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Abstract Objective: (1) To assess
the impact of high intrathoracic pres-
sure on left ventricular volume and
function. (2) To test the hypothesis
that right ventricular end-diastolic
volume (RVEDV) and intrathoracic
blood volume (ITBV) represent car-
diac preload and are superior to cen-
tral venous pressure (CVP) or pul-
monary capillary wedge pressure
(PCWP). The validity of these pa-
rameters was tested by means of cor-
relation with left ventricular end-dia-
stolic volume (LVEDV), the true
cardiac preload. Design: Prospective
animal study. Subjects: Fifteen adult
sheep. Interventions: All animals
were studied before and after saline
washout-induced lung injury, under-
going volume-controlled ventilation
with increasing levels of PEEP (0, 7,
14 and 21 cmH2O, respectively).
Measurements and main results: Left
ventricular ejection fraction (LVEF),
stroke volume (LVSV) and LVEDV
were measured using computed to-
mography. ITBV and RVEDV were
obtained by the thermal dye dilution

technique. At PEEP 21 cmH2O,
LVSV significantly decreased com-
pared to baseline, PEEP 0 and PEEP
7 cmH2O. LVEDV was maintained
except for the highest level of PEEP,
while LVEF remained unchanged.
RVEDV and RVEF also remained
unchanged. The overall correlation
of RVEDV and ITBV with LVEDV
was satisfactory (r=0.56 and r=0.62,
respectively) and clearly superior to
cardiac filling pressures. Conclu-
sion: In the present study, (1) venti-
lation with increasing levels of PEEP
did not alter RV function, while LV
function was impaired at the highest
level of PEEP; (2) unlike cardiac
filling pressures, ITBV and RVEDV
both provide valid estimates of car-
diac preload even at high intratho-
racic pressures.
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Introduction

Cyclic opening and closing of atelectatic alveoli with
tidal breathing is known to be a basic mechanism lead-
ing to ventilator-induced lung injury [1]. To prevent 
alveolar cycling and derecruitment in acute lung injury,
high levels of positive end-expiratory pressure (PEEP)
have been found necessary in order to counterbalance
the increased lung mass resulting from edema, inflam-

mation and infiltrations and to maintain normal func-
tional residual capacity (FRC) [2, 3]. Therefore, the ap-
plication of high levels of PEEP is recommended [4],
even if recent data by Crotti and co-workers [5] suggest
that recruitment and derecruitment are not identical in
the presence of lung hysteresis and that “threshold clos-
ing pressure” is substantially lower than “threshold
opening pressure”, questioning the routine use of high
levels of PEEP.
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In addition to the use of high levels of PEEP, fluid re-
striction is favored in patients with acute lung injury to
decrease pulmonary edema [6, 7]. Both high PEEP and
fluid restriction can result in significantly decreased ve-
nous return, possibly leading to organ hypoperfusion.
Therefore, the maintenance of an adequate preload status
is crucial in this setting. Cardiac preload is defined by
the Frank-Starling relationship as the ventricular fiber
length at end-diastole and is described clinically as the
left ventricular end-diastolic volume [8]. In clinical prac-
tice, cardiac preload is routinely assessed by the mea-
surement of central venous pressure (CVP) and pulmo-
nary capillary wedge pressure (PCWP). However, it has
become increasingly clear that both CVP and PCWP can
be very poor predictors of preload status in critically ill
patients, especially if they are ventilated with high intra-
thoracic pressures [9, 10, 11, 12, 13, 14].

Right ventricular end-diastolic volume (RVEDV),
measured either by a modified pulmonary artery catheter
or the thermal dye dilution technique, has been shown to
correlate more closely with cardiac index (CI) than CVP
or PCWP [9, 10, 11, 12]. Using the thermal dye dilution
technique, Lichtwark-Aschoff and colleagues [13]
showed that the intrathoracic blood volume (ITBV) is
superior to CVP and PCWP for the assessment of the cir-
culatory volume status in critically ill patients. All these
studies, however, suffer from one major drawback [15,
16]: they used the correlation with CI to define the suit-
ability of the measured parameters to represent cardiac
preload. As CI is also affected by myocardial function
and afterload, it would be highly desirable to assess the
validity of these parameters by correlating them with the
left ventricular end-diastolic volume (LVEDV), the “true
cardiac preload” [16].

