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The radiologic assessment of lung infiltrates by
conventional anterior-posterior chest radiographs
has been embedded in the concept of acute re-
spiratory distress syndrome (ARDS) since its
original description by Ashbaugh and colleagues
[1]. In fact, the presence of bilateral lung infiltrates
as detected by chest radiograph, in association
with “refractory” hypoxemia and impaired me-
chanics of the respiratory system (stiff lung), was
one of the mandatory criteria for ARDS diagnosis.
In the mid-1980s, however, the first reports de-
scribing ARDS by using CT scanning changed
the view of the syndrome [2-4]: the ARDS lung ap-
peared to be affected by the disease process nonho-
mogeneously, with the CT densities distributed
mainly in the dependent lung regions. The quanti-
tative analysis of CT scanning gave new insights
concerning the pathophysiology of the syndrome
and provided a firm rationale for modifying the
mechanical ventilation in use at that time [5-7].
This article discusses in some detail what the au-
thors believe is or should be the role of the CT
scanning in the diagnosis and therapy of ARDS.

Quantitative analysis of CT scanning

Because the authors believe that the quantita-
tive analysis of CT scanning is of paramount
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importance for ARDS diagnosis and for a rational
setting of mechanical ventilation, a brief descrip-
tion of the technique and its limits is necessary.
(A more detailed description of the quantitative
analysis may be found elsewhere [7,8]).

Physical principles of CT scanning

The digital image produced by the CT scan is
based on the measure of the attenuation coeflicient
(W) (ie, the reduction of the radiation intensity
upon passage through matter). Traversing from
one side of the patient to the other, the X-ray beam
is attenuated by all the voxels (volume elements of
the tissue) through which passes. The intensity of
the emerging X-ray is described by the Lambert
law of absorption, that is,

= Ipel ™

where 7is the intensity of the emerging X-ray beam,
and I is the intensity of the X-ray beam at the
source. By measuring the intensity / and I, the
CT calculates the integral over the function p of
the attenuation coefficient along the X-ray beam.
Then, through a different mathematical algorithm
(usually filtered back projection), a given attenua-
tion number u is assigned to each voxel (i,pxer)-
This attenuation number primarily represents the
density of the voxel (ie, the ratio of mass to the
volume) and is expressed as the CT number [9],
which relates to the density of the water (u,uzer):

CT = 1000 x Mvoxel — Mwater
Myvater

Conventionally a CT number equal to zero
Hounsfield units (HU) indicates that density equals
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that of water; a CT number equal to —1000 HU
indicates a density similar to that of gas, and a CT
number equal to +1000 HU indicates a density
equal to that of bone. Of note, the CT number
assigned to a voxel does not identify the material of
the voxel but simply expresses its density as related
to the density of water.

Computation of gas and tissue volume

Assuming the specific weight of the lung tissue
as equal to 1 (ie, equal to the specific weight of
water), it is possible to compute from the density
of the voxel the volume of gas and the volume of
tissue, both in the whole lung and in a particular
region of interest [5,6]. In fact, a voxel with a CT
number equal to 0 HU will be composed only of
tissue, a voxel with CT number equal to —1000
HU will be composed only of gas, and a voxel
with a CT number equal to —700 HU will be com-
posed of 30% tissue and 70% gas. Therefore, by
knowing the CT number and the volume of voxels
of the whole lung, or of a given region of interest,
it is possible to compute the gas and the tissue vol-
umes, according to the following formulas:

CcT

Volume/weight of tissue = ( 1— m)

x Total volume

Volume of gas = Total volume

— Volume of tissue

From these basic formulas it is possible to
derive several other variables that are important
in understanding the pathophysiology of ARDS.
In particular, the excess tissue mass [10] may be
estimated by referring to the ideal tissue weight
and the ideal average CT number of the whole
Iung in normal subjects:

