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ABSTRACT
Background: Sensitivity and specificity of respiratory
change in pulse pressure (�PP) to predict preload depen-
dency has been questioned at small tidal volumes (VT) in
critically ill patients suffering from acute respiratory distress
syndrome (ARDS). We studied �PP in pigs with ARDS-like
syndrome during reversible hemorrhagic shock.
Methods: Prospective, observational animal study in a Lab-
oratory Investigation Unit. Sixteen deeply sedated mechani-
cally ventilated pigs were successively ventilated with VT of
10 ml/kg at a respiratory rate of 15 breaths/min (RR15) and
VT of 6 ml/kg at RR15 and RR25. ARDS-like syndrome was
produced by lung lavage in eight pigs (ARDS group). Severe
hemorrhagic shock was induced by removal of 40% of total
blood volume followed by restoration.
Results: After bleeding, in the control group ventilated with a
VT of 10 ml/kg, �PP increased from 8.5 (95% confidence in-
terval [CI], 7.1 to 9.9%) to 18.5% (CI, 15.3 to 21.7%; P �
0.05). In the ARDS group, this index increased similarly, from
7.1% (95% CI, 5.3 to 9.0%) to 20.1% (CI, 15.3 to 24.9%; P �
0.05). In control lungs, reduction in VT from 10 to 6 ml/kg

reduced the �PP reaction by 40%, although it remained a sta-
tistically valid indicator of hypovolemia regardless of the RR
value. In contrast, in the ARDS group, �PP was an unreliable
hypovolemia marker at low VT ventilation, regardless of the RR
value (p � not statistically significant).
Conclusions: The present study suggests that �PP is a reliable
indicator of severe hypovolemia in pigs with healthy lungs regard-
less of VT or RR. In contrast, in pigs with ARDS-like syndrome
ventilated with small VT, �PP is not a good indicator of severe
hemorrhage. However, in this setting, indexing �PP to respiratory
changes in transpulmonary pressure allows this marker to signifi-
cantly indicate the occurrence of hypovolemia.

INAPPROPRIATE fluid administration to intensive care
patients can result in pulmonary and interstitial edema.1,2

Traditional markers of fluid responsiveness based on static
preload measurements (i.e., cardiac pressures and volumes)
are not reliable predictors of fluid responsiveness because
individual Frank-Starling curves may vary among patients,
resulting in a positive response to fluid challenge (preload
dependency) or no response (preload independency).3,4 In
contrast to static preload indices, dynamic indices are good
indicators of volume and usually predict fairly well individ-
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What We Already Know about This Topic

❖ Inappropriate fluid administration to patients with acute respiratory
syndrome can result in pulmonary and interstitial edema.

❖ Dynamic measures of fluid responsiveness have been ques-
tioned at small tidal volumes in critically ill patients suffering
from acute respiratory distress syndrome.

What This Article Tells Us That Is New

❖ In healthy pigs, respiratory change in pulse pressure is a good
indicator of volume status, but it is not a good indicator in pigs
with acute respiratory distress syndrome and ventilated with
small tidal volumes.
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ual responses to volume loading.5–9 Indeed, pulse pressure
variation (�PP) was reported to accurately assess circulatory
volume and predict fluid responsiveness in critically ill pa-
tients.3,4 Other groups have used other indicators of stroke
volume variations.5,6,10–15 However, the majority of patients
in these studies were ventilated with large tidal volumes (VT

greater than or equal to 8 ml/kg), and recent studies16–19

have suggested that �PP is an unreliable indicator of fluid
responsiveness at low VT in patients suffering from the adult
respiratory distress syndrome (ARDS). This is particularly
important because patients with acute lung injury or ARDS
should be ventilated with VT less than 6 ml/kg.20,21

Patients with ARDS have reduced lung compliance (CL)
because of stiffer lung parenchyma, and some authors have
demonstrated that this phenomenon dampens airway pres-
sure transmission to the pleural space.22 On the other hand,
a decrease in lung compliance contributes at the same time to
an increase in transpulmonary pressure (Ptp; i.e., pressure
inside alveoli minus pleural pressure) for a given insufflated
VT. In this regard, we reasoned that to study the effects of a
decreased VT on the accuracy of dynamic indexes in ARDS,
we should also analyze effects on Ptp and esophageal pressure
(Pes, pleural pressure) in this setting.17,23 Moreover, to main-
tain minute volume ventilation in ARDS patients ventilated
with low VT, an increase in the respiratory rate (RR) is usu-
ally necessary.20 This situation results in a lower number of
heart beats being affected by each mechanical breath, a sce-
nario that could also explain the low predictable value of
�PP.24 Indeed, Scharf et al.25 have already demonstrated
that RR affects “reverse pulsus paradoxus.”