The aim of this study was to assess left ventricular
volumes and function as well as to test the validity of
bedside parameters available for monitoring the complex
cardiopulmonary interactions during invasive mechani-
cal ventilation. The study therefore focused on (1) mea-
surement of LVEDV and LVEF by means of computed
tomography and (2) the correlation of different markers
of cardiac preload with LVEDV. We hypothesized that
the thermal dye dilution technique, by simultaneously
measuring RVEDV, ITBV and CO, could serve as an ac-
curate, integrated cardiopulmonary monitoring device in
the setting of acute lung injury.

Materials and methods

Animal preparation and measurements

After approval by the District Governmental Commission on the
Care and Use of Animals, 15 anesthetized sheep of mixed breed
weighing 41.5±6.5 kg (mean ± SD) were used for the study. The
animals were premedicated with xylazine hydrochloride, 5 mg i.v.,
and anesthetized with ketamine, 6 mg/kg i.v. and midazolam

0.15 mg/kg. Anesthesia and muscle relaxation were maintained by
continuous infusion of ketamine (10 mg/kg per h), midazolam
(1 mg/kg per h) and by pancuronium bromide (0.12 mg/kg per h)
throughout the experiment. Conventional orotracheal intubation
was performed using a 9 mm inner-diameter cuffed endotracheal
jet tube (Hi-Lo Jet, Mallinckrodt Medical, St. Louis, MO), which
provides an additional lumen embedded in the inner wall of the
tube. The animals were placed supine in the CT scanner and were
ventilated with a Siemens Servo Ventilator 300 (Siemens-Elema,
Solna, Sweden) in the volume-controlled (VC) mode with a PEEP
of 5 cmH20, an I:E ratio of 1:1 and a FIO2 of 1.0. A tidal volume
of 12 ml/kg and a respiratory rate of 12–14 breaths/min were ap-
plied to maintain a PCO2 value within the range of 35–40 mmHg.
A continuous infusion of lactated Ringer´s solution at a rate of
5 ml/kg per h was given. Gastric emptying was achieved using a
large-bore orogastric tube, which was removed thereafter.

Central venous and pulmonary artery pressures were measured
using a 7.5 French flow-directed thermodilution fiberoptic pulmo-
nary artery catheter (Opticath, Abbott Laboratories, North 
Chicago, IL) advanced into the pulmonary artery under transduced
pressure guidance via the left internal jugular vein. The right fem-
oral artery was cannulated with a 6 French percutaneous sheath
(Super Arrow-Flex, Arrow, Reading, PA) for arterial pressure
monitoring. Continuous ECG monitoring was performed. For he-
modynamic monitoring, a Sirecust 1281 monitor (Siemens 
Medical Electronics, Danvers, MA) and Novotrans II (Medex,
Hilliard, OH) pressure transducers referenced to atmospheric pres-
sure at mid thorax level were used. All hemodynamic and ventila-
tory variables were continuously recorded in 1-min intervals using
the graphical programming software Lab-View (National Instru-
ments, Austin, TX).

Cardiac output (CO), intrathoracic blood volume (ITBV), right
ventricular end-diastolic volume (RVEDV) and right ventricular
ejection fraction (RVEF) were measured via the thermal-green dou-
ble indicator dilution technique using the COLD Z-021 computer
(Pulsion Medizintechnik, Munich, Germany). Dye and thermal 
dilution were measured using a 4 French fiberoptic catheter 
(Pulsiocath, Pulsion Medizintechnik) advanced through the 6
French sheath in the femoral artery into the descending aorta. The
COLD-derived parameters were determined by injecting 10 ml of
5% glucose solution containing 1 mg/ml of indocyanine green at a
temperature between 0 and 10°C into the right atrium via the distal
lumen of the pulmonary artery catheter during end-expiratory hold.
Densimetric and thermal data were gathered by the fiberoptic cath-
eter in the descending aorta and analyzed on the Pulsion COLD Z-
021 computer. ITBV was calculated from the cardiac output and
the mean transit time (MTT) of the dye according to the formula: 

ITBV = (MTTdye * CO).

