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Personalized Positive End-Expiratory
Pressure and Tidal Volume in Acute

Respiratory Distress Syndrome:

Bedside Physiology-Based Approach

OBJECTIVES: Positive end-expiratory pressure and tidal volume may have a key
role for the outcome of patients with acute respiratory distress syndrome. The va-
riety of acute respiratory distress syndrome phenotypes implies personalization of
those settings. To guide personalized positive end-expiratory pressure and tidal
volume, physicians need to have an in-depth understanding of the physiologic
effects and bedside methods to measure the extent of these effects. In the pre-
sent article, a step-by-step physiologic approach to select personalized positive
end-expiratory pressure and tidal volume at the bedside is described.

DATA SOURCES: The present review is a critical reanalysis of the traditional and
latest literature on the topic.

STUDY SELECTION: Relevant clinical and physiologic studies on positive end-
expiratory pressure and tidal volume setting were reviewed.

DATA EXTRACTION: Reappraisal of the available physiologic and clinical data.

DATA SYNTHESIS: Positive end-expiratory pressure is aimed at stabilizing alve-
olar recruitment, thus reducing the risk of volutrauma and atelectrauma. Bedside
assessment of the potential for lung recruitment is a preliminary step to recognize
patients who benefit from higher positive end-expiratory pressure level. In patients
with higher potential for lung recruitment, positive end-expiratory pressure could
be selected by physiology-based methods balancing recruitment and overdisten-
sion. In patients with lower potential for lung recruitment or in shock, positive end-
expiratory pressure could be maintained in the 5-8cm H,O range. Tidal volume
induces alveolar recruitment and improves gas exchange. After setting personal-
ized positive end-expiratory pressure, tidal volume could be based on lung infla-
tion (collapsed lung size) respecting safety thresholds of static and dynamic lung
stress. Positive end-expiratory pressure and tidal volume could be kept stable for
some hours in order to allow early recognition of changes in the clinical course
of acute respiratory distress syndrome but also frequently reassessed to avoid
crossing of safety thresholds.

CONCLUSIONS: The setting of personalized positive end-expiratory pressure
and tidal volume based on sound physiologic bedside measures may represent an
effective strategy for treating acute respiratory distress syndrome patients.

KEY WORDS: acute respiratory distress syndrome; personalized medicine;
protective ventilation; recruitment; ventilator-induced lung injury

ine-tuning of mechanical ventilation settings may be a life-saving treat-
ment for acute respiratory distress syndrome (ARDS) (1, 2). Since the
very first clinical description of ARDS, Ashbaugh et al (3) reported
lower mortality in patients treated with positive end-expiratory pressure
(PEEP) or sigh breaths. The role of protective ventilation combining PEEP
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and low tidal volume (VT) (4) to minimize the risk of
ventilator-induced lung injury (VILI) (5) is now well
established (6).

Subsequent studies failed to find the average PEEP
and VT values that could further reduce mortality
(7-11). Thus, application of evidence-based medicine
in this field may be complicated; for example, patients
with severe ARDS may benefit from higher PEEP, but
this was demonstrated through pooled analysis of
studies using very different methods to select PEEP
(7-9). The selection of low VT can result in similar
conflicting methods to size it (predicted body weight
[PBW] vs driving pressure).

As average values from randomized controlled trials
(RCTs) are currently lacking, the author reasoned that
a bedside physiologic understanding of the individual
patient might guide the selection of PEEP and VT.
Recent studies introduced ARDS phenotypes based on
radiological findings (12) or inflammation and clinical
data (13) to guide personalized ventilation manage-
ment. Those findings advocate for personalized titra-
tion of PEEP and VT to fully exploit their protective
effects.

PERSONALIZED PEEP
Physiologic Effects of PEEP

The ARDS lungs (14) are characterized by heter-
ogenous collapse of gravity-dependent and highly
inflamed zones, which induces a reduction of the res-
piratory system compliance (C,.). Alveolar collapse
represents one of the main triggers for the detrimental
effects of ventilation. Smaller functional lung volume
determining lower compliance requires higher inspir-
atory pressure (transpulmonary pressure: AP, ), which
induces larger parenchymal stress (barotrauma) (15).
Excessive and repeated lung stress is associated with
lung damage (16) and poorer prognosis (17). Lung
damage is also proportional to the ratio between VT
and the collapsed lung (volutrauma), and the smaller
the denominator, the higher the risk of VILI. Finally,
larger alveolar collapse increases the number of lung
units at risk of cyclic opening and closing during tidal
breathing (atelectrauma).

