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Although computed body tomography (CT) first became avail-
able in the mid-1970s, the first reports of CT imaging of acute re-
spiratory failure (currently classified as acute lung injury [ALI]
or acute respiratory distress syndrome [ARDS]) did not appear
until almost a decade later (1–3). Why did it take so long to ap-
ply CT scanning to human ALI/ARDS? Early CT scanners were
slow (8–18 s/axial image), CT scanners were few and often over-
booked, and transport of the critically ill was considered diffi-
cult. More importantly, ARDS was believed to affect both lungs
homogeneously and CT scanning, under such circumstances,
was not considered beneficial. The impetus to study ALI/ARDS
patients with CT followed the pioneering CT studies by Brismar
and coworkers of normal subjects during anesthesia and paraly-
sis (4). They consistently found, in normal anesthetized men, in-

creased CT lung density in the gravity-dependent lung regions.
This increased lung density was felt to be due to the loss of mus-
cle tone caused by anesthesia, and was termed “compression
atelectasis.” Because many ALI/ARDS patients are also sedated
and/or paralyzed, we postulated that “compression atelectasis”
may be present to a greater or lesser degree in patients with re-
spiratory insufficiency. The early CT papers of ALI/ARDS
showed the lung disease in ALI/ARDS to be more heteroge-
neous than initially believed (Figure 1). CT dramatically and
permanently changed the understanding of this syndrome (2, 3).
The CT scan, over the years, has proven to be an exceptional
tool in understanding the physiopathology of ALI/ARDS, and it
is now increasingly used in clinical practice as well.

In this report, we will review how CT scanning has in-
creased our understanding of the physiopathology and clinical
management of ALI/ARDS.

 

MORPHOLOGICAL ANALYSIS OF THE CT IMAGES

 

Over the past 15 years, many reports, both experimental and clin-
ical, have described the different CT morphological patterns
found in ALI/ARDS. Unfortunately, most of the series were
limited in size, used different methodological approaches and
different generations of CT equipment, and varied greatly in
terminology for describing morphological changes. However,
despite these differences, the CT findings taken together de-
finitively refute the commonly held belief, based on chest radi-
ography, that ALI/ARDS is a homogeneous parenchymal
process. Indeed, the CT scan has conclusively shown that ALI/
ARDS is an inhomogeneous process, ALI/ARDS morphology
varies with etiology, and ALI/ARDS morphology changes
with time, mechanical ventilation, and patient position.

Since anatomic descriptors have varied so greatly, it is
worthwhile to precisely define the CT terminology. We have
adopted the descriptors proposed by the Fleischner Society
Nomenclature Committee (5).

Accordingly:

1.

 

ground-glass opacification:

 

 a hazy increase in lung attenua-
tion, with preservation of bronchial and vascular margins;

2.

 

consolidation

 

: a 

 

homogeneous

 

 increase in lung attenuation
that obscures bronchovascular margins in which an air-
bronchogram may be present;

3.

 

reticular pattern:

 

 innumerable 

 

interlacing

 

 line shadows that
may be fine, intermediate, or coarse.

These morphological alterations were all found in CT scans
of ALI/ARDS patients. Although the pathophysiological mean-
ing of the morphological patterns described above is likely to be
different for different lung diseases, in ALI/ARDS the ground
glass opacification is thought to reflect an active inflammatory
process involving both the lung interstitium, with abnormal
thickening of the alveolar wall, and incomplete filling of the al-
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veolar space with inflammatory cells, cellular debris, and edema
(6). Consolidation, otherwise referred to as dense parenchymal
opacification, whether patchy or diffuse, usually refers to pulmo-
nary parenchyma, which is completely or almost completely air-
less. This may be due to either a complete filling of the alveolar
spaces with liquid and cells or to total collapse of potentially re-
cruitable pulmonary units (atelectasis), or to a combination of
both (6). Reticular pattern usually refers to discrete, recogniz-
able linear thickening of the interstitium. This may be acute
(edema or interstitial inflammation) or chronic (fibrosis) (5, 6).

 

Early Phase [First Week]

 

The most striking CT finding in early ALI/ARDS is the hetero-
geneous nature of the lung changes. One can conceptualize the
lung in three components: (

 

1

 

) normal or near normal lung re-
gions, most frequently located in nondependent lung (ventral in
the supine position); (

 

2

 

) ground glass opacification in the middle
lung; and (

 

3

 

) consolidation in the most dependent lung (dorsal in
the supine position) (2, 3). Indeed, there is a vertical ventral–
dorsal gradient of densities, as previously suggested by Pistolesi
and coworkers on chest x-ray (7) and previously described in ex-
perimental ALI/ARDS (8–10). In addition to the vertical den-
sity gradient, there is also a cephalocaudal gradient, with density
increasing from the lung apex to the lung base (2, 11).

 

Late Stage [Second Week and Beyond]

 

ALI/ARDS is a dynamic process that follows a variable course,
with a resolution within a week, or a more protracted course.
Less than a week after the initial injury, the exudative phase
changes to an organizing phase in which fluid is reabsorbed
from the lung. The overall radiographic and CT density of the
lung decreases and lung architecture undergoes extensive mod-
ification (Figure 2). In particular, with time, parenchymal fibro-
sis causes distortion of the interstitial and bronchovascular mark-
ings. Of note, beyond the first week or two, there is a dramatic
increase of subpleural cysts or bullae (12). These emphysema-
tous cysts or pneumatoceles vary from a few millimeters to
several centimeters (13). These lesions, which are usually cor-
related with prolonged ventilation, have been reported both in
the dependent (14) and in the nondependent lung (13, 15).

