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BACKGROUND
In critically ill patients, acceleration of liberation from mechanical ventilation is 
important in order to reduce the risk of complications and to improve long-term 
outcomes. Whether the use of proportional-assist ventilation with load-adjustable 
gain factors (PAV+) results in a shorter time to successful liberation from me-
chanical ventilation than pressure-support ventilation (PSV) is unclear.

METHODS
In this international clinical trial, we randomly assigned adult patients who had 
been receiving mechanical ventilation for at least 24 hours and were able to undergo 
partial ventilatory support with PSV but were not yet ready for liberation from ven-
tilation to undergo PAV+ (which targeted normal work of breathing) or PSV (which 
targeted a normal respiratory rate and tidal volume). The primary outcome was the 
time from randomization to successful liberation from mechanical ventilation.

RESULTS
Across 23 centers in seven countries, 722 patients were enrolled, and 573 under-
went randomization and were included in the analysis. The median time to suc-
cessful liberation from mechanical ventilation was 7.3 days (95% confidence inter-
val [CI], 6.2 to 9.7) in the PAV+ group and 6.8 days (95% CI, 5.4 to 8.8) in the PSV 
group (P = 0.58). The median number of ventilator-free days, the incidence of rein-
tubation and tracheostomy, and the incidence of death by day 90 (29.6% in the 
PAV+ group and 26.6% in the PSV group), all of which were secondary outcomes, 
were similar in the two groups. With respect to sedative drugs, the mean (±SD) 
difference in the midazolam-equivalent dose at day 28 relative to the baseline dose 
was −1.51±3.28 mg per kilogram of body weight in the PAV+ group and 0.04±0.97 
mg per kilogram in the PSV group. Serious adverse events occurred in 31 patients 
(10.8%) in the PAV+ group and in 28 patients (9.8%) in the PSV group (P = 0.79).

CONCLUSIONS
The time to liberation from mechanical ventilation did not differ significantly between 
the group that underwent PAV+ and the group that underwent PSV. (Funded by the 
Canadian Institutes of Health Research and others; PROMIZING ClinicalTrials.gov 
number, NCT02447692.)
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Of the 20 million people worldwide 
who undergo invasive mechanical venti-
lation each year, up to 35% will have 

difficult or prolonged weaning from the ventila-
tor or will die during the weaning process.1-4 
Prolonged invasive ventilation is associated with 
an increased risk of complications, death, and 
long-term sequelae and an increased cost of care. 
The duration of ventilation is the main modifi-
able driver of long-term functional outcomes 
among survivors.5,6 To minimize the duration of 
ventilation and maximize the proportion of pa-
tients who are successfully liberated from ventila-
tion, guidelines promote both daily discontinua-
tion of sedation and the use of daily spontaneous 
breathing trials (SBTs),7,8 but implementation of 
these recommendations varies substantially.2,9 
The appropriate mode of ventilation to mitigate 
the risk of weaning failure is unclear.10

Rapid deconditioning of respiratory muscles 
during controlled ventilation under sedation has 
been described, and such deconditioning places 
patients at risk for prolonged weaning.2,11 Early 
transition to a partial ventilatory support mode, 
in which the patient triggers every breath, may 
help to mitigate this risk. Pressure-support ven-
tilation (PSV) is the most common partial venti-
latory support mode used after the first few days 
of full ventilatory support,12 but this mode has 
limitations: breathing may become passive after 
triggering of breathing has begun, and the pa-
tient’s respiratory muscle activity cannot be evalu-
ated. If not carefully adjusted, PSV may lead to 
over-assistance, diaphragmatic atrophy, and pa-
tient–ventilator dyssynchrony, all of which are 
associated with prolonged weaning.11,13,14 Alterna-
tively, proportional-assist ventilation with load-
adjustable gain factors (PAV+) delivers assistance 
that is proportional to patients’ efforts.15,16 Clini-
cians can adjust the gain (i.e., the proportional 
assistance) to maintain a normal patient respira-
tory workload.17 Previous studies have shown 
short-term advantages of PAV+ over PSV, includ-
ing fewer adverse effects associated with ventila-
tion, a decrease in dyspnea, and improved patient–
ventilator synchrony and sleep quality.18-24

We hypothesized that PAV+ could improve 
patient-centered outcomes, potentially by reduc-
ing the risk of ventilator-induced diaphragm dys-
function and promoting safe reconditioning of 
respiratory muscles. The primary objective of the 

Proportional Assist Ventilation for Minimizing 
the Duration of Mechanical Ventilation (PROM-
IZING) trial was to determine whether ventila-
tion with PAV+, instituted early after acute respi-
ratory failure and set to maintain a normal range 
of breathing workload, would result in a shorter 
time to successful ventilator liberation than PSV, 
which was set to maintain a normal tidal volume 
and breathing frequency.

Me thods

Trial Design and Oversight

This trial was an investigator-initiated, multi-
center, open-label, randomized, superiority trial. 
Details regarding the trial design and statistical 
analyses were described previously,25,26 and the 
trial protocol, including the statistical analysis 
plan, is available with the full text of this article 
at NEJM.org. The trial was conducted at 23 hos-
pitals in Argentina, Canada, France, Greece, Italy, 
Saudi Arabia, and Spain and was endorsed by the 
Canadian Critical Care Trials Group and Réseau 
Européen de Recherche en Ventilation Artificielle, 
also known as REVA. The appropriate research 
ethics board for each center approved the proto-
col, and all the patients or their substitute deci-
sion makers provided written informed consent. 
A data and safety monitoring committee inde-
pendently reviewed safety data and adherence to 
the protocol twice yearly. Further details regard-
ing the trial oversight are provided in the Supple-
mentary Appendix, available at NEJM.org.

Patients

We enrolled critically ill patients 18 years of age 
or older who had been receiving mechanical 
ventilation for at least 24 hours and were able to 
undergo PSV for at least 30 minutes but were not 
yet ready for liberation from ventilation. We used 
a staged recruitment process, with assessment of 
inclusion and exclusion criteria at each step, for 
enrollment and subsequent randomization of 
eligible patients. Patients who had severe chronic 
respiratory diseases or severe neurologic disorders 
were excluded, as were patients in whom with-
drawal of life support was anticipated. Potential 
participants were screened daily until ventilator 
settings, blood-gas levels, and the hemodynamic 
status met enrollment criteria. Enrolled patients 
who had provided written informed consent had 
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to be receiving PSV for less than 24 hours or had 
to undergo a 30-minute PSV trial, followed by a 
blood-gas analysis.

