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Increased abdominal pressure is common in intensive care unit
patients. To investigate its impact on respiration and hemodynam-
ics we applied intraabdominal pressure (alAP) of 0 and 20 cm H,O
(pneumoperitoneum) in seven pigs. The whole-lung computed to-
mography scan and a complete set of respiratory and hemodynam-
ics variables were recorded both in healthy lung and after oleic
acid (OA) injury. In healthy lung, alAP 20 cm H,0 significantly low-
ered the gas content, leaving the tissue content unchanged. In OA-
injured lung at alAP 0 cm H,0, the gas content significantly decreased
compared with healthy lung. The excess tissue mass (edema)
amounted to 30 = 24% of the original tissue weight (455 =
80 g). The edema was primarily distributed in the base regions and
was not gravity dependent. Heart volume, central venous, pulmo-
nary artery, wedge, and systemic arterial pressures significantly
increased. At alAP 20 cm H,0 in OA-injured lung, the central venous
and pulmonary artery pressures further increased. The gas content
further decreased, and the excess tissue mass rose up to 103 * 37%
(tissue weight 905 + 134 g), with homogeneous distribution along
the cephalocaudal and sternovertebral axis. We conclude that in OA-
injured lung, the increase of IAP increases the amount of edema.
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The importance of intraabdominal pressure (IAP) in acute lung
injury and acute respiratory distress syndrome has been recently
suggested (1). For a long time any change in respiratory mechan-
ics in patients with acute lung injury/acute respiratory distress
syndrome was attributed to lung mechanics, whereas chest wall
mechanics was assumed to be normal. However, few studies in
which chest wall elastance was actually measured have showed
that it was abnormal in a substantial proportion of patients with
acute lung injury/acute respiratory distress syndrome (2-4). We
(5) and others (6) have described different chest wall mechanics
in patients with pulmonary and extrapulmonary acute respira-
tory distress syndrome, mainly due to different IAP values.
However, apart from respiratory mechanics, the increased
intrathoracic pressure caused by chest wall impairment may have
important consequences on hemodynamics (7). We investigated
the effect of changing IAP during controlled mechanical ventila-
tion in healthy and diseased lungs. Surprisingly, the increase of
IAP had an unexpected impact on lung edema, likely related to
its formation and clearance. We wish to report our findings and
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to discuss the underlying mechanisms and the possible clinical
implications.

METHODS

(Additional details about METHODS are provided in an online supplement.)
The study group consisted of seven anesthetized and paralyzed domes-
tic pigs (41 = 4 kg) ventilated throughout the experiment in supine
position, with a VT of 12 ml/kg, respiratory rate of 12-14 breaths/minute,
positive end-expiratory pressure of 5 cm H,O, and Fio, of 1.0. The animals
were fully instrumented for hemodynamic monitoring (carotid artery,
right atrium, mean pulmonary artery pressures [Ppa], and thermodilution
Q). Distal tracheal, esophageal, and gastric pressures were all measured.
The pressure-volume curves of the total respiratory system, lung,
and chest wall were measured by stepwise inflation (supersyringe, 100
ml step) up to 1,500 ml or to a maximum static pressure of 45 cm H,O,
after normalization for lung history (45 cm H,O, 15 seconds) (8).

Lung Imaging and Image Analysis

The entire lungs were imaged with computed tomography (CT) scan
from apex to base. The cross-sectional images of the lungs were initially
processed using the image analysis software package MagicView (Sie-
mens, Elema, Sweden), then manually contoured by eye, and finally
analyzed with a custom-made program (graphical software Lab-View;
National Instruments, Austin, TX). The frequency distribution of the
Hounsfield attenuation of each voxel (volume 1.84 mm®) was computed
ranging from —1,000 to +200 Hounsfield units. Then, we computed the
gas and tissue volume of the whole lung and the amount of overinflated
(—1000 to —900 Hounsfield units), normally (=900 to —500 Hounsfield
units), poorly (=500 to —100 Hounsfield units), and nonaerated (—100
to +200 Hounsfield units) lung tissue (8). The gas and tissue distribution
along the cephalocaudal (10 equal intervals) and sternovertebral axis
(4 equal levels) was also computed. The excess tissue mass, as an esti-
mate of lung edema (9), was computed as the difference between the
actual tissue mass and the tissue mass measured in healthy lung with
normal abdominal pressure, expressed as a percentage of the normal
tissue mass in healthy lung with normal abdominal pressure. The right
and left lungs were separately analyzed.