All parameters are expressed in milliliter/kilogram body weight.
In addition to the CO measurements performed using the

COLD system, CO and stroke volume were measured in triplicate
using the pulmonary artery catheter by injecting 10 ml aliquots of
ice-cold saline into the right atrium during end-expiratory hold.
Standard formulas were used to calculate transpulmonary shunt,
oxygen delivery and oxygen consumption. Arterial and mixed ve-
nous blood gases at 37°C were analyzed on an ABL300 (Radiom-
eter A/S, Copenhagen, Denmark).

To measure the elastance of the respiratory system and to parti-
tion it into its pulmonary and chest wall components, the occlu-
sion method was used [17]. Distal tracheal pressure (Ptrach) was
measured by connecting an air-filled pressure transducer (Novo-
trans II, Medex, Hilliard, OH) to the additional lumen of the Hi-
Lo jet tube ending at the tip of the tube. The pressure signals were
sampled on-line at a rate of 50 Hz using a Signal Conditioning
System (SCXI, National Instruments, Austin, TX) with a four-
channel isolation amplifier with excitation. For readout of the
pressure waves, a 12-bit analog/digital converter (SCXI-1100 Data
Acquisition Module, National Instruments, Austin, TX) was used.
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The pressure curves were analyzed using the graphical program-
ming software Lab-View (National Instruments, Austin, TX). 
Expiratory tidal volume was obtained from the Servo Ventilator.

Esophageal pressure (Pes) was measured with a thin-walled 
latex balloon sealed over one end of a polyethylene catheter 
(International Medical, Zutphen, Netherlands) inflated with
0.5–1 ml of air. The catheter was positioned at the lower third of
the esophagus, as confirmed by computed tomography. The esoph-
ageal balloon was connected to a pressure transducer (Novotrans
II, Medex, Hilliard, OH) and the signals were sampled and pro-
cessed as described above for tracheal pressures. Ptrach and Pes
were simultaneously recorded during a 5 s airway occlusion at
end-inspiration and end-expiration. The end-inspiratory and end-
expiratory airway occlusion maneuver was repeated three times at
15 s intervals and mean values were used for calculations of appli-
cable elastances.

Lavage procedure

With the sheep in supine position, the endotracheal tube was 
disconnected from the ventilator and warmed saline was instilled
from a height of 50 cm until a meniscus was seen in the tube. The
fluid was retrieved via gravity drainage after 45 s of apnea fol-
lowed by endotracheal suctioning. Instilled and retrieved volumes
were measured. Between the lavages, the sheep were manually
ventilated with an FIO2 of 1.0 using an AMBU self-inflating bag.
The lavage process was repeated until adequate impairment of gas
exchange (defined as PaO2<100 mmHg 15 min after the last 
lavage) and respiratory mechanics were achieved. After lung la-
vage, lung injury was established by ventilating the sheep with ze-
ro end-expiratory pressure for 60 min.

Determination of left ventricular volumes by rapid acquisition
cine computed tomography

The Imatron C-150XP electron beam computed tomography
(EBCT) scanner (Imatron, San Francisco, CA) was used for the
study. The advantages of the EBCT are sub-second scan times and
the ability to produce high-resolution 3D data sets with excellent
z-axis resolution [18].

Left ventricular imaging was performed during end-expiratory
hold for baseline conditions and each level of PEEP after lung 
injury. Imaging was carried out in cine mode (modified Multi-
Slice-Mode, MSM), a sequence used to evaluate myocardial con-
tractility and ventricular volumes. In this mode, the electron beam
sweeps a single target ring a designated number of times to cover
one full cardiac cycle before it moves to the next target ring. Two
slices per sweep are acquired using the split detector system. Im-
ages are acquired at 50-ms intervals with an 8-ms inter-scan delay
or a scanning speed of 17 images/s. At a heart rate of
100 beats/min with a cycle length of 600 ms, the cardiac cycle can
be completely imaged through end-systole and end-diastole with a
10-frame movie (580 ms acquisition time) [18]. The total scan
time for 80 slices is 2.5 s. The sequences are initiated from ECG
gating. In order to optimize contrast administration, a circulation
time was obtained by injecting 15 ml of contrast media at a rate of
4 ml/s. According to the circulation time obtained, imaging was
delayed until maximal opacification was achieved by infusing
30 ml of contrast media at a rate of 4 ml/s via the jugular vein.
Left ventricular imaging was followed by CO measurements using
the COLD and pulmonary artery catheter. All three measurements
were carried out within 5 min.