Excess Tissue Mass = Actual Tissue Mass
— Ideal Tissue Mass

To estimate the hypothetical normal tissue of
a given patient, it is possible to estimate the
expected functional residual capacity in the supine
position, with sedation, and to assign an average
normal CT number. Functional residual capacity
can be found using the formula proposed by
Ibanez and colleagues [11], which refers to supine
patients; for an average CT number the authors
use —654 HU (derived from normal subjects)
[12]. The estimation of the ideal tissue mass may

be improved when a larger database of normal sub-
jects becomes available and has been examined.
Another variable that may be important when
setting mechanical ventilation is the superimposed
pressure [12,13]. This parameter represents the hy-
drostatic pressure that developsinto the lung paren-
chyma from the nondependent to the dependent
regions. Its computation assumes that the pressure
is transmitted through the lung parenchyma as
in a fluid. Accordingly, knowing the density and
the height of the lung, it is possible to compute for
at any point along the vertical axis (the sterno-
vertebral axis in the supine position) the pressure
exerted by the lung parenchyma lying above.

. CcT
Superimposed Pressure = ( 1 - m)

X heighte,.; + Superimposed Pressurepove jevel

Lung compartments

To investigate better the lung functional anat-
omy and its variations in ARDS as detected by CT
scan, it is convenient to refer to the lung
compartments, defined according to their specific
degree of aeration in normal lungs. When
examining the frequency distribution of the CT
numbers in normal lungs, it is easy to recognize
a hyperinflated compartment (which includes vox-
els with a CT number between —1000 HU and —901
HU), a normally aerated compartment (which
includes voxels with a CT number between —900
HU and —501 HU), a poorly aerated compartment
(which includes voxels with CT number between
—500 and —101 HU), and a nonaerated (or gasless)
compartment (which includes voxels with a CT
number between —100 HU and +100 HU.) These
arbitrary thresholds, which were introduced in
1987 by the authors’ group [14], are the most widely
accepted in the literature, although other authors
have proposed slightly different thresholds [7].

The division of lung parenchyma into com-
partments with different degrees of aeration is
particularly useful when assessing the difference in
functional lung anatomy caused by application of
different tidal volumes or airway pressures. In
fact, the division of lung parenchyma into differ-
ent compartments makes it possible to estimate
the efficacy of higher airway pressures in opening
or reversing lung atelectasis (ie, to estimate lung
recruitment). The lung recruitment occurring
between two different levels of airway pressures
may be estimated by computing the amount of
gasless tissue regaining aeration going from the
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lower to the higher level of pressure [15]. The au-
thor prefer to express the lung recruitment after
standardization for the total weight of the lung:

Lung Recruitment
_ Gasless tissuepy,1 — Gasless tissuey,,
Total Lung Weight

where Pawl and Paw?2 are, respectively, the lower
and the higher applied airway pressure [16].

CT scanning and diagnosis of acute respiratory
distress syndrome

Since its original description by Ashbaugh and
colleagues [1], several clinical definitions of ARDS
have been proposed. The key endeavor, always,
has been to find clinical and easily measurable
signs that could identify the primarily pathologic
characteristics of ARDS (ie, the high-permeability
inflammatory noncardiogenic lung edema). The
symptoms identified originally by Ashbaugh and
colleagues were hypoxemia refractory to increased
inspired fraction of oxygen (F10,), bilateral pul-
monary infiltrates as detected by chest radio-
graph, low compliance of the respiratory system,
and, at autopsy, an increased lung weight [1]. Sub-
sequently, Murray and colleagues [17] proposed
a lung injury score for ARDS definition. This
score included a progressively decreasing ratio of
partial pressure of arterial oxygen (Pao,) to Fio,
(Pao,/F10,), different degrees of consolidation on
chest radiograph, and a progressively decreased
compliance of the respiratory system. The most

