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In the past 30 years the medical literature has been enriched
with numerous publications reporting on randomized
clinical trials, meta-analysis and service reviews on invasive
ventilation in critically ill patients (Figure I). For many years
the investigations on lung-protective ventilation focused on
patients with acute respiratory distress syndrome (ARDS).
Interest in the effects of lung-protective ventilation in
patients without ARDS is rapidly increasing, however,
resulting in a steep rise of the number of publications on
lung-protection in patients without ARDS.

The seminal ARMA trial performed by the ARDS
network-investigators two decades ago convincingly showed
survival benefit from a ventilation strategy with a low tidal
volume (V) [6 mL/kg predicted body weight (PBW]]
when compared to a ventilation strategy with a high V.
(12 mL/kg PBW) in patients with ARDS (1). This finding,
together with results from several other studies comparing
ventilation strategies with a low versus a high V.. preceding
the ARMA trial (2-5) induced a worldwide change in
ventilator management. Indeed, ventilation strategies with
a low V1 became widely used in patients with ARDS, as
suggested by the findings of three large service reviews in
2002, 2008 and 2013 (6-8), and the more recent ‘Large
observational study to UNderstand the Global impact of
Severe Acute respiratory FailurE’ (LUNG SAFE) (9).

Two randomized clinical trials, one conducted in the
United States (10) and one in The Netherlands (11), showed
benefit from V reduction in patients without or at risk for
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ARDS. These two studies compared a ventilation strategy
with a low Vi of 6 mL/kg PBW with a ventilation strategy
with a V1 of 12 (10) or 10 mL/kg PBW (11), respectively.
Ventilation with a low Vi resulted in less pulmonary
infections (10), and less progression to ARDS (11). It should
be mentioned though, that the evidence for benefit from
ventilation with a low V7 in these two studies was much
less convincing then the evidence for benefit in the ARMA
trial (1). This was caused, for instance, by the fact that
outcome measures were largely subjective in the American
study (10) but also because the Dutch ‘High versus Low
tidal volumes in patients Not having Acute Lung Injury’
(HiLoNALI) trial was stopped early, as such decreasing its
validity (11). Lastly, both studies included relatively small
numbers of patients (10,11). Nevertheless, one conventional
meta-analysis (12) and two individual patient data (IPD)
metanalyses (13,14) confirmed the findings of these two
studies.

Certainly driven by the positive results of the ARMA trial
in patients with ARDS (1), and maybe also by the findings in
the abovementioned investigations in patients without ARDS
(10-14), ventilation strategies with a low V. became common
also in patients without ARDS. This was demonstrated in the
latest service review on ventilation management in resource-
rich settings, the ‘Practice of Ventilation in Patients without
ARDS’ (PRoVENT) study (15). Probably, service reviews in
resource-limited settings will show the same picture (16).

However, meta-analysis in general, and IPD meta-
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STUDIES FOCUSING ON THE EFFECTS OF V; SIZE

2018 PReVENT trial, 4-6 vs. 8-10 mL/kg PBW (17)
2015 IPD meta-analysis on V; (14)
2014 IPD meta-analysis on V; (13)
2012 Conventional meta-analysis on V; (12)
2010 HiLoNALI trial, 6 vs. 10 mL/kg PBW (11)
1990 RCT, 6 vs. 12 mL/kg PBW (10)

not ARDS

2000 ARMA trial, 6 vs. 12 mL/kg PBW (1)
1999 RCT, 7 vs. 11 mL/kg PBW (5)

1998 RCT, 7 vs. 11 ml/kg PBW (4)
1998 RCT, 7 vs. 10 mL/kg PBW (3)

International service reviews

showing increased use of ventilation
with a low V; and high PEEP

2016 LUNG SAFE (9) fé)

2002 worldwide service review (6) E

2008 VENTILA study (7) 2019 IPD metaanalysis of power (28)
2013 worldwide service review (8)
2016 PROVENT study (15) <

2018 PRoVENT-IMIC study (16) é

STUDIES FOCUSING ON THE EFFECTS OF POWER LEVELS

STUDIES FOCUSING ON THE EFFECTS OF PRESSURE LEVELS

1998 RCT, 6 mL/kg PBW + high PEEP vs. 12 mL/kg PBW + low PEEP (2)
2004 ALVEOLI trial, 13 vs. 8 cmH,0 PEEP (19)

2008 LOVES trial, 15 vs. 10 cmH,O PEEP (20)
2008 EXPRESS trial, 15 vs. 7 cmH,0 PEEP (21)
2010 IPD metaanalysis on PEEP (22)

2015 IPD metaanalysis on AP (18)

2017 ART trial, 16 vs. 13 cmH,0 PEEP (23)

2008 RCT, 0 vs. 5-8 cmH,0 PEEP (24)
2016 Conventional metaanalysis on PEEP (25)
2018 RELAX trial, 0-5 vs. 8 cmH,0 PEEP (26)

Saydyv jou

VOLUME, PRESSURE or POWER?

