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This special issue is dedicated to hemodynamic monitoring.
Papers include didactic papers and original clinical studies
which originate from 6 countries in 3 continents (USA,
Sweden, England, France, Portugal, and Australia). This
reflects the worldwide interest of ICU physicians for this type
of monitoring. This renewed interest for the hemodynamic
monitoring is presumably due to the emergence of new tech-
nologies and concepts which can easily be implemented on
clinical grounds by the intensivist to better guide acute ther-
apy in shocked patients. New concepts, because functional
hemodynamic monitoring and preload responsiveness,
rather than the traditional preload assessment, are widely
proposed as an attractive alternative to the conventional
static approach of hemodynamic assessment. New technolo-
gies, because minimally or noninvasive techniques, such as,
echocardiography, have yet gained wide acceptance and pro-
vide unparalleled information when compared to conven-
tional invasive monitoring techniques (right-heart catheteri-
zation). For instance, critical care echocardiography has been
defined as an echocardiography performed by intensivists
themselves at the bedside to evaluate hemodynamics [1, 2].

This special issue emphasizes the recent conceptual
evolution of hemodynamic monitoring in the ICU setting.
Historically, hemodynamic monitoring was based on a quan-
titative approach which relied on static parameters obtained
by invasive methods, whereas the modern approach is rather
functional and based on dynamic indices derived from
heart-lung interactions, especially in mechanically ventilated

patients. Accordingly, this special issue may help the reader to
understand step by step this in-depth conceptual evolution.

A. Napoli reviewed most of these concepts. In their con-
tribution, S. Huang and A. Mclean focused on a practical
approach of hemodynamic monitoring based on transtho-
racic echocardiography, while M. Chew proposed a larger
routine use of echocardiography. P. Squara and C. Waldmann
suggested that the development of new monitors allowing to
less invasively measure cardiac output should be integrated
in clinical practice to obtain an exhaustive, real-time, hemo-
dynamic assessment which they coined “intelligent hemo-
dynamic monitoring”. How to guide fluid resuscitation is
also debated, either when using ScVO2 as suggested by S.
Nebout and R. Pirracchio, or by testing the circulatory sys-
tem to identify fluid responsiveness. L. Levitov and P. Marik
reviewed the echocardiographic assessment of fluid respon-
siveness, using either the transthoracic or the transesopha-
geal route. S. Préau et al. proposed to use pulse pressure
variations and respiratory changes of peak velocity of
Doppler arterial flow to identify potential fluid responders in
spontaneously breathing patients during a standardized deep
inspiration effort. F. Pissarra et al. reviewed the clinical value
of transesophageal echocardiography in the operating room
to optimize hemodynamics. R. Maharaj reviewed the clinical
interest of extravascular lung water assessment in patients
with acute lung injury.

Overall, the current special issue on hemodynamic mon-
itoring emphasizes its clinical utility and describes currently
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available tools, while discussing the evolving concepts which
mainly rely on the use of combined parameters to predict
fluid responsiveness and on the assessment of both the effi-
cacy and tolerance of blood volume expansion to guide fluid
therapy and ultimately patient’s acute care.

Antoine Vieillard-Baron
Anthony McLean

Paul Mayo
Philippe Vignon
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A pilot study aimed to introduce intraoperative monitoring of liver surgery using transoesophageal echocardiography (TEE) is
described. A set of TEE measurements was established as a protocol, consisting of left atrial (LA) dimension at the aortic valve
plane; mitral velocity flow integral, calculation of stroke volume and cardiac output (CO); mitral annular plane systolic excursion;
finally, right atrial area. A total of 165 measurements (on 21 patients) were performed, 31 occurring during hypotension. The con-
clusions reached were during acute blood loss LA dimension changed earlier than CVP, and, in one patient, a dynamic left ventricu-
lar (LV) obstruction was observed; in 3 patients a transient LV systolic dysfunction was documented. The comparison between 39
CO paired measurements obtained by TEE and PiCCO2 revealed a statistically significant correlation (P < 0.001, r = 0.83). In this
pilot study TEE successfully answered the questions raised by the anesthesiologists. Larger cohort studies are needed to address
this issue.

1. Introduction

In major surgery haemodynamic complications are likely to
occur; hence for this reason monitoring is necessary to trace
physiological parameters. There are several commercially
available monitoring systems, but transoesophageal echocar-
diography (TOE) was not as extensively studied in noncar-
diac [1] as it was in cardiac surgery [2–5]. Due to its unique
ability for cardiac imaging, assessing left ventricular (LV)
function and right heart chambers dimensions, it is consid-
ered promising [5].

The questions faced by anaesthesiologists in noncardiac
surgery are quite different from those in cardiac surgery,
where valvular diseases, prosthesis placement and compli-
cations are the most relevant. Questions on LV function or
acute change in volume status and hypotension are more
concerning in noncardiac surgery. Good candidates for such
monitoring are patients submitted to major surgery, espe-
cially those undergoing liver surgery or even transplantation
[6–8]. During this type of surgery, haemodynamic instability
can occur during liver manipulation or due to associated
blood loss.

In our centre, the usual means for monitoring include the
continuous monitoring of the central venous pressure (CVP)
and, in selected cases, the continuous monitoring of cardiac
output (CO) through the use of the PiCCO system. Pulmo-
nary artery catheters, used more often in the past, are now
seldom used. As resident anaesthesiologists felt an increasing
need for a more accurate monitoring, a pilot study aimed to
introduce intraoperative monitoring of liver surgery using
TOE was performed. This study was aimed to evaluate the
place of TOE for liver surgery monitoring and to compare
efficiency of TOE measurements with PVC and PiCCO to
diagnose hemodynamic instability causes. A set of TOE
measurements was established as a protocol, after previous
discussion with the anaesthesiology staff about the required
information. A comparison between the information derived
from the monitoring devices used was also performed.

2. Material and Methods

2.1. Patients. This was a 1-year prospective study, which in-
cluded patients submitted to liver surgery and enrolled with-
out previous selection, although limited to the availability of
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the anesthesiologists (FP and AO), intensive care specialist
with expertise in the area (PM), and echocardiography
equipment. This pilot study was open with the anaesthesiol-
ogists being aware of TOE information. All data was digitally
recorded for later visualisation, if deemed necessary.

Patients were characterized by age, gender, and body sur-
face area. Main diagnoses (for surgical purposes) and comor-
bidities were also collected. The main demographic and
clinical characteristics of the enrolled patients are presented
in Table 1.

The study protocol was reviewed by the local Ethics
Board, and an informed statement was obtained previous to
surgery.

2.2. Methods. During liver surgery, hypotension and liver
manipulation (reported by the surgeons) were the most re-
garded situations. Hypotension was considered when mean
arterial blood pressure was 60 mmHg or lower, and data was
thoroughly analysed. Blood loss was considered either by the
reports from the surgeons or by a decrease in haemoglobin
levels of more than 2 gr/dL. Other possible aetiologies were
evaluated according to the available monitoring devices.

Patients were anaesthetised using a general balanced an-
aesthesia, having been intubated after anaesthesia induction.

CVP monitoring was performed continuously using a
central venous line connected to a Philips M4 monitor, where
the arterial pressure and heart rate were also registered. The
arterial pressure was monitored invasively using an arterial
catheter inserted into a radial or femoral artery. The invasive
CO, when used, was determined using a PiCCO 2 system, for
which a central venous line and a femoral arterial line were
inserted and then calibrated according to the manufacturer’s
instructions.

2.3. Echocardiography. The TOE monitoring was performed
using a Siemens ACCUSON X300 and a General Electric
LOGIC P6, both equipped with a multiplane transoesophag-
eal probe.

Before the study started, a consensus was established with
the anaesthesiologists to determine the information needed
for monitoring. The information considered necessary was
previous surgery knowledge of the heart anatomy and func-
tion; CO; left ventricular (LV) performance; data on volume
status; right heart chamber evaluation. Special concern was
addressed to the TOE parameters; they needed to be easily
obtained, not time consuming, in order to permit quick ther-
apeutic decisions. It was also established that intragastric
views should not be used so as to avoid interference with the
surgical field. The choice of invasive monitoring was carried
out by the anaesthesiologist’s judgement and independent of
study purposes.

After anaesthesia induction, a transoesophageal probe
was inserted and the first images obtained. A global exam-
ination was first performed and global and segmental wall
motion abnormalities were evaluated, as well as valvular re-
gurgitations. The following sets of measurements were cho-
sen in order to obtain the information previously required by
the anaesthesiologists. The CO was obtained through the

Table 1: Demographic and clinical characterization of studied
patients (n = 21).

Age (years, mean, and sd) 54.1 ± 17.6

Male (n) 12

Body surface area (m2, mean and sd) 1.73 ± 0.17

Liver resection due to metastatic disease (n) 14

Liver resection due to other diseases (n) 4

Liver transplant (n) 3

Past history:

Coronary artery disease 1

Hypertension 2

Diabetes mellitus 2

Other 1

mitral velocity time integral (VTI), measured as follows. First
the left ventricular influx by evaluation of the mitral E/A
ratio in the 4-chamber view was analysed. Secondly, left ven-
tricular CO was assessed by measuring the mitral VTI, calcu-
lating the stroke volume index (SVI) and multiplying it by
heart rate (Figure 1). Necessary information with regards to
the width of the mitral valve orifice was measured in the same
view (Figure 2). The LV function was assessed through the
external mitral annulus systolic excursion (MAPSE, consid-
ered the most feasible parameter compared to ejection frac-
tion and other volumetric parameters) obtained in the same
4-chamber view. At the aortic valve plane, during diastole
when the three aortic cuspids were visible, visible left atrium
(LA) area and dimension, obtained from the LA first echo to
aortic valve (Figure 3), were determined. Lastly, the assess-
ment of right heart chambers was performed; the probe was
repositioned for the assessment of the right atrium and ven-
tricle. The measurement of the right atrial area was empha-
sized (Figure 4). All TOE measurements were performed at
end-expiration, and other changes detected during TOE were
registered. TOE evaluation was performed routinely every
15 minutes of surgery or whenever considered necessary if
hypotension, blood loss, or liver manipulation were report-
ed.

An LV systolic dysfunction was considered whenever
MAPSE was <15 mm, and CO <2,4 L/m2. LA and RA dimen-
sions were considered the TOE surrogates for volume status
and preload determination and regarded as changes from the
previous measurements.

2.4. Statistical Analysis. All variables are presented as mean
and standard deviations. To compare continuous variables,
parametric and nonparametric statistical tests were used, cal-
culating the correlation index (r) and P value, which were
considered significant if <0.05. The statistical program used
was an SPSS for Windows, version 18.0 (SPSS Inc, Chica-
go, Illinois). Comparisons were made between data from
TOE and usual monitored parameters. The parameters com-
pared were CO analysis by PiCCO and TOE whenever availa-
ble and preload assessment comparing CVP with LA and RA
measurements, as well as its changes during acute phenom-
ena.
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Figure 1: Determination of the mitral VTI.

Figure 2: Determination of the mitral annulus diameter.

3. Results

Overall, 165 TEE dataset measurements were performed, and
in 5 patients a PiCCO2 system was present. Overall, 31 reg-
istries were performed during hypotension. Of these, 16 (5
patients) were due to hemorrhage, 9 (5 patients) without ob-
vious cause, and 6 (4 patients) due to liver manipulation.

In the haemorrhage evaluation the LA and RA dimen-
sions decreased in all patients, as well as CVP, but it occurred
simultaneously in only two occasions. In the remaining
measurements (n = 29), TOE modifications preceded CVP
changes by 10 to 15 minutes. In Table 2, and in Figure 5, a
graphic representing a registry during an acute blood loss
and changes in CVP and visible LA area and dimension is
presented. It was also observed that the LA dimension
decreased almost uniformly by nearly 20% (19.8% ± 0.9).
The comparative data of the parameters previous to haemor-
rhage and during haemorrhage is presented.

