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ABSTRACT

Computed tomography (CT) has been utilized to study acute respiratory distress
syndrome (ARDS) since the middle 1980s, when it revealed the inhomogeneous pattern of
the lung lesion. Its advantages rely on the strict correlation between CT density and the
lung physical density, allowing a quantification of lung compartments with different
degrees of aeration. By CT scans, ARDS lung appeared to be “small” rather than “stiff,”
leading to the “baby lung” concept. The regional analysis revealed that this appearance
derives from an evenly distributed lung edema, which tends, because of gravitational forces,
to lie predominantly in the most dependent regions, leading to alveolar collapse. New data
suggest that such a “sponge lung” is made by a “core,” consolidated, lung portion, from
which, through an inflammatory reaction, lung edema will spread, determining the
collapsed and recruitable lung portion. The amount of recruitable lung varies among
ARDS patients. This knowledge is necessary for a rational positive end-expiratory pressure
(PEEP) setting because the amount of tissue maintained aerated by PEEP is closely
associated with the amount of recruitable lung. CT' scans may also help to diagnose ARDS
because CT provides a good estimate of the high-permeability lung edema, the character-
istic lesion of this syndrome.

KEYWORDS: Acute respiratory distress syndrome, computed tomography, lung
recruitment, positive end-expiratory pressure, mechanical ventilation

Medicine has always taken advantage, in ap-  the beginning, the presence of “bilateral alveolar infil-
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proaching different diseases, of the possibility of looking
inside the affected organ and visualizing the ongoing
pathology. One of the main goals of laboratory research
is to discover techniques that allow investigators to see
pathological aberrations in affected organs. When acute
respiratory distress syndrome ((ARDS) was first de-
scribed by Ashbaugh and colleagues,” the only available
technique to visualize the pathological process in
the lungs was conventional chest radiographs. Since

trates” was recognized as characterizing this syndrome,
in association with marked hypoxemia and “stiffness” of
the rcs;airatory system, as judged by a very low compli-
ance. The invention of computed tomography (CT),
and its z}pplication in ARDS patients since the middle
19805, provided the morphological and functional
characterization of the injured lung that investigators
and physicians had longed for. Chest CT' revealed that

ARDS was not a homogeneous process but rather an
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Figure 1 Anteroposterior chest x-ray (A), and corresponding lung computed tomographic (CT) scan images at pex, hilum, and base
(B,C,D) of a patient affected by acute respiratory distress syndrome (ARDS) from sepsis. CT scanning was performed at end-expiraticn,
at a positive end-expiratory pressure (PEEP) of & cm H,0. Although the chest x-ray shows diffuse ground-glass opacification, sparing the
right upper lung, the CT scans revealed an inhomogeneous, disezse, with both craniocaudal and sternovertebral gradients. From

Gattinoni et al,'® with permission.

uneven disease mainly affecting the most dependent lung
region56 (Fig. 1). Chest CT scans are able to “quantify”
the disease, expanding research applications. More re-
cently, CT scans have been useful in examinin7g myriad
clinical issues, such as respiratory mechanics,” intra-
abdominal pressure,'® mechanical ventilation in dynamic
conditions, 2 lung perfusion,m’14 and lung recruitabil-
ity."™ This article reviews the cardinal findings and major
applications of CT scans in the management of ARDS,
with attention to the physical principles underlying its
quantitative analysis.

QUANTITATIVE ANALYSIS OF CT SCAN
IMAGES

The introduction of CT scan in the research and clinical
treatment of ARDS patients has been a great success,
especially in understanding the pathophysiology of the
syndrome and the effects of some ventilatory variables
usually set at the bedside.’® Two main characteristics of

CT scan, as compared with chest x-ray, contribute to its
success: first, CT scans provide axial images of the lung
parenchyma, thereby allowing a visualization of the
inside portion of the lung; second, CT may “quantify”
specific parameters obtained with images. But how do
CT scans work?

Physical Principles of CT Scan Images
The mean feature that allows the use of CT scan images

for a quantitative analysis relies on the numerical values:

associated to each unit in which the images are divided
(i.e., the voxel), and that is represented by the CT
number.)” Indeed, this value represents the linear at-
tenuation coefficient (p) of x-ray beams. through the
matter; in other words, the reduction of the radiation
intensity upon passage through the matter. When an
x-ray beam arises from a radiation source, enters into
matter, and emerges from it, it will be attenuated based
upon each material encountered during the passage. The
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CT number expresses the linear attenuation coefficient
as referred to the one for water (the reference standard),
according to the following formula:

CT = 1000 x (,Umm‘eria/ - /—Lwater)

/vaater

WRETE Ly aseria TEPTESents the linear attenuation coeffi-
cient of the material analyzed, and fiy e represents the
linear attenuation coefficient of water. To magnify the
small difference of linear attenuation coefficients of
different materials, a factor scale of 1000 is used. The
process of attenuation of x-ray beams is based on some
peculiar characteristics of this radiation. Because the
wavelength of x-rays is very small (\ =10 — 10732 A),

" they usually penetrate into the matter more easily than

longer electromagnetic waves; as a consequence, many
different materials are almost transparent to them. An x-

ray beam of initial intensity Io, after having passed

through a material of a given thickness x, will reach
the detector with an intensity I that will be lower than

the initial one because of the interaction with the atoms’

of the material passed through, according to the fo]lqw—
ing formula: :

I(ﬁx) =Jy x e
The linear attenuation coefficient p shown above is
actually the sum of the different linear atternuation
coefficients determined by the different types of inter-
actions of the x-ray beam and the material (photoelectric
effect, Compton effect, and production of electron—
positron pairs).