The bullae may originate either from the cavitation of ab-
scesses or from “volutrauma/barotrauma.” In the first case, the
bullae should follow the distribution of intraparenchymal infec-
tion. However, their formation may also be caused by ventila-
tor-induced lung injury regardless of lung location (16). If found
in the nondependent lung regions, one could postulate they
were secondary to overdistention. If found in the mid-depen-
dent lung regions, they could be due to shearing forces from air-
space opening and closing in areas where lung was recruitable
during inspiration, but the positive end-expiratory pressure
(PEEP) applied was insufficient to keep them constantly open.

 

Long-term Follow-up

 

In patients who survive ALI/ARDS, a reticular pattern has
been described in the nondependent most normal lung region.
It has been found to correlate with the length of mechanical
ventilation and with the use of inverse ratio ventilation (17).
We believe that as with bullae, the location of fibrosis likely
depends on the exposure to mechanical ventilation. The densely
opacified region (the most dependent) may be not ventilated,
and consequently not exposed to the trauma of mechanical
ventilation (high fraction of inspired oxygen [F

 

IO2

 

] and pres-
sures). Accordingly, a negative correlation was noted between
the extent of reticular pattern on the follow-up CT scan and
the extent of intense opacification on initial CT scan. This sug-
gests that fibrosis mainly occurs in the regions more exposed
to mechanical ventilation.

 

Pathogenesis Alters Morphology

 

Recently, it has been shown that ALI/ARDS due to direct in-
sult via the airway (aspiration, pneumonia) has different respi-
ratory mechanics and a lower potential for recruitment than
ALI/ARDS originating from an extrapulmonary focus via the
bloodstream (primarily abdominal disease, sepsis) (18). With
direct insult, one should expect multifocal involvement of the
lung parenchyma, whereas with indirect insult, one should ex-
pect a more diffuse and uniform parenchymal alteration due
to hematogenously distributed mediators. It has been shown
experimentally that with indirect insult, the alteration is pri-
marily interstitial (19). Moreover, as the indirect pulmonary

Figure 1. Anteroposterior chest
x-ray (right panel) and CT scans—
apex, hilum, and base—(left
panels) in ARDS from sepsis.
Images were taken at 5 cm H2O
end-expiratory pressure. The chest
x-ray shows diffuse ground glass
opacification, sparing the right
upper lung. The CT scans show
inhomogeneous disease and both
the craniocaudal and sternover-
tebral gradients.
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Figure 2. CT scans of ARDS patient due to multiple trauma. (A) CT
scan through the carina 5 d after severe trauma shows diffuse ground
glass opacification, right greater than left. There is a nondependent to
dependent gradient. Incidentally noted is pneumomediastinum and a
chest tube draining a pneumothorax. (B) Seven days later, there is par-
tial clearing of both the diffuse ground glass opacification and the
gravity-dependent atelectasis. The pneumomediastinum is almost
completely resolved. (C) Five days later, ground glass opacification has
a more reticular pattern. There is now a pneumatocele in the left mid-
lung and increasing atelectasis adjacent to it.

 

insult is commonly due to abdominal diseases, basilar atelecta-
sis increases due to the increased abdominal pressure from the
cephalad shift of the diaphragm. Indeed, the morphological
CT patterns in pulmonary and extrapulmonary ALI/ARDS
should be somewhat different.

In fact, prospectively comparing 22 patients with early pul-
monary ARDS (ARDS

 

p

 

) with 11 patients with early extrapul-
monary ARDS (ARDS

 

exp

 

), Goodman and coworkers (20)

found that ARDS

 

exp

 

 had predominantly symmetric ground
glass opacification and dorsal consolidation (atelectasis), whereas
ARDS

 

p

 

 tended to be asymmetric, with a mix of dense paren-
chymal opacification and ground glass opacification. Desai and
coworkers (17), Winer-Muram and coworkers (21), and Rouby
and coworkers (22) reached similar but not identical conclu-
sions. Unfortunately, the available studies are somewhat lim-
ited. All report on a small number of patients. The time of
ARDS onset to CT scanning is not uniform and respirator set-
tings vary from study to study. Moreover, the ARDS

 

exp

 

 group
often included patients with abdominal disease and patients
after cardiac surgery, in which the left lower lobe collapse is a
frequent finding. In addition, direct and indirect insults may
coexist (i.e., one or more lobes with the direct insult and both
lungs with the indirect insult [20, 23]), making the morpholog-
ical pattern difficult to interpret.

