomitant respiratory 
effort. Apnea was defined as the absence of ventilator insuf-
flation lasting ≥10 secs. We analyzed all of the sleep time and 
a single 20-min period of quiet breathing during wakefulness 
for each patient. The patient–ventilator asynchrony index was 
expressed by the number of events/hr. All of these respiratory 
events were considered to be the cause of an arousal, an awak-
ening, or a subcortical arousal when they occurred ≤10 secs 
before them (30).

During unassisted SB, apnea and hypopnea were scored 
following the current recommendations (28). Hypopnea was 
defined as a reduction in the nasal pressure signal by >50% fol-
lowed by a desaturation >3% or an arousal (28). The presence 
of underlying sleep-related breathing disorders was considered 
if the apnea–hypopnea index during SB was ≥10/hr of sleep.

Noise
Noise recordings were available for all except one patient. The 
noise level is expressed in decibels (dB). Arousals and awak-
enings were associated with noise when they occurred 3 secs 
after or within a peak noise, defined as an increase in noise 
level ≥10 dB (2, 3).

Statistical Analysis
Statistical analyses were performed with 
the Statistical Package for the Social Sci-
ences (Version 16.0; SPSS, Chicago, IL). 
Continuous data are expressed as medians 
and interquartile ranges. Both ventilator 
groups were compared using the Mann–
Whitney U test, whereas the Wilcoxon’s 
rank sum test was used for intragroup 
comparisons. Categorical data were com-
pared using the χ2 test or the Fisher’s exact 
test where appropriate. A p value < 0.05 
was considered significant for all tests.

RESULTS
Of the 64 patients screened, 29 were excluded 
and ten were not enrolled in the study (Fig. 2).  
The remaining 25 patients underwent ran-
domization, 12 being allocated to the NIV-

ICU
 group and 13 to the NIV

D
 group. One 

patient in the NIV
D
 group was excluded 

from the analysis as a result of technical 
problems during the recordings.

Characteristics of the Study 
Population
Patients’ characteristics are provided in 
Table 1. There were no differences between 
groups, including the time under NIV 
previous to the study inclusion (19 hrs  

Figure 1. Two 30-sec tracings showing different patient–ventilator asynchronies with two differ-
ent ventilators. A, Recording obtained with a dedicated noninvasive ventilation ventilator, positive 
end-expiratory pressure (PEEP) of 6 cm H2O, and pressure support (PS) of 8 cm H2O. B, Record-
ing obtained with an ICU ventilator, PEEP of 5 cm H2O, and PS of 10 cm H2O. SWS = slow wave 
sleep stage; S2 = Stage 2 of sleep; SPO2 = hemoglobin pulse oxygen saturation; Paw = airway 
pressure; Thor = thoracic plethysmography signal; Abd = abdominal plethysmography signal;  
IE = ineffective effort; PC = prolonged cycle; AT = autotriggering.
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[17–21] in the NIV
D
 group vs. 13 

hrs [9–23] in the NIV
ICU

 group;  
p = 0.41). The only difference was a 
higher Epworth sleepiness score in 
the NIV

D
 group than in the NIV

ICU
 

group (14 [10–21] vs. 5 [2–9]; p = 
0.01). The reasons for NIV treatment 
were acute on chronic respiratory 
failure (n = 16), cardiogenic pul-
monary edema (n = 3), pneumonia  
(n = 2), and postextubation respira-
tory failure (n = 3). Three patients 
had already received NIV because of 
AHRF, and one patient had previ-
ously been studied by polysomnog-
raphy.

Noninvasive Ventilation
Figure 3 represents the distribution 
of NIV sessions across the study 
period. The median overall ven-
tilatory time was 7.4 hrs (6.5–8.9) 
distributed over 2.2 hrs (1.7–2.9) 
during the daytime and 5.8 hrs 
(4.6–6.5) during the night. Venti-

latory settings other than FIO
2
 were not modified during the 

study. NIV was poorly tolerated (unspecific complaints after 
optimizing mask fitting or airway pressure) by two patients 
in each group; in these cases, NIV was stopped and continued 
later. NIV time, ventilatory parameters, and breathing patterns 
were similar between groups (Table 2), with the exception of 
tidal volume per predicted body weight, which was higher in 
the NIV

D
 group than in the NIV

ICU
 group. Both groups showed 

a significant decrease in PaCO
2
 from inclusion to the end of the 

study period. NIV treatment was continued for 5.5 days (3.8–
7.50). No differences in NIV time or ICU length of stay were 
found between groups.