The importance and usefulness of the CT num-
ber, as here defined, rely on its strict association with the
physical density (the ratio between mass and volume of a
given material) of the material the x-ray beam has passed
through with the CT scan. More precisely, the total
linear attenuation coefficient is correlated to the physical
density according to the following formula™®;

o= JDNg X [UR(ZR,E) + O-P‘e.(ZP‘e.:E) + Uf(E) '
+Jﬂ(ZW7E)]

where Z denotes the atomic number for coherent inter-
actions (Zg), for interactions with photoelectric effect
(Zp.), and for interactions with the production of
electron—positron pairs (Z,); E denotes the energy of
the incident photon; p the physical density (g/cm3); Ng
the density of electronic mass (electrons/g); og the
section that has been passed through, for each electron,
by coherent interactions (cm*/electrons); o'p,. the sec-
tion passed through, for each electron, with interactions
for photoelectric effect (cm?/electrons); o, the section
passed through, for each electron, with interactions for
Compton effect (cm*/electron); @, the section passed
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Figure 2 Puimonary computed tomographic (CT) density as a
function of the fractional gas content in isolated pig lungs. CT
density is expressad in Hounsfield units, ranging, for the lung
parenchyma, from —1000 HU to 0 HU. The fractional gas content
denotes the fraction of lung velume that is filled with gas,
expressed as a fraction between the gas volume and the total
lung volume. As shown, the CT density strictly represents the
physical density of the lung parenchyma (r=0.98, p<0.01}.
Modified from Gattinoni et al.®

through, for each electron, with the production of elec-
tron~positron pairs (cm®/electron); and o (Z, E) the
section that has been passed through as a function of
the atomic number Z and as 2 function of the energy of
the incident photon E. Among all the types of electron
interactions, the Compton effect contributes the most to
the final x-ray attenuation.’” Because all the variables
affecting the x-ray attenuation are usually kept constant
during CT scans in ARDS patients, it follows that a
linear correlation between the “CT number,” as detected
on lung CT scan images, and physical density of the lung
parenchyma can be reasonably assumed, as previously
demonstrated in an experimental set‘r.'mg's’17 (Fig. 2).
The CT number or the CT physical density is
measured in Hounsfield units (HU). The attenuation
scale arbitrarily ranges from 4 1000 HU, which approx-
imates the physical density of bone {complete absorp-
tion), and —1000 HU, which approximates the physical
density of air {complete transparency). Zero HU is
approximately equivalent to the physical density of
water. The lung tissue, which includes different ana-
tomical entities, such as epithelial and endothelial cells,
extravascular fluid, blood, fibrin, and others,*® has a
physical density very close to the one of water (1 g/mL
or 0 HU). Consequently, the range of density we have to
consider when dealing with the lung parenchyma is
included between 0 HU and —1000 HU. If we consider
the lung parenchyma as 2 mixture of two different types
of material (ie., air and tissue, including cells, blood,
extravascular fluid, fibrin, etc.), it is possible to compute,
for any given voxel of a lung CT image, the percentage of
air and the percentage of lung tissue included in that
specific volume of lung parenchyma. For example, a
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voxel with a CT number of — 700 HU will be charac-

+terized by 70% of air and 30% of lung tissue; in other

words, 30% of its volume will be composed of cells,
blood, and extravascular fluid, whereas 70% of its volume
will be composed of gas.?® In summary, the gas volume
of a specific lung region' of interest (ROI) may be
computed as follows:

mean CT ror
Gas volumeror = Total volumeror X (ﬁ)

where the Total volumegoy denotes the total volume of
the specific lung area, and mean CTror denotes the mean
density, expressed as the CT number, of the specific lung
area. On the other hand, the amount of tissue included
in a specific lung area may be computed as follows:

Tissue weightror

mean CT'
= Total volumeror X {1 - (ﬁ)}

or
Tissue weightror = Total wolumeroy — Gas volumeror

where Total volumegor denotes the total volume of the
specific lung area, and mean CTger denotes the mean

density, expressed as the CT number, of the specific lung

area. Of note, the possibility of computing the tissue
weight from a volume depends on the assumption that
the physical density of the lung parenchyma is equal to
that of water (1 g/mL).

