Measurement of Alveolar Recruitment at the Bedside:
The Beginning of a New Era in Respiratory Monitoring?
In this issue of RESPIRATORY CARE, Wallet and coworkers bring convincing evidence that PEEP-induced alveolar recruitment can be inferred from regional changes
in lung densities computed on frontal bedside digital chest
radiographies obtained at 2 different PEEP levels in patients with ARDS.1 The reference method for the comparison was the pressure-volume (PV) curve method, one of
the methods commercially available at the bedside for measuring PEEP-induced alveolar recruitment. This original
finding renews the place of bedside chest radiographies
that are routinely performed in critically ill patients with
ARDS: they could serve not only as a qualitative tool for
assessing lung aeration but also as a monitoring tool for
quantifying alveolar recruitment.
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As good scientists, the authors point out some serious
limitations of the technique that make clinical applicability
difficult. Technical conditions as well as the patient’s position should be strictly identical between each radiograph.
The radiologist should manually delineate 7 polygonal
shaped regions of interest in posterior intercostal spaces,
on which mean density changes between each PEEP level
should be measured using Digital Imaging and Communication in Medicine software. A 5-second end-inspiratory
pause is necessary to take the chest radiograph, requiring
an anesthetized and paralyzed patient. Due to the lack of
calibration in density measurement, only ratios of density
between each PEEP can be calculated. A ratio below 1
indicates lung recruitment, and a ratio ⱖ 1 indicates no
recruitment or derecruitment. Last but not least, a decrease
in density ratio in non-dependent parts of the chest wall
may be caused by tidal hyperinflation rather than recruitment. Therefore, the method may require a long time before it can be used routinely at the bedside, justifying the
development of alternative options.2– 4
More than 20 years ago, Ranieri et al showed that PEEPinduced lung recruitment could be assessed by performing
static PV curves and measuring end-expiratory lung volume corresponding to different PEEP levels.5 Use of PV
curves for measuring recruitment in patients with ARDS
relies on a strong rationale. In patients with healthy lungs
fully aerated at end-expiration, static PV curves depend
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exclusively on the elastance/compliance of lung parenchyma. In ARDS patients without normally aerated lung
regions at zero PEEP (diffuse ARDS characterized by diffuse radiological attenuations resulting in the well-known
aspect of “white lung”), static PV curves can be considered as recruitment curves,6 and lung recruitment is equal
to the increase in lung volume resulting from the increase
in intrathoracic pressure. The first milliliters penetrating
into the respiratory system at the beginning of the inflation
maneuver are entering poorly aerated lung regions and
contribute to their recruitment.2,7–9 In ARDS patients with
normally aerated lung regions at zero PEEP (focal ARDS,
characterized by radiological attenuations predominating
in the lower quadrants), the static PV curve depends both
on the elastance/compliance of aerated lung regions and
on the recruitment of poorly and non-aerated pulmonary
areas.7
Lung recruitment at a given airway pressure can be
defined as the difference in lung volume between PV curves
starting at different end-expiratory lung volumes corresponding to different PEEP. This method was validated
against the reference computed tomography scan method,2
defining PEEP-induced alveolar recruitment as the amount
of gas penetrating into poorly and non-aerated lung regions after PEEP.7 Two methods based on PV curves and
providing automatic measurement of PEEP-induced alveolar recruitment have been implemented on mechanical
ventilators and are actually commercially available: the
PV recruitment module on the eXtend ventilator (Air
Liquide Medical Systems, Antony, France) and the PEEP
Inview module of the Engström Carestation (GE Healthcare, Madison, Wisconsin).
Automatic Methods Available on Mechanical
Ventilators and Based on Pressure-Volume Curves
The PV recruitment module of the eXtend ventilator
exactly reproduces the reference method proposed by
Ranieri et al.5 The ventilator is equipped with a flow generator providing a constant flow ranging between 1 and
10 L/min. It has been shown that PV curves obtained in
static conditions (gross syringe or end-inspiratory occlusion methods) are equivalent to PV curves obtained in
quasi-static conditions (constant flows of 3 or 9 L/min),10

