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ORIGINAL

Regional distribution of gas and tissue
in acute respiratory distress syndrome.
lll. Consequences for the effects of
positive end-expiratory pressure

Abstract Objective: To determine
whether differences in lung mor-
phology assessed by computed to-
mography (CT) affect the response
to positive end-expiratory pressure
(PEEP).

Design: Prospective study over a 53-
month period.

Setting: Fourteen-bed surgical inten-
sive care unit of a university hospital.
Patients and participants: Seventy-
one consecutive patients with early
adult respiratory distress syndrome
(ARDS).

Measurements and results: Fast spi-
ral thoracic CT was performed at
zero end-expiratory pressure
(ZEEP) and after implementation
of PEEP 10 cmH,0O. Hemodynamic
and respiratory parameters were
measured in both conditions. PEEP-
induced overdistension and alveolar
recruitment were quantified by spe-
cifically designed software (Lung-
view). Overdistension occurred only
in the upper lobes and was signifi-
cantly correlated with the volume of
lung, characterized by a CT attenu-
ation ranging between —900 and
—-800 HU in ZEEP conditions. Car-
diorespiratory effects of PEEP were
similar in patients with primary and
secondary ARDS. PEEP-induced
alveolar recruitment of the lower
lobes was significantly correlated
with their lung volume (gas + tissue)
at functional residual capacity.
PEEP-induced alveolar recruitment
was greater in the lower lobes with
“inflammatory atelectasis” than in

the lower lobes with “mechanical
atelectasis.” Lung morphology as
assessed by CT markedly influenced
the effects of PEEP: in patients with
diffuse CT attenuations PEEP in-
duced a marked alveolar recruit-
ment without overdistension,
whereas in patients with lobar CT
attenuations PEEP induced a mild
alveolar recruitment associated with
overdistension of previously aerated
lung areas. These results can be ex-
plained by the uneven distribution
of regional compliance characteriz-
ing patients with lobar CT attenua-
tions (compliant upper lobes and
stiff lower lobes) contrasting with a
more even distribution of regional
compliances observed in patients
with diffuse CT attenuations.
Conclusions: In patients with
ARDS, the cardiorespiratory effects
of PEEP are affected by lung mor-
phology rather than by the cause of
the lung injury (primary versus sec-
ondary ARDS). The regional distri-
bution of the loss of aeration and the
type of atelectasis — “mechanical”
with a massive loss of lung volume,
or “inflammatory” with a preserva-
tion of lung volume - characterizing
the lower lobes are the main deter-
minants of the cardiorespiratory ef-
fects of PEEP.

Key words Acute respiratory
distress syndrome - Positive end-
expiratory pressure - Computed
tomography - Alveolar
recruitment - Lung overdistension
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Introduction

Positive end-expiratory pressure (PEEP) is considered
as a critical means for reversing the refractory hypox-
emia resulting from acute respiratory distress syndrome
(ARDS). However, its optimal level is still the subject of
controversy. PEEP-induced increase in PaO, is thought
to result from alveolar recruitment, redistribution of ex-
travascular lung water, and reduction in pulmonary
blood flow through shunt units. In the 1980s Gattinoni
et al. [1, 2] demonstrated that PEEP acts mainly as a
counterforce opposing the pressure exerted by the edem-
atous lung on the dependent bronchioles. As a conse-
quence, PEEP appears more efficient at recruiting non-
dependent than dependent lung areas [2, 3]. It has also
been shown that PEEP-induced alveolar recruitment is
more efficient in cephalic than in caudal lung regions,
likely because of a cephalocaudal gradient in the trans-
pulmonary pressure [3]. More recently Gattinoni et al.
[4] compared the effects of PEEP in patients with prima-
ry and secondary ARDS. The former were characterized
by predominant alterations in lung compliance whereas
the latter were characterized by predominant alterations
in chest wall compliance. The lungs of patients with sec-
ondary ARDS were more prone to be recruited by
PEEP than those of patients with primary ARDS.

We hypothesized that the effects of PEEP also de-
pend upon lung morphology and compared the re-
sponse to PEEP in the three groups of patients previ-
ously described in parts 1 [5] and 2 [6]. The analysis of
the effects of PEEP was based on computed tomogra-
phy (CT) since this method is the only one that allows
clear distinction between PEEP-induced alveolar re-
cruitment and PEEP-induced distension and overdis-
tension [7].

Methods and materials

Patients

This prospective study included 71 consecutive patients with early
ARDS and 11 healthy volunteers. Informed consent was obtained
from the patients’ next of kin. Clinical characteristics of the pa-
tients and the healthy volunteers have been extensively described
inparts 1 [5] and 2 [6]. ARDS was considered primary in 49 patients
(35 bronchopneumonias, 7 pulmonary contusions, 7 aspirations),
secondary in 20 (4 extracorporeal circulations, 1 intra-abdominal
sepsis, 15 extra-abdominal sepsis), and potentially both in two pa-
tients. Patients with primary ARDS were younger and more hy-
poxemic than those with secondary ARDS and had a pressure-vol-
ume curve that was significantly shifted to the right (Table 1, Fig. 1).

Lung morphology and cardiorespiratory parameters measured
in zero end-expiratory pressure (ZEEP) were reported in parts 1
and 2 of the present study [5, 6]. All patients were sedated and par-
alyzed with fentanyl, midazolam, and vecuronium and were venti-
lated using controlled mechanical ventilation and FIO, of 1. All
patients were monitored using a fiberoptic thermodilution pulmo-
nary artery catheter and a radial or femoral arterial catheter.