Lung Compartment : -

To better investigate the morphology of the lung paren-
chyma and to evaluate its functionality in terms of gas
exchange and variations according to different ventila-
tory settings, it is useful to examine and divide the lung
parenchyma in different portions according to their
degree of acration.?’ Based on the frequency distribution
of the CT numbers of an entire slice of lung CT scan in
normal lungs, four different lung compartments can be
easily recognized: (1) a nonaerated compartment, as
defined by a CT number between —100 HU and
+100 HU, which represents the portion of lung paren-

* chyma that is gasless (i.e., collapsed, consolidated, or

filled with extravascular fluid), together with a portion of
lung parenchyma characterized by small airway collapse;
(2) a pootly aerated compartment, as defined by a CT'
number between — 101 HU and —500 HU; (3) a
normally aerated compartment, as defined by a CT
number between — 501 HU and — 900 HU, which
represents the major lung compartment in >healthy
lung; (4) a hyperinflated compartment, as defined by a
CT number between — 901 HU and — 1000 HU. The
thresholds here reported for the different lung compart-

ments are based on the normal distribution of CT
nurnbers in healthy lungs.20 Because slightly different
thresholds have been proposed by other authors,*® cau-
tion must be applied when comparing the findings
reported by different groups of investigators.

The advantage of this approach may be easily
understood. If we need to evaluate the efficacy of
different settings during mechanical ventilation, such
as a higher level of positive end-expiratory pressure
(PEEP), or a recruitment mancuver, this approach
allows us to evaluate the modification of a lung com-
partment, such as the nonaerated (i.e., the gasless
tissue) or the normally aerated lung compartments,
after having applied the “maneuver.” These effects will
be quantified as a difference between a baseline or
pretreatment status, and the new or posttreatment
status.

“Tissue Volume’’ or “"Tissue Weight’?

The usefulness of the lung compartment approach in
investigating the pathophysiology of acute lung injury
(ALI) has become evident within the past decade, as

- shown by the broad application of lung CT scans by

many groups of in';res':iga‘fors.8’9’11’21_25 Unfortunately,

when considering the available literature, some differ-
ences in the technique used and the analysis performed
may affect the comparison of the findings and may result
in misinterpretations of the observed results. One of the
most important issues not well understood has been the
use of the “tissue weight,” rather than the “dssue
volume,” when looking at the lung compartments with
different degrees of aeration. If we consider the lung
parenchyma as a mixture of gas and tissue, the use of
“rissue volume” for the quantification, for instance, of
the normally aerated lung compartment will include the
amount of tissue that is normally’ aerated plus the
amount of gas that fills the alveoli of this compartment,
and is calculated based on the frequency distribution of
the CT numbers and the total volume of a lung CT area
as follows:

Normally aerated wolume

vaxels(—900 26 — 500 HU)
total number of voxels 4.

areq

= Total volume,,., X

where the Total volume,,,, denotes the total lung volume
of the area analyzed, the woxels (—900 fo ~500 HU),,.,
denotes the number of voxels normally aerated (with a
CT number between —900 and ~500 HU), and the zoz4/
number of voxels,y,, denotes the total number of voxels
included in the lung area analyzed. The same formula
applies to each lung compartment. In contrast, to give
the right role to this compartment within the functional
anatomy of the overall lung parenchyma, we need to
focus only on the amount of tissue that is normally
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aerated (i.e., the weight of the lung tissue included in
this lung compartment):

Normally aerated tissue weight = NOR VOIUME greq

1 |mean CT(~900 10 — 500 HU),,,
U 1000

where the NOR wvolume,,., denotes the normally aerated
Tung volume of the area analyzed and mean CT" (—~900 o
—500 HU),.. denotes the mean CT number of the
overall normally aerated compartment. A numerical
example may clarify this point. Let's assume that in 2
patient with ARDS the volume of the normally aerated
compartment at end expiration with a PEEP of 5 em
H,0 is 250 mL, with 2 mean density of —650 HU,
corresponding therefore to 87.5 g of normally aerated
lung tissue. After increasing PEEP to 15 emH;0, the
normally aerated lung volume will increase, for instance,
up to 350 mL, with a mean density of —750 HU. This
value will correspond to an amount of normally aerated
lung tissue of 87.5 g, exactly the same amount recorded
at baseline condition. Thus, if we do not correctly
consider the real amount of tissue, we will erroneously
conclude that increasing PEEP in this particular patient
may be effective in improving the normally aerated lung
compartment, and thus inferring erroneous information
on gas exchange or respiratory mechanics, while indeed
there is no real gain in normally aerated lung tissue. The
same reasoning may be applied for the poorly aerated
and hyperinflated lung compartments. Fortunately, this
confusion may not be valid for the nonaerated lung
compartment, the gasless tissue, in which the tissue
volume and tissue weight usually coincide because there
is almost no gas left in this compartmeht.