 

QUANTITATIVE ANALYSIS OF CT SCAN IMAGES

 

The most relevant information on ALI/ARDS pathophysiol-
ogy has been derived from the quantitative analysis of the
x-ray density of lung tissue depicted on the CT scan. Analysis
is based, despite several sources of potential errors (24), as the
range of electron energies from the source and variation in de-
tector gain, on the close correlation between the x-ray attenu-
ation in a given volume of tissue or voxel (the CT unit of vol-
ume) and the physical density of that volume of lung (i.e., the
ratio of mass to the volume) (25). The x-ray attenuation of tis-
sue is expressed by CT numbers, or Hounsfield units (HUs)
(26). This CT number is obtained, in any given voxel, by deter-
mining the percentage of radiation absorbed by that volume
of lung. As with any x-ray technique, the greater the absorp-
tion, the less radiation hitting the x-ray film or CT detector.
The attenuation scale arbitrarily assigns bone a value of

 

�

 

1,000 HU (complete absorption), air a value of 

 

�

 

1,000 HU
(no absorption), and water a value of 0 HU. Blood and tissue
are 20–40 HU. Indeed, the relationship between the physical
density, in any lung region of interest, assuming the specific
weight of the tissue is equal to 1, may be expressed as

 

(1)

 

Rearranging Equation 1, it is possible to compute for any lung
region of interest (contiguous voxels) in which the total vol-
ume is known, the volume of gas, the volume (and the weight)
of tissue, and the gas/tissue ratio (27, 28).

For example, a voxel of 

 

�

 

1,000 HU is exclusively composed
of gas, a voxel with 0 HU is exclusively composed of water (or
“tissue”), and a voxel with 

 

�

 

500 HU is composed of approxi-
mately 50% gas and 50% water (or tissue).

Several components contribute to the CT density of normal
lung: the amount of alveolar gas (1,000 HU), the amount of
lung tissue and blood (20–40 HU), and the amount of water
(0 HU). Because the physical density is a ratio, the same in-
crease of density may derive from less gas or more tissue. In
the early stages of ALI/ARDS, the alveolar gas content is de-
creased, and the “tissue” is increased because of interstitial
and alveolar edema. Unfortunately, the voxel is a “black box”
in which it is impossible to distinguish which component(s) are
responsible for the CT density.

Because the CT unit of volume is the voxel, characterized
by a CT number, it is worth considering what a voxel might in-
clude anatomically. This depends on the voxel dimension and
the dimensions of the imaged lung. In the standard 10-mm ax-

volumegas volumegas volumetissue+( )⁄
mean CT numberobserved
CT numbergas CT numberwater–( )

⁄
=
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ial image (matrix size 256 

 

�

 

 256), the volume of a voxel 1.5 

 

�

 

1.5 

 

�

 

 10 mm is 22.5 mm

 

3

 

, approximately the same volume as a
normal acinus at functional residual capacity (about 16–22
mm

 

3

 

, including 

 

� 

 

2,000 alveoli) (29). Thus, a voxel, considered
as a fixed “CT pulmonary unit,” may include, at functional re-
sidual capacity in normal lung, the same amount of the basic
structures of a normal acinus (i.e., 2,000 alveoli, with about
29% gas in alveolar ducts, 61% gas in alveolar sacs, and 10%
“tissue” barrier-capillaries). However, the basic structures in-
cluded in one voxel derive from more than one acinus due to
the different shape of the voxel (parallelepiped) and of the
acinus (approximate sphere) and the fact that a voxel is un-
likely to line up perfectly with an acinus. Other voxels may in-
clude more dense structures, such as arteries, veins, arterioles,
venules, bronchial walls, and lymphatic vessels. In total, at
functional residual capacity, considering all the lung struc-
tures, the gas is 

 

� 

 

70% and the “tissue” is 

 

� 

 

30%. By increas-
ing inflation, the voxel includes fewer structures because at
75% of total lung capacity, the acinus volume increases to 30–
40 mm

 

3

 

 (1 1/2–2 times greater than the voxel volume) (29). On
the other hand, when normal acini completely collapse, losing
all their gas, their volume consists only of the alveolar capil-
lary barrier and blood, and up to 15–20 airless but otherwise
normal acini may be included in one voxel. In the case of edema,
when fluid completely replaces gas, the acinus dimensions re-
main normal, and one voxel should include approximately the
same number of acini as under normal conditions. This is mod-
eled in Figure 3. Current CT scanners are now capable of axial
images as thin as 0.5 mm (compared with 10 mm, greater ma-
trix—512 

 

�

 

 512 or 1,024 

 

�

 

 1,024), and voxels would be propor-
tionately smaller. Smaller voxels increase spatial resolution,
decrease volume averaging, and improve the reliability of CT
density readings.

 

CT Frequency Distribution

 

This analysis reveals how the “CT pulmonary units” (i.e., vox-
els) are distributed as a function of their physical density (the
CT number). The CT number frequency distribution is usually
performed on 11 CT compartments (from 

 

�

 

1,000 HU to 

 

�

 

100
HU, each step of 100 HU), and the number of voxels included
in each compartment is expressed as a percentage of the total
number of voxels considered (27, 30). As shown in Figure 4, in
normal subjects at functional residual capacity, about 50% of
the “CT pulmonary units” are included in the compartment

 

�

 

600 HU to 

 

�

 

800 HU (i.e., in average, 70% gas and 30% tis-
sue). At total lung capacity, in normal subjects, 20% of the CT
pulmonary units shift to the compartment between 

 

�

 

800 HU
and 

 

�

 

900 HU (i.e., 85% gas and 15% tissue) (31). The 0 HU
compartment, in normal subjects, is negligible, and likely re-
fers to voxels that image only solid or liquid lung structure,
such as bronchial walls, pulmonary arteries, and veins whose
dimensions are greater than one voxel.

Knowing the CT number frequency distribution of a given re-
gion of interest and its total volume (i.e., tissue 

 

�

 

 gas), it is possi-
ble to compute, rearranging Equation 1, the amount of tissue of
each compartment. It is worth stressing that “tissue” includes not
only lung tissue but also blood, extracellular water, cellular de-
bris, etc. (i.e., all the material with a density around 0 HU).