To avoid the randomization of patients who 
were ready to breathe spontaneously, a specific 
successive-step process was used.27 Patients could 
undergo randomization if, after successfully com-
pleting the PSV trial, they did not meet predefined 
standard weaning criteria (as described in the 
Supplementary Appendix), if they had a rapid 
shallow-breathing index of greater than 100 after 
2 minutes without ventilatory support, or if they 
were unable to pass a 30-minute SBT. Patients 
were excluded if they had been receiving PSV for 
more than 24 hours, if they passed the SBT, or 
if they were considered for extubation within 24 
hours. Patients could be randomly assigned with 
a priori or deferred consent, with consent to con-
tinued participation sought at the earliest possible 
time. Trial recruitment was paused in April 2020 
during the coronavirus disease 2019 pandemic 
and subsequently resumed in accordance with 
local center policies.

Randomization and Interventions

Participating sites underwent a “run-in” training 
phase with at least one patient undergoing each 
mode (PSV or PAV+) before being granted per-
mission to randomly assign patients in the trial; 
details are provided in the protocol. These patients 
were not included in the analysis.

A centralized Web-based, concealed, computer-
generated randomization sequence was used to 
randomly assign patients in a 1:1 ratio to undergo 
PAV+ or PSV with variable and undisclosed blocks 
and with stratification according to center. The 
clinicians and research assistants were aware of 
the intervention assignments, but the trial statis-
tician was unaware of these assignments.

For patients who had been randomly assigned 
to undergo PAV+, ventilators that offered this mode 
were used (Puritan Bennett 840 or 980 ventilators, 
Medtronic); any ventilator could be used for pa-
tients who had been assigned to undergo PSV. 
Strict algorithms for adjusting PAV+ and PSV 
were provided to trial personnel; details are pro-
vided in the protocol. In brief, the support (gain) 
provided by PAV+ was adjusted to keep the peak 
respiratory muscle pressure generated by the 
patient in a normal target range (5 to 10 cm of 
water).17 PSV was adjusted to keep the respira-

tory rate at 12 to 35 breaths per minute and the 
tidal volume at 5 to 10 ml per kilogram of pre-
dicted body weight. Airway occlusion pressure 
(P0.1) was recorded but was not used to adjust the 
ventilation support. In both trial groups, the al-
gorithms for adjustment provided adaptations 
for hypoventilation, hyperventilation, and respi-
ratory distress, with criteria to switch to assist–
control mode if the maximum settings were 
reached or if clinical instability occurred.

The weaning process, whereby patients were 
assessed once daily for criteria to initiate SBTs, 
was performed the same way in the two groups. 
SBTs were performed without ventilator support 
through a T-piece (or equivalent instrument); 
patients received supplemental oxygen, with a 
fraction of inspired oxygen of 0.40.28 After a 
patient passed an SBT, extubation was to occur 
within 2 hours after meeting all extubation cri-
teria. An indication for tracheostomy was at the 
discretion of the treating physician. To promote 
and monitor adherence to the protocol, clinical 
staff completed a daily case-report form to re-
cord ventilator settings, a checklist that prompt-
ed assessment for the performance of SBTs and 
extubation, and a survey question that assessed 
whether the clinical staff considered the ventila-
tor strategy to be easy to use (referred to as user 
acceptance).

At each intensive care unit (ICU), nonrespira-
tory care interventions were at the discretion of 
the clinical team; guidelines were provided for 
sedation, nutrition, and early mobilization. Dai-
ly doses of opioids, sedatives, and antipsychotic 
medications were recorded, and scores for seda-
tion or agitation and delirium were collected if 
they were available in the medical record.

Patients remained in the trial group to which 
they were assigned until successful liberation from 
ventilation, live discharge from the ICU, death, or 
90 days after randomization, whichever came 
first. The vital status at 90 days was recorded.

Outcomes

The primary outcome was the time from random-
ization to successful liberation from mechanical 
ventilation, which was defined as the time of 
extubation or final separation from the ventila-
tor, provided that the patient remained alive and 
free from invasive ventilation for 7 days.2,3,28 
Secondary ventilatory outcomes were the time 
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from randomization to live discharge from the 
ICU and from the hospital; death in the ICU, in 
the hospital, and by day 90; ventilator-free days; 
weaning progress (the time from randomization 
to the first SBT, to the first successful SBT, and 
to the first extubation or disconnection from the 
ventilator), the level of weaning difficulty (short, 
difficult, or prolonged),2,3,10 and weaning com-
plications; tolerance of the assigned ventilator 
mode (as measured by the use of the assist–con-
trol mode after randomization); and user ac-
ceptance of the assigned ventilator mode. In 
consultation with patient and family advisors, 
we devised an ordinal outcome that combined pa-
tient disposition and ventilation status at 90 days. 
Secondary concurrent-intervention outcomes in-
cluded the change from baseline in the daily 
total doses of sedatives and opioids, indication 
for antipsychotic medication, and daily assess-
ments of sedation or agitation and delirium. 
Safety outcomes were the incidence and severity 
of serious adverse events. Further details regard-
ing the outcomes are provided in the Supple-
mentary Appendix.

Statistical Analysis

As prespecified in the protocol, we used aggre-
gate, blinded data from the first 120 patients 
who were enrolled in the trial to reestimate our 
sample size; the median time to successful libera-
tion from ventilation in this cohort was 6.8 days. 
We then calculated the sample size that would 
be needed to provide the trial with 80% power, 
at a two-sided alpha level of 0.05, to detect a dif-
ference between the trial groups of 1 or 2 days 
with respect to the primary outcome on the ba-
sis of varying hazard ratios (see the Supplemen-
tary Appendix). We anticipated the enrollment of 
1 patient per center per month and a maximum 
loss to follow-up of 5%17,19; on the basis of these 
assumptions, the randomization of a minimum 
of 558 patients during our planned enrollment 
period was considered to be feasible and would 
allow for the detection of a between-group dif-
ference in the median duration of ventilation of 
1.78 days (7.70 days in the PSV group vs. 5.92 day 
in the PAV+ group, with a hazard ratio of 1.30).