Because no study has evaluated the influence of VT and
RR on �PP in mechanically ventilated animals with ARDS-
like symptoms, the present study sought to determine the
influence of these parameters on �PP value during hemor-
rhagic shock in mechanically ventilated pigs with normal
lungs or after lung lavage-induced acute lung injury (ARDS-
like syndrome).

Materials and Methods
Approval from the Ethics Committee for Animal Research of
the University Medical Center and by the Cantonal Veteri-
nary Office of Geneva, Switzerland, was achieved before the
study was initiated. Handling of animals followed the guide-
lines laid out in the Guide for the Care and Use of Laboratory
Animals (Institute of Laboratory Animal Resources, 1996).
We studied 24 domestic pigs (weight � SD, 31.4 � 3.1 kg).
Five pigs were used for pilot experiments, optimizing the
study protocol, and three animals were excluded because of
technical problems. These eight animals were not analyzed.
Animals were assigned to groups sequentially; i.e., we started
with the control animals and after eight animals, we pro-
ceeded with the animals subjected to ARDS.

General Procedure
Animals had free access to food and water until 12 h before
the beginning of experiments. Premedication consisted of

intramuscular injections of 6 mg/kg azaperon, 0.5 mg/kg
midazolam, and 0.5 mg atropine. Anesthesia was induced by
isoflurane inhalation and maintained by 20 �g � kg�1 � h�1

fentanyl, 1.5–2.0% isoflurane, and 0.4 mg � kg�1 � h�1 pan-
curonium through a catheter placed into an ear vein. Depth
of anesthesia was verified by paw pinch before muscular re-
laxation was administered. The animals were intubated and
mechanically ventilated with oxygen in air (FIO2 � 0.4 in
control group [n � 8] and 1.0 in ARDS group [n � 8]) using
a constant-volume respirator (Servo Ventilator 900; Sie-
mens-Elema, Goeteborg, Sweden). No spontaneous breath-
ing movements occurred during the experiments. VT was
initially set at 10 ml/kg and the RR at 15 breaths/min
(RR15) with a positive end-expiratory pressure (PEEP) of 0
cm H2O. Airway pressure and respiratory gases were contin-
uously monitored (Ultima™; Datex/Instrumentarium, Hel-
sinki, Finland). The right internal jugular vein, left internal
carotid artery, and right femoral artery were cannulated for
infusions, arterial pressure measurements, bleeding, and
reperfusion. A flow-directed Swan-Ganz catheter (CCOm-
boV™, 7.5-French; Edwards Lifesciences, Irvine, CA) was
introduced through the right internal jugular vein and ad-
vanced into the pulmonary artery to measure central venous
pressure, mean pulmonary artery pressure, pulmonary capil-
lary wedge pressure, continuous cardiac output, and contin-
uous mixed venous saturation. Arterial pressure tracings and
mean arterial pressure were measured by a left carotid arterial
catheter advanced into the descending aorta. Vascular pres-
sures were measured using calibrated pressure transducers
(Honeywell, Zürich, Switzerland) positioned at the level of
the left atrium. A standard 3-lead electrocardiogram was
continuously displayed on a Hewlett-Packard monitor
(M3150A; Hewlett-Packard, Andover, MA) with digital
readout of heart rate by means of cutaneous electrodes. Di-
uresis was monitored by a suprapubic catheter.

Respiratory Mechanics
Airway pressure was measured and VT calculated by digital
integration of a flow signal measured by a pneumotacho-
graph (Godart 17212; Gould Electronics BV, Bilthoven,
Netherlands), the two connected to the endotracheal tube.
This setting permitted continuous breath by breath assess-
ment of dynamic compliance of the respiratory system
(CRS � VT/[plateau airway pressure � PEEP]) and expira-
tory airway resistance (Raw � [plateau airway pressure �
PEEP]/maximal expiratory air flow)26 from three respiratory
cycles. Measurement of Pes was used to estimate pleural pres-
sure and calculate Ptp by means of an inflatable latex double-
balloon catheter (Ref C48 Sde Guenard; Marquat Génie
Biomédical, Boissy-Saint-Léger, France) advanced into the
esophagus with the distal balloon placed into the stomach
and the proximal balloon in the esophagus behind the
heart.27 The two balloons were filled with air to a volume of
0.5 to 1 ml. Continuous Ptp was calculated by subtracting
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simultaneous Pes from plateau airway pressure, and tidal Ptp

(�Ptp) was determined as the amplitude of Ptp swings during
each mechanical breath. Tidal Pes (�Pes) was also measured
(i.e., amplitude of Pes swings during a mechanical breath).

