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Abstract Objective: The purpose of
this study was to determine whether
monitoring of respiratory changes in
aortic blood flow velocity, recorded
by esophageal Doppler, could be used
to detect changes in volume deple-
tion. Design: Animal study. Animals
and interventions: After general an-
esthesia and tracheotomy, ten New
Zealand female rabbits, weighing 4–
4.5 kg were studied under mechanical
ventilation at a fixed tidal volume;
during this time 5-ml blood samples
were withdrawn (in increments up to
a total of 30 ml) and then retrans-
fused. Measurements and results: At
each step, systolic (SBP), diastolic
(DBP), pulse (PP) pressures and
maximum descending aortic blood
flow (V) were recorded. Respiratory
changes of V (DV), SBP (DSBP) and
PP (DPP) were calculated as the
difference of maximal and minimal
values divided by their respective
means and expressed as a percentage.
The amount of blood withdrawn

correlated negatively with SBP, DBP,
PP and V and positively with DSBP,
DPP and DV. Among these parame-
ters, DV correlated best with the
amount of blood withdrawn (r=0.89,
p<0.001) and it was the most accu-
rate index of volume depletion.
Conclusion: Monitoring of the respi-
ratory variation in V, calculated by
esophageal Doppler technique, seems
to be a highly accurate index of blood
volume depletion and restitution.

Keywords Esophageal Doppler ·
Hypovolemia · Stroke volume
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Introduction

The diagnosis of inadequate cardiac preload in critically
ill patients is difficult to establish at the bedside. Re-
cently, in rabbits receiving mechanical ventilation, the
magnitude of stroke volume variation over a respiratory
cycle has been shown to detect accurately hypovolemia
and preload responsiveness [1]. As a surrogate of stroke
volume variation, respiratory variations of arterial systolic
pressure [2, 3, 4, 5], arterial pulse pressure [6] and aortic

Doppler velocity (using transesophageal echocardiogra-
phy) [7] have been demonstrated to predict fluid respon-
siveness in patients with acute circulatory failure. How-
ever, the analysis of arterial pressure variation requires an
intra-arterial catheter and transesophageal echocardiogra-
phy cannot be used as a reliable diagnostic technique
for long-term hemodynamic monitoring. The esophageal
Doppler is a non-invasive technique that has been pro-
posed to monitor descending aortic blood flow in criti-
cally patients and in patients undergoing surgery [8]. To
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our knowledge no animal or clinical study has studied
whether monitoring of respiratory variations may be used
to detect and to follow volume static changes and re-
sponsiveness.

This study was therefore designed to examine the
effects of provoked hemorrhage and blood restitution on
respiratory variation of the descending aortic flow veloc-
ity measured by esophageal Doppler in rabbits receiving
mechanical ventilation.

Methods

Animals

Ten New Zealand female rabbits (Charles River Laboratories,
01400 Romans, France), weighing 4–4.5 kg, were used in this
study. They were housed in separate cages under controlled
ambient conditions (21€1�C; 12:12 h light-dark cycle) for at least
1 week prior to study and then received a standard rabbit chow diet
with tap water ad libitum. Initial anesthesia consisted of intrave-
nous midazolam (1 mg/kg) and ketamine (0.75 mg/kg) infused into
an ear vein through a catheter. Adequate anesthesia was confirmed
by the absence of eyelid reflex, changes in heart rate and arterial
pressure, or movement after a tail-clamp application. Tracheostomy
was performed, the endotracheal tube was connected to a ventilator
and pancuronium bromide (8 mg) was injected. A continuous
infusion of midazolam (1 mg/kg per h) maintained anesthesia, 0.9%
NaCl (6 ml/kg per h) and intermittent injections of pancuronium
were administered throughout the study. Mechanical ventilation
was initiated and the tidal volume (VT) was adjusted to obtain a
peak respiratory pressure of 20 cmH2O (which was actually almost
the same in all rabbits). The ventilation rate and FIO2 were fixed at
40 cycles/min and 21% respectively, and further changes in settings
were not permitted during the entire protocol. A catheter (P-50)
filled with normal saline was inserted into the right femoral artery
to record arterial pressure. Animal care conformed to the Helsinki
Declaration and the study was conducted according to the regula-
tions of the French Ministry of Agriculture.

Experimental protocol

Mild hypovolemia was induced by a stepwise cumulative with-
drawal of 5, 10, 15, 20, 25 and 30 ml of blood from the catheter.
Blood was withdrawn into a sterile heparinized (5000 �/l) blood
bag and maintained at 37�C by a heated blanket. The time interval
between the steps was 10 min. Then all the withdrawn blood was
re-injected 10 min after the last bleeding step.