Table 1 Cardiorespiratory parameters in patients with primary
and secondary ARDS (PEEP = 0, FIO, 100% ); FRC and volume
of lung tissue were obtained in 16 patients with primary ARDS
and 32 patients with secondary ARDS (Qs/Qt pulmonary shunt,
MPAP mean pulmonary arterial pressure, PVRI pulmonary vascu-
lar resistance index, RAP right atrial pressure, M AP mean arterial
pressure, SVRI systemic vascular resistance index, PCWP pulmo-
nary capillary wedge pressure, CI cardiac index, FRC functional
residual capacity)

Primary ARDS Secondary ARDS

(n=49) (n=20)
Age 53+18 62 + 13*
Survival rate (%) 45 55
PaO, (mmHg) 85+ 34 107 + 48%
Qs/Qt (%) 48+ 10 42 + 11%
PaCO, (mmHg) 46 £9 44 + 8
FRC (ml) 1483 + 690 1759 + 744
Lung tissue (ml) 1650 + 484 1658 + 411
CI (Imin~' m?) 41+1.7 33+1.0
RAP (mm Hg) 8+4 8+4
PCWP (mm Hg) 9+4 9+4
SVRI (dyne s™' cm™ m?) 1706 + 780 1824 + 591
MAP (mmHg) 82+ 16 77 14
MPAP (mm Hg) 28+9 267
PVRI (dyne s™' cm™ m? 439 +299 419 + 169

*p < 0.05 vs. patients with primary ARDS
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Fig.1 Pressure-volume curves of the patients with primary (@)
and secondary ARDS (O). The two curves are significantly differ-
ent (p <0.001)

Hemodynamic, respiratory, and lung volume changes induced by
a PEEP of 10 cmH,0O were measured.

High-resolution and spiral thoracic CT

Acquisition of CT, classification of patients, and measurement
of lung volumes

As described in detail in part 1 of the present study [5], lung scan-
ning was performed from the apex to the diaphragm after an intra-
venous injection of 80 ml contrast medium in ZEEP and PEEP
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10 cmH, 0. CT sections in PEEP were acquired at end-expiration
after clamping the connecting piece between the Y piece and the
endotracheal tube. Airway pressure was continuously monitored
on a Propaq 104 EL monitor (Protocol System, North Chicago,
I, USA) to ensure that a pressure of 10 cmH,O was actually ap-
plied. Each patient’s CT image was classified by an independent
radiologist (P.C.) in one of the three groups according to defini-
tions given in part 1 [5]: group 1, lobar attenuations; group 2, dif-
fuse attenuations; group 3, patchy attenuations.

The volumes of gas and tissue were measured using a method
previously described [7, 8, 9]. For each lung region of interest,
the total volume, volume of gas and tissue, and fraction of gas
were computed using equations provided in part 1 [5]. The overall
lung volume (gas + tissue) at end-expiration was defined as end-
expiratory lung volume. The volume of gas present in both lungs
at end-expiration was defined as functional residual capacity
(FRC).

Definition of PEEP-induced alveolar recruitment

PEEP-induced alveolar recruitment was computed on all CT sec-
tions according to Gattinoni et al. [8, 10]: alveolar recruitment
(ml) = volume of nonaerated lung areas in ZEEP minus volume
of nonaerated lung areas in PEEP. A positive value of this differ-
ence indicates alveolar recruitment and a negative value alveolar
derecruitment. Nonaerated lung areas were defined as lung re-
gions characterized by CT attenuation ranging between —100 and
+ 100 HU. PEEP-induced overdistension was measured as recom-
mended by Vieira et al. [7]: overdistension (ml) = volume of over-
distended lung areas in PEEP minus volume of overdistended
lung areas in ZEEP.

Distribution of gas and tissue along the cephalocaudal
and anteroposterior axes

In each condition the distribution of gas and tissue along the ceph-
alocaudal axis was determined at end-expiration in the patients
and healthy volunteers by taking into consideration each 10-mm-
thick CT section between the apex and the lung base. The distribu-
tion of gas and tissue along the anteroposterior axis was deter-
mined on a single 10-mm-thick CT section located at the level of
the tracheal carina. Ten contiguous compartments of similar height
between the sternum and the vertebrae were taken into consider-
ation as proposed by Gattinoni et al. [11]. A similar method was
used to assess the distribution of PEEP-induced overdistension
and alveolar recruitment along the cephalocaudal and the antero-
posterior axes.

Calculation of regional respiratory compliances

The regional respiratory compliances of the upper and lower lobes
were calculated as the changes in regional FRC (regional FRC at
PEEP minus regional FRC at ZEEP) divided by 10 cmH,O, the
PEEP applied during the CT acquisition.

Hemodynamic and respiratory measurements

Within 12 h of the CT, hemodynamic and respiratory parameters
were measured after a 1-h steady state in ZEEP and PEEP con-
ditions. Throughout the study period methods used for measur-
ing cardiorespiratory parameters were well defined, and mea-

surements were performed according to standardized protocols
that have been extensively described in part 2 of the present
study [6]. Arterial and cardiac filling pressures, tracheal pres-
sure, gas flow and tidal volume were simultaneously and contin-
uously recorded on a Gould ES 1000 recorder. Cardiac output
was measured using the intermittent O, semicontinuous ther-
modilution technique (CCO/SvO,/VIP TD catheter, Baxter
Healthcare, Irvine, Calif., USA). Hemoglobin and methemoglo-
bin concentrations, and arterial and mixed venous oxygen satu-
rations were measured using a calibrated OSM3 hemoximeter
(Radiometer, Copenhagen, Denmark). Standard formulas were
used to calculate cardiac index, pulmonary vascular resistance
index, systemic vascular resistance index, right stroke work in-
dex, true pulmonary shunt (Qs/Qt), arteriovenous oxygen differ-
ence, oxygen delivery, oxygen extraction ratio, and oxygen con-
sumption.

Statistical analysis

Comparisons between groups were performed by a two-way analy-
sis of variance for one grouping factor (lobar, diffuse and patchy
CT attenuations) and one repeated measure (ZEEP and PEEP).
When the repeated measure or the interaction was significant, the
effect of PEEP was tested in each group by a Student-Newman
Keuls test for paired data. All data in the text and tables are pre-
sented as mean = SD unless otherwise specified. 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 <0.5.