The cardiac images were stored on magneto-optical discs. Left
ventricular end-diastolic and end-systolic volumes as well as left
ventricular ejection fraction were calculated as described by Reiter
and colleagues [18] using the Imatron software package: end-dia-
stolic and end-systolic frames were chosen for each of the eight

levels. End-diastolic volume was visually identified as the frame
showing the maximal volume of the left ventricular cavity. End-
systole was visually identified as the frame showing the smallest
volume of the left ventricular cavity, generally three to four frames
(150–200 ms) after the end-diastolic frame. Left ventricular vol-
umes were planimetered with exclusion of the papillary muscles
from the left ventricular apex to the left ventricular base, where
the left atrium can easily be defined. Measurements of the left
ventricular volume were discontinued at the level at which the
aortic valve cusps or sinuses were clearly visualized. The tomo-
graphic measurements of end-diastolic and end-systolic volume at
each level were added. Computer tomographically derived left
ventricular stroke volume was determined as the difference be-
tween the end-diastolic and end-systolic volumes calculated.

Experimental protocol

The sheep were intubated and placed supine in the CT scanner.
After instrumentation had been completed, baseline measurements
were obtained, including arterial and mixed venous blood gases,
pulmonary artery catheter and COLD catheter-derived parameters
(COPAC, SV, PCWPPAC, CVP and COCOLD, SVCOLD, ITBV,
RVEDV, RVEF, respectively). Systemic and pulmonary artery
pressures, ventilatory parameters and mixed venous saturation
were acquired at 1-min intervals. Tidal volumes, tracheal and
esophageal pressures were recorded. Computed tomographic im-
ages of the left ventricle were performed as described above. After
completion of all baseline measurements, lung injury was induced
by saline washout. All groups were ventilated in the volume-
control mode (VCV) with an I:E time of 1:1, an FIO2 of 1.0 and
frequencies between 12–20/min according to the PCO2 value.
Peak inspiratory pressure was limited to 45 cmH2O.

Following 60 min of ventilation with zero PEEP in order to es-
tablish lung injury, left ventricular imaging was performed, along
with the complete set of measurements made at baseline. Thereaf-
ter, PEEP was increased in 60-min intervals to 7, 14 and
21 cmH2O, respectively, in order to recruit the collapsed parts of
the lung. Measurements were performed before each PEEP incre-
ment for ZEEP, PEEP 7 and PEEP 14, and 60 min after PEEP 21,
respectively. After completion of the protocol, the animals were
killed with high dose thiopental (30 mg/kg) followed by potassium
chloride.

Statistical analysis

All values are reported as means ± SD unless otherwise specified.
One-way analysis of variance (ANOVA) was used to test for dif-
ferences between baseline conditions before, and different PEEP
levels after, the induction of lung injury. T-tests were used for
multiple comparisons. To correct for the amount of tests 
performed, the level of significance was set at p<0.001. Linear 
regression analysis was used to evaluate the relationships between
CT-derived heart volumes and various bedside parameters. All sta-
tistical tests were used in a descriptive manner. Statistical software
package SAS 6.12 (SAS Institute, Cary, NC) was used for analy-
sis.

Results

Lung injury

The injury procedure resulted in a substantial decrease in
PaO2, an increase in transpulmonary shunt and an in-
crease in static lung elastance (Table 1). All animals sur-
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vived the experimental protocol. The volume of saline
instilled was 6,874±1,443 ml. The volume of saline 
recovered was 6,596±1,532 ml, resulting in a residual 
intra-alveolar volume of 278±288 ml.

