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An alveolar recruitment maneuver (ARM) involves the
transient application of high transpulmonary pressures to
achieve threshold opening pressures in collapsed peripheral
airways and alveoli. The expectation of ARM:s is to improve
oxygenation, lung compliance and potentially facilitate
alveolar fluid clearance (1,2). Although the origins of ARM
as a clinical tool were for treating intra- or post-operative
atelectasis (3), beginning in the 1990’s ARM became a
central feature of “open-lung ventilation” (OLV), a lung-
protective ventilation strategy for managing patients with
acute respiratory distress syndrome (ARDS) (4).

The physiologic rationale for utilizing ARM is that
ARDS is characterized by decreased functional residual
capacity from (I) underinflated alveoli that are vulnerable
to collapse, and (II) atelectatic or “de-recruited” alveoli
and peripheral airways (5). Severe ARDS often reflects the
contribution of enormous compressive forces emanating
from reduced chest wall compliance (6). Moreover, the
primary basis for OLV is the belief that “atelectrauma” from
repetitive collapse and reopening of peripheral airspaces is
one of the main drivers of ventilator-induced lung injury
(VILI) in severe ARDS.

Since OLV was first described numerous publications
on ARM have appeared in the medical literature (7). Fully
recruiting dorsal-caudal lung regions in ARDS requires the
transient application of inspiratory plateau pressures (Pplat)
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ranging between 40-60 cmH,O (Pplat being a correlate
of peak alveolar pressure, and therefore threshold opening
pressure). Although the physiologic principles underpinning
the efficacy of ARM are well established, its application
in ARDS remains controversial. This is because ARDS
presents uniquely in different patients, and the patterns of
lung injury are heterogeneous within individual patients.
Most importantly it is difficult clinically to ascertain
how much lung tissue is potentially recruitable versus
consolidated. Phrased differently: do we cause more harm
from stretch-related injury by using ARM than we gain
from reducing shear-related injury? Another unsolved issue
is whether “atelectrauma” contributes substantially to lung
injury and mortality in ARDS when relatively higher levels
of PEEP are used?

The recently published study by the ART investigators
is the largest prospective randomized-controlled trial ever
(having enrolled 1,010 subjects) to examine the role of ARM
in ARDS (8). The study compared OLV to the ventilator
protocol from the seminal “ARMA? trial by the NIH ARDS
Network (9). Randomization occurred within 72 h onset of
moderate or severe ARDS.

The OLV strategy included an initial ARM using brief
(1-2 min) step-wise application of positive end-expiratory
pressures (PEEP) of 25, 35 and 45 cmH,O with a driving
pressure (AP) of 15 ¢cmH,O to achieve a maximal Pplat
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Figure 1 The effectiveness of recruitment pressure thresholds
on reducing non-aerated lung tissue based on data reported by
deMatos et al. (13).

of 60 cmH,0. Afterwards, end-expiratory pressure was
determined using a decremental PEEP trial based on best
compliance. This was followed by a second ARM before
resuming low tidal volume (V) ventilation of 6 mL/kg.

The OLV strategy resulted in higher mortality compared
to the ARMA strategy both at study day 28 (55.3 vs. 49.3%
respectively, P=0.041) and at hospital discharge (63.8 vs.
59.3% respectively, P=0.15). This contradicted the results
of both a recent pilot study demonstrating no mortality
difference between OLV and ARMA strategies (29 vs.
33% respectively, P=0.18) (10), as well as a recent meta-
analysis that concluded (albeit with limited confidence due
to study heterogeneity) that OLV reduces mortality risk by
approximately 20% (7).

Evaluating the ART study results will require further
evaluation of more granular data that has not yet been made
public. The study appears to have been well designed, and
baseline characteristics of each arm were well balanced. Of
note, data on the incidence of protocol violations between
study arms were not reported. Certain aspects of the study,
however, raise questions related to comorbidities and overall
mortality, the impact of ARM-related serious adverse events
on additional mortality, the possibility of subtler deleterious
effects of ARM on mortality in general, and a re-evaluation
on the degree to which atelectrauma contributes to VILI in
the era of lung protective ventilation.

