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Regional distribution of gas and tissue
in acute respiratory distress syndrome.
l. Consequences for lung morphology

Abstract Objective: To compare
the computed tomographic (CT)
analysis of the distribution of gas
and tissue in the lungs of patients
with ARDS with that in healthy
volunteers. Design: Prospective
study over a 53-month period.
Setting: Fourteen-bed surgical in-
tensive care unit of a university hos-
pital. Patients and participants: Sev-
enty-one consecutive patients with
early ARDS and 11 healthy volun-
teers. Measurements and results: A
lung CT was performed at end-expi-
ration in patients with ARDS (at
zero PEEP) and healthy volunteers.
In patients with ARDS, end-expira-
tory lung volume (gas + tissue) and
functional residual capacity (FRC)
were reduced by 17 % and 58 % re-
spectively, and an excess lung tissue
of 701 + 321 ml was observed. The
loss of gas was more pronounced in
the lower than in the upper lobes.
The lower lobes of 27 % of the pa-
tients were characterized by “com-
pression atelectasis,” defined as a
massive loss of aeration with no
concomitant excess in lung tissue,
and “inflammatory atelectasis,” de-
fined as a massive loss of aeration
associated with an excess lung tis-
sue, was observed in 73 % of the pa-
tients. Three groups of patients were
differentiated according to the ap-
pearance of their CT: 23 % had dif-

Introduction

As recommended by the American-European Consen-
sus Conference of 1994 [1], acute respiratory distress

fuse attenuations evenly distributed
in the two lungs, 36 % had lobar at-
tenuations predominating in the
lower lobes, and 41 % had patchy
attenuations unevenly distributed in
the two lungs. The three groups
were similar regarding excess lung
tissue in the upper and lower lobes
and reduction in FRC in the lower
lobes. In contrast, the FRC of the
upper lobes was markedly lower in
patients with diffuse or patchy at-
tenuations than in healthy volun-
teers or patients with lobar attenua-
tions. Conclusions: These results
demonstrate that striking differenc-
es in lung morphology, correspond-
ing to different distributions of gas
within the lungs, are observed in pa-
tients whose respiratory condition
fulfills the definition criteria of
ARDS.

Key words Computed

tomography - Lung morphology -
Functional residual capacity - Acute
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syndrome (ARDS) is defined as the rapid onset of arte-

rial oxygenation impairment together with the appear-

ance of bilateral infiltrates on the frontal chest radiogra-
phy [2]. Based on these criteria, several hundreds of pa-



858

tients have recently been included in multicenter ran-
domized studies aimed at evaluating the effects of new
therapeutic modalities on the mortality of patients with
ARDS. All of these except one [3] have yielded nega-
tive results [4, 5, 6, 7, 8]. One possible hypothesis to ex-
plain these disappointing results is that the criteria de-
fining ARDS were too imprecise and resulted in the in-
clusion of patients with heterogeneous lung diseases
and thus obscured the beneficial effects of some of these
therapies that could have been confirmed in a more ho-
mogeneous subgroup of patients. Such heterogeneity is
suggested by the clinical observation that patients ful-
filling the criteria of the American-European Consen-
sus Conference may have markedly different computed
tomographic (CT) appearance.

Lung CT became available in the critical care envi-
ronment in the middle 1980s, enabling an understand-
ing of the distribution of gas and tissue within the lung
parenchyma of patients suffering from ARDS [9]. How-
ever, the first generation of CT scanners allowed only a
limited assessment of the lung parenchyma because of
the long time necessary for acquiring each CT section.
A maximum of three CT sections could be analyzed,
and these were presumed to be representative of the en-
tire lung [10, 11, 12, 13, 14, 15, 16]. The development of a
new generation of fast spiral CT scanners over the past
5 years has overcome this limitation, providing the pos-
sibility of visualizing morphological alterations that
characterize the entire lung parenchyma of patients
with ARDS. In 1992 fast spiral CT became available in
our intensive care environment, and we soon observed
totally different lung morphologies among patients ful-
filling the criteria for ARDS and hypothesized that
these differences would have relevant therapeutic impli-
cations. Therefore from 1993 to 1997 we performed a
prospective study in a large series of patients with
ARDS to assess the distribution of gas and tissue within
the lungs and to classify the various patterns of lung
morphology characterizing ARDS. All images were re-
corded on optical disks and analyzed in 1998 when a
software (Lungview) became available for automatical-
ly assessing lung attenuation histograms, lung volumes,
and regional distribution of gas and tissue within the
overall lung parenchyma.

Methods

Patients

This prospective study was carried out among patients admitted to
the Surgical Intensive Care Unit of la Pitié-Salpétriere Hospital
from February 1993 to July 1997 and included 71 consecutive pa-
tients with early ARDS for whom there was a delay of less than
10 days between the onset of ARDS and inclusion in the study. Of
the 71 patients included in the study 59 were men and 12 were
women, with mean age of 56 + 17 years, height 173 + 8 cm, and

weight 81 + 14 kg. Admission followed major surgery in 46 pa-
tients, multiple trauma in 20, and acute medical illness in 5.
ARDS was considered as primary in 49 patients (bronchopneumo-
nia 35, pulmonary contusion 7, aspiration 7), secondary in 20 (ex-
tracorporeal circulation 4, intra-abdominal sepsis 1, extra-abdomi-
nal sepsis 15), and potentially of both origins in two. Overall mor-
tality was 51%. The mean Lung Injury Severity Score was
2.9+ 0.6.