The statistical analysis was performed in ac-
cordance with CONSORT (Consolidated Standards 
of Reporting Trials) guidelines and the protocol 
and statistical analysis plan on an intention-to-

treat basis.25,26 The intention-to-treat population 
included all the patients who had undergone 
randomization and started the trial intervention. 
We also performed a per-protocol analysis, which 
included only the patients who had undergone 
randomization and remained in the trial until 
successful liberation from ventilation (see the sta-
tistical analysis plan). No interim analyses were 
performed. Data were examined for completeness; 
a minimal number of values were missing with 
respect to individual variables (≤2.6%), and data 
were missing for a minimal number of variables 
(<5%). Aside from one patient who had missing 
data as a result of withdrawal of consent, miss-
ing data were assumed to be missing completely 
at random owing to not being recorded in the 
patient’s medical record.

The time from randomization to successful 
liberation from mechanical ventilation (the pri-
mary outcome) was summarized with the use of 
cumulative incidence curves, with death treated 
as a competing risk, and the groups were com-
pared with Gray’s test. The main analysis of the 
primary outcome was performed with the use of 
a multistate generalization of the Cox propor-
tional-hazards model, which modeled the asso-
ciation between the trial intervention and all 
transitions in the model simultaneously. The ef-
fect of the intervention is expressed as a hazard 
ratio with a 95% confidence interval. Data from 
patients with missing outcomes were censored 
at the last contact. A cause-specific Cox model 
in which death that occurred before successful 
liberation from ventilation was treated as a cen-
soring event was fit for comparison. The pri-
mary outcome was modified early in the trial, 
when a blinded aggregate analysis for sample-
size verification showed that our original out-
come of ventilator-free days at day 21 eclipsed 
the outcome of many patients who were still 
receiving ventilation at 21 days (see the protocol 
amendment for details).

Subgroup analyses of the primary outcome 
were performed on the basis of prespecified 
hypotheses, and a sensitivity analysis was per-
formed in which successful liberation from venti-
lation was defined as at least 48 hours without 
reinstitution of ventilation. An additonal analy-
sis of the primary outcome was performed with 
adjustment for prespecified covariates and clini-
cally important baseline prognostic variables.
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575 Underwent randomization

10,557 Adults receiving mechanical ventilation
>24 hr were assessed for eligibility

3947 Met exclusion criteria
1818 Had severe CNS disorder
741 Were anticipating palliation
492 Had severe COPD
332 Had neuromuscular disorder
225 Had long-term IMV before ICU

stay
88 Were enrolled in confounding

trial
74 Had severe, end-stage, irre-

versible respiratory or cardiac
disease

64 Had bronchopleural fistula
6 Had previously undergone

randomization
107 Had unknown reason

5888 Were potentially eligible but not
enrolled

2248 Were outside 24-hr trial window
1722 Underwent extubation
642 Passed SBT
437 Died
272 Declined or had SDM decline

consent
116 Were withdrawn by treating

physician
81 Were transferred to another

center
8 Had plan for extubation within

24 hr
362 Had unknown reason

147 Were enrolled but did not undergo
randomization

124 Passed SBT or underwent
extubation

7 Had approval withdrawn by
physician, patient, or SDM

6 Were outside 24-hr trial window
5 Died
3 Declined or had SDM decline

consent (after deferred consent)
1 Was incapable or had no SDM

available (after deferred consent)
1 Was transferred to another center

6610 Were potentially eligible

722 Were enrolled

289 Were assigned to the PAV+ group 286 Were assigned to the PSV group

2 Were excluded after randomi-
zation and before starting
trial intervention

1 Had severe CNS disorder
1 Underwent PSV for >24 hr 

284 Had primary-outcome data available

3 Withdrew consent to
continue data collection

287 Were included in the intention-to-treat population
260 Completed the trial intervention
27 Did not complete the trial intervention

286 Were included in the intention-to-treat population
277 Completed the trial intervention

9 Did not complete the trial intervention

287 Were included in the intention-to-treat analysis
3 Had data censored at last contact

260 Were included in the per-protocol analysis

286 Had primary-outcome data available

286 Were included in the intention-to-treat analysis
277 Were included in the per-protocol analysis
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For the secondary time-to-event outcomes, 
cumulative incidence curves were constructed to 
provide estimates of the outcome, which ac-
counted for death, with the intervention effects 
expressed as hazard ratios with 95% confidence 
intervals from Cox models. The time to death 
was analyzed with the use of Kaplan–Meier curves 
and a log-rank test, with the intervention effect 
expressed as a hazard ratio with a 95% confi-
dence interval. The difference between the trial 
groups in the median number of ventilator-free 
days is expressed with a 95% confidence interval 
obtained by bootstrap methods. The percentage of 
patients with short, difficult, or prolonged 
weaning2,3,10 was summarized according to trial 
group. Daily sedative drug doses (converted to 
midazolam equivalents)29 and opioids (converted 
to morphine equivalents)30-32 relative to baseline 
doses were compared between the groups. The 
incidence of serious adverse events in each group 
was compared with the use of a chi-square test. 
All estimates are reported with 95% confidence 
intervals. The widths of the intervals have not 
been adjusted for multiplicity and may not be used 
in place of hypothesis testing.