VOLUME = tidal volume (V) normalized for PBW
PRESSURE = PEEP, P, or P, or AP
POWER = mechanical power of ventilation

Study result suggests benefit, harm
or no effect from low V;, high PEEP
or low AP, or low power

2018 IPD metaanalysis of power (27) CGREENCBENERN)

L\3plsTe “not ARDS

BLACK = NEITHER BENFIT NOR HARM
RED = HARM
GREY = PENDING

Figure 1 Randomized clinical trials, meta-analysis and service reviews in patients with ARDS, and patients without ARDS, with year of
publication and (ref). Studies had their focus on the effects of ‘VOLUME?’ (i.e., tidal volume), ‘PRESSURES’ (i.e., positive end-expiratory

pressure, maximum or plateau airway pressures, or driving pressure), and ‘POWER’ (i.e., mechanical power of ventilation). Studies referred

to in green fonts showed benefit of the intervention tested; studies referred to in black fonts failed to show benefit; studies referred to in red

fonts showed harm; studies referred to in grey fonts are currently running. See text for details on each (1-15) investigation (16-28). V., tidal

volume; PBW, predicted body weight; PEEP, positive end-expiratory pressure; ARDS, acute respiratory distress syndrome; P, maximum

airway pressures; P, plateau airway pressures; AP, driving pressure; RCT, randomized clinical trial; IPD, individual patient data.

analysis in particular, can suffer from several weaknesses.
One of the major caveats of the two IPD meta-analysis
mentioned above is that they included patients from
investigations performed and published many years apart
(13,14). Over this long time span not only ventilator-
related strategies, but also strategies unrelated to ventilator
management changed (6-8), while outcomes of critically
ill patients improved. This improvement may have been
related to changes in e.g., V- settings, however, it is not
unlikely that factors unrelated to ventilator management
played a role herein.

Second, Vi varied widely in the two IPD meta-analysis,
from very low (e.g., <6 mL/kg PBW) to very high (e.g.,
>12 mL/kg PBW) (13,14). Consequently, the associations
that were found could have been driven more by harm
from ventilation strategies using a very high Vi, rather than
benefit from strategies using a low V. Here, we should
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appreciate the fact that ventilation with such high V. fell out
of use in patients without ARDS, as clearly illustrated in the
publication of the already mentioned PROVENT study (15).
Third, patients included in the studies pooled in the
IPD meta-analysis (13,14) received controlled ventilation
more often, and were also switched to supported modes of
ventilation much later than patients are nowadays. Of note,
this was also true for patients in the two only studies that
randomized patients without ARDS to ventilation with a
low Vi or ventilation with a high V; (10,11). Compared to
spontaneous breathing and supported ventilation, controlled
ventilation decreases the amount of aerated lung tissue due
to inactivity of the diaphragm. This could, at least in theory,
increase the harmful effects of ventilation with a high V.
Thus, it remained uncertain what Vi to use in patients
without ARDS. Therefore, the PROVE network-
investigators designed and performed the ‘PRotective
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VENTilation in patients without ARDS’ (PReVENT)
trial, a randomized study comparing ventilation with
a low Vi (4 to 6 mL/kg PBW) to ventilation with an
intermediate Vi (8 to 10 mL/kg PBW) (17). A pragmatic
protocol was used with similar targets in both arms for all
ventilatory settings and variables, except for the V. and the
respiratory rate. Volume-controlled ventilation was used,
with the preference to switch early to pressure support
ventilation under light sedation. The plateau pressure with
volume-controlled ventilation, and the maximum pressure
with pressure support ventilation were to be kept below
25 emH,0. The lowest pressure support level allowed was
5 ¢cmH,0O in both ventilation groups. Uncontrollable
acidosis, a too high respiratory rate (>35 per minute),
and patient-ventilator asynchrony which could not be
controlled, e.g., by switching from a controlled to a
supported ventilation mode, were the three only reasons
for increasing Vr in the low Vi group. Additional use of
sedatives and muscle relaxants, in order to keep Vr within
the predefined ranges, was never allowed in this study.