ARDS was defined according to the American-European Con-
sensus Conference on ARDS held in 1994 [1]. Inclusion criteria
were: (a) PaO, less than 200 mmHg at FIO, of 1 and zero end-expi-
ratory pressure (ZEEP), (b) bilateral hyperattenuated areas on
bedside chest radiography, and (c¢) pulmonary capillary wedge
pressure less than 18 mmHg and/or left ventricular ejection frac-
tion greater than 50 % as assessed by transesophageal echocardi-
ography. Each patient with ARDS admitted to our intensive care
unit within the study period (1993-1997) underwent a specifically
developed therapeutic strategy including thoracic CT under
ZEEP and PEEP conditions as well as an investigation of the car-
diorespiratory effects of inhaled nitric oxide, intravenous almi-
trine, and expiratory washout in subgroups of patients. All thera-
peutic as well as investigational procedures were approved by the
local ethics committee. In all cases written informed consent was
obtained from the patient’s next of kin. Partial results concerning
the CT data of some patients have been reported in previous stud-
ies [17, 18,19, 20, 21]. However, Lungview was not available at that
time, and the CT of each concerned patient was entirely reanalyzed
for the present study.

Protocol

Throughout the study period all patients were sedated and para-
lyzed with fentanyl, midazolam, and vecuronium. Patients were
ventilated using controlled mechanical ventilation (César Ventila-
tor, Taema, France) to achieve PaCO, values between 30 and
50 mmHg. An inspiratory time of 33 % and a FIO, of 1 were main-
tained throughout the study period. All patients were monitored
using Swan-Ganz and arterial catheters. The study itself consisted
of hemodynamic, respiratory, and lung mechanics and of CT mea-
surements performed in ZEEP and after implementation of a
PEEP of 10 cmH,O0.

Spiral thoracic CT was also performed at end-expiration in 11
spontaneously breathing healthy volunteers to determine the nor-
mal values of lung volumes of gas and tissue (9 men, 2 women;
mean age 35+ 10 years, height 171 + 6 cm, weight 67 + 10 kg).
Each healthy volunteer was an investigator of the present study
(author or member of the CT Scan ARDS Study Group) and pro-
vided a written informed consent. The present article constitutes
part 1 of the overall study and reports the results obtained in
ZEEP. Part 2 [22] addresses the morphophysiological correlations
and part 3 [23] the effects of PEEP.

High-resolution and spiral thoracic CT
Acquisition of CT

Each patient was transported to the Department of Radiology by
two physicians. Mechanical ventilation was provided using an Os-
iris ventilator (Taema, France) delivering 100 % oxygen. Electro-
cardiography, pulse oxymetry, and systemic arterial pressure were
monitored continuously using a Propaq 104 EL monitor (Protocol
System, North Chicago, Ill., USA). The 15-s apnea necessary to ob-
tain the CT sections in ZEEP resulted in a transient desaturation in
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most patients. However, the lowest oxygen saturation measured
was 85%. In the supine position, lung scanning was performed
from the apex to the diaphragm using a Tomoscan SR 7000 (Phi-
lips, Eindhoven, The Netherlands) as previously described [17, 18,
19, 20, 21]. All images were observed and photographed at a win-
dow width of 1600 HU and a level of -600 HU. The exposures
were taken at 120 kV and 250 mA. The value of the pitch was 1.
An intravenous injection of 80 ml contrast medium was used to dif-
ferentiate pleural effusions from nonaerated lung parenchyma.
Evaluation included thin and spiral CT sections. The thin-section
CT examination consisted of a series of 1.5-mm sections with 20-
mm intersection spacing selected by means of a thoracic scout
view during a 15-s apnea. For spiral CT, contiguous axial sections
10-mm thick were reconstructed from the volumetric data. One
set of thin and spiral sections was obtained at end-expiration in
ZEEP, the patient being disconnected from the ventilator and a
second set at PEEP of 10 cmH,O. All CT sections were recorded
on an optical disk for later computerized analysis.

In healthy volunteers the same technical procedure was fol-
lowed as in patients except that CT sections were obtained at end-
expiration without PEEP. The results concerning the healthy vol-
unteers have been partially reported in two recent studies [19, 20].

Classification according to lung morphology at CT

Each patient was classified by an independent radiologist (P.C.)
unaware of the clinical conditions of the patient on the basis of
the distribution of CT attenuations. According to the Fleischner
Society Nomenclature Committee [24], CT attenuations included
CT consolidations and ground-glass opacification. Consolidation
was defined as a homogeneous increase in pulmonary parenchy-
mal attenuation that obscures the margins of the vessels and air-
way walls. Ground-glass opacities were defined as hazy, increased
attenuations of lung but with preservation of bronchial and vascu-
lar margins. The two entities may be associated with an air bron-
chogram. The patient was classified as having a lobar pattern if ar-
eas of lung attenuation had a lobar or segmental distribution es-
tablished on the recognition of anatomical structures such as the
major fissura or the interlobular septa, a diffuse pattern if lung at-
tenuations were diffusely distributed throughout the lungs, and a
patchy pattern if there were lobar or segmental areas of lung at-
tenuation in some parts of the lungs but lung attenuations without
recognized anatomical limits in others. The interobserver variabil-
ity with this method of classification was assessed by counting
misclassifications between a first and a second radiologist (P.C.);
intraobserver variability was assessed by counting misclassifica-
tions between two different evaluations performed by the same
observer. All CT images were reviewed: 2 patients were classified
differently by the two radiologists while only one was classified
differently by the same observer on the second evaluation.