Table 1

Different definitions of acute respiratory distress syndrome™

widely accepted and employed definition of
ARDS, however, is the one proposed by the
American-European Consensus Conference, which
relies primarily on hypoxemia (Pao,/Fio, < 300)
and the presence of bilateral infiltrates [18]. A
more recent definition has been proposed through
a Delphi method [19,20]. Once again this definition
relies primarily on hypoxemia (Pao,/Fio, < 200
with a positive end-expiratory pressure [PEEP] >
10 cm H,0) and on the presence of bilateral pul-
monary infiltrates as detected by chest radio-
graph. All these definitions exclude the presence
of a unilateral lung injury, as well as the presence
of cardiogenic edema as assessed by clinical judg-
ment or by measurements of the pulmonary occlu-
sion pressure. The diagnostic accuracy of these
different definitions has been assessed recently,
using as a reference standard the finding of diffuse
alveolar damage on autopsy [21]. The results have
been rather disappointing, however. The three dif-
ferent definitions, in fact, resulted in a quite poor
sensitivity and specificity (see Table 1). In particu-
lar, the most commonly used criteria for ARDS
diagnosis, as assessed by the American-European
Consensus Conference, showed an acceptable
sensitivity (0.83%) but a quite poor specificity
(0.51%). The correct identification of ARDS is still
an open issue, and the clinical consequences may
be important. In fact, every attempt to improve
survival during this syndrome by testing different
ventilatory or therapeutic strategies (such as differ-
ent tidal volumes, PEEP levels, different drugs,
or other means) is based on randomized clinical
trials that enrolled patients according to a given

Positive Compliance of
Infiltrates on end-expiratory respiratory Lung

Study Hypoxemia® chest radiographs pressure system weight
Ashbaugh et al [1] Yes Yes No Yes Yes
Murray et al [17] Yes (graded 1-4) Yes (graded 1-4) Yes (graded 1-4) Optional No
American-European Yes Yes No No No

Consensus

Conference [18]
Ferguson et al [20] Yes Yes Yes No No

* Most of the definitions proposed do not consider respiratory mechanics or carbon dioxide exchange (such as dead
space). Moreover, none of these definitions takes into account the lung permeability or lung edema, the primary char-

acteristics of the lung in acute respiratory distress syndrome.

% Hypoxemia was determined according to the ratio of partial pressure of arterial oxygen to fraction of inspired

oxygen (Pao,/F10,).

(Data from Ferguson ND, Frutos-Vivar F, Esteban A, et al. Acute respiratory distress syndrome: underrecognition
by clinicians and diagnostic accuracy of three clinical definitions. Crit Care Med 2005;33(10):2228-34.)
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definition. It is evident that an inappropriate
definition of ARDS and a consequent inappropri-
ate enrolment may lead to biased results and lead
to the rejection of techniques that might be poten-
tially useful in ARDS patients.

How does the CT imaging fit in this general
framework? All the present definitions of ARDS
include the presence of bilateral pulmonary in-
filtrates. Actually, these findings should represent
a surrogate of the direct measurement of the
inflammatory lung edema. Unfortunately, the
infiltrates seen on chest radiograph may derive
from various conditions, such atelectasis, intersti-
tial edema, intra-acinar edema, or consolidation
[7]. In clinical practice radiographs are often ob-
tained in varying technical conditions (eg, voltage,
distance, degree of inflation). Even the concept of
bilateral infiltration is questionable, as shown by
Meade and colleagues [22]. Indeed, the specificity
of chest radiograph in indicating the generalized
inflammatory edema that is the hallmark feature

of ARDS is highly questionable. CT scanning
and, particularly its quantitative analysis, may
be a much better indicator of lung edema.