 

Lung Compartments

 

To quantify lung regions with different aeration, two basic ap-
proaches are available. In the first, the density area, as it is seen
morphologically (i.e., consolidation or ground glass), is estimated
(visually or electronically) as a percentage of the total lung area
studied (4). The second is based on the CT number frequency
distribution of the lung, in which (Figure 4) a normally aerated

voxel may be distinguished from a poorly or nonaerated voxel
(30). Numerically, most authors define four lung compartments:
hyperinflated, normally aerated, poorly aerated, and nonaerated.
The HU limits of these compartments vary slightly from investi-
gator to investigator (2, 30–35) (Table 1).

Indeed, the hyperinflated compartment refers to the over-
filling of the acini with gas. The “poorly aerated” compart-
ment (which is approximately the quantitative equivalent of the
ground glass pattern) refers to a gas/tissue ratio that is present
also in normal subjects, at least at end expiration, but is more
extensive in ALI/ARDS. The nonaerated compartment, in
most cases, includes the voxels between 

 

�

 

100 HU and 0 HU,
that is, with a gas/tissue ratio from 1/10 down to zero. This
takes into account that in small airway collapse, some gas is left
in the collapsed alveoli. When comparing the results of differ-
ent authors, who used the same terminology (hyperaerated,
normally aerated, poorly aerated, and nonaerated lung), it is
important to also compare the CT cut-off points they used in
their definitions. As an example, the hyperinflated compart-
ment defined as 

 

�

 

1,000 HU to 

 

�

 

900 HU (32) is quite different
from the hyperinflated compartment defined as 

 

�

 

1,000 HU to

 

�

 

800 HU (35). Such variations may explain different or con-
trasting conclusions.

 

CT SCAN PROTOCOLS AND ANALYSIS
INFLUENCE RESULTS

 

To compare different studies and to explain the reasons for some
contradictory results, it is important to understand the limits of
the different protocols and analyses used by different authors.

 

One to Three Slices versus Whole Lung CT Scan

 

Two basic CT scan protocols are described in the literature. The
more traditional uses one to three axial images to infer the
whole lung behavior. With the availability of faster CT scan-
ners, whole lung reconstruction is now possible (31), and the
value of the one to three images approach has been questioned
(36). Both approaches have advantages and disadvantages (37).
The one to three images approach allows multiple testing while
limiting x-ray exposure. Testing may be done at numerous lev-
els of applied airway pressure, inspiration and expiration, dif-
ferent positions, etc. The limits of representative sampling are
2-fold: first, the more inhomogeneous the lung impairment, the
less representative a few slices may be; second, it is impossible
with this approach to scan exactly the same anatomical struc-
ture as the lung “moves” in different settings.

The continuous CT scanning of the entire lung is an ideal
research tool, as it allows visualization of the entire lung and
the study of lung levels using definite anatomical markers.
However, it is difficult to rescan the entire patient under mul-
tiple test conditions because of x-ray exposure. In fact, the
available studies of the entire lung have explored only two
conditions (0 and 10 or 15 cm H

 

2

 

O positive end-expiratory
pressure [PEEP]). Indeed, the choice between the two ap-
proaches is a trade-off between more accurate information
about few respiratory conditions and less accurate informa-
tion about a much wider range of testing conditions.

 

Recruitment

 

The CT scan is a unique tool to differentiate between recruit-
ment (aeration of previously gasless lung regions) and infla-
tion (further aeration of already inflated lung regions). Since
1987, we defined recruitment as the difference in nonaerated
tissue, expressed in grams, under different ventilatory condi-
tions (30). Despite the limits of the one to three CT slices tech-
nique, this approach improved our understanding of PEEP
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mechanisms, the intratidal collapse and decollapse, and the in-
teraction between end-inspiratory and end-expiratory collapse.

Recently, Malbouisson and coworkers (36) proposed a new
method to compute recruitment, which takes into account not
only the nonaerated tissue, but also the poorly aerated tissue,
defining recruitment as the amount of gas that enters the
poorly aerated and the nonaerated regions, when increasing
the applied airway pressure.

The two approaches produce different results as they are
intrinsically different. The first makes a clear distinction be-
tween recruitment (decrease in nonaerated tissue) and infla-
tion, and the second identifies the quantity of gas introduced in
the diseased lung (overall changes of aeration in nonaerated
and poorly aerated tissue) (37). We believe it is not a question
of which is better, but rather, they simply describe two differ-
ent phenomena and, consequently, are not comparable.