There were 6 cases of liver manipulation. In two episodes
hypotension occurred without changes in CVP. Interestingly,
LA and RA dimensions decreased during liver manipulation,
but CVP and CO remained unchanged. The comparative
data obtained previous to and during liver manipulation are
presented in Table 3.

In 9 cases (5 patients), a hypotensive episode was docu-
mented without blood loss. Within this group, in two cases a
typical change in volume status was detected by TOE, but
not by CVP; in one case, a decreased volume status was

Figure 3: Determination of visible LA area and dimension (distance
from the first echo from LA to aortic valve) in the aortic plane.

Figure 4: Determination of the right atrial area.

identified by both methods; in two cases there was no change
observed by the two methods; in three episodes (3 patients)
a systolic dysfunction was detected by TOE (decrease in
CO and MAPSE) in patients with previous normal LV con-
tractility. This LV dysfunction was transient and, due to glob-
al LV hypokinesia, the recovery was observed within a few
minutes. No apparent cause for this phenomenon was
detected.

Only one patient presented an LV dysfunction, detected
previous to surgery, suffering from ischemic heart disease.
During surgery, hypotension was detected during a massive
blood loss, and LV dysfunction exacerbated, along with
exacerbated wall motion abnormalities. Vasopressor and
inotropic support was started, some recovery of LV contrac-
tility was observed but the patient remained hypotensive.
This patient died in the early postoperative period in the
Intensive Care Unit.

Overall, TOE-derived CO varied more markedly than
PiCCO2-derived; the mitral E/A wave form changed during
anaesthesia induction and remained less than one during
most part of the surgery. The first obtained mean values for
this parameter were 0.99± 0.47 and for the remaining 0.83±
0.36 (P = 0.001). However no relevant information could
be obtained from this parameter during surgery, even during
hypotension/blood losses.

By linear regression analysis, considering CVP as a
dependent variable and LA dimension and RA area as in-
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Table 2: Comparison of hemodynamic and echocardiographical data in hypotension due to blood losses (16 sets of measurements in 5
patients).

Parameter Data before hypotension Data during hypotension P

HR (bpm) 71.7± 9.4 74 ± 11.8 ns

CVP (mmHg) 6.7± 1.9 5.2± 2.2 0.01

LA area (cm2) 9.1± 3.5 5.4± 2.2 0.001

LA dimension (mm) 28.5± 4.7 22.8± 4.3 0.001

RA area (cm2) 15.1 ± 2.4 13.8 ± 2.6 0.01

Mitral E/A 0.73± 0.33 0.76± 0.34 ns

PiCCO CO (mL/min) 4322 ± 452 3921 ± 404 0.001

TOE CO (L/min) 4571 ± 472 3622 ± 463 <0.001

MAPSE (mm) 16.2± 0.9 16.1± 1.3 ns

HR: heart rate, bpm: best per minute, CVP: central venous pressure, LA: left atrium, RA: right atrium, TOE: transoesophageal echocardiography, MAPSE:
mitral annulus systolic excursion, cm2: squared centimetres, mm: millimeters, and mL/min: mililiters per minute.

Table 3: Comparison of hemodynamic and echocardiographical data during liver manipulation (6 sets of measurements in 4 patients).

Parameter Data before liver manipulation Data during liver manipulation P

HR (bpm) 69 ± 7.6 72.2± 9.1 ns

CVP (mmHg) 6.1± 1.1 6.1± 1.8 ns

LA area (cm2) 9.9± 3.2 6.2± 3.4 0.003

LA dimension (mm) 28.4± 3.9 25.2± 4.1 0.005

RA area (cm2) 15.6 ± 2.2 15.3 ± 2 ns

Mitral E/A 0.77± 0.3 0.84± 0.39 ns

PiCCO CO (mL/min) 4020 ± 397 4150 ± 425 ns

TEE CO (L/min) 4286 ± 438 4481 ± 467 ns

MAPSE (mm) 16.4± 01.1 15.4± 1.2 ns

HR: heart rate, bpm: best per minute, CVP: central venous pressure, LA: left atrium, RA: right atrium, TOE: transoesophageal echocardiography, MAPSE:
mitral annulus systolic excursion, cm2: squared centimetres, mm: millimeters, and mL/min: milliliters per minute.
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Figure 5: Line graphic of a patient with an episode of acute blood
loss, comparing the time of CVP, LA dimension, and visible LA area
changes. Note that the LA parameters changed earlier than CVP.

dependent variables, a significant association was found be-
tween CVP and RA area (P = 0.001), but not between CVP
and LA dimension (P = 0.07).

In 5 patients a comparison of the CO by TEE and
PiCCO was possible, consisting in 39 paired simultaneous
measurements. In Figure 6 the linear correlation is presented;
the P value is <0.001, and the correlation coefficient was 0.83
(Figure 6). The mean error between CO obtained by TOE
and PiCCO2 was 63.6 ± 528.2 (limits: −1722 to 1230).

4. Discussion

Data from this pilot study highlighted several possibilities of
TOE as an intraoperative monitoring tool for liver surgery.
It also brings some new data that would be subjected to
further studies and analyses. The hypotension episodes ob-
served tested the clinical utility of TOE monitoring. It could
effectively detect changes in CO and detected changes in vol-
ume status earlier than comparative pressure-derived meth-
ods, along with the LV function monitoring.

The assessment of volume status is a major concern for
any surgery. CVP monitoring was the “standard” method
used. The comparative analysis of invasive and noninvasive
parameters revealed some new data. In most cases of acute
volume loss, as seen in major haemorrhage, LA dimensions
changes were observed earlier, by 10 to 15 minutes, which
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Figure 6: Dispersion graphic comparing the cardiac output ob-
tained by PiCCO2 and TEE (P < 0.001, r = 0.83).

may be considered an early adaptive phenomenon in order to
ensure LV filling pressure (during volume loss the decrease in
LA dimension prevents further decrease in LA pressure and
consequent LV filling pressure). Interestingly, the same chan-
ges were observed during liver manipulation, which results in
decreased preload due to vascular compression. This infor-
mation is important and allows the anaesthesiologist to an-
ticipate adequate therapeutic actions. To our knowledge, this
finding has not yet been described in the literature. However,
RA area was the parameter with a statistically significant as-
sociation with CVP, not the LA dimension.

The present study evaluated preload not preload depen-
dency, using comparative data from static parameters.
Among the possible parameters, left ventricular end diastolic
area (LVEDA) could not be considered as transgastric views
were not obtained [9]. Dynamic concepts for fluid admin-
istration [10, 11] and preload dependency were not also
considered in the present study. Only when PiCCO system
was inserted could the anaesthesiologists evaluate the systolic
volume variation, and fluids were often administered when-
ever this parameter was >15%, regardless of haemodynamic
status. Several TOE parameters can be used to assess preload
dependency [12, 13], and in some settings they were used
to guide intraoperative fluid administration. In this regard
we must consider that the protocol was formulated in order
to detect and characterize acute changes, not to guide fluid
administration. The emphasis was acute volume loss mainly
blood losses that should be rapidly treated. In other words,
we focused on acute phenomena.

CO has gained particular attention as a way of accessing
the global circulatory status, but how accurately this variable
measures the adequacy of circulatory flow is yet to be estab-
lished. Perhaps the usefulness of CO consists in detecting
changes in this variable during surgery, especially during
episodes of instability. Considering this as the main use of
CO monitoring, the changes are more important than its
absolute value. Using TEE, CO was monitored through the
mitral pulsed-Doppler influx, an occasionally used method
[14, 15]. In this method mitral valve annulus was used as
a surrogate for cross-sectional area. The accuracy of mitral
valve stroke volume is debatable. The mitral valve orifice does
not have a perfect geometrical shape; thus it is not used by
investigators. As we decided not to use intragastric views in

order not to interfere with surgery, this was the possible, non-
time-consuming method. The correlation obtained with the
PiCCO system was statistically significant (P < 0.001), with
r value of 0.83. Although the methods are different the
importance of this parameter is its changes during acute
events, and in this regard both methods were reliable,
although TOE-derived CO presented greater variability than
PiCCO-derived CO.

Left ventricular function was monitored through mitral
valve annular plane systolic excursion, a method widely used
and tested [16, 17]. The LV function monitoring ability
is perhaps one of the most important features of TOE
monitoring. No other means is comparable not even the
classic methods. It was a valuable tool in the approach of
hypotension in one patient, guiding inotropic and vasopres-
sor support and detecting a transient LV dysfunction in other
3 episodes of hypotension. This detection was only possible
because TOE monitoring was present, and we could not
detect a cause for this phenomenon. Also, we could not find a
similar description in the literature. Although an experienced
observer could detect changes in LV function subjectively,
MAPSE was used in this pilot study as an objective measure-
ment. One should remember that LV systolic dysfunction can
also be easily detected by simultaneous changes in mitral VTI
and MAPSE.

Other possibilities of TOE were not observed in this
study, for example, the detection of right heart overload and
alterations in cardiac chambers, mainly due to gas embolism
or thrombus formation. In a larger cohort study they could
possibly be observed.

5. Study Limitations

In this pilot study the preload determination was considered
rather than preload dependency. The invasive counterpart
for preload dependency estimation can be the systolic vol-
ume variation, and several TOE parameters can be used to
evaluate, such as the analysis of superior vena cava, an easy
procedure to carry out during TOE examination. This need
was not particularly expressed by anaesthesiologists, more
focused on acute and life-threatening phenomena and LV
function. But in future protocols this item can be used. Some
other measurements could be considered but, as we limited
the information to a non-time-consuming acquisition in
order to describe an easy-to-use tool during anaesthesia,
most information was limited. More complex data can be
obtained through this technique which, yet due to time
constraints typical of an operating theatre, went beyond the
scope of this study.

In the future it is also necessary to enrol patients who
present atrial fibrillation, in order to fully understand the
limitations of TOE monitoring.

Another question regards TOE possibilities. Right heart
dysfunction and/or overload could not be detected in the
patients studied, but it can be an advantage in the use of TOE.
Other conditions resulting from the cardiac imaging (valvu-
lar regurgitations, intracardiac masses or thrombi) can also
present an advantage, not observed in the studied patients.
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6. Conclusion

The use of a TOE monitoring was possible during liver sur-
gery, in order to assess volume status, LV function, and CO.
In five patients monitored with the PiCCO system, a statisti-
cally significant correlation between CO obtained by mitral
valve VTI was obtained. TOE was also useful during episodes
of hypotension, detecting changes in volume status earlier
than invasive tools.

TOE is a possible and valuable tool in monitoring liver
surgery, and its use by anaesthesiologists should be encour-
aged. More data is needed to establish its role in other non-
cardiac surgery monitoring.
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Transthoracic echocardiography (TTE) is becoming the choice of hemodynamic assessment tool in many intensive care units. With
an ever increasing number of training programs available worldwide, learning the skills to perform TTE is no longer a limiting fac-
tor. Instead, the future emphasis will be shifted to teach the users how to recognize measurement errors and artefacts (internal
validity), to realize the limitations of TTE in various applications, and finally how to apply the information to the patient in ques-
tion (external validity). This paper aims to achieve these objectives in a common area of TTE application—hemodynamic
assessments. We explore the strengths and weaknesses of TTE in such assessments in this paper. Various methods of hemodynamic
assessments, such as cardiac output measurements, estimation of preload, and assessment of fluid responsiveness, will be discussed.