Hemodynamics
Systemic vascular resistance was calculated by dividing the
difference between mean arterial pressure and central venous
pressure measured at end-expiration by cardiac output, pul-
monary vascular resistance by dividing the difference be-
tween mean pulmonary arterial pressure and pulmonary cap-
illary wedge pressure by cardiac output. �PP was defined as
the difference between the maximal and minimal values of

pulse pressure divided by the average of the pulse pressure
during a respiratory cycle.8

Blood gas tensions, oxygen hemoglobin saturation and pH
were intermittently analyzed by an automated oximeter (ABL-
505 analyser; Radiometer, Copenhagen, Denmark). Arterio-
venous oxygen content difference, intrapulmonary shunt,
oxygen transport, oxygen extraction ratio, and oxygen con-
sumption were calculated using standard formulae from the
blood gas analysis and cardiac output measurement.

The different continuously recorded hemodynamic and
respiratory measurements were stored at a sampling rate of
200 Hz via an analog/digital interface converter (Biopac,
Santa Barbara, CA) on a personal computer for off-line anal-
ysis. In all groups, lactated Ringer’s solution was adminis-

Table 1. Characteristics of Hemodynamic Variables of the Control and ARDS Groups (Combined Ventilated Groups)

Hemodynamic Variables

Baseline

Control ARDS

MAP, mmHg 93.2 (86.8�99.6) 83.3 (77.1�89.6)*
MPAP, mmHg 22.9 (21.1�24.7) 28.2 (26.4�29.9)‡
CVP, mmHg 7.7 (7.0�8.5) 7.4 (6.7�8.2)
PCWP, mmHg 9.7 (8.8�10.6) 9.5 (8.7�10.3)
HR, beats/min 98 (87�110) 158 (147�169)‡
CO, l/min 5.9 (5.2�6.6) 7.0 (6.4�7.7)†
SVR, dynes � s � cm�5 1,207 (1,074�1,340) 883 (762�1005)‡
PVR, dynes � s � cm�5 188 (156�221) 216 (186�245)
�PP, % 6.1 (5.2�7.1) 5.2 (4.3�6.1)

Data are means with 95% confidence intervals in parentheses, n � 8 animals including all three ventilatory conditions.
�P � 0.05 vs. respective control. †P � 0.001 vs. respective baseline. ‡P � 0.001 vs. respective control. §P � 0.01 vs. respective
baseline. �P � 0.05 vs. respective baseline. #P � 0.01 vs. respective control.
ARDS � acute respiratory distress syndrome; CO � cardiac output; CVP � central venous pressure; HR � heart rate; MAP � mean
arterial pressure; MPAP � mean pulmonary arterial pressure; PCWP � pulmonary capillary wedge pressure; �PP � change in pulse
pressure; PVR � pulmonary vascular resistance; SVR � systemic vascular resistance.

Table 2. Characteristics of Respiratory Variables of the Control and ARDS Groups (Combined Ventilated Groups)

Variable

Baseline

Control ARDS

Lung Mechanics
Crs, ml/cm H2O 27.8 (26.0-29.6) 17.3 (15.7-19.0)*
Raw, cm H2O�1 � s�1 � ml�1 3.47 (2.54-4.40) 7.51 (6.66-8.36)*
�Ptp, cm H2O 8.67 (7.43-9.91) 11.84 (10.66-13.03)*
�Pes, cm H2O 0.59 (�0.63-1.82) 3.79 (2.70-4.88)*

Gas Exchange
PaO2/FIO2, mmHg 387 (359-415) 84 (59-109)*
PaCO2, mmHg 49.2 (43.3-55.1) 73.8 (68.6-79.1)*
pHa, units 7.40 (7.37-7.44) 7.24 (7.21-7.27)*
SaO2, % 95.8 (93.1-98.6) 87.1 (84.7-89.6)*
SvO2, % 78.3 (74.4-82.2) 70.2 (66.6-73.8)�
Qs/Qt, % 17.7 (12.2-23.2) 38.3 (33.4-43.3)*