Increasing the size of the collapsed lung through
stable alveolar recruitment may dampen these effects,
thus representing a key goal of the ventilatory manage-
ment of ARDS.
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Once recruited by higher inspiratory pressure, PEEP
keeps the lungs open (18, 19), stabilizing recruitment.
PEEP provides protection against lung collapse (20)
and alveolar flooding by inflammatory edema (18).
The recruited lung units react to tidal ventilation, in-
crease the collapsed lung size, and break the vicious
cycle of baro-, volu- and atelectrauma, promoting lung
healing (21) (Table 1). PEEP stabilizes recruitment by
granting an end-expiratory pressure higher than the
alveolar and/or airway closing pressures (20), which
are usually higher in the dependent areas (22).

When PEEP stabilizes recruitment (23), atelec-
trauma (24), inflammation (25) and alveolar damage
(26) are reduced, and often, oxygenation improves. In
ARDS, appropriate application of PEEP may also be an
efficient way to reduce the ventilation-perfusion mis-
match (27).

Nevertheless, PEEP carries the intrinsic risk of se-
rious detrimental effects, amplified by the heteroge-
neity of ARDS lungs. When recruitability is minimal
or absent, setting inadequate high PEEP may lead to
hemodynamic instability (28). This adverse effect may
be particularly dangerous in nonrecruitable patients
with inadequate volume status (29) and risk dysfunc-
tion of the right side of the heart (30). In contrast, set-
ting higher PEEP in recruitable patients could optimize
hemodynamics (31, 32). Inappropriate high PEEP may
also induce overdistension of already open lung units,
with an increase in the amount of overinflated tissue in
the nondependent zones (32). In extreme cases, PEEP-
induced overdistension may favor barotrauma and
life-threatening complications (33).

VILI is an extremely complex phenomenon, not
only dependent on airway pressure but also on tis-
sue inflammation, pulmonary blood flow, and micro-
vascular structure as well. Furthermore, the effects of
airway pressure on the lung also depend on patient
position, chest wall mechanics, and the use of inspira-
tory muscles (5, 21). Thus, stable recruitment enabled
by PEEP enhances lung protection if all other factors
remain unchanged, whereas it should be reassessed if
these change.

Assessing Potential for Lung Recruitment

CT scan studies taught the researchers that ARDS
patients present high interindividual differences in
response to PEEP (34, 35). End-expiratory CT scans
performed at two PEEP levels can quantify the weight
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TABLE 1.

Physiologic Effects of Positive End-Expiratory Pressure and Tidal Volume

Physiologic Effects

Positive End-Expiratory Pressure

Tidal Volume

Beneficial effects
pressure
Larger baby lung size
Alveoli stabilization
Reduced volutrauma
Reduced atelectrauma
Adverse effects Alveolar overdistension
Barotrauma

Hemodynamic impairment

Recruitment by higher inspiratory

Improved Co, clearance by dead space
washout

Recruitment stabilization

Surfactant production

Alveolar overdistension
Volutrauma

Barotrauma

of the nonaerated lung at each level. The difference
between the nonaerated lung weight at lower PEEP
minus the higher PEEP value represents the weight
of the recruited lung. CT-based potential for lung
recruitment (PLR_ ) is the weight of the recruited
lung as a percentage of the total lung weight (35).
Identification of patients with higher PLR_ (i.e., >
10%) represents a first step to correctly assessing the
potential benefit of higher PEEP (35). However, CT is
not a bedside tool, and transport to the CT room may
be dangerous and labor consuming; also, repeated
testing for PLR ., during the course of ARDS may be
cumbersome, and patients may receive an excessive
amount of radiation.