Echocardiographic measurements

A commercially available echocardiograph (Hewlett Packard Sonos
5500, Les Ullis, France) with a 12 MHz pediatric transthoracic
transducer was used to measure cardiac output at baseline, at the
last withdrawal step and after blood restitution. All measurements
were made online using a Sonos 5500 software system. From the
parasternal long-axis view, the aortic diameter (D) was measured at
the level of the annulus at end-expiration. From the apical five-
chamber view, pulsed Doppler aortic flow was recorded at the level
of the annulus and the aortic velocity time integral (VTIao) was
measured. Stroke volume and cardiac output were determined as
follows:

Stroke volume = aortic velocity time integral x P D2/4
Cardiac output = stroke volume x heart rate.

Esophageal Doppler examination

Commercially available Doppler equipment (Dynemo 3000, Arrow,
Paris, France) with a 10 MHz pediatric transesophageal probe was
used for all studies. This technique has been described extensively
elsewhere [9]. In brief, this device uses a pulsed Doppler and allows
the recording of blood flow instantaneous velocities at the level of
the descending aorta. The probe was introduced into the rabbit
esophagus in supine position. The position of the probe was
adjusted to obtain the highest aortic blood velocity, the best
Doppler and echo signals.

Measurements of blood pressure and Doppler indices

At each step, blood pressure, respiratory movements, airways
pressure and esophageal Doppler signals were measured for 7 s and
simultaneously recorded through a Hewlett Packard monitor and
the Doppler device on a floppy disk. The signal was converted into
numbers and transferred to an Excel program. Averaged systolic
(SBP), diastolic (DBP) and pulse (PP) pressures (systolic minus
diastolic blood pressure) and averaged maximum velocity of the
aortic flow (V) were obtained from the 7-s recording. Over a
respiratory cycle we measured maximum and minimum systolic
(SBPmax and SBPmin), pulse (PPmax and PPmin) pressure and the
maximal and minimal velocity of the descending aorta flow (Vmax,
Vmin) (Fig. 1). These measurements were performed over three
consecutive respiratory cycles and averaged. Relative variation of
systolic (DSBP) and pulse pressure (DPP), and of the velocity of
descending aorta blood flow (DV) were calculated as follows:

DSBP (%) = (SBPmax-SBPmin)/[(SBPmax + SBPmin)/2] x 100
DPP (%) = (PPmax-PPmin)/[(PPmax + PPmin)/2] x 100
DV (%) = (Vmax-Vmin)/[(Vmax + Vmin)/2] x 100

Fig. 1 Aortic Doppler flow ve-
locity recordings using esopha-
geal Doppler. Left: basal
recording (DV=13%), right:
recording after 30 ml of blood
withdrawn (DV=22%). V maxi-
mal velocity of thoracic aortic
blood flow
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In six rabbits, two sets of V, D and VTIao were recorded in order to
analyze the intra-observer reproducibility.

Statistical analysis

One-way ANOVA for repeated measurements was performed for
statistical analysis. Individual withdrawal curves were studied and
linear regressions between each variable and blood withdrawal
volume were calculated to analyze the accuracy of Doppler- and
blood pressure-derived parameters for assessing blood losses.
Individual coefficients of regression (r) were averaged and indi-
vidual and normalized slopes (divided by the maximal basal value)
were recorded and averaged to determine the sensitivity of each
Doppler- and blood pressure-derived parameter. In an additional
analysis, using all the measurements together (global correlations),
we correlated the amount of blood withdrawn with SBP, DBP, PP,
DV, DPP and DSBP. A p value of less than 5% was considered
statistically significant. All values are presented as means € one
standard error (SEM). The reproducibility of the measurements was
assessed as bias € limits of agreement as described by Bland and
Altman [10].