Data are means with 95% confidence intervals in parentheses, n � 8 animals including all three ventilatory conditions.
�P � 0.001 vs. respective control. †P � 0.001 vs. respective baseline. ‡P � 0.01 vs. respective baseline. §P � 0.05 vs. respective
baseline. �P � 0.01 respective control. #P � 0.05 respective control.
ARDS � acute respiratory distress syndrome; Crs � dynamic respiratory system compliance; �Pes � tidal esophageal pressure; �Ptp �
tidal transpulmonary pressure; PaCO2 � arterial partial pressure of carbon dioxide; PaO2/FIO2� normalized arterial oxygenation ratio;
pHa � arterial pH; Qs/Qt � intrapulmonary shunt fraction; Raw� expiratory airway resistance; SaO2 � arterial oxygen hemoglobin
saturation; SvO2 � mixed venous oxygen hemoglobin saturation.
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tered at 5 ml � kg�1 � h�1 to compensate for basal fluid loss.
The animal’s central body temperature was maintained at
approximately 37.5°C with a warm air fan.

Experimental Protocol
The different measured hemodynamic and respiratory
variables were recorded during ventilation with a VT of 10
or 6 ml/kg and RR15 or RR25. Three variants of ventila-
tion were successively used: VT10 ml/kg at RR15, VT6
ml/kg at RR25, and VT6 ml/kg at RR15. Each ventilation
mode was used during 5–7 min under control conditions
during baseline, after blood removal (hemorrhagic shock
of �30 min), and after reperfusion of the shed blood to
restore normovolemia. The ratios of inspiratory time to
expiratory time were not changed during the protocol. In

the ARDS animal group, lung lavage-induced ARDS
(� 1 h, see below) followed the baseline step and preceded
hemorrhage and reperfusion.
Lung Lavage. After switching FIO2 to 1.0, surfactant depletion
was performed by repetitive lung lavage, instilling 1,000 ml
NaCl, 0.9%, at 37°C into the trachea.28 The procedure was
repeated 3.1 � 0.3 (SD) times at 12.6 � 3.5-min intervals until
criteria for ARDS-like syndrome were fulfilled (i.e., PaO2/FIO2

less than 200 mmHg). FIO2 was kept at 1.0 throughout the
remainder of the experiment in this group of pigs.
Bleeding and Reperfusion. Forty percent of total blood
volume was removed during 5–10 min via the right femoral
artery. Total blood volume was calculated as 75 ml/kg of
body weight. The blood was stored in blood bags containing
citrate-phosphate-dextrose (Baxter AG, Volketswil, Switzer-

Table 1. Continued

Hemorrhage Reperfusion

ARDS Control ARDS Control

60.7 (54.2�67.3)† 62.4 (56.0�68.8)† 94.6 (88.5�100.8) 85.9 (79.9�91.9)�
16.1 (14.9�17.4)† 23.8 (22.6�25.0)‡§ 25.7 (24.3�27.2) 35.1 (33.7�36.5)†‡

5.6 (4.7�6.5)† 5.2 (4.2�6.1)† 10.3 (8.4�12.2) 8.5 (6.6�10.4)§
5.1 (4.4�8.8)† 7.0 (6.4�7.7)†‡ 10.0 (9.2�10.8) 10.5 (9.8�11.2)
150 (134�166)† 213 (198�228)†‡ 114 (103�126)§ 175 (164�185)‡�
3.2 (2.7�3.7)† 3.8 (3.4�4.3)† 5.7 (4.7�6.7) 7.2 (6.3�8.7)

1,342 (1,157�1,526) 1,229 (1,060�1,398)† 1,174 (1,001�1,348) 936 (778�1,094)�
278 (232�323)§ 362 (321�404)†# 217 (181�253) 294 (261�327)†#
12.8 (10.3�15.3)† 11.8 (9.3�14.3)† 6.8 (5.5�8.1) 4.9 (3.6�6.2)�

Table 2. Continued

Hemorrhage Reperfusion

Control ARDS Control ARDS

30.4 (28.2�32.5)† 22.7 (20.8�24.7)†� 27.4 (25.6�29.3) 19.3 (17.6�21.0)�†
3.22 (2.56�3.88)† 6.06 (5.46�6.66)‡� 3.48 (2.80�4.16) 6.79 (6.17�7.41)�
7.93 (6.78�9.08) 9.00 (7.90�10.10)† 8.93 (7.60�10.26) 10.57 (9.29�11.84)§
0.80 (�0.26�1.86) 3.38 (2.44�4.32)� 1.01 (�0.09�2.12) 3.45 (2.47�4.43)�
367 (320�414) 197 (155�239)�† 375 (331�420) 163 (123�202)�†