An alternative principle to measure potential for
lung recruitment (PLR) at the bedside relies on dif-
ferentiating the predicted versus the measured effects
of PEEP on lung inflation (PLR based on lung in-
flation [PLR . ]). A number of bedside techniques
can measure the global change in end-expiratory
lung volume (AEELVglobal) between two PEEP lev-
els: namely, electrical impedance tomography (EIT)
(36, 37), helium dilution technique (37, 38), oxygen
or nitrogen washout-washin methods (39, 40), and
the difference between expired and set VT measured
by the ventilator pneumotachograph when PEEP is
decreased (41, 42).

The measured AEELV is made up of two parts
(Fig. 1). First, already aerated lung regions simply in-
flate due to the rise in airway pressure without any re-
cruitment, generating an expected increase in change in
end-expiratory lung volume (AEELV) which is not as-
sociated with any change in the lung size. The increase
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in lung volume will equal the change in PEEP (APEEP)
multiplied by the C_ at a lower starting PEEP (40):
AEELV = Cgs at thelower PEEP X APEEP (1)

expected

Second, a fraction of collapsed lung units may be
recruited by the higher PEEP, resulting in an unex-
pected increase of AEELV. The larger this fraction of
newly recruited units, the larger will be the improve-
ment of the functional lung size and the reduction of
the risk of VILI (38, 40). This recruited lung volume

(Vi) can be measured as the part of AEELV .
exceeding AEELVexpecte (37, 40):
VREC = AEELVglobal - AEELVexpected (2)

An alternative bedside method to calculate the V. is
to perform two pressure-volume curves (Fig. 1A) (40).

Once the V_, has been reached, the ratio between
the size of the newly recruited lung areas divided by
the size of the starting collapsed lung will be a measure
of the PLR . (15). The size of aerated lung regions is
proportional to compliance; thus, the ratio of the com-
pliance of V- divided by the compliance of the col-
lapsed lung will be an estimate of PLR . (42, 43). A
recent publication alternatively named PLR . as the

recruitment to inflation (R/I) ratio (42):
PLR ; =R/ Iratio= (VREC / APEEP) / Cyg atlower PEEP (3)

A PLR, . value greater than 0.5 is the proposed
threshold for patients with higher PLR . If airway
opening pressure (AOP) is detected, the compliance of
the recruited lung should be computed as V, /(PEEP

high—AOP) instead of V, /APEEP (42).
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Figure 1. Bedside assessment of the potential for lung recruitment based on lung inflation.
A, Pressure-volume curves at PEEP 5cm H,0 and PEEP 15cm H,0 are built. Note the
gap between the two EELVs (AEELVglobal) measured by the airway release method. V.
corresponds to the volume exceeding the expected increase in lung inflation from compliance
at PEEP 5cm H,0 (AEELVex s CT scan results at PEEP 5cm H,O (feft panel) and 15¢cm
H ,0 (rlghtpanel) are also reported in the figure. Increased lung aeration could be related to
Ve (right panel, blue areas), whereas inflation of previously aerated volume leads to higher
lung volumes in the nondependent zones (right panel, black areas). B, Visual description
of two methods to calculate V. at the bedside: P, release (top) vs electrical impedance
tomography (bottom). C. = respiratory system compliance at low positive end-expiratory
pressure, EELV = end-expiratory lung volume, EELZ = end-expiratory lung impedance, P, ,
=airway pressure, PEEP = positive end-expiratory pressure, V.. = recruited lung volume,
VTe = exhaled tidal volume, VTAPEEP = expired tidal volume when changing from higher
tolower PEEF AEELV, . = change in EELV related to lung inflation, AEELV, = global

change in EELY, AEELZ change in end-expiratory lung impedance, APEEP = PEEP
variation between the two levels, AZ = tidal impedance variation.
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Another simpler and less expensive
method for assessing PLR at the bedside
focuses on oxygenation. The functional
intrapulmonary shunt should increase
with derecruitment, and researchers
explored the correlation between poorer
oxygenation assessed at low PEEP level
with PLR_., describing a significant as-
sociation (44). Indeed, higher PEEP is
beneficial when applied to patients with
Pao,/F10, less than or equal to 200 mm
Hg (45). However, the mechanisms un-
derlying poor oxygenation vary, and in
some ARDS patients, shunt may not be
the most relevant, thus decreasing the
specificity of this method.

