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Mechanical ventilation induces cyclic changes in vena cava
blood flow, pulmonary artery blood flow, and aortic blood
flow. At the bedside, respiratory changes in aortic blood flow
are reflected by “swings” in blood pressure whose magnitude is
highly dependent on volume status. During the past few years,
many studies have demonstrated that arterial pressure varia-
tion is neither an indicator of blood volume nor a marker of
cardiac preload but a predictor of fluid responsiveness. That is,
these studies have demonstrated the value of this physical sign
in answering one of the most common clinical questions, Can
we use fluid to improve hemodynamics?, while static indicators
of cardiac preload (cardiac filling pressures but also cardiac
dimensions) are frequently unable to correctly answer this cru-
cial question. The reliable analysis of respiratory changes in
arterial pressure is possible in most patients undergoing sur-
gery and in critically ill patients who are sedated and mechan-
ically ventilated with conventional tidal volumes.

IN a normal individual who is breathing spontaneously,
blood pressure decreases on inspiration, but the peak
decrease of systolic pressure does not exceed 5 mmHg.
The exaggeration of this phenomenon, called pulsus
paradoxus, was initially reported by Adolf Kussmaul in
constrictive pericarditis and was described as a “pulse
disappearing during inspiration and returning during ex-
piration” despite the continued presence of the cardiac
activity during both respiratory phases.1

A phenomenon that is the reverse of the conventional
pulsus paradoxus has been reported during positive-
pressure ventilation (fig. 1). The inspiratory increase in
arterial blood pressure followed by a decrease on expi-
ration has been called at different times reversed pulsus

paradoxus,2 paradoxical pulsus paradoxus,3 respira-
tor paradox,4 systolic pressure variation (SPV),5 and
pulse pressure variation.6 In 1978, Rick and Burke4

were the first to suggest a link between the volume
status of critically ill patients and the SPV. From 1987,
Perel’s group5,7–11 conducted several animals studies
clarifying the physiologic determinants of the SPV, and
emphasizing the major role of volume status on its mag-
nitude.

The clinical use of this physical sign has remained
marginal. A 1998, German survey12 suggested that only
1% of physicians consider the “swings” in blood pressure
during respiration as part of their decision-making pro-
cess regarding volume expansion.

The past few years have been marked by a controversy
concerning the benefit/risk ratio of pulmonary artery
catheterization.13–16 Moreover, several publications17–19

have emphasized the lack of value of cardiac filling
pressures in answering one of the most common clinical
question: Can we improve cardiac output and hence
hemodynamics by giving fluid?. Interestingly, during the
same period, at least 12 peer-reviewed English-language
studies6,20–30 have demonstrated the usefulness of the
respiratory variation in arterial pressure (or its surro-
gates) in answering this crucial clinical question.

Physiologic Determinants of Respiratory Changes
in Arterial Pressure
Respiratory Changes in Left Ventricular Stroke

Volume Morgan et al. 31 first reported that mechanical
ventilation induces cyclic changes in vena cava blood
flow, pulmonary artery blood flow, and aortic blood flow.
During the inspiratory period, the vena cava blood flow
decreases first, followed by a decrease in pulmonary
artery flow and then in aortic blood flow (fig. 2). The
decrease in vena cava blood flow, i.e., in venous return,
has been related both to an increase in right atrial pres-
sure32,33 (the downstream pressure of venous return)
and to the compression of the vena cava due to the
inspiratory increase in pleural pressure during mechan-
ical ventilation.30,34–36 According to the Frank-Starling
mechanism,37 the inspiratory decrease in right ventricu-
lar preload results in a decrease in right ventricular
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output and pulmonary artery blood flow that finally leads
to a decrease in left ventricular filling and output.

Three other mechanisms may also participate in the
respiratory variation in left ventricular stroke volume
(figs. 3 and 4): (1) Right ventricular afterload increases
during inspiration because the increase in alveolar pres-
sure (the pressure surrounding the pulmonary capillar-
ies) is greater than the increase in pleural pressure (the
pressure surrounding the pulmonary arterial bed). In this
regard, any increase in transpulmonary pressure (the
difference between alveolar and pleural pressure) im-
pedes right ventricular ejection.38–40 (2) Left ventricular
preload increases during inspiration because the in-
crease in alveolar pressure (surrounding the pulmonary
capillaries) is greater than the increase in pleural pres-
sure (surrounding the pulmonary venous bed). Thus, the

blood is squeezed out of the capillaries toward the left
side of the heart.41,42 (3) Left ventricular afterload de-
creases during inspiration because positive pleural pres-
sure increases the systolic extracardiac pressure and
decreases the systolic intracardiac pressure through a
reduction in thoracic blood volume.43–45