Experimental Protocol

The animals were studied in four conditions in which a complete set of
hemodynamics, respiratory mechanics, gas exchange, and whole CT scan
at end-expiration (0 cm H,O) were collected according to the following
sequence: (1) baseline in healthy lung, with an applied intraabdominal
pressure (alAP) of 0 cm H,O. Measurements were taken 30 minutes after
instrumentation of the animal. (2) A pneumoperitoneum was induced by
an air insufflator, with alAP set at 20 cm H,O, and measurements were
taken 30 minutes later. (3) The pneumoperitoneum was then eliminated
(aIAP 0 cm H,0), and lung injury was induced by injection of oleic acid
in the right atrium (0.15 ml/kg in 20 ml of saline). After about 90 minutes,
in the presence of a stable lung injury, measurements were taken. (4)
The pneumoperitoneum was then induced again (alIAP 20 cm H,0), and
measurements were taken about 15 minutes thereafter.

Time Course of Oleic Acid-induced Edema Formation

Five additional animals (30 = 5 kg) were studied, after the injection of
oleic acid, over a period of 150 minutes (oleic acid time course group).
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To investigate the edema formation and its distribution, a CT scan of
the entire lungs was taken after about 30, 70, and 150 minutes from the
injection of oleic acid without any change in the abdominal pressure.

Statistical Analysis

All data are expressed as mean * SD. In the study group, the effects
of oleic acid injury and alAP, as well as the difference in regional
distribution, were tested with two-way repeated measures analysis of
variance. In the oleic acid time course group the progression of the
injury and its cephalocaudal distribution over time were analyzed, re-
spectively, with one-way and two-way repeated measures analysis of
variance. In case of significant results, a post hoc multiple comparison
analysis was performed using Bonferroni’s correction. Statistical sig-
nificance was accepted as p values less than 0.05.

RESULTS

Representative images of the four experimental conditions,
healthy and oleic acid-injured lung, with and without increase
of alAP are shown in Figure 1.

Healthy Lungs

Gas/tissue volumes. As shown in Table 1, at alAP of 20 cm H,O
the total lung volume was significantly lower than at alAP of 0
cm H,O due to the reduction of gas volume (the left and right
lungs behaved similarly), the tissue volume being unchanged.
The amount of nonaerated tissue increased, from 13 = 8% of
the tissue mass at alAP of 0 cm H,O to 23 + 11% at alAP of
20 cm H,0, even though not significantly (p = 0.422).

Mechanics. As shown in Table 2, at alAP of 20 cm H,O the
gastric pressure was significantly higher than at alAP of 0 cm
H,O, whereas the esophageal pressure at end-expiration was
unchanged. At alAP of 20 cm H,O, the increase in elastance of
the total respiratory system at 100 ml lung inflation was only
due to the increased elastance of the chest wall, whereas, at
500 ml lung inflation, part of the increase was due to the lung
component.

Healthy

0 cmH,0
IAP

20 cmH,0
IAP
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Hemodynamics. The hemodynamic changes between alAP
of 0 cm H,0 and 20 cm H,O are reported in Table 3. Q was
unchanged in its stroke volume and frequency, but Ppa, central
venous (Pcv), mean arterial, and occlusion pressures significantly
increased. The heart volume also increased significantly (11 *
19%) increasing the alAP (Table 1).

Gas exchange. Arterial and mixed venous blood gases are
reported in Table 4. The increase in al AP mainly led to a signifi-
cant decrease in Pag,.

Oleic Acid-injured Lungs

Gas/tissue volumes. As shown in Table 1, the total lung volume
was significantly lower than the normal lung with the same alAP
of 0 cm H,O (19 = 18% decrease). This reduction derived from
a decrease in gas volume greater than the increase in tissue
volume, the “excess tissue” probably being lung edema. On raise
of alAP to 20 cm H,O, the tissue volume almost doubled and
the excess tissue mass increased from 30 * 24% at alAP of 0
cm H,O to 103 * 37% (p < 0.001).

Mechanics. As shown in Table 2, gastric and esophageal pres-
sures at end-expiration significantly increased from alAP of 0
to 20 cm H,O, as did the elastance of the respiratory system,
mainly in its lung component. At alAP of 0 cm H,O the elastance
increase was essentially due to the lung component, and at alAP
of 20 cm H,O, the further increase was caused both by the lung
and chest wall components.