Results

Effects of PEEP on cardiorespiratory parameters
Overall

As shown on Tables2 and 3, PEEP significantly in-
creased PaO,, arteriovenous oxygen difference, right
atrial pressure, and pulmonary capillary wedge pressure
and decreased Qs/Qt, PaCO,, and cardiac index.

In the respective groups

The amplitude of the effects of PEEP on PaO, and Qs/
Qt differed significantly between the three groups. As
shown in Table 2, the effects of PEEP on PaO, and Qs/
Qt were more pronounced in patients with diffuse CT
attenuations than in patients with patchy CT attenua-
tions than in patients with lobar CT attenuations (signif-
icant interactions). As shown in Table 3, in patients with
lobar and patchy CT attenuations the cardiovascular pa-
rameters were not modified by PEEP, except for pulmo-
nary capillary wedge pressure in patients with lobar and
patchy CT attenuations.
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Table 2 PEEP-induced chan-

4 4 LA (1=26) DA (n=16) PA(n=29) PEEP  p Value®
ges (A) in respiratory parame-
ters (FIO, 100 %) in the three APaO, (mmHg) 15 + 38* 91 £ 71%* 55 + 60* 0.0001 0.0001
groups of patients (LA lobar AHD (g dIh) 0.0+04 -0.1+£03 -0.1£03 NS NS
CT attenuations, DA diffuse APvO, (mmHg) -3+6 4+10 1+4 NS 0.007
CT attenuations, PA patchy CT ~ ASvO, (%) -1+4 5+15 2+6 NS NS
attenuations, SvO, mixed ve- AQs/Qt (%) S£7* -13 £ 6* -7+£7* 0.001 0.003
nous oxygen saturation, Os/Qt ~ ADO,I (ml min! m?) 26 + 40 -6+ 103 —23+80 0.03 NS
pulmonary shunt, DO,I oxygen ~AVO,I (ml min™ m?) 6+15 -9+30 -6+23 NS NS
delivery index, VO,I oxygen AEaO, (%) 3+ 4% -3+8 0+4 NS 0.001
consumption index, EaO, ex- AC (a-v)O, (vol/100ml) 0.4 +0.5% 01+0.6 0.1+0.6 0.0001 NS
traction ratio, C (a-v)O, arteri- ~ APaCO, (mmHg) -04+47 2.6 £2.7* -1.3 £3.4* 0.003 NS

ovenous oxygen difference) *p < 0.05 vs. ZEEP

ap values refer to the repeated measures ZEEP-PEEP (PEEP) and to the interaction between the 3
groups using a two-way analysis of variance

Table 3 PEEP-induced changes (A) in hemodynamic parameters
(FIO, 100 %) in the three groups of patients (LA lobar CT attenu-
ations, DA diffuse CT attenuations, PA patchy CT attenuations,
MPAP mean pulmonary arterial pressure, PVRI pulmonary vascu-

lar resistance index, RAP right atrial pressure, RVSWI right ven-
tricular stroke work index, MAP mean arterial pressure, SVRI sys-
temic vascular resistance index, PCWP pulmonary capillary wedge
pressure, HR heart rate, CI cardiac index)

LA (n =26) DA (n = 16) PA (n = 29) PEEP p Value?*
AMPAP (mm Hg) 1+ 4% 0+3 04 NS NS
APVRI (dyne s cm™ m?) 19 +102 17 + 66 14 +99 NS NS
ARAP (mm Hg) 1.0 + 2.4* 0.7+2.9 0.8+2.6 0.003 NS
ARVSWI (g m ) 0+2 0+3 0+3 NS NS
AMAP (mm Hg) 2:16 4+12 29 NS NS
ASVRI (dyne s! cm™ m?) 41 £ 598 224 + 281 98 + 325 0.047 NS
APCWP (mm Hg) 1.8 +1.9% 04+1.7 0.7 £ 1.7* 0.001 0.011
AHR (bpm) 1+ 9% 2+7 510 NS NS
ACI (1 min™ m2) -0.3 +£0.3*% —0.5 +£0.9*% —0.4 +0.8* 0.001 NS

*p < 0.05 vs. ZEEP

ap values refer to the repeated measures ZEEP-PEEP (PEEP) and to the interaction between the 3 groups using a two-way analysis of

variance

Effects of PEEP on lung volumes
Overall

PEEP 10 cmH,0 increased FRC by 652 + 298 ml. This
increase was more pronounced in the upper than the
lower lobes (491 + 255 versus 161 + 154 ml, p < 0.001).
The total respiratory compliance of the upper lobes
was greater than that of the lower lobes (49 = 25 versus
16 + 15 ml per cmH,0, p < 0.001). When taking in con-
sideration all patients, the volume of tissue did not
change significantly after PEEP implementation. When
considering individual data, the volume of tissue de-
creased in 42% of the patients (mean change
-118 +30 ml) and increased in the remaining 58 %
(mean change + 95 + 12 ml). The capillary wedge pres-
sure and the right atrial pressure were higher in the
group of patients in whom the volume of tissue de-
creased with PEEP than in those in whom the volume
of tissue increased with PEEP (11 +4 mmHg versus

8+3mmHg and 9+4mmHg versus 7+3 mmHg,
p =0.01). Otherwise, the two groups were similar for
all the other parameters tested in ZEEP.