Hemodynamic effects of positive end-expiratory 
pressure

The main results are shown in Table 1. Stroke volume was
maintained up to high levels of PEEP. Left ventricular
stroke volume, as measured by EBCT, only decreased sig-
nificantly compared to baseline, zero PEEP and PEEP of
7 cmH2O (p<0.001) at a PEEP level of 21 cmH2O. The de-
crease in left ventricular end-diastolic volume (LVEDV)
observed under increasing levels of PEEP was significant
only when comparing PEEP 21 and ZEEP (1.7±0.3 vs

2.2±0.4 ml/kg, at a PEEP level of 21 cmH2O p=0.0006).
Left ventricular ejection fraction, an estimate for cardiac
contractility, was preserved and the decrease observed at
the highest level of PEEP did not reach a level of statistical
significance. Of note, RVEDV and RVEF, as well as ITBV,
did not change significantly throughout the experiment.

Cardiac output and oxygen delivery were maintained
at all levels of PEEP. Taking into account that stroke vol-
umes and COs measured by EBCT, pulmonary artery
catheter (PAC) and COLD could not be obtained simul-
taneously, but spanned a 5-min interval, correlations be-
tween the different measurements were good (COPAC
versus COEBCT: r=0.91, p<0.0001, COCOLD versus
COEBCT: r=0.89, p<0.0001 and COCOLD versus COPAC:
r=0.94, p<0.0001; Pearson correlation coefficients).
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Table 1 Hemodynamic and
respiratory parameters pre and
post injury

PEEP (cmH2O) Pre-injury Post-injury

5 0 7 14 21

MAP (mmHg) 92±17 94±18 83±23 81±23 78±30
MPAP (mmHg) 14±4 25±5 21±8a 22±5a 23±5a

PCWP (mmHg) 7±3 7±3 9±4 10±4 12±5a,b

CVP (mmHg) 7±3 7±5 8±4 9±4 11±4a,b,c

ITBV (ml/kg) 29±4 25±4 28±5 27±5 26±5
RVEDV (ml/kg) 3.5±1.0 4.2±1.0 4.0±1.1 3.7±1.1 3.6±0.9
RVEF (%) 35.1±0.9 32.8±8.5 35.2±9.7 39±8.8 29.6±5.7
LVEDV (ml/kg) 2.1±0.3 2.2±0.4 1.9±0.3 1.9±0.3 1.7±0.3b

LVEF (%) 56.5±5.4 57.1±5.9 60.1±5.4 56.6±6.9 53.1±6.7
SVCOLD (ml/kg¥10) 12±2 11±2 11±2 11±2 10±2a

SVEBCT (ml/kg¥10) 12±2 12±2 12±2 11±2 9±2a,b,c

COEBCT (l/min per·kg¥10) 1.0±0.2 1.6±0.5 1.8±0.5a 1.4±0.5 1.1±0.5
COCOLD (l/min per·kg¥10) 1.1±0.2 1.4±0.3 1.7±0.6a 1.4±0.6 1.3±0.6
COPAC (l/min per·kg¥10) 1.0±0.2 1.6±0.5 2.0±0.8a 1.6±0.7 1.3±0.6c

HR (min) 90±20 133±31a 154±32a,b 130±38a,c 121±44a,c

PaO2 (mmHg) 412±98 34±8a 48±34a 112±99a 226±150a,b,c,d

PaCO2 (mmHg) 37±5 59±14a 68±20a 60±18a 64±19a

pH 7.44±0.05 7.22±0.09a 7.15±0.11a 7.20±0.11a 7.20±0.14a

Pplat (cmH2O) 16±3 30±4a 31±4a 32±4a 35±3a,b

Vt (ml/kg) 12±0 10±2a 10±2a 10±3a 9±3a

SvO2 (%) 84±7 30±14a 40±20a 71±10a,b,c 79±10b,c

QS/QT (%) 22±8 73±11a 75±14a 55±17a,b,c 40±17a,b,c,d

VO2 (ml/min per·kg) 1.9±0.7 4.0±1.8a 3.3±1.4a 3.2±1.2a 2.5±1.0b

DO2 (ml/min per·kg) 12±2 10±3 12±4 17±7b 15±7
Estat rs (cmH2O/l) 23±4 78±18a 71±15a 56±15a 47±12a,b,c

Estat cw (cmH2O/l) 6±2 3±2 6±3 6±3 6±2
Estat L (cmH2O/l) 17±5 75±16a 65±14a 50±15a 41±13a,b,c