More severe ARDS lung edema,
which is usually associated with dere-
cruitment and larger PLR, generates
higher lung weight. When a patient is
supine, the superimposed weight of the
lung generates a proportional compres-
sion on the dependent region of the
pleural space (46). Esophageal pressure
(P, (47) is a substitute for dependent
pleural pressure (46). Thus, higher end-
expiratory P, (e.g., > 10cm H,O) is a
sign of heavier ARDS lungs and higher
PLR, especially in the nonobese patient.
Those findings might match those re-
corded in a recently published study,
showing a correlation between end-
expiratory P . and stronger inspiratory
effort, which indicates more severe
respiratory failure in spontaneously
breathing hypoxemic patients (48).

EIT is a dynamic method to assess in-
homogeneity of ventilation distribution,
albeit still expensive and available only in
alimited number of centers. Alveolar col-
lapse generates inhomogeneous distribu-
tion of respiratory time constants within
the lungs (37, 49). Thus, larger collapse is
associated with higher regional inhomo-
geneity indexes measured by EIT. When
assessed at low PEEP levels, higher values
of the following indexes may be corre-
lated with significant PLR: 1) the ratio
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between gravitational nondependent and dependent VT
ratios (50, 51), 2) the global inhomogeneity index, and 3)
the dependent fraction of hypoventilated lung units (i.e.,
silent spaces) (52, 53). EIT-based lung perfusion assess-
ment was recently introduced, and larger potential for
improved ventilation-perfusion matching may become
the new standard for evaluating the potential benefits of
higher PEEP at the bedside (37, 54) (Fig. 2).

In real-life ICU care, the method for determining
which patient has higher PLR may be selected based
on expertise, availability of new technology, time, and
staffing (Fig. 2). Smooth integration of these measures
into clinical routine may be the key to improve quality,
be systematic, generate clinical experience, and under-
stand their potential.

Once PLR is assessed, despite the lack of outcome
data, optimal PEEP selection in patients with higher
and lower PLR might be a key clinical goal to respect
lung physiology and enhance healing.

Personalized PEEP in Patients With Higher PLR

The method to set personalized PEEP in patients with
higher PLR should be able to recognize the minimal

(higher) PEEP able to induce recruitment without
increasing the risk of overdistension.

A simple bedside method to set higher PEEP in
recruitable patients is to use the higher PEEP/F1o,
table (7) as a physiologic study showed that this
method selects personalized higher PEEP in recruit-
able lungs (55).

An end-inspiratory airway plateau pressure (Pplat)
above 28-30cm H,O increases the risk of barotrauma
and is associated with poor clinical outcome (5, 56).
In a large RCT, Mercat et al (9) proposed to set PEEP
at the level obtaining Pplat of 28-30cm H,O with VT
6mL/kg PBW. The study showed that this strategy
obtained a higher percentage of patients reaching un-
assisted breathing in moderate-to-severe ARDS. This
bedside dynamic strategy represents a pragmatical
compromise to set PEEP high enough to induce some
recruitment while limiting the risk of overdistension.
However, it also tends to assign a higher PEEP to
patients with higher compliance.

P, could also help in guiding higher PEEP titra-
tion. The mechanical ventilation guided by esophageal
pressure in acute lung injury study trials proposed to
set PEEP based on positive AP, at end-expiration (11,

57): a PEEP value equal to

ARDS
VTe 6 mL/kg PBW
PEEP 5 cmH,0

}

Assess Potential for Lung recruitment (PLR)
1) PLR.: non-aerated/total lung weight 210%
2) PLRy: R/l ratio 20.5
3) End-expiratory Pg 210 cmH,0
4) Pa0,/Fi0, at PEEP 5 emH,0 <200
5) ElT-based index: V, oo/ Ve, CoV or ASS

At least one yes /

\NO

end-expiratory P, should
be the lowest one able to
counteract the superim-
posed lung weight, thus
representing the optimal
......................... balance between recruit-

ment and minimum risk
of overdistension (15, 46,
51). Another method is to
set the personalized PEEP

i Hemodynamic shock
Until resolution i

EIT-based method: OD-LC, G, CoV, EELV stability

Check Cgg, SpO,

Higher PLR . . .