The number of ventilator-free days and alive at day
28, the primary endpoint of the PReVENT trial, was not
different between the two ventilation groups (29). There
were also no differences in mortality, length of stay, and
the occurrence of pulmonary complications. Thus, it was
concluded that a ventilation strategy targeting a low Vr
may be as effective as one that targets an intermediate Vo
with respect to the number of ventilator-free days and alive
at day 28, in ICU patients without ARDS who are lightly
sedated and quickly weaned to pressure support ventilation.

The study protocol of the PReVENT trial was criticized
in an accompanying editorial with the publication of the
main results (30). It was commented that the protocol
could have been too complex, and not suited to provide a
sufficient difference between the two ventilation groups.
The first comment is incorrect. The nurses and doctors
who used the study protocol found it easy to follow, and
adhered to it very well. The second comment seems correct,
but only in part. Indeed, one should hold in mind that light
sedation was to be practiced if possible, and as mentioned
above, muscle relaxants were not allowed to keep V. within
the predefined ranges. This means that patients were
quickly weaned from controlled ventilation to pressure
support ventilation, and indeed much faster than in the two
previous studies that compared ventilation with a low versus
a high V- in patients without ARDS (10,11). Consequently,
V. was less controllable in the PReVENT trial, resulting
in less, though still statistically significant contrast between
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the ventilation groups. Most important however, is that
the study protocol with regard to ventilator-related and
-unrelated management reflects todays practice.

Another comment on the PReVENT trial was that
the study was still underpowered, partly due to the
heterogeneous study population included (31). We do
not believe this is the case, and of note, in none of the
predefined or post-hoc subgroup analyses a difference
between was found between the two ventilation groups with
regard to the primary endpoint (30,32).

One could argue that the findings of the PReVENT
trial mean that a (further) reduction in V. is not needed in
patients without ARDS. We warn against this logic. First,
the study population of the PReVENT trial included mainly
patients who could be quickly weaned to pressure support
ventilation. A reduction in V- could still be beneficial in e.g.,
sicker patients who need controlled ventilation for a longer
period of time. Second, ventilation with an intermediate
Vyin the PReVENT trial resulted in Vy of ~9 mL/kg
PBW, while the two preceding randomized trials that
showed benefit of Vi reduction used much higher V; in
their control arms [i.e., 12 mL/kg PBW (10) and 10 mL/kg
PBW (11), respectively]. Indeed, as the PReVEN'T trial
did not compare ventilation with a low V. to ventilation
with a high V., but ventilation with a low V- to ventilation
with an intermediate V-, we should not conclude that
ventilation with high V7 is safe. Interesting in this context,
in absence of studies comparing ventilation with a low V- to
ventilation with an intermediate V- in patients with ARDS,
no one ever argued that ventilation with an intermediate V¢
could be equally safe as ventilation with a low V. in patients
with ARDS.

In the PReVENT trial, it was also found that
patients ventilated with a low V; had a lower driving
pressure (AP) compared to patients ventilated with an
intermediate V. AP, defined as the difference between
plateau pressure and the level of positive end-expiratory
pressure (PEEP), reflects the strain applied on lung tissue
in patients receiving ventilation (18). The issue of AP has
attained special interest in recent years. In patients with
ARDS, AP is consistently and repeatedly referred to as
the most important ventilator variable associated with
relevant outcomes (9,18), even if these patients are put
on extracorporeal membrane oxygenation (33). Indeed, a
cut-off of 15 cmH,O of AP is widely proposed and used
at the bedside as a safety limit in patients under invasive
ventilation. However, it is important to emphasize that the
evidence so far came from observational studies and IPD
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meta-analysis only. One could argue that the ability of AP to
predict outcome is attributable to the fact that the variables
that define this parameter are themselves highly predictive
of survival. Although the concept of aiming for a low AP
is appealing, it remains uncertain whether it is feasible,
and last but not least beneficial to lower AP per se rather
than V. Nevertheless, in the PReVENT trial all patients
were ventilated with AP well below the cut-off mentioned
above—even in the patients that were randomized to the
ventilation strategy with an intermediate V.