In summary, the left ventricular stroke volume in-

Fig. 1. Analytical description of respiratory changes in arterial
pressure during mechanical ventilation. The systolic pressure
and the pulse pressure (systolic minus diastolic pressure) are
maximum (SPmax and PPmax, respectively) during inspiration
and minimum (SPmin and PPmin, respectively) a few heart-
beats later, i.e., during the expiratory period. The systolic pres-
sure variation (SPV) is the difference between SPmax and SP-
min. The assessment of a reference systolic pressure (SPref)
during an end-expiratory pause allows the discrimination be-
tween the inspiratory increase (�up) and the expiratory de-
crease (�down) in systolic pressure. Pa � arterial pressure;
Paw � airway pressure.

Fig. 2. Phasic flow tracings of vena cava blood flow, pulmonary
artery blood flow, and aortic blood flow. Positive-pressure in-
spiration induces successively a decrease in vena cava blood
flow (1), a decrease in pulmonary artery blood flow (2), and a
decrease in aortic blood flow (3). From Morgan et al. 31; used
with permission.

Fig. 3. Physiologic effects of mechanical ventilation in hypovo-
lemic conditions. Right ventricular preload decreases because
the increase in pleural pressure induces a compression of the
superior vena cava (1) and an increase in intramural right atrial
pressure (2), while the transmural right atrial pressure de-
creases. In West zones I (pulmonary arterial pressure < alveolar
pressure) and II (pulmonary venous pressure < alveolar pres-
sure), right ventricular afterload increases because pulmonary
capillaries are compressed (3). In West zones III (alveolar pres-
sure < pulmonary venous pressure), the increase in alveolar
pressure squeezes out the blood contained in the capillaries
toward the left side of the heart (4). The increase in pleural
pressure induces a decrease in left ventricular afterload (5).
LA � left atrium; LV � left ventricle; Palv � alveolar pressure;
Ppl � pleural pressure; RA � right atrium; RV � right ventricle.

Fig. 4. Physiologic effects of mechanical ventilation in hyper-
volemic conditions. The vena cava and right atrium are poorly
compliant and compressible and hence relatively insensitive to
changes in pleural pressure. West zones III (alveolar pressure <
pulmonary venous pressure) are predominant in the lungs
such that each mechanical breath increases pulmonary venous
flow and left ventricular preload (4). The increase in pleural
pressure induces a decrease in left ventricular afterload (5).
LA � left atrium; LV � left ventricle; Palv � alveolar pressure;
Ppl � pleural pressure; RA � right atrium; RV � right ventricle.
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creases during inspiration because left ventricular pre-
load increases while left ventricular afterload decreases.
In contrast, the right ventricular stroke volume de-
creases during inspiration because right ventricular pre-
load decreases while right ventricular afterload in-
creases. Because of the long (approximately 2 s)
pulmonary transit time of blood,46 the inspiratory de-
crease in right ventricular output causes a decrease in
left ventricular filling and output only a few heartbeats
later, i.e., usually during the expiratory period (fig. 1).

Respiratory Changes in Systolic and Pulse Pres-
sures The arterial pulse pressure (the difference be-
tween the systolic and the preceding diastolic pressure)
is directly proportional to stroke volume and inversely
related to arterial compliance.47 Therefore, for a given
arterial compliance, the amplitude of pulse pressure is
directly related to left ventricular stroke volume. In this
regard, the respiratory variation in left ventricular stroke
volume has been shown to be the main determinant of
the respiratory variation in pulse pressure.46 The systolic
pressure is less closely related to stroke volume than the
pulse pressure because it depends not only on stroke
volume48 and arterial compliance but also directly on
diastolic pressure (systolic pressure � diastolic pressure
� pulse pressure). Therefore, the respiratory variation in
systolic pressure depends not only on respiratory varia-
tions in left ventricular stroke volume but also directly
on changes in extramural aortic pressure (i.e., on
changes in pleural pressure).49,50 The systolic pressure
may vary over a single mechanical breath, whereas the
pulse pressure and the left ventricular stroke volume do
not change significantly. This may explain why in some
patients, changes in systolic pressure poorly reflect con-
comitant changes in left ventricular stroke volume.51