Static versus Dynamic CT Scan Imaging

Since the beginning of its application in studying
ARDS patients, attention has been paid to the venti-
latory setting employed while performing CT' scanning.
In particular, one of the most important settings has
been the use of an end-expiratory or and end-inspir-

atory pause during the scanning. The maintenance of

the respiratory system in a static condition, as during a
respiratory pause, provides a good accuracy, for which
subsequent quantitative analyses can be performed. If
patients breathe during the CT scanning, as occurs in
spontaneously breathing patients, the quantification of
the gas volume included into the lung parenchyma, and
its division in compartments with different degrees of
aeration, will inevitably represent an average of the
modifications occurring within the lung parenchyma
during the tidal breath. In contrast, by keeping the
respiratory system in a static condition, we can assure a
more precise quantification of its functional anatomy
both at end-expiration and at end-inspiration (by

applying, respectively, an end-expiratory and end-in-
spiratory pause). Consequently, the modifications oc-
curring during the tidal breath may be estimated by
considering the differences between the functional
anatomy at end-expiration and at end-inspiration.
This approach has been successfully applied in the
study of many different ventilatory strategies, such as
the lung distribution of ventilation and its modifica-
tions with PEEP,?® the intratidal lung recruitment,*®
the effects of PEEP,7?%%7 and the overall lung recruit-
ability.*® The reason for this approach relies also on the
technical characteristics of the first CT scanner avail-
able 2t the time of the first introduction of CT in the
study of ARDS, especially in the speed of image
acquisition.lé

In recent years, the introduction of the electron
beam CT and new multidetector helical scanners has
partially overcome this limitation, providing higher
speed for image acquisition. Based on the possibility
of acquiring CT images at a subsecond speed (50 to
500 msec) in 2 quasi-continuous fashion, CT scanning
may be used in dynamic conditions, including analysis
of mechanical ventilation, and lung perfusior1.13’1 In
experimental settings, Markstaller and colleagues used
dynamic CT to investigate the variations of functional
anatomy and its correlation with the gas exchange
during tidal breathing, without interrupting mechan-~
ical ventilation."™***® Most findings reported have
been limited to static conditions; this approach, in
contrast, may have value in elucidating the dynamics
of mechanical ventilation in ARDS patients. As an
example, the same group of investigators investigated
the pulmonary distribution of time constants during
mechanical ventilation, both in healthy and in injured
lungs, observing two different patterns of time con-
stant distributions, 2 discrete one in healthy lungs and a
continuous one in ARDS lungs.?

Another application of dynamic CT scanning is
to study lung perfusion, which has been for many years
the “holy grail” of lung research with regard to the
pathophysiology of the respiratory system. In fact, if,
for studying and visualizing the “ventilatory side” and its
regional distribution within the lung parenchyma, CT
scanning may be considered a gold standard, no com-
parable technique, in terms of quantification and pre-

" cision, has been available for many years to study the

“perfusion side” of the lung. Together with positron
emission tomographic (PET) scanning, the application
of dynamic CT is promising. Although not yet applied
in ARDS patients, Jones and colleagues employed dy-
namic CT to study the effect of body positioning™ and
the effect of hypoxia and inhalation of nitric oxide™ on
the regional distribution of lung perfusion. Although not
without technical limitations, such as the possibility of
studying only lung slices rather than the whole lung,
with the consequent presence of “shift volume effect,”
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and the use of contrast material, dynamic CT is a
potentially useful technique to better understand the
pathophysiology of lung perfusion.

PATHOPHYSIOLOGICAL INSIGHTS —ARDS
MODELING

Before its application in ARDS patients, CT had begun
to gain popularity for studying the development of lung
atelectasis during znesthesia and paralysis.’® When CT
was first applied in ARDS patients, findings were un-
expected. In contrast to previous theories, ARDS was
not 2 homogeneous disease but was quite uneven, with 2
proclivity for the most dependent Iung re§ions; the
nondependent areas were relatively spared™ (Fig. 1).
From that first observation, CT has provided several
findings that over time have changed our view of
ARDS.* : :

From the “Stiff Lung” to the “Baby Lung”

During the first decade after the identification of ARDS,
the lung parenchyma affected by this syndrome was
considered as a “stiff lung.”* This conclusion was drawn
by the observation of a very low compliance of the
respiratory system, associated with the radiological and
histopathological findings of diffuse alveolar infiltrates.
This conceptual approach to ARDS lung unfortunately
led physicians to use high tidal volumes (12 to 15 mL/
kg) and airway pressures, during mechanical ventilation,
aimed at opposing the great “stiffness” of the lung to
improve oxygenation. As Pontoppidan and colleagues
reported in their manuscript, “we ventilated thousands of
patients in this way, and the only side effect=was
hypocapnia.”® Indeed, besides the common finding of
hypocapnia, the real detrimental effect of such a ven-
tilatory approach was the occurrence of barotrauma. The
first CT scan performed on a patient affected by ARDS
revealed a quite different picture on an axial lung image:
rather than homogeneous, the disease affected the lung
parenchyma in an uneven pattern. Three different zones
may be recognized: a near-normal area in the non-
dependent lung regions (i.e., the parasternal regions
while in supine position), a ground-glass opacification
in the middle lung regions, and a consolidated area in the
most dependent lung regions (ie., the paravertebral
regions while in the supine position). The subsequent
quantitative analysis of CT images revealed that the
near-normal areas localized in the nondependent lung
regions was normally aerated lung tissue, but the quan-
tity of this lung compartment was markedly reduced
(~200 to 300 g) as compared with a normal subject
(~700 g). This observation led to the concept of the
“baby lung” rather than the “stiff lung”; the lung affected
by ARDS is small, with a normal portion having the
dimension of the lung of a 5- to 6-year-old child. What