PEEP decreased the volume of nonaerated lung ar-
eas by 185 =179 ml. As a mean, the volume of poorly
aerated areas did not change significantly after PEEP
implementation. PEEP-induced alveolar recruitment
was similar in the upper and lower lobes (104 + 112 ml
versus 81 + 108 ml, NS). PEEP-induced alveolar re-
cruitment in the lower lobes was significantly correlated
with the end-expiratory lung volume according to the
following equation:

Alveolar recruitment (ml) = 0.16 x end-expiratory lung
volume (ml) — 24 ml
r=0.46, p = 0.0001

Such a correlation was not observed in the upper lobes.
Of the 96 individual lower lobes 31 (32%) that were
analyzed had “compression atelectasis,” characterized
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Fig.2 Volumic distribution of CT attenuations in upper (left) and
lower lobes (right) of patients with lobar CT attenuations (upper),
diffuse CT attenuations (middle), and patchy CT attenuations (low-
er) at ZEEP (Q) and PEEP 10 cmH,O (@). Each value represen-
ted indicates the volume of six consecutive intervals of 5.47 HU.
Data are mean + SEM

by a dramatic reduction in FRC without any excess of
lung tissue: FRC 28 + 27 ml and volume of lung tissue
229 + 40 ml in patients versus FRC 455 + 153 ml and
volume of lung tissue 241 +47 ml in healthy volun-

teers [5]. The remaining 65 lower lobes (68%) had
“inflammatory atelectasis,” characterized by a drama-
tic reduction in FRC with a concomitant excess of
lung tissue: FRC 93 + 74 ml and volume of lung tissue
434 + 136 ml. PEEP-induced alveolar recruitment was
more pronounced in the lower lobes with “inflamma-
tory atelectasis” than in the lower lobes with “com-
pression atelectasis” (61 + 67 ml versus 10 + 53 ml,
p <0.0001).

In 26 patients (54 %), PEEP-induced alveolar re-
cruitment was associated with PEEP-induced alveolar
overdistension. Overdistension was observed exclusive-
ly in the upper lobes (37 + 100 ml in the upper lobes
versus 1 + 5 mlin the lower lobes, p < 0.05). Overdisten-
sion was significantly correlated with the volume of
lung parenchyma characterized by a CT attenuation
ranging between -900 HU and -800 HU (parenchy-
ma_gy. g00 yu) in ZEEP conditions according to the fol-
lowing formula:

Volume of overdistension (ml)=0.42 x parenchy-
ma_g,_goo py (ml) — 18 ml
r=0.9, p =0.0001

This equation indicates that about 40 % of the lung cha-
racterized by a CT attenuation between —900 HU and
—800 HU in ZEEP tends to be overdistended after im-
plementation of a PEEP of 10 cmH,0.

In the respective groups

Figure 2 depicts the volumic distribution of CT attenua-
tions characterizing the upper and lower lobes of pa-
tients with lobar, diffuse, and patchy CT attenuations in
ZEEP and PEEP conditions. Tables 4, 5, and 6 show
the corresponding lung volumes. In ZEEP conditions
the volumic distribution of CT attenuations in the upper
lobes differed markedly between the three groups: uni-
modal with a peak located at —750 HU in patients with

Table 4 PEEP-induced changes (A) in lung volumes in the three groups of patients (LA lobar CT attenuations, DA diffuse CT attenua-
tions, PA patchy CT attenuations, AFRC change in functional residual capacity)

LA (n =26) DA (n = 16) PA (n=29) PEEP p Value?

ATotal volume (ml) 674 + 303* 510 +281* 666 + 355* 0.0001 NS
APleural fluid (ml™) 19+ 53 46 + 48 11+76 0.01 NS
AFRC (ml) 696 + 286* 507 +282* 634 +271%* 0.0001 NS
AVolume of tissue (ml) 22 + 149 3+107 32+ 165 NS NS
AOverdistended lung areas (ml) 47 + 97* 2+4 18 +24%* 0.008 0.048
ANormally aerated lung areas (ml) 820 + 344* 601 + 473* 815 + 354* 0.0001 NS
APoorly aerated lung areas (ml) 111 £ 169 290 + 298 -6 + 187 NS 0.0001
ANonaerated lung areas (ml) 82 + 68* 383 + 164* -161 + 151* 0.0001 0.0001

*p < 0.05 vs. ZEEP

2p values refer to the repeated measures ZEEP-PEEP (PEEP) and to the interaction between the 3 groups using a two-way analysis of

variance
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Table 5 PEEP-induced changes (A) in the volumes of the upper lobes in the three groups of patients (LA lobar CT attenuations, DA dif-
fuse CT attenuations, PA patchy CT attenuations, AFRC change in functional residual capacity)

LA (n=26) DA (n=16) PA (n=29) PEEP p Value®

ATotal volume (ml) 573 +236* 258 +213* 467 £ 261* 0.0001 0.003
AFRC (ml) 594 +221* 284 + 170* 465 + 210* 0.001 0.0006
AVolume of tissue (ml) -24 £ 155 -26 =102 2+99 NS NS
AOverdistended lung areas (ml) 46 + 95% 1+3 15 +23* 0.001 0.047
ANormally aerated lung areas (ml) 685 + 201* 364 + 281* 603 + 276* 0.0001 0.004
APoorly aerated lung areas (ml) —114 + 144* 103 + 148* -56 + 142 NS 0.0006
ANonaerated lung areas (ml) —45 + 52% 210 + 127 -96 + 94 0.0001 0.0001

*p < 0.05 vs. ZEEP

3p values refer to the repeated measures ZEEP-PEEP (PEEP) and to the interaction between the 3 groups using a two-way analysis of

variance

Table 6 PEEP-induced changes (A) in the volumes of lower lobes in the three groups of patients (LA lobar CT attenuations, DA diffuse
CT attenuations, PA patchy CT attenuations, AFRC change in functional residual capacity)

LA (n=15) DA (n=14) PA (n=19) PEEP p Value®

ATotal volume (ml) 100 + 173* 252 +193* 199 + 237* 0.0001 NS
AFRC (ml) 98 + 153* 223 +159* 169 + 149* 0.0001 NS
AVolume of tissue (ml) 2+53 29 +108 30 +138 NS NS
AOverdistended lung areas (ml) 1+£2 1+2 2+7 NS NS
ANormally aerated lung areas (ml) 134 + 226* 237 +251* 212 + 182% 0.0001 NS
APoorly aerated lung areas (ml) 3+65 187 + 191* 50 + 107 0.0002 0.0001
ANonaerated lung areas (ml) —37 + 58 -174 £ 93* —66 + 122* 0.0001 0.001

*p < 0.05 vs. ZEEP

2p values refer to the repeated measures ZEEP-PEEP (PEEP) and to the interaction between the 3 groups using a two-way analysis of

variance

lobar CT attenuations, unimodal with a peak located at
0 HU in patients with diffuse CT attenuations, and bi-
modal in patients with patchy CT attenuations. In con-
trast, the volumic distribution of CT attenuations in the
lower lobes were nearly similar in the three groups of
patients, the only difference being the volume of poorly
aerated lung areas, which was greater in patients with
diffuse CT attenuations than in patients with lobar and
patchy CT attenuations.