 

Hyperinflation and Overstretching

 

In 1984, Hayhurst and coworkers reported that in emphysema
there was a clear shift of the CT number frequency distribution
toward the 

 

�

 

900 HU to 

 

�

 

1,000 HU range, “the hyperinflated
compartment” (38). Indeed, there is little doubt that CT scan is
a useful tool to detect hyperinflation. In ALI/ARDS patients,

 

Dambrosio and coworkers (35) found that above the upper in-
flection point of the volume–pressure curve, the number of vox-
els between 

 

�

 

1,000 HU and 

 

�

 

800 HU increased by 

 

� 

 

10%.
(

 

Note:

 

 The cut-off of 

 

�

 

800 HU is higher than the commonly
used cutoff of 

 

�

 

900 HU.) Vieira and coworkers (31) found that
in six patients with ALI/ARDS, increasing pressure caused an
increase of the hyperinflated compartment. The conclusion was
that in ALI/ARDS, CT scan is a useful tool to detect “overdis-
tention” due to mechanical ventilation. In a previous work (32),
we found that in ALI/ARDS, at PEEP of 15 cm H

 

2

 

O, the

 

�

 

1,000 HU to 

 

�

 

900 HU compartment was only 4% (i.e., in the
range observed in normal subjects at functional residual capac-
ity), and we concluded that hyperinflation was not found in
ALI/ARDS. These apparently contradictory results derived, in
our opinion, from the inappropriate use of the words “hyperin-
flation” and “overdistention or overstretching,” which are often
used incorrectly as synonyms. Actually, hyperinflation should
refer to gas overfilling (i.e., gas/tissue ratio greater than 9/1),
whereas overdistention and overstretching should refer to the
alveolar wall tension (pressure). In severe ARDS, in which the
whole lung has an increased mass, the increased pressure may
result in overdistention, but the critical number of 

 

�

 

900 HU is
not reached. Indeed, it is important to recognize that a lung may

Figure 3. Relationship between
the “CT pulmonary unit” and
alveolar acini in normal condi-
tion at functional residual ca-
pacity (FRC), at two-thirds total
lung capacity (TLC), with col-
lapsed alveoli otherwise nor-
mal, and with edema.

Figure 4. The lung compartments, as defined by CT num-
bers, in normal condition (solid line) and in typical ALI/
ARDS (dashed line). For further details, see also Table 1.
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be overdistended and not hyperinflated (as in severe ARDS)
and vice versa (as in emphysema).

 

STRUCTURE–FUNCTION CORRELATION IN THE
WHOLE LUNG

 

Gas Exchange

 

In most studies, the amount of nonaerated tissue seen on CT (0 to

 

�

 

100 HU) and its variation have correlated well with hypoxemia
and shunt fraction (20, 32, 39–41). These results were also ob-
served in normal subjects during paralysis and anesthesia (42). Al-
though the relationship between hypoxemia and the nonaerated
tissue seen on CT is straightforward, the role of the poorly aerated
tissue (

 

�

 

500 to 

 

�

 

100 HU) in the development of hypoxemia is
not. The poorly aerated tissue or ground glass opacification alone
does not correlate with hypoxemia (14, 20, 30), whereas, taken to-
gether, both ground glass and consolidation (20, 35) and poorly
and nonaerated tissue (36) do correlate with hypoxemia.

In our opinion, a definitive understanding of the gas ex-
change–lung structure relationship will be possible only when
regional perfusion is measured as well. In fact, with the CT
scan, it is possible to measure the aeration of only a given re-
gion. There is little doubt that the nonaerated compartment is
a shunt region. We do not know, however, to what degree it is
perfused. On the other hand, the “poorly aerated tissue” com-
partment (gas/tissue ratio between 1/10 and 5/5) should be ca-
pable of oxygenating the blood. At high F

 

IO2

 

, its contribution
to hypoxemia should decrease. Unfortunately, we do not
know the perfusion of each compartment. Similarly, we do not
know the dynamics of ventilation in a given lung region. In
fact, the CT scan provides information on static inflation only;
it does not directly measure regional ventilation. The normally
aerated compartment, as an example, if perfused and overdis-
tended, should normally exchange oxygen, through a sort of
“apneic oxygenation,” but would be unable to normally ex-
change carbon dioxide, due to the decreased ventilation.

Despite our lack of knowledge of the anatomic distribution
of regional ventilation and perfusion in ALI/ARDS, there is
strong evidence that, at least, the nonaerated compartment is
the region of shunt, and its reexpansion is usually associated
with increased oxygenation (32).

 

Lung Mechanics

 

The most important information from the CT analysis of ALI/
ARDS is derived from the study of the relationship between the
CT data and the lung mechanics. Until 1986, in fact, it was a com-
mon belief, with some exception (43), that the ALI/ARDS lung
was “stiff” because of the low compliance of the respiratory system.

Unexpectedly, it was found that respiratory compliance
was not related to the amount of nonaerated or poorly aerated

tissue, but it was closely associated with the amount of nor-
mally aerated tissue, which receives most of the insufflated
gas. Thus, the respiratory compliance in early ALI/ARDS ap-
pears to be a direct measure of normally aerated tissue (30),
suggesting that in ALI/ARDS, the aerated lung was not
“stiff,” but rather it was small (the “baby lung”).

 

CT—REGIONAL ANALYSIS

 

The most relevant information on ALI/ARDS physiopathol-
ogy derives from regional lung analysis, which is performed by
dividing each CT axial image into 10 equally spaced intervals,
from sternum to vertebra. At each lung interval, the same
analysis described for the whole lung is applied. In fact, know-
ing the volume of each level and its physical density (in HU),
it is possible to compute the regional lung tissue and gas vol-
umes and gas/tissue ratio (44, 45). Moreover, assuming that
the pressure (weight) is transmitted to the dependent lung pa-
renchyma as in a fluid, it is possible to compute, at each lung
interval along the sternovertebral axis, the pressure exerted by
the tissue above. The superimposed pressure is then estimated
by multiplying the density by the height (46).

Accordingly:

 

(2)

 

where CT is the mean CT number of the given level and Ht is
the height of that level.