First, for subjects eligible for enrollment into a
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randomized controlled clinical trial there was a strikingly
high mortality in both treatment arms. The exclusion
criteria used in the ART study suggests a primary focus
on contraindications to the safe performance of ARM
(e.g., hemodynamic instability, presence of barotrauma,
and intracranial hypertension). In contrast, similarly large
mechanical ventilation trials in ARDS (9,11) excluded
those with substantial mortality risks (e.g., severe chronic
liver failure, bone marrow transplant, metastatic disease,
severe burns, etc.). If subjects with these comorbidities were
allowed to be enrolled into ART; it might explain the overall
higher mortality rate and enhanced mortality risk seen in
the OLV arm.

Second, halfway through the study, the ARM procedure
was amended to lower the targeted Pplat from 60 to
50 cmH,O, because of 3 cardiac arrests associated with
the procedure. During the first 7 days there were 30 more
deaths in the OLV group, wherein the only significant
differences between the groups were the development of
barotrauma and the initiation/acceleration of vasopressors.
The incidence of barotrauma during the first week was
28 (5.6%) vs. 8 (1.6%) subjects for OLV and ARMA
treatment arms respectively, and the associated mortality
was 7 vs. 0 respectively. Over the course of the trial,
hemodynamic instability caused 75% of the incidences
resulting in premature ARM termination.

The finding of no significant difference in “treatment
effects” before and after ARM modification suggests a
more subtle impact of OLV on mortality was present.
Approximately 63% of the OLV group had direct lung
injury (predominantly pneumonia), which is believed to be
less amenable to recruitment because lung consolidation
is the primary lesion (12). When applying ARM there is
a point at which increasing Pplat produces only minor
improvements in recruitment. This likely comes at the
cost of increased risk of stretch-related injury. A curious
side note is that the ART study found no difference in the
need for rescue therapies between treatment arms; as might
be expected if ARMs effected substantial recruitment and
alveolar stability. This particular result is at odds with the
findings of the recent meta-analysis (7).

The above noted complications in the OLV group are
consistent with classic signs of PEEP-induced alveolar
overdistension: decreased compliance and decreased cardiac
output. Moreover, a study of severe ARDS reported that
increasing Pplat from 50 to 60 cmH,O caused the amount
of non-aerated lung tissue to decrease from a marginal 10%
to 5% (13) (Figure 1). Thus, one can question the wisdom
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Table 1 Experimental arms of multi-center randomized controlled trials of higher positive end-expiratory pressure with or without alveolar

recruitment maneuvers in acute respiratory distress syndrome

Studies Pplat (cmH,0) PEEP (cmH,0) APT(cmH,0) V; (ml/kg) FiO, PaO,/FiO, (mmHg)

Baseline data
ARIES (18) (N=50) 32 8.2 23.8 9.9 0.65 110
LOVS (17) (N=436) 30.4 11.5 18.9 8.4 * 145
EXPRESS (11) (N=379) 23.7 8.2 15.5 7.4 * 144
ALVEOLI (16) (N=258) 25.9 12 13.9 6.3 0.70 133
OLAN (10) (N=99) * * * * * 151
Sum/ave (N=1,222) 28 10 18 8.0 0.68 137
ART (8) (N=501) 25.8 12.2 13.5 5.8 120

Study data
ARIES (day =1) 30.6 14.1 16.5 7.3 0.6 139
LOVS (day =1) 30.2 15.6 14.6 6.8 0.5 187
EXPRESS (day =1) 27.5 14.6 12.9 6.1 0.55 218
ALVEOLI (day =1) 27 14.7 12.3 6.0 0.44 220
OLAN (day =1) 27.9 15.8 11.8 5.6 0.40 199
Ave 29 15 14 6.4 0.50 193
ART (day =1) 27.9 16.2 1.7 5.6 * 221

', estimated driving pressure; *, not reported. FiO,, inspired oxygen fraction; PaO,/FiO,, arterial oxygen tension-to-inspired oxygen fraction;
PEEP, positive end-expiratory pressure; Pplat, end-inspiratory plateau pressure; P, driving pressure (Pplat-PEEP); VT, tidal volume.

of an ARM strategy wherein a Pplat >50 cmH,O is the
primary treatment target (e.g., rather than a protocolized,
secondary target when the initial maneuver is found to be
ineffective).