R esult s

Patients and Interventions

Patients were enrolled between September 19, 
2016, and June 15, 2023 (Table S1 in the Supple-
mentary Appendix). Of 10,557 adult patients who 
had been receiving mechanical ventilation for at 
least 24 hours, 722 were enrolled in the trial, 
and 573 underwent randomization and were in-
cluded in the intention-to-treat analysis. The most 
common reason for exclusion from the trial after 
enrollment was passing an SBT (Fig. 1).33

The characteristics of the patients at baseline 
were generally similar in the two groups (Ta-
ble 1). A majority of the patients (465 [81.2%]) 
did not have premorbid frailty,34 but many (380 
[66.3%]) had a moderate-to-high burden of coex-
isting conditions.35 Almost half the patients (272 
[47.5%]) had a respiratory cause for ICU admis-
sion; most were primarily bacterial or viral pneu-
monia (137 patients) or acute respiratory distress 
syndrome (64 patients). At the time of enroll-
ment, most of the patients had received opioid 
and sedative infusions. The trial cohort was rep-
resentative of populations undergoing mechani-
cal ventilation in high-income and high-to-mid-
dle-income countries (Table S2).

Measurements of respiratory variables obtained 
before and after randomization are provided in 
Table S3. After randomization, the mean (±SD) 
initial inspiratory pressure support in the PSV 
group was 10.8±3.0 cm of water, and in the PAV+ 
group, the mean gain (i.e., proportional assistance) 
was 65.0±10.1%; these findings led to similar tidal 
volumes and respiratory rates in the two groups 
(Fig. S1). In the PAV+ group, the peak respiratory 
muscle pressure remained in the normal target 
range on 1334 of 1662 trial days (80.3%), was 
greater than 10 cm of water on 212 trial days 
(12.8%), and was less than 5 cm of water on 116 
trial days (7.0%) (Fig. S2). The mean airway occlu-
sion pressure across the two groups was 2.4±3.6 
cm of water with a similar distribution in the 
groups (Fig. S3). Major protocol deviations were 
infrequent; the use of nonprotocolized modes oc-
curred on 169 of 6795 trial days (2.5%). Details re-
garding the adherence to the trial protocol and the 
reasons for nonadherence are provided in Table S4.

Primary Outcome

The median time from randomization to success-
ful liberation from mechanical ventilation was 7.3 

Figure 1 (facing page). Eligibility, Enrollment,  
Randomization, and Follow-up.

All 573 patients who started the trial intervention were 
included in the intention-to-treat analysis. Primary-out-
come data were available for 570 patients (99.5%), and 
the vital status at day 90 was available for 572 patients 
(99.8%); 3 patients (0.5%) withdrew consent to contin-
ue data collection, and their data were censored at the 
last contact for the intention-to-treat analysis of the 
primary outcome. For the per-protocol analysis, pa-
tients were excluded if they did not complete the trial 
intervention through day 90. Of the patients assigned 
to receive proportional-assist ventilation with load-
adjustable gain factors (PAV+), 27 patients stopped 
the trial intervention early for the following reasons: 
10 were transferred to another intensive care unit (ICU),  
4 had mode violations for more than 48 hours, 3 with-
drew consent to continue the trial intervention, 3 were 
discovered to have a diagnosis of exclusion after they had 
undergone randomization, 1 transferred to a long-term 
ventilator ward, and 6 stopped the trial intervention be-
fore day 90 for other reasons. Of the patients assigned 
to receive pressure-support ventilation (PSV), 9 patients 
stopped the trial intervention early for the following rea-
sons: 5 transferred to another ICU, 3 transferred to a 
long-term ventilator ward, and 1 withdrew consent to 
continue the trial intervention. CNS denotes central ner-
vous system, COPD chronic obstructive pulmonary dis-
ease, IMV invasive mechanical ventilation, SBT spontane-
ous breathing trial, and SDM substitute decision maker.
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days (95% confidence interval [CI], 6.2 to 9.7) in 
the PAV+ group and 6.8 days (95% CI, 5.4 to 8.8) 
in the PSV group (P = 0.58 by Gray’s test) (Ta-
ble 2 and Fig. 2). In the multistate model, the 
hazard ratio for transitioning from ventilation to 
liberation from ventilation in the ICU was 0.96 
(95% CI, 0.80 to 1.15) in the PAV+ group relative 

to the PSV group, with no state transition show-
ing a significant hazard ratio of the intervention 
effect with PAV+ (Fig. S4).

The results of the subgroup analysis of the 
primary outcome (Fig.  3A) and those of the 
analysis that evaluated for an intervention effect 
according to trial center (Fig. S5) appeared to be 

Table 1. Characteristics of the Patients at Baseline.*

Variable
Overall 

(N = 573)
PAV+ 

(N = 287)
PSV 

(N = 286)

At the time of ICU admission

Age — yr 62.1±14.5 62.3±13.8 62.0±15.2

Female sex — no. (%) 211 (36.8) 102 (35.5) 109 (38.1)

Body-mass index† 29.3±7.8 28.8±7.6 29.8±7.9

Median Clinical Frailty Scale score (IQR)‡ 3 (2–4) 3 (2–4) 3 (2–4)

Median Charlson Comorbidity Index score (IQR)§ 3 (2–6) 4 (2–6) 3 (2–6)

APACHE III score on ICU admission¶ 80.26±26.6 81.9±27.2 78.4±25.8

APACHE III diagnosis — no. (%)

Nonoperative 476 (83.1) 236 (82.2) 240 (83.9)

Operative 96 (16.8) 50 (17.4) 46 (16.1)

Category of diagnostic cause of admission — no. (%)

Respiratory condition 272 (47.5) 135 (47.0) 137 (47.9)

Cardiovascular condition 91 (15.9) 49 (17.1) 42 (14.7)

Sepsis 69 (12.0) 29 (10.1) 40 (14.0)

Gastrointestinal condition 64 (11.2) 31 (10.8) 33 (11.5)

Neurologic condition 22 (3.8) 14 (4.9) 8 (2.8)

Other condition 54 (9.4) 28 (9.8) 26 (9.1)

From ICU admission to enrollment

Use of glucocorticoids — no. (%) 278 (48.5) 126 (43.9) 152 (53.1)

Use of neuromuscular blockers — no. (%) 217 (37.9) 100 (34.8) 117 (40.9)

Use of opioid continuous infusion — no. (%) 483 (84.3) 241 (84.0) 242 (84.6)

Use of benzodiazepine continuous infusion — no. (%) 277 (48.3) 135 (47.0) 142 (49.7)

At time of enrollment or randomization

No. of days in hospital, from hospital admission to randomization 10.8±11.4 10.1±9.4 11.5±13.0