Sleep Characteristics
No medications that interfere with sleep were administered. 
The sleep analysis during the 17-hr study period for the over-
all population showed a TST of 5.9 hrs (4.2–8.3). Stage 1 
accounted for 8% (5.2–17) of TST, Stage 2 for 38% (25–60), 
SWS for 30% (17–46), and REM for 11% (5.7–17). Sleep frag-
mentation was high with 33 (16–42) arousals and awaken-
ings/hr of sleep. Sixty-nine percent (59–81) of TST occurred 
during NIV periods, and sleep architecture was better dur-
ing NIV compared with SB periods (Fig. 4) with less Stage 
1, more SWS, more REM sleep, and a lower fragmentation 
index (26 arousals and awakenings/hr [14–35] vs. 39 [28–58]; 
p = 0.002). Concerning night–day distribution, 74% (64–77) 
of TST occurred during the night period. Sleep architecture 
was similar between both NIV

D
 and NIV

ICU
 groups during 

the entire study period and particularly during NIV periods 
(Table 3).

TABLE 1. Patient Characteristics

Characteristic Total

Age, yrs 69 (65–77)

Male sex, n (%) 14 (58)

Body mass index, kg/m2 29 (20–37)

Underlying chronic respiratory disease

 Chronic obstructive pulmonary  
disease, n (%)

11 (46)

 Bronchiectasis, n (%) 1 (4.2)

 Neuromuscular disease, n (%) 2 (8.3)

 Rib cage disease, n (%) 3 (17)

Epworth sleepiness scale at baseline 9.5 (4.5–16)

At admission

 Simplified Acute Physiology Score-2 30 (25–35)

 PaO2/FIO2, mm Hg 228 (172–255)

 pH 7.32 (7.28–7.33)

 PaCO2, mm Hg 73 (57–84)

At the time of inclusion

 Previous time on noninvasive  
ventilation, hrs

18 (12–22)

 pH 7.37 (7.32–7.40)

 PaCO2, mm Hg 64 (55–72)

Figure 2.  Flow diagram outlining the screening and enrollment of patients. NIV = noninvasive ventilation; 
NIVICU = intensive care unit ventilator; NIVD = dedicated noninvasive ventilator. *Technical problems for pa-
tients’ enrollment were nonavailability of the polysomnograph in two cases, planned diagnostic procedure 
out of the ICU in two cases, and nonavailability of the research physician in one case.
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Patient–Ventilator Asynchrony and Sleep-Related 
Breathing Disorders
Table 4 provides information on patient–ventilator asynchrony 
index in the NIV

D
 and NIV

ICU
 groups during sleep and wake-

fulness. Autotriggering was more frequent in the NIV
ICU

 group, 
reaching statistical significance only during wakefulness. Other 
asynchronies tended to be more frequent in the NIV

D
 group, 

but only ineffective effort achieved significant differences dur-
ing wakefulness and during sleep. Prolonged cycles did not 
occur in the NIV

ICU
 group because the maximal inspiratory 

time was set at 1 sec, whereas this parameter was not adjustable 

in the NIV
D
 group. Apneas under 

NIV appeared in 13 patients while 
sleeping with an occurrence rate of 
1.3 (0.7–7) apneas/hr without differ-
ences between groups.

Patient–ventilator asynchronies 
were responsible for 19% (11–30) of 
arousals and awakenings from sleep, 
ineffective effort the most frequent 
of them (50% [20–88]). Among 
asynchronies not related to sleep 
fragmentation, 7.6% (3.7–11) pro-
duced subcortical arousals.