Of particular concern is the seemingly high number
of subjects (N=46, 9.2%) in the OLV arm who received
multiple, additional ARMs (>3) in a study cohort
characterized by direct lung injury (63%) and septic shock
(66%). Over time, repetitive ARMs may have exacerbated
the hyperinflammatory state by potentially causing regional
lung overdistension, bacterial translocation and repeated
gastrointestinal ischemia/reperfusion injury (14,15).

In animal models of pneumonia, bacterial translocation
occurs irrespective of the particular recruitment strategy
employed (14). Persistent depression of mesenteric
perfusion has also been reported despite the return of
systemic blood pressure towards pre-recruitment levels (15).
In regard to the latter, it’s worth noting that a significantly
higher percentage of subjects randomized to the OLV arm
required either initiation or increase in vasopressor support
within 1 h of randomization (34.8% vs. 28.3%, P=0.03).
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It bears mentioning that increased mortality in the
OLV group is unlikely attributable to the higher mean
PEEP levels compared to the ARMA group as it was
only 3-4 cmH,O; whereas mean PEEP differences of
6-8 cmH,0O were reported in 3 previous major lung
protective ventilation studies of higher PEEP (EXPRESS,
ALVEOLL and LOVY). In these studies, the mortality was
not different between treatment arms and was substantially
lower than that reported in the ART study (11,16,17).

Interpreting mortality in the ART study is difficult. The
most reasonable approach is to compare outcomes with
the experimental arms in similar trials (11,16-18) (Table I).
It appears that those in the ART study had somewhat
worse pulmonary function at enrollment characterized by
a lower mean arterial oxygen tension-to-inspired oxygen
fraction (PaO,/FiO,) on a modestly higher PEEP level.
However, following enrollment, subjects in the ART study
had a higher PaO,/FiO, on a similar PEEP and lower V-,
Pplat, and AP compared to those previous trials. These
findings invite the expectation of improved (or at least
equivalent) outcomes with previous trials (19). Yet in those
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trials the 28-day or intensive care unit mortality ranged
between 25-32% while mortality at hospital discharge (or at
60-180 days after enrollment) was 25% to 36%. Again, this
suggests that differences in exclusion criteria and illness
severity (particularly the presence of septic shock) may
partly explain the higher mortality in the ART study.

We would emphasize that 63% of subjects in the ART
study received only 2 RMs on the day of enrollment (lasting
a total of 6 min). Given our understanding of VILI and the
accumulated science on ARM, it seems unlikely that such
a brief exposure for those who tolerated the initial ARMs
would have contributed to the excess mortality.

Prior studies in patients with ARDS have demonstrated
that exposure to 6 h of an injurious ventilatory pattern
(i.e., Vp of 12 mL/kg, AP of 26 cmH,O, PEEP of
5 ecmH,0) causes increased plasma levels of proinflammatory
mediators (measured at 1 h) which subsequently decrease
6 hours after the return to lung-protective ventilation (20).
The data also implied that the simultaneous rise in alveolar
proinflammatory mediators estimated over the first 1 h was
negligible. Mechanistically this suggests that VILI (and
hence VILI-associated mortality) is more likely related to
a sustained exposure to an injurious pattern in those with a
hyper-inflammatory state. Notwithstanding, this evidence
does not preclude the possibility that in those receiving
multiple ARMs, repeated bursts in plasma proinflammatory
mediators coupled with (or related to) mesenteric
hypoperfusion/bacterial translocation may have contributed
to excess mortality in the ART study.

This leaves three questions to be answered. First, is
there something uniquely damaging in performing an
ARM at pressures of 50-60 cmH,O that has not previously
been recognized? Although we have argued that this
seems unlikely (at least in those who only received the
initial ARMs without apparent harm), it behooves the
study investigators to perform a thorough post hoc analysis
to elucidate whether all or a subset of subjects were at
increased mortality risk from OLV.