Results

Doppler- and pressure-derived measurements

The heart rate remained unchanged throughout the pro-
tocol (baseline: 279€14 beats/min; last blood withdrawal
step: 255€14 beats/min). Cardiac output (and stroke
volume) decreased during the hemorrhage period from
0.52€0.1 l/min (2.0€0.1 ml) to 0.34€0.06 l/min (1.4€
0.1 ml) (baseline versus last blood withdrawal p=0.05)
and returned to baseline value 0.55€0.1 l/min (2.0€
0.1 ml). The SBP and DBP (Fig. 2) significantly de-
creased from the baseline to the 30 ml blood withdrawal
step (from 125€3.6 to 100€7 mmHg, p=0.004, and from
87€4 to 63€5 mmHg, p=0.001, respectively). These
pressure measurements returned to control values after
blood restitution. The DPP and DV progressively in-
creased during the hemorrhage period, returning to base-
line values after blood volume restitution (Fig. 3). Sim-
ilarly, DSBP increased from 5.9€0.6% at the baseline to
11.9€1.6% at the last blood withdrawal step (p=0.001)
before returning to baseline values after blood restitution.
After 15 ml of blood withdrawal, which represented 10%
variation of rabbit blood volume, the respiratory variation
of descending aorta blood flow velocity was always equal
to or higher than 19%. In other words, the presence of a
DV of 19% or more means that more than 10% of the
blood volume was lost (with a sensitivity of 100%).

Correlations

Table 1 presents the averaged individual correlation
coefficients between Doppler- and blood pressure-derived
indices of blood volume withdrawn. Concerning global
correlations, the amount of blood withdrawn correlated

directly with DPP and DSBP (r=0.50, p<0.01 and r=0.53,
p<0.01, respectively) and most strongly with DV (%)
(r=0.89, p<0.0001) (Fig. 4). A fair correlation was dem-
onstrated between DV (%) at 30 ml withdrawn and stroke
volume changes after blood restitution (r=0.71, p<0.01).

Slopes

The slopes and normalized slopes of the relationships
between the volume of blood withdrawn and Doppler-
and blood pressure-derived parameters are presented in

Fig. 2 Systolic (SAP), diastolic (DAP) and mean (MAP) arterial
pressures during the experiment. *p<0.05 versus basal value

Fig. 3 Changes in aortic maximal velocity (V) and in respiratory
variations of aortic maximal velocity (DV) and pulse pressure
(DPP). *p<0.05 versus basal value
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Table 1. The DV appeared to be the most sensitive
parameter for detecting blood volume losses.

Reproducibility

When expressed as bias € precision, the reproducibility
of echocardiographic (D =0.00€0.004 cm) and Doppler
(VTIao =0.11€0.66 cm, V =0.00€0.14 m/s) parameters
was excellent.

Discussion

The results of this study demonstrated that DV, obtained
using esophageal Doppler, was an index highly sensitive
to graded hemorrhage in rabbits. The esophageal Doppler
is a non-invasive monitoring technique introduced in
1970, in patients receiving general anesthesia [11]. Using

a small probe with an M-mode echocardiography to
measure aortic diameter and pulsed Doppler to record
descending aorta blood velocity, esophageal Doppler
provides an accurate aortic blood flow measurement [9,
12, 13]. In patients, good correlations were found between
cardiac output measured using esophageal Doppler and
thermodilution [9, 14]. Therefore, esophageal Doppler
appears to be a suitable technique for monitoring the
respiratory variation of aortic blood flow reflecting the
respiratory changes in stroke volume.

The magnitude of respiratory variation of stroke vol-
ume has been demonstrated to be a marker of preload-
dependence and, thus, of hypovolemia and preload fluid
responsiveness [1]. By decreasing the venous return pres-
sure gradient, mechanical insufflation decreases the right
ventricular stroke volume if the right ventricle is sensitive
to changes in preload. In this condition, the subsequent
decrease in left ventricular filling may result in a decrease
in left ventricular stroke volume. Therefore, the magni-
tude of the left ventricular stroke volume res-piratory
changes and, thus, the descending aorta blood flow should
reflect the sensitivity of the heart to changes in preload
induced by mechanical insufflation. Some experimental
[1, 15] and clinical [3, 4, 5, 6, 7, 16] studies have
supported this hypothesis. In a recent experimental study,
the magnitude of the respiratory changes in aortic velocity
time integral (recorded by transthoracic echocardiography
at the level of the aortic annulus), was shown to be highly
sensitive to provoked hemorrhage and blood restitution in
rabbits receiving mechanical ventilation. Moreover, this
dynamic parameter predicted fluid responsiveness more
reliably than static markers of cardiac preload measured
by echocardiography.

