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Abstract The stress index (SI) is a parameter that char-

acterizes the shape of the airway pressure–time profile (P/

t). It indicates the slope progression of the curve, reflecting

both lung and chest wall properties. The presence of

pleural effusion alters the mechanical properties of the

respiratory system decreasing transpulmonary pressure

(Ptp). We investigated whether the SI computed using Ptp

tracing would provide reliable insight into tidal recruit-

ment/overdistention during the tidal cycle in the presence

of unilateral effusion. Unilateral pleural effusion was

simulated in anesthetized, mechanically ventilated pigs.

Respiratory system mechanics and thoracic computed

tomography (CT) were studied to assess P/t curve shape

and changes in global lung aeration. SI derived from air-

way pressure (Paw) was compared with that calculated by

Ptp under the same conditions. These results were them-

selves compared with quantitative CT analysis as a gold

standard for tidal recruitment/hyperinflation. Despite

marked changes in tidal recruitment, mean values of SI

computed either from Paw or Ptp were remarkably insen-

sitive to variations of PEEP or condition. After the instil-

lation of effusion, SI indicates a preponderant over-

distension effect, not detected by CT. After the increment

in PEEP level, the extent of CT-determined tidal recruit-

ment suggest a huge recruitment effect of PEEP as

reflected by lung compliance. Both SI in this case were

unaffected. We showed that the ability of SI to predict tidal

recruitment and overdistension was significantly reduced in

a model of altered chest wall-lung relationship, even if the

parameter was computed from the Ptp curve profile.

Keywords Stress index � Tidal recruitment � Tidal

hyperinflation � Transpulmonary pressure � Pleural

effusion � Respiratory mechanics

1 Introduction

Several mechanical ventilation strategies with the aim to

avoid tidal hyperinflation and/or tidal recruitment have

recently been proposed to prevent ventilator-associated

lung injury. Parameters of respiratory mechanics, which

are influenced by recruitment and derecruitment, have been

investigated in theoretical models [1] and clinical studies

[2]. It is usually assumed that the part of the respiratory

system pressure–volume (P–V) curve above the upper

inflection point (UIP) is the region where lung overdis-

tension is prevalent, while the part below the lower

inflection point (LIP) is the region of tidal recruitment

prevalence [3]. Between these points, the ‘‘linear’’ portion

of the curve is often considered to reflect a zone of safer

alveolar expansion. It has been postulated that setting

Positive End-expiratoy Pressure (PEEP) above LIP might
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optimize alveolar recruitment [4]. Indeed, adjusting the

inspiratory pressures above the LIP of the respiratory

system P–V curve resulted in improved outcomes of

patients with ARDS [5], even though ventilation pressures

ranging between the LIP or UIP do not eliminate tidal

recruitment or overdistension [6].

The stress index (SI) is a parameter that characterizes

the shape of the airway pressure–time profile (P/t) during

constant flow mechanical ventilation [7]. It is a ‘‘single

compartment’’ concept that implies that the balance

between recruitment and overdistension can be character-

ized by the curvature of the inflation P/t curve during

constant flow and, therefore, of the P–V curve. SI is the

exponent of an equation indicating the slope progression of

the curve. A convex P/t curve indicates increasing com-

pliance, representing preponderant tidal recruitment,

whereas an upward concave shape in the P/t curve indicates

decreasing compliance, representing preponderant tidal

hyperinflation [8]. It has been well demonstrated how SI is

of interest when the lungs are relatively uniform and sur-

rounded by a normal chest wall. However, since both the

lung and chest wall influence the SI [9], an alteration in

chest wall characteristics, as that induced by a pleural

effusion, can modify the mechanical properties of the

respiratory system [10, 11], possibly affecting the dis-

criminative ability of SI. Indeed, pleural effusion is

accommodated by an expansion of chest wall volume and a

contraction in lung gas volume [12]. In addition, by

increasing the vertical gradient of pleural pressure (Ppl),

pleural effusion decreases the transpulmonary pressure

(Ptp)—the distending force of the lung [13, 14]. We have

previously shown that in this specific setting of alterated

chest wall-lung relationships, absolute values of SI are

neither qualitatively nor quantitatively reliable as indica-

tors of tidal recruitment or over-distention [15]. The use of

esophageal pressure (Pes) to determine Ptp has drawn

recent attention as a potential guide for lung-focused

mechanical ventilation [16–18]. Some authors have sug-

gested that Ptp curve should be used in place of Paw-based

curve, as the former should only reflect lung characteris-

tics, especially in presence of alterated chest wall proper-

ties [19].