Second, does atelectrauma truly pose a substantial risk
for developing VILI in most patients with moderate or
severe ARDS? The answer requires discussing issues related
to epithelial cell wounding, as well as the distribution and
magnitude of opening and closing pressures. Stress injury
to epithelial cells tends to be caused by movement and/
or rupture of liquid bridges and liquid plugs that cross the
epithelial surface. Thus, interventions like OLV which are
designed to minimize airspace fluid and plug formation are
generally lung protective (21).
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By increasing end-expired lung volume and transalveolar
pressures, OLV reduces the probability of airspace occlusion
by liquid bridges, while also promoting the translocation of
edema fluid from airspaces to the interstitium (21). If lung
compliance also improves (signifying increased alveolar
surface area to accommodate tidal ventilation), reduced tidal
stress is an additional benefit. Over a period of several days,
however, damage from interfacial stress may no longer be of
major concern as airspace fluid will have largely solidified.
Thus, a sustained risk from this aspect of shear-injury
subsumed under the rubric of atelectrauma may not be as
great as previously supposed.

In addition, threshold opening pressures in ARDS
appears to follow a bimodal distribution with most
lung units requiring a Pplat of only 20-35 ¢cmH,0 to
achieve recruitment (22). It has also been demonstrated
that following recruitment, subsequent, consequential
derecruitment mostly seems to occur when PEEP is
<10 emH,0 (23). Therefore, as a general guide setting
PEEP between 10-16 cmH,O along with a V1 producing
driving pressures (AP) <15 emH,O, is probably sufficient
to manage most ARDS cases. The caveat being that it also
reduces prolonged exposure to severe hyperoxia (e.g., FiO,
>0.70). This approach was illustrated in a study whereby
ARDS subjects ventilated at a 6 mL/kg V had their PEEP
raised by 4 cmH,O above the lower inflection point (i.e.,
from 11 to 16 cmH,0) (24). This caused an increase in
Pplat from 28 to 32 ¢cmH,O that was associated with
substantial increases in mean end-expiratory lung volume
and improved oxygenation.

Moreover, others have reported that only about 25% of
subjects require threshold opening pressures >50 cmH,O
for “full alveolar recruitment” (22). Therefore, in answer
to the second question, atelectrauma is unlikely to be a
significant problem when the targeted Pplat doesn’t reach
these threshold pressures on a breath-to-breath basis.
Hence, the derecruited lung tissue in these “recalcitrant”
dorsal-caudal regions is functionally protected from shear
injury. Historically, atelectrauma was likely a frequent
occurrence in ARDS, and major contributor to VILI,
when a large V,/ low PEEP strategy was pervasive; but not
necessarily in the era of lung protective ventilation.

A final question raised by the ART investigation is when
and in whom do the benefits of OLV outweigh the risks?
To categorically reject the use of ARM in ARDS would be
unwise as there is a minority of severe ARDS cases wherein
high PEEP, prone positioning and even extracorporeal
membrane oxygenation are insufficient. In our experience,
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this tends to occur when severe ARDS is complicated by
substantial alterations in chest wall compliance and/or when
lobar collapse is superimposed upon diffuse inflammation.

As an example, when ARDS is complicated by intra-
abdominal hypertension related to injury, infection or
morbid obesity, intra-abdominal pressures transmitted to
the chest cavity may exceed 25 mmHg (34 cmH,0) (25).
These situations usually occur in “extra-pulmonary ARDS”
wherein the lungs are often amenable to recruitment. OLV
using ARM threshold opening pressures of 50-60 cmH,O
may be necessary to overcome: (I) superimposed pressures
from increased chest wall elastance and overlying edematous
lung/mediastinal contents acting on the dorsal-caudal lung
regions; and (II) high surface tension forces and increased
viscosity of airway lining fluid/edema.

Given common “provocations” for derecruitment
associated with routine care (e.g., intra-hospital transports,
procedures, etc.), ARM may continue to play an important
role in limiting exposure to hypoxemia, hyperoxia and
increased tidal stress, even in ARDS patients. Further
analysis of the ART study data as well as additional studies
is needed to help inform the use of ARM in ARDS. Until
further evidence suggests otherwise, OLV should still be
considered on a case-by-case basis as a rescue therapy.
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