Influence of Volume Status on Respiratory
Changes in Systolic and Pulse Pressures In hypovo-
lemic conditions, the respiratory variations in stroke
volume and arterial pressure are of greater magnitude for
at least four reasons (fig. 3). First, the venous system, and
particularly the superior vena cava submitted to the
pleural pressure, is more collapsible in hypovolemic
states. Accordingly, the respiratory variations in vena
cava diameter produced by mechanical ventilation are
reduced by volume loading.30,35,52 Second, the inspira-
tory increase in right atrial pressure (the back-pressure
to venous return) may be greater in hypovolemic condi-
tions because of the higher transmission of pleural pres-
sure inside the right atrium when the right atrium is
underfilled and hence more compliant.53,54 Third, West
zone I (pulmonary arterial pressure � alveolar pressure)
or II (pulmonary venous pressure � alveolar pressure)
conditions55 are more likely encountered in a hypovole-
mic state and hence the effect of inspiration on right
ventricular afterload is also more marked in this context.
Finally, the right and left ventricles are more sensitive to
changes in preload when they operate on the steep (left)

portion of the Frank-Starling curve37 than on the flat
(right) portion of the curve (fig. 5). The lower the ven-
tricular preload is, the more likely the ventricles are
operating on the steep portion of the curve.

Because the four mechanisms described above are
responsible for a decrease in right ventricular output
during inspiration, it has been clearly shown by many
experimental and clinical studies5–7,9–11,20–22,25,28,56–59

that in hypovolemic conditions, the magnitude of the
respiratory variation in arterial pressure is large, and the
main component of this variation is the expiratory de-
crease in left ventricular output that follows (after a few
heartbeats) the inspiratory decrease in right ventricular
output (fig. 3). In contrast, hypervolemia counteracts
these four mechanisms and increases the amount of
blood boosted from the pulmonary capillary bed toward
the left side of the heart during each lung inflation (fig.
4).41 Therefore, in hypervolemic conditions, the magni-
tude of the respiratory variation in arterial pressure is
low, and the main component of this variation becomes
the inspiratory increase in left ventricular output.8–10,56

Analytical Description of Respiratory Changes in
Systolic and Pulse Pressures
The arterial pressure curve is usually displayed on

bedside monitors, and the mere observation of the curve
could be considered an adequate method to assess the
respiratory variation in arterial pressure produced by
mechanical ventilation. However, as illustrated in figure
6, the shape of the curve is highly variable according to
the scale and the speed of the arterial tracing, emphasiz-
ing the need for methods allowing the quantification of
this phenomenon.

The first method that has been proposed to analyze
and quantify the respiratory variation in blood pressure
produced by mechanical ventilation is the calculation of
the difference between the maximum and the minimum
systolic pressure over a single respiratory cycle, the SPV
(fig. 1).4 To discriminate between what is happening

Fig. 5. Schematic representation of the Frank-Starling relation
between ventricular preload (x-axis) and stroke volume (y-
axis). The lower the ventricular preload, the more likely the
ventricle is operating on the steep portion of the curve and
hence a given change in preload (�P) will induce a significant
change in stroke volume (�SV).
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during inspiration and during expiration, Perel et al. 5

proposed to divide the SPV into two components (�up
and �down). These two components are calculated us-
ing a reference systolic pressure, which is the systolic
pressure measured during a short apnea or end-expira-
tory pause of 5–30 s.5,58 Other authors have proposed to
consider the systolic pressure just before the onset of
inspiration56 or during a brief disconnection from the
ventilator.42 The �up is calculated as the difference
between the maximal value of systolic pressure over a
single respiratory cycle and the reference systolic pres-
sure (fig. 1). The �up reflects the inspiratory increase in
systolic pressure, which may result from an increase in
left ventricular stroke volume (i.e., increase in pulse
pressure), an increase in extramural aortic pressure (i.e.,
increase in diastolic pressure), or both. The �down is
calculated as the difference between the reference sys-
tolic pressure and the minimal value of systolic pressure
over a single respiratory cycle (fig. 1). The �down re-
flects the expiratory decrease in left ventricular stroke
volume related to the inspiratory decrease in right ven-
tricular stroke volume.

To more accurately track changes in left ventricular
stroke volume, Michard et al.6 proposed to quantify the
respiratory variation in arterial pulse pressure (�PP) by
calculating the difference between the maximum and min-
imum pulse pressures (PPmax and PPmin, respectively)
over a single mechanical breath, normalized by the mean
of the two values and expressed as a percentage (fig. 1):
�PP (%) � 100 � (PPmax � PPmin)/[(PPmax � PPmin)/2].

More recently, it has also been proposed to quantify
the expiratory decrease in arterial pulse pressure, using
the pulse pressure measured during an end-expiratory
pause as the reference pulse pressure.60 In 17 mechan-
ically ventilated patients, the expiratory component of
�PP was found to be interchangeable with �PP, empha-
sizing the minimal role of the inspiratory increase in left
ventricular stroke volume in the respiratory variation in
stroke volume.