[ ) ] ( Lower PR ] ; level associated with static
Higher PEEP Lower PEEP end-inspiratory AP, calcu-

Pplat 28-30 cmi,0 or Pplat, 22-24 cmH,0 5-8 cmH,0 lated with the lung/respira-
Ple =0 cmH,0 2

tory system elastance ratio

Figure 2. Setting personalized positive end-expiratory pressure (PEEP) at the bedside. ARDS = acute
respiratory distress syndrome, CoV = center of ventilation, CRS = respiratory system compliance,
EELV = end-expiratory lung volume, EIT = electrical impedance tomography, Gl = global

method of 22-24cm H,0
with VT 6 mL/kg PBW (58).
Indeed, the static inspira-

inhomogeneity index, OD-LC = overdistension and lung collapse, PBW = predicted body weight, P, =
esophageal pressure, Ple = transpulmonary expiratory pressure, PLR = potential for lung recruitment,
PLR., =CT-based PLR, PLR . =PLR based on lung inflation, Pplat = plateau pressure, Pplatl =
transpulmonary plateau pressure, R/ ratio = recruited-on-inflated lung ratio, Spo, = peripheral oxygen
saturation, SS = silent spaces, VTe = exhaled tidal volume, V., = dependent regions tidal volume
(based on impedance tidal changes), V, .., = nondependent regions tidal volume (based on tidal
impedance changes), ASS = change of silent spaces at higher PEEP,

Critical Care Explorations

tory AP, calculated with the
elastance ratio is tightly cor-
related with the pressure-
inducing overdistension in
the nondependent ventral
lung regions (58).
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In recent years, several studies proposed various EIT-
derived indexes for personalized higher PEEP titration.
The relative percentage of lung collapse and overdis-
tension based on change in the pixel-level compliances
allows recognition of optimal higher PEEP (59). Other
EIT-based techniques select higher PEEP based on re-
gional homogeneity (50, 51, 60). Stable end-expiratory
lung volume after PEEP increase may also recognize the
ability of PEEP to keep the recruited lung open (61).

Personalized PEEP in Patients With Lower PLR

Patients with lower PLR are characterized by indexes
of recruitability below the suggested thresholds (e.g.,
PLR CT below 10% or R/I ratio below 0.5) (Fig. 2).
In these patients, detrimental effects of high PEEP
on barotrauma and hemodynamics may exceed the
benefits (20, 62, 63). A reasonably safe approach in
patients with lower PLR may be to set PEEP between
5 and 8cm H,O, with higher values for patients pre-
senting any physiologic improvement (e.g., improved
saturation and/or improved C,.). Addition of cyclic re-
cruitment by sigh breaths and early switch to assisted
ventilation may limit the risk of dorsal atelectasis at
such low PEEP levels (64) (Fig. 2).

Higher PEEP levels should be avoided in patients
with unstable hemodynamics also (65, 66), and patients
with shock could be considered as having lower PLR
(Fig. 2).

In all these conditions benefiting from lower PEEP,
extracorporeal membrane oxygenation (ECMO) could
be added in the case of extremely poor oxygenation.

PERSONALIZED VT
Physiologic Effects of VT

Cyclic inflation of the respiratory system by VT is as-
sociated with multiple physiologic benefits. The main
function of tidal ventilation is to grant Co, clearance,
which may be impaired in the adverse conditions of
high Co, production and increased dead space of
ARDS (67). Higher VT is more effective than respira-
tory rate to improve Co, washout (67, 68). VT gen-
erates the higher inspiratory pressure that can reopen
collapsed alveoli, and it dynamically collaborates with
PEEP in stabilizing recruitment. Finally, cyclic disten-
sion by VT activates surfactant excretion to stabilize
the alveoli (69) (Table 1).

