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Abstract Computerised tomogra-
phy (CT) is being used with increas-
ing frequency in acute respiratory
distress syndrome (ARDS) patients.
This brief review will discuss some
of the clinical insights that a CT scan
can offer. A large number of CT scan
studies have provided new insights
into the pathophysiology of ARDS
and of mechanical ventilation, and
are particularly focused on the re-
cruitment-derecruitment phenome-
non. To this end, newer fast CT scan
technology promises a dynamic,
rather than a static view of lung
ventilation.
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Introduction

The computerised tomography (CT) scan has substan-
tially improved our understanding of the acute respira-
tory distress syndrome (ARDS). The following review
is not intended to cover the entire topic, but rather to
provide a selected update, albeit providing background
information where necessary.

The conventional portable chest X-ray remains the
most commonly used diagnostic imaging tool for follow-
ing the evolution of lung disease in the intensive care
unit (ICU) patient [1, 2, 3, 4]. Though the efficacy and
effectiveness of routine daily chest X-rays are still under
debate, current practice in most ICUs is to obtain daily

chest X-rays [5, 6]. This practice has been claimed to
have an important impact on diagnosis, prognosis and
therapy [7], though whether this is cost-effective re-
mains unproved. To avoid pitfalls in interpretation, vari-
ous means of improving reproducibility and standard-
isation have been suggested [8]. For example, digital
techniques have been claimed to improve chest imaging
in the ICU patient, however no clear evidence has so far
been produced to justify their widespread use [9, 10]. In
the meantime, the CT scan has become a very popular
tool in the ARDS patient. Its cost-effectiveness in clini-
cal use has still to be demonstrated, even though some
investigators consider it as part of the routine manage-
ment of ARDS [11].
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Advantages and limitations

The CT scan offers many advantages. It provides a
cross-sectional display, it avoids superimposition of dif-
ferent structures (Fig. 1) and it allows accurate measure-
ment of the extent of the abnormalities and of the densi-
ty of the structures of interest.

On the other hand, it does carry some major disad-
vantages. It is a costly resource of limited availability, it
exposes the patient to a higher amount of radiation
compared to a standard chest X-ray, it is not normally
available at the bedside and, therefore, it exposes the
patient to the risk of transfer to the CT suite. Exposure
to radiation remains an important concern. For this rea-
son, even if the entire lung can be covered by a spiral CT
scan for pathophysiological studies, our group has most
often limited the study to three sections, namely apex,
hilum and base; and sometimes to only one section, con-
sidering this sample to be representative of the entire
lung [12]. Transfer to the CT suite also constitutes a def-
inite risk: some patients are distinctly better when they
are not moved from the ICU environment. A useful ex-
amination should not in itself be sufficient to justify an
unbearable risk. However, on most occasions, an expert

Fig.1 One of the most common unexpected findings in ARDS pa-
tients: the superimposition of different pathology (pleural effusion,
pneumothorax and consolidation) can be undetectable on conven-
tional chest X-ray imaging. (a) The conventional chest X-ray
shows bilateral non-homogeneous opacities with a clear predomi-
nance on the right. (b, ¢) CT scan shows a right anterior pneu-
mothorax with a right basal bulla. A pleural effusion is present on
the right, as are bilateral opacities. An air bronchogram is also evi-
dent on the right side

transfer team and a well-equipped CT suite will enable a
scan to be performed with appropriate safety [13].

Morphological description

The detailed and accurate images provided by CT tech-
nology have encouraged the intensivist to use CT scan-
ning more and more frequently, mainly to improve de-
scription of the pathological process. Early observations
by Maunder and Gattinoni [14, 15] showed that ARDS
is not the diffuse and homogeneous process depicted by
conventional chest X-rays. Indeed, the title of Maunder’s
original report is “Preservation of normal lung regions in
ARDS” and it directed the reader’s attention to the
problem of regional inhomogeneity. Patchy infiltrates
are interspersed with lung areas of normal appearance.
The morphological description of the CT scan in-
cludes the recognition of normally aerated lung, areas
of increased density with still recognisable vessels
(ground glass opacification) and areas of increased den-
sity with vessels that are no longer identifiable (consoli-
dation). While ground glass areas have quite a diffuse
distribution over the entire lung field, consolidation is
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Fig.2 A typical ARDS, pat-
tern: dense consolidation main-
ly in the dependent regions is
present in this patient with bac-
terial pneumonia. The CT his-
togram is characterised by a
high frequency peak of CT
density corresponding to con-
solidated tissue

Number of pixels

mainly located in the dependent (dorsal) regions [16,
17]. The apical regions are most often spared from ma-
jor consolidation.