Sleep fragmentation related to 
patient–ventilator asynchrony was 
more frequent in the NIV

D
 group 

than in the NIV
ICU

 group (28% of total 
arousals and awakenings [17–44] vs. 
14% [7.0–22], respectively; p = 0.02).  
Low-frequency electroencephalo-
graphic changes related to patient–
ventilator asynchrony showed no 
differences between groups.

The analysis of sleep-related 
breathing disorders during SB was 

possible for only 15 patients as a result of technical problems 
with the recording or to the absence of sleep. Five patients out 
of seven in the NIV

D
 group and three out of eight in the NIV

ICU
 

group (p = 0.32) had an apnea– hypopnea index >10/hr.

Noise
During the 17-hr study period, the median noise value was 60 
dB (58–61) with a maximum noise level of 101 dB (98–103) 
and 107 sound peaks/hr (86–123). The NIV

ICU
 group exhib-

ited more frequent sound peaks (98 peaks/hr [89–121] vs. 39 
[21–69]; p = 0.001) and a higher sleep fragmentation related 

Figure 3.  Noninvasive ventilation (NIV) session distribution during the study period for all patients 
included. Number and duration of NIV sessions are represented by gray horizontal bars. The shaded area 
represents the nighttime period (11 PM to 7:30 AM). Patients (P) one to 12 were ventilated with the dedi-
cated noninvasive ventilator, and P 13 to 24 were ventilated with the intensive care unit ventilator.

TABLE 2. Ventilator Settings and Respiratory Parameters During Noninvasive Ventilation 
Periods

  Dedicated Noninvasive 
Ventilator Group

ICU Ventilator  
Group

 
p

Time on noninvasive ventilator, hrs 7.6 (6.8–9.0) 7.6 (6.6–8.8) 0.95

Noninvasive ventilator sessions, n 2 (2–2) 2.5 (2–3) 0.13

Fractional inspired oxygen, % 30 (25–31) 28 (25–30) 0.25

Positive end-expiratory pressure, cm H2O 6 (4–6) 5 (5–6) 0.55

Pressure support level, cm H2O 10 (8–12) 10 (8–10) 0.39

Tidal volume, mL 475 (387–552) 398 (350–408) 0.12

Tidal volume, mL/kg of predicted body weight 7.2 (6.7–8.8) 5.8 (5.1–6.8) 0.04a

Respiratory rate, breaths/min 24 (16–30) 25 (21–27) 0.78

PaCO2 at the end of the study, mm Hg 61 (48–64) 60 (53–67) 0.71
ap 2
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to noise (8.7% [4.7–12] vs. 1.8% [1.2–4.6]; p < 0.01) than the 
NIV

D
 group.

DISCUSSION
This is the first study in critical care patients with AHRF to 
evaluate 1) sleep under NIV; and 2) the impact on sleep of two 
types of ventilators widely used in the ICU to provide NIV. 
Patients can sleep during NIV, and no differences were found 
according to the type of ventilator used. Patient–ventilator 
asynchronies and asynchrony-related sleep fragmentation were 
more frequent in the NIV

D
 than in the NIV

ICU
 group, but noise 

peaks and noise-related fragmentation were more frequent in 
the NIV

ICU
 than in the NIV

D
 group with a similar number of 

total arousals and awakenings occurring in both groups.

Sleep Quality in the ICU
The patients studied showed a TST in the normal range, but they 
had impaired sleep quality with reduced REM sleep and a high 
sleep fragmentation. These results are in agreement with those 
obtained in other studies conducted in the ICU on intubated  
(1–3, 8) and nonintubated patients under NIV (23). How-
ever, similar to the aforementioned study on NIV patients 
(23), SWS was preserved and the circadian sleep cycle was 
relatively maintained because most of the sleep (74% of 
TST) occurred at night. Recordings were conducted for a 
17-hr period with a lack of information occurring for the 7 
hrs during which most of the care activities (toilet, diagnos-
tic and therapeutic procedures, and meals) are usually car-
ried out.