Analysis of the distribution of hyperattenuated areas within the
pulmonary segments

The distribution of radiologically hyperattenuated areas on the CT
within the 18 pulmonary segments was analyzed by the radiologist
according to a previously described semiquantitative technique
[17]. Briefly, pleural effusions and hilar and mediastinal structures
were delineated, and thin sections were used to identify fissures
and anatomical bronchovascular structures. Systematic anatomical
marking of the 5 pulmonary lobes and 18 pulmonary segments was
then performed by studying the relationship between bronchi, ar-
teries, veins, fissures, and surrounding lung parenchyma [25]. The

percentage of nonaerated lung parenchyma in each pulmonary
segment was assessed visually.

Measurement of lung dimensions and of the volumes of gas and
tissue

The cephalocaudal dimension of each lung was determined as the
number of 10-mm-thick sections present between the lung apex
and the dome of the diaphragmatic cupola. On each CT section
six regions of interest (the right and left upper and the lower
lobes, right and left pleural effusions) were delineated using the
roller ball of the computer after the right and left lung outlines
and the position of the major fissura had been identified. Areas
of maximal size within the defined anatomical limits were outlined
to include as much of the lung as possible. To maintain the sym-
metry between right and left lungs, the right middle lobe was con-
sidered as a part of the right upper lobe. For each region of inter-
est the end-expiratory lung volume (gas + tissue), the respective
volumes of gas and tissue, and the distribution of lung aeration
were quantified using a specially designed software, Lungview (In-
stitut National des Telecommunications, Evry, France). For tech-
nical reasons (lost and unreadable optical disks), this analysis was
performed only in 48 of the 71 patients initially included (60 % of
those with lobar attenuations, 82 % of those with diffuse attenua-
tions, and 66% of those with patchy attenuations). Of these,
36 % had lobar attenuations, 23 % diffuse attenuations, and 41 %
patchy attenuations.

Using Lungview, the lung volume was computed as the total
number of voxels present in a given region of interest times the vol-
ume of the voxel. The respective volumes of gas and tissue were
measured using a method previously described [11, 19, 21] and
based on the close correlation between CT attenuation (expressed
as the CT number) and physical density [26]. The CT number char-
acterizing each individual voxel is expressed in Hounsfield units
(HU) and is defined as the attenuation coefficient of the X-ray by
the material being studied minus the attenuation coefficient of wa-
ter divided by the attenuation coefficient of water. By convention,
the CT number of water is 0 (HU) and lung tissue was assumed to
have a density very close to the density of water. The CT number
is scaled by a factor 1000, the CT number of gas being —1000 HU.
A lung area characterized by a mean CT number of -500 HU is
considered as being composed of 50 % of gas and 50 % of tissue.
A lung area characterized by a mean CT number of -200 HU is
considered as being composed of 20 % of gas and 80 % of tissue.
In a first step, the distribution of lung attenuations was measured
on each CT section for 256 compartments between —1200 HU and
+ 200 HU, examining an interval of 5.47 HU. Each compartment
was composed of voxels characterized by CT numbers ranging in
an interval of 5.47 HU. For each compartment of a known number
of voxels, the total volume, the volume of gas and tissue, and the
fraction of gas were computed using the following equations:

Volume of the voxel = (size of the pixel)? x section thickness (1)
Total volume = number of voxels x volume of the voxel 2)

Volume of gas = (-CT/1000) x total volume if the compartment
considered has a CT number below 0 (volume of gas = 0 if the com-
partment considered has a CT number above 0) 3)

Volume of tissue = (1 + CT/1000) x total volume if the compart-
ment considered has a CT number below 0 or 4)
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Volume of tissue = number of voxels x volume of the voxel if the
compartment considered has a CT number above 0 @)

Fraction of gas = volume of gas/total volume 5)

where CT is the mean CT number of the compartment analyzed.

In a second step, the volumes of gas and tissue of each region of
interest were calculated by adding the values of all the compart-
ments present within the region of interest. In a third step, the vol-
umes of gas and tissue of the overall lung were calculated by add-
ing the volumes of the four regions of interest of the lungs (right
upper and lower lobes + left upper and lower lobes). The overall
lung volume at end-expiration (gas + tissue) was defined as end-
expiratory lung volume. The overall volume of gas present in both
lungs at end-expiration was defined as functional residual capacity
(FRC).

The measurements of the volumes of gas and tissue using Lung-
view were validated by performing CT of five 2.3-1 reservoirs filled
with different, known volumes of gas and water emulsified with
soap. To measure gas volume the mean bias and precision using
the method of Bland and Altman [27] were 3 and 25 ml. The equa-
tion of the linear regression was: volume of gas = 1.006 x actual
volume + 22 ml, r = 1. As far as the measurement of water volume,
the mean bias and precision were —2 and 33 ml. The equation of the
linear regression was: volume of water=0.97 x actual vol-
ume +40ml, r=1.