The superiority of dynamic parameters over static
ventricular preload parameters in predicting fluid respon-
siveness in critically ill patients has been recently em-
phasized [17]. In this way, Feissel et al. [7], using
transesophageal echocardiography, demonstrated that the
measurement of respiratory variation of aortic blood
velocity (at the level of the aortic annulus) was better than
measurement of left ventricular dimensions for predicting

Table 1 Correlations. Individu-
al coefficients of correlation (r)
and slopes of relationship be-
tween different Doppler param-
eters, blood pressures and blood
withdrawal

Variables Coefficient of correlation (r) Slope Normalized slope (%)

SBP 0.95€0.014 0.89€0.2 (mmHg/ml) 0.83€0.11
DBP 0.91€0.04 0.74€0.14 (mmHg/ml) 0.86€0.16
PP 0.79€0.06 0.17€0.02 (mmHg/ml) 0.46€0.06
V 0.93€0.03 0.9€0.16 (m/s per ml) 0.72€0.08
DSBP(%) 0.75€0.05 0.2€0.06 (%/ml) 5.50€0.10
DPP(%) 0.75€0.07 0.5€0.15 (%/ml) 5.60€2.10
DV(%) 0.96€0.008 0.9€0.09 (%/ml) 6.70€0.80

SBP systolic blood pressure, DBP diastolic blood pressure, PP pulse pressure, V maximum velocity of
aortic blood flow, DSBP(%) relative respiratory variations of systolic blood pressure, DDBP(%)
relative respiratory variations of diastolic blood pressure, DV(%) relative respiratory variations of
maximum velocity of aortic blood flow

Fig. 4 Correlation between blood withdrawal and respiratory
variations of aortic maximal velocity (DV)
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the hemodynamic effects of volume expansion in septic
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the respiratory changes in arterial pulse pressure that have
been shown to reflect the respiratory changes in left
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accurately to predict fluid responsiveness in mechanically
ventilated patients with septic shock. Analysis of the
respiratory changes in arterial systolic pressure has also
been proposed to assess fluid responsiveness in mechan-
ically ventilated patients [2, 4, 5].

The results of the present work are in agreement with
these findings since the magnitude of the respiratory
changes of PP and SBP correlated with the amount of
blood withdrawn, and returned to baseline values after
blood restitution. Interestingly, in comparison with respi-
ratory changes in arterial pressure, the magnitude of DV
appeared as the best index of blood volume losses, as
indicated by DV changes of 6.7% compared with changes
of 5.6% after 1 ml of blood withdrawal (normalized
slope) and a correlation coefficient of 0.96 compared with
0.75. This is probably explained by the fact that aortic
blood velocity and its respiratory changes are physiolog-
ically a more direct reflection of stroke volume and its
respiratory changes than arterial pressure-derived param-
eters and their respiratory changes are.

The purpose of this paper is to test a new index using a
non-invasive monitoring technique. Even if dynamic
indices have previously been described using convention-
al echocardiography, this technique cannot be used for
monitoring. In addition, in this study we tested the
reliability of this technique both in detecting volume
changes and in terms of responsiveness. To our knowl-
edge no study using this technique and this kind of
protocol has previously been reported. Further clinical
studies are required to confirm these findings.

The present study may suffer from some limitations.
First, although measurements of aortic blood velocity and
flow by esophageal Doppler have been well validated in
patients [9, 14], no data are available in small animals.

Second, the animals studied received anesthetic agents
which might have depressed sympathetic activity, as
reflected by the absence of tachycardia during the
progressive hemorrhage. Moreover, we did not modify
sympathetic tone during the experiments, therefore our
data cannot be applied readily to less anesthetized or
awake animals. Heart failure animals were not studied,
which limits our conclusions to normal heart animals.
Because this study was performed using a model of
volume static changes, the results cannot be extrapolated
to any other cause of hypovolemia and further experi-
ments are needed to validate this concept in other
conditions, such as in septic shock for example. Lastly,
an effect of right ventricular afterload changes during
mechanical ventilation may be play a role in the respi-
ratory changes of aortic blood flow velocity [19], even if
this effect seems to be trivial [20].

In conclusion, in this mechanically ventilated rabbit
model, a stepwise blood withdrawal period resulted in
decreases in stroke volume, cardiac output, arterial pres-
sures and velocity of descending aorta blood, recorded
using esophageal Doppler, while the magnitude of the
respiratory changes in descending aorta blood velocity
increased. Each of these variables returned to baseline
values after blood restitution. Among all the parameters
studied, respiratory variation in the descending aorta
blood velocity was found to be the most accurate to
hemorrhage and the best correlated to the amount of
blood withdrawal. Therefore, esophageal Doppler seems
to be a suitable technique for monitoring patients in ICUs,
to detect hypovolemia and for a follow-up during a fluid
challenge.
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