Sleep During NIV and SB
Our study also shows that critically ill patients can sleep while 
under NIV with most of their sleep, over a 17-hr period, occur-
ring during NIV time. Furthermore, sleep quality seemed to 
be better during NIV than during unassisted SB in terms of 
the amount of SWS, REM sleep, and fragmentation. These 
interesting preliminary results should be considered cau-
tiously because no randomization of such periods was done 
and several confounding factors may have contributed to this 
finding. First, most of NIV was provided during the nighttime 
when environmental factors interfering with sleep have less of 
a presence compared with daytime. Furthermore, most of the 
NIV sessions were performed at the beginning of the night, 
when the highest sleep drive is probably present. Second, 
patients may have profited from the short-term beneficial 
effects of NIV on sleep in cases with obstructive sleep apnea 
syndrome (31) and chronic respiratory failure of different eti-
ologies (32, 33). Actually, eight among the 15 patients whose 
SB periods could be analyzed showed an apnea–hypopnea 
index >10/hr. Future studies evaluating the impact on sleep of 
the ventilatory support of critically ill patients should be per-
formed to assess whether the strong association we observed 
can be confirmed.

TABLE 3. Comparison of Sleep Architecture Between Groups During the Noninvasive 
Ventilation Period

Dedicated Noninvasive Ventilator 
Group

ICU Ventilator  
Group

 
p

TST-NIV, hr 4.7 (2.2–5.6) 3.9 (3.5–5.4) 0.64

Sleep efficiency, % 59 (46–74) 54 (48–61) 0.64

Stage 1, % of TST-NIV 4.4 (3–8) 8.3 (3.3–17) 0.30

Stage 2, % of TST-NIV 34 (24–54) 36 (28–51) 0.82

Slow wave sleep, % of TST-NIV 38 (5–45) 33 (21–50) 0.69

Rapid eye movement, % of TST-NIV 15 (2.7–21) 10 (3.7–20) 0.91

Fragmentation index 24 (10–32) 28 (17–36) 0.39

Figure 4.  Differences in sleep architecture between noninvasive ventila-
tion (NIV) and spontaneous breathing (SB) periods for the entire group 
of patients. Box plots represent sleep stages for each condition (thick 
horizontal bar: median; extremities of the boxes: 25th and 75th percen-
tiles; thin horizontal bars: fifth and 95th percentiles). *p < 0.05. SWS = 
slow wave sleep; REM = rapid eye movement.
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Patient–Ventilator Asynchrony
Our study showed a higher frequency of autotriggering with 
the NIV

ICU
 compared with the NIV

D
 ventilator. In agreement 

with our results, previous bench comparisons (16, 18, 19) and 
a clinical study (16) comparing these two types of ventilators 
in the presence of similar levels of leaks reported a higher auto-
triggering frequency with the NIV

ICU
 compared with the NIV

D
 

ventilator.
The NIV

D
 group displayed more ineffective efforts than the 

NIV
ICU

 group. Several factors may have contributed to this dif-
ference. First, a significantly higher tidal volume was present 
in the former group compared with the NIV

ICU
 group. A high 

tidal volume has been shown to increase dynamic hyperinfla-
tion and intrinsic positive end-expiratory pressure, thereby 
producing ineffective efforts (34, 35). It is possible that these 
ineffective efforts were those producing arousals and awaken-
ings because they are associated to a high inspiratory effort, 
which can reach the arousal threshold (36). Second, a less sen-
sitive inspiratory trigger in the NIV

D
 compared with the NI-

V
ICU

 group could have been implicated in a lower occurrence 
of autotriggering with a higher occurrence rate of ineffective 
effort (29, 37). Nevertheless, the results of bench studies with 
these ventilators do not favor this hypothesis (16). Third, other 
factors that could contribute to ineffective triggering such as 
an increased inspiratory load resulting from augmented upper 
airway resistance (9) may have differed between groups. The 
higher, although nonsignificant, proportion of patients with 
obesity or showing sleep-related breathing disorders during SB 
periods in the NIV

D
 group compared with the NIV

ICU
 group 

could support this hypothesis. Although a crossover design 
might have been more appropriate by diminishing variability 
within patients, the need for a prompt discharge of patients 

from the ICU makes it difficult to conduct longer polysomno-
graphic studies.