1. Introduction

Hemodynamic assessments form an indispensable part in
optimizing fluid status, with the objective of improving
adequate tissue perfusion in critically ill patients. In the last
decade or two, the practice of critical care medicine is slow-
ly moving away from traditional high-risks invasive proce-
dures wherever possible. Echocardiography, especially trans-
thoracic echocardiography (TTE), has been gaining popular-
ity due to its noninvasiveness where the benefit far outweighs
the risk [1]. Its ability to provide vital information about the
cardiovascular and hemodynamic status of the patients with-
in a short time frame (within 30 minutes) is another attrac-
tion for its use in the critical care setting [2]. A proper
focused bedside assessment of cardiac function by TTE can
provide answers to important questions about the cardiac
function within 10–15 minutes [3]. Assessment for fluid
status can also be done within 10–15 minutes. At present,
there are no other bedside investigative tools that provide the
same level and amount of information as echocardiography.
That said, it is important to realize that echocardiography
has its strengths and weaknesses. It can suffer from internal
and external validity problems. Internal validity refers to the

errors associated with the study procedure such as artefacts
and measurement errors, and external validity refers to the
applicability of the study findings to a particular patients.
This article will discuss some of the strengths and validities
of TTE in hemodynamic assessments.

2. Hemodynamics

The term “hemodynamics” is not very well defined but is
generally used to refer to “the physics of blood circulation”. It
involves the study of the control of circulation and the factors
that alter it. Figure 1 shows the general scheme of hemo-
dynamics in the body. The main function of blood circu-
lation is to ensure adequate tissue perfusion, which is re-
lated to two important factors: cardiac output and vascular
resistance. Cardiac output is the product of stroke volume
and heart rate, where the former can be affected by pre-
load, afterload and cardiac contractility. Afterload, or the
tension on myocardial wall during systole, depends on the
blood pressure downstream and is determined by the intra-
vascular volume and the resistance of the vasculature where
the vasomotor tone is under continuous control by various
neurohumoral and local factors. On the other hand, preload,
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Figure 1: General scheme of hemodynamics.

or the tension on the myocardial wall during end-diastole,
is determined largely by the venous pressure hence intravas-
cular volume. Cardiac contractility is influenced by (1) the
inotropic state, (2) preload by way of the Frank-Starling
mechanism, and (3) to a lesser extent, heart rate and rhythm.
LV geometry may also affect stroke volume and is best de-
picted by TTE when compared to blind invasive monitoring
system. It is apparent that all these factors are intimately
connected.

Left and right heart function aside, the expression
“hemodynamics” is often used to denote the assessments of
cardiac output, fluid status, and intravascular pressures, the
latter often being used as surrogates for afterload (e.g., ar-
terial blood pressure) and preload (e.g., central venous pres-
sure and pulmonary artery occlusion pressure). While vas-
cular resistance can be assessed by various methods, it is
based on information derived from other measurements,
such as cardiac output and mean arterial blood pressure. It
is therefore not a direct measurement and its clinical value is
unclear.

3. Hemodynamic Assessments by TTE

The use of TTE in hemodynamic assessment is an attractive
approach because the procedure is noninvasive and a fo-
cused assessment takes less than 20 minutes. However, the
biggest drawbacks are (1) it is not a continuous monitoring
technique and (2) study quality can be limited by a num-
ber of factors including patient’s position and habitus, co-
morbidities, mechanical ventilation, operator expertise, and

machine quality. Fortunately, reasonable study quality can
usually be obtained in majority of the cases provided that the
operator is reasonable skillful such as attained level 1 or basic
ultrasound training [3]. Most hemodynamic parameters
and other useful information can be extracted even with
suboptimal image quality. A standard TTE provides vital
information about the heart function (Table 1), the esti-
mation of cardiac output and assessment of preload (fluid
status) and fluid responsiveness.

3.1. Measurement of Cardiac Output (CO). Cardiac output is
the most often used surrogate for monitoring hemodynamic
in intensive care unit (ICU). It is used for guiding treatment
especially in patients with shock. TTE can provide a point
estimate (“snapshot”) of the CO. CO can be determined by
either 2D volumetric methods such as the Simpson’s method
or Doppler echocardiography. Unfortunately, the 2D image
qualities of the critically ill are usually suboptimal hence
precluding the use of Simpson’s method. Instead, CO can
be more reliably determined using Doppler TTE. CO is
measured at the left ventricular outflow tract (LVOT), and is
based on the mathematical relation of CO = SV×HR, where
SV and HR are stroke volume and heart rate, respectively.
Echocardiographically, three parameters are needed to work
out the CO: (a) LVOT velocity time integral (VTILVOT), (b)
LVOT cross-sectional area (CSA), and (c) HR [4]. The VTI
is the summation of all velocities per heartbeat and is re-
presented by the area under the curve for each heartbeat.
The LVOT velocity is obtained by placing the pulsed-wave
Doppler sample gate in the LVOT in apical-5-chamber
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Table 1: Common cardiac information which can be provided by a
standard TTE.

Left heart
(i) Dimensions: chamber sizes and thickness

(ii) Left ventricular ejection fraction

(iii) Regional wall motion abnormalities

Right heart
(i) Dimensions: chamber size and thickness

(ii) Right ventricular systolic function: FAC
or TAPSE

(iii) Signs of pressure or volume overload

Valvular pathologies

(i) Regurgitations

(ii) Stenoses

(iii) Prolapses

(iv) Presence of vegetation

Aorta
(i) Dilatation

(ii) Dissection

Estimation of
pressures

(i) Pulmonary artery systolic pressure

(ii) Left ventricular filling pressure

(iii) Transvalvular pressure gradients

Other Pericardial effusion and tamponade

FAC: fractional area contraction; TAPSE: tricuspid annular plane systolic
excursion.

window. VTILVOT is obtained by manually tracing the Dop-
pler velocity spectrum. The process of summation of the
velocities is however automated. An average of 3 to 5 con-
secutive VTILVOT is normally used to minimize variability.
The CSA of the LVOT is calculated from the diameter of
the LVOT obtained from the parasternal long axis window.
Measurement of the diameter is done manually, but the
calculation of area is automated. Heart rate is obtained by
measuring the R-R interval. If accurately done, the TTE
obtained CO is comparable to pulmonary artery catheter
thermodilution method [5].

Limitations. The major limitations of TTE CO measurement
are listed in Table 2. One of the major limitations is the
lack of continuous tracking ability. Serial measurements can
be done, but is laborious and “round-the-clock” availability
of sonographers is a problem in many units. Sudden and
rapid changes in hemodynamic status mean finding the right
operator and setting up the ultrasound machine may be too
late in some instances. Interobserver variability may also be
an issue.

Other limitations are related to measurement errors of
which there are two: errors in LVOT diameter measurement
and in Doppler velocity measurement (Doppler angle error).
Measurement of LVOT diameter relies on obtaining a proper
longitudinal plane of the LVOT. Slight angulation or lateral
misplacement of the transducer will result in obtaining an
oblique or tangential plane of the LVOT, hence underestimat-
ing the LVOT diameter (Figure 2). Incorrectly identifying the
tissue-blood interface may result in under- or overestimation
of the diameter. Since the CSA is proportional to the square

Tangential planeOblique plane

Proper longitudinal plane

Cross-section of LVOT

Figure 2: Schematic diagram showing proper and improper ul-
trasound longitudinal planes in measuring left ventricular outflow
tract (LVOT) diameter. Oblique plane is resulted from a tilted angle
from the proper plane, while a parallel shift in ultrasound plane
results in a tangential planes. Both oblique and tangential planes
give rise to underestimation of LVOT diameter. The same is true for
measuring inferior vena cava diameter.

Table 2: Limitations of cardiac output measurements in ICU by
TTE.

Cannot provide continuous monitoring

Measurements and accuracies can be affected by:

(i) Patient’s position

(ii) Patient’s condition: for example, lung hyperinflation,

cutaneous emphysema, trauma, wound

(iii) Effects of mechanical ventilation

(iv) Suboptimal ultrasound windows: poor image quality

(v) Heart plane motion during measurements

(vi) Doppler angle error: poor angle alignment

(vii) Arrhythmias

of the diameter [CSA = π × (diameter/2)2], any error made
will also be squared. A 10% error in diameter will result in
approximately 20% error in CSA, hence CO.

Accurate Doppler measurements demand the ultra-
sound beam being parallel to the blood flow (i.e., Doppler
angle = 0◦). Deviation from this will result in underestima-
tion of blood flow velocity. While a Doppler angle of 20◦

results in an acceptable 6% error, a 30◦ angle will end up
with greater than 10% error. It is often forgotten that blood
is flowing in a three-dimensional perspective—the 2-dimen-
sional (X-Y) plane as seen on the screen plus a Z-plane which
is perpendicular to the screen. Angle correction (for the
X-Y plane) is seldom used in echocardiography as the error
in Z-plane is unknown. The only remedy is to ensure a
proper apical-5-chamber window is used for measurements,
and the transducer should be tilted or moved around slightly
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to obtain the maximal velocity. Foreshortening apical-5-
chamber window should be avoided; otherwise CO should
not be measured. Of note, motion artefact due to respiration
can also lead to angle error by tilting the heart plane up and
down. Sometimes, it is difficult to differentiate this motion
artefact from the SV variation (see below) in a fluid-depleted
but responsive patient. The operator may see alternating
4- and 5-chamber views in concert with the respiratory phase
if it is due to motion artefact.

Arrhythmias is another factor that can lead to an
measurement error. For patients with atrial fibrillation, the
VTILVOT measurement should be averaged over at least 5
consecutive cardiac cycles. The HR should also be averaged.
Ectopic beats should be avoided.

3.2. Estimation of Right Atrial Pressure. In the classical Guy-
ton’s theory, cardiac output not only depends on the cardiac
mechanics, but also on the venous return which determines
the right atrial pressure (RAP) which can be approximated
by central venous pressure (Figure 3). The inferior vena cava
(IVC) has long been used to predict RAP in nonventilated
patients [6]. In response to a change in intrathoracic pres-
sure during respiration the IVC diameter changes. The dia-
meter is the largest during expiration, and is the smallest
during inspiration or sniffing. The IVC collapsibility index,
defined as the difference in IVC diameters (during expiration
and inspiration) divided by the maximal diameter (or
(Dexpiration − Dinspiration)/Dexpiration where D is the diameter),
has been shown to be correlated to RAP [6, 7]. Various
cutoffs have been used to predict RAP [6, 8].

The IVC collapsibility index is obtained from the sub-
costal window. The patients are asked to perform a brief
rapid inspiration or a sniff. The maximum diameter of the
IVC is obtained during expiration, and minimum diameter
is obtained during an inspiratory or a sniff maneuver.

Limitations. Contrary to traditional belief, RAP and central
venous pressure have been proven to be poor predictors for
fluid status (or blood volume) in critically ill patients [9, 10].
Since IVC diameter and collapsibility index are used as
surrogates to estimate RAP, it follows that such information
will not be very useful in predicting fluid status in critically
ill patients despite the fact that IVC collapsibility index cor-
relates with RAP.

The main limitation of the applicability of IVC col-
lapsibility index is its applicability in mechanically venti-
lated patients. Studies that demonstrated good correlations
between IVC collapsibility index and RAP were mostly per-
formed in spontaneously breathing patients [6, 7]. The cor-
relations in mechanical ventilated patients were poor [11,
12]. Compounded to the mechanical ventilation effects are
a number of confounding factors that also affect the IVC dia-
meter and collapsibility in critically ill patients. For example,
right heart failure, significant tricuspid regurgitation, and
supine body position, which are common in critically ill
patients, are known to dilate the IVC [12–15]. Despite these,
an IVC diameter of ≤12 mm has 100% specificity, with only

Cardiac function curve

Cardiac output

Right atrial pressure

CO

Preload0

Venous return curve

Figure 3: The relationship of venous return and cardiac function in
determining cardiac output. As depicted in the venous return curve,
venous return reduces with increasing right atrial pressure. The
cardiac function curve illustrates the effect of increasing right atrial
pressure on cardiac output (CO). Increasing right atrial pressure
causes as increase in CO until a plateau (flat portion) is reached. At
equilibrium, CO is determined by the point where two curves cross
each other. The right atrial pressure at this point is the preload. The
cardiac function curve is also known as the Frank-Starling curve.