Other techniques have been proposed to assess the
respiratory variation in left ventricular stroke volume
(fig. 7). The pulse contour analysis, based on the com-
putation of the area under the systolic portion of the
arterial pressure curve according to a modified Wesseling
algorithm, allows a beat-to-beat measurement of left ven-
tricular stroke volume and hence the quantification of its
variation over a short period of a few seconds.24–27,29 If this
time frame includes at least one respiratory cycle and does
not exceed a few seconds, the calculated stroke volume
variation reflects quite fairly the respiratory variation in
stroke volume, the main determinant of the blood pres-
sure variation over a time period less than 10 s.61 The
Doppler recording of aortic blood flow has been used to
quantify the respiratory variation in aortic peak velocity
or in velocity time integral at the level of the aortic
annulus or in the descending aorta.23,62–65 The pulse
oximeter plethysmographic waveforms have been com-
pared to the arterial pressure variation, but despite sig-
nificant relations between the two phenomena, discrep-
ancies have been reported, supporting the notion that
pulse oximetry cannot be recommended to accurately
assess the respiratory variation in arterial pressure in
mechanically ventilated patients.66–68

Clinical Usefulness
Assessment of Volume Status and Cardiac Preload

Rick and Burke4 were the first to establish a link be-
tween the magnitude of the arterial pressure variation
and blood volume status of critically ill patients. In a
study published in 1978 in which more than 100 me-
chanically ventilated patients were enrolled, they ob-
served that SPV is frequently greater than 10 mmHg in
the case of hypovolemia (that was defined according to
clinical, radiologic, and pulmonary artery catheter crite-
ria) and, in contrast, that SPV is usually lower than 10
mmHg in normovolemic and hypervolemic conditions
(fig. 8).

Several clinical studies have shown that increasing
blood volume decreases the respiratory variation in ar-

Fig. 6. The same arterial pressure recorded at different scale and
speed. The arterial pressure waveform varies with recording
scale and speed, emphasizing the need for a quantification of
respiratory changes in arterial pressure.

Fig. 7. Techniques available at the bedside to assess the respi-
ratory variation in left ventricular stroke volume induced by
mechanical ventilation. The abdominal aortic blood velocity
variation and the pulse oximeter signal variation have not been
validated to predict fluid responsiveness.
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terial pressure and, conversely, that volume depletion
increases this phenomenon.6,20–22,56 However, it must
be noted that a parameter can be very sensitive to
changes in volume status without being necessarily a
good indicator of circulating blood volume, because this
parameter may be influenced by many other factors. For
example, a decrease in blood volume usually produces a
decrease in central venous pressure and vice versa.
However, a given central venous pressure is a poor
indicator of blood volume69 because it depends not only
on blood volume but also on venous compliance, pleural
pressure, and abdominal pressure.

The SPV has been shown to correlate significantly with
the pulmonary artery occlusion pressure such that the
higher the SPV is, the lower the pulmonary artery occlu-
sion pressure is.70,71 The left ventricular end-diastolic
area assessed by echocardiography is a better indicator
of left ventricular preload than the pulmonary artery
occlusion pressure72 and a parameter very sensitive to
changes in blood volume.73 In the postoperative period
of aortic vascular surgery, Coriat et al.20 observed a
significant relation between the left ventricular end-dia-
stolic area and the magnitude of SPV, whereas in patients
undergoing major surgery (mainly cardiac surgery), Dali-
bon et al.74 did not detect a low left ventricular end-
diastolic area by assessing SPV. More recently, Reuter et
al.75 reported significant but weak (r 2 � 0.34–0.38)
relations between the pulse pressure variation and an-
other volumetric indicator of cardiac preload, the global
end-diastolic volume evaluated by transpulmonary ther-
modilution.76

Other studies have shown that the magnitude of the
respiratory variation in arterial pressure is affected by the

tidal volume,9,77 the chest wall compliance,8,78 or the
level of positive end-expiratory pressure (PEEP),6,79

whereas the total blood volume is not (at least on a short
term basis). Therefore, if the arterial pressure variation
depends on volume status, it also depends on other
parameters such that the magnitude of the arterial pres-
sure variation cannot be used to accurately assess total
blood volume or cardiac preload.