Air bronchograms as well as bronchial dilatation are
also common findings in both acute lung injury (ALI)
and ARDS [17, 18]. Acute inflammation, as well as the
early onset of interstitial fibrosis, are possibly involved
in the development of bronchial dilatation. Further-
more, pleural effusions, not usually considered as a
common trait of ARDS, are present in the vast majority
of patients affected by the syndrome.

Differences in acute respiratory distress syndrome from
pulmonary and extrapulmonary causes

Differences in pathophysiology between ARDS second-
ary to direct pulmonary disease (ARDS,), e.g. pneumo-
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nia, and ARDS secondary to extrapulmonary disease
(ARDS,,,), e.g. sepsis, have been recently described
[19, 20]. Gattinoni et al. [19] observed that ARDS,, pa-
tients showed less evidence of lung recruitment when in-
creased levels of positive end-expiratory pressure
(PEEP) were applied in comparison to ARDS,,, pa-
tients. Goodman et al. [17] studied the morphological
appearance of the CT scan in ARDS, and ARDS,,, pa-
tients. The former was more often asymmetrical with fo-
cal areas of dense consolidation (Fig.2); on the other
hand, ARDS,,, revealed a predominantly symmetrical
pattern with prevalence of ground glass areas (Fig. 3).
It is important to emphasise that the two types of lesion
do coexist, though to different extents, in the same pa-
tient. Moreover, the amount of lung consolidation is sig-
nificantly related to the severity of the disease as well as
to the subsequent mortality [17].
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Fig.3 A typical ARDS,,, pat-
tern: diffuse ground glass ap-
pearance with some areas of
consolidation in this patient
with peritonitis. Frequency dis-
tribution of CT density is more
homogeneously distributed,
showing a prevalence of CT
density corresponding to
ground glass tissue
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Computerised tomography scan follow-up in patients
recovering from acute respiratory distress syndrome

Computerised tomography abnormalities at long-term
follow-up (weeks to months) in survivors of ARDS
have also been investigated recently [21]. The most
prevalent CT abnormality in patients recovering from
ARDS was a coarse reticular pattern with distortion of
lung architecture that was predominantly distributed in
non-dependent areas. It has been suggested that this re-
ticular pattern may constitute the evolution of ground
glass areas. This observation could suggest that col-
lapsed or consolidated areas are relatively protected
from the iatrogenic effect of mechanical ventilation.

On the contrary, non-dependent areas could be prefer-
entially exposed to alveolar overdistension.

Another frequent finding at follow-up is bronchial
dilatation. In a study by Howling at al. [18], bronchial di-
latation persisted at follow-up in 92% of the lobes in
which it was present during the acute phase. Moreover,
a reticular pattern with distortion of lung architecture
was observed in the same lobes presenting with bronchi-
al dilatation. These observations support the hypothesis
that bronchial dilatation during the acute phase of
ARDS may be the consequence of early fibrosis.
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Fig.4 Images taken from a nearly drowned 3-year-old girl who
was resuscitated and subsequently developed ARDS, for which
she required extracorporeal carbon dioxide removal. (a) The dis-
tribution of the pneumothorax appears to be totally unpredictable
from the plain chest X-ray: chest tubes are unable to drain the air
collection; (b) a CT scan shows posterior hydropneumothorax in
the right hemithorax with pulmonary collapse associated with a
right anterior pneumothorax. Bilateral opacities with bullae are
diffusely represented

Fig.5 A CT scan can solve clinical problems related to an unex-
plained clinical course: in this case a 4-year-old boy admitted with
pneumonia developed severe hypoxaemia (PaO,/FIO, ratio of
150). Several thoracocenteses did not result in the removal of the
pleural collection. CT examination showed a large right pleural ef-
fusion with non-homogeneous content; the pleural drainage was
located anteriorly and unable to drain the collection; most of the
lung parenchyma was compressed by the collection; correct local-
isation of the pleural effusion allowed the positioning of a double
lumen chest tube and the intrapleural administration of streptoki-
nase

Recognising and treating specific lesions by computerised
tomography scan

As previously stated, the CT scan can add additional in-
formation to that provided by conventional X-rays. This
includes a detailed distribution of lesions and an accu-
rate topographical localisation.