 

Edema Distribution and Lung Volume

 

As shown in Figure 5, we found that the tissue mass, measured
in each of the 10 lung levels along the sternovertebral axis, was
almost double the normal mass at that level (46). This suggests
that edema (i.e., the excess tissue mass compared with the nor-
mal subjects) is evenly distributed throughout the lung paren-
chyma, as found in the experimental setting (47, 48) and in ALI/
ARDS, using the positron emission tomography (PET) tech-
nique (49). Lung size, in its anteroposterior dimension, is simi-
lar in ALI/ARDS patients and in normal subjects, suggesting
that, at least in this projection, the edema replaces an equal
amount of gas space, maintaining lung volume (gas volume 

 

�

 

tissue volume). Puybasset and colleagues (11), using contiguous
spiral CT images from apex to base and multiplanar reconstruc-
tions, found, as we did, an unmodified anteroposterior lung vol-
ume, but they observed an 

 

� 

 

15% decrease of the cephalocau-
dal dimensions of the lung in ALI/ARDS (

 

see below

 

).

 

Superimposed Pressure and PEEP

 

The CT regional analysis, showing the nongravitational distri-
bution of the edema, is in apparent contradiction to the equal
gravitational distribution of densities. As the excess tissue mass
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Puybasset and coworkers (1995) (33) Visually estimated — — —
Umamaheswara Rao and coworkers (1997) (34) �100/�100 HU �100/�500 HU �500/�1,000 HU —
Dambrosio and coworkers (1997) (35) �100/�150 HU — �150/�800‡ HU �800/�1,000 HU
Vieira and coworkers (1998) (31) �100/�100 HU �100/�500 HU �500/�900 HU �900/�1,000 HU

Definition of abbreviation: HUs � Hounsfield units.
* “Pathological areas.”
† “Overdistended.”
‡ “Normally (or poorly).”
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is not greater in the dependent regions, the only explanation
for the gravitational density increase is a decrease of the gas
content along the sternovertebral axis (46, 50). This nondepen-
dent to dependent decrease in regional inflation and increased
CT density is also found in normal subjects (51). It has been at-
tributed to several factors: the thoracic shape, the lung weight,
and the gravitational distribution of the blood in the lung capil-
laries (24). All these factors increase the pleural pressure along
the vertical axis, decreasing the transpulmonary pressure (air-
ways pressure � pleural pressure) that is the distending force
of the lung. The normal vertical pleural pressure gradient in
the supine position (which equals the transpulmonary pressure
gradient) is of the order of 2–3 cm H2O (52), the same gradient
as the superimposed pressure. In ALI/ARDS, the thoracic
shape in its anteroposterior dimension is similar to normal (11,
46). There is also no evidence that blood accumulates exces-
sively in the dependent lung regions. In fact, the excess tissue
mass in which the “excess blood” should be included is not
higher than in nondependent lung regions. Indeed, whereas the
thoracic shape and blood distribution are fairly constant, what
changes in ALI/ARDS is the superimposed pressure (weight
of the lung), which is doubled or tripled compared with normal
(Figure 5). Recent experimental work has shown that the su-
perimposed pressure changes, as measured by CT scan, are
strictly correlated with pleural pressure changes, measured di-
rectly at various lung levels in the pleural space (40).

The increase of superimposed pressure primarily accounts
for redistribution of lung densities in the prone position (Fig-
ure 6), as the gravitational forces are inverted (44). This ex-
plains, at least in part, the mechanism of PEEP (45). In fact,
we were able to show that PEEP effectively counteracts the
superimposed pressure. To keep open the most dependent
lung regions, a PEEP equal to or greater than the superim-
posed pressure on that region must be applied. In the middle
lung, where the superimposed pressure is reduced, less PEEP
is necessary to keep the lung open, and no PEEP is required
to keep open the nondependent lung regions, as no compres-
sive forces are present in this part of the lung parenchyma.

These findings led to the concept of the sponge model: the
ALI/ARDS lung increases its own permeability in each region
with an even distribution of edema, and the increased lung mass
causes the lung collapse under its own weight (53) (Figure 5).
However, the sponge model does not explain the entire ALI/
ARDS lung behavior, as this compressive force is not the only
one inducing lung collapse. In the ideal “sponge model,” in fact,
the total lung volume (gas � tissue) should be unmodified, with
substitution of gas by edema. From the work of Puybasset and
coworkers (11), we know that in ALI/ARDS the maximal lung
volume loss is caudal, close to the diaphragm. There is a cranio-
caudal gradient as well as a ventrodorsal gradient. This suggests
that the decrease of transpulmonary pressure at the lung base is
not just due to the superimposed pressure. It is likely that the

heart weight (more important in the supine than in the prone
position) (54, 55) and the increased abdominal pressure, as fre-
quently found in ALI/ARDS of extrapulmonary origin (18),
also contribute to the caudal atelectasis.

The lung sponge model theory, that is, increased interstitial
edema and progressive deaeration along the ventrodorsal axis
due to the superimposed pressure, has been recently chal-
lenged. Wilson and coworkers (56), on the basis of previous
experimental works (57) in which regional volumes were mea-
sured by markers, proposed the following model: in the edem-
atous lung, the pressure first causes the air–fluid interface to
penetrate in the mouth of the alveoli (airway pressure around
20 cm H2O), then the air–fluid interface is inside the alveoli
and the lung becomes compliant. The basic difference be-
tween the two views is that in the sponge model the edema is
believed to be predominantly in the interstitium (causing alve-
olar collapse by compression), whereas in the air–fluid inter-
face model, the edema is predominantly in the alveoli. In both
models, the total lung volume is nearly normal.