No. of days in ICU, from ICU admission to randomization 7.1±5.6 6.8±5.1 7.5±6.1

Median no. of days of IMV receipt, at time of randomization (IQR) 4.9 (3.1–8.9) 4.8 (3.2–8.4) 5.0 (3.0–9.5)

Mode of IMV at time of enrollment — no. (%)

PSV 505 (88.1) 253 (88.2) 252 (88.1)

Assist–control 60 (10.5) 31 (10.8) 29 (10.1)

PAV+ 7 (1.2) 3 (1.0) 4 (1.4)

Median cumulative fluid balance (IQR) — liters 3.40 (1.44–7.78) 3.12 (1.41–7.42) 3.84 (1.48–8.31)

SOFA score — no. (%)‖ 5.9 (3.1) 5.8 (3.2) 5.9 (2.9)

Use of vasopressors — no. (%) 275 (48.0) 132 (46.0) 143 (50.0)

Use of renal replacement therapy — no. (%) 84 (14.7) 37 (12.9) 47 (16.4)
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generally consistent with the overall findings. 
The sensitivity analysis of the time to liberation 
from ventilation (Fig. S6) and the per-protocol 
analysis showed results that were similar to those 
of the main analysis.

Deaths and Ventilation

Secondary outcomes are shown in Table 2, Table 
S5, and Figure 2. The incidence of death in the 
ICU, in the hospital, and by day 90 appeared to 
be similar in the two groups. The odds ratio for 
a better weaning category in the PAV+ group 
relative to the PSV group was 1.1 (95% CI, 0.81 
to 1.50) (Fig. 3B). The percentage of patients in 
whom reintubation or reconnection to the venti-
lator was indicated was 22.2% (53 of 239 pa-
tients) in the PAV+ group and 23.3% (57 of 245 
patients) in the PSV group. Overall, 110 patients 
underwent tracheostomy after randomization, 
including 58 patients (20.9%) in the PAV+ group 
and 52 patients (19.2%) in the PSV group. The 
percentage of patients who underwent noninva-
sive ventilation was similar in the two groups, 
and noninvasive ventilation was most often initi-
ated preemptively to prevent extubation failure. 
The odds ratio for a higher-ranked status of a 

combination of patient disposition and liberation 
from ventilation at 90 days in the PAV+ group 
relative to the PSV group was 0.81 (95% CI, 0.58 
to 1.14).

Concurrent Interventions

With respect to sedative medications, the mean 
difference in the midazolam-equivalent dose at 
day 28 relative to the baseline dose was −1.51±3.28 
mg per kilogram of body weight in the PAV+ 
group and 0.04±0.97 mg per kilogram in the PSV 
group (absolute difference, −1.55; 95% CI, −4.92 
to 1.81). Opioid medications, which were con-
verted to morphine equivalents, were weaned at 
similar rates over time in the two groups (Table 
S5B and Fig. S7). A total of 130 patients (45.3%) 
in the PAV+ group and 133 patients (46.5%) in 
the PSV group received an antipsychotic medica-
tion at least once. Patients were categorized as 
“alert and calm” or as being under “light seda-
tion” on 5783 of 8403 daily assessments (68.8%) 
(Fig. S8A). Patients who were categorized as 
being under “deep sedation” could not undergo 
a delirium assessment. Patients who were assessed 
for delirium had a positive test on 324 of 1394 
trial days (23.2%) in the PAV+ group and on 384 

Variable
Overall 

(N = 573)
PAV+ 

(N = 287)
PSV 

(N = 286)

Patient status in successive-step process for randomization — no. (%)**

Patient did not meet weaning criteria 279 (48.7) 140 (48.8) 139 (48.6)

Patient did not pass CPAP trial for assessment of RSBI 219 (38.2) 109 (38.0) 110 (38.5)

Patient did not pass SBT 74 (12.9) 37 (12.9) 37 (12.9)

*	� Plus–minus values are means ±SD. The percentages may not total 100 because of rounding. All baseline data were missing for 1 patient 
in the PAV+ group (1 of 287 patients [0.3%]) owing to withdrawal of consent. One additional patient in the PAV+ group (total of 2 of 287 
patients [0.7%]) had missing frailty results at baseline; and 15 additional patients (2.6%) had missing results for cumulative fluid balance 
at baseline, including 7 patients (2.4%) in the PAV+ group and 8 patients (2.8%) in the PSV group. Data are complete for all the other 
variables. CPAP denotes continuous positive airway pressure, ICU intensive care unit, IMV invasive mechanical ventilation, IQR interquar-
tile range, PAV+ proportional-assist ventilation with load-adjustable gain factors, PSV pressure-support ventilation, RSBI rapid shallow-
breathing index, and SBT spontaneous breathing trial.

†	� The body-mass index is the weight in kilograms divided by the square of the height in meters.
‡	� Scores range from 1 to 9 (although patients with a score of 9 were not eligible for participation), with higher scores indicating worse 

frailty; scores higher than 4 are classified as frail.
§	� Scores range from 0 to 37, with higher scores indicating a higher burden of coexisting conditions; scores of 3 or higher are classified as a 

moderate-to-high burden of coexisting conditions. Scores were derived with the use of a calculator at https://www​.mdcalc​.com/​charlson​
-comorbidity​-index​-cci.

¶	� The Acute Physiology and Chronic Health Evaluation (APACHE) III is a scoring system used in critically ill patients. Scores were calculated 
on the day of ICU admission. Scores range from 0 to 299, with higher scores indicating a higher severity of illness and a greater likelihood 
of death in the hospital. Missing values in any of the component scores were assumed to be a normal value of 0.

‖	� The Sequential Organ Failure Assessment (SOFA) score was calculated on the day before randomization. Scores range from 0 to 24, with 
higher scores indicating more severe organ failure. Missing values in any of the component scores were assumed to be a normal value of 0.

**	� A staged recruitment process for enrollment and subsequent randomization was used, with assessment of inclusion and exclusion criteria 
or performance of tests (or both) at each step. Additional details are provided in the Supplementary Appendix.