53.5 (47.8�59.1)‡ 71.9 (66.8�76.9)� 56.6 (48.9�64.3)† 82.8 (75.9�89.6)‡�
7.33 (7.27�7.39) 7.23 (7.18�7.28)# 7.45 (7.33�7.57) 7.20 (7.09�7.30)‡�
91.5 (85.1�98.0) 95.7 (89.9�101.4)† 91.6 (85.3�97.9) 94.8 (89.3�100.4)†
64.6 (57.6�71.7)† 63.4 (56.8�69.9) 76.2 (70.6�81.7) 79.9 (74.7�85.1)‡
11.8 (8.1�15.6)§ 9.0 (5.6�12.4)† 16.7 (10.2�23.1) 22.0 (16.1�27.8)†
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land) and maintained at body temperature during continu-
ous agitation until reperfusion. The time between the start of
bleeding until completed reperfusion was 49 � 5 min. The
time between the start of bleeding and the start of reperfusion
was 40 � 4 min. The time between the end of bleeding and
the start of reperfusion was 30 � 4 min. The volume reper-
fused was 2.8 � 0.3 ml � kg�1 � min�1.

Statistics
Group data are presented as mean values with 95% confi-
dence interval (CI) in parenthesis, representing the continu-
ous online recordings averaged over 30-s periods immedi-
ately preceding the intermittent recordings of pulmonary
capillary wedge pressure and blood gas samples taken before
the change to the next ventilation pattern. A general linear
full factorial analysis of variance (ANOVA) model with re-
peated measures procedure was used to analyze the effects of
the successive interventions (time as within-subjects factor
using four levels, allowing determination of the effect of lung
lavage, hemorrhage, and reperfusion on the various depen-
dent variables), as well as the overall difference between the
two groups of animals (treatment group as between-subject
factor) using PASW Statistics 18 software package (SPSS,
Inc., Chicago, IL). In each separated treatment group, the
associated interaction between the within-subjects factor
“time” and the between-subjects factor “ventilatory mode”
was also analyzed to determine the effect of the ventilatory
mode on the dependent variables. The two-sided Dunnett
test for multiple comparisons with baseline values was used
for post hoc analysis when the ANOVA resulted in a P value
less than 0.05. Furthermore, a one-way ANOVA for re-
peated measures was used to detect statistical significance
between the three ventilatory modes in a given condition,
followed by the Bonferroni post hoc test when the ANOVA
resulted in a P value less than 0.05.

Results

Sixteen deeply sedated mechanically ventilated pigs were
studied, eight in each group (control and ARDS). One set of
recordings was lost in the control group during hemorrhage
(animal 7; VT6 ml/kg RR15 subgroup) and two sets in the
ARDS group during control conditions (animal 11; VT6
ml/kg RR15 and VT6 ml/kg RR25 subgroups).

Effect of Lavage (Combined Ventilated Groups)
Lung alveolar lavage reproduced the expected hemodynamic,
biologic, and respiratory characteristics of ARDS, with a
75% decrease in the PaO2/FIO2 ratio (P � 0.001 between
treatment groups throughout time after baseline time point,
even if there was some recovery of this ratio with time; tables
1 and 2). �PP remained unchanged. �Ptp as well as �Pes

increased significantly after lung lavage (table 2).

Effect of Hemorrhage and Retransfusion (Combined
Ventilated Groups)
After removal of 40% of total blood volume, there were
marked expected changes in hemodynamic and respira-
tory variables (tables 1 and 2). Hemodynamics were sim-
ilarly affected by hemorrhage in both control and ARDS
pigs (table 1). However, compared with the control group
and regarding lung mechanics, �Ptp decreased signifi-
cantly after hemorrhage in the ARDS group (two-way
ANOVA, group effect during hemorrhage; P � 0.001,
table 2), whereas �Pes remained unchanged (table 2). Re-
transfusion of the shed blood completely corrected hemo-
dynamic variables in the control and ARDS groups, ex-
cept for a persistent tachycardia (both groups) and a
pulmonary vasoconstriction (ARDS group).