Aim of the present experimental study was to investigate

whether the SI computed using Ptp tracing would provide

reliable insight into tidal recruitment/over distention during

the tidal cycle in the presence of unilateral effusion.

2 Methods

An instillation of fluid into the pleural space replicated a

unilateral pleural effusion in anesthetized, mechanically

ventilated pigs. Respiratory system mechanics and thoracic

computed tomography (CT) were studied to assess P/

t curve shape and changes in global lung aeration.

2.1 Animal preparation

The protocol was approved by the Animal Care and Use

Committee of Regions Hospital (St. Paul, MN). Five young

healthy female Yorkshire pigs, mean weight 30.3 ± 2.5 kg

were premedicated with intramuscular telazol/xylazine (2.2

and 6.6 mg/kg). After tracheotomy, 1 % isoflurane and

50 % oxygen in N2O were delivered only for the remainder

of the instrumentation period to perform femoral central

venous and arterial catheter placement, suprapubic cys-

tostomy and right pleurostomy.

A chest tube was inserted with a cephalad orientation at

the level of the seventh intercostal space. Anesthesia was

maintained thereafter only by continuous infusion of

20 mg/kg ketamine, 0.5 mg/kg acepromazine and 6.6 mg/

kg mg xylazine in 500 mL normal saline starting at 20 mL/

h, and titrated by physiologic assessment. Throughout the

study animals remained paralyzed with hourly boluses of

pancuronium 0.1 mg/kg and mechanically ventilated with

an Engström CarestationTM ventilator (GE Healthcare,

Madison, WI): constant flow volume control ventilation,

tidal volume (VT) 9 mL/kg, respiratory rate titrated to an

end-tidal CO2 of 30–40 mmHg at baseline, inspiratory to

expiratory ratio of 1:2 and FIO2 of 0.5. Oxygen saturation,

end-tidal CO2, Paw, arterial pressure and heart rate were

continuously monitored. An esophageal balloon catheter

(SmartCath, CareFusion, San Diego, CA, USA) was placed

to record Pes during ventilation. The balloon was airfilled

with 2 mL, and at each step of the protocol the pressure

reading was zeroed and the position was checked. Place-

ment of the balloon in the stomach was confirmed by a

transient increase in pressure during a gentle compression

of the abdomen as previously described [15, 20]. The

catheter was then slowly withdrawn into the esophagus,

where pressure shows positive swings during inspiration.

The catheter position posterior to the heart was confirmed

by the positive occlusion test and by the appearance of

cardiac pulsations on the waveform and by CT imaging

(Online resource S1) [21, 22]. The direct measurement of

pleural pressures in the normal pleural space is technically

challenging because of the close approximation of the two

pleural surfaces. Thus, a device introduced into a normal

pleural space would lead to geometric distortion and result

in deformation forces that are not representative of the

pressure before the introduction of the device [23]. For

these reasons, we decided to have an estimation of pleural

pressure similar to the one used in clinical practice.

Respiratory system mechanics responses to pleural

effusion and PEEP were studied. The animals also under-

went sequential thoracic CT scan to assess changes in
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global and regional lung aeration along with effusate dis-

tribution. At the end of each experiment, animals were

euthanized by rapid injection of Euthasol�.

2.2 Experimental protocol

We compared values of SI derived from Paw with those

calculated by Ptp under the same conditions (Fig. 1). These

results were themselves compared with the extent of tidal

recruitment and hyperinflation, as calculated using quan-

titative CT analysis. With the exception of PEEP, ventilator

settings were unchanged throughout the experimental

protocol. PEEP 1 and 10 cmH2O were sequentially applied

without recruitment maneuvers during baseline conditions

(BSL) and after instillation of fluid into the right pleural

space. We decided not to perform any recruitment

maneuver between protocol steps because of the potential

impact on the effects of PEEP in the study. We arbitrarily

chose a ‘‘moderate’’ effusion volume of 16 mL/kg based on

our previous experimental findings [24] in which we

showed how this was enough to alter the chest wall-lung

interaction. Thus, four consecutive steps were studied:

baseline PEEP 1 (BSL P1), baseline PEEP 10 (BSL P10),

pleural effusion PEEP 1 (PE P1), pleural effusion PEEP10

(PE P10). BSL measurements were taken after chest tube

placement.