was surprising at the beginning was the discovery that, as
a consequence of such a functional morphology, the
compliance of the respiratory system was strictly corre-
lated not with the amount of lung atelectasis (ie., the
nonaerated lung tissue), but rather, with the amount of
normal lung (ie., the normally aerated lung tissue).*
These findings gradually changed our view of ARDS
and in. particular our view of how to ventilate such
patients. Given the functional morphology of ARDS
lung as observed, it becomes evident that the application
of very high tidal volume to a very small lung, as
commonly used during these years, will generate ex-
tremely high pressures and wall stresses that will lead to
tissue rupture (i.e., barotrauma). This leads to the con-
cept of a more “gentle” ventilatory treatment of the lung.
Thereafter, first with the introduction of extracorporeal
support,*? and later with the introduction of a low tidal
volume ventilation and permissive hypercapnia,®® the
concept of a gentle ventilatory treatment of the ARDS
has gained acceptance.

From the “Baby Lung” to the “Sponge Lung"

The baby lung was initially thought to be an anatom-
ical entity, usually located in the nondependent lung
regions. This conceptual framework was originally the
premise for the proposal of prone positioning in ARDS
patients. It was hypothesized that by turning the
patient in a prone position, the baby lung, once located
in the dependent lung regions after the change of
position, would have been more perfused because
lung perfusion is gravity dependent.** Thus the possi-
bility of improving systemic oxygenation was at hand.
Surprisingly, although systemic oxygenation did ac-
tually improve in most patients, we consistently ob-
served a redistribution of the lung densities (i.e., lung
atelectasis and/or consolidations), from the most de-
pendent lung regions, the paravertebral areas in the
supine position, to the most dependent lung regions in
the prone position (i.e., the parasternal lung areas).>*3%
In an attempt to understand the mechanisms under-
lying the redistribution of lung densities with prone
position, a quantitative analysis of the regional distri-
bution of CT scan variables was performed. From this
analysis it appeared that the pulmonary edema, as
estimated by the excess tissue mass,>® accumulates
within the lung parenchyma according to an.even
pattern along the sternovertebral gradient, and it is
not distributed according to gravitational forces,” as
previously observed in both experimental and clinical
settings.>®3? Therefore, if homogeneously distributed
within the lung parenchyma, how can lung edema
generate the baby lung aspect? A novel model of
ARDS physiopathology was proposed: the “sponge
lung”.*®  According to  this  view, lung
edema formation affects the whole lung in an even
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distribution, but, due to the increased lung weight
caused by edema, in the presence of gravitational
forces, the increased mass will generate lung collapse
in the most dependent lung regions, where the excess
tissue weight is greater. As a consequence, the in-
creased lung welght while collapsing the most de-
pendent lung regions, will squeeze out the gas volume

originally filling this portion of the lung from the

most dependent to the nondependent lung regions,
leading to the classical appearance of lung paren-
chyma on CT scan images. From this point of view,
the lung affected by ARDS may be considered as a
sponge full of water: as long as the sponge is im-
mersed in water, with almost no influence of the
gravitational field, the water absorbed by the sponge
will be evenly distributed within it; in contrast, when
the sponge is pulled out of the water, the liquid
absorbed by the sponge will tend to distribute in
the most dependent regions due to the gravitational
forces and the consequent increased weight of the
nondependent regions onto the dependent ones. The
final results will be the presence of “sponge atelecta-
sis” in the most dependent portion of the sponge.
Once again, the use of the quantitative analysis on
CT provided the possibility to quantify the gravita-
tional forces causing lung collapse in the most de-
pendent lung regions, called “superimposed
pressure”. > At each level of the lung along the
sternovertebral axis, the weight of the tissue above
such a level will generate 2 pressure (the superimposed
pressure) that will determine alveolar collapse in that
level and that will depend on the height of tissue
above the level and the fraction of lung tissue in-
cluded in the portion of the lung above that level:

Superimposed pressureyp = beight e,

y [1 _ (mean CThur

1000 )] + superimposed pressure poy

where height;,.,; denotes the height of the given lung
level; mean CT),.,,.; the mean density, expressed in CT
number, of the given lung level; and superimposed
Pressure gy, denotes the superimposed pressure of the
portion of lung parenchyma above the given level.

The "Recruitable Lung’” and the “Consolidated

Lung’: A Novel View

Novel findings recently observed in a quite large pop-
ulation of patients affected by ALI or ARDS may add
further insights to ARDS lung modeling.'® It has been
well known since its first identification that ARDS is
characterized by alveolar collapse. As a consequence,

ventilatory strategies aimed at opening the lung, such as
the initial application of PEEP,“! or later on, the use of
recruitment maneuvers,™** gained favor until the

introduction of the “open lung approach.”45 The im-
portance of lung recruitment is well accepted in treat-
ment of ARDS patients, but the mechanisms
underlying its pathophysiology have not yet been elu-
cidated. Much of the data regarding the “rules” of lung
recruitment were derived from experimental models of
ARDS, in which most of the time the maximal amount
of the potential for lung recruitment is greater than that
observed 1 in patients. Moreover, response to recruit-