The authors have recently analyzed CT scans of
68 patients affected by acute lung injury (ALI) or
ARDS, as defined by the American-European
Consensus Conference. For comparison, they
analyzed CT scans from 34 patients who had
unilateral pneumonia and 39 patients who had
healthy lungs [16]. Regarding the definition of
ARDS, it may be interesting in these groups of pa-
tients to examine the total lung weight, which re-
flects the amount of inflammatory lung edema.
As shown in Fig. 1, patients who had unilateral
pneumonia had a significantly higher lung weight
than patients who had normal lungs and signifi-
cantly lower lung weights than patients who had
ARDS. After the authors identified patients who
had ALI/ARDS according to their lower or higher
lung recruitability, however, they observed that pa-
tients who had lower lung recruitability (below 9%
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Fig. 1. The weights of total lung tissue and nonaerated lung tissue in 39 patients who had healthy lungs, 34 patients who
had unilateral pneumonia, 34 patients who had ALI/ARDS with a lower amount of lung recruitability (at or below the
overall median value of 9%), and 34 patients who had ALI/ARDS with a higher amount of lung recruitability. Data for
the patients who had healthy lungs and unilateral pneumonia were obtained from whole-lung CTs obtained for diagnos-
tic purposes. Data for patients who had ALI or ARDS were obtained from a CT scan of the whole lung performed at
a PEEP of 5 cm H,O. Solid lines represent mean values of total lung weight; dashed lines represent mean values of non-
aerated lung tissue weight. ALI, acute lung injury; ARDS, acute respiratory distress syndrome; *, P < .01 for the com-
parison with patients who had healthy lungs; , P < .01 for the comparison between the groups of patients who had ALI
or ARDS and a higher percentage of potentially recruitable lung and the other three groups. (From Gattinoni L, Caironi P,
Cressoni M, et al. Lung recruitment in patients with the acute respiratory distress syndrome. N Engl J Med
2006;354(17):1784; with permission. Copyright © 2004 Massachusetts Medical Society, all rights reserved.)
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of the total lung weight, the median value of the en-
tire ALI/ARDS population) had the same lung
weight as patients who had unilateral pneumonia
(who, by definition, are not considered to have
ARDS). In contrast, patients who had higher
lung recruitability (greater than 9% of the total
lung weight) showed a significantly higher lung
weight. These findings emphasize how the issue
of ALI/ARDS definition may be critical. If the
hallmark characteristic of ARDS is lung edema
(and, therefore, the total weight of the lung), either
patients who have unilateral pneumonia should be
included in ALI/ARDS definition, or patients who
have lower lung recruitability should be excluded.

CT scans taken both at end-expiration, with
low levels of PEEP, and at end-inspiration, at an
airway pressure of 45 cm H,O, allow a precise def-
inition of lung recruitability. Moreover, they can
be used to compute the fraction of the lung that
is consolidated (ie, the fraction of lung tissue
that does not regain aeration even at 45 cm H,O
airway pressure). Table 2 shows the lung compo-
sition of patients who had ALI/ARDS grouped
according to the amount of lung recruitability.
As shown, the core disease, represented by the
“consolidated” lung tissue, is nearly identical in
patients who have higher or lower lung recruit-
ability, accounting for about 24% of the total
lung weight. The difference lies in the amount of
the recruitable lung, which represents, in essence,
the portion of lung tissue that is collapsed and ca-
pable of being opened. Lung collapse, then, is
likely to be a function of the gravity-dependent
compressive forces (the superimposed pressure)

Table 2

generated by the increased lung mass (ie, lung
edema) [13,15,23]. Indeed, a possible model of
ARDS pathophysiology may include an equally
represented portion of core disease (the “consoli-
dated” lung tissue), for instance a regional pneu-
monia. In some patients, the spreading of the
inflammatory reaction is limited, leading to
a lower amount of lung edema and lung collapse
and, therefore, to a lower amount of lung recruit-
ability. In contrast, in other patients the spreading
of the inflammatory reaction is much greater, re-
sulting in a more diffuse edema, an increased
superimposed pressure with gravity-dependent
lung collapse, and, therefore, greater lung recruit-
ability (Fig. 2). At the moment, it is not known
why the original lung disease remains compart-
mentalized in some patients and in others the
compartmentalization of the disease is lost. This
loss of compartmentalization may be caused by
a different local balance between proinflammatory
and anti-inflammatory molecular pathways or by
inappropriate and injurious mechanical ventila-
tion. Whatever the mechanisms, the authors
strongly believe that the definition of ARDS
should be limited to patients who have higher
lung recruitability (ie, to patients who have gener-
alized noncompartmentalized inflammatory lung
edema). Mortality at discharge from ICUs was
observed to be significantly associated with the ex-
tent of the inflammatory reaction and not with the
core disease. This observation is surprisingly sim-
ilar to what is known about sepsis: what is strictly
linked with mortality is not the original and local
infection but the spreading of the inflammatory

Functional anatomy as detected by CT scan in patients who have acute lung injury/acute respiratory distress syndrome

according to the amount of lung recruitability

Lung characteristics Lower lung recruitability® Higher lung recruitability P-value

Lung weight (g) 1266 + 327 1735 + 547 <.001

Amount of open lung (%)* 70 + 12 56 £ 16 <.001

Amount of lung S5+4 21 £ 10 <.001
recruitability (%)°

Amount of consolidated 25 £ 12 24 £ 14 .69

lung (%)°

# The amount of open lung denotes the portion of lung parenchyma with a density between —101 HU and —1000 HU,

as detected by CT scan.