6 www.ccejournal.org

However, experimental studies showed development of
VILI by ventilation with (very) high VT in healthy lungs.
In ARDS, inhomogeneities in ventilation distribution
(34, 35) lead to tidal hyperinflation in the nondependent
zones, with an increasing risk of volutrauma (32), and to
increased shear forces at the interface between open and
collapsed regions (15), even in the presence of “normal”
VT (Table 1). Indeed, a groundbreaking clinical trial dem-
onstrated that a VT of 6mL/kg PBW reduced mortality of
ARDS in comparison with 12mlL/kg PBW (6).

Personalized VT

In that groundbreaking trial, a lower VT set at 6mL/
kg PBW showed a clear benefit of reducing the risk of
mortality, especially when associated with a strategy
of higher PEEP levels (4, 6). Interestingly, previous
reports did not find any association between lower VT
and a decrease in the risk of mortality (71, 72).

Since that trial (6), most of the studies and clinical
protocols have focused on VT settings based on PBW.
The rationale of this approach is that in healthy sub-
jects, lung volume is linearly correlated with PBW (73,
74). Although this approach represents an initial effort
of physiology-based personalization, the size of the
lung in ARDS patients is poorly correlated with PBW
due to the variability in the extent of alveolar collapse,
and patients may receive excessively high (or low) VT.

Retrospective data suggested that lower VT could
be harmful for patients with high C  (75). This may
be a consequence of the observation performed by
multiple physiologic studies that the normally aerated
lung size in ARDS is linearly correlated with the C
(38), so that low VT may lead to hypoventilation and
derecruitment in patients with larger normally inflated
lungs. Of note, a recently published retrospective anal-
ysis of large seminal cohorts showed thata VT of 6 mL/
kg PBW reduces mortality in comparison with 12mL/
kg PBW only in patients with lower compliance (76).

Ideal physiologic sizing of VT in ARDS may thus be
obtained through dividing VT by C, rather than by
PBW (38). Driving pressure (respiratory system driving
pressure [AP, ], i.e., Pplat minus total PEEP) is precisely
the ratio between VT and C_,, and it may represent a
more accurate bedside method to titrate personalized
VT in the individual patient (17). The seminal study
on VILI by Webb and Tierney demonstrated reduced
injury when driving pressure was decreased, even in
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the presence of unchanged maximal inspiratory pres-
sure (18). Multiple large retrospective and prospective
studies showed significant correlation between driving
pressure and the outcome of ARDS (17, 56, 77). Airway
driving pressure has limits, too: it is a single global value
with no regional information; when fibrosis is present,
parenchymal stiffness may be its main determinant
rather than the number of ventilated units; when the
chest wall is stiff, the transpulmonary driving pressure
may be overestimated. In contrast, in the presence of
spontaneous breathing activity, airway driving pressure
can underestimate the transpulmonary one.

As a safe compromise, after identification of per-
sonalized PEEP, VT could be set at 6 mL/kg PBW by
pressure-controlled breaths less than 14cm H,O. Any
subsequent improvement of compliance will lead to
higher VT (and better CO, clearance) while keeping
constant safe driving pressure. However, one should be
careful as hypoventilation could result from worsening
compliance during pressure-control ventilation.

Respiratory rate setting will follow VT selection, as the
lowest associated with acceptable pH (e.g., > 7.30) (70).

Safety Thresholds for VT

Based on the proposed approach, personalized PEEP
could be set using a VT of 6 mL/kg PBW, and then
personalized VT be adjusted to respect the following
safety thresholds.

TABLE 2.

The first simple safety criterion available at the bed-
side is airway end-inspiratory Pplat. Pplat reflects the
maximal pressure applied to the alveoli, thus is an ac-
ceptable substitute for global stress assessment. Airway
end-inspiratory Pplat should not exceed 30cm H,O
(5, 56). This value is rather arbitrary, and more recent
studies on inflammation and overdistension showed
that maybe a Pplat of 27 or 28 might be regarded as
safer (25, 32).

Transpulmonary inspiratory Pplat calculated with
the elastance ratio method represents the maximal
pressure in the nondependent regions. Selecting VT
above personalized PEEP that does not cross the 22—
24.cm H,O limit for this pressure could be regarded as
the most accurate to avoid overdistension (58).