Hemodynamics. At alAP of 0 cm H,O the Q did not change
significantly, but Ppa, systemic arterial pressure, and heart vol-
ume significantly increased compared with alAP of 0 cm H,O
in healthy lungs. A further significant increase in Ppa and Pcv
was observed when alAP was raised to 20 cm H,O (Table 3).

Gas exchange. The gas exchange in oleic acid—injured lungs
was greatly impaired compared with healthy lungs, and it further
deteriorated on increasing alAP to 20 cm H,O (Table 4).

Injured

Figure 1. Computed tomog-
raphy (CT) images of healthy
lung at applied intraabdominal
pressure (alAP) of 0 and 20 cm
H,O (upper and lower left im-
ages, respectively), and CT im-
ages of oleic acid-injured lung
at alAP of 0 and 20 cm H,O
(upper and lower right images,
respectively).
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TABLE 1. THORACIC VOLUMES AND LENGTHS

Healthy Injured
alAP 0 alAP 20 alAP 0 alAP 20

Total volume, ml 1,244.7 = 371.2 820.9% = 387.8 958.3% = 189.9 1,077.8% = 77.5

Left lung, ml 678.9" + 214.0 470.7™ + 80.4 529.2"% +103.7 590.6™ *+ 42.9

Right lung, ml 565.8 = 160.3 350.2¢ + 72.8 429.1% £ 90.2 487.3% £ 37.0
Gas volume, ml 790.2 + 303.5 395.2¢ £ 142.1 367.0% = 147.6 167.0% = 111.6

Left lung, ml 42917 £ 1725 232.3% + 75.1 204.8" = 84.1 93.5" + 65.6

Right lung, ml 361.1 = 133.6 162.8* = 69.6 162.2% = 64.6 73.4* = 46.3
Tissue mass, g 454.7 = 79.9 425.4 + 54.5 588.2¢8 + 119.6 905.3% + 134.1

Left lung, g 249.9" + 47.9 237.9" + 35.7 322.3% + 59.3 49417 + 73.3

Right lung, g 204.9 + 32.8 187.5 = 21.2 265.9% = 62.2 411.1% = 61.9
Hyperinflated tissue, g 0.9 £0.8 0.6 £0.8 0.2 £0.0 0.1 0.3
Normally aerated tissue, g 282.0 = 100.8 149.0* = 46.0 140.5% = 60.1 43.8% = 37.3
Poorly aerated tissue, g 116.4 = 20.9 174.9 = 41.8 210.0% = 36.2 229.1 = 97.1
Nonaerated tissue, g 55.4 + 29.1 101.0 = 49.7 237.5%5 = 124.6 632.21% + 243.9
Length,* cm 23.7 = 2.38 20.4* = 0.8 2145+ 1.6 21.8 = 0.8
Heart volume, ml 453.6 = 71.7 503.2¢ £ 934 525.8% = 44.4 531.9 = 54.0
Mediastinal volume, ml 86.5 = 16.7 88.7 + 16.7 98.0 + 26.2 101.0 = 29.1

Total thoracic volume, ml

1,784.8 + 325.7

1,412.8* = 114.3

1,582.18+£199.2

1,710.8% + 97.1

2004

Definition of abbreviations: alAP = applied intraabdominal pressure; mediastinal volume = volume of the mediastinal space
without heart volume; total volume = total lung volume (gas + tissue).

Data are expressed as mean *+ SD.
* Lung length refers to 14 lungs (7 right and 7 left).

Tp < 0.05 vs. right lung at the same pulmonary status and alAP.
#p < 0.05 vs. alAP 0 cm H,O at the same pulmonary status (injured/healthy).

¢ p < 0.05 vs. healthy lung at the same alAP.

Regional Distribution of Gas/Tissue Volumes in Healthy and
Injured Lungs

Healthy lung. As shown in Figure 2 (left panel), the total amount
of lung tissue was similar at al AP of 0 and 20 cm H,O. Its regional
distribution was slightly different along the cephalocaudal axis,
most likely due to the lung distortion and shortening at higher
alAP (see Table 1). At 20 cm H,O of alAP, total gas volume
dropped, and the gas content in each interval was approximately
halved. A similar effect was observed along the sternovertebral
axis (data not shown).