THE CT SCAN AND MECHANICAL
VENTILATION SETTINGS

Opening the Lung

One of the cornerstones of the lung protective strategy is lung
opening. It has been thought that lung opening primarily oc-
curs around the lower inflection point of the volume–pressure
curve (58). However, it has long been known that oxygenation
and compliance improve when high tidal volumes (and pres-
sures) are applied (59). More recently, first on theoretical
grounds and mathematical modeling (60, 61) and then in the
clinical setting (62, 63), it has been suggested that recruitment
likely occurs along the entire volume–pressure curve. This is
well above the lower inflection point, as suggested by the clas-
sical physiology of healthy lung (64).

The CT scan provided the direct evidence that recruitment is
a pan-inspiratory phenomenon (Figure 7). In fact, recent work
has helped explain recruitment along the volume–pressure
curve, both in the experimental setting (oleic acid—dogs) (40)
and in patients with ALI/ARDS (41). Recruitment occurs along
the entire volume–pressure curve well above the lower inflec-
tion point and even above the upper inflection point, with a def-
inite spatial distribution (ventral to dorsal and cephal to caudal)
(11, 40, 41). The “sigmoid” shape of the recruitment pressure
curve implies a gaussian distribution of opening pressures. In
other words, as previously suggested on theoretical arguments
(60) and clinical inferences (65), it appears that in ALI/ARDS
lung there are regions with different opening pressures, which
range from a few cm H2O to 45–70 cm H2O (40, 41). This range
is likely due to differing types of atelectasis. In fact the opening
pressure for small airway collapse (typical of the compression
atelectasis) is of the order of 20 cm H2O (loose atelectasis),

Figure 5. Schema representation of sponge
model. In ARDS the “tissue,” likely edema in
the early phase, is almost doubled in each lung
level compared with normal, indicating the
nongravitational distribution of edema. The
increased mass, however, causes an increased
superimposed pressure (SP), which, in turn,
leads to a “gas squeezing” from the most de-
pendent lung regions. Superimposed pressure
is expressed as cm H2O. The values indicated
in the figures are taken from Pelosi and co-
workers (46).
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whereas the opening pressure required to open alveolar col-
lapse is of the order of 30–40 cm H2O (sticky atelectasis) (66). In
normal lung, Rothen and coworkers (67) found that the pres-
sure required to clear the compression atelectasis developed
during anesthesia and paralysis was in the order of 40 cm H2O.

It is important to emphasize, however, that the true open-
ing pressure is the transpulmonary pressure (i.e., the applied
airway pressure minus the pleural pressure). With high chest
wall elastance and high pleural pressure (as in obesity or, of-
ten, in ALI/ARDS originating from abdominal disease) the
airway pressure required to reach a sufficient transpulmonary
pressure may be higher than 40–45 cm H2O. The main mes-
sage from these studies, however, is that in ALI/ARDS a wide
range of opening pressures is distributed throughout the lung.

Interaction between End Expiration and End Inspiration

As previously discussed, the increased superimposed pressure
decreases the transpulmonary pressure, causing a progressive

deaeration along the ventrodorsal gradient. Positive end-expi-
ratory pressure counteracts the compressive forces, keeping the
lung open. This would imply that in a given lung and at a given
PEEP, a fixed amount of lung stays open, independent of the
previous lung history. However, the end-expiratory collapse, at
a given PEEP, depends on the previous inspiration, suggesting
that the end-expiratory and end-inspiratory collapses are not in-
dependent phenomena (40, 41). The CT scan provides evidence
that they are closely related. In fact, the end-expiratory collapse
is greater when the previous inspiratory plateau pressure is
lower, in both dogs (oleic acid) and in patients with ALI/
ARDS. This indicates that what stays open with PEEP is only
what has been opened by the preceding inspiratory pressure. In
addition, the lung stays open only if the superimposed pressure
is lower than the PEEP applied. If the superimposed pressure is
greater than PEEP, whatever has been opened by the inspira-
tory plateau pressure would collapse at end expiration.

These findings emphasize the concept that PEEP is an end-
expiratory maneuver, which keeps the lung open at a given
level, depending on the previous inspiratory opening and su-
perimposed pressure. Indeed, choosing a PEEP level based on
the inspiratory limb of the pressure–volume curve does not
appear to have a solid physiopathological basis.

Distribution of Gas in Mechanical Ventilation

The CT scan taken at end inspiration is dramatically different
than at end expiration. Again, quantitative analysis provides the
most relevant information. In fact, at the same tidal volume of 10
ml/kg, it was found that increasing PEEP from 0 to 20 cm H2O
(and plateau pressure from 21 to 46 cm H2O) causes a progres-
sively more homogeneous distribution of ventilation (68). This
appears to be related to two phenomena. First, the nondepen-
dent lung regions become less compliant, likely due to stretching
of already open pulmonary units. Second, the dependent lung
regions become more compliant. At PEEP of 15 cm H2O and 20
cm H2O most of the pulmonary units, previously collapsed, stay
open, and may “accept” the delivered gas. The more homoge-
neous ventilation is usually associated with better oxygenation,
and these “indirect” PEEP effects (i.e., the changes in the re-
gional compliance) may be another mechanism through which
PEEP improves oxygenation. This secondary effect may be im-
portant in late ARDS, when compression atelectasis is less likely
and the primary effect of PEEP (i.e., counteracting the superim-
posed pressure) is likely reduced or absent.