® Lung recruitability was defined as the proportion of lung tissue in which aeration was restored at airway pressures

from 5-45 cm H-O.

¢ Consolidated lung tissue was defined as the proportion of lung tissue that was not openable even at an airway pres-

sure of 45 cm H,O.

(Data from Gattinoni L, Caironi P, Cressoni M, et al. Lung recruitment in patients with the acute respiratory distress

syndrome. N Engl J Med 2006;354(17):1775-86.)
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ARDS pathophysiology
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Fig. 2. Theoretical model of the pathophysiology of ARDS and its association with lung recruitability. As shown in (4),
about 24% of total lung weight that seems incapable of being opened (‘“‘consolidated’”) may represent the core disease
(eg, for instance, a pneumonia focus). (B) Because of different biologic mechanisms or injurious ventilatory settings of
mechanical ventilation, some patients lose the compartmentalization of the initial injury, showing a widespread inflam-
matory reaction involving the remaining part of the lung parenchyma. This inflammation will lead to greater lung col-
lapse, higher lung recruitability, and higher mortality. (C) In contrast, other patients maintain the compartmentalization
of the original disease. As a consequence, the lung edema and alveolar collapse are lower, determining lower lung recruit-

ability, and leading to a higher survival.

reaction. If the ARDS is defined as the condition
detected in patients who have higher lung recruit-
ability, the extraordinary potential of CT analysis
in defining ARDS is immediately apparent. The
notion that lung edema or lung capillary perme-
ability should be a cornerstone of the definition
of ARDS is not novel [24,25], but, unfortunately,
it has been ignored for long time, probably
because of the technical difficulties associated
with its assessment. The authors believe that two
CT scans are required for ARDS diagnosis, one
taken at end-expiration at low pressure level, and
one taken at end-inspiration at a higher pressure
level. It is conceivable that CT scanning of the
whole lung is not necessary for this purpose, and
that the combination of only three lung CT slices
(taken at the lung apex, hilum, and basis) may be
sufficient for the assessment of lung recruitability
and therefore for the identification of ARDS.

CT scanning and therapy for acute respiratory
distress syndrome

The therapy for ARDS is multifactorial, be-
cause it includes the specific therapy for the injury

leading to ARDS, possible interventions in some
of the molecular pathways leading to the wide-
spread inflammation or coagulation abnormalities
(eg, steroids, activated protein C), and, finally,
supportive therapy, which primarily includes re-
spiratory support with mechanical ventilation.
The authors believe that CT scanning is an
essential tool for the assessment of some of the
effects that mechanical ventilation may cause on
the lung parenchyma (resulting in the ventilator-
induced lung injury), and, more important, is the
most objective technique now available for a ra-
tional setting of mechanical ventilation.

Diagnosis of complications of mechanical
ventilation

It is well recognized and widely documented
that the use of CT scanning during ARDS may
provide information that cannot be derived from
the conventional anterior-posterior chest radio-
graphs. Consequently, it has been shown that the
information gained from CT scanning frequently
affects patient clinical management [26-28]. For
example, in a retrospective review of 74 patients
who had ARDS, CT scanning yielded additional
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information in 66% of the population and had
a direct influence on treatment of 22% [26]. Enti-
ties that can be detected more often in CT scans
than in chest radiographs are pleural effusions, lo-
bar atelectasis, lung abscesses, lung bullae, and
occult pneumothoraces, typically in the anterior,
nondependent lung regions.

The authors believe that one of the primary
indications for CT scanning of patients who have
ARDS is a sudden and unexplained deterioration of
the clinical status or the lack of expected improve-
ment. In these circumstances, an occult complica-
tion, when present, may be detected by CT scanning.