25% sensitivity, of predicting an RAP of 10 mmHg or less in
mechanically ventilated patients [12].

The main technical limitation results from motion ar-
tefact are due to diaphragmatic and abdominal wall move-
ments. IVC is commonly displaced inferiorly by the dia-
phragm during inspiration or sniffing, and affects the meas-
urements especially when M-mode is used. Abdominal wall
motion during sniffing can displace the transducer, hence
the ultrasound plane, during the measurements. Care must
therefore be taken to minimize such displacements while
maintaining the ability to capture the changes in diameter
during inspiration or sniffing. Measurements are best done
in 2D mode with high frame rate to minimize such measure-
ment errors.

4. Determination of Fluid Responsiveness

It is a well-known fact that administering fluid to patients
whose hearts are operating at the flat (top) portion of the
Frank-Starling (preload versus SV) curve is harmful to pa-
tients [16]. Various techniques have been developed to iden-
tify those “fluid responsive” patients who will benefit from
fluid administration, that is, those whose ventricles are
operating at the steep (ascending) part of the Frank-Starling
curve (Figure 4). In a systematic review and meta-analy-
sis of clinical study, it was found that approximately half
(52.9%) of the study population were responders [17]. Two
approaches have been adopted to predict fluid responsive-
ness: (a) volume expansion and (b) respiratory variation in
SV or its surrogates.

4.1. Volume Expansion. The volume expansion approach uti-
lizes the fact that if preload is increased acutely in those who
will benefit from fluid administration, an accompanying in-
crease in SV (or CO) should be observed (Figure 4) [18].
Volume expansion can be achieved via (a) passive leg raising
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Right atrial pressure
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(a)

+ fluid

Cardiac output

Right atrial pressure

Heart failure
ΔCO
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(b)

Figure 4: The effect of fluid administration on cardiac output. Fluid administration results in an upward shift in venous return curve. As a
result, there is an increase in preload hence cardiac output (ΔCO) (a). Note that the crossing points between the two curves are on the steep
part of the cardiac function (Frank-Starling) curve. In heart failure, the Frank-Starling curve is lowered, and the crossing point is at the flat
portion of the curve (b). Fluid administration, although it increases the preload, does not result in an increase in CO in the latter case.

Stroke volume

Right atrial pressure

Normal

ΔSV

Changes in ITP

(a)

Stroke volume

Right atrial pressure

Heart failure
ΔSV

Changes in ITP

(b)

Figure 5: The effect of intrathoracic pressure on cardiac output. Both spontaneous breathing and mechanical ventilation result in a cyclical
change in intrathoracic pressure (ITP). Depending on the mode of ventilation, the change in ITP is accompanied by a cyclical shift in the
Frank-Starling (cardiac function) curve which results in a cyclical change in preload. If the crossing point is on the steep part of the curve,
shifting of the curve would result in a change in stroke volume (SV) (or cardiac output). This respiratory induced cyclical change in SV is
known as SV variation (a). In heart failure, such change in SV may be less apparent because the crossing point is at the flat portion of the
curve (b).

(PLR) or (b) volume challenge—rapid infusion of a fixed vol-
ume (e.g., 500 mL) of fluid within 15–30 min [19]. In res-
ponse to acute volume expansion, an increase in SV or its
surrogates, such as echocardiographic LVOT or aortic flow
VTI (and CO), are expected. In patients whose ventricles
are operating at the flat portion of the Frank-Starling curve,
the change in stoke volume is less apparent (Figure 4).
Studies involving the use of PLR reported that an increase
in CO by 12–15% offers high specificities (>90%) and sen-
sitivities (>80%) in discriminating fluid responder from
nonresponder [17]. PLR-induced increase in SV or CO dis-
plays a good correlation with volume challenge [17, 19].
While SV and CO are reported, their surrogates such as
VTILVOT or aortic flow VTI (VTIaortic) are normally used.
VTIaortic can be measured either in the apical-5-chamber
window or the suprasternal window using continuous wave
Doppler.

4.2. Respiratory Variation. During steady respiratory effort,
changes in intrathoracic pressure alters the heart-lung inter-
action mechanics leading to a regular fluctuation of SV
[20]. In mechanically ventilated patients, the LV SV is at its
greatest at the end of the inflation period. This is due to an
increase in pleural pressure and LV preload. During expi-
ration, the reduction in LV preload decreases the SV. This
respiratory variation in SV (SV variation or SVV) is exag-
gerated in fluid responders whose ventricles are operating
at the steep part of the Frank-Starling curve (Figure 5). For
those (non-responders) whose ventricles are operating at the
flat portion of the curve, the SVV is blunted (Figure 5) [19].
SVV is defined as (SVmax− SVmin)SVmean× 100%, where the
subscripts max, min, and mean stand for maximum, mini-
mum, and average, respectively. In TTE, the percentage var-
iation in VTILVOT or VTIaortic is normally used as a surrogates
for SVV [21, 22].
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Figure 6: Summary of hemodynamic assessment by transthoracic echocardiography.

Respiratory variation in right atrial pressure has also been
used to predict fluid responsiveness [23, 24]. As a surrogate
for RAP, the changes in IVC diameter with respiratory varia-
tion has also been shown to be a satisfactory predictor
for fluid responsiveness in mechanically ventilated patients.
Barbier et al. demonstrated a percentage distensibility of
IVC, defined as (IVCmax− IVCmin)IVCmin, of 18% offers 90%
sensitivity and specificity in discriminating fluid responders
from non-responders [25]. On the other hand, Feissel et al.
found that a percentage variation in IVC, defined as
(IVCmax− IVCmin)IVCmean, of 12% can predict fluid respon-
der with >90% sensitivity and specificity [26]. Of note, IVC
distensibility and variability should not be confused with IVC
collapsibility (see above). While the former two predict fluid
responsiveness, the latter predicts RAP. The use of superior
vena cava (SVC) collapsibility index has also been used, but
transesophageal echocardiography is necessary to visualize
the SVC [27].

4.3. Limitations. One of the main concerns of using res-
piratory variation is its applicability in spontaneously breath-
ing patients or in those not in mandatory controlled mode
[28]. In one study, SVV was found to be a poor predictor
for fluid responder in patients with septic shock on pressure
support mode [29]. Breath-by-breath changes in inspiratory
effort may alter the intrathoracic pressure hence the regular
SVV or IVC variations required for such analysis. Further,
variations in tidal volume and duration of respiratory cycle
in noncontrolled mode may negate the use of SVV or IVC
variations. Charron et al., however, showed that VTIaortic

was still a satisfactory predictor for fluid responsiveness even
when the tidal volume was increased [30]. However, no
follow-up study was done in this regard.

Elevated intraabdominal pressure is another confound-
ing factor for assessment of fluid responsiveness. Intra-
abdominal hypertension has been shown to render the use of
PLR useless in predicting fluid responsiveness [31]. Animal
studies also demonstrated that the normal cutoffs for SVV
are not helpful in predicting fluid responsiveness [32, 33].
Increase in respiratory rate in mechanically ventilated pa-
tients reduces the VTIaortic variations rendering the use of
SVV useless [34]. Intra-abdominal hypertension can also
affect the size of IVC and its response to respiration.

5. Conclusion

TTE has proven itself to be an indispensible critical care tool
in recent years. Although its main uses are for exploring the
cardiac function, its applications in hemodynamic assess-
ment are increasingly popular. Estimations of cardiac output
and right atrial pressure, and ascertaining the fluid status of
the patients, are common uses of TTE (Figure 6).

Hemodynamic assessment by TTE is confronted by two
major limitations: internal and external validities. Internal
validity stems mainly from technical limitations including
image quality and measurement errors. Some of these can
be minimized by quality control and skill improvement over
time. External validity concerns with the applicability and
appropriateness of using a particular TTE measurement to
answer a specific hemodynamic question. In face of the issue
of external validity, the operator should constantly ask him-
self or herself whether a particular TTE measurement is
valid (suitable) for the patient in question. The power of
echocardiography can only be unleashed through the under-
standing of its strength and limitations more fully.
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Physicians caring for the critically ill are now expected to acquire competence in echocardiography. It has become an indispensable
diagnostic and monitoring tool in acute care settings where it is generally accepted to have therapeutic impact. There are a number
of indications for a critical care echocardiographic study, and the most important queries include those pertaining left and right
ventricular function and filling status. Focused examinations are increasing in popularity and provide a means for systematic study,
and can be easily learned and practiced by novices. This paper addresses the indications, therapeutic impact, and some of the most
common questions that can be answered using echocardiography the in critically ill patient.

1. Introduction

Echocardiography is now considered an indispensable tool
for diagnosis and haemodynamic monitoring in critically ill
patients. Indications for performing echocardiography in the
ICU have expanded and it is now considered a requirement
for critical care physicians to acquire competence in this
mode of monitoring. Reflecting this are the numerous
competency guidelines published in recent years [1–4].

Potential advantages and disadvantages of echocardiog-
raphy compared to invasive haemodynamic monitoring (e.g.,
pulmonary artery catheter and arterial waveform analysis) in
the critically ill are listed in Table 1.

This paper is not intended to be a comprehensive review
of echocardiographic techniques. It does not include a review
of left ventricular diastolic function, or lung ultrasound,
a rapidly growing and increasingly important imaging
modality [5].

Instead it addresses the indications, therapeutic impact,
and some of the most common questions that can be an-
swered using echocardiography in critically ill patients.

2. Therapeutic Impact

There are no randomized trials/metaanalyses regarding the
impact of echocardiography on critically ill patients. A num-
ber of studies attest to the usefulness of echocardiography in

the intensive care unit [6–9]. For example in Vignon et al.,
TTE and TEE led to therapeutic changes in approximately
25% of critically ill, mechanically ventilated patients [6], a
finding supported by later studies [8, 9]. There are a number
of societal guidelines with evidence-based recommendations
for the use of echocardiography in a variety of clinical
situations, including intraoperative settings and in critically
ill patients [10]. The best evidence for the therapeutic
impact of echocardiography in this context is found for
perioperative TEE where improved clinical outcomes have
been well documented [10].

3. Indications for Echocardiography in
the Critically Ill

Echocardiography in critical care settings may be indicated
for (1) diagnostic purposes, (2) guiding interventions and
therapy, and (3) monitoring and followup.

The most important indications within the critical
care context include diagnosis of major valvulopathies,
major structural abnormalities (e.g., intracardiac masses,
ventricular and atrial septal defects), endocarditis, pericar-
dial effusion, and tamponade. It is also indicated for the
evaluation of chest pain and unexplained shortness of breath,
suspected pulmonary embolism, and respiratory failure of
uncertain aetiology. It is used for the evaluation of shock
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Table 1: Potential advantages and disadvantages of echocardiogra-
phy versus invasive monitoring.

Echocardiography
Invasive haemodynamic
monitoring

Invasiveness
TTE noninvasive TEE
semi-invasive

PAC invasive
arterial waveform analysis
semi-invasive

Portability
Scanners easily
moved to patient

Generally not portable

Use in acute
care

Yes, also documented
for ED

No

Diagnostic
value

Yes Yes

Monitoring
capability

Yes Yes

User
dependent

Very user dependent
Less user dependent, some
methods require calibration

PAC: pulmonary artery catheter; TTE: transthoracic echocardiography;
TEE: transoesophageal echocardiography.

or haemodynamic instability, where the determination of
filling status and left and right ventricular function are key
questions. In terms of monitoring, echocardiography may be
used to assess responses to fluid and vasoactive therapies.