ment maneuvers varies considerably among different
ARDS patients. To gain insights into the phenom-
enon, we designed a study to examine the maximal
potential for lung recruitment (as detected by CT),ina
large population affected by ALI/ARDS. 5 Sixty-eight
patients were enrolled from four institutions; whole-
lung CT scans were performed during an end-expir-
atory pause at @ PEEP of 5 em H30, and during an
end-inspiratory pause at a plateau pressure of 45 cm
H,0. The potential for lung recruitment was defined as
the difference in nonaerated lung tissue (i.e., the gasless
portion of lung parenchyma) between the two levels of
airway pressures, and was expressed as a fraction of the
total lung weight. We found that lung recruitment
varied widely among the study population: the maximal
lung recruitability varied from a quite negligible frac-
tion to a more than 50% fraction of the total lung
weight (Fig. 3). Surprisingly, CT revealed an unex-
pected finding: the amount of the consolidated lung
tissue (i.e., the amount of gasless tissue not recruitable
even applying 45 ecm H,O airway pressure), was con-
stant throughout the population, corresponding to
~24% of the total lung tissue weight. It followed a
strict association between the maximal lung recruit-
ability and the total amount of nonaerated lung tissue at
baseline (i.e., the gasless tissue). In other words, the
greater the maximal potential for lung recruitment, the
greater was the overall severity of lung injury at base-
line, as detected by the amount of gasless tissue, and
confirmed by the analysis of gas exchange and respira-
tory mechanics. Patients with a higher amount of
potential for lung recruitment exhibited a higher mor-
tality rate at discharge from intensive care units, as
compared with patients with a lower amount of poten-
tial for lung recruitment. A novel view of ARDS lung
may be derived from these observations. When ARDS
affects the lung parenchyma, the extent of the inflam-
matory reaction deriving from the initial insult will
affect the development of lung edema, and therefore
the development of gravity-dependent alveolar collapse
(i.e., the potential for lung recruitment). It is conceiv-
able that the consolidated lung tissue constantly ob-
served reflects the “core disease” of ARDS, whereas the
associated collapsed and therefore recruitable lung
tissue may reflect the extent of the surrounding inflam-
matory reaction, which will vary among patients and
will be related to the severity of the disease and




RADIOLOGICAL IMAGING IN ALI/ARDS/CAIRON! ET AL 411

5 +4% 21 +10%
(59 51 grams) (374 +236 grams)
(1 lower higher
g 24 !
22

ALl patients without ARDS
EmEN ARDS patients

frequency [no. of patients]
I

T SN G ST A, PO PN S b M g el e RSN A e R

10
8..
6_
4_
o2
0 - o e . T 1 ‘ T ( (9[ T
[RTI 6 % oD b ,;p 2160, 13,18, &
RN 23 Q\(,\ Yo \%fJ FAI ‘JQ\‘J &% 19\1 \
A _potential for lung recruitment [% total lung weight]
1
1:
§
1~. ¢ B
D

Figure 3 (A) Frequency distribution of acute lung injury/acute respiratory distress syndrome (ALI/ARDS) patients accerding o the
potential for lung recruitment, and (B,C) representative lung computed tomographic (CT) irhages at airway pressures of 5 and 45 ¢ém H,0
from patients with lower and (D,E) higher potential for lung recruitment. The frequency distribution of the overall study population is
shewn according to the total amount of lung recruitability, expressed as a percentage of the total lung weight (A). ALl without ARDS
denotes patients with ALI without ARDS having a PaC,:FO; ratio of < 300 but not < 200, ARDS denctes patients with a Pa0,:FiO, ratio
of <2C0. The overall study population was divided into patients with lower and patients with higher potential for lung recruitment,
according to its median value (9% of the total lung weight). (B and C) show representative lung CT slices obtained 2 ¢cm above the
diaphragm dome &t airway pressures of 5 ¢m H;O (B) and 45 cm H,O (C) from a patient with lower potential for lung recruitment. The
amount of the potential for fung recruitment was 4%, and the proporticn of the consclidated lung tissue was 33% of the total lung
weight. (D and E) show representative lung CT slices obtained 2 cm above the diaphragm dome &t airway pressures of 5 cm H,0 [D) and
45 cm H»0 (E} from a patient with higher potential for lung recruitment. The amount of potential for lung recruitment was 37%, whereas
the proportion of the consolidated lung tissue was 27% of the total lung weight. From Gattinoni et al,"® with psrmission.
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therefore mortality. The sponge lung may thus be
considered as made of two different portions: a core
not-recruitable nucleus and a collapsed and recruitable
portion.