As shown in Fig. 3, in both the upper and lower lobes
PEEP-induced alveolar recruitment was the greatest in
patients with diffuse CT attenuations, lowest in patients
with lobar CT attenuations, and intermediate in pa-
tients with patchy CT attenuations. In contrast, PEEP-
induced alveolar overdistension, which was observed
only in the upper lobes, was the greatest in patients
with lobar CT attenuations, intermediate in patients
with patchy CT attenuations, and absent in patients
with diffuse CT attenuations. In patients with lobar
and patchy CT attenuations, overdistension predomi-
nated in nondependent lung regions.

Cephalocaudal and anteroposterior gradients of PEEP-
induced overdistension and alveolar recruitment

Overall

Figure 4 shows the anteroposterior measured at the lev-
el of the carina and cephalocaudal distributions of gas
and tissue, in ZEEP conditions for the patients and the
healthy volunteers. The intrapulmonary gas and the
lung tissue had a cephalocaudal distribution corre-
sponding to the anatomical shape of the thorax. The
sharp decline in gas and tissue after the 18th cm was
due to the presence of the diaphragmatic cupola. In the
healthy volunteers lung tissue and intrapulmonary gas
were nearly homogeneously distributed within the lungs
along the anteroposterior axis. In the patients the excess
of lung tissue — assessed for a given lung level as the dif-
ference between the volume of lung tissue in patients
minus the normal value of tissue measured in healthy
volunteers — increased along the anteroposterior axis.
The loss of gas — assessed for a given lung level as the
difference between the volume of gas measured in heal-
thy volunteers minus the volume of gas measured in pa-
tients — increased along the anteroposterior axis. Be-
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Fig.3 Alveolar recruitment (upper) and overdistension (lower) in-
duced by PEEP 10 cmH,O in patients with lobar CT attenuations
(white bars, LA), patchy CT attenuations (hatched bars, PA) and
diffuse CT attenuations (black bars, DA) in upper (left) and lower
(right) lobes analyzed separately. In upper and lower lobes recruit-
ment was significantly different between the three groups. PEEP-
induced overdistension was significantly different between the
three groups in the upper lobes and was absent in lower lobes.
Data are mean + SEM
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The distance either from the apex (cm) or from the sternum. In
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Fig.5 Regional distribution of PEEP-induced alveolar recruit-
ment expressed both in absolute values (upper) and percentage
of variation (lower) in the cephalocaudal (/eft) and anteroposteri-
or axes (right) computed in 48 patients with ARDS. Dashed line
Threshold of alveolar derecruitment which was observed in the
most caudal regions of the lung; X-axis The distance either from
the apex (cm) or from the sternum. In this latter case each unit
is the tenth of the total distance between the sternum and the ver-
tebra

cause of the anatomical shape of the thorax and the re-
duction in the lung’s cephalocaudal dimension observed
in ARDS (see part 1 [5]) the distribution of the lung tis-
sue in excess and loss of aeration along the cephalocau-
dal axis were more difficult to assess. Lung tissue in ex-
cess increased up to the 13th cm and then decreased in
the caudal regions. The loss of gas was observed at all
levels of the cephalocaudal axis.

As shown in Fig.5, PEEP-induced alveolar recruit-
ment expressed in absolute values was more pro-
nounced in dependent and cephalic parts of the lungs.
However, expressed as a percentage, alveolar recruit-
ment was more pronounced in nondependent and ceph-
alic lung areas than in dependent and caudal lung areas.
As shown in Fig.6, PEEP-induced overdistension, ex-
pressed in absolute values, predominated in caudal and
nondependent lung areas. This distribution was similar
to the one of the parenchyma of the healthy volunteers
characterized by a CT attenuation between —900 and
-800 HU at end-expiration.

In the respective groups

Figure 7 shows the anteroposterior distribution of gas
and lung tissue in ZEEP conditions for the three groups
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Fig.6 Regional distribution of PEEP-induced alveolar overdisten-
sion in the cephalocaudal (left) and anteroposterior axes (right)
computed on the 48 patients with ARDS (upper, filled circles,
data expressed in absolute values) and proportion of “distended”
lung parenchyma characterized by CT values between —-900 and
-800 HU (lung parenchyma_g._goo yu) computed at FRC in the
11 healthy volunteers (lower, filled circles, data expressed in per-
centage of the overall volume). X-axis The distance either from
the apex (cm) or from the sternum. In this latter case each unit is
the tenth of the total distance between the sternum and the verte-
bra

of patients as compared to the healthy volunteers. The
excess of tissue — assessed for a given lung level as the
difference between the volume of lung tissue measured
in patients minus the normal value of lung tissue mea-
sured in healthy volunteers — increased along the an-
teroposterior axis in the three groups of patients. No ex-
cess of lung tissue was observed in the nondependent
lung areas of patients with lobar CT attenuations. Fig-
ure 8 shows the cephalocaudal distribution of intrapul-
monary gas and lung tissue in ZEEP conditions for the
three groups of patients and for the healthy volunteers.
In the three groups the excess of lung tissue increased
along the cephalocaudal axis up to the 13—15th cm and
then rapidly decreased.