In the latest publication of the American College of
Cardiology Appropriate Use Taskforce, appropriate use cri-
teria were established for the use of TTE for cardiovascular
evaluation in the acute care setting [11] (Table 2). Of note,
assessment of volume status received an Appropriate Use
Score of only 5 (of 9) points.

4. A Practical Approach

In recent years, several focused echocardiography protocols
have been introduced [12]. These studies can usually be
carried out by novice operators after a modest amount
of training. For more complex examinations, consultation
with the local echocardiography service is recommended
if no specific competence is available in the intensive care
unit.

There are several ways of approaching the echocar-
diographic examination of the critically ill. While several
focused protocols exist, two such protocols, RACE and FATE,
have gained widespread popularity and are described here.

This author finds RACE (rapid assessment by cardiac
echo) useful for the initial echocardiographic evaluation of
the unstable critically ill patient. This method ensures that
the examination is conducted systematically, and stresses that
findings be put within the context of the patient’s clinical
status. Two modes (M-mode and 2Dimensional imaging)
and 5 views (parasternal long axis, parasternal short axis,
apical 4-chamber, apical 2-chamber, and subcostal views) are
used to answer the following four questions.

(1) What is the left ventricular function?

(2) What is the right ventricular function?

Table 2: Indications for echocardiography in acute care settings,
evaluated using appropriate use scores (AUS).

Indication AUS

Hypotension/haemodynamic instability of uncertain or
suspected cardiac aetiology

A

Assessment of volume status in critically ill patient U

Acute chest pain with suspected MI, inconclusive ECG
during pain

A

No chest pain but laboratory and/or other features indicative
of MI

A

Suspected complication of MI A

Respiratory failure/hypoxemia of uncertain aetiology A

Respiratory failure/hypoxemia when noncardiac aetiology is
already established

U

To establish diagnosis of suspected PE I

To guide therapy of known acute PE A

Routine surveillance of prior PE, with normal RV function
and PAP

I

Reevaluation of known PE after therapy for change RV
function and PAP

A

Severe deceleration injury/chest trauma with suspected or
possible pericardial effusion, valvular, or cardiac injury

A

Routine evaluation in mild chest trauma without ECG or
biomarker changes

I

I: inappropriate test for that indication (not generally acceptable and not a
reasonable approach. Score 1–3 out of 9); U: uncertain for specific indication
(may be acceptable and may be a reasonable approach. Also implies
that further patient information/research needed to classify indication
definitively. Score 4–6 out of 9); A: appropriate test for that indication. Test
is generally acceptable and is a reasonable approach for the indication. Score
4–6 out of 9). MI: myocardial infarction, PE: pulmonary embolism, RV:
right ventricle, PAP: pulmonary arterial pressure. Adapted from Douglas et
al. [11].

(3) Is there any evidence of pericardial effusion and
cardiac tamponade?

(4) What is the fluid status?

The authors of RACE also stress that it is not a full TTE
study, does not include Doppler measurements, and that
a full transthoracic echocardiographic assessment should
be requested if considered clinically necessary. Nevertheless,
RACE is a good initial approach to the evaluation of the
haemodynamically unstable patient and provides a skill set
that can be easily learned by novices.

Another focused echocardiographic protocol is FATE
(focused assessed transthoracic echocardiography) [13]. The
purpose of FATE is to screen for significant pathology and
to obtain information about volume status and cardiac
contractility. FATE is similar to RACE in that it offers a
systematic and focused approach to the echocardiographic
examination of the critically ill patient, and provides a skill
set that can be easily learned by novices. FATE differs from
RACE in that it is not designed to answer a specific set
of questions, and is rather used as a “rapid and systematic
protocol for cardiopulmonary screening and monitoring”



Cardiology Research and Practice 3

[13]. Another key difference is that in FATE other modalities
such as Doppler may be applied as the user sees fit. Further,
the examination may be interrupted before it is complete
whereas RACE concentrates on answering the set of 4
questions systematically in every view.

5. Specific Areas of Interest in
the Critically Ill

This paper will not include details of a full echocardio-
graphic examination and the reader is referred instead
to the numerous publications available with special focus
areas [14–19]. However, a few key areas of interest to the
critical care physician are outlined below. The importance
of obtaining consistent and good quality images cannot be
stressed enough. This is often a challenge in the critically
ill, mechanically ventilated patient. Pathology should be
confirmed from at least two views/windows. Less emphasis
should be placed on obtaining direct measurements, for
example, using Doppler methods due to the numerous
associated pitfalls. The user is instead advised to conduct
a systematic examination, obtain good quality images, and
interpret the echocardiographic findings within the clinical
context before embarking on various Doppler-based mea-
surements.

5.1. LV Function. Assessment of global LV contractility may
be quickly obtained by “eyeballing” from the parasternal
long- and short-axis, apical 2- and 4-chamber and subcostal
views [17, 18]. Experienced users may supplement this
information by further assessments using a combination
of ejection fraction/fractional shortening, Doppler patterns
of ventricular filling, and tissue Doppler imaging [19]. It
is important to use several windows as no single view
can provide a comprehensive picture of contractility. In
mechanically ventilated patients, obtaining parasternal views
in particular may be challenging. In such patients, the
subcostal view is often helpful since it minimizes signal
attenuation from air in the lungs and the rib cage.

Two other modes of imaging that are relatively easy
to obtain for the assessment of LV function are the
atrioventricular plane displacement (AVPD) and systolic
tissue Doppler velocities (sTD) (Figure 1) [20–22]. Both of
these are accessible from the apical window. Of note these
measurements are dependent on preload, and only reflect
components of LV contractility.

In addition to contractility, assessments of chamber size
and LV wall thickness are made. These serve as an indication
of fluid status, cardiomyopathies, and the presence of
nonviable myocardium. Left atrial size is evaluated as an
enlarged LA may indicate significant mitral and aortic valve
disease, intra-atrial shunting and atrial fibrillation, all of
which may contribute or cause haemodynamic instability.
Further, LA size may provide an indication of elevated LV
filling pressures.

Finally, the aortic and mitral valves are made to complete
the examination of left ventricular function. Measurement
of stenotic areas and regurgitant volumes are difficult and

highly variable in the critically ill patients with varying
volume status and mechanical ventilation. For this reason,
echocardiographic evaluation of the critically ill should
identify major pathology, but quantification of such should
be made by experienced operators only, and taking into
consideration the clinical context. A focused critical care
echocardiographic examination should be able to identify,
but not quantify, major valvulopathies that may contribute
to or explain haemodynamic instability, such as significant
aortic stenosis and mitral regurgitation, using 2D and colour
Doppler imaging.

5.2. RV Function. Assessment of right ventricular function
is of particular interest in critical care due to the effects
of fluid loading and mechanical ventilation on the right
heart. Due to ventricular interdependence [15], impaired
RV function may lead to decreased left ventricular output.
It is estimated that approximately 25% of patients with
ARDS have right ventricular dysfunction and pulmonary
hypertension [23]. Importantly, right ventricular failure
is independently associated with mortality in critically ill
patients [24].

RV function is assessed initially from its size, wall
thickness, and contractility. Comprehensive guidelines for
the echocardiographic assessment of the right heart are given
in a recent report of the American Society of Echocardio-
graphy [25]. For the critical care physician conducting an
echocardiographic examination in mechanically ventilated
patients, a more pragmatic approach may be adopted. Direct
measurement of RV size by endocardial border tracing is
difficult and not recommended due to its complex geometry
and the presence of trabeculations within the RV chamber.
Subjective assessment of the right ventricular area compared
to left ventricular area in the apical 4-chamber view may be
used instead. The RV should be smaller than the LV, and an
RV : LV end diastolic area ratio of >0.6 indicates a dilated
right ventricle, consistent with pressure or volume overload.
Mechanical ventilation and pulmonary hypertension are
common conditions causing RV dilatation in the critically
ill patient. The right ventricular wall is normally thin,
and hypertrophy indicates prior disease. RV contractility is
assessed by eyeballing from the parasternal long-axis, apical
4-chamber, and subcostal views. Direct measurements such
as the tricuspid annular plane systolic excursion (TAPSE) are
easy to obtain and helpful, and provide a useful adjunct to
eyeballing [25] (Figure 2).

The right atrium (RA) is examined for size and abnormal
masses. A dilated RA may be indicative of fluid over-
load, interatrial shunts, tricuspid disease, and increased
pulmonary pressures. Atrial fibrillation and mechanical
ventilation may also cause a dilated RA. Finally the tricuspid
and pulmonary valves are examined for abnormalities.

Measurement of the tricuspid regurgitant velocity is a
relatively simple procedure and is used for the estimation
of pulmonary arterial systolic pressure using the simplified
Bernoulli equation [12, 14]. Typically this is made from the
apical 4-chamber view (Figure 3). If this is not accessible,
the tricuspid regurgitant flow jet may also be insonated
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(a)

(b)

Figure 1: Methods for measuring LV function. (a) Atrioventricular plane displacement (septal wall) using M-mode, showing abnormal
(decreased) displacement. (b) Systolic tissue Doppler measurement at the septal and lateral walls using tissue velocity imaging with pulsed
wave Doppler, showing normal velocities.

Figure 2: Tricuspid annular plane systolic excursion (TAPSE) for
evaluating right ventricular contractility.

from the parasternal and subcostal views. Estimation of pul-
monary arterial systolic pressure using this method assumes
the absence of significant pulmonary stenosis, and may
be inaccurate in patients with decreased right ventricular
contractility.

Figure 3: Estimation of the pulmonary arterial systolic pressure
(PASP) from the tricuspid regurgitant jet (VTR). The latter is
measured using continuous wave Doppler. PASP is calculated from
simplified Bernoulli equation, PASP = 4×VTR

2.

5.3. Fluid Status. Estimation of preload by assessment of
ventricular volumes is one of the most challenging areas in
critical care echocardiography. Firstly, altering compliance
complicates the pressure-volume relationship [26]. Added
to this are the varying effects of mechanical ventilation on
the heart. Generally preload assessment may be made by
examination of the left ventricle, the right heart, and the
inferior vena cava. The critical care physician may generally
assess preload by measuring left ventricular volumes. The left
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Figure 4: IVC diameter, measured using M-mode from the sub-
costal view. The minimum and maximum diameters are used to
calculate the IVC distensibility and/or variability index. (Courtesy
of A. McLean, S. Huang, and I. Ting, Nepean Critical Care Echo
Group, Nepean Hospital, Sydney University, Australia).

ventricular end-diastolic area (LVEDA) may be “eyeballed”
or measured using the Simpson’s biplane method [27]. The
latter requires identification of the endocardial border and
may be difficult in the presence of mechanical ventilation. In
the case of a hypovolaemic patient, a simpler approach is to
look for obliteration of the LV cavity, also known as “kissing
ventricles.”

The right ventricular dimensions are normally smaller
than those of the LV. While RV dilatation may indicate
volume overload, it is not specific for this. RV dilatation
may occur for example due to mechanical ventilated with
high PEEP. The RA size may be increased and an enlarged
RA with bowing of the intra-atrial septum towards the left
is indicative of elevated right atrial pressure. The triad of a
“kissing” LV, small LV and RV size, along with a normal or
small RA is strongly suggestive of hypovolaemia.