CLINICAL INSIGHTS
The wide use of CT by different groups of investigators
and the results obtained in the past decade have led to

the incorporation of CT in the clinical ventilatory

management of ARDS patients. Recent improvements
have been made in understanding the meaning of the
pressure~volume (PV) curve of the respiratory system
and irs utility in setting mechanical ventilation. In
contrast to what had been thought, lung recruitment
appeared to be a continuous phenomenon occurring
along the entire PV curve,”” starting at the lower
inflection point of the curve.® In contrast, lung derecruit-

ment was significant only at airway pressures below the

maximal point of curvature of the deflation limb, which
has been suggested as a useful tool for setting PEEP.?
Although not yet investigated in clinical settings, CT
has revealed an important and probably unexpected role
of intra-abdominal pressure in the development of lung
edema during experimental ARDS.?® The higher the
intra-abdominal pressure while the lung parenchyma is
already injured, the greater will be the accumulation of
lung edema, as detected by the excess tissue mass. Here,
for the sake of brevity, we will focus our attention on the
most recent data obtained in a relatively large pdpulatibn
of ARDS patients on lung recruitment because they may
substantially affect our clinical ventilatory strategies.

PEEP Setting and Potential for Lung
Recruitment ’

As mentioned earlier, lung recruitment has been’ ac-
knowledged as a key issuc in the ventilatory management
of ARDS. The importance of lung recruitment led in the
early 1990s to novel ventilatory strategies (i.e., the open
lung approach® or lung protective strategy*). This
ventilatory strategy included the use of a recruitment

maneuver to open the lung, and the use of 2 high level of

PEEP and low tidal volumes to keep the lung open,
avoiding both the regional and the global stress and
strain on the lung parenchyma. Forturiately, this ap-
proach showed benefit, as compared with the traditional
ventilatory strategies, with improved survival*>*® and
attenuation of the inflammatory reaction of the lung.*’
Similarly, ventilation atr low tidal volume alone was
shown to be effective in reducing the mortality among
patients with ALI or ARDS.*® In contrast, as shown in
the recent NIH-ALVEOLI study,* the addition of
high levels of PEEP to low tidal volume ventilation
did not further decrease the mortality of these patients,
as compared with lower PEEP levels.

From these data, some observations are pivotal.
The beneficial effects of adding PEEP in terms of
reduction of lung atelectasis and decreasing global and
regional alveolar stress and strain were mainly studied in
animal models of ALI characterized by a large amount
of collapsed, and therefore recruitable, lung tissue 2705t
In human ARDS, however, some patients demonstrate a
minimal response to ventilator procedures aimed at
recruiting collapsed lung regions, suggesting their max-
imal potential for lung recruitment may be low. More-
over, ARDS patients may differ substandally in terms of
response to recruitment maneuvers: some show a good
response to ventilatory maneuvers, whereas others do
not.*¥*52 Tt is conceivable that the application of a high
level of PEEP in patients with low lung recruitability
may be harmful. In fact, the application of such a PEEP
level will only determine an increase in lung inflation of
the already-open portions of the lung, with no beneficial
effects with regard to the reduction of alveolar stress and
strain because only a negligible fraction of the lung is
recruitable. Therefore, if patients with lower or higher
lung recruitability are randomly assigned to lower or
higher PEEP levels, a strategy employed in the NIH-
ALVEOLI study,”® the possible benefits of higher
PEEP levels in patients with higher lung recruitability
may be offset by the harmful effects caused by high
PEEP levels in patients with lower lung recruitability.
We consequently hypothesized that the knowledge of
the maximal capacity of the lung to be recruited (i.e., the
potential for lung recruitment), might determine the
response to PEEP.*® The maximal potential for lung
recruitment, as well as the lung functional anatomy at
two different PEEP levels (5 and 15 cm H,0), was
estimated in 68 patients with ALI/ARDS by using CT
as the gold standard measurement of lung recruitment.™
As mentioned carlier, a large variation in the overall
population was observed with regard to the frequency
distribution of the potential for lung recruitment, which
ranged from ~9 to 59% of the total lung weight, with a

"mean value of 13 & 11%, corresponding to an absolute

weight of 217 £232 g (Fig. 3). Morcover, the response

“to higher PEEP in terms of lung recruitment was

strongly associated with the maximal potential for fung
recruitment: the higher is the maximal lung recruitabil-
ity, the higher will be the amount of collapsed lung tissue
that PEEP can maintain recruited (Fig. 4). In fact, the
application of 15 cm HyO PEEP was able to consistently
maintain recruited about ~50% of the potential for lung
recruitment, irrespective of its absolute amount.

From these data, one point is critical: the assess-
ment of lung recruitability should be a prerequisite for a
rational setting of PEEP. In fact, the application of
high PEEP levels in a patient with low lung recruit-
ability may only maintain recruited lung regions that
are already aerated, leading to overdistension, whereas
collapsed lung tissue cannot be inflated because the
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Figure 4 Lung recruitment induced by increasing positive end-
expiratory pressure (PEEP) from 5 to 15 cm H,O as a function of
the potential for lung recruitment. Lung recruitment induced by
PEEP was calculated as the decrease in nonaerated lung tissue
between 5 and 15 cm H,0. Both variables are expressed as a
proportion of the total lung weight measured at baseline PEEP of
5 cm H,0 (P =0.72, p <0.001, slope = 0.52, yintercept = 1.03).
From Gattinoni et al,’® with permission.

lung recruitability in such patients is negligible. In this
setting, high PEEP levels may be detrimental. In
contrast, the application of low PEEP levels in a patient
with high lung recruitability may be insufficient be-
cause a large fraction of the collapsed lung tissue will
collapse at end-expiration, and will undergo cycling
intra-tidal collapse and de-collapse between inspiration
and expiration. In these patients, high PEEP levels may
be beneficial by preventing alveolar collapse at end-
expiration, and by preventing alveolar intra-tidal col-
lapse and de-collapse. On the basis of this concept, we
limit PEEP levels in patients with low lung recfuit-
ability (<10 ecm H,0), whereas we apply high PEEP
levels (>15 cm H,0) in patients with high lung
recruitability. However, a randomized clinical trial is
needed to determine whether high PEEP (as compared
with low PEEP) affects outcomes among ARDS pa-

tients with a higher potential for lung recruitment.