Airflow, Paw and Pes were measured through a D-

lite?TM sensor (GE, Helsinki, Finland) placed between the

Y-piece of the ventilator circuit and the endotracheal tube

and connected to the airway module (E-COVX, GE,

Madison, WI) of the ventilator (Online resource S1).

Static compliance of the respiratory system (Crs) was

calculated as

Crs = Vt/ Pplat � PEEP þ PEEPið Þ½ �

where Pplat represents plateau airway pressure after an

inspiratory pause, and PEEPi corresponds to the elastic

recoil pressure of the respiratory system at end-expiration

that exceeds the externally set value. The use of the eso-

phageal balloon catheter allowed us to partition Crs into its

components of lung compliance (Cl) and Ccw with the

following formulas:

Cl = Vt/
�

Paw � Pesð Þ end-inhalation

� Paw � Pesð Þ end-exhalation
�

and

Ccw = Vt/
�

Pes � Patmð Þ end-inhalation

� Pes � Patmð Þ end-exhalation�

The constant inspiratory flow value was 20 L/min. Flow

and pressure signals were exported from the ventilator

through the RS-232 port, collected on a personal computer

using a research data logging program for the ventilator

(GE, Madison, WI) and stored as ExcelTM files. Lung CT

scans were acquired at each step at end-inspiration, by

clamping the tracheal tube during an inspiratory occlusion,

and at end-expiration. Helical CTs of the chest were

obtained with a 64 slice CT scanner (LightSpeedTM VCT,

GE Healthcare, Milwaukee, WI) using the following

parameters: 120 kVp, 575 mA, collimation of

64 9 0.625 mm, pitch of 1, and gantry rotation time of

0.5 s. Images were reconstructed using the ‘‘STANDARD’’

kernel with a slice thickness of 2.5 mm and reconstruction

field of view from 220 to 280 mm (pixel size from 0.43 to

0.55 mm).

2.3 CT analysis of lung aeration

End-expiration gas and tissue volumes of the lung were

computed by compiling the frequency-distribution his-

tograms of Hounsfield units from each slice of the CT scan.

After an initial whole lung scan to determine the position of

the diaphragm at end inspiration, the first eight supra-di-

aphragmatic slices were selected. During the CT, the eight

selected slices were scanned at 0.4-s intervals. Lung

dimensions were manually determined using Osiris CT

analysis software [25, 26]. Tidal recruitment was calculated

as the difference (D) in collapsed volume (-100–200 HU

voxels) between end-expiration and end-inspiration,

indexed to the corresponding D gas volume. Tidal hyper-

inflation was calculated as the D overinflated volume

(-1000 to -900 HU voxels) at end-inspiration/end-expi-

ration, indexed to the corresponding D gas volume.

Fig. 1 The figure shows the values of Stress Index (SI) computed

from airway pressure (Paw) and from transpulmonary pressure (Ptp)

in each experimental conditions. Note the relatively narrow range of

variation of the SI acrross varied conditions
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2.4 Stress index analysis

Flow and pressure signals were examined for each single

condition. The beginning and the end of each recorded breath

were identified, as well as the longest portion of flow signal that

fell within 3 % of the mean value of steady flow. Calculations

were aborted if it was impossible to find out a constant flow

signal because of artifacts, leakages or noise interference, and if

the duration of the time interval was shorter than one-third of the

inspiratory time, as recently suggested [27]. This only happened

in \10 % of times. Once a single pressure-flow signal was

obtained for each breath recorded (in total 28 ± 3), the stress

index equation for both Paw and Pes (P = a 9 b ? c) was

fitted to the pressure values of each breaths, using the Leven-

berg–Marquardt algorithm to achieve a ‘‘b’’ value (i.e. SI value)

[5, 8] (Online resource F1). The calculations with an R2\0.95

were excluded. In parallel, electronic subtraction of Paw–Pes

generated a Ptp trace that was fitted to the SI equation to obtain

the corresponding Ptp ‘‘b’’ values.

2.5 Statistical analysis

Based on preliminary experiments yielding an average

baseline value of SI computed from Ptp of 1.0 ± 0.2, and

considering that the amount of experimental pleural effusion

we instilled is associated with a 30 % increase in tidal

recruitment [24], we calculated that 4 animals were needed

to detect a 30 % variation in the value of SI following pleural

effusion, with a power of 80 % and a = 0.05. For consis-

tency with our previous work, we decided to enroll 5 animals.