The loss of aeration — assessed for a given lung level
as the difference between the FRC measured in healthy
volunteers minus the FRC measured in patients — in-
creased along the anteroposterior and cephalocaudal
axes in all groups (Figs.7, 8). No loss of gas was ob-
served in the most anterior and cephalic regions of pa-
tients with lobar CT attenuations in contrast to patients
with diffuse CT attenuations in whom the loss of aera-
tion was uniformly distributed.
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Fig.7 Anteroposterior distribution of tissue (left) and gas (right)
in patients with lobar CT attenuations (upper), diffuse CT attenua-
tions (middle), patchy CT attenuations (lower) in ZEEP condi-
tions. X-axis The distance from the anterior chest wall. Each unit
is one-tenth of the total distance between the anterior chest wall
and the vertebra (arbitrary units). Open circles Healthy volunteers;
filled circles patients with ARDS

As shown in Fig. 9, the percentage of alveolar recruit-
ment decreased along the cephalocaudal axis (between
the first and the 15th cm) in patients with lobar or
patchy CT attenuations, but it remained constant in
patients with diffuse CT attenuations. In patients with
lobar and patchy CT attenuations, a PEEP-induced al-
veolar derecruitment was observed in the most caudal
lung regions. The three groups of patients behave simi-
larly regarding the distribution of PEEP-induced alveo-
lar recruitment along the anteroposterior axis (data not
shown).

Respiratory compliances of the upper and lower lobes
in the three groups

Figure 10 shows the respiratory compliances of the up-
per and lower lobes for the three groups of patients.
The respiratory compliance of the lower lobes was not
significantly different between groups. In contrast, the
respiratory compliance of the upper lobes was the great-
est in patients with lobar CT attenuations, intermediate
in patients with patchy attenuations and the lowest in
patients with diffuse CT attenuations. The respiratory
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Fig.8 Cephalocaudal gradient of tissue (/eft) and gas (right) in the
three groups of patients in ZEEP conditions: lobar CT attenua-
tions (upper), diffuse CT attenuations (middle), patchy CT attenu-
ations (lower). X-axis The distance from the apex (in cm). Open
circles Healthy volunteers; filled circles patients with ARDS
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Fig.9 Regional distribution of PEEP-induced alveolar recruit-
ment expressed in percentage of variation along the cephalocaudal
axis for the three groups of patients: patients with lobar CT attenu-
ations (Q), diffuse CT attenuations (1)), patchy CT attenuations
(@). Dashed line Threshold of PEEP-induced alveolar derecruit-
ment. Values below this threshold indicate alveolar derecruitment.

compliances of the upper and lower lobes of patients
with diffuse CT attenuations did not differ significantly.
In patients with lobar and patchy CT attenuations the
respiratory compliance of the upper lobes was signifi-
cantly higher than the respiratory compliance of the
lower lobes.

mL/cmH20
70 - -
60 4 -
50
40
30
20 4
10 4

0

LA DA LA PA DA

Fig.10 Total respiratory compliance of the upper (left panel) and
lower (right panel) lobes computed as the ratio between the
PEEP-induced change in the volume of gas divided by a pressure
of 10 cmH,O (the PEEP value) in patients with lobar CT attenua-
tions (white bars, LA), patchy CT attenuations (hatched bars,
PA), and diffuse CT attenuations (black bars, DA). Data are
mean + SEM

Effects of PEEP in patients with primary and secondary
ARDS

As shown in Table 7, the cardiorespiratory effects of
PEEP were similar in patients with primary and second-
ary ARDS.

Discussion

This study demonstrates that the regional distribution of
intrapulmonary gas and lung tissue in ARDS influences
to a large extent the effects of PEEP: a maximum alveo-
lar recruitment without evidence of overdistension is
observed in patients with diffuse CT attenuations. In
contrast, the administration of PEEP to patients with lo-
bar CT attenuations is associated with a mild alveolar
recruitment while some parts of the previously aerated
lung regions are simultaneously overdistended. This re-
sult is likely related to a phenomenon of “lobar interde-
pendence”: in patients with lobar CT attenuation PEEP
preferentially distends compliant upper lobes without
recruiting atelectatic lower lobes; in patients with dif-
fuse CT attenuations PEEP is evenly distributed within
the lungs allowing an homogeneous alveolar recruit-
ment of poorly compliant upper and lower lobes.

Measurements of PEEP-induced alveolar recruitment
and lung overdistension

The density threshold used for determining lung over-
distension was based on a previous work performed in
healthy volunteers and comparing the volumic distribu-
tion of CT attenuations at FRC and at total lung capaci-
ty during a Valsalva maneuver [7]. The CT attenuation
threshold characterizing lung overdistension was deter-
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Table 7 Cardiorespiratory effects of PEEP in patients with prima-
ry and secondary ARDS (FIO, 100%); the parameters derived
from the Lungview analysis were obtained in 16 patients with pri-
mary ARDS and 32 patients with secondary ARDS (A4Qs/Qt
change in pulmonary shunt, AMPAP change in mean pulmonary
arterial pressure, 4PVRI change in pulmonary vascular resistance
index, ARAP change in right atrial pressure, AMAP change in
mean arterial pressure, ASVRI change in systemic vascular resist-
ance index, APCWP change in pulmonary capillary wedge pres-
sure, ACI change in cardiac index, AFRC change in functional re-
sidual capacity)

Primary ARDS Secondary ARDS

(n=49) (n=20)
Respiratory effects
APaO2 (mmHg) 54 + 64 35+£58
AQs/Qt (%) -8+8 -6+6
APaCO, (mmHg) 17+34 0347
Alveolar recruitment (ml) 148 + 165 225 £ 180
Lung overdistension (ml) 42 +91 39113
AFRC (ml) 717 £ 312 600 + 291
ALung tissue (ml) 32 +£105 -9+ 157
Cardiovascular effects
ACI (1 min~' m?) —04+0.8 ~03+04
ARAP (mm Hg) 1+£3 1+2
APCWP (mm Hg) 1+2 1+2
ASVRI (dyne s cm™ m?) 43 + 385 254 + 525
AMAP (mmHg) 2+12 3+14
AMPAP (mm Hg) 1+3 0+4
APVRI (dyne s cm™ m?) 17 £ 91 17 +99