Ventilation with a low V. could induce alveolar
instability, resulting in an increased risk of atelectasis and
consequent cyclic opening and closing of alveolar unit. Also,
a decrease in functional residual capacity could happen,
leading to a rise in AP and thus an increased risk of lung
injury. PEEP may recruit and stabilize alveoli, thereby
decreasing AP when a low V. is used (2). PEEP, however,
can also lead to overdistension of nondependent lung
tissue, which than increases AP. Three pivotal clinical trials,
the ‘Assessment of Low tidal Volume and Elevated end-
expiratory pressure to Obviate Lung Injury’ (ALVEOLI)
trial (19), the ‘Lung Open Ventilation to decrease mortality
in the acute respiratory distress Syndrome’ (LOVES)
trial (20) and the ‘EXpiratory PRESSure’ (EXPRESS)
trial (21) failed to show benefit of a ventilation strategy with
high PEEP compared to low PEEP in patients with ARDS,
while an IPD metaanalysis of these three studies suggested
benefit from high PEEP in patients with moderate to severe
ARDS (22). However, opposite to expectations, a ventilation
strategy with high PEEP, titrated to the compliance of the
respiratory system, was shown to be harmful in patients
with severe ARDS—indeed, while in the recent ‘Alveolar
Recruitment for acute respiratory distress syndrome Trial’
(ART) ventilation with high PEEP resulted in lower AP,
this strategy increased mortality and morbidity (23). In a
way to better titrate high PEEP in patients with ARDS, the
more recent ‘Esophageal Pressure-directed VENTilation’
(EPVEN'TT-2) trial compared a strategy with high PEEP
guided by frequent esophagus pressure measurements to
a strategy in which PEEP was guided by a frequently used
PEEP/FiO, table (34). This study, unfortunately, showed
no benefit from a strategy with high PEEP guided by
esophagus pressures.

This brings up the question whether or not patients
without ARDS benefit from prophylactic high PEEP, or
from PEEP at all. Although the results of one Spanish trial
suggest that prophylactic high PEEP in patients without
ARDS reduces the number of hypoxemia episodes and the
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incidence of ventilator-associated pneumonia (24), a recent
conventional meta-analysis of studies on PEEP clearly
demonstrated the lack of evidence for benefit of ventilation
with prophylactic high PEEP, and also of ventilation
with PEEP at any level, in patients without ARDS (25).
Nevertheless, PEEP is increasingly used in these patients,
and at increasing levels. The recently started ‘REstricted
versus Liberal positive end-expiratory pressure in patients
without ARDS’ (RELAX) trial tests the hypothesis that the
lowest possible PEEP is sufficient, compared to a standard
PEEP of 8 emH,0 in patients without ARDS (26), a level
that is currently frequently used in these patients (35).

More recently it has been hypothesized that outcome of
ICU patients under invasive ventilation can be explained
by the amount of energy that the mechanical ventilation
delivers at each breath (27,36). Energy depends on Vo,
plateau pressure, respiratory rate and air flow, and when the
energy is expressed per unit of time it receives the name
of ‘mechanical power’. ‘Mechanical power’ thus unifies
all ventilator-variables associated with ventilator-induced
lung injury. Data from observational studies suggest that
‘mechanical power’ is strongly associated with outcome
of patients with ARDS (28), and even of patients without
ARDS (27). In the PReVENT trial, probably ‘mechanical
power’ was low in most, if not all patients, as V1, and
consequent also AP, were low. Research on this topic is still
in its infancy—we foresee there will be many studies on
‘mechanical power’, in patients with ARDS, and patients
without ARDS in the near future.

In conclusion, in patients without ARDS who are lightly
sedated and quickly weaned to pressure support ventilation,
ventilation with an intermediate V' seems as safe as ventilation
with a low V.. Despite these findings, we favor the continued
use of ventilation with a low V-, since the PReVENT
trial showed no disadvantages from ventilation with a low
V., and patients who need deeper sedation and longer
controlled ventilation could still benefit from V. reductions.
Finally, a diagnosis of ARDS is frequently missed (9).
There is no doubt these latter patients benefit from
ventilation with a low V., leading to ventilation with a lower
AP and less ‘mechanical power’. Whether or not PEEP
should be used prophylactically, and whether low AP and low
‘mechanical power’ should be targets of ventilation strategies
in patients without ARDS remains highly uncertain.
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