Results are presented as mean ± SD if normally dis-

tributed, or median [1st; 3st quartile] if not; normality was

assessed with Shapiro-Francia test. Given the repeated mea-

sure structure of the experimental design (each animal was

subject to each experimental condition), comparisons among

different steps were performed with repeated-measures anal-

isys of variance if data were normally distributed; in case of

pairwise multiple comparisons, the Holm-Sidak correction

was applied. When normality test failed, RM-ANOVA on

ranks was used, and the post hoc correction was performed

with Tukey test. A Bland–Altman analysis of the comparison

between SIpaw and SIptp in the different experimental con-

ditions was computed (Online resource S3–S6). For all the

comparisons, p\0.05 was considered as statistically signifi-

cant. Analysis was performed using Stata Statistical Software,

release 11.0 (Stata Corporation, College Station, TX, USA).

3 Results

Instilled pleural liquid volume was 502 ± 158 mL. Nor-

mally aerated, collapsed and hyperinflated lung regions as

computed by CT analysis, tidal mechanics expressed as

compliances of respiratory system, lung and chest wall, and

CT aeration regions of tidal recruiment and tidal hyperin-

flation during all experimental conditions are expressed in

Table 1. The effect of the different experimental condition

on respiratory P–V curve are shown in online supplemen-

tary (S2). The different SI values computed from Paw to

Ptp traces in each steps of the study are represented in

Fig. 1.

At baseline conditions, with PEEP 1 cmH2O, SI

(mean ± SD) computed from Paw was 0.6 ± 0.12 and

mean CT-determined tidal recruitment was 18.8 ± 1.1 %

of the tidal volume. In this ‘‘baseline’’ condition, the

transpulmonary pressure SI (1.03 ± 0.22) seems to be

unable to describe this effect. Indeed, with PEEP level set

at 10 cmH2O, SI increase with a concomitant reduction of

tidal recruitment as determined by CT (8.9 ± 0.8 %) along

with a minor increase of tidal hyperinflation (1.7 ± 0.4 %).

The increased PEEP level in this baseline condition sub-

stantially reduced non-aerated and poorly aerated volumes,

as confirmed by the reduction in TR and the increment in

Cl (although not significant). After the instillation of

pleural liquid (PE P1), even with an increase in CT tidal

recruitment (26.1 ± 8.2 %), SIptp indicate a preponderant

over-distension effect. Yet, the extent of tidal hyperinfla-

tion, never exceeded 1.3 %. After the increment in PEEP

level (PE P10), the amount of CT-determined tidal

recruitment decreased to 4.7 %, suggesting a huge

recruitment effect of PEEP, as also reflected by the incre-

ment in lung compliance (p\ 0.05). The SI in this case

was substantially unaffected. The comparison between SI

computed from Ptp with the corresponding values com-

puted from Paw and a schematic view of the results com-

pared with the CT images are shown in Fig. 2.

Supplementary figures in the online resource show the

results of Bland–Altman analysis of the relationship

between SIpaw and SIptp and the individual animal rela-

tionship between SIpaw and SIptp with TR and TH.

4 Discussion

The major findings of this study are that with a normal res-

piratory system, the SI correctly suggested tidal recruitment

at low level of PEEP, as documented by quantitative CT.

However, in the same condition after the increment in PEEP

level, SI, even when computed from Ptp, proved a mislead-

ing indicator of underlying lung distension and obscured

tidal recruitment. With a unilateral pleural effusion model,

extensive tidal recruitment can occur without significant

overinflation, even though the SI values computed either

from Paw to Ptp indicated otherwise.

The SI has been validated by clinical trials in ARDS

patients without chest wall abnormalities and prior
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experimental work has been confined to small animal lungs

[8, 9, 28]. Terragni et al. [6] proposed the use of the

dynamic airway opening P/t profile during constant flow to

replace the static P/V curve. The same group previously

described that a downward concavity on the P/t profile

corresponded to a static P/V with a LIP and a continuous

increment in compliance, while an upward concavity on

the P/t profile corresponded to a static P/V curve with a

distinct UIP and a continuous reduction in compliance [29].