Pneumothorax and pleural effusion

An anterior pneumothorax overlying an area of in-
creased density due to consolidation or pleural effusion
is often difficult to diagnose from a plain chest X-ray
film alone. In such cases, as well as with loculate ten-
sion pneumothoraces, CT scan can easily lead to their
identification. Drainage can also be facilitated under
CT scan guidance. As mentioned previously, CT scan-
ning has also demonstrated that mild-to-moderate
pleural effusions are regularly found in ARDS [17]
(Figs. 4 and 5).

Bronchoalveolar lavage

Computerised tomography scan imaging may be useful
in directing sampling procedures such as bronchoalveo-
lar lavage (BAL), brushing or biopsy. However, the im-
portance and the implication of this use of the CT scan
is still undefined.

Abscesses and blebs

Focal areas of intraparenchymal radiolucency are com-
mon in ARDS. Their detection and appearance can
have important clinical implications. The presence of a
fluid level may suggest the evolution of an infectious
process towards abscess formation that may require spe-
cific therapeutic manoeuvres [22, 23] (Fig. 6). Evidence
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Fig.6 ARDS in haematological malignancy represents a particu-
larly challenging diagnostic dilemma. The CT scan can detect signs
of fungal infection much earlier than conventional chest X-ray im-
aging. In this 2-year-old girl with erythrophagocytic histiocytosis
and pulmonary insufficiency, CT scanning revealed (a) two ab-
scesses in the right lung and (b) one with an air contour. In the pre-
vious absence of positive microbiology or serology, CT localisation
allowed percutaneous needle aspiration that revealed Aspergillus
fumigatus

BBBE2]VIE4-48a

Fig.7 A CT scan is mandatory in very aggressive lung disease
where the air collection can show an unusual distribution. In this
case of staphylococcal pneumonia complicating an episode of pul-
monary embolism in a 23-year-old woman, a loculate air collection
deforms the right heart profile. Haemodynamic monitoring had
shown high filling pressures and a low cardiac output. Percutane-
ous chest drainage was performed under CT guidance; opacities,
air bronchograms and bullae were present on both the left and
right sides

of intraparenchymal air collections (pneumatoceles,
bullae) has been shown to be associated with both the
duration of disease and the barotrauma effect of me-
chanical ventilation [24] (Fig. 7).

Cardiogenic versus non-cardiogenic pulmonary oedema

Differentiation between cardiogenic and non-cardio-
genic pulmonary oedema can sometimes prove difficult,
particularly in mechanically ventilated patients, when
changes in intrathoracic pressure challenge the standard
diagnostic criteria based on left ventricular filling pres-
sures. The perihilar distribution of pulmonary oedema
of cardiogenic (Fig. 8), fluid overload and renal origins,
as well as the poor definition of peripheral vessels and
thickening of interlobar fissures and septal lines may
prove very helpful in determining the diagnosis [25].

Quantitative analysis

Acute respiratory distress syndrome researchers have
exploited the CT scan as an accurate method of measur-
ing regional radiographic density [26], rather than using
it as a fascinating and powerful method of imaging the
chest [27].

A CTscan image consists of an array of small squares
(pixels), each one representing the two-dimensional av-
erage of the radiographic density of a small volume (vo-
xel) having the pixel as the base and the thickness of the
scan section as its length. Radiographic density is the
property of substances to absorb X-radiation. In spite
of many limitations, radiographic density is very well
correlated to physical density (i.e. weight per unit vol-
ume).