Reproducibility was assessed in three of the investigators by ac-
quiring two CT scans at intervals of a few weeks. The mean differ-
ence between the two measurements was 107 ml for the end-expira-
tory lung volume, 56 ml for FRC, and 50 ml for the volume of tissue.

Measurement of lung volumes with different degree of aeration

To differentiate the lung zones with different degrees of aeration
the entire lung was divided into four zones as previously described:
lung zones with a CT number between —1000 and —-900 HU were
considered as overdistended [19], those between -900 and
-500 HU as normally aerated [10, 19], those between —500 and
—100 HU as poorly aerated, and those between —100 and + 100 HU
as nonaerated [10]. Nonaerated lung regions were considered as
atelectatic regions and divided into two separate entities. “Com-
pression atelectasis” was defined as a nonaerated lung region with-
out excess tissue, and “inflammatory atelectasis” as a nonaerated
lung region with concomitant excess lung tissue. Excess tissue was
defined as a volume of tissue greater than the mean volume of tis-
sue measured in healthy volunteers plus 1 SD.

Bedside chest radiograph

Bedside frontal chest radiography was performed within 12 h of
the CT. Lung parenchyma was divided into four quadrants by a ver-
tical mediastinal line and an horizontal hilar line as proposed by
Murray et al. [2]. The presence of hyperattenuated areas in each
of the quarters and the obliteration of the left or right diaphragmat-
ic cupola were analyzed by an independent radiologist (P.C.).

Statistical Analysis

Comparisons between groups were performed by a one-way analy-
sis of variance for one grouping factor followed by Fisher’s proba-
bilistic least significant difference post hoc comparison test for
continuous variables and by the 2 test for discontinuous variables.

Comparisons between the upper and lower lobes were analyzed by
a two-way analysis of variance for two grouping factors. Data in
the text and tables are presented as mean + SD. The statistical
analyses were performed using Statview 4.0.2 and SuperANOVA
statistical software (Abacus Concepts, Berkeley, Calif., USA).
The level of statistical significance was set at p < 0.05.

Results

End-expiratory lung volumes and FRC in healthy
volunteers and in patients with ARDS

In healthy volunteers the upper lobes accounted for
54 +4% of the end-expiratory lung volume and the
right lung for 53 +2%. As shown in Fig.1 and Table 1,
the FRC of the upper lobes was higher than that of the
lower lobes, while the volume of lung tissue was similar
in the upper and lower lobes.

As compared to healthy volunteers, the end-expira-
tory lung volume of patients with ARDS was signifi-
cantly reduced by 17 % and volume loss was essentially
related to a reduction in the volume of the lower lobes
(Table 1). As shown in Fig. 1, the cephalocaudal dimen-
sions of the right and left lungs were significantly re-
duced, and in the same proportion in the three groups
of patients. As shown in Fig.2, patients with ARDS
had a greater amount of lung tissue than healthy volun-
teers that was more pronounced in the upper than in
the lower lobes (+97% vs. + 53%; p <0.0001). Each
patient had lung tissue in excess at the level of the upper
lobes, but only 35 of the 48 patients studied (73 %) had
lung tissue in excess in their lower lobes. As shown in
Fig.1, there was a significantly lower FRC in patients
than in healthy volunteers, particularly in the lower
lobes (-84 % in the lower lobes vs. =38 % in the upper
lobes; p < 0.0001).

Morphological differences between the respective
groups

Differences in bedside chest radiography

In patients with lobar attenuations, hyperattenuated ar-
eas were bilateral and located predominantly in the low-
er quadrants. Because hyperattenuated lung areas were
sparse and less frequent in the upper lobes, which re-
mained essentially aerated, the first clinical impression
at the bedside was a lack of extensive radiological le-
sions, in contrast to the severity of arterial oxygenation
impairment (Fig.3a). In contrast, patients with diffuse
or patchy attenuations had radiological attenuations in-
volving all pulmonary quadrants, obliterating mediasti-
nal borders and less frequently diaphragmatic cupola.
The loss of aeration involved the entire lung parenchy-
ma and gave the immediate visual impression of radio-
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END-EXPIRATORY LUNG VOLUME (gas + tissue)
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77 healthy investigators 48 patients with ARDS

FUNCTIONAL RESIDUAL CAPACITY

440 + 174 m!

Fig.1 End-expiratory lung volumes and functional residual capac-
ity of the upper and lower lobes in 11 healthy volunteers and 48 pa-
tients with ARDS. Both lungs are presented in a lateral view, al-
lowing the representation of the main fissura, the upper lobes,
and the lower lobes. The cephalocaudal dimensions of the lungs
are represented in centimeters (vertical dashed line). Data are pre-
sented as mean + SD

logical severity, with the classical aspect of “white
lungs” (Fig.3b, c). Figure 4 presents the distribution of
radiologically hyperattenuated lung areas and incidence
of the obliteration of right and left diaphragmatic cupo-
la in the three groups.

Differences in distribution of gas and tissue

Hyperattenuated lung areas were observed almost ex-
clusively in the lower lobes in patients with lobar attenu-
ations (Fig.5). In contrast, hyperattenuated lung areas
were distributed uniformly, involving all pulmonary seg-
ments in patients with diffuse attenuations. The seg-
mental distribution of the hyperattenuated lung areas
of patients with patchy attenuations involved all pulmo-
nary segments but predominated in the lower lobes. Fig-
ures 6, 7, and 8 present the CT of the three patients
whose bedside chest radiographs are displayed in Fig. 3.