Those analyses are based on the assumption that the rate of

change of Paw is related to the change in lung compliance

[30]. The threshold limit was defined in experimental

sudies [8, 19] comparing the SI values with pulmonary

histological damage and concentration of pro-inflammatory

cytokines. In a recent experimental study, Grasso et al. [27]

compared SI values—after expressly setting the ventilator

to achieve different SI values—with CT scan. Quantitative

CT analysis demonstrated a nonhomogeneous distribution

of pulmonary alterations of the lung [31] and provided a

quantitative imaging standard for assessing tidal

recruitment.

In our previous study [24], conducted in a heteroge-

neously compromised large animal model, the SI reported

always exceeded 1.0, even when the lung was compressed

and PEEP was negligible. We showed how the lung was

recruited impressively as tidal airway pressures rose or

PEEP was added, and yet how the SI increased still further

from an already elevated baseline.

In the present study, we analyzed the end-expiration and

end-inspiration CT scans corresponding to the inspiratory

P/t plots that make up the SI equation. In contrast with

previous works, we chose one type of ventilation at two

levels of PEEP, looking at possible changes in SI induced

by PEEP itself as well as by pleural effusion. In the

baseline condition, tidal compliance increased when PEEP

rose to 10 cmH2O, supporting the notion that b\ 1.0 was

indicative of tidal recruiment in that condition [8]. More-

over, considering that in the supine position, due to grav-

itational forces, the abdominal content exerts a positive

pressure on the abdominal surface of the diaphragm, the

diaphragm is displaced upward and resting lung volume

decreases. The passive tension developed across the dia-

phragm in this way is responsible in part for the increase in

the apparent stiffness of the chest wall [32] and for the

decrease in chest-wall compliance observed at low lung

volume. The application of PEEP can reduce the upward

displacement of the diaphragm-abdominal compartment

into the thorax and move the chest wall into the more

vertical linear portion of the classical P–V chest wall

compliance curve, which in its lowest zone of volume near

residual volume is convex to the x-axis. In our animal

model, the effect of PEEP application in baseline supine

conditions reduces tidal recruitment of the lungT
a

b
le

1
C

o
m

p
ar

is
o

n
s

am
o

n
g

te
st

ed
co

n
d

it
io

n
s

re
g

ar
d

in
g

v
o

lu
m

e
at

en
d

-e
x

p
ir

at
io

n
in

n
o

rm
al

ly
ae

ra
te

d
,

p
o

o
rl

y
ae

ra
te

d
,

n
o

n
-a

er
at

ed
an

d
h

y
p

er
in

fl
at

ed
ar

ea
s,

co
m

p
li

an
ce

s
o

f
re

sp
ir

at
o

ry
sy

st
em

,

lu
n

g
an

d
ch

es
t

w
al

l,
an

d
p

er
ce

n
ta

g
e

o
f

ti
d

al
re

cr
u

it
m

en
t/

h
y

p
er

in
fl

at
io

n
co

m
p

u
te

d
b

y
C

T
sc

an

C
o

n
d

it
io

n
s

N
o

rm
al

ly
ae

ra
te

d

(m
L

)

N
o

n
-a

er
at

ed

(m
L

)

H
y

p
er

in
fl

at
ed

(m
L

)

P
o

o
rl

y
ar

ea
te

d

(m
L

)

C
rs

(m
L

/

cm
H

2
O

)

C
cw

(m
L

/

cm
H

2
O

)

C
l

(m
L

/

cm
H

2
O

)

T
R

(%
)

T
H

(%
)

B
S

L
P

1
1

1
5

.4
±

2
7

.6
b
,c

,d
1

3
.0

±
5

.0
b
,c

,d
0

.5
[0

.3
;

0
.8

]b
6

8
.5

±
1

2
.1

b
,c

,d
2

4
.3

±
2

.8
b
,c

7
2

.2
±

2
.3

b
,c

,d
3

8
.8

±
3

.1
c

1
8

.8
±

1
.1

b
,c

,d
0

.7
±

0
.2

b
,c

,d

B
S

L
P

1
0

2
3

9
.0

±
6

9
.3

a
,c

,d
3

.9
±

1
.3

a
,c

1
.0

[0
.6

;
3

.7
]a

,c
2

2
.2

±
6

.6
a
,c

,d
3

4
.8

±
3

.0
a
,c

1
1

0
±

1
.5

a
4

2
.8

±
4

.2
c

8
.9

±
0

.8
a
,c

,d
1

.7
±

0
.4

a
,c

P
E

P
1

3
9

.8
±

3
2

.1
a
,b

,d
3

9
.1

±
1

8
.1

a
,b

,d
0

.3
[0

.1
;