mined at -900 HU since more than 99 % of healthy vol-
unteers’ lung parenchyma was characterized by CT val-
ues greater than —-900 HU at FRC while 30% of the
lung parenchyma was characterized by CT values rang-
ing between —1000 and —900 HU at total lung capacity.
This threshold is in accordance with that reported in
previous studies performed in patients with emphysema
showing that the volume of the lung characterized by
CT values below —-900 HU is well correlated with altera-
tion in pulmonary function tests and degree of histolog-
ical distension [12, 13, 14, 15]. However, at least theoret-
ically, such a method might underestimate overdisten-
sion. Indeed, the spatial resolution of CT is rather low
since a voxel contains between 2000 and 3000 alveoli.
Therefore one cannot exclude that a voxel having a CT
attenuation above -900 HU contains overdistended al-
veoli in a proportion that could be insufficient to reduce
its radiological density below —900 HU. On the other
hand, in the present study CT attenuations below
—900 HU were observed in patients with lobar CT atten-
uations for a PEEP value as low as 10 cmH,0O, suggest-
ing that this threshold is rather sensitive for detecting
overdistension in clinical practice.

Gattinoni et al. defined PEEP-induced alveolar re-
cruitment as the decrease in the volume of nonaerated
lung areas characterized by a CT attenuation greater
than -100 HU [8, 10]. The major advantages of this def-

inition are its simplicity and ease of use since the calcu-
lation of alveolar recruitment does not require any re-
gional analysis. However, this method has the disadvan-
tage of ignoring the reaeration of previously poorly aer-
ated lung areas characterized by a CT attenuation rang-
ing between —500 HU and -100 HU. In the present
study it is likely that this potential flaw had limited con-
sequences on assessment of PEEP-induced alveolar re-
cruitment since, as a mean, the volume of poorly aerat-
ed lung areas did not change significantly with PEEP.

PEEP-induced alveolar recruitment

There is a general agreement for defining PEEP-in-
duced alveolar recruitment as the reopening of previ-
ously collapsed bronchioles. As a consequence, the vol-
ume of nonaerated lung decreases and FRC increases.
In contrast, there is still a controversy as to whether
PEEP-induced alveolar recruitment is associated with
a reduction in extravascular lung water. Some experi-
mental data suggest that PEEP decreases the amount
of alveolar edema [16, 17, 18] while others report no
change or an increase in extravascular lung water [19,
20]. In the present study PEEP increased the volume of
lung tissue in 58 % of the patients and decreased the vol-
ume of tissue in the remaining 42 %. The existence of a
greater capillary wedge pressure in the latter suggests
that the main determinant of the effect of PEEP on ex-
travascular lung water is the microvascular pressure,
thus explaining the conflicting results found in different
models of acute lung injury.

In the lower lobes PEEP-induced alveolar recruit-
ment was inversely related to the end-expiratory lung
volume in ZEEP conditions. This result is in accordance
with the data obtained in a more limited series of pa-
tients [3]. When the loss of aeration was not associated
with an increase in lung tissue, the end-expiratory vol-
ume of the lower lobes was dramatically reduced, and a
PEEP of 10 cmH,O was unable to induce alveolar re-
cruitment. Such a feature is highly reminiscent of pure
“compression atelectasis,” a condition in which the
opening pressure of the lung is above 30 cmH,O [21].
In contrast, when the loss of aeration was associated
with an excess in lung tissue, end-expiratory volume of
the lower lobes was relatively preserved, and moderate
levels of PEEP were able to recruit the collapsed lung.
Such a feature is highly reminiscent of “inflammatory
atelectasis,” a condition in which collapse of dependent
bronchioles is essentially depending upon the ventro-
dorsal gradient of pressure related to the increased
lung weight. Since the anteroposterior diameter of the
thorax is less than 15 cm in the majority of the patients,
it is not surprising that even moderate PEEP levels are
effective for reopening dependent bronchioles by re-
versing this gravitational pressure gradient [1]. Al-
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though always observed in cephalic and nondependent
lung regions, PEEP-induced alveolar recruitment is
variable from one patient to another, depending on the
respective importance of each mechanism.

PEEP-induced overdistension

Another important result of the present study is that in
54 % of the patients with ARDS PEEP-induced alveo-
lar recruitment occurred together with overdistension
of previously well-aerated lung regions. A similar re-
sult has been reported recently in a more limited series
of patients [9]. The volume of overdistension was lin-
early correlated with the volume of lung having a CT
attenuation ranging between -900 and -800 HU in
ZEEP conditions. Such lung areas, which can be con-
sidered as already “distended” in the absence of
PEEP, are normally present in the nondependent lung
regions and represent 17 % of the overall lung paren-
chyma of healthy volunteers (Fig.6). Because of the
dramatic loss of aeration characterizing the lower lobes
in ZEEP conditions, lung regions characterized by a
CT value between -900 and -800 HU are absent in
the dependent and caudal parts of the lungs of patients
with ARDS. However, in a few patients, these areas
were still found in nondependent parts of the upper
lobes in ZEEP conditions, explaining why PEEP-in-
duced overdistension was observed in cephalic parts
of the lungs.

Cardiorespiratory effects of PEEP according to
differences in lung morphology

For a PEEP level of 10 cmH,0O, alveolar recruitment
was much lower in patients with lobar CT attenuations
than in patients with diffuse CT attenuations in whom
the reaeration of the lung was homogeneous, involving
both upper and lower lobes. In patients with lobar CT
attenuations, the first effect of PEEP was to increase
the amount of gas present in the upper lobes that were
already aerated in ZEEP conditions, resulting in region-
al lung overdistension. The lungs of these patients can
be assimilated to a bicompartmental model composed
of a compliant and a stiff compartment (upper and low-
er lobes). These compartments interact one with the
other in response to PEEP in such a way that the disten-
sion of one prevents the recruitment of the other. On the
other hand, in patients with diffuse CT attenuations, the
primary effect of PEEP was to increase the amount of
gas in both upper and lower lobes that were character-
ized by a dramatic loss of aeration. The lung of patients
with diffuse CT attenuations can be assimilated to a
monocompartmental model since the upper and lower
lobes are characterized by similar alterations in lung

mechanics. As a consequence, any increase in end-expi-
ratory pressure is homogeneously distributed within the
lung and results in an homogeneous reopening of col-
lapsed distal bronchioles. Homogeneous lungs in terms
of loss of aeration, as observed in patients with diffuse
CT attenuations, are more prone to be recruited by
PEEP whereas inhomogeneous lungs, as observed in pa-
tients with lobar CT attenuations, are more prone to be
overdistended by PEEP. Although not tested in the pre-
sent study to avoid excessive X-ray exposure, it is highly
likely that the phenomenon of “lobar interdependence”
is even more accentuated at end-inspiration for a given
PEEP level.