A method for assessing fluid responsiveness in patients
with controlled mechanical ventilation, that is, not on assist
modes, is the distensibility index of the inferior vena cava
(IVCDI). This is defined as

Dmax −Dmin

Dmin
× 100%, (1)

where Dmax and Dmin are the minimum and maximum
diameters of the inferior vena cava obtained from the
subcostal view. A value exceeding 18% is predictive of fluid
responsiveness in mechanically ventilated patients [28] (Fig-
ure 4). Another method which may be used is the variability
index of the inferior vena cava (IVCVI) [29], defined as

Dmax −Dmin

Dmean
, (2)

where Dmax and Dmin are the minimum and maximum
diameters of the inferior vena cava obtained from the
subcostal view, and Dmean is the average of the two. A value
>12% indicates fluid responsiveness in ventilated patients
(Figure 4).

IVCDI and IVCVI should be distinguished from the com-
monly used inferior vena cava collapsibility index, defined

Figure 5: Measurement of LVOT VTI from the apical 5-chamber
plane.

as Dmax − Dmin/Dmax. A small Dmax (<20 mm) with greater
than 55% collapsibility is indicative of hypovolaemia [30].
However, this is relevant only in spontaneously breathing
patients.

Finally the variation in the velocity time integral at the
left ventricular outflow tract or aortic blood flow may predict
volume responsiveness better than static indices. Generally
thresholds around 15% have been shown to be predictive
with sensitivities and specificities exceeding 90% [31–33].

5.4. Cardiac Output. Cardiac output (CO) measurements
are occasionally made in the critical care setting, since an
adequate CO is a prerequisite for tissue oxygen delivery.
While a low CO is always a source of concern, there is no pre-
set absolute value for adequate CO. Hence in some situations
a “high” CO of 10 L/min may be adequate, and conversely
a seemingly “normal” CO of 5 L/min may be inadequate
for optimal tissue oxygen delivery. There are several ways
of measuring CO echocardiographically. One commonly
used and reliable method relies on the measurement of
the velocity time integral from the left ventricular outflow
tract (LVOT VTI) in an apical 5-chamber plane (Figure 5)
[26, 34]. The diameter of the aortic annulus is measured from
the parasternal long-axis view, and its area was calculated.
Multiplying this area with the LVOT VTI gives the stroke
volume, and multiplying stroke volume with heart rate gives
the CO.

5.5. Pericardial Effusion and Tamponade. Echocardiography
is the tool of choice for evaluating the pericardial sac and
the presence of tamponade. The diagnosis of a pericardial
effusion is made from the observation of an echo-free space
between the parietal and visceral pericardium seen from the
parasternal, apical, and/or subcostal views.
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The presence of haemodynamically significant pericar-
dial fluid is typically assessed by examination of the RA and
RV. RA collapse during early systole and RV collapse during
early diastole indicate that intrapericardial pressure exceeds
right heart pressures. These findings, together with a dilated
IVC are signs of a haemodynamically significant tamponade
[35].

6. Conclusion

Echocardiography is important development in critical care.
However, as with any diagnostic and monitoring tool,
echocardiography is subject to errors in interpretation, and
there is a range of individual responses for any given study.
No single tool is complete; however, echo provides some
distinct advantages compared to invasive monitoring, not
least of which are noninvasiveness and the ability to conduct
a direct anatomic evaluation of the heart and its component
parts in real time.

There are a number of focused approaches designed
to facilitate the conduct of a systematic echocardiographic
study. A number of guidelines have been issued for training
and competency, which are designed to enforce standards
and define core skill sets required for examination of the
critically ill patient. The most important of these have been
addressed in this review.
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Objective. We hypothesized that the hemodynamic response to a deep inspiration maneuver (DIM) indicates fluid responsiveness
in spontaneously breathing (SB) patients. Design. Prospective study. Setting. ICU of a general hospital. Patients. Consecutive
nonintubated patients without mechanical ventilation, considered for volume expansion (VE). Intervention. We assessed
hemodynamic status at baseline and after VE. Measurements and Main Results. We measured radial pulse pressure (PP) using an
arterial catheter and peak velocity of femoral artery flow (VF) using continuous Doppler. Changes in PP and VF induced by a DIM
(ΔPPdim and ΔVFdim) were calculated in 23 patients. ΔPPdim and ΔVFdim≥12% predicted responders to VE with sensitivity of
90% and specificity of 100%. Conclusions. In a restricted population of SB patients with severe sepsis or acute pancreatitis, ΔPPdim
and ΔVFdim are accurate indices for predicting fluid responsiveness. These results should be confirmed in a larger population
before validating their use in current practice.

1. Introduction

Blood volume is a determinant of hemodynamic stability,
which regulates oxygen supply to the tissues. Volume expan-
sion (VE) is frequently the first-line therapeutic measure for
improving the hemodynamic status of patients with acute
circulatory failure. Absence of VE and excessive fluid loading
can lead to inadequate tissue oxygenation, organ failure, and
sometimes death [1]. Unfortunately, only 40–70% of criti-
cally ill patients with acute circulatory failure significantly
increase their stroke volume (SV) in response to VE regard-
less of the respiratory conditions [2]. This emphasizes the
need for factors that predict fluid responsiveness in order to
distinguish patients who might benefit from VE, as well as to
avoid ineffective VE.

Cardiac preload estimation is not accurate for predicting
fluid responsiveness in patients with acute circulatory failure

[3]. Dynamic indices, based on the analysis of SV preload de-
pendence, have been validated to predict fluid responsiveness
in mechanically ventilated patients [3]. However, only a few
studies, yielding conflicting results, tested VE responsiveness
indices in spontaneously breathing (SB) patients [4–8].

The passive leg-raising maneuver has been reported to
provide valid assessment of fluid responsiveness in a broad
population, including patients with cardiac arrhythmias or
spontaneous respiratory movements [9]. Nevertheless, de-
pending on the method used, this test may not increase car-
diac preload enough to detect preload dependence and/or
may not be possible to perform with all types of beds and
stretchers [9, 10].

During spontaneous breathing (SB), inspiration decreases
intrathoracic pressure and increases intra-abdominal pres-
sure, increasing the preload of the right ventricle, resulting in
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an increase in right ventricular SV, and an expiratory incre-
ase in left ventricular SV [11–13] if the heart is preload-res-
ponsive. As reported during mechanical ventilation using
low tidal volume, possibly masking biventricular preload de-
pendence [14–16], respiratory changes in intrathoracic pres-
sure during SB may be insufficient to modify loading condi-
tions of the ventricles to the extent that respiratory changes in
left ventricular SV can be measured [4]. Consequently, a deep
inspiration maneuver (DIM) might improve the predictive
value of SB-induced SV variations for detecting fluid respon-
siveness. To our knowledge, DIM-induced hemodynamic
changes have never been previously tested for detecting fluid
responsiveness in SB patients.

As previously described, the velocity peak of femoral
artery flow (VF) and radial pulse pressure (PP) are reliable
surrogates of left ventricular SV for detecting SV changes
during preload responsiveness assessment [7].

We thus conducted a prospective study to assess whether
DIM-induced changes in PP and VF (ΔPPdim and ΔVFdim,
resp.) can predict fluid responsiveness in SB patients with
acute circulatory failure. Moreover, to determine physiolog-
ical hemodynamic changes during the specific DIM used in
this study, ΔPPdim and ΔVFdim were assessed in 6 healthy
volunteers prior to patient analyses.

2. Patients and Methods

2.1. Ethical Considerations. This study was submitted to the
institutional review board for human subjects of our institu-
tions. Protocol was approved and considered to be part of the
routine practice. Healthy subjects and patients gave informed
consent prior to inclusion in the study. Healthy subjects and
consecutive patients hospitalized in the intensive care unit of
the General Hospital Center in Valenciennes (France) were
prospectively assessed for a 12-month period until February
2009.

2.2. Healthy Volunteers. Criteria for inclusion of healthy
volunteers included no chronic diseases and a stable physical
state for at least 6 weeks prior to the study. Subjects were
examined after overnight fasting.

2.3. Patients. We selected for inclusion all nonintubated SB
patients without ventilatory support and with acute circu-
latory failure, for whom the attending physician decided to
perform fluid challenge. This decision was based on the pre-
sence of at least one clinical sign of inadequate tissue per-
fusion and absence of contraindications for fluid infusion.
Clinical signs of inadequate tissue perfusion were defined as
follows: systolic arterial pressure (SAP) of 90 mm Hg (or a
decrease of 40 mm Hg in previously hypertensive patients),
urine output of 0.5 mL/kg/h for at least 1 h, tachycardia
(heart rate ≥100/min), and mottled skin. Cardiac rhythm
had to be regular. Each patient had a 3-Fr radial catheter (Sel-
diflex Plastimed; Division Prodimed, Saint-Leu-La-Foret,
France) inserted prior to the study as part of standard hemo-
dynamic monitoring.

Patients were not included in the study if they displayed
accessory muscle use (sternocleidomastoid, scalene, pec-
toralis major, trapezius, internal intercostals, and abdominal
muscles), if the respiratory rate was over 30 or if they could
not sustain an inspiration strain for over 5 s.

Eligible patients were secondarily excluded if they had
high-grade aortic insufficiency, if transthoracic echogenicity
was not satisfactory, or if mechanical ventilation was war-
ranted.

2.4. Measurements (Systemic Arterial Pressure, Stroke Volume,
Femoral Artery Flow). Noninvasive (healthy volunteers) and
invasive (patients) arterial pressures, heart rate, and respira-
tory rate were measured with offline recordings on a central
monitor (Information Center M3155; Philips Medical Sys-
tem, Andover, MA, USA) connected to bedside monitors
(IntelliVue MP70; Philips Medical System, Boeblingen,
Germany). For respiratory rate measurements, thoracic
impedance recordings were used.

For patients, systolic and diastolic arterial pressures (SAP
and DAP) were measured with a radial catheter. Mean arter-
ial pressure (MAP) was calculated as MAP = (SAP +
2DAP)/3. Arterial PP was calculated as SAP minus DAP.

All echographic measurements were made on-line with
commercially available echocardiographic HDI 3000 equip-
ment (Philips Medical System; Bothell, WA, USA) with a 2-
MHz transthoracic transducer. Aortic blood flow was record-
ed with a pulsed Doppler at the aortic valve so that the click
of aortic closure was obtained. The velocity time integral of
aortic blood flow was measured. The aortic valve area was
calculated from the diameter of the aortic orifice, measured
at insertion of the aortic cusps, as aortic area = π∗ aortic dia-
meter2/4. SV was calculated as SV = aortic valve area ∗ the
velocity time integral of aortic blood flow [18].

Femoral blood flow was recorded with a continuous Dop-
pler at the common femoral artery. One of the two common
femoral arteries was identified with echographic 2-dimen-
sional and color Doppler’s modes. VF was measured with a
continuous Doppler.

An average of 10 consecutive cardiac cycles over at least
one respiratory cycle was used for measurement of SAP, DAP,
MAP, PP, SV, and VF.

2.5. Respiratory Variations during Quiet SB. Maximal and
minimal values for PP and VF were determined over a res-
piratory cycle during quiet SB. Respiratory variations in PP
and VF (ΔPP and ΔVF, resp.) were calculated as previously
described [19]: respiratory variation within a respiratory
cycle = (maximal value−minimal value)/((maximal value−
minimal value)/2). Three consecutive measurements were
averaged.

2.6. Respiratory Variations during DIM. All patients received
a brief training (<5 min) to make them familiar with the per-
formance of DIM. After passive exhalation, DIM consisted of
slow continuous inspiration strain (5–8 s) followed by slow
passive exhalation. Then, normal quiet breathing was re-
sumed. Inspiration and exhalation durations were controlled
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at the bedside with the echograph chronometer and off-line
with thoracic impedance recording. Maximal values of DIM-
induced PP and VF were recorded as the maximal value
of PP and VF during the deep inspiration strain and the fol-
lowing exhalation. DIM-induced changes in PP and VF
(ΔPPdim and ΔVFdim, resp.) were calculated as follow.