Assessment of lung injury severity
and lung recruitability

Although in ARDS CT scanning is not yet
a routine clinical practice, the authors believe it
may be the best tool to assess the severity of lung
injury and lung recruitability. It is important to
remember how the pulmonary units (the acini)
and the CT pulmonary units (the voxels) are
matched [7,8]. The volume of a normal pulmonary
acinus, at end-expiration, ranges from 16 to
22 mm?, including about 200 alveoli [29]. Because
about 10% of this volume is represented by tissue,
it follows that, if the acinus is gasless, its volume
will be about 2 mm?>. On the other hand, the
“CT pulmonary unit” (ie, the voxel) may have dif-
ferent dimensions. In most ARDS studies, in
which the axial thickness was 10 mm and the
matrix size 256 x 256, the volume of the voxel
has equaled 22.5 mm® (1.5 mm x 1.5 mm x 10
mm), which matches the dimensions of a normal
acinus at end-expiration. If the acini are gasless,
however, up to 10 acini are included in a voxel,
whereas at total lung capacity only half an acinus
is included. Actually, if the acinus is flooded, its
volume will equal the voxel volume. The most re-
cent scanners, such as the 16-slice CT scanners,
however, use an approximately cubic voxel, with
a dimension equal to 0.22 to 0.34 mm?, including
just 1% of normal acinus (ie, about 20 alveoli).

These technical notes underline the importance
of the quantitative analysis. In fact, a pure lung
atelectasis (each voxel including about 20 acini)
cannot be differentiated, per se, from pure lung
edema (1 voxel including about 1 acinus or less).
The quantitative analysis of the entire lung slice or
of the whole lung parenchyma may easily differ-
entiate the two conditions, however, because
a normal weight will indicate lung atelectasis,
whereas an increased weight will indicate lung

edema. Moreover, phenomena such as lung re-
cruitment can be quantified by obtaining two CT
scans in two different standard conditions, as
explained previously.

Assessment of lung protection and setting
the tidal volume

Taking a CT scan at end-expiration, in stan-
dard conditions at a low level of PEEP, makes it
possible to quantify the lung weight and the
amount of nonaerated tissue as well as the amount
of normally aerated, poorly aerated, and hyper-
inflated lung tissue. As shown in Fig. 3, patients
included in the current definition of ALI/ARDS
showed a fraction of nonaerated tissue (collapsed
plus consolidated lung tissue) that ranged from
5% to 10% of the total lung weight to as much
as 70% to 80% of total lung weight. These find-
ings suggest that the lung tissue open to ventila-
tion (poorly aerated plus normally aerated lung
tissue) may range from 95% to 30% of the total
lung weight. Therefore two different consider-
ations may be observed. First, the overall lung
injury, per se, varies widely throughout ALI/
ARDS population. Of note, mortality at dis-
charge from ICU was 12% in patients who had
a fraction of gasless tissue lower than the median
value (37% of the total lung weight) but was 44%
(P < .01) in patients who had a fraction of gasless
tissue higher than the median value. Second, the
portion of the lung exposed to the potentially
harmful effect of ventilation (ie, the fraction of
open lung) may vary from 95% to 30% of the
lung weight.

Within this framework it is possible to discuss
the rationale for using different-sized tidal volumes.
There is convincing evidence that the use of high
tidal volumes (12 mL/kg of predicted body weight)
results in increased mortality as compared with the
use of low tidal volumes (6 mL/kg of predicted body
weight) [30]. Unfortunately, the tidal volumes
tested in several randomized trials were normalized
by the body weight (actual or ideal) [30-34]. This
standardization was introduced, although not ex-
plicitly stated, as a surrogate for standardization
of the lung size. CT scans, however, showed that,
for the same body weight, the portion of lung
open to ventilation may be extremely variable,
and no relationship was found between the pre-
dicted body weight and the portion of the lung
open to ventilation. For example, for a male patient
who has ARDS and who has a predicted body
weight of about 70 kg, the recommended tidal
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Fig. 3. The frequency distribution of the nonaerated lung tissue measured by CT scan at 5 cm of HO PEEP in the over-
all study population (n = 68), expressed as a proportion of the total lung weight. Dashed columns represent patients
classified as affected by ALI without ARDS (Pao,/F10, < 300). Gray columns represent patients classified as affected
by ARDS (Pao,/F10, < 200). The nonaerated lung tissue was defined as the lung tissue having a physical density at
CT scan image analysis between +100 HU and —100 HU, representing the portion of lung parenchyma that is consol-
idated plus the portion of lung parenchyma that is collapsed (ie, the lung injury severity). ALI, acute lung injury; ARDS,
acute respiratory distress syndrome; Pao,/F10,, ratio of partial pressure of arterial oxygen to fraction of inspired oxygen;
PEEP, positive end-expiratory pressure. (Reprinted from the online Supplementary Appendix of Gattinoni L, Caironi P,
Cressoni M, et al. Lung recruitment in patients with the acute respiratory distress syndrome. N Engl J Med
2006;354(17):1775-86; with permission. Copyright © 2004 Massachusetts Medical Society, all rights reserved.)