Table 1. (Continued.)
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Table 2. Primary and Secondary Outcomes.

Outcome
PAV+ 

(N = 287)
PSV 

(N = 286)

Hazard Ratio or 
Relative Risk 

(95% CI)* P Value

Absolute 
Difference 
(95% CI)†

Median time to event (95% CI) — days‡

Successful liberation from  
ventilation: primary outcome

7.3 (6.2 to 9.7) 6.8 (5.4 to 8.8) 0.96 (0.80 to 1.15) 0.58 0.5 (−3.0 to 3.5)

Live ICU discharge 13.0 (10.7 to 15.2) 12.2 (9.9 to 14.1) 0.97 (0.80 to 1.17) — 0.8 (−2.9 to 4.2)

Live hospital discharge 30.2 (27.0 to 35.5) 29.1 (25.4 to 37.9) 0.91 (0.75 to 1.12) — 1.1 (−7.3 to 8.0)

Median no. of ventilator-free days (IQR)§

At day 14 6.7 (0.0 to 10.9) 7.1 (0.0 to 11.3) — — 0.4 (−2.9 to 1.5)

At day 21 13.1 (0.0 to 17.9) 13.8 (0.0 to 18.2) — — 0.7 (−2.9 to 2.4)

At day 28 19.9 (0.0 to 24.8) 20.5 (0.1 to 25.2) — — 0.6 (−3.0 to 2.9)

Death — no./total no. (%)

In the ICU 55/287 (19.2) 53/286 (18.5) 1.03 (0.74 to 1.46) — 0.6 (−5.8 to 7.0)

In the hospital 78/287 (27.2) 73/286 (25.5) 1.06 (0.81 to 1.40) — 1.7 (−5.6 to 8.9)

By day 21 42/287 (14.6) 44/286 (15.4) 0.95 (0.64 to 1.41) — −0.8 (−6.6 to 5.1)

By day 28 58/287 (20.2) 54/286 (18.9) 1.07 (0.77 to 1.50) — 1.3 (−5.2 to 7.8)

By day 90 85/287 (29.6) 76/286 (26.6) 1.13 (0.83 to 1.54) — 3.0 (−4.3 to 10.4)

Weaning progress: median time to event 
(95% CI) — days

First SBT 2.7 (2.1 to 3.3) 2.2 (1.9 to 2.7) 0.91 (0.77 to 1.09) — 0.5 (−0.4 to 1.2)

First successful SBT 4.1 (3.7 to 5.8) 4.1 (3.2 to 5.4) 0.96 (0.80 to 1.15) — 0.0 (−1.3 to 1.9)

First extubation or disconnection 
from ventilator

5.2 (4.2 to 6.4) 4.2 (3.3 to 5.4) 0.88 (0.74 to 1.05) — 1.0 (−0.7 to 2.3)

Level of weaning difficulty — no./total 
no. (%)¶

Short weaning 99/260 (38.1) 95/269 (35.3) — — 2.8 (−5.5 to 11.0)

Difficult weaning 77/260 (29.6) 83/269 (30.9) — — −1.2 (−9.1 to 6.6)

Prolonged weaning 49/260 (18.8) 52/269 (19.3) — — −0.5 (−7.2 to 6.2)

Unable to wean and still receiving 
ventilation at day 90

2/260 (0.8) 4/269 (1.5) — — −0.7 (−2.5 to 1.1)

Died before successful liberation 33/260 (12.7) 35/269 (13.0) — — −0.3 (−6.0 to 5.4)

Weaning complications — no./total no. 
(%)

Noninvasive ventilation initiated  
after extubation

71/231 (30.7) 69/240 (28.8) 1.10 (0.74 to 1.63) — 2.0 (−6.3 to 10.2)

Tracheostomy performed after  
randomization‖

58/277 (20.9) 52/271 (19.2) 1.12 (0.73 to 1.70) — 1.8 (−5.0 to 8.5)

Ventilation continued >7 days after 
randomization**

146/278 (52.5) 129/275 (46.9) 1.25 (0.90 to 1.75) — 5.7 (−2.7 to 13.9)

Ventilation continued >21 days after 
intubation††

80/259 (30.9) 84/256 (32.8) 0.92 (0.63 to 1.33) — −1.9 (−10.0 to 6.1)

Reintubation performed <7 days after 
planned extubation‡‡

53/239 (22.2) 57/245 (23.3) 0.93 (0.61 to 1.44) — −1.1 (−8.6 to 6.4)

Ordinal outcome: status of combination 
of patient disposition and libera-
tion from ventilation at 90 days 
— no./total no. (%)§§
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Outcome
PAV+ 

(N = 287)
PSV 

(N = 286)

Hazard Ratio or 
Relative Risk 

(95% CI)* P Value

Absolute 
Difference 
(95% CI)†

Died 85/284 (29.9) 76/286 (26.6) — — 3.4 (−4.0 to 10.7)

Still receiving ventilation at any  
location

2/284 (0.7) 4/286 (1.4) — — −0.7 (−2.4 to 1.0)

Not receiving ventilation but in  
hospital or ICU

21/284 (7.4) 14/286 (4.9) — — 2.5 (−1.4 to 6.4)

Discharged from hospital and  
no longer receiving ventilation

176/284 (62.0) 192/286 (67.1) — — −5.2 (−13.0 to 2.7)

Concurrent-intervention outcome:  
delirium — no. of trial days/total 
no. of trial days (%)¶¶

Too sedated to assess for delirium 872/2266 (38.5) 782/2235 (35.0) — — 3.5 (0.7 to 6.3)

Positive test for delirium 324/1394 (23.2) 384/1453 (26.4) — — −3.2 (-6.4 to 0)

Use of assist–control mode

Use of assist–control mode  
at least once — no./total no.  
(%)

169/287 (58.9) 142/286 (49.7) 1.2 (1.0 to 1.4) — 9.2 (1.1 to 17.4)

Median duration of assist–control 
use (IQR) — days

0.44 (0.00 to 3.31) 0.00 (0.00 to 1.66) — — 0.44 (0.03 to 0.67)

Safety — no./total no. (%)‖‖

Serious adverse event 31/287 (10.8) 28/286 (9.8) — 0.79 1.0 (−4.0 to 6.0)

Nonsevere self-extubation 14/287 (4.9) 7/286 (2.4) — 0.19 2.4 (−0.6 to 5.5)

*	� Hazard ratios are provided for time-to-event outcomes, and relative risks for binary outcomes. Unadjusted hazard ratios or relative risks 
and 95% confidence intervals are shown. Fully adjusted models were adjusted for duration of mechanical ventilation before randomiza-
tion, prerandomization level of weaning difficulty, failed extubation before randomization, Clinical Frailty Scale score, cumulative fluid 
balance, prerandomization sedation or agitation category, coronavirus disease 2019 status, SOFA score at baseline (the day before ran-
domization), and APACHE III score (data not shown).