The volumic distribution of CT attenuations in pa-
tients with lobar attenuations was bimodal, correspond-
ing to a coexistence of normally aerated and nonaerated
lung regions (Fig.9). On the other hand, the volumic dis-
tribution of CT attenuations in patients with diffuse at-
tenuations was unimodal, corresponding to a predomi-
nance of poorly and nonaerated lung regions. Patients
with patchy attenuations showed an intermediate pat-
tern.

CT attenuation histograms characterizing the lower
lobes were unimodal and very similar in the three
groups (Fig.10), corresponding to a predominance of
nonaerated lung regions (Table 2). In contrast, CT at-
tenuation histograms characterizing the upper lobes
were unimodal in patients with diffuse attenuations, cor-
responding to a predominance of nonaerated lung re-
gions, and bimodal in patients with lobar attenuations
and patchy attenuations, corresponding to a coexistence
of normally aerated and nonaerated regions (Table 2).

The distribution within lower lobes of normally,
poorly, and nonaerated lung volumes was similar in the
three groups, with a massive predominance of poorly

Table 1 Volumes of gas and tissue in healthy volunteers and patients with ARDS [End-expiratory lung volume = total lung volume
(gas + tissue); LA lobar attenuations, DA diffuse attenuations, PA patchy attenuations]

Patients with ARDS (n = 48)

Volunteers (n=11) LA (n=15) DA (n=14) PA (n=19)

Total lung

Pleural fluid (ml) 0+0 293 £ 271* 250 + 229* 319 + 406*

End-expiratory lung volume (ml) 3028 + 637 2860 + 626 2362 + 604+ ** 2373 + 686%**

FRC (ml) 2085 + 537 1314 + 394* 553 £ 237%** 773 £ 326%HH %%

Volume of tissue (ml) 943 + 143 1546 + 368* 1809 + 477* 1600 + 450*

Fraction of gas (%) 69+4 46 + 8* 23 + 8ok 32 Qieiak
Upper lobes

End-expiratory lung volume (ml) 1636 + 319 2037 + 562 1413 + 369 1501 + 435

FRC (ml) 1175 + 273 1184 + 376 389 + 169* 635 + 287*

Volume of tissue (ml) 461 + 68 853 + 244* 1024 + 296* 866 + 220*

Fraction of gas (%) 724 58+ 7% 28 + 10%** 40 £ 11%AHFxx
Lower lobes

End-expiratory lung volume (ml) 1391 + 367 823 + 286* 949 + 295* 872 + 353*

FRC (ml) 909 +299 131 + 103* 164 + 111* 138 + 87*

Volume of tissue (ml) 482 + 89 693 + 238* 785 £ 227* 734 +282%

Fraction of gas (%) 65+5 16 + 10* 17 + 9% 15 + 7%

*p < 0.01 vs. healthy volunteers, **p < 0.05 vs. patients with lobar attenuations, ***p < 0.05vs. patients with diffuse attenuations
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Fig.2 Functional residual capacity (FRC) and volume of lung tis-
sue measured in both lungs overall, in the upper lobes, and in the
lower lobes in each patient with ARDS and in each healthy volun-
teer (HV). LA Lobar attenuations; DA diffuse attenuations; PA
patchy attenuations; dashed lines upper normal limit of FRC and
the lower normal limit of lung tissue calculated as the mean value
observed in healthy volunteers + 1 SD

and nonaerated lung regions. In contrast, the distribu-
tion of normally, poorly, and nonaerated lung volumes
within the upper lobes differed between the three
groups. In patients with lobar attenuations, normally
aerated lung regions were more frequent than poorly
or nonaerated lung regions. In patients with diffuse at-
tenuations, poorly and nonaerated lung regions were
more frequent than normally aerated lung regions. Pa-
tients with patchy attenuations showed an intermediate
pattern.

Differences in end-expiratory lung volume and FRC

As shown in Table 1, end-expiratory lung volume was
significantly lower in patients with diffuse and patchy at-
tenuations than in healthy volunteers. In contrast, end-
expiratory lung volume remained unchanged in patients
with lobar attenuations because the decrease in FRC,
predominating in lower lobes, was compensated by an

Fig.3 Bedside chest radiograph of three different patients with lo-
bar (a), diffuse (b), and patchy attenuations (c)
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patients with lobar attenuations (n=26)

Obliteration of the hemidiaphragm
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Fig.4 Distribution of radiological hyperattenuated lung areas and
incidence of the obliteration of the diaphragmatic cupola in the 71
patients with ARDS. Encircled numbers Percentage of patients of
each group having hyperattenuated lung areas in the quadrant con-
sidered; right percentage of patients having an obliteration of the
right and left diaphragmatic cupola
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Fig.5 Percentage of each pulmonary segment of the right (left)
and left lungs (right) characterized by CT hyperattenuations in pa-
tients with lobar attenuations (LA, group 1, upper), diffuse attenu-
ations (DA, group 2, middle), and patchy attenuations (PA, group
3, lower). X-axis Anatomical numeration of pulmonary segments.
Data are mean + SEM

'“&:—(1

Fig.6 Representative CT of a patient with lobar attenuations.
Dashed line Position of the major fissura; hatched areas pleural ef-
fusion. The functional residual capacity was 1555 ml and 6 ml in
the upper and lower lobes, respectively. The volume of tissue was
1375 and 423 ml in the upper and lower lobes, respectively. The
amount of pleural effusion was 485 ml
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Fig.7 Representative CT of a patient with diffuse attenuations.
Dashed line Position of the major fissura; hatched areas pleural ef-
fusion. The functional residual capacity was 365 ml and 107 ml in
the upper and lower lobes, respectively. The volume of tissue was
1010 and 707 ml in the upper and lower lobes, respectively. The
amount of pleural effusion was 606 ml

equivalent amount of excess tissue in the upper and low-
er lobes.