DIM-induced changes = (maximal value during DIM −
minimal value during quiet SB prior to DIM)/((maximal
value during DIM − minimal value during quiet SB prior to
DIM)/2). Three consecutive measurements were averaged.
The variability of ΔPPdim and ΔVFdim measurements was
tested. ΔVFdim was measured three times in all healthy volu-
nteers by the same observer (intraobserver variability) and
by a second observer (interobserver variability). ΔPPdim and
ΔVFdim were measured three times in 10 patients by the
same observer (intraobserver variability).

2.7. Study Design. Patients were studied in a semirecumbent
position. Supportive therapies and vasopressors, if present,
remained unchanged throughout the study. All hemody-
namic and echocardiographic measurements during quiet SB
and DIM were performed at baseline and immediately after
a 30 min VE using 500 mL of 6% hydroxyethyl starch. Pa-
tients were considered as responders to VE if their SV in-
creased by 15%. Because the aortic valve area is not affected
by VE, this 15% cut-off value was defined prior to beginning
the study as twice the intraobserver variability of the velocity
time integral of aortic valve flow, measured by transthoracic
echocardiography in previous studies [4–7]. Tested parame-
ters and SV were recorded consecutively within 5 min by 2
different investigators, before and after VE.

2.8. Statistical Analysis. Numerical data are given as means±
SD unless otherwise indicated. The Shapiro-Wilk test was
used to test for normal distribution. Comparison of means
within groups was performed using a paired-sample Stu-
dent’s t-test or a paired-sample Wilcoxon’s test. Comparison
of means between groups was performed using an indepen-
dent sample Student’s t-test or Mann-Whitney’s U-test. Qua-
litative variables were reported as number and percentage
and compared between groups using a Fisher test. Linear cor-
relations were tested using the Pearson test. Receiver-operat-
ing characteristic curves± SE were compared using the Han-
ley-McNeil test [20]. Cut-off values for ΔPP, ΔPPdim, ΔVF,
and ΔVFdim were chosen to correspond to the best res-
pective Youden’s index [21]. A P ≤ .05 was considered statis-
tically significant. Statistical analysis was performed using
SPSS 13.0.1 software (SPSS, Chicago, IL, USA).

3. Results

3.1. Healthy Volunteers. VF time course was assessed during
DIM in 6 healthy volunteers, and mean clinical characteris-
tics are summarized in Table 1. During inspiration strain, VF
immediately decreased (phase 1), then increased (phase 2),
and eventually again decreased (phase 3). During slow pas-
sive exhalation immediately following inspiration strain, VF
increased (phase 4). After quiet SB was resumed, VF returned

Spontaneous
breathing

Spontaneous
breathing

Continuous inspiration
strain

Time (s)

Phase 1 Phase 2 Phase 3 Phase 4

0.8

0.6

0.4

0.2

−12 −9 −6 −3 0

(m
/s

)
V

F

Figure 1: Velocity peak of femoral artery flow (VF) during a deep
inspiration maneuver (DIM). Phase 1, 2, 3, and 4 of the DIM.

Table 1: Main characteristics of healthy volunteers.

n = 6

Age, years 35 ± 3

Sex ratio, M/F 4/2

Body mass index 23.6 ± 3.2

Body surface area, m2 1.83 ± 0.18

HR, beats/min 72 ± 9

RR, cycles/min 17 ± 5

MAP, mm Hg 85 ± 11

PP, mm Hg 44 ± 12

SAP, mm Hg 114 ± 17

DAP, mm Hg 70 ± 8

SVi, mL/m2 33 ± 7

VF, cm/s 74.2 ± 9.8

HR, heart rate; RR, respiratory rate; MAP, mean arterial pressure; PP, pulse
pressure; SAP, systolic arterial pressure; DAP, diastolic arterial pressure; SVi,
stroke volume index; VF, velocity peak of femoral artery flow. Values are
expressed as mean ± SD.

to baseline level within 30 s. The maximum value of DIM-
induced VF was recorded during phase 2 or 4 (Figure 1).
VF Values during SB and DIM are reported in Table 2. Intra-
observer and interobserver variabilities for ΔVFdim were,
respectively, 4.7% ± 3.4% and 7.1% ± 6.5%.

3.2. Patients. Among 250 consecutive patients hospitalized
during the study, 30 (5.8%) were evaluated for inclusion in
the study. Among them, 4 (13.3%) were not included because
of accessory muscles use (n = 3), respiratory rate of ≥ 30
(n = 1), and/or inspiration strain below 5 s (n = 4). Among
the 26 eligible patients, 3 (11.5%) were excluded because of
transthoracic poor insonation. Thus, 23 patients (7 females
and 16 males) with a mean age of 50 ± 5 years were included
in the study (Table 3). Glasgow’s coma score was 15/15 for all
patients. Mean simplified acute physiological score II was 31
± 12, and 2 (8.7%) patients died during hospitalization.

For the group as a whole, SV was significantly increased
by VE, from 53.2 ± 12.2 mL to 62.8 ± 14 mL (P < 0.0001).
Ten patients (43.5%) were considered responders to VE. The
general characteristics of the two groups were similar prior
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Figure 2: Linear correlation between respiratory change in pulse pressure (ΔPP), respiratory change in velocity peak of femoral artery flow
(ΔVF), deep inspiration maneuver-induced change in pulse pressure (ΔPPdim), deep inspiration maneuver-induced change in velocity peak
of femoral artery flow (ΔVFdim)- and volume expansion- (VE-) induced change in stroke volume (SV).

Table 2: Velocity peak of femoral artery flow during quiet spontaneous breathing and deep inspiration maneuver in healthy volunteers.

N

VF during quiet spontaneous VF during deep inspiration
ΔVF (%) ΔVFdim (%)breathing (cm/s) maneuver (cm/s)

Inspiration Exhalation Phase 1 Phase 2 Phase 3 Phase 4

1 81.2 92.2 73.2 92.1 64 92.9 12.7 13.4

2 64 72.3 59 71.2 55.4 76.5 12.2 17.8

3 71.8 82.8 62.1 82.9 51.7 88 14.2 20.3

4 75.7 83.5 68.1 82.6 52.1 87.8 9.8 14.8

5 56.1 61.3 50 66.9 36.4 64.8 8.9 17.6

6 86.8 91.6 81.3 99.6 76.3 88.8 5.4 13.7

Mean ± SD 72.6 ± 11.2 80.6 ± 11.9 65.6 ± 11 82.6 ± 12.3 56 ± 13.4 83.1 ± 10.5 10.5 ± 3.2 16.2 ± 2.7a

VF, velocity peak of femoral artery flow; ΔVF, respiration-induced change in VF; ΔVFdim, deep-inspiration-maneuver-induced change in VF. aP < 0.05
versus ΔVF. Values are expressed as mean ± SD.

to VE (Table 3). Invasive arterial pressure and femoral blood
flow were recorded in all patients. Intraobserver variability
for ΔPPdim and ΔVFdim were, respectively, 5.9%±4.6% and
6.3% ± 5.8%. ΔPP, ΔPPdim, ΔVF, and ΔVFdim were high-
er in responders than those in nonresponders (Table 4), and
each was positively correlated with a VE-induced increase in
SV (Figure 2). Moreover, VE-induced changes in SV were
negatively correlated with VE-induced changes in ΔPP (R2 =
0.23; P = 0.02), VE-induced changes in ΔPPdim (R2 =

0.55; P < 0.01), VE-induced changes in ΔVF (R2 = 0.24;
P = 0.02), and VE-induced changes in ΔVFdim (R2 = 0.56;
P < 0.01).

AUROC ± SE for ΔPPdim (0.95 ± 0.05) and ΔVFdim
(0.95± 0.05) were higher than AUROC± SE for ΔPP (0.71±
0.12) and ΔVF (0.74± 0.11); P < 0.05. ΔPPdim and ΔVFdim
of ≥12% predicted fluid responsiveness with a sensitivity of
90% and specificity of 100% (Table 5, Figure 3). No adverse
effect of DIM was reported.
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Figure 3: Individual baseline values for each indicator, respiratory change in pulse pressure (ΔPP), respiratory change in velocity peak of
femoral artery flow (ΔVF), deep inspiration maneuver-induced change in pulse pressure (ΔPPdim), and deep inspiration maneuver-induced
change in velocity peak of femoral artery flow (ΔVFdim) in patients with volume expansion-induced changes in SV ≥ 15% (responders)
and <15% (nonresponders).

4. Discussion

The main finding of this study was thatΔVFdim andΔPPdim
enable safe and accurate bedside prediction of preload res-
ponsiveness in SB patients without ventilatory support with
sepsis or acute pancreatitis. ΔVFdim and ΔPPdim of ≥12%
were predictive of a positive hemodynamic response to VE
induced by rapid fluid infusion. Furthermore, we demon-
strated that ΔVFdim and ΔPPdim are more accurate makers
of fluid responsiveness than ΔVF or ΔPP. The search for
predictive factors of fluid responsiveness in SB patients was
justified, since fluid responsiveness occurred in only 43.5%
of patients. Thus, as previously described in SB patients, VE
does not consistently improve hemodynamics [4–8].

In mechanically ventilated patients, positive pressure in-
spiration induces cyclic increases in right atrial pressure,

causing, in turn, inverse changes in venous return, right ven-
tricular preload and ejection, and ultimately left ventricular
preload. In preload-dependent patients, these cyclic changes
in ventricular filling induce cyclic changes in SV, PP, and
arterial blood flow, enabling prediction of a positive response
to VE [19]. In SB patients without mechanical ventilatory
support, negative pressure inspiration induces cyclic decre-
ases in right atrial pressure, causing cyclic increases in venous
return, right ventricular preload and ejection, and ultimately
left ventricular preload. Although SB and mechanical venti-
lation have inversed physiological effects on cardiac preload,
respiratory changes in SV or surrogates are correlated with
VE-induced changes in SV [4]. As previously described [4],
the sensitivity of ΔVF and ΔPP in our study was lower than
that in mechanically ventilated patients [19, 22]. Neverthe-
less, the predictive value of ΔPP in mechanically ventilated
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Table 3: Descriptive clinical data of the patients.