0
.4

]b
4

9
.0

±
2

6
.4

a
,b

,d
1

8
.1

±
3

.1
a
,b

,d
9

9
.2

±
1

.5
a

2
5

.5
±

2
.9

a
,b

,d
2

6
.0

9
±

8
.2

a
,b

,d
1

.3
±

0
.4

a
,d

P
E

P
1

0
2

1
0

.3
±

2
2

.4
a
,b

,c
6

.5
±

2
.7

a
,c

0
.7

[0
.4

;
2

.0
]

3
8

.4
±

5
.7

a
,b

,c
3

1
.2

±
2

.7
a
,c

1
1

3
.2

±
2

.8
a

4
4

.6
±

4
.0

c
4

.7
±

1
.3

a
,b

,c
3

.3
±

1
.1

a
,b

,c

T
h

e
ta

b
le

d
es

cr
ib

e
th

e
C

T
d

is
tr

ib
u

ti
o

n
o

f
lu

n
g

v
o

lu
m

e,
th

e
m

o
d

ifi
ca

ti
o

n
o

f
co

m
p

li
an

ce
s

an
d

ti
d

al
re

cr
it

m
en

t/
h

y
p

er
in

fl
et

io
n

fo
r

ea
ch

ex
p

er
im

en
ta

l
co

n
d

it
io

n
s

B
S
L
P
1

b
as

el
in

e
P

E
E

P
1

cm
H

2
O

,
B
S
L
P
1
0

b
as

el
in

e
P

E
E

P
1

0
cm

H
2
O

,
P
E
P
1

p
le

u
ra

l
ef

fu
si

o
n

P
E

E
P

1
cm

H
2
O

,
P
E
P
1
0

p
le

u
ra

l
ef

fu
si

o
n

P
E

E
P

1
0

cm
H

2
O

,
C
rs

re
sp

ir
at

o
ry

sy
st

em
co

m
p

li
an

ce
,
C
L

lu
n

g
co

m
p

li
an

ce
,
C
cw

ch
es

t
w

al
l

co
m

p
li

an
ce

,
C
rs

re
sp

ir
at

o
ry

sy
st

em
co

m
p

li
an

ce
,
T
R

ti
d

al
re

cr
u

it
m

en
t

%
,
T
H

ti
d

al
h

y
p

er
in

fl
at

io
n

%

*
P
\

0
.0

0
1

a
p
\

0
.0

5
v

s.
B

S
L

P
1

b
p
\

0
.0

5
v

s.
B

S
L

P
1

0
c

p
\

0
.0

5
v

s.
P

E
P

1
d

p
\

0
.0

5
v

s
P

E
P

1
0

J Clin Monit Comput (2017) 31:783–791 787

123



parenchyma and at the same time, increments chest wall

compliance, as expected. The contribution of PEEP in

lifting and tilting the heart off the esophagus should also be

considered, but this effect is likely to have been quite small

in magnitude [33, 34]. We acknowledge that a study on

healthy subjects [35] showed how chest wall compliance is

not modified by application of PEEP. Indeed, inter-species

factors may explain, at least in part, this difference.

Moreover, in another study by the same group, performed

in anesthetized patients undergoing mechanical ventilation

for acute ventilatory failure [36], chest wall compliance did

actually improve with PEEP application. Again, many

factors may explain such a differing behaviour, such as a

different degree of abdominal distension or the adminis-

tration of narcotic sedation or the presence of tissue

oedema.

As for the effects of the effusion on the respiratory

system, pleural effusion indeed modified its mechanics,

reducing Crs and Cl and incrementing Ccw, along with a

marked reduction in normally aerated volume and a sig-

nificant increment in non-aerated and poorly-aerated vol-

umes. Moreover, the increment in PEEP in the presence of

pleural effusion restored the normally aerated volume,

reducing significantly both non/poorly aerated areas. The

same effect was detected by CT with a significant reduction

in TR between PEEP 1 and PEEP10. Because the chest

wall operates in series with the mechanically interdepen-

dent lung compartment, abnormalities affecting either

structure (such as pleural effusion) can be partially

accommodated by deformation of its counterpart. Lung

inflation displace effusion towards the flexible regions of

the chest wall (normally those bordered by the diaphragm).