The end-expiratory lung volume of the lower lobes
was lower in all three groups of patients than in heal-
thy volunteers (Table 1), but that in the upper lobes
remained unchanged. The excess lung tissue, present
in all patients, and its distribution between the upper
and lower lobes did not differ between the three
groups.

In patients with lobar attenuations FRC of the upper
lobes did not differ significantly from that in healthy
volunteers, but it was markedly reduced in patients
with diffuse or patchy attenuations. The radiological ap-
pearance of the upper lobes was affected mainly by the
loss of aeration and not by the excess in lung tissue. Fig-
ures 6, 7, and 11 illustrate this finding by showing pa-
tients with similar excess in lung tissue in their upper
lobes but totally different radiological presentations. In
contrast, the radiological appearance of the lower lobes
was similar between the three groups and characterized
by a dramatic loss of aeration. In each group there
were some patients who were free of any excess lung tis-

Fig.8 Representative CT of a patient with patchy attenuations.
Dashed line Position of the major fissura. The functional residual
capacity was 861 ml in the upper lobes and 35 ml and lower lobes.
The volume of tissue was 1430 ml in the upper lobes and 861 ml in
lower lobes

sue in their lower lobes, suggesting that the dramatic
loss of aeration was related to “compression atelectasis”
(loss of air associated with a normal amount of lung tis-
sue). Such a passive atelectasis characterizing the lower
lobes had a similar prevalence in the three groups
(27 % with lobar attenuations, 32 % with patchy attenu-
ations, and 21 % with diffuse attenuations; NS).

Discussion

This study demonstrates that ARDS is characterized
morphologically by a marked excess in lung tissue asso-
ciated with a major reduction in FRC. However, be-
cause the loss of gas is greater than the excess lung tis-
sue, the end-expiratory lung volume decreases. Al-
though more pronounced in the upper lobes, the excess
lung tissue is disseminated in the upper and lower lobes.
“Inflammatory atelectasis “ — loss of gas plus excess lung
tissue — or “compression atelectasis “ — loss of gas with-
out excess lung tissue — is always present in the lower
lobes but only occasionally in the upper lobes. An up-
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Fig.9 Volumic distribution of CT attenuations in the three groups
of patients in ZEEP conditions: lobar attenuations (group 1, up-
per), diffuse attenuations (group 2, middle), patchy attenuations
(group 3, lower). Y-axis Lung volume represented as the number
of voxels corresponding to different CT attenuations (X-axis).
Light line CT attenuation histograms of the healthy volunteers. To
improve readability, each value represents the volume of six con-
secutive intervals of 5.47 HU. Data are mean + SEM

ward shift of the diaphragm and increase in lung weight
are likely factors that mechanically compress the lower
lobes, explaining why they appear as essentially nonaer-
ated in every patient with ARDS. In contrast, many of
these patients have a preservation of the aeration of
their upper lobes despite a marked excess in lung tissue.
Accordingly, their chest radiograph appears relatively
well aerated and quite different from that of patients
with the same excess lung tissue but in whom there is a
massive loss of gas in the upper lobes and who typically
demonstrate “white lungs.” These results demonstrate
that striking differences in lung morphology, corre-
sponding to different distributions of gas within the dis-
eased lungs, are observed in patients whose respiratory
condition fulfills the criteria of lung ARDS.

Methodological considerations

In the present study we used a specially designed soft-
ware (Lungview) to assess lung volumes and distribu-
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Fig.10 Volumic distribution of CT attenuations in the the upper
(left) and lower lobes (right) of the three groups of patients in
ZEEP conditions: lobar attenuations (group 1, upper), diffuse at-
tenuations (group 2, middle), patchy attenuations (group 3, lower).
Y-axis Lung volume represented as the number of voxels corre-
sponding to different CT attenuations (X-axis). Light line CT at-
tenuation histograms of the healthy volunteers. To improve read-
ability, each value represents the volume of six consecutive inter-
vals of 5.47 HU. Data are mean + SEM

tion of gas and tissue within the lungs. Its accuracy was
assessed by scanning large reservoirs containing a soapy
emulsion obtained from known volumes of water, soap,
and air. To date, FRC has been measured mainly in
ARDS by nitrogen [28] or sulfur hexafluoride washout
[9, 29] and open and closed circuit helium dilution tech-
niques [28, 30]. These methods have the advantage of
being noninvasive and thus allowing repeated bedside
measurements. However, their accuracy and reproduc-
ibility are limited by technical problems such as changes
in gas viscosity during the washout maneuver [31]. In
addition, they cannot detect gas trapped behind com-
pletely or nearly closed airways. As a consequence CT
assessment of FRC may represent an attractive alterna-
tive to these techniques.