539

MEASUREMENT

OF

ALVEOLAR RECRUITMENT

with a high reproducibility.11 Before starting the automatic
measurement of PEEP-induced alveolar recruitment, the
clinician has to select the different PEEP levels (a maximum of 5), the constant flow rate (between 1 and 10 L/
min), the maximum inflation pressure (up to 60 cm H2O),
the maximum volume administration during each PV curve,
and the time passed at the highest PEEP to optimize initial
lung recruitment. The ventilator performs a descending
PEEP trial, because there is evidence that it optimizes
PEEP-induced alveolar recruitment.12,13 At each PEEP the
following sequence is performed: 10 respiratory cycles,
PV curve, 10 respiratory cycles, and PEEP releasing maneuver. At the end of the procedure, all PV curves are
displayed on the screen, starting from the corresponding
end-expiratory lung volume. Alveolar recruitment at any
airway pressure can be measured by moving a cursor on
the screen. The lower inflection pressure, the slope of the
PV curve (lung recruitability), and the upper distending
pressure can be measured on each PV curve using the
mobile cursor.
The procedure requires an anesthetized and paralyzed
patient, is easy to perform, lasts between 2 and 6 min, and
has the limitations of the method itself. During the maneuver, each PV curve is the equivalent of a recruitment
maneuver, whereas each PEEP releasing maneuver is equivalent to a derecruitment maneuver. As such, these maneuvers could markedly interact with PEEP-induced alveolar
recruitment.14 However, a study specifically looking at the
impact of the procedure on gas exchange did not find any
related significant changes in PaO2 and PaCO2.15 Compared
to the computed tomography reference technique, the PV
curve method provides an acceptable estimation of PEEPinduced alveolar recruitment.2
The PEEP Inview module of the Engström Carestation
is an indirect application of the reference method proposed
by Ranieri et al.5 Two original modifications have been
introduced to allow measurement of alveolar recruitment
in dynamic conditions of mechanical ventilation: static PV
curves using constant flow are replaced by dynostatic PV
curves obtained during tidal inflation.16 The PEEP releasing maneuver is replaced by the measurement of endexpiratory lung volume using the nitrogen wash-out/
wash-in technique.17,18 The ventilator is equipped with a
sensor specifically designed for measuring intratracheal
pressure. By excluding inspiratory resistance of the endotracheal tube, measuring intratracheal pressure makes possible the accurate measurement of dynostatic PV curves in
dynamic conditions.19,20 For routine clinical use, a 2-mm
intraluminal and air-filled catheter with end-hole should
be positioned in the trachea, 2 cm beyond distal tip of
the endotracheal tube,18 and left in place throughout the
period of measurement. Before starting automatic measurement of PEEP-induced alveolar recruitment, the clinician selects the different PEEP levels at which alveolar
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recruitment will be measured (a maximum of 5) according
to an ascending PEEP trial, the tidal volume, and the maximal inflation pressure (up to 100 cm H2O). The time
passed at each PEEP to allow accurate measurement of
end-expiratory lung volume using the nitrogen wash-out/
wash-in technique is automatically determined (between a
few minutes and 3 hours). At the end of the procedure,
numeric values of the different end-expiratory lung volumes and recruited volume (computed as the difference in
volume between each dynostatic curve) are displayed on
the screen.
The procedure does not require a paralyzed patient, but
a good coordination between the patient and the ventilator,
and is easy to perform. The procedure lasts much longer
than the classical PV curve method because it requires
steady state conditions (10 min at least) between the different PEEP levels, in order to ensure nitrogen washout/wash-in.18 It has the limitations of the dynostatic and
nitrogen wash-out/wash-in methods. Measurement of
intratracheal pressure may be associated with errors in
pressuremeasurement(end-holevsside-holecatheters,intraluminal diameter, catheter obstruction by tracheal secretions).16 Presence of an intratracheal catheter increases
endotracheal tube resistance, interferes with tracheal suctioning, and may be the source of tracheal injury. The
accuracy of nitrogen wash-out/wash-in decreases with FIO2
⬎ 70% and is very sensitive to microleaks in ventilatory
circuits and heterogeneity of regional gas distribution, frequently observed in ARDS.16 Until now, the technique has
not been evaluated against the computed tomography reference method or compared to the quasi-static PV curves
method.
Methods Based on Transthoracic Lung Ultrasound
As stated by the International Consensus Conference on