Lung expansion at the side of moderate effusion was

shown not to differ from that at the other side, suggesting

that the ipsilateral lung might be displaced as well as

compressed by the effusion. The accumulation of effusion

disrupts the reciprocal lung–chest wall conformation: the

chest wall expands outwards while the adjacent lung is

compressed, decoupling the properties of the lung and

chest wall. The normal aeration volume dramatically

decreased after pleural effusion instillation (from 115.4 to

39.8 mL, in average), and the increment of PEEP restored

the aerated volume to baseline values, incrementing all the

compliances.

Although tidal recruitment coexisted with very little

hyperinflation, SI only suggested a preponderance of over-

distension at both PEEP levels, and the reduction of

recruitment with the increments of PEEP was not reflected

by change in SI, even when Ptp was used. With pleural

effusion, low-pressure tidal recruitment could take place as

Fig. 2 The figure represent a schematic view of results expressed as

Stress index computed from airway (Paw) and transpulmonary (Ptp)

pressures, compared with computed tomography of the chest. SI

Stress index, BSL P1 baseline PEEP 1 cmH2O, BSL P10 baseline

PEEP 10 cmH2O, PE P1 pleural effusion PEEP 1 cmH2O, PE P10

pleural effusion PEEP 10 cmH2O
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a compliant chest wall that cyclically relieves the space

occupying effect and hydrostatic lung compression accepts

the fluid.

The difference between DPaw and DPes is generally

considered a valid estimate of DPtp [37]. However, abso-

lute values of Pes can be influenced by asymmetry of lung

disease, lung and chest wall distortion, increased abdomi-

nal pressure, large pleural effusions and by calibration of

the cathether [13, 37, 38]. As consequence, a debate exists

as to whether Pes remains an acceptable estimator of

average Ppl [39]. The lack of ability of SI as calculated

from Ptp/t curve to detect the mechanical qualities of the

lung is a likely consequence of the inability of absolute

values of Pes to reflect absolute values of average Ppl [40].

In fact, the assumption that Pes accurately represents

average Ppl is higly controversial, due to the roles of

elastance of the esophageal catheter, tone of the esophageal

wall, weight of the mediastinic organs and patient position,

all of which could alter the measured value so that the

absolute esophageal pressure would not reflect Ppl

[33, 38, 41, 42]. Furthermore, in an experimental model

Pes was found to be quite similar to the pressure of the

pleural space measured in the middle part of the lung,

while it overestimated and underestimated Ppl in the non-

dependent and dependent lung regions, respectively [43].

In contrast, variations in Ppl are similar to those in Pes at

each lung level [41, 44, 45]. In the present study, after

having artificially altered the lung and chest wall compli-

ances, we confirmed that the ability of SI to predict tidal

recruitment and overdistension was significantly reduced,

even if the index was computed from the Ptp profile.

Indeed, the SI did not vary across experimental conditions,

despite markedly different amounts of underlying tidal

recruitment.

4.1 Study limitations

As a laboratory-based experimental study conducted in

supine normal animals, our results are relevant to this

model but cannot be translated without reservation to the

clinical setting. Although similar to the human, the thorax,

abdomen and mediastinum of the pig differ somewhat.

Among patients, the influence of pleural liquid on the chest

wall is likely to vary with its conformation and baseline

compliance. The associated impact on the computed SI

cannot be easily predicted. Thus, the magnitude of the

effects we describe here will likely vary with the volume of

instilled pleural liquid, even if we choose only one volume

of effusion based on our previous observation. The proto-

cols steps were not randomized, and each step was at least

3 h long. Indeed, we cannot exclude that our results are

due, at least in part, to some carry-over effect. Finally, in

our model the lung and the chest wall were intrinsically

normal, and the observed deformations of the lung and

chest wall were the result of their relative adaptations to

pleural fluid accumulation and airway pressure. Stiffening

of the chest wall or limitations of lung compressibility–as

often occur in the clinical setting—should therefore modify

the magnitude (but not the direction) of the responses we

reported.

5 Conclusions

In a unilateral pleural effusion experimental model with

different levels of PEEP, our results suggest that SI can be

ambiguous under multi-compartmental conditions of

heterogeneous collapse and extensive recruitment, even if

calculated from a Ptp tracing. An interpretation of the SI in

conjunction with tidal compliances could help better

identify the actual underlying behaviors.
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