Radiographic density is usually expressed in Houns-
field units. These are scaled from air (-1000 H) to water
(0 H) to bone which usually has a positive density above
1000 H. When a given voxel has an average density of
—500 H, it is therefore reasonably accurate to assume
that its radiographic density, and therefore its physical
density, is halfway between air and water. In the case of
the lung, we can make the further assumption that it is
made up mainly of air and water, the content of other
substances being limited to a small percentage. There-
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Fig.8 This patient was admitted with respiratory distress after a
few days of low grade fever and no chest pain. Plain chest X-ray
raised the possibility of a right pneumothorax. In the right hemi-
thorax opacities spared the peripheral region of the lung; in the
left hemithorax the opacities were more diffuse. Two-dimensional
echocardiography revealed severe mitral regurgitation. The CT
scan clearly shows the butterfly distribution of the opacities

fore, when the Hounsfield number is —500 we can as-
sume that the volume of the examined voxel is made
up of 50% water and 50 % air (volume/volume). If the
Hounsfield number is =700, as in the normal lung, 70 %
will be air and 30% water (or tissue). On the other
hand, when the Hounsfield number is 200, as in
ARDS, we can assume the air content to be only 20 %
or thereabouts.

The recognition of the CT scan as an accurate way of
measuring the physical density of specific regions of the
lung (in the order of 1 mm x 1 mm x 1 to 10 mm) led to
an entirely new line of investigation into the pathophys-
iology of ARDS and the effects of different ventilatory
strategies. Quantitative analysis showed that the
ARDS lung is very heavy, weighing 2-3 times that of a
normal lung [28]. The content of air is greatly decreased,
to values 20-30 % of normal. Pelosi et al. suggested that
total lung volume (tissue + air) is substantially un-
changed in ARDS [29]. However, more accurate mea-
surements taken by Puybasset et al. [27] showed a de-
crease in total lung volume, mainly due to a decrease in
the apex to diaphragm length, with cephalad movement
of the diaphragm. Most importantly, the CT scan shows
that the ARDS lung is not homogeneous, with increased
densities mainly located in the dependent lung regions
(i.e. dorsal in the supine patient). When the patient is
positioned prone, densities move from dorsal to ventral,
following the gravitational field [30].

Gattinoni has ascribed this phenomenon to the ef-
fects of the increased lung weight and to a correspond-
ing increase in the pleural pressure gradient. To simplify,
the alveoli at the bottom of the lung are compressed by

the alveoli at the top. Since the ARDS lung tissue is
oedematous and heavy, the weight that each alveolus
has to bear is increased and air is squeezed out from
the alveoli at the bottom [29]. Each alveolus is com-
pressed by the superimposed pressure generated by the
weight of the superimposed structures. The heavier the
lung, the higher the superimposed pressure. Regional
analysis of the CT scan is therefore suggestive of a ho-
mogeneously diseased lung with a concomitant non-ho-
mogeneous distribution of densities, since the gas con-
tent progressively decreases from top to bottom due to
compression atelectasis. Puybasset has recently shown
that densities are not only distributed along the ventral
to dorsal axis, but from cephalad to caudal as well, due
to a preferential loss of volume and increased density
of the lung lower lobes [27]. This is possibly related to
increases in abdominal pressure.

Measuring recruitment

Computerised tomography scan analysis is a powerful
tool for measuring lung recruitment, a process most of-
ten affected by changes in intrapulmonary pressure.
Lung recruitment can be quantified by measuring how
much non-aerated tissue becomes aerated by the appli-
cation of, say, 10 cmH,O PEEP. This can be done, as
suggested by Puybasset, by measuring the change in vol-
ume (number of voxels) of non-aerated tissue [27]. Al-
ternative approaches include computing the changes in
weight (in grams) of normally aerated tissue [31] or
computing the weight of consolidated tissue [27, 28, 29,
30, 31, 32]. It is reasonable to suppose that measure-
ments based on changes of weight are more accurate
than those based upon changes in volume. Neither
method, however, takes into account possible topo-
graphical changes in blood volume distribution.
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Positive end-expiratory pressure and recruitment