Pes (mmHg) 0.3±2.6 -0.7±3.3 0.1±2.6 2.6±2.3b 4.7±2.1a,b,c

MAP mean arterial pressure, MPAP mean pulmonary artery pressure, PCWP pulmonary capillary
wedge pressure, CVP central venous pressure, ITBV intrathoracic blood volume, RVEDV right 
ventricular end-diastolic volume, RVEF right ventricular ejection fraction, LVEDV left ventricular
end-diastolic volume, LVEF left ventricular ejection fraction, SVCOLD right ventricular stroke volume
determined by COLD, SVEBT left ventricular stroke volume determined by electron beam computed
tomography, COEBCT cardiac output determined by electron beam computed tomography, COCOLD
cardiac output determined by COLD, COPAC cardiac output determined by PAC, QS/QT transpulmona-
ry shunt, Estat rs static elastance of the respiratory system, Estat cw static elastance of the chest wall,
Estat L static lung elastance, Pes esophageal pressure
a p<0.001 versus pre-injury; b p<0.001 versus PEEP 0; c p<0.001 versus PEEP 7; d p<0.001 versus
PEEP 14



Correlation of bedside parameters of cardiac preload
with left ventricular end-diastolic volume and cardiac
output

The overall correlation of RVEDV and ITBV with
LVEDV was significant (RVEDV vs LVEDV: r=0.56;

ITBV vs LVEDV: r=0.62, Fig.1). In contrast, no positive
correlation between CVP and PCWP with LVEDV could
be found (CVP vs LVEDV: r= -0.34; PCWP vs LVEDV:
r= -0.37) (Table 2).

Despite the relatively small sample size, statistical
significance for most levels of PEEP was reached for the
correlations of ITBV and RVEDV with LVEDV. Of note,
CVP and PCWP failed to correlate with LVEDV even
under baseline conditions. In a second step, transmural
pressures (PCWPtrm = PCWP-Pes; CVPtrm = CVP-Pes)
were calculated, but failed to improve correlation (CVP
vs LVEDV: r= -0.37; CVPtrm vs LVEDV: r= -0.17;
PCWP vs LVEDV: r= -0.34; PCWPtrm vs LVEDV: r= 
-0.10; Pearson correlation coefficients).

Left ventricular end-diastolic volume, RVEDV and
ITBV showed good correlations with CO ( LVEDV vs
CO: r=0.48; RVEDV vs CO: r=0.56; ITBV vs CO:
r=0.64) (Table 3).

Discussion

The main findings of this study are as follows: first, in
an ovine saline washout model of acute lung injury, 
ventilation with high levels of PEEP did not significantly
compromise right ventricular function, while left ventric-
ular function was impaired at a PEEP of 21 cmH2O, as
indicated by a decrease in LVSV. Second, ITBV and
RVEDV are clearly superior to cardiac filling pressures
in the assessment of cardiac preload at high intrathoracic
pressures.

Ventricular volumes and function under increasing levels
of positive end-expiratory pressure

Although mechanical ventilation and ventilatory maneu-
vers like PEEP have profound hemodynamic effects, 
a practical clinical approach to understanding the inter-
action between ventilation and cardiac ejection perfor-
mance is still not feasible, primarily because of difficul-
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Fig. 1 Overall correlation of (a) intrathoracic blood volume
(ITBV) and (b) right ventricular end-diastolic volume (RVEDV)
with left ventricular end-diastolic volume (LVEDV)

Table 2 Correlation of right ventricular end-diastolic volume, intrathoracic blood volume, pulmonary capillary wedge pressure and cen-
tral venous pressure with left ventricular end-diastolic volume at various levels of positive end-expiratory pressure (PEEP)

PEEP (cmH2O) Pre-injury Post-injury Sum

5s 0 7 14 21
r (n) r (n) r (n) r (n) r (n) r

RVEDV 0.89a (15) 0.52b (15) 0.41 (15) 0.60b (15) 0.42 (15) 0.56a

ITBV 0.51b (15) 0.83a (15) 0.53b (15) 0.69c (15) 0.49 (15) 0.62a

PCWP -0.22 (15) -0.06 (15) -0.33 (15) -0.11 (15) -0.41 (15) -0.37c

CVP -0.33 (15) -0.19 (15) -0.31 (15) -0.14 (15) -0.28 (15) -0.34c

RVEDV right ventricular end-diastolic volume, ITBV intrathoracic blood volume, PCWP pulmonary capillary wedge pressure, CVP cen-
tral venous pressure
a p<0.001; b p<0.05; c p<0.01



ties in estimating LVEDV [19]. Therefore, the effects of
increasing levels of PEEP on LVEDV and LVEF were
studied in this experimental setting using electron beam
computed tomography.