The CT approach also allows a qualitative assess-
ment of the distribution of gas and lung tissue within a
given pulmonary structure. Four different lung com-
partments can be defined according to their lung attenu-
ation: overdistended lung areas (-1000 to —900 HU) are
not normally present in healthy volunteers [19] and are
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Table 2 Overdistended, normally, poorly, and nonaerated lung volumes (ml) in healthy volunteers and patients with ARDS (LA lobar

attenuations, DA diffuse attenuations, PA patchy attenuations)

Patients with ARDS (n = 48)

Volunteers (n =11) LA (n=15) DA (n=14) PA (n=19)

Total

Overdistended lung 3+5 35 1+3 4+9

Normally aerated lung 2709 + 684 1590 + 498* 367 + 262%%* 806 + 435k *k*

Poorly aerated lung 302 + 135 555 + 170* 1025 + 345%-** 703 + 240%***

Nonaerated lung 15+5 712 + 300* 968 + 373* 860 + 340*
Upper lobes

Overdistended lung 2+4 35 1+2 4+9

Normally aerated lung 1505 + 322 1468 + 481 275 + 188%%%* 698 + 387 kA

Poorly aerated lung 123 + 41 406 + 162* 676 + 245* 489 + 164*

Nonaerated lung 6+3 160 + 140* 460 + 255* 299 + 171*
Lower lobes

Overdistended lung 0+1 0+0 0+0 0x1

Normally aerated lung 1204 + 408 122 + 117* 92 + 104* 108 + 88*

Poorly aerated lung 178 + 101 149 + 105 349 +201*,** 214 + 139%**

Nonaerated lung 8§+3 552 +200* 508 + 184* 550 +218*

*p < 0.05 vs. healthy volunteers, **p < 0.05 vs. patients with lobar attenuations, ***p < 0.05 vs. patients with diffuse attenuations

found in patients with emphysema bullae [32]; normally
aerated lung areas (-900 to -500 HU) represent more
than 95 % of the normal lung parenchyma [10, 19]; poor-
ly and nonaerated lung areas (-500 to —100 HU and
above —100 HU) are found only in patients with acute
or chronic lung injury. Another advantage of the CT ap-
proach is that the upper and lower lobes can be sepa-
rately analyzed after the manual delineation of main fis-
sures. It must be pointed out that this delineation can be
difficult when hyperattenuated lung areas and loss of
gas involve both upper and lower lobes.

Histologically, the injured lung is characterized by an
excessive amount of extravascular lung water and by an
infiltration of lung structures by inflammatory cells.
Edema and inflammation are indistinguishable on the
CT and are measured by Lungview as “excess tissue.”
One important limitation of CT is its inability to distin-
guish between increased intrapulmonary blood and ex-
cess lung inflammation. In contrast, a software such as
Lungview allows the differentiation of “compression
atelectasis,” characterized by a loss of aeration without
excess lung tissue, from “inflammatory atelectasis,”
characterized by a loss of aeration associated with ex-
cess lung tissue.

Regional distribution of gas and tissue in healthy
volunteers

In healthy volunteers the FRC was 2085 + 537 ml, close
to that (2305 + 377 ml) computed with the formula of
Quanjer et al. [33] for adults lying in supine position.
The mean volume of lung tissue was 943 + 143 ml. This
value is similar to that measured by Gattinoni et al.

[11] in the late 1980s by combining the helium dilution
technique and CT. It can be assumed that intrapulmo-
nary blood accounted for 450 ml and lung structures for
the remaining weight [34].

Regional distribution of gas and tissue in patients with
ARDS

Overall we found 17 % less end-expiratory lung volume
in patients than in healthy volunteers of similar height
and body surface area. As described previously [20],
the decrease in end-expiratory lung volume is due to
the upward shift of the diaphragm, resulting in reduced
cephalocaudal dimensions of the lungs and thus explain-
ing the specific reduction in the end-expiratory lung vol-
ume of the lower lobes.

The FRC measured in ZEEP conditions was reduced
by 58 %. This value is in the range of that previously
measured by dilution techniques [35, 36, 37]. The total
volume of lung tissue was increased by 74 %, corre-
sponding to an absolute change of 701 ml. Assuming
that pulmonary blood pooling is unlikely in ARDS be-
cause of the generalized constriction of the pulmonary
circulation, it can be hypothesized that this increase in
lung tissue volume resulted mainly from the presence
of an excess amount of extravascular lung water and in-
flammatory cells.