Effect of Changing Ventilatory Pattern on �PP during
Hemorrhage
In the control group, lowering ventilation to a VT of 6 ml/kg
reduced �PP by �40% regardless of circulatory state (P �
0.001 vs. VT of 10 ml/kg). Furthermore, at each hemody-
namic state, �PP values during both reduced VT modes were
significantly different from those through the 10 ml/kg ven-
tilation (P � 0.01; table 3) regardless of respiratory rates.
Despite reduced absolute �PP values observed during low
VT ventilation, their overall time course (time effect) was not
significantly different from the 1 s recorded when ventilating
with the larger VT (time � ventilation interaction; P �
0.05), and their response to hemorrhage remained signifi-
cantly different from respective baseline conditions at all RR
values (P � 0.05; table 3; fig. 1, controls). In contrast, in pigs
subjected to ARDS, lowering ventilation to a VT of 6 ml/kg
rendered the �PP index unreliable for detecting hypovolemia
regardless of the RR values (table 3; fig. 1, ARDS). However,
when �PP was indexed and adjusted to �Ptp (fig. 1) and/or
plateau pressure (Supplemental Digital Content 1, which is the
figure displaying results, http://links.lww.com/ALN/A607), it
became a reliable predictor for hypovolemia and reperfusion in
ARDS animals ventilated with low VT. A representative online
recording of three consecutive periods of 20 s each at VT10
ml/kg RR15, VT6 ml/kg RR25, and VT6 ml/kg RR15 is shown
in figure 2.

Effect of Changing Ventilatory Pattern on Pulmonary
Mechanics during Hemorrhage
The principal changes in pulmonary mechanics were as follows.
First, significant changes in �Ptp in the control group after hem-
orrhage were absent, whereas a significant decrease in �Ptp was
observed in the ARDS group (table 3 and fig. 3). Moreover, in
this group, the hemorrhage-induced decrease in �Ptp values was
proportionally larger (�22% [VT6 ml/kg RR25] and �30%
[VT6 ml/kg RR15] compared with the decrease in pigs venti-
lated with a VT of 10 ml/kg (�12%; fig. 3, table 3). In the
ARDS group ventilated with low VT, Pes values decreased sig-
nificantly during hemorrhage compared with baseline (P �
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0.01). However, no significant changes were observed in �Pes

after hemorrhage regardless of VT or RR values (table 3).

Discussion
The first finding of the present study was that after removal
of 40% of total blood volume, �PP was a good indicator of

hypovolemia in pigs with normal lungs and ventilated with
low VT of 6 ml/kg RR15 and/or RR25, the level of this
hypovolemia indicator being just reduced by approximately
40% compared with larger VT of 10 ml/kg. These results are
in agreement with the cardiac output-preload dependency
state anticipated by dynamic markers in critically ill patients
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Fig. 1. Time course of change in pulse pressure (�PP) and �PP indexed to tidal transpulmonary pressure (�PP/�Ptp) in control
animals (A, C) or animals with acute respiratory distress syndrome (ARDS) (B, D) alternatively ventilated for 5–7 min with a tidal
volume (VT) of 10 ml/kg and a respiratory rate of 15 breaths/min (RR15) (F), a VT of 6 ml/kg and RR15 (Œ), or a VT of 6 ml/kg
and RR25 (f). Data points are means with 95% confidence intervals; n � 8 animals. * P � 0.05; ** P � 0.01 versus baseline
values (for control animals) and lavage values (for ARDS). † P � 0.05; ††† P � 0.001 versus baseline values.

Table 3. Effect of Changing Ventilatory Pattern on �PP, Pes, �Ptp, and �Pes in Control and ARDS Animals before
and after Hemorrhage

Groups

Baseline Hemorrhage

10/15 6/15 6/25 10/15 6/15 6/25

Control
�PP, % 8.5 (7.1�9.9) 5.3 (4.1�6.6)� 5.0 (3.8�6.2)� 18.5 (15.3�21.7)† 11.0 (8.1�13.9)�† 9.8 (7.0�12.5)†‡
Pes, cm H2O 3.4 (1.9�4.8) 3.2 (2.0�4.4) 3.3 (2.2�4.4) 2.5 (1.2�3.9) 3.1 (2.0�4.2) 2.8 (1.7�3.8)
�Ptp, cm H2O 11.2 (9.1�13.4) 7.3 (5.3�9.3)§ 7.9 (6.0�9.7) 10.6 (8.3�12.8) 6.7 (4.6�8.8) 7.0 (5.1�9.0)
�Pes, cm H2O 0.58 (�0.06�1.21) 0.57 (0.08�1.05) 0.61 (0.13�1.10) 0.48 (�0.69�1.65) 0.51 (�0.37�1.39) 1.19 (0.31�2.07)