The application of PEEP is generally associated with
the clearing of radiographic density and a decrease in
the amount of consolidated tissue. Considering the
lung to behave as a fluid-like system, it is possible to es-
timate the “superimposed pressure” (SP1, i.e. the hydro-
static pressure superimposed on a given lung level) from
the density and height of the tissue on top of it. Gatti-
noni et al. showed that the amount of PEEP required
to recruit a given level of the lung is directly related to
the SPI acting on that level: the higher the SPI, the high-
er the PEEP required [28]. They suggested that increas-
es of lung weight and of SPI play an important role in in-
ducing lung collapse, and that one of the main mecha-
nisms through which PEEP recruits collapsed lung is by
counterbalancing SPI. In another study, Gattinoni et al.
suggested that cyclical opening and collapsing related
to the tidal volume progressively decreased with in-
creasing PEEP. Moreover, at constant tidal volume
they found that the recruitment effect of PEEP was di-
rected at the top levels of the lung at lower PEEP, and
moved downward to the bottom levels as the PEEP lev-
el was increased from 0 to 20 cmH,O [32]. To this top-
to-bottom (ventral to dorsal) effect, Puybasset et al.
have added the concept of a cephalad to caudal distribu-
tion, with a preferential effect of PEEP on the cephalad
(upper) lobes, rather than on the lower, mainly col-
lapsed, lobes. If PEEP is applied high enough to recruit
the dorsal regions and lower lobes, both the ventral re-
gions and the upper lobes become relatively overdis-
tended [27].

Tidal volume and recruitment

During tidal ventilation the lung may collapse at end-
expiration, and reopen at the end of inspiration. This cy-
clic opening and closing during tidal ventilation has
been implicated as one of the mechanisms causing
VILI (ventilator-induced lung injury). It has therefore
been investigated by comparing CT scans taken at end-
inspiration with scans taken at end-expiration. As de-
scribed above, Gattinoni has shown that the amount of
recruitment-derecruitment decreases by increasing
PEEP at constant tidal volume. This is achieved by af-
fecting the distribution of the tidal volume. By increas-
ing PEEP from 0 to 20 cmH,O, the upper regions of
the lung become overdistended and less compliant, fa-
vouring the distribution of tidal volume to the lower re-
gions of the lung. In spite of this overdistension, the
overall effect is that PEEP makes gas distribution more
homogeneous [32].

Pressure-volume curve

In ARDS the pressure-volume curve has been described
as often being characterised by a lower inflection point
(LIP) and an upper inflection point (UIP). The LIP
could correspond to the pressure at which recruitment
takes place, while the UIP is the pressure at which alve-
oli start to be overdistended, approaching their mechan-
ical limits [33].

Even if this concept has been challenged [34, 35], the
LIP in particular has been used as an important guide in
setting airway pressure during mechanical ventilation
[36]. Gattinoni showed [31] that the ratio of changes in
compliance at pressures below and above the LIP was
related to the ratio of normally aerated tissue. More-
over, compliance was proportional to the amount of aer-
ated tissue, while it was unrelated to the amount
(weight) of consolidated tissue. Vieira et al. have re-
cently shown major differences in patients with and
without a LIP [11]. In patients without a LIP the appli-
cation of PEEP resulted in lung overdistension rather
than in recruitment, as was the case in those with a LIP.
Overdistension induced by PEEP was typical of patients
without a LIP [11]. However, there are not yet enough
data to support the hypothesis that CT scanning should
be used routinely to optimise mechanical ventilation
[37].

Conclusions

In the last 15 years the CT scan has contributed signifi-
cantly to our understanding of the pathophysiology of
ARDS and of mechanical ventilation. Until now the
CT scan has provided static equilibrium images; recent
technological advances have opened up a new field of
dynamic studies of lung morphology obtained by fast
CT scan techniques. Experimental studies have already
been conducted to evaluate the dynamics of lung col-
lapse and recruitment [38].

The strength of CT scan lies in its double feature of
powerful imaging tool and accurate quantitative instru-
ment to measure regional physical density. The CT scan
is also moving from an investigational tool to become
part of the standard clinical management of complex
ARDS patients. Its clinical role, though still awaiting a
precise definition, is expanding very quickly: this pro-
cess would be facilitated by the availability of bedside
CT scans.
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