In this study, increasing levels of PEEP up to
14 cmH2O did not compromise LVEDV or LVEF. The
small, yet significant, decrease in LVEDV and LVSV
seen at the highest level of PEEP may indicate impair-
ment of LV function and may be, at least in part, due to
direct mechanical compression of the cardiac fossa [19,
20] caused by the significant increase in total lung 
volume (data not shown). Right ventricular function, as
estimated by measuring RVEDV and RVEF, also was not
compromised. This finding is in accordance with the 
results from Cheatham and colleagues [12], who also
found RV function to be well preserved in patients treat-
ed with high levels of PEEP due to acute respiratory 
failure, and they therefore concluded that ventricular
dysfunction is not an inevitable result of therapy with
PEEP.

Preservation of RV function in our model may have
been facilitated by the fact that a rather liberal fluid regi-
men (lactated Ringer´s solution at a rate of 5 ml/kg per
h) was used, thus maintaining adequate venous return
despite high levels of PEEP. This may be a limitation of
the study, as fluid restriction is generally favored in
acute lung injury in clinical settings. In hemodynamical-
ly stable postoperative, fluid-resuscitated patients, in-
creasing positive pressure also had only minimal effects
on venous return, primarily because of an in-phase-asso-
ciated pressurization of the abdominal compartment
[21]. Furthermore, saline washout only moderately in-
creased MPAP. Brunet and colleagues [22] emphasized
the importance of right ventricular afterload by showing
an inverse correlation between changes in RVEDV and
RVEF and the increase in MPAP. As RVEDV did not
significantly increase, we do not believe that ventricular
interdependence played a major role in this model.

Finally, and maybe most importantly, the PEEP-in-
duced increase in intrathoracic pressure might have been
blunted by the high lung elastance, resulting in relatively
low pericardial pressures. Indicators of a very limited
transmission, by PEEP, of intrapulmonary pressures and

increases thereof to the mediastinal area are the relative-
ly small increases of esophageal pressure, CVP and
PCWP between PEEP zero and 21 cmH2O. All measure-
ments of ventricular volumes and function were taken
during end-expiratory hold. While this allows for com-
parison of static PEEP-induced left and right ventricular
changes, no conclusions can be made about the dynamic
effects of the ventilatory cycle on ventricular perfor-
mance.

This may pose some limitations on our findings, as
Groeneveld et al. [23] demonstrated significant inspira-
tory decreases in RVEF and increases in right ventricular
end-systolic volume (RVESV) and RVEDV during venti-
lation with relatively large pressure amplitudes (Ppeak
32±7 cmH2O at 5 cmH2O of PEEP). Therefore, they
concluded that cyclic RV afterloading necessitates multi-
ple thermodilution measurements equally spaced in the
ventilatory cycle for reliable assessment of RV perfor-
mance during mechanical ventilation. Unfortunately, this
approach is not feasible for CT-based ventricular imag-
ing due to the large amount of contrast media necessary.
Concluding, we cannot rule out the possibility that cardi-
ac performance in our model was somewhat compro-
mised during inspiration. Vieillard-Baron and co-work-
ers [24], however, showed that tidal volume (which was
kept constant during PEEP increase in our study), but
not airway pressure, was the main determinant factor of
RV afterloading during mechanical ventilation. There-
fore, the potential inspiratory compromise should have
been comparable among the different levels of PEEP
studied.