Oleic acid-injured lung. As shown in Figure 2 (right panel),
the tissue content was significantly higher at alAP of 20 cm H,O
than at 0 cm H,O, and this increase was mainly concentrated
between intervals 1 and 7. The same pattern was observed along

TABLE 2. RESPIRATORY MECHANICS

the sternovertebral axis (data not shown). The gas content was
significantly lower at alAP 20 cm H,O than at 0 cm H,O. The
distribution of the excess tissue mass along the cephalocaudal
axis is reported in Figure 3. At alAP of 0 cm H,O there was no
edema in the apical intervals, but it progressively increased from
hilum to bases. Increasing the alAP to 20 cm H,0O caused a
uniform distribution of the edema along the entire cephalocaudal
axis. The vertical distribution of the excess tissue mass in oleic
acid-injured animals, at apex, hilum, and bases is reported in
Figure 4. At alAP of 0 cm H,O, the edema was present only at
the bases, and it did not appear to be dependent on gravity as
it was uniformly distributed from nondependent to dependent
lung levels. The same nongravitational distribution was observed
at alAP of 20 cm H,O, where the apex, hilum, and bases regions
were equally involved.

Healthy Injured
alAP 0 alAP 20 alAP 0 alAP 20
Pga, cm H,0O 2.7 =238 15.8* = 5.6 4.6 +1.32 17.0* £ 4.5
Pes, cm H,0O 34 +34 2.7 *+58 4.6 = 4.5 9.4"+53
Est,, 100 cm H,O/L 27.7 +7.7 71.0* = 10.6 101.37 = 49.2 178.7*1 £ 50.8
Est.,, 100 cm H,O/L 6.7 =714 46.4* + 18.3 11.0=79 33.1*+21.7
Est, 100 cm H,O/L 21.0 = 8.7 245 +11.9 90.3" + 50.8 145.7*1 £ 59.0
Est,, 500 cm H,O/L 184 +29 49.8* + 8.7 41.7t £ 101 69.7*1 £13.5
Est.,, 500 cm H,O/L 6.4 =48 32.2* =153 6.8+ 26 22.9*1+10.8
Est, 500 cm H,O/L 12.0 = 5.0 17.6* = 9.3 349" + 10.1 46.9*"+11.9

Definition of abbreviations: alAP = applied intraabdominal pressure; Est,, 100 = chest wall elastance between 0 and 100 ml
lung inflation of the pressure-volume curve; Est,, 500 = chest wall elastance between 0 and 500 ml lung inflation of the
pressure-volume curve; Est; 100 = lung elastance between 0 and 100 ml lung inflation of the pressure—volume curve; Est, 500 =
lung elastance between 0 and 500 ml lung inflation of the pressure-volume curve; Est,; 100 = elastance of the respiratory system
between 0 and 100 ml lung inflation of the pressure-volume curve; Est, 500 = elastance of the respiratory system between 0
and 500 ml lung inflation of the pressure-volume curve; PEEP = positive end-expiratory pressure; Pes = esophageal pressure at
end-expiration (0 cm H,O PEEP); Pga = gastric pressure at end-expiration (0 cm H,O PEEP).

Data are expressed as mean *+ SD.

*p < 0.05 vs. alAP 0 cm H,0O at the same pulmonary status (healthy/injured).

Tp < 0.05 vs. healthy lung at the same alAP.
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TABLE 3. HEMODYNAMICS
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Healthy Injured
alAP 0 alAP 20 alAP 0 alAP 20
Cl, L/min/kg 0.17 = 0.1 0.17 = 0.1 0.12 = 0.03 0.17 = 0.1
HR, beats/min 96.3 = 22.5 97.7 + 243 94.0 = 18.5 117.7* = 32.3
SV, ml/beat/kg 1.7 £ 0.5 1.8 +0.5 1.3+0.3 1.5+0.5
MAP, mm Hg 94.1 +13.7 112.4* = 12.2 121.81 = 21.2 129.4 + 34.9
Ppa, mm Hg 254 = 5.6 32.7* 7.7 4711 + 3.4 56.1*" = 6.6
PCWP, mm Hg 13.0 £ 5.6 18.3* = 7.4 2017 = 8.7 239"+ 5.6
Pcv, mm Hg 125 + 6.9 19.1* = 5.0 16.3 £ 29 21.1* + 5.8
SVR, (Pa-s/m3/kg)-10° 28.9 =159 31.0 = 15.3 45.1 £13.5 40.1 + 35.2
PVR, (Pa-s/m3/kg)-10° 44+ 24 5.0+ 34 12.0 = 5.8 12.2 £ 8.5

Definition of abbreviations: alAP = applied intraabdominal pressure; Cl = cardiac index; HR = heart rate; MAP = mean arterial
pressure; Pcv = central venous pressure; PCWP = pulmonary closing wedge pressure; Ppa = mean pulmonary artery pressure;
PVR = pulmonary vascular resistance; SV = stroke volume; SVR = systemic vascular resistance.