Sleep According to the Type of Ventilator
Previous studies have shown that patient–ventilator asyn-
chrony may have a negative effect on sleep by favoring sleep 
fragmentation (4, 7, 9, 10). On the contrary, a recent study 
conducted by Fanfulla et al (38) in a stepdown unit comparing 
sleep patterns between patients breathing spontaneously and 
those on mechanical ventilation demonstrated a similar sleep 
quality between groups despite an ineffective effort index of 
45 ± 66 events/hr associated with 10% of total arousals in the 
ventilated group (38). Similarly, our study showed no differ-
ence in sleep quality regarding the type of ventilator used. Even 
if a higher prevalence of patient–ventilator asynchrony and 
asynchrony-related sleep fragmentation was found in the NIV

D
 

group compared with the NIV
ICU

 group, the total sleep frag-
mentation was similar. One possible explanation is the higher 
noise-related fragmentation in the NIV

ICU
 group compared 

with the NIV
D
 group. The higher number of noise peaks in the 

former group might be the result of a higher alarm noise in a 
group of ventilators generally used for invasive ventilation in 
severely ill patients, but the role of other external noncontrolled 
sources of noise cannot be determined. Apart from noise, 
many other noncontrolled factors such as pain, staff interrup-
tions, or light (2, 3) might be implicated in this similar sleep 
disruption between groups. Furthermore, because critically ill 
patients have frequent arousals and awakenings, the possibil-
ity that some of them may mistakenly be attributed to noise or 
to patient–ventilator asynchrony cannot be excluded. Because 
the power of this study is quite limited, larger studies may be 
needed to definitively evaluate the impact of patient–ventilator 

TABLE 4. Patient–Ventilator Asynchronies During Sleep and Wakefulness for Each 
Ventilator Group

 
Asynchronies (events/hr)

Dedicated Noninvasive  
Ventilator Group

ICU Ventilator  
Group

 
p

During sleep

 Autotriggering 2 (1–5) 2 (2–20) 0.49

 Ineffective effort 34 (15–125) 2 (0–13) < 0.01a

 Double triggering 33 (14–52) 21 (7–60) 0.49

 Prolonged cycle 0 (0–13) 0 (0–0) 0.10

 Total asynchronies 174 (43–279) 34 (15–76) 0.02

During wakefulness

 Autotriggering 0 (0–9) 15 (13–23) < 0.01a

 Ineffective effort 6 (2–14) 0 (0–0) 0.02

 Double triggering 54 (12–109) 11 (4–59) 0.27

 Prolonged cycle 0 (0–1) 0 (0–0) 0.17

 Total asynchronies 66 (18–129) 29 (20–81) 0.47
ap
p
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interactions on sleep and to establish the superiority of one 
type of ventilator over another for critically ill patients on NIV.

Clinical Implications
Our data suggest that patients admitted to the ICU for AHRF 
can sleep reasonably well during NIV sessions and that sleep 
is better preserved during NIV periods when compared with 
unassisted SB. With the nighttime being more conducive to 
sleep  resulting from the occurrence of fewer environmental 
factors and the fact that sleep has a deleterious effect on respi-
ratory failure (24), we suggest that ventilatory support should 
be given during the night in patients admitted for AHRF 
provided that it is well tolerated. The choice of the ventilator 
should be adapted individually, but either the NIV

ICU
 in the 

NIV mode or the NIV
D
 can be used.

CONCLUSIONS
We have shown that sleep quality was similar regardless of 
the type of ventilator used, although more sleep fragmenta-
tion related to patient–ventilator asynchrony was found in the 
NIV

D
 group compared with the NIV

ICU
 group. More impor-

tantly, patients admitted to the ICU with AHRF for NIV treat-
ment can sleep when they are receiving NIV. Maintaining NIV 
treatment during the night does not impede sleep.
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