Correlation of bedside parameters of cardiac preload
with left ventricular end-diastolic volume and cardiac
output

In the model studied, RVEDV and ITBV were superior
to cardiac filling pressures for the assessment of cardiac
preload, confirming the finding of former studies [9, 10,
11, 12, 13]. Durham et al. [9] studied 38 critically ill pa-
tients using a fast response thermodilution catheter, 
allowing for RVEDV measurements. While correlation
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Table 3 Correlation of left
ventricular end-diastolic vol-
ume, right ventricular end-
diastolic volume and intratho-
racic blood volume with cardi-
ac output at various levels of
positive end-expiratory pres-
sure (PEEP)

Pre-injury Post-injury Sum

PEEP 5 Low PEEP High PEEP
(PEEP 0 + PEEP 7) (PEEP 14 + PEEP 21)

r (n) r (n) r (n) r

LVEDV 0.77a (15) 0.58a (30) 0.52b (30) 0.48a

RVEDV 0.67b (15) 0.43b (30) 0.68a (30) 0.56a

ITBV 0.61b (15) 0.76a (30) 0.75a (30) 0.64a

LVEDV left ventricular end-diastolic volume, RVEDV right ventricular end-diastolic volume, ITBV
intrathoracic blood volume
a p<0.001; b p<0.01



between cardiac index (CI) and PCWP was poor
(r=0.10), correlation between CI and the RVEDV index
was significant (r=0.60) and very similar to the findings
in 29 critically ill patients studied by Diebel et al.
(r=0.61) [10]. Interestingly, our data, obtained in an ex-
perimental setting, yielded almost identical results
(r=0.56). It should be emphasized, however, that
RVEDV becomes a poor reflector of left ventricular pre-
load whenever the right ventricle is the limiting factor in
circulatory failure. In five out of eighteen patients with
septic shock accompanied by pulmonary hypertension,
for example, the right ventricle was found to be systolic
and/or diastolic overloaded, explaining the left ventricu-
lar preload decrease and the inability of blood volume
expansion to restore it [25]. Right ventricular failure
might also have been the reason for the absence of corre-
lation between RVEDV and CI in 11 out of the 38 
patients studied by Durham et al. [9].

The effect of end-expiratory pressure on the assess-
ment of cardiac preload was examined by the same
group [11] and by Cheatham et al. [12]: both studies
agreed that, unlike the PCWP, RVEDV represents a reli-
able indicator in the mechanically ventilated patient. Li-
chtwark-Aschoff and colleagues [13] investigated ITBV
as a marker for the circulatory volume status in critically
ill patients: ITBV showed good correlation with CI
(r=0.488) and oxygen delivery (r=0.46), while CVP and
PCWP did not indicate the volume status in mechanical-
ly ventilated patients. The authors stated that, being a
pure volume indicator, ITBV correlates only with the
preload component of CI. These findings were basically
repeated in the study of Wiesenack et al. [26], who found
a significant correlation between ITBV and CO (r=0.55).
Again, neither CVP nor PCWP showed significant corre-
lation with CO ( r=0.09 and r=-0.27, respectively).

While all these data strongly suggest that volume pa-
rameters like RVEDV or ITBV are reliable markers of

cardiac preload, that hypothesis had not been specifically
tested yet. For the first time, therefore, this study corre-
lates the various bedside parameters with LVEDV, the
true cardiac preload. Due to the small sample size, we
did not try to look for statistical differences between the
correlations for RVEDV and ITBV with LVEDV, respec-
tively, and believe that—from a clinical point of view—
both parameters are equally well suited to estimate cardi-
ac preload. As in the studies cited above, cardiac filling
pressures did not reflect cardiac preload. In accordance
with data from Safcsak and colleagues [27], the correc-
tion of filling pressures for esophageal pressures (trans-
mural filling pressures) did not improve correlation with
LVEDV.

Correlations of LVEDV, RVEDV and ITBV with car-
diac output were satisfactory (overall Pearson correlation
coefficients ranging from 0.48 to 0.64), but showed large
variations. Again, this emphasizes the fact that CO is in-
fluenced by contractility, afterload and heart rate, in ad-
dition to preload [15, 16]. Therefore, we conclude that
the validity of “bedside” parameters of cardiac preload
should be tested primarily against LVEDV, while their
correlation with CO may be misleading.

Summarizing, the main findings of this study are as
follows: first, in this model of acute lung injury ventila-
tion with increasing levels of PEEP did not alter RV
function, while LV function was impaired at the highest
level of PEEP studied. Second, ITBV and RVEDV reli-
ably reflect cardiac preload even at high intrathoracic
pressures and are clearly superior to cardiac filling pres-
sures.
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