ARDS
�PP, % 7.1 (5.3�9.0) 4.6(2.8�6.5) 4.0 (2.0�6.0) 20.1 (15.3�24.9)† 8.0 (3.2�12.9)� 7.7 (2.9�12.4)�
Pes, cm H2O 5.3 (3.6�6.9) 3.9 (2.0�5.8) 5.0 (3.2�6.7) 3.9 (1.7�6.0) 1.7 (�0.8�4.1)� 3.0 (0.8�5.3)�
�Ptp, cm H2O 15.2 (13.1�17.4) 10.6 (8.4�12.7)§ 10.1 (8.0�12.2)� 13.0 (11.2�14.8)� 7.1 (5.3�8.9)‡# 7.7 (5.9�9.5)‡�
�Pes, cm H2O 4.55 (2.08�7.01) 3.32 (0.47�6.16) 2.61 (�0.02�5.25) 4.58 (2.55�6.60) 3.06 (0.72�5.40) 1.87 (�0.29�4.04)

Data are means with 95% confidence intervals in parentheses; n � 8 animals.
�P � 0.01 vs. corresponding VT10/RR15 ventilatory pattern. †P � 0.05 vs. respective baseline. ‡P � 001 vs. corresponding VT10/RR15
ventilatory pattern. §P � 0.05 vs. corresponding VT10/RR15 ventilatory pattern. �P � 0.01 vs. respective baseline. #P � 001 vs.
respective baseline.
6/15 � VT6 ml/kg, RR15; 6/25 � VT6 ml/kg, RR25; 10/15 � VT10 ml/kg, RR15; ARDS � acute respiratory distress syndrome; �Pes �
tidal esophageal pressure; �PP � change in pulse pressure; �Ptp � tidal transpulmonary pressure; Pes � esophageal pressure; RR15 �
respiration rate of 15 breaths/min; RR25 � respiration rate of 25 breaths/min.
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with normal lungs and ventilated with low VT.29–31 How-
ever, our data highlight the result that �PP is not a sensitive
marker of major changes in intravascular volume status in
pigs affected by ARDS-like syndrome and ventilated with
low VT regardless of RR, except when this indicator was
adjusted to �Ptp and/or plateau pressure.18,19

Because the slope of the Frank-Starling curve depends on
ventricular contractility, static preload measurements are un-
able to anticipate the cardiac output-preload dependency.3

In contrast, dynamic preload measurements, such as �PP
determined by analysis of pulse pressure tracing, are useful in
estimating the hemodynamic response to intravascular vol-
ume variations.3,4,32 However, the magnitudes of dynamic
preload indicators are also affected by VT during acute lung
injury.16,33 Indeed, mechanical ventilation induces cyclic
changes in intrathoracic and transpulmonary pressures, tran-
siently affecting ventricular preload and leading to cyclic
changes in stroke volume in preload-dependent but not in
preload-independent patients. This phenomenon is related
to the impact of inspiratory increase in intrathoracic pressure
on pulmonary blood redistribution with changes in right
ventricular outputs affecting left ventricular stroke volumes
after two to three heart beats (pulmonary transit time).34

According to this mechanism, inspiratory increase in left
ventricular stroke volume results from delayed transmission
through the pulmonary vasculature of the expiratory increase

in right ventricular output and is followed by an expiratory
decrease in left ventricular stroke volume as soon as the in-
spiratory decrease in right ventricular output has reached the
left ventricle. If the decrease in right ventricular stroke vol-
ume after a mechanical breath is mainly related to decrease in
venous return related to �Pes value in healthy lungs,35 in-
crease in �Ptp and right ventricular afterload could be an
important determinant in lungs affected by ARDS.23

In this regard, in the present study, we have analyzed the
impact of �Ptp and �Pes in this setting.17,23 An important
finding of the present study is that �Ptp increased after
ARDS induction without significant changes in �Pes (tables
2 and 3). This fact highlights the idea that a decrease in CRS