volume would be 420 mL. This volume might be
applied to a lung parenchyma actually open up to
70% (ie, 1750 mL), creating an alveolar strain
(the ratio between the applied tidal volume and
the lung volume to which the tidal volume is ap-
plied) of about 0.24 [35]. If, however, the open
lung is 50%, or only 30%, alveolar strain would
increase to 0.34 or 0.56, respectively. Because the
main trigger of ventilator-induced lung injury is
nonphysiologic excessive alveolar strain, it is clear
that tidal volume should be tailored to the actual
open portion of the lung parenchyma to prevent
the further development of the inflammatory reac-
tion and lung injury. It follows that when the
amount of open lung parenchyma is great enough,
a tidal volume greater than 6 mL/kg predicted body
weight may be safe, and by applying such a tidal
volume it may be possible avoid the use of heavy se-
dation and paralysis often necessary during a very
low tidal volume ventilation. In contrast, when
the open fraction of lung parenchyma is very small,
even a tidal volume of 6 mL/kg predicted body
weight may induce an excessive nonphysiologic al-
veolar strain. In this case, alternative modes to

support the respiratory function (eg, high-fre-
quency oscillatory ventilation, extracorporeal
lung assist, and other means) should be sought.

Assessment of lung recruitability and setting
positive end-expiratory pressure

Although the reduction of tidal volume, allow-
ing a more gentle ventilatory treatment of the
lung, probably reduces the global nonphysiologic
strain on the lung regions open to ventilation, in
theory the application of higher levels of PEEP
maintain open lung regions that have been opened
during inspiration (recruitment) but that would
otherwise collapse at end-expiration [15,36]. In-
deed, the possible beneficial effects of higher
PEEP levels rely on the prevention of the intrati-
dal collapse and decollapse of a portion of the
lung [37]. Because this phenomenon produces lo-
cal excessive stress and strain on the structures
at the interface between the closed and the open
portion of the lung, high levels of PEEP putatively
will be effective by preventing the regional exces-
sive stress and strain. At the same time, because
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the PEEP is an airway pressure applied to the lung
parenchyma, it will increase the stress and strain
of the already open lung regions, usually located
in the nondependent portion of the lung.
Although extensive experimental data have shown
that PEEP may prevent ventilator-induced lung
injury [38-40], the experimental models of ARDS
(ie, involving oleic acid or lung lavage) usually
are characterized by great lung recruitability, but
in human patients lung recruitment is not always
possible. Moreover, despite its physiologic ratio-
nale, the application of higher PEEP did not result
in any outcome advantages as compared with
lower levels of PEEP [41].

The authors hypothesized that the disappoint-
ing results of the recent clinical trial on PEEP
setting led by the National Institutes of Health
ARDS network [41] resulted from the enrolment
and randomization of patients who had different
degrees of lung recruitability. If so, higher PEEP
could have been detrimental in patients who had
lower lung recruitability, because the main effect
would have been increased global stress and strain

567

on the already open lung regions. On the other
hard, in patients who had higher lung recruitability
the lower PEEP could have been harmful, because
it cannot extensively prevent the intratidal collapse
and decollapse of alveoli, thereby allowing exces-
sive regional stress and strain.