However, in the decision-making process regarding
volume expansion, the real clinical issue is not to know
the total blood volume (the optimal blood volume in a
patient vasodilated by sepsis or anesthetic agents is dif-
ficult to determine), but rather to know whether a fluid
challenge will improve hemodynamics.80–83

Prediction of Hemodynamic Response to Volume
Expansion The expected hemodynamic response to a
fluid challenge is an increase in cardiac preload and,
according to the Frank-Starling mechanism,37 an in-
crease in stroke volume and cardiac output. Predicting
fluid responsiveness may be very useful in obviating the
need for unnecessary fluid loading, and in detecting
patients who may benefit from a volume load. During
the past few years, many clinical studies have empha-
sized the value of the SPV, the pulse pressure variation,
and the echo-Doppler or pulse contour stroke volume
variation in predicting fluid responsiveness. These stud-
ies,6,20–30 summarized in table 1, have also emphasized
the lack of value of static indicators of cardiac preload
(e.g., central venous pressure, pulmonary artery occlu-
sion pressure, left ventricular end-diastolic area) in iden-
tifying patients who may benefit from a volume load. As
mentioned above and in figure 7, other techniques such
as the Doppler recording of aortic blood velocity in the
descending aorta or pulse oximetry have been proposed
to assess respiratory changes in left ventricular stroke
volume but until now have not been evaluated to predict
fluid responsiveness in human beings.

What Is the Best Predictor of Fluid Responsive-
ness? Answering this question is quite difficult because
the clinical studies mentioned above are not comparable
in terms of patient population, fluid regimen, or criteria
used to define a positive response to a fluid challenge
(table 1). Few studies have compared the value of dif-
ferent parameters in the same population and with the
same methodology. Tavernier et al.21 compared SPV to
�down but did not demonstrate any statistically signifi-
cant difference between the predictive value of the two
parameters. Using receiver operating curve analysis, Mi-
chard et al.22 demonstrated a slight but significant supe-
riority of �PP over SPV in identifying responders and
nonresponders to a volume load. Their findings have
recently been confirmed in postoperative cardiac sur-
gery patients.28 SPV, �down, and �PP were significantly
correlated with the percent increase in stroke volume as
a result of fluid infusion, but the best correlation was
observed with �PP (table 1). From a physiologic point of

Fig. 8. Systolic pressure variation (SPV) in hypovolemic, nor-
movolemic, and hypervolemic patients. The y-axis represents
the percentage of patients who had an SPV less than 10 mmHg
(black bar) or greater than 10 mmHg (gray bar). This is the first
study showing a link between SPV and the volemic status of
critically ill patients. SPV is frequently greater than 10 mmHg in
hypovolemic patients but remains below this threshold value in
almost 30% of cases. CVP � central venous pressure; PAOP �
pulmonary artery occlusion pressure. Adapted from Rick and
Burke4; used with permission.
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view, it should be better to characterize respiratory vari-
ations in left ventricular stroke volume than surrogates
such as SPV or �PP, but such a comparison has not yet
been published. The analysis of the arterial blood pres-
sure curve may remain the simplest way to predict fluid
responsiveness because most patients with acute circu-
latory failure are instrumented with an arterial line, al-
lowing the automatic calculation of the arterial pressure
variation by bedside monitors in the near future.

Prediction of Hemodynamic Response to Positive
End-expiratory Pressure In ventilated patients with
acute lung injury, PEEP is frequently used for the alveolar
recruitment of poorly aerated lung areas to improve
arterial oxygenation. However, PEEP may decrease car-
diac output and thus offset the expected benefits in
terms of oxygen delivery. The adverse hemodynamic
effects of PEEP are not easily predictable in clinical
practice, although they were shown to be more likely to
occur in patients with low left ventricular filling pres-
sure.84 The deleterious hemodynamic effects of PEEP are
mediated by an increase in pleural pressure (reducing
right ventricular filling) and an increase in transpulmo-
nary pressure (increasing right ventricular afterload). As
mentioned above, these are two major determinants of
the respiratory variation in stroke volume and arterial
pressure (fig. 3). In this regard, the hemodynamic effects
of PEEP are reflected in the arterial pressure waveform:
when cardiac output decreases with PEEP, the arterial
pressure variation increases; if PEEP does not affect car-
diac output, the arterial pressure variation is similarly
unaffected by PEEP.6,79 In the absence of cardiac output
measurement during mechanical ventilation with PEEP,
the analysis of the arterial pressure waveform may be

useful in assessing changes in cardiac output. Moreover,
the magnitude of arterial pressure variation before the
application of PEEP has been shown to be proportional
to the decrease in cardiac output observed when PEEP is
applied.6 That is, the arterial pressure waveform analysis
is also useful to predict, and hence to prevent, the
deleterious hemodynamic effects of PEEP in mechani-
cally ventilated patients.