Intratidal Collapse and Decollapse

It has been recognized that in both the experimental (69–71)
and the clinical setting (72), the mechanical opening and clos-
ing of pulmonary units through the respiratory cycle may cause
lung “barotrauma/volutrauma/biotrauma,” releasing inflam-
matory mediators that are potentially harmful to the lung. The
CT scan has provided direct evidence of opening and closing.
We found that at plateau pressures of 21 to 46 cm H2O, most
of the recruitment is accomplished (68). However, what stays
open then depends on the PEEP level. In this series of pa-
tients, only 15 and 20 cm H2O PEEP were sufficient to keep
the acini open that were recruited at a higher plateau pressure.
Thus, the CT scan confirms that after the recruitment maneu-
ver causes complete opening, very high plateau pressure is not
necessary. Rather, PEEP just has to be kept high enough to
prevent end-expiratory collapse.

THE IMPACT OF CT SCANNING ON CLINICAL PRACTICE

As CT scanners have become faster, and more generally avail-
able, they are playing an increasing role in the diagnosis and

Figure 6. CT images of ARDS in supine (upper panel), prone (middle
panel), and return to supine position (lower panel). The CTs were taken
at end expiration and 10 cm H2O PEEP. Note how gravity-dependent
densities shift from dorsal to ventral within minutes when the patient
is turned prone.
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management of patients with acute respiratory disease (12).
Cross-sectional images provide better tissue discrimination and
eliminate the superimposition of structures, which is inherent
in conventional radiography. In a retrospective study of 74 pa-
tients with ALI/ARDS, Tagliabue and coworkers (73) showed
that pleural effusion, lobar atelectasis, lung abscesses, acute
pneumothoraces, barotrauma, and unsuspected to be malposi-
tions were seen more often, and more definitively, on CT than
on chest x-ray. CT yielded additional information in 66% and
influenced treatment in 22%. Desai and Hansell (74) indicate
that CT is best used to detect occult complications in patients
who are deteriorating, or not improving at the expected rate.

The advantages of CT must be balanced against potential
risks of transporting critically ill patients, additional costs, and
the additional radiation dose. In agreement with Desai and
Hansell (74), we believe that CT is best reserved for solving
clinical dilemmas rather than for routine imaging.

The more controversial use of CT is in conjunction with the
initiation of mechanical ventilation. Early in the course of
ALI/ARDS, CT is helpful in assessing the nature and extent
of the patients’ infiltrates and their response of mechanical
ventilation. To limit radiation, the lung is usually imaged at
two or three levels, repeating the same levels at different ven-
tilator settings (e.g., end inspiration and at different PEEP lev-
els). The use of different pressures helps to distinguish be-
tween areas of alveolar collapse and consolidation, providing
helpful information about mechanical ventilation parameters.

NEW DEVELOPMENTS AND FUTURE
AREAS OF RESEARCH

Electron beam CT and new multidetector helical scanners can
now obtain axial images at subsecond speed (50–500 ms) and
reduced radiation, overcoming some of the technical limita-
tions and radiation concerns of traditional CT scanners. This
increased speed can be used to scan continuously over a fixed
area of lung or to image the entire lung, apex to base, in less
than 5 s and at reduced patient dose.

If the CT table is held at a fixed position, continuous rapid
scans of the lung can be obtained during the respiratory cycle.

Because the lung inflates and deflates at different rates, and
local pathology alters inflation and deflation, cine viewing or
sophisticated computer analysis will be needed to provide sub-
second understanding of ventilatory dynamics (75). Imaging
can be prospectively, or retrospectively, gated to analyze spe-
cific phases of the respiratory cycle (76).

Fast scanning will also overcome the problem of the cranio-
caudal lung misregistration during respiration. If a single de-
tector scanner is held in a fixed location, CT will “image” dif-
ferent lung levels during the respiratory cycle, making precise
quantitative comparisons impossible. Multidetector and elec-
tron beam computed tomography (EBCT) scanners can rap-
idly scan through contiguous slices (a volume of tissue), mak-
ing it possible to perfectly match anatomic areas throughout
the respiratory cycle.

Although CT has been helpful in understanding ventilatory
dynamics, it has not been used to analyze lung perfusion in
ALI/ARDS. Without appropriately analyzing regional lung
perfusion, and how it relates to regional ventilation and mor-
phological abnormalities, CT scanning provides an incomplete
understanding of ALI/ARDS. PET scanning and magnetic
resonance imaging (MRI) scanning, on the other hand, have
been used to assess both intraparenchymal water, capillary
permeability, and capillary blood flow (77, 78). Just marketed
machines combine CT and PET scanning into one unit, pro-
viding precise anatomic correlation between the physiological
data of PET and the anatomic data of CT. Three-dimensional,
rather than two-dimensional data will be available. Recently,
electron beam CT has been used to assess pulmonary perfu-
sion and correlate with lung morphology (79, 80). Hopefully,
these technical marriages will facilitate a marriage of our un-
derstanding of regional ventilation and perfusion.
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