Data are expressed as mean * SD.

*p < 0.05 vs. alAP 0 cm H,0 at the same pulmonary status (injured/healthy).

Tp < 0.05 vs. healthy lung at the same alAP.

Time Course of Oleic Acid-induced Edema Formation

To investigate a possible time effect on edema formation, in
five additional experiments (oleic acid time course group), the
natural course of the oleic acid—induced lung edema and its
distribution were sequentially studied over a period of 150 min-
utes, maintaining the alAP at 0 cm H,O. The net edema forma-
tion rate, as a function of time, is reported in Figure 5, left panel,
whereas its cephalocaudal distribution, at different experimental
times, is reported in the right panel. As shown, the edema forma-
tion decreased exponentially with time (time constant: 34.7 min-
utes), and between 91 and 108 minutes (i.e., the time in which
alAP was increased in the study group), the edema formation
rate was almost negligible (1.3 ml/minute at 91 minutes and 0.8
ml/minute at 108 minutes vs. 20 ml/minute after increasing alAP
in the study group). The total excess tissue mass measured at
34 £ 4,74 £ 4, and 159 *+ 5 minutes was, respectively, 44 * 15,
62 = 16, and 65 * 15%. Indeed, the excess tissue mass was
stable between 74 and 159 minutes (p = 0.502), whereas it was
significantly lower at 34 minutes (p < 0.001, two-way repeated
measures analysis of variance). Its cephalocaudal distribution at
34, 74, and 159 minutes was similar to what we found in the
study group at 91 minutes before the increase of alAP (p =
0.999, two-way analysis of variance, see Figures 3 and 5, right
panel, for comparison).

TABLE 4. GAS EXCHANGE

DISCUSSION

Healthy Lungs

Applying alAP of 20 cm H,O by abdominal gas insufflation
induced an increase of gastric pressure and displacement of
diaphragm. The length of the lung decreased from 23.7 + 2.4
to 20.4 = 0.8 cm, and the total gas volume decreased from
790 = 304 to 395 *= 143 ml, suggesting lung collapse. It seems
surprising at first sight that the esophageal pressure at end-
expiration was unchanged between alAP of 0 and alAP of 20
cm H,0O. However, these measurements were taken at end-expi-
ration with the respiratory system open to the atmosphere, and
the lungs were normal. In these conditions, the increased gastric
pressure moves the diaphragm upward, reducing the thoracic
volume and the gas content, and there is no reason why the
pleural pressure, in static conditions, should change. In contrast,
during inflation with either 100 or 500 ml (closed system at alAP
of 20 cm H,0) the pleural pressure significantly increased due
to a greater stiffness of the chest wall and diaphragm.

On raising the alAP to 20 cm H,0, Ppa, Pcv, mean arterial,
and occlusion pressures all increased, with an increase in heart
volume and no change in Q (frequency and stroke volume).
These findings are consistent both with experimental (10, 11)
and clinical data (12-14) during laparoscopy associated with
pneumoperitoneum. Most of these studies reported increases of
mean arterial pressure and Ppa and an enlargement of the right
and left heart sections as seen by transesophageal echocardiogra-

Healthy Injured
alAP 0 alAP 20 alAP O alAP 20
Pao,, mm Hg 468.6 + 58.5 405.8* + 82.0 96.9" = 33.1 43.1* = 12.4
Paco,, mm Hg 45.9 £12.2 50.0 + 13.8 50.5 = 9.0 741 + 2.9
pHa 7.37 £ 0.1 7.34 = 0.1 7317 = 0.1 7.20*" = 0.1
Sao,, % 100.0 = 0.0 100.0 = 0.0 955+ 4.5 58.7*1 = 18.5
Pvo;, mm Hg 72.0 £ 14.8 75.7 £15.3 46.1" + 8.7 32.1* + 8.2
PYco, mm Hg 50.3 + 14.6 53.5+12.7 52.7+11.9 76.0*" + 4.8
pHv 7.34 = 0.1 7.29 £ 0.1 7.30 = 0.1 7.16* = 0.1
SVoa, % 94.1 = 4.5 943 + 4.8 71.77 £ 11.9 38.3*T + 14.8
Qs/Qr 0.23 = 0.1 0.32 = 0.1 0.44" = 0.2 0.71*F = 0.2