Other studies focused on limits for the dynamic inspir-
atory pressure, namely the driving pressure. In a retro-
spective analysis of several trials, Amato et al (17) found a
correlation between higher AP _ greater than 14cm H,O
and increased risk of mortality (56). Interestingly, a ret-
rospective analysis of an RCT highlighted a correlation
between transpulmonary AP,  exceeding the 8-10cm
H,O and increased risk of mortality (77).

At the bedside, the analysis of the ventilator pres-
sure-time curve profile allows assessment of the stress
index (SI) (78). The shape of the slope of the pressure-
time curve from the start of inspiration to peak pres-
sure during volume-controlled ventilation depends on
dynamic changes in C_, during inspiration (79, 80).

Bedside Assessment of Safety for VT Titration

Physiologic Variables

Plateau pressure

Mechanism

Threshold (cm H,0)

Maximal pressure across the respiratory system at 28

the end of tidal breath

Static total mechanical stress and barotrauma

Transpulmonary plateau pressure

Maximal pressure across the lung at the end of tidal breath

22-24

Mechanical stress and barotrauma to the lung

Driving pressure

Dynamic pressure change during tidal breath applied 14

to the respiratory system

Dynamic mechanical stress and strain

Driving transpulmonary pressure
to the lung

Dynamic pressure change during tidal breath applied

Dynamic mechanical stress and strain to the lung

Stress index
tidal breath

‘Worsening of respiratory system compliance during 1

Overdistension and barotrauma

Critical Care Explorations
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Figure 3. Setting personalized tidal volume (VT) at the bedside. ECCO,R = extracorporeal Co,
removal, ECMO = extracorporeal membrane oxygenation, PBW = predicted body weight, PEEP =
positive end-expiratory pressure, Pplat = plateau pressure, RR = respiratory rate, AP = respiratory

system driving pressure.

Convexity in the pressure curve (SI > 1) is due to a pro-
gressive decrease in lung compliance at higher pres-
sure, indicating tidal hyperinflation (79, 80), which
should decrease if VT is reduced.

Finally, VT could be selected to obtain a safe ratio
with the actual measured end-expiratory lung volume
(e.g., assessed by nitrogen washout). However, this
approach is limited by expensive techniques (81) and
by the unclear role of the change in volume determined
by PEEP and recruitment.

An overview of bedside safety thresholds is pro-
vided in Table 2.

In some patients, selection of personalized PEEP
and VT to stabilize recruitment while respecting
safety thresholds may lead to hypercapnia and low
pH (82). Addition of extracorporeal CO, removal
(ECCO,R) (83-86) or ECMO for more hypoxemic
patients allows implementation of an ultraprotec-
tive strategy with high PEEP and extremely low VT
(down to 2-3mL/kg PBW). Titration of PEEP and
VT during extracorporeal support could follow the
same pathophysiologic approach mentioned in this
article, but it also offers unique challenges due to the
risk of hypoventilation (87).

After personalized PEEP and VT have been selected
in the early phase of ARDS, it may be important to
keep these settings for some hours to ensure early

8 www.ccejournal.org

iology and phenotype of
ARDS that most closely
represents each particular
patient may be the main
clinical goals of the phys-
iologic bedside measures proposed by this review.
However, it is recommended that clinicians select op-
timal settings and evaluate the evolution of ARDS.
Thus, Figures 2 and 3 summarize the proposed physi-
ology-based path to personalize protective ventilation,
incorporating some simplification to fit real-life ICU
care.

Here are the main steps: 1) assess PLR at the bed-
side to identify patients who will benefit from higher
PEEP; 2) set higher PEEP in recruitable patients by
using a physiologic bedside method and lower PEEP
of 5-8cm H,O in nonrecruiters or patients with
shock; 3) size VT to the collapsed lung by reach-
ing safe static and dynamic thresholds, 4) consider
ECCO,R in hypercapnic patients; and 5) wait, reas-
sess frequently, and ideally do not change settings for
some time in order to evaluate progression of disease.

Until well-conducted large RCTs have been under-
taken, safely restoring and respecting baseline physi-
ology may represent the most reasonable goal in the
treatment of ICU patients.
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