Limitations
Technical Factors Because in clinical practice the

arterial pressure curve is obtained from fluid filled cath-
eters, several factors (air bubbles, kinks, clot formation,
compliant tubing, excessive tubing length) may affect
the dynamic response of the monitoring system.85 The
dynamic response of the monitoring system can be as-
sessed by the fast-flush test, performed by briefly open-
ing and closing the valve in the continuous flush device,
producing a square wave displacement on the monitor
followed by a return to baseline, usually after a few
smaller oscillations. An optimal fast-flush test results in
one undershoot followed by a small overshoot and then
settles to the patient’s waveform.85 The site of arterial
pressure monitoring can also impact the observed pres-
sures, with significant differences between central (e.g.,
femoral) and peripheral (e.g., radial) systolic and pulse
pressures. The pulse amplification from the aortic root
to the peripheral circulation is a well-known phenome-
non characterized in healthy subjects by a significant
increase in systolic pressure associated with a slight
decrease in diastolic pressure.86 However, lower systolic
pressures have been reported in peripheral arteries (as
compared with central arteries) in septic patients87 and

Table 1. Clinical Studies Investigating the Value of Arterial Pressure Variation (or Its Surrogates) in Predicting Fluid
Responsiveness

Study Patients Fluid Volume VT, ml/kg

Parameters
Tested
(Artery)

Regression
Analysis r2

Definition of
Responders

Best Cutoff
Value Se. Sp. PPV NPV

Coriat et al.20 Post aortic surgery 5% Alb. 500 ml 10–15 �down (R) �down/�CO 0.34

Tavernier et al.21 Sepsis HES 500 ml 8–11 �down (R) �down/�SV 0.58 �SV � 15% 5 mmHg 95 93

Michard et al.6 ALI/sepsis HES 500 ml 7–12 �PP (R or F) �PP/�CO 0.94

Michard et al.22 Sepsis HES 500 ml 8–12 �PP (R or F) �PP/�CO 0.85 �CO � 15% 13% 94 96 94 96

SPV SPV/�CO 0.69

Feissel et al.23 Sepsis HES 8 ml/kg 8–10 �Vpeak �Vpeak/�SV 0.83 �CO � 15% 12% 100 89 91 100

Berkenstadt et al.24 Neurosurgery HES 100 ml 10 pcSVV (F) pcSVV/�SV 0.52 �SV � 5% 9.5% 79 93

Reuter et al.25 Post cardiac surgery Gelatin 20 � BMI pcSVV (F) pcSVV/�SV 0.45

Reuter et al.26 Post cardiac surgery Gelatin 20 � BMI 13–15 pcSVV (F) pcSVV/�C 0.55

Reuter et al.27 Post cardiac surgery HES 10 � BMI 10 pcSVV (F) pcSVV/�SV 0.55

Bendjelid et al.28 Post cardiac surgery 9‰ NaCl � 500 ml 5–10 �PP (R) �PP/�SV 0.83

SPV SPV/�SV 0.52

�down �down/�SV 0.68

Marx et al.29 Sepsis HES 500 ml 6–8 pcSVV (F) pcSVV/�C 0.41

Vieillard-Baron et al.30 Sepsis HES 10 ml/kg 8 � 2 �PP (R) �CO � 11% 12% 90 87

Alb. � albumin; ALI � acute lung injury; BMI � body mass index; �CO � volume loading–induced increase in cardiac output; �down � expiratory decrease in systolic
pressure; F � femoral; HES � hydroxyethyl starch; NPV � negative predictive value; pcSVV � pulse contour stroke volume variation; �PP � pulse pressure variation;
PPV � positive predictive value; R � radial; r 2 � correlation coefficient of the linear regression analysis presented in the previous column; Se. � sensitivity; Sp. � specificity;
SPV � systolic pressure variation; �SV � volume loading–induced increase in stroke volume; VT � tidal volume.
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after cardiopulmonary bypass.88 Both radial and femoral
cannulations have been used to assess the respiratory
variation in arterial pressure during mechanical ventila-
tion (table 1). Whether the magnitude of the variation—
expressed either as mmHg or as a percentage of varia-
tion—is the same at both sites remains to be determined.

Atherosclerosis As mentioned previously, systolic
and pulse pressures depend not only on stroke volume
but also directly on arterial compliance.47 Therefore, for
a given change in left ventricular stroke volume, SPV and
�PP may vary from one patient to another according to
the arterial compliance. To this extent, large changes in
arterial pressure may be observed despite small changes
in left ventricular stroke volume if arterial compliance is
low (e.g., elderly patients with peripheral vascular dis-
ease). Similarly, small changes in arterial pressure could
be observed despite large changes in left ventricular
stroke volume if arterial compliance is high (e.g., young
patients without vascular disease).