ARDS Definition

During the last 3 decades, it has been progressively
recognized that, irrespective of the initial insult,
ARDS is characterized by altered permeability of the
alveolar-capillary membrane, with the formation of
high-permeability lung edema, the pathognomonic le-
sion of the syndrome. However, this alteration was never
directly included in the definition of ARDS. After the
first characterization of ARDS by Ashbaugh and col-
leagues as a syndrome showing “acute onset of tachyp-
nea, hypoxemia, and loss of compliance,” not
responding to the ordinary methods of respiratory ther-
apy, Murray and colleagues proposed a lung injury score
for ARDS definition.>® This score included a progres-

sively decreasing ratio of arterial partial pressure of
oxygen (P20,) on inspired oxygen fraction (Fi0y),
different degrees of consclidation on the chest radio-
graph, and a progressively decreased compliance of the
respiratory system. The most widely accepted and em-
ployed definition of ARDS was proposed by the Amer-
ican-European Consensus Conference, which relies
primarily on hypoxemia (PaO,:FiO, <300) and the
presence of bilateral infiltrates (by conventional chest
radiographs), in the absence of left atrial hypcr‘cension.54
Although not substantially different, a new definition,
developed by using the Delphi technique, was recently
proposed®™*® that included systemic hypoxemia (PaO,:
FiO, ratio <200 at a PEEP >10 cm H;0), and
bilateral pulmonary infiltrates by chest radiographs.

All the current definitions to identify ARDS
include the presence of bilateral pulmonary infiltrates
(by chest radiographs), which is thought to be a surro-
gate for high-permeability lung edema. Unfortunately,
chest radiographic “infiltrates” may be the morphological
sign of myriad conditions, such as lung atelectasis,
consolidation, interstitial edema, intra-alveolar flooding
or consolidation, and the like.'® Therefore, although
chest radiographs are a hallmark feature of ARDS, they
are nonspecific. In contrast, CT may be a much better
tool to detect lung edema formation, especially by
applying to CT images a quantitative analysis, thereby
evaluating the excess tissue mass.*® In the investigation
mentioned earlier, which consisted of 68 patients with
ALI or ARDS (according to the American-European
Consensus Conference criteria), we also examined 34
control patients with unilateral pneumonia and 39 con-
trols with healthy lungs who underwent whole-lung CT
for diagnostic purposes.”® By looking at the total lung
tissue weight, which approximately reflects the amount
of inflammatory edema, we observed that patients with
ALI/ARDS had significantly greater lung tissue weight
(~1500 g) than patients with either healthy lungs or
unilateral pneumonia (respectively, ~850 and 1200 g).
However, when dividing the overall ALIVARDS pop-
ulation according to the maximal lung recruitability of
each patient, it appeared that the difference in Jung tissue
weight between ALI/ARDS patients and patients with
unilateral pneumonia was mainly due to the ALI/ARDS
patients with a higher potential for lung recruitment
(with a lung tissue weight of ~1700 g). In fact, the lung
tissue weight of ALI/ARDS patients with a lower
potential for lung recruitment was similar to that ob-
served in patients with unilateral pneumonia (~1250 g).
The same picture applies for the amount of nonaerated
lung tissue (i.e., the gasless tissue).

In our opinion, these findings highlight the im-
portance of considering the hallmark sign, of ARDS
(ie., high—permeabﬂi‘ty lung edema), in its definition, as
previously suggested.””*® From this point of view, it is
surprising that in about half of the patients currently
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considered as affected by ALI/ARDS, as defined by the

American-Furopean Consensus  Conference, the

" amount of collapsed lung tissue (the potential for lung

recruitment), which is strictly related to the formation of
gravity-dependent lung edema, is almost negligible and
similar to patients with unilateral pneumonia who are not
included in the ALI/ARDS definition. Although not
sufficient to propose a novel definition of ALI/ARDS,
our data suggest that measurement of a threshold value of
lung edema should be considered to correctly define this
syndrome as a specific entity. Surprisingly, similar argu-
ments were discussed ~10 years ago> ° but did not lead
to a modification of ARDS definition. One explanation
of this gap reflects the difficulty in measuring either lung
edema or the permeability of the alveolar-capillary mem-
brane. Although not yet broadly employed, and not
always feasible in the clinical setting, CT may provide a
reasonable tool to estimate lung edema with acceptable
precision. We should not be surprised if in 5 or 10 years,

along with improvements in CT technology, CT will play -

an important and integral role in the clinical care of

patients with ALI and ARDS.
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