in the ARDS group generates higher �Ptp. The major expla-
nation for the inability of �PP to indicate hypovolemia in
ARDS pigs ventilated with low VT could be related to the in-
crease in CRS after hemorrhage compared with control animals
(table 2). This fact produced a decrease in a �PP determinant
(�Ptp) in the ARDS group during hemorrhage when �Ptp val-
ues in the control group did not change (fig. 3 and table 3). In
addition, during hemorrhage, �Ptp in ARDS pigs ventilated
with low VT values decreased more significantly, compared with
the matched baseline values, than in ARDS pigs ventilated with
VT of 10 ml/kg (fig. 3, table 3). The present explanation agrees
with our results in that indexing �PP to �Ptp and/or plateau
pressure made this marker a reliable predictor for hypovolemia
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with acute respiratory distress syndrome (ARDS) (B, D) successively ventilated for 20 s with the three investigated ventilatory
patterns (i.e., a tidal volume (VT) of 10 ml/kg and a respiratory rate of 15 breaths/min [RR15], followed by a VT of 6 ml/kg and
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before bleeding in pigs with normal lungs as well as those with ARDS, and it increased significantly during hemorrhagic shock
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and reperfusion (fig. 1 and Supplemental Digital Content 1,
http://links.lww.com/ALN/A607).18,19 Because esophageal
pressures are not usually available in patients, the present data high-
light the value of �PP indexed to plateau pressure in this setting.19

We could also expect that ventilation without PEEP in
ARDS pigs could have led to a decrease in functional residual
capacity with an increase in chest wall compliance, inducing a
decrease in the pressure transmitted to the pleural space during
mechanical breath. In the ARDS group, during hemorrhage, Pes

values decreased more significantly during low VT ventilation
compared with baseline (P � 0.01, table 3). This feature could
have affected ventricular preload, cyclic changes in stroke vol-
ume, and �PP in pigs affected by ARDS and ventilated with low
VT. However, our data (table 3) do not support this assumption
because no significant changes were observed in �Pes values in
pigs with healthy lungs and/or those affected by ARDS-like
syndrome. Indeed, changes in venous return, stroke volume,
and �PP are related to �Pes and not Pes.

In the present study, we have also reasoned that the cause
of impaired relevance of this dynamic index in this situation
could be related to the high RR associated with low VT in the
ventilator setting of patients with ARDS and the impact of
this fact on heart lung interactions.16,24 With regard to this,
we changed RR value during low VT as maintaining optimal
volume minute ventilation in ARDS lungs requires increase
in RR.20 The rationale was that the heart rate/RR ratio and
VT value are equally important as determinants of �PP.24

Indeed, the number of heart beats affected by each mechan-
ical breath is related to RR and inspiratory to expiratory time
ratio. De Backer et al.24 found that high RR (30–40 breaths/
min) could limit the predictive value of �PP for fluid respon-
siveness. We did not find any impact of RR on the reliability
of �PP to detect hypovolemia in animals ventilated with low
VT probably for two reasons. First, compared with De
Backer et al.,24 our highest level of RR was only 25 breaths/

min in ARDS animals, which, in combination with tachy-
cardia (table 1), made heart rate/RR unchanged in ARDS
animals. Second, as stated previously, our model generated a
change in respiratory mechanics that affected �Ptp as a de-
terminant of �PP during hypovolemia.

The present animal study acknowledges some limitations.
First, as discussed before, we used a low level of PEEP in the
present animal study, whereas patients with ARDS ventilated
with smaller VT are often treated with high levels of PEEP,
which could have an impact on transpulmonary pressures and
the pressures transmitted to pleural spaces. Second, our model
of ARDS produces major changes in heart rate and respiratory
mechanics, and we cannot exclude the idea that �PP would be
insensitive to changes in volemia in the absence of major
changes in these variables. Third, the internal carotid artery is
closer to the central (aortic) pressure than the radial artery, and
this fact could have affected �PP results. However, because the
animals used in our experiments were healthy pigs, we expect
that a peripheral artery would have been a less acceptable ap-
proach to measure pulse pressure, because the compliant aorta
would have markedly buffered stroke volume.36 Finally, the
minor rise in diastolic pressure in pigs ventilated with low VT

during ARDS (fig. 3) suggests that a steady state was difficult to
achieve and could have affected measurements.

In conclusion, we found �PP to be a reliable indicator of
severe hypovolemia in pigs with healthy lungs regardless of VT

or RR. In pigs affected by severe ARDS-like syndrome and venti-
lated with low PEEP, the measured index remains a valid indicator
of severe hypovolemia at VT of 10 ml/kg but a less sensitive indica-
toratVT of6ml/kg.However,�PPindexedto�Ptp and/orplateau
pressures were reliable gauges of blood volume status.

The authors thank Manuel Jorge-Costa and Sylvie Roule (Techni-
cians, Anesthesia Investigations Unit, Geneva Medical School, Ge-
neva, Switzerland) for excellent technical assistance.
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