Definition of abbreviations: alAP = applied intraabdominal pressure; pHa = arterial pH; pHv = venous pH; Pv,, = oxygen venous

partial pressure; Svo, = oxygen venous saturation.
Data are expressed as mean * SD.

*p < 0.05 vs. alAP 0 cm H,O at the same pulmonary status (injured/healthy).

Tp < 0.05 vs. healthy lung at the same alAP.
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phy (15, 16). The modifications of hemodynamics are generally
considered a consequence of an increase in intrathoracic blood
volume, caused by a shift from the compressible abdomen to
the uncompressed thorax. Other explanations include a central
nervous system-mediated response due to impaired venous
drainage from the central nervous system (17).

Oleic Acid-injured Lung

After the induction of the injury, at alAP of 0 cm H,O, the
edema amounted to 30 * 24% and was located in the basal
regions. As the time interval between oleic acid injection and
measurement of edema by CT scan was 91 = 7 minutes, the net
increase of lung edema averaged 1.5 = 1.1 ml/minute. This value
corresponds to the same order of magnitude recently described
in dogs studied with a similar protocol (18). Similarly, in the
oleic acid time course group the edema formation rate decreased
exponentially after injury (time constant: 34.7 minutes) and aver-
aged 1.3 ml/minute at 91 minutes (range 1.1-1.8 ml/minute)
(Figure 5, left panel).

Despite the edema formation, the total lung volume signifi-
cantly decreased in comparison with healthy lung at IAP of 0
cm H,0, suggesting that the increase in lung excess tissue mass
did not fully compensate the reduction in gas space. This indi-
cates lung collapse, as previously reported in patients with acute
lung injury (19). The edema, however, was unevenly distributed
along the cephalocaudal axis because it was present only in the
basal regions. Here, however, it was distributed homogeneously
along the sternovertebral axis.

The edema distribution along the cephalocaudal axis seems
to follow the regional blood flow distribution recently described
in pigs (20). The fractional blood flow related to the fractional
weight of the longitudinal slices increases from apex to bases,
reflecting either the capillary density or diameter per unit of
tissue. The nongravitational distribution of edema, as observed
in this study, has been found both in patients (21) and in animal
models (22, 23). Therefore, it is possible that at first the edema
increases according to the flow distribution. Then, the increased
lung edema, through an increase in lung weight and superim-

» iri ﬁ i
E ﬁl i ﬁ
o Z % ﬁ

Figure 2. Regional distribution
of gas (gray bars) and tissue
(solid bars) volumes along the
cephalocaudal axis, both in
healthy (left panel) and in in-
jured lungs (right panel). For
each interval, the left columns
refer to alAP 0 cm H,O and the
right columns refer to alAP 20
cm H,0. Each value is the mean
of 14 lungs (7 right and 7 left).
Data are expressed as mean *
SD. *p Values less than 0.001,
two-way repeated measures
analysis of variance (ANOVA)
for tissue volume; factor: inter-
vals and interaction (alAP X in-
tervals). °p Values less than
0.001, two-way repeated mea-
sures ANOVA for gas volume;
factors: alAP, intervals, and in-
teraction (alAP X intervals). *p
Values less than 0.001, two-way
repeated measures ANOVA for
tissue volume; factors: alAP, in-
tervals, and interaction (alAP X
intervals).

Injured lung

Intervals [cephalo-caudal gradient]

posed pressure (24, 25), may cause collapse of the dependent
regions and divert the flow to the upper regions (26), ending up
with a nongravitational distribution.

Ppa, mean arterial, and occlusion pressures increased after
the induction of oleic acid injury. Although the rise in Ppa has
been already described in different experimental settings (27—
29), the increase in mean arterial and occlusion pressures has
not been previously reported (30). We could not completely
exclude a possible influence of the instrumental apparatus used
for the pneumoperitoneum induction on hemodynamics. Never-
theless, its impact on the edema formation, if any, is questionable
because the excess tissue mass recorded under these conditions
was similar or even smaller than previously reported (29, 31).