Surprinsingly, the excess lung tissue was more pro-
nounced in the upper than in the lower lobes. All pa-
tients demonstrated excess lung tissue in the upper
lobes, while the volume of lung tissue present in the low-
er lobes remained in the normal range in 27 % of the pa-
tients. In ARDS two factors should tend to promote ac-
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Fig.11 Illustrative examples of a patient with lobar attenuations
(upper) and a patient with diffuse attenuations (lower). Left CT of
the right lung; right volumic distribution of CT numbers for the up-
per lobe. The volumes of gas and tissue computed with Lungview
are shown above the CT attenuation histogram. The excess lung
tissue present in the upper lobes is similar in the two patients. In
contrast, there is four times as much gas in the upper lobe of the pa-
tient with lobar attenuations than in the upper lobe of the patient
with diffuse attenuations. This difference in the fraction of gas
markedly affects the CT image, the upper lobe of the patient with
lobar attenuations appearing grossly “normal” whereas the upper
lobe of the patient with diffuse attenuations appearing “abnormal”

cumulation of lung edema in the lower rather than the
upper lobes: the dependent position of the lower lobes
in the supine position and the anatomical predominance
of the pulmonary vascularization in the lower lobes.
One hypothesis to explain the paradoxical predomi-
nance of excess lung tissue in the upper lobes is that of
a redistribution of pulmonary blood flow towards the
upper lobes related to hypoxic pulmonary vasoconstric-
tion occurring in the dependent regions of the lung
[38]. Another hypothesis is that the nonhomogeneous
distribution of the excess lung tissue truly reflects an un-
even distribution of pulmonary edema. Edema forma-
tion depends grossly on the transmural microvascular
pressure and on the capillary filtration coefficient [39].
In supine position an atelectatic lower lobe might be
less prone to generate edema than a nonatelectatic up-
per lobe despite a higher microvascular pressure; the re-
duced size of the vessels due to atelectasis could reduce
the size of the “holes” present in the alveolocapillary

barrier, thereby decreasing the capillary filtration coeffi-
cient.

Physiologically, the degree of lung aeration depends
on the transpulmonary pressure and the quality of the
surfactant. Transpulmonary pressure is subject to an-
teroposterior and cephalocaudal gradients. The antero-
posterior gradient is related to gravity [16, 40] while the
cephalocaudal gradient results from the transmission of
the abdominal pressure to the thoracic cavity [41, 42].
Physiologically, the most caudal and dependent parts of
the lung, i.e., the lower lobes, are subjected to a lower
transpulmonary pressure than the most cephalic and
nondependent parts of the lung, i.e., the upper lobes.
In critically ill patients with ARDS, several factors con-
tribute to exaggerating these physiological gradients: in-
creased lung weight [16], increased abdominal pressure
following abdominal surgery or related to acute lung in-
jury, upward shift of the diaphragmatic cupola subse-
quent to anesthesia and paralysis [43] and increased
heart weight [44].

Regional distribution of gas and tissue according to lung
morphology

Diffuse attenuations were found in 23 % of patients, and
CT attenuations almost exclusively in the lower lobes in
35%. In 41 % there were patchy attenuations. Each pa-
tient fulfilled the clinical and radiological criteria for
ARDS at the time of inclusion in the study. The excess
in lung tissue was comparable in the three groups of pa-
tients, suggesting that the amount of lung inflammation
and edema was similar despite the differences in radio-
logical presentation. In fact, only the volume and the
distribution of gas differed between the three groups.
In patients with diffuse attenuations, lung attenuations
histograms showed a unimodal distribution with a pre-
dominance of poorly and nonaerated lung areas that
represented more than 80 % of the end-expiratory lung
volume. Radiologically, this corresponded to bilateral
diffuse lung opacities and “ground glass” involving
equally the upper and lower lobes. In contrast, patients
with lobar attenuations showed a bimodal distribution
of lung attenuation histograms with an equal distribu-
tion of normally aerated lung areas and poorly or non-
aerated lung areas that represented less than 45% of
the end-expiratory lung volume. Radiologically, this
corresponded to “white” lower lobes coexisting with
“black” upper lobes. Surprisingly, no difference was ob-
served between groups as far as the amount of lung tis-
sue in excess present in the upper lobes. As illustrated
in Fig.11, CT and radiological patterns of the upper
lobes of patients with ARDS were affected more by
the degree of aeration rather than by the amount of
lung tissue in excess. In fact, the only difference be-
tween the three groups was the degree of aeration of
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the upper lobes, which remained normal in patients with
lobar attenuations and was markedly reduced in the
other two groups.

In the lower lobes the loss of aeration and increase in
lung tissue were identical in the three groups (Fig.10).
No excess in lung tissue was found in the lower lobes in
four patients with lobar attenuations, three with diffuse
attenuations, and six with patchy attenuations, suggest-
ing that the loss of aeration was related to a “compres-
sion atelectasis.” This finding argues for the existence
of common mechanisms — such as the upward shift of
the diaphragm and the increased lung and cardiac
weights — exerting a direct mechanical compression on
the lower lobes in all patients with ARDS.

Reasons for these differences in lung morphology
can only be speculated upon. The main determinants of
the regional degree of aeration in ARDS are the region-

al quality of the surfactant and the local transpulmonary
pressure. It is highly likely that deep sedation and mus-
cle paralysis and increased abdominal pressure and
heart weight contribute in every patient with ARDS to
a significant decrease in the transpulmonary pressure
in caudal lung regions, thereby explaining the massive
atelectasis of the lower lobes. In contrast, it can be as-
sumed that the transpulmonary pressure in cephalic
lung region is preserved because the increase in abdom-
inal pressure is not transmitted, and the heart does not
exert any direct mechanical compression on lung paren-
chyma. As a consequence, the quality of surfactant may
be the main determinant of the degree of aeration of
the upper lobes and could be more altered in patients
with diffuse and patchy attenuations than in patients
with lobar attenuations because of differences in the
cause of lung injury, as discussed in part 2 [23].
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