Cardiac Rhythm Both heart rate and heart rate vari-
ability may affect the magnitude of the respiratory vari-
ation in arterial pressure: A decrease in heart rate59,89 or
an increase in heart rate variability62 may decrease the
respiratory variation in arterial pressure. It must be
noted that the high value of the respiratory variation in
arterial pressure as a predictor of fluid responsiveness
has been demonstrated mainly in septic patients (table
1), i.e., in patients who are usually tachycardic and char-
acterized by decreased heart rate variability.90

In patients with cardiac arrhythmias, the beat-to-beat
variation in stroke volume and hence in blood pressure
may no longer reflect the effects of mechanical ventila-
tion. This is particularly true in patients with atrial fibril-
lation or frequent extrasystoles. In patients with few
extrasystoles, the arterial pressure curve can still be
analyzed if the cardiac rhythm is regular during at least
one respiratory cycle. However, significant cardiac ec-
topy rules out the continuous and automatic monitoring
of this phenomenon.

Small Variations in Pleural and Transpulmonary
Pressures If changes in pleural and transpulmonary
pressure are small over a single respiratory cycle, inspi-
ration does not induce any significant change in vena
caval, pulmonary arterial and aortic flows, even during
hypovolemic conditions. Small variations in pleural and
transpulmonary pressures may be observed in patients
with spontaneous breathing activity, in patients mechan-
ically ventilated with small tidal volumes91 (e.g., 6 ml/
kg), or in patients with increased chest compliance. In
this context, caution should be exercised before con-
cluding that a patient will not respond to a fluid chal-
lenge because no variation in blood pressure is observed.
It has been clearly shown that increasing tidal volume9,77

or reducing chest compliance8,78 causes increases in
stroke volume and blood pressure variations. The possi-
ble influence of tidal volume and chest compliance on

the hemodynamic response to a volume load is less
clear. By increasing the mean pleural pressure, any in-
crease in tidal volume should impede the venous return,
and hence induce a leftward shift on the Frank-Starling
curve. Therefore, a patient operating on the flat part of
the Frank-Starling curve (and insensitive to changes in
preload, i.e., to fluid administration) when ventilated
with a small tidal volume may theoretically operate on
the steep portion of the curve (leftward shift) and hence
become fluid responsive when ventilated with a large
tidal volume. In this regard, it has been suggested that
the hemodynamic effects of volume expansion also de-
pend on tidal volume, which should minimize the influ-
ence of tidal volume on the value of arterial pressure
variation as a predictor of fluid responsiveness.92 A sim-
ilar reasoning could be applied to changes in chest wall
compliance because it has recently been shown that
opening the chest (sternotomy) not only decreases
stroke volume variation but also increases cardiac pre-
load and thus, by inducing a rightward shift on the
Frank-Starling curve, probably decreases the sensitivity
of the heart to a fluid challenge.75

Concerns have also been raised regarding the possible
influence of lung compliance on the arterial pressure
variation.93 Lung compliance influences the transmission
of alveolar pressure to the pleural space, and it has been
shown that the percentage of transmission is roughly
equal to static compliance of the respiratory system
(Cst,rs).

94,95 For a given tidal volume of 500 ml, an airway
plateau pressure of 10 cm H2O, and no PEEP, Cst,rs can
be calculated as 500/10 � 50 ml/cm H2O. Assuming that
in this context the percentage of transmission of alveolar
pressure to the pleural space is around 50%, changes in
pleural pressure should approximate 10 � 50% � 5 cm
H2O. If lung compliance is reduced such that Cst,rs is
now 25 ml/cm H2O, the airway plateau pressure will go
up to 20 cm H2O, the percentage of transmission will go
down to 25%, and changes in pleural pressure should
remain of the same magnitude: 20 � 25% � 5 cm H2O.
Therefore, changes in lung compliance will not neces-
sarily affect changes in pleural pressure. Only a decrease
in tidal volume associated with a decrease in lung com-
pliance (e.g., to limit the airway plateau pressure and the
risk of ventilator-induced lung injury) may affect the
magnitude of the respiratory variation in pleural pres-
sure. It must be noted that most of these considerations
remain theoretical, and studies are needed to clarify the
influence of tidal volume and compliance of the respira-
tory system not only on the magnitude of arterial pres-
sure variation but also on the hemodynamic response to
a volume load.