Lung Ultrasound, there is strong evidence that “lung ultrasound is able to monitor aeration changes and the effect
of therapy in patients with acute pulmonary edema, ARDS,
community-acquired pneumonia, and ventilator-associated
pneumonia.”21 Bedside transthoracic ultrasound is based
on the examination of 12 regions of interest: upper and
lower parts of anterior, lateral, and posterior right and left
chest walls. Following any therapy aimed at improving
lung aeration, each region of interest may vary between 4
conditions: normal aeration (lung sliding and horizontal
A lines), moderate loss of lung aeration related to interstitial syndrome (multiple spaced vertical B lines), severe
loss of lung aeration related to alveolar-interstitial syndrome (coalescent vertical B lines), and complete loss of
lung aeration caused by alveolar consolidation or atelectasis.22 By adding changes in ultrasound pattern detected
in each region of interest, ultrasound scores or re-aeration
have been proposed and correlated to reference methods
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for quantifying lung aeration changes (computed tomography, extravascular lung water, pulmonary wedge pressure, PV curves, lung lavage for alveolar proteinosis).4,22–27
Bedside transthoracic lung ultrasound has been demonstrated to be accurate for assessing re-aeration following
fluid depletion in patients with hemodynamic pulmonary
edema, PEEP-induced alveolar recruitment in ARDS,4 lung
re-aeration resulting from efficient antimicrobial therapy
in patients with community-acquired28 or ventilator-associated pneumonia,22 and derecruitment observed at the early
phase of acute lung injury29 or during a spontaneous breathing trial.30 Two different lung ultrasound scores have been
proposed to assess lung recruitment and derecruitment induced by various treatments and lung diseases.
In patients with interstitial and pulmonary edema, the
ultrasound score is based on the number of vertical B lines
detected in anterior and lateral parts of the chest wall (8
regions of interest).31,32 Four intercostal spaces are examined in the right side, and 3 in the left side, and the presence of coalescent vertical B lines is quoted 10 B lines.
The lung ultrasound score is significantly correlated to
extravascular lung water measured by gravimetry,33 the
indicator dilution method,23 or computed tomography.26
In patients with ARDS and/or pneumonia, consolidated
lung areas predominating in dependent lung regions coexist with interstitial and alveolar edema present in anterior
and lateral lung regions. Therefore a lung ultrasound score
aimed at assessing lung recruitment and derecruitment
should include dependent lung regions, which are frequently
consolidated. Lung ultrasound examination is performed
on 12 regions of interest, including upper and lower posterior regions, which require lateral positioning for appropriate evaluation. In each region examined, changes in
ultrasound pattern following therapeutic intervention is detected and numbers are attributed as follows: from multiple B lines to normal, from coalescent B lines to multiple
B lines, and from consolidation to coalescent B lines,
1 point; from coalescent B lines to normal, or from consolidation to multiple B lines, 3 points; from consolidation
to normal, 5 points. The mean lung ultrasound score of
re-aeration is then calculated for the 12 regions examined.
A statistically significant correlation was found between
this score and CT assessment of lung re-aeration following
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efficient antimicrobial therapy in patients with ventilatorassociated pneumonia.22 Following PEEP administration
to patients with ARDS, a significant correlation was found
between alveolar recruitment measured by the PV curve
method and the ultrasound re-aeration score.4
Bedside monitoring of alveolar recruitment (or derecruitment) has entered the clinical area and should improve in the close future the ventilatory management of
patients with ARDS. Because it is noninvasive and easily
repeatable, bedside transthoracic lung ultrasound appears
as the most promising semi-quantitative technique. At the
early phase of ARDS the static PV curve method using
constant flow is the most accurate quantitative tool to
measure lung recruitment but requires a paralyzed patient.
Methods based on dynostatic PV curves and direct measurement of end-expiratory lung volume by the nitrogen
wash-out/wash-in technique are promising because they
are less invasive, but they require validation before being
recommended for clinical use. Even if methods assessing
changes in radiological density on bedside chest radiographies seem to be far from clinical routine application,1
they could be an attractive alternative if density measurements could be automatic and independent of the
radiologist.
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