Theoretically, hemodynamic effects of PEEP should
be influenced by the absence or the presence of PEEP-
induced overdistension. Mechanical compression of
pulmonary and extrapulmonary vessels should result
in an increase in pulmonary vascular resistance and a
decrease in cardiac index. In fact, PEEP did increase
the arteriovenous oxygen difference, the extraction ra-
tio of oxygen, and the cardiac filling pressures only in
patients with lobar CT attenuations in whom some de-
gree of PEEP-induced overdistension could be ob-
served.

Cardiorespiratory effects of PEEP in primary and
secondary ARDS

Recently, Gattinoni et al. [4] studied the effects of
PEEP in 12 patients with primary ARDS and 9 patients
with secondary ARDS. Patients with primary ARDS
had a lower lung compliance and a greater chest wall
compliance than patients with secondary ARDS and
PEEP induced a significant alveolar recruitment only
in patients with secondary ARDS. The authors hypoth-
esized that lung consolidation was predominant in pa-
tients with primary ARDS preventing any possibility of
alveolar recruitment whereas interstitial edema was
predominant in patients with secondary ARDS allowing
the reopening of collapsed bronchioles. The data of the
present study do not support this view. No difference
was found as far as cardiorespiratory effects of PEEP
between patients with primary and secondary ARDS.
PEEP-induced alveolar recruitment and overdistension
were not affected by the cause of ARDS. It is likely
that the discrepancies between the two studies result
from differences in the methods used for assessing
PEEP-induced alveolar recruitment.

A direct CT approach was used in the present study
whereas an indirect approach was used by Gattinoni
et al. [4]. These authors estimated PEEP-induced alveo-
lar recruitment by a method derived from the analysis of
the pressure-volume curves in ZEEP and PEEP pro-
posed by Ranieri et al. [22]. Alveolar recruitment is de-
fined as the difference between the end-expiratory lung
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Fig.11 The figure shows the calculation of PEEP-induced alveo-
lar recruitment according to the method developed by Ranieri
et al. [22] in two conditions: 1 the pressure-volume curve in ZEEP
is actually measured and is characterized by a marked lower inflec-
tion point (P-V curve A); 2 the pressure-volume curve in ZEEP
conditions is derived from the measurement of the quasistatic com-
pliance (P-V curve B, oblique line). The plateau pressure measured
in ZEEP conditions for a tidal volume of 430 ml is 30 cmH,O. The
quasistatic compliance is 14 ml/cmH,0O. The slope of the P-V curve
is 23 ml/cmH,0. The change in end-expiratory lung volume mea-
sured after the release of PEEP 10 cmH,O is 220 ml (horizontal ar-
row 1). Curve C The pressure-volume curve measured in PEEP
10 ecmH,0O. If the actual P-V curve measured in ZEEP is taken
into consideration (curve A), the computed alveolar recruitment
is 165 ml (lung volume indicated by the horizontal arrow 1 minus
lung volume, indicated by the horizontal arrow 3). If the derived
P-V curve is taken into consideration (curve B), the computed re-
cruitment is 85 ml (lung volume indicated by the horizontal arrow
1 minus lung volume indicated by the horizontal arrow 2). In this
particular patient, alveolar recruitment is underestimated by 48 %
in the second condition

volume directly measured by releasing PEEP minus the
lung volume corresponding to the same airway pressure
indirectly measured from the pressure volume curve
performed in ZEEP conditions. However, in the Gatti-
noni et al. study pressure-volume curves were not actu-

ally measured but derived from the respiratory compli-
ance obtained by dividing the tidal volume by the in-
spiratory plateau pressure. As a consequence, Gattinoni
et al. did not take into account a possible lower inflec-
tion point in their calculation of the lung volume corre-
sponding to the PEEP level. As shown in Fig. 11, their
method of calculating alveolar recruitment tends to un-
derestimate PEEP-induced alveolar recruitment when
a lower inflection point is present. According to Fig.1,
this bias concerns predominantly patients with primary
ARDS. Very likely the lack of measurement of the pres-
sure-volume curve in ZEEP conditions resulted in an
underestimation of PEEP-induced alveolar recruitment
in patients with primary ARDS.

Clinical implications

In parts 1 [5] and 2 [6] of the present study we demon-
strate that differences in CT patterns correspond to dif-
ferences in lung volumes, chest radiography, cause, mor-
tality rate, and lung mechanics. As shown in the present
study, the cardiorespiratory effects of PEEP are affect-
ed by lung morphology rather than by the cause of
ARDS. PEEP is poorly efficient in patients with lobar
CT attenuations and often associated with overdisten-
sion of previously aerated lung areas, particularly when
a major reduction in the end-expiratory lung volume of
the lower lobes is present (“compression atelectasis”).
In this group of patients alternative strategies such as
prone or upright positions appear attractive. In contrast,
patients with diffuse CT attenuations demonstrate a
marked alveolar recruitment with PEEP without any
evidence of overdistension. As a consequence, the ra-
tionale for choosing ventilatory settings is to increase
mean airway pressure, all the more since PEEP-induced
alveolar recruitment starts from the lower inflection
point and continues along the linear part of the pressure
volume curve [9, 23]. If such a strategy is chosen, the
plateau airway pressure should be maintained below
the upper distending pressure measured on the pressure
volume curve by reducing tidal volume in order to pre-
vent mechanical ventilation-induced lung barotrauma
[24].
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