Effects of Anesthesia The respiratory variation in
stroke volume and arterial pressure has been validated as
a predictor of fluid responsiveness only in mechanically
ventilated and deeply sedated patients. This may limit
the clinical usefulness of arterial pressure variation in
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intensive care units, but not in the operating room, by
far the largest field of application of this clinical tool.
Predicting fluid responsiveness is useful in patients with
acute circulatory failure in whom we believe that in-
creasing cardiac output could be beneficial. Most pa-
tients with acute circulatory failure are sedated and me-
chanically ventilated. There is currently a trend toward
using lower levels of sedation96 or partial ventilatory
support97 (e.g., airway pressure release ventilation), but
the correct assessment of respiratory mechanics (e.g.,
the measurement of airway plateau pressure or total
PEEP) still requires respiratory and abdominal muscle
relaxation, at least transiently.98 In this regard, Morelot-
Panzini et al. 60 recently proposed to combine the anal-
ysis of the arterial pressure waveform with the assess-
ment of respiratory mechanics. This approach should
extend the clinical usefulness of the respiratory variation
in arterial pressure to most mechanically ventilated pa-
tients.

Right Ventricular Failure As mentioned above and
illustrated in figure 3, one determinant of the respiratory
variation in arterial pressure is the cyclic variation in
right ventricular output impedance induced by the in-
spiratory increase in transpulmonary pressure. In acute
cor pulmonale, this afterload effect may be a major
determinant of the respiratory variation in pulmonary
artery and hence aortic blood flows.40,99 In this context,
large swings in blood pressure have been reported in
patients unresponsive to fluid administration.30,99

Left Ventricular Failure In the case of congestive
heart failure, the main determinant of the respiratory
variation in arterial pressure becomes the inspiratory
increase in left ventricular stroke volume8 (i.e., the �up
component of SPV). In this context, West zones III are
predominant such that each mechanical breath increases
pulmonary venous flow and left ventricular preload (fig.
4).41,42 A failing ventricle is much more sensitive to
changes in afterload than a normal ventricle.37 The in-
spiratory reduction in left ventricular afterload has a
more marked effect on left ventricular output than in the
case of preserved contractility. However, it must be
noted that the overall arterial pressure variation is not
increased but reduced because the expiratory decrease
in left ventricular stroke volume (i.e., the �down com-
ponent of SPV) becomes virtual.8 In hypervolemic con-
ditions, the vena cava and right atrium are poorly com-
pliant and compressible and hence relatively insensitive
to changes in pleural pressure. Because West zones III
are predominant in the lungs, right ventricular afterload
increases only very slightly during inspiration. Finally,
because the Frank-Starling curve of a failing ventricle is
flat37 (fig. 5), any change in left ventricular preload
induced by a mechanical breath is not able to produce a
significant change in stroke volume. In summary, in
congestive heart failure, a large respiratory variation in

arterial pressure is unlikely. However, in hypovolemic
patients with impaired left ventricular function, the re-
spiratory variation in arterial pressure may be significant
and, importantly, is still of value to predict fluid respon-
siveness. Reuter et al. 27 reported the same close relation
between the magnitude of the pulse contour stroke
volume variation and the increase in stroke volume as a
result of fluid infusion in patients with reduced cardiac
function (left ventricular ejection fraction � 35%) and in
patients with preserved cardiac function (left ventricular
ejection fraction � 50%).

Conclusion

The respiratory variation in arterial pressure induced
by mechanical ventilation, initially described as a “re-
versed pulsus paradoxus,”2 has recently been revisited in
several clinical studies demonstrating that this physical
sign is neither an indicator of blood volume nor an
accurate indicator of cardiac preload but a predictor of
fluid responsiveness. These studies have demonstrated
the value of this sign in answering one of the most
common clinical questions, Can we use fluid to improve
hemodynamics?, while static indicators of cardiac pre-
load (cardiac filling pressures but also cardiac dimen-
sions) are frequently unable to correctly answer this
crucial question. The reliable analysis of the respiratory
variation in arterial pressure is possible in most patients
undergoing surgery and in critically ill patients who are
sedated and mechanically ventilated with convention-
al100 tidal volumes (fig. 9). Whether a goal-directed ther-
apy taking into account the assessment of the respiratory
variation in arterial pressure may improve the outcome
of mechanically ventilated patients with shock remains
an exciting but unsettled question.

Fig. 9. How to assess the respiratory variation in arterial pres-
sure in clinical practice. CO � cardiac output; �PP � arterial
pulse pressure variation; PEEP � positive end-expiratory pres-
sure; SV � stroke volume; SvO2 � mixed venous oxygen satura-
tion; VT � tidal volume.
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428 FRÉDÉRIC MICHARD

Anesthesiology, V 103, No 2, Aug 2005

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/103/2/419/358613/0000542-200508000-00026.pdf by guest on 19 April 2024