The most striking and unexpected finding of this investigation
was that applying alAP of 20 cm H,O after oleic acid—induced
lung injury resulted in a more than twofold increase of excess

450
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250 - L

Excess tissue mass [%)]
*
*

]
|

" il |

-50 T T T T
1 2 3 4

Intervals [cephalo-caudal gradient ]

Figure 3. Regional distribution of excess tissue mass along the cephalo-
caudal axis (injured lung). Each value is the mean of 14 lungs (7 right
and 7 left). Data are expressed as mean = SD. *p Values less than 0.001
versus alAP 0 cm H,O at the same level. °p Values less than 0.001, two-
way repeated measures ANOVA; factor: alAP, and interaction (alAP X
intervals). Gray bars, alAP 0 cm H,O; solid bars, alAP 20 cm H,0.
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Figure 4. Regional distribution of excess tissue mass along the sternovertebral axis (injured lung), at lung apex (left panel), hilum (middle panel),
and base (right panel) (see MeTHODS). Each value is the mean of 14 lungs (7 right and 7 left). Data are expressed as mean = SD. *p Values less
than 0.001 versus alAP 0 cm H,O at the same level. °p Values less than 0.05 versus Level 1 at the same alAP. #p Values less than 0.001 versus
Levels 2 and 3 at the same alAP. Solid bars, alAP 0 cm H,0; gray bars, alAP 20 cm H,0.

tissue mass (from 30 * 24 to 103 = 37%). Moreover, the edema cm H,O in humans resulted in increased (14) or unmodified
formation involved the whole lung, with homogenous distribu- intrathoracic blood volume (32, 33). In experiments on eight
tion along both the cephalocaudal and the sternovertebral axes. healthy pigs performed in Milan (F. Valenza, unpublished obser-

As the time lag between the application of alAP of 20 cm H,O vations) in which the blood shift was measured (PiCCO; Pulsion
and the measurement of the excess tissue mass by CT scan Medical System, Munich, Germany), we found that increasing

averaged 17 = 8 minutes, the net fluid accumulation averaged alAP to 13 cm H,O caused a significant increase in intrathoracic
20.0 = 9.3 ml/minute. blood volume from 18.1 * 1.6 to 22.4 = 2.9 ml/kg (p = 0.023). A

Before discussing the mechanisms underlying these findings further increase of alAP to 26 cm H,O reduced the intrathoracic
and the possible clinical implications, two major issues must be blood volume to 17.9 = 2.2 ml/kg. In our study group increasing
addressed. First, whether the excess tissue mass we measured alAP to 20 cm H,O in healthy lung did not cause any change
represents true edema or not, and second, the possible time in tissue mass (see Table 1), suggesting a lack of blood shift.
effect of oleic acid injury on the increased tissue mass recorded From all these data and considering that the pulmonary blood
after raising alAP. volume represents about 30% of the intrathoracic blood volume

The increase in excess tissue mass may be due both to an (34), the blood shift may account for an increased tissue mass

increased lung edema and to an increase of pulmonary blood in the study group ranging only from 0 to 40 to 50 ml (compared
volume. Unfortunately, the CT cannot discriminate between with the 317 ml increase recorded after alAP of 20 cm H,0).

them. Reportedly, increasing alAP to the range of 15 to 17 A second issue to be addressed is the possible time effect
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Figure 5. (Left panel) Edema formation rate as a function of time. The amount of edema produced over time was computed as the difference
between the lung tissue weight computed after oleic acid injection and the lung tissue weight at baseline. The time scale represents the time intervals
between oleic acid injection and the CT scan imaging. Regression equation: edema formation rate [ml/minute] = —0.4 + 17.2 X e 003 xtime p —
0.91, p values less than 0.001. (Right panel) Cephalocaudal distribution of excess tissue mass computed 34 + 4, 74 = 4, and 159 = 5 minutes
after oleic acid injection. Data are expressed as mean * SD.
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on lung edema formation. In the study group, we decided to
investigate the alAP effect at about 90 minutes after the oleic
acid injection because at this time the oleic acid edema reaches
the plateau (35-42). However, after we observed the fast and
dramatic increase of lung edema when raising alAP, we per-
formed another set of experiments to clearly define, in our own
experimental setting, the natural course of oleic acid edema
without any change of alAP. As the CT scan used to investigate
the study group (in Mannheim) was no longer available, the five
additional experiments were performed in Uppsala (C.R. and
P.H.). The overall results clearly confirm that between approxi-
mately 70 and 150 minutes the oleic acid edema is stable (see
Figure 5). Indeed, during the time frame in which we increased
al AP in the study group (from 91 to 108 minutes), the net edema
formation computed in the oleic acid time course group was
almost negligible (average 0.2 = 0.3 ml/minute), whereas in the
study group, after alAP increase, it averaged 20 = 9.3 ml/minute.
Moreover, the regional distribution of lung edema recorded in
the additional experiments was similar to the one we measured
in the study group before increasing alAP. Finally, the total
amount of excess tissue mass after alAP increase in the study
group was significantly greater than the excess tissue mass we
measured in the additional experiments either at 74 or 158 min-
utes (p < 0.001, one-way analysis of variance).