†	� The absolute differences between the percentages are shown in percentage points. Confidence intervals for the absolute differences be-
tween medians were calculated with the use of 5000 bootstrap samples. The widths of the confidence intervals have not been adjusted for 
multiplicity and may not be used in place of hypothesis testing.

‡	� The primary outcome was the time from randomization to successful liberation from mechanical ventilation, which was defined as the 
time of extubation or final separation from the ventilator, provided that the patient remained alive and free from invasive ventilation for 
7 days. Primary-outcome data were unavailable for 3 patients who withdrew consent; the data for these patients were censored at the time 
of last observation for time-to-event outcomes.

§	� Ventilator-free days were defined as the number of days that patients were alive and free from invasive ventilation after successful libera-
tion from ventilation. Patients who died before liberation from ventilation had zero ventilator-free days.

¶	� Short weaning was defined as successful liberation from ventilation less than 1 day after the first SBT or extubation or disconnection from 
the ventilator. Difficult weaning was defined as successful liberation at least 1 day, but less than 7 days, after the first SBT or extubation or 
disconnection from the ventilator. Prolonged weaning was defined as successful liberation 7 or more days after the first SBT or extubation 
or disconnection from the ventilator. This analysis excluded patients who were lost to follow-up for reasons other than death (withdrawal 
of consent in 3 patients), as well as those who died before liberation from ventilation without any SBT attempt (41 patients). The level of 
weaning difficulty is an ordinal outcome.

‖	� This analysis included only patients who had not undergone tracheostomy before randomization.
**	� This analysis included only patients who survived and remained in the trial beyond day 7.
††	� This analysis included only patients who survived and remained in the trial beyond day 21.
‡‡	� This analysis included only patients who had had at least one extubation and were alive for a minimum of 7 days after extubation. 

Therefore, patients who died within 7 days after extubation were excluded.
§§	� This analysis excludes 3 patients in the PAV+ group whose data were missing owing to withdrawal of consent for ongoing data collection.
¶¶	�Data on daily assessment for delirium were obtained from the medical record, if available. The denominator in each group is the number 

of trial days that data on delirium assessment were available. Patients assessed for delirium could be classified as “too sedated to assess 
for delirium,” “delirious,” or “not delirious.” The analysis for a positive test for delirium excluded patients who had been classified as “too 
sedated to assess for delirium.”

‖‖	� Safety outcomes were compared with the use of chi-square tests.

Table 2. (Continued.)
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of 1453 patient-days (26.4%) in the PSV group 
(Fig. S8B).

Use of Assist–Control Mode and Ease of Use

Assist–control mode was used at least once in 
169 patients (58.9%) in the PAV+ group and in 
142 (49.7%) in the PSV group (relative risk, 1.2; 
95% CI, 1.0 to 1.3) (Fig. S9). Clinicians indi-
cated that the PAV+ ventilation strategy was 
easy to use on 75.7% of trial days and that the 
PSV strategy was easy to use on 92.0% of trial 
days (Fig. S10).

Safety Outcomes

Serious adverse events occurred in 31 patients 
(10.8%) in the PAV+ group and in 28 (9.8%) in 
the PSV group (P = 0.79). There were also no sig-
nificant differences between the two groups in 
either the severity of serious adverse events or 
the relatedness of serious adverse events to the 
trial intervention; 3 of the 88 serious adverse 
events that occurred (3.4%) were considered by 
the investigator to be probably or definitely re-
lated to the trial intervention (Table S6).

Figure 2. Cumulative Incidence Curves for Successful 
Liberation from Invasive Mechanical Ventilation, Live 
ICU Discharge, and Live Hospital Discharge, with 
Death as a Competing Risk.

Panel A shows the cumulative probability of successful 
liberation from ventilation and of death before suc-
cessful liberation. The time of successful liberation 
was defined as the time of extubation or final discon-
nection from the ventilator, provided that the patient 
remained alive and free from invasive ventilation for 
7 days. Patients were followed until successful libera-
tion, death, or 90 days after randomization, whichever 
came first. Panel B shows the cumulative probability 
of live ICU discharge and of death before live ICU dis-
charge. The time of live ICU discharge was defined as 
the time that the patient left the ICU after liberation 
from the ventilator, provided that the patient remained 
alive and ventilator-free for 7 days and did not return 
to the ICU for 48 hours. Transfers between ICUs while 
the patient was still undergoing mechanical ventilation 
were not considered to be live ICU discharges. Panel C 
shows the cumulative probability of live hospital dis-
charge and of death before live hospital discharge. The 
time of live hospital discharge was defined as the time 
that the patient was discharged from the hospital to a 
home, long-term care facility, or rehabilitation center. 
Transfers between hospitals for receipt of ongoing 
acute care were not considered to be live hospital dis-
charges. The shaded areas indicate 95% confidence 
intervals.
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Discussion

Although meta-analyses suggest that PAV+ results 
in a shorter duration of mechanical ventilation 
and a shorter ICU length of stay than PSV,36-39 
this multicenter trial showed that PAV+ did not 

lead to a shorter time to successful liberation 
from ventilation than PSV when each method was 
introduced at the point at which patients started 
to be able to undergo partial ventilatory support. 
Other ventilation-related outcomes and the inci-
dence of death were similar in the two groups.

Figure 3. Subgroup Analysis of the Primary Outcome and Weaning Classification.