CT scanning has always seemed to be the best
available technique for studying lung collapse and
decollapse [42]. The authors recently studied the
lung recruitability in 68 patients who had ALI/
ARDS by obtaining two whole-lung CT scans at
5 cm H,O PEEP and at 45 cm H,O airway plateau
pressure, respectively [16]. Lung recruitability was
defined as the lung tissue regaining aeration from
5 to 45 cm H,O airway pressure and was ex-
pressed as a percentage of the total lung weight.
Moreover, to assess the effects of the application
of higher PEEP, they obtained a further CT
scan of the whole lung at 15 cm H,O PEEP. Phys-
iologic variables in gas exchange (oxygenation,
Paco,, dead space, and other variables) and respi-
ratory mechanics (respiratory system compliance)
also were recorded after the PEEP trial at 5 and
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Fig. 4. The frequency distribution of the 68 patients in the overall study population according to the amount of the lung
recruitability, expressed as the percentage of the total lung weight. ALI without ARDS was defined by a Pao,/F10, of less
than 300 but not less than 200, and ARDS was defined by a Pao,/Fio, of less than 200. The lung recruitability was
defined as the proportion of lung tissue in which aeration was restored at airway pressures between 5 and 45 cm
H>O. ALI, acute lung injury; ARDS, acute respiratory distress syndrome; Pao,/F10,, ratio of partial pressure of arterial
oxygen to fraction of inspired oxygen. (From Gattinoni L, Caironi P, Cressoni M, et al. Lung recruitment in patients
with the acute respiratory distress syndrome. N Engl J Med 2006;354(17):1780; with permission. Copyright © 2004

Massachusetts Medical Society, all rights reserved.)
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15 cm H,O PEEP to verify the possibility of esti-
mating the lung recruitability at the bedside by us-
ing respiratory physiologic variables.

Fig. 4 presents the frequency distribution of
lung recruitability in the study population. As
shown, the lung recruitability in humans is far
lower than that observed in experimental animal
models (median value, 9% of the total lung
weight). Moreover, the authors found that the ap-
plication of 15 cm H,O PEEP is able to maintain
recruited about 50% of the recruitable lung, inde-
pendent of its absolute amount. Unexpectedly,
lung recruitability was strictly associated with
the overall severity of lung injury, as detected by
CT scan and by respiratory physiologic variables
measured at the bedside, such as gas exchange
and respiratory mechanics. Similarly, lung recruit-
ability seemed to be closely associated with
mortality. Of note, the respiratory physiologic
variables assessed at the bedside, particularly the
changes in oxygenation, were poor predictors of
lung recruitability as assessed by CT scan.

On the whole, the use of CT scanning, with its
quantitative analysis, revealed a new pathophysi-
ologic aspect of ARDS, that is, the large variability
in the amount of lung recruitability and its strong
association with the response to PEEP. Moreover,
it seems that CT scanning cannot be replaced by
simple techniques available at the bedside, such as
variations in oxygenation. At present, there are no
alternatives to CT scanning to determine a given
patient’s lung recruitability, and it is quite evident
that the assessment of the lung recruitability is
necessary. For instance, the use of higher levels of
PEEP in a patient who has lower lung recruit-
ability does not have any physiologic rationale. In
fact, a higher level of PEEP may maintain only
recruited lung regions that are already open to
aeration. It cannot keep open a significant fraction
of the lung parenchyma, because the lung recruit-
ability is actually negligible in such a patient (a few
grams of the total lung weight). In contrast, the use
of lower levels of PEEP in patients who have
greater lung recruitability is potentially harmful,
because it cannot prevent the intratidal opening
and closing of a significant fraction of the lung
(about 200 g in each breath). Indeed, while
awaiting a randomized, clinical trial, which should
be performed only in patients who have higher
lung recruitability, the authors apply higher levels
of PEEP (> 15 cm H,O) in patients who have
greater lung recruitability and reserve lower levels
of PEEP (< 10 cm H,O) for patients who have
lower lung recruitability.

Summary

The authors have investigated ARDS using CT
scanning for more than 20 years. The unique
ability of CT scanning to provide a quantitative
approach to observing the lung parenchyma has
made it possible to understand better the patho-
physiology of ARDS. The authors believe that
today CT scanning, in addition to its use in
research, may be an essential tool allowing a ra-
tional setting of mechanical ventilation in patients
who have ARDS. The assessment of lung recruit-
ability should guide a correct setting of PEEP.
Moreover, the quantification of the portion of the
lung open to ventilation should lead to the
application of a safe tidal volume, without exces-
sive alveolar strain. Future studies will investigate
the efficacy of these approaches on outcome.
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