Taken together, all these data strongly suggest that the in-
crease of excess tissue mass after increasing IAP in this oleic
acid model is primarily lung edema and that the time effect is
negligible.

We were not able to find any report of this unexpected associ-
ation between [AP rise and increase of lung edema, and our
interpretation can only be speculative, although the basic physi-
ology may provide the background for a possible explanation.

Edema is a dynamic phenomenon and its amount is the net
result of the forces favoring its formation and the mechanisms
favoring its clearance (43, 44). Increasing the alAP to 20 cm
H,O caused a significant rise in Pcv and Ppa, with no change in
Q, whereas the capillary occlusion pressure tended to rise, al-
though not significantly.

It is well known that high Pcv (45), Ppa (46, 47), and pulmo-
nary capillary pressure (48) may all favor edema formation in
lungs with altered permeability. Indeed, the hemodynamic alter-
ation induced by an increased al AP in a leaking lung may justify
the increase in lung edema, and likely represents the main expla-
nation of our findings, considering also the short time in which
the phenomenon was observed.

However, the increase of al AP not only may favor lung edema
formation, but, likely, may also impair its clearance. In fact, the
clearance of lung edema can take three possible routes: the
lymphatic pathways, the reabsorption through the pulmonary
capillaries when the interstitial pressure exceeds the capillary
pressure, and the pleural capillaries, leading to pleural effusion
(49, 50). All these pathways have a final common route to clear
the edema, i.e., the thoracic veins, which are subjected to the
intrathoracic pressure. At alAP of 20 cm H,0, the esophageal
pressure we recorded was three times the baseline, very likely
due to the increase in lung weight (25). The effects of an increase
in intrathoracic pressure on lymphatic flow were described a
decade ago (51, 52). In animal models, raising intrathoracic pres-
sure reduced the lymphatic flow and impaired the clearance of
lung edema (53-55). In our study, we found a positive correlation
between the increase of esophageal pressure (i.e., the pleural
pressure) and the edema formation rate after alAP of 20 cm
H,O (edema formation rate [ml/minute] = 1.7 X A esophageal
pressure + 7.0, r = 0.83, p < 0.05, data not shown). It is thus
possible that the increase in lung edema we observed at alAP
of 20 cm H,O was the result of two combined phenomena, i.e.,
increased edema formation and decreased clearance.

Clinical Consequences

The results obtained in animal models, often tested in extreme
conditions, cannot be generalized to patients. However, if at
least part of these findings and their underlying mechanisms
are transferable to patients, the clinical consequences may be
substantial. First, the levels of IAP we applied in this study are
relatively common in critically ill patients. In fact, about 30%
of consecutive critically ill patients show an abnormal increase
in IAP (56). The TAP has to be measured directly, as it has been
shown that the clinical assessment alone has poor sensitivity
and specificity to detect an increase (57). Several procedures in
critically ill patients may increase the IAP and its effects, such
as the heavy sedation, causing bowel hypomobility and partial
loss of diaphragmatic tone. In case of acute lung injury/acute
respiratory distress syndrome —if our findings on pigs are trans-
ferable to humans—any increase in IAP would potentially be
dangerous, not only reducing, as already known, the gas content
of an already diseased lung, but also potentially inducing an
increase of pulmonary edema. Although these findings need to
be proved in humans, we believe that the measurement of IAP
and careful attention to avoid procedures that may raise it would
already be worthwhile.
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