Panel A shows a forest plot of the hazard ratio for successful liberation from mechanical ventilation in prespecified subgroups. A posi-
tive coronavirus disease 2019 (Covid-19) status indicates a positive test for severe acute respiratory syndrome coronavirus 2. The widths 
of the confidence intervals have not been adjusted for multiplicity and may not be used in place of hypothesis testing. Panel B shows 
the percentage of patients classified as having short, difficult, or prolonged weaning from the mechanical ventilator; as never having 
been weaned; or as having died after the first SBT or the first extubation attempt. Patients who died before having a first SBT or a first 
extubation attempt (41 patients) or who had missing outcome data owing to withdrawal of consent (3 patients) were excluded from this 
analysis. Of the remaining 529 patients, 36.7% were classified as having short weaning, 30.2% as having difficult weaning, and 19.1% as 
having prolonged weaning; 1.1% of the patients were alive but still receiving invasive ventilation at day 90; and 12.9% died while still re-
ceiving mechanical ventilation. CPAP denotes continuous positive airway pressure, and RSBI rapid shallow-breathing index.
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The unique breath-delivery and closed-loop 
measurements of respiratory-system compliance 
and resistance with the use of PAV+ afford dia-
phragm- and lung-protective ventilation40 and 
offer several advantages over PSV.18-24 To test our 
hypothesis that these physiological benefits 
would translate into improved clinical outcomes, 
we designed a randomized trial that strictly con-
trolled for variables known to influence weaning 
outcomes. The trial used a rigorous approach to 
determine the earliest possible initiation of the 
weaning and liberation process and mandated 
daily assessments for SBT readiness. The inter-
national WEAN SAFE trial showed that delays in 
initiating SBTs were associated with subsequent 
weaning failure.2 Our enrollment strategy was 
designed to identify patients who were capable 
of transitioning to partial ventilatory support 
but also to ensure that patients needed ongoing 
mechanical ventilation. We recently showed that 
this strategy resulted in 25% of the patients be-
ing enrolled but not undergoing randomization 
because they passed an SBT and rapidly and 
safely underwent extubation, despite being ex-
pected to need ventilation for at least 24 more 
hours.33 After randomization, SBTs were man-
dated on the basis of the same criteria and tech-
nique in both trial groups. Prompt extubation 
was recommended when patients passed SBTs, 
and this process was accomplished with excel-
lent adherence to the protocol.

In addition to instituting best-evidence prac-
tices for weaning, the PSV and PAV+ strategies 
were treated similarly in the protocol so that a 
difference in outcome would be attributable to 
the mode rather than to variability in the ap-
proach for setting the ventilator. Our PAV+ algo-
rithm mandated the maintenance of respiratory 
effort within a normal range. By specifying a 
target range for respiratory rate and tidal vol-
umes, the PSV strategy may have exacted a more 
consistently controlled delivery of pressure sup-
port than that which occurs with usual care. An 
index of respiratory drive (P0.1) was in the nor-
mal range in a similar percentage of patients in 
the two groups, which suggests that the respira-
tory effort was similar with both interventions. 
The weaning outcome may be more dependent 
on a systematic approach than on the ventilation 
mode itself when the settings are carefully con-
trolled.

The findings of the PROMIZING trial con-
trast with those of other clinical trials of propor-
tional modes of ventilation that show favorable 
results. A randomized clinical trial that was 
performed at a highly experienced center showed 
less need for alarm interventions and significantly 
fewer switches to assist–control mode with PAV+ 
than with PSV in the first 48 hours of assisted 
ventilation.23,41 In our trial, clinicians switched 
to assist–control mode more often with PAV+ 
than with PSV and reported more ease of use 
with PSV than with PAV+. These results may re-
flect a lack of familiarity with PAV+ in some 
participating centers. A randomized clinical trial 
in which neurally adjusted ventilatory assist 
(NAVA) — another proportional mode of ventila-
tion — was evaluated showed a shorter time to 
ventilator liberation in the NAVA group than in 
a control group in which the choice of mode (as-
sist–control, pressure-regulated volume control, 
or PSV) was at the clinician’s discretion.42 Pos-
sible explanations for our findings include the 
lack of a “usual care” group, the possibility that 
the clinicians may not have been sufficiently fa-
miliarized with PAV+, and the possibility that the 
mode itself does not affect weaning time.

Two hypothesis-generating findings regard-
ing the use of concurrent interventions may 
merit formal testing. The trajectory of weaning 
sedatives over time may be more rapid with PAV+ 
than with PSV. The administration of sedative 
medications was not specified in the trial proto-
col; only recommendations were provided. Simi-
larly, the results suggest a slightly lower number 
of trial days of delirium with PAV+ than with 
PSV, although this finding is limited by missing 
data. The reduction of both sedation and deliri-
um is an important clinical goal. Future re-
search should explore the relationship between 
sedation, delirium, and neurocognitive outcomes 
with PAV+.

The PROMIZING trial is among the largest 
trials to date in which PAV+ was compared with 
PSV, and the trial is further strengthened by thor-
ough data collection and a high level of follow-up 
through day 90. The trial sites were primarily 
academic centers with expertise in mechanical 
ventilation, which may limit the generalizability 
of our findings. Furthermore, the control group 
in our trial was not usual care, which may in-
clude the use of assist–control mode until SBTs 
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are started; whether our algorithms for PAV+ and 
PSV would perform better or worse than usual 
care is unknown. At the time of randomization, 
the patients had been receiving ventilation for 
approximately 5 days; the effect of earlier intro-
duction of PAV+ is not known. As in many criti-
cal-care trials, the inclusion of a heterogeneous 
population of critically ill patients may have 
obscured a positive result in some subgroups of 
patients. We tested one method of setting PAV+ 
gain on one brand of ventilator. PAV+ will be 
available in the future on other ventilators with 
potentially different ways of setting the gain. 
Whether other features will enhance PAV deliv-
ery and clinical outcomes would require further 
study.

In this trial, the time to liberation from me-
chanical ventilation did not differ significantly 
between the PAV+ and PSV ventilation algo-
rithms, whereby the settings were carefully ad-
justed and the liberation process was strictly 
controlled.
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