Responders Nonresponders
P

n = 10 n = 13

Age, years 47 ± 22 53 ± 22 0.69

Sex ratio, M/F 6/4 10/3 0.65

SAPS II 31 ± 15 30 ± 10 0.82

ICU stay before inclusion,
daysa 1 [0–3] 1 [0–4] 0.90

Abdominal compartment
syndrome [17]

0 (0%) 0 (0%) 1

OALL 0 (0%) 0 (0%) 1

COPD 0 (0%) 1 (8%) 1

Arterial hypertension 1 (10%) 3 (23%) 0.6

LVEF <45% 2 (20%) 1 (8%) 0.56

Indication for ICU stay
(on the day of inclusion)

Sepsis 9 (90%) 11 (85%) 1

Pulmonary infections 9 (90%) 7 (54%) 0.77

Urinary tract infections 0 (0%) 1 (8%) 0.57

Abdominal infections 0 (0%) 1 (8%) 0.57

Other infections 0 (0%) 2 (15%) 0.31

Nosocomial infections 2 (20%) 6 (46%) 0.20

Acute pancreatitis 1 (10%) 2 (8%) 1

Clinical hemodynamic
parameters

Vasoactive drugs 0 (0%) 2 (16%) 0.49

Arterial hypotension 4 (40%) 7 (54%) 0.68

Oliguria 5 (50%) 6 (46%) 1

Tachycardia 8 (80%) 9 (69%) 0.66

Mottled skin 3 (30%) 4 (31%) 1

SAPS II, Simplified Acute Physiologic Score II; ICU, intensive care unit,
OALL, obliterating arteriopathy of the lower limbs; COPD, chronic obstruc-
tive pulmonary disease; LVEF, left ventricular ejection fraction. aValues
expressed as median and interquartile range (25th-75th percentiles). Values
are expressed as number (%) or mean ± SD.

patients can be altered when tidal volume is low [14]. Since
low tidal volume may attenuate ΔVF and ΔPP values in SB
patients, we hypothesized that DIM may sensitize these indi-
ces for predicting fluid responsiveness. Our results confirm
that a transient increase in tidal volume due to a standardized
DIM can increase ΔVF and ΔPP sensitivity for predicting
responders to VE. The main strength of the specific DIM
performed in this study is that it does not necessitate specific
material such as a certain type of bed [9], spirometry trans-
ducers [8], or inspiratory threshold devices [23]. The main
weakness of the maneuver is the lack of respiratory parameter
measurements to control whether the inspiration strain is
sufficient to increase venous return to the heart. Attention
should be directed to the specific population selected in
our study. Indeed, ΔVFdim and ΔPPdim predicted fluid
responsiveness with high sensitivity provided patients were
able to understand and perform an inspiratory strain of >5 s.
This prerequisite may have enabled selection of patients with
appropriate inspiratory capacity, permitting accurate DIM

Table 4: Hemodynamic parameters before and after volume expan-
sion in responders and nonresponders.

n = 23
Before volume After volume

expansion expansion

RR, cycles/min

Nonresponders 23 ± 4 22 ± 4

Responders 23 ± 4 22 ± 4

HR, beats/min

Nonresponders 97 ± 22 97 ± 23

Responders 112 ± 22 107 ± 18b

MAP, mm Hg

Nonresponders 79 ± 13 83 ± 13b

Responders 80 ± 14 90 ± 16b

PP, mm Hg

Nonresponders 66 ± 19 68 ± 20

Responders 63 ± 22 71 ± 26b

VF, mm Hg

Nonresponders 82.1 ± 20.5 87.5 ± 22.9b

Responders 79.2 ± 27.8 94.6 ± 33.4b

SVi, mL/m2

Nonresponders 28.7 ± 4.9 31.3 ± 5.4b

Responders 28.9 ± 10.7 39 ± 14.1b

ΔPP, %

Nonresponders 6.6 ± 2.5a 4.5 ± 2.2b

Responders 13.5 ± 10.6 5.5 ± 2.5b

ΔPPdim, %

Nonresponders 7.2 ± 3.5a 5.7 ± 2.5a

Responders 20.6 ± 10 10.2 ± 6.1b

ΔVF, %

Nonresponders 6.6 ± 1.9a 5.1 ± 1.1b

Responders 13.4 ± 10.6 6.6 ± 3.1b

ΔVFdim, %

Nonresponders 7.4 ± 3a 6.3 ± 1.8a

Responders 20.4 ± 10.1 10.9 ± 5.2b

RR, respiratory rate; HR, heart rate; MAP, mean arterial pressure; PP, pulse
pressure; VF, velocity peak of femoral artery flow; SVi, stroke volume in-
dex; ΔPP, respiration-induced change in PP; ΔPPdim, deep inspiration
maneuver-induced change in PP; ΔVF, respiration-induced change in VF;
ΔVFdim, deep inspiration maneuver-induced change in VF; responders, pa-
tients with volume expansion-induced changes in stroke volume ≥ 15%.
aP < 0.05 versus responders; bP < 0.05 versus before volume expansion.
Values given as mean ± SD.

and thus accurate fluid responsiveness prediction. However,
this hypothesis should be confirmed in further studies before
ΔVFdim and ΔPPdim can be routinely used at the bedside to
predict fluid responsiveness in SB patients.

Continuous inspiration strain leads to a significant
increase in caval blood flow [24], thus increasing cardiac
preload. Although the DIM performed in this study may
increase cardiac preload, hemodynamic effects are more
complex and DIM-induced changes in left ventricular SV
are not entirely driven by preload responsiveness of the
heart. As described previously, inspiration during SB not
only decreases intrathoracic pressure but also increases
intraabdominal pressure and lung volume. Combined effects
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Table 5: Accuracy of hemodynamic parameters for predicting fluid responsiveness.

Threshold value Sensitivity Specificity PPV NPV PLR NLR AUROC ± SE

ΔPP 10% 60% 100% 100% 76% ∞ 0.4 0.71 ± 0.12

ΔPPdim 12% 90% 100% 100% 93% ∞ 0.1 0.95 ± 0.05a,b

ΔVF 10% 60% 100% 100% 76% ∞ 0.4 0.74 ± 0.11

ΔVFdim 12% 90% 100% 100% 93% ∞ 0.1 0.95 ± 0.05a,b

ΔPP, respiratory change in pulse pressure; ΔPPdim, deep inspiration maneuver-induced change in pulse pressure; ΔVF, respiratory change in velocity peak of
femoral artery flow; ΔVFdim, deep inspiration maneuver-induced change in velocity peak of femoral artery flow aP < 0.05 versus ΔPP; bP < 0.05 versus
ΔVF.

of the three physiologic phenomena lead to an increase not
only in right ventricular preload but also in right and left
ventricular afterloads [25, 26]. Therefore, DIM-induced left
ventricular SV changes over time are the integrative conse-
quence of DIM-induced changes in preload and afterload
changes. First, the inspiration strain-induced increase in left
ventricular afterload leads to an immediate decrease in left
ventricular SV, PP and VF (phase 1 of the DIM) [26–28].
Second, if the heart is preload-responsive despite increases
in right and left ventricular afterload, the increase in right
ventricular preload results in an increase in right ventricular
SV and, 2 or 3 heartbeats later due to pulmonary transit time
of blood, in an increase in left ventricular SV, PP, and VF
(phase 2 of the DIM) [11–13]. Third, the inspiration strain-
induced increase in right and left ventricular afterloads
overwhelms preload-dependent effects, leading to a decrease
in left ventricular SV, PP, and VF (phase 3 of the DIM).
As previously described during deep inspiration, global
equilibrium between increased venous return and increased
cardiac afterload leads to an increase in intrathoracic blood
volume [27, 28] and, thus, cardiac preload. Therefore, if the
heart is preload-responsive, passive exhalation immediately
following deep inspiration leads to an increase in left
ventricular SV, PP, and VF (phase 4 of the DIM). Thus, DIM-
induced increases in PP and VF during phase 2 or 4 may
correlate with cardiac preload responsiveness if their rela-
tionships with left ventricular SV are not significantly altered
[7]. The high sensitivity and specificity values of ΔVFdim
and ΔPPdim for predicting fluid responsiveness suggest that
the relationship between left ventricular SV, PP, and VF may
not be significantly altered during DIM. However, it must
be underlined that no patient had abdominal compartment
syndrome in this study. As intraabdominal pressure may alter
hemodynamic effects of DIM, these results should not be
extended to patients with suspected or confirmed abdominal
compartment syndrome.

Although specificity of ΔVFdim and ΔPPdim was highly
efficient at detecting VE responders, false positives may
occur. As previously described, a high ΔPP baseline value
could reflect either preload dependence or right ventricular
dysfunction [29, 30]. Indeed, in case of obstructive lung dis-
ease and/or acute right ventricular dysfunction, an inspira-
tory decrease in left-ventricular diastolic compliance results
in an exaggeration of the normal inspiratory decrease in PP
referred to as pulsus paradoxus [31]. Therefore, ΔVFdim,
and ΔPPdim might be high despite the absence of preload
responsiveness and may expose patients to ineffective or
deleterious fluid loadings. Evaluation of right ventricular

function may help to predict false positives of ΔVFdim and
ΔPPdim. Unfortunately, the study population comprised few
or no patients with chronic obstructive pulmonary disease or
reduced right ventricular function. Consequently, further
studies are needed to determine reliability of ΔVFdim and
ΔPPdim in a larger population comprising patients with ob-
structive lung disease and acute right ventricular dysfunc-
tion.

Eventually, it must be underlined that arrhythmia leads
to misinterpretation of respiratory changes in arterial blood
flow parameters, and; thus, these results cannot be extended
to patients without regular cardiac rhythm.

In summary, our findings suggest that in a restricted pop-
ulation of SB patients with severe sepsis or acute pancreatitis,
ΔVFdim and ΔPPdim are accurate indices of fluid respon-
siveness. Analysis of ΔPPdim or ΔVFdim is easy to perform
in patients who have an indwelling arterial catheter or when
echographic equipment is available. However, false negatives
and false positives may occur in different clinical conditions.
These results should be confirmed in a larger population
before validating their use in current practice.
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“Brachial artery peak velocity variation to predict fluid

responsiveness in mechanically ventilated patients,” Critical
Care, vol. 13, no. 5, p. R142, 2009.

[23] M. K. Dahl, S. T. Vistisen, J. Koefoed-Nielsen, and A. Larsson,
“Using an expiratory resistor, arterial pulse pressure variations
predict fluid responsiveness during spontaneous breathing:
an experimental porcine study,” Critical Care, vol. 13, no. 2,
article no. R39, 2009.

[24] R. S. Kuzo, R. A. Pooley, J. E. Crook, M. G. Heckman, and T.
C. Gerber, “Measurement of caval blood flow with MRI dur-
ing respiratory maneuvers: implications for vascular contrast
opacification on pulmonary CT angiographic studies,” Amer-
ican Journal of Roentgenology, vol. 188, no. 3, pp. 839–842,
2007.

[25] T. S. Hakim, R. P. Michel, and H. K. Chang, “Effect of lung in-
flation on pulmonary vascular resistance by arterial and ven-
ous occlusion,” Journal of Applied Physiology Respiratory En-
vironmental and Exercise Physiology, vol. 53, no. 5, pp. 1110–
1115, 1982.

[26] A. J. Buda, M. R. Pinsky, N. B. Ingels Jr., G. T. Daughters II, E.
B. Stinson, and E. L. Alderman, “Effect of intrathoracic pres-
sure on left ventricular performance,” The New England Jour-
nal of Medicine, vol. 301, pp. 453–459, 1979.

[27] M. Karam, R. A. Wise, and T. K. Natarajan, “Mechanism of
decreased left ventricular stroke volume during inspiration in
man,” Circulation, vol. 69, no. 5, pp. 866–873, 1984.

[28] S. M. Scharf, R. Brown, N. Saunders, and L. H. Green, “Effects
of normal and loaded spontaneous inspiration on cardio-
vascular function,” Journal of Applied Physiology Respiratory
Environmental and Exercise Physiology, vol. 47, no. 3, pp. 582–
590, 1979.

[29] Y. Mahjoub, C. Pila, A. Friggeri et al., “Assessing fluid respon-
siveness in critically ill patients: false-positive pulse pressure
variation is detected by Doppler echocardiographic evaluation
of the right ventricle,” Critical Care Medicine, vol. 37, no. 9, pp.
2570–2575, 2009.

[30] J. N. Cohn, A. L. Pinkerson, and F. E. Tristani, “Mechanism of
pulsus paradoxus in clinical shock,” Journal of Clinical Investi-
gation, vol. 46, no. 11, pp. 1744–1755, 1967.

[31] R. Shabetai, N. O. Fowler, J. C. Fenton, and M. Masangkay,
“Pulsus paradoxus,” Journal of Clinical Investigation, vol. 44,
no. 11, pp. 1882–1898, 1965.



Hindawi Publishing Corporation
Cardiology Research and Practice
Volume 2012, Article ID 383217, 4 pages
doi:10.1155/2012/383217

Review Article

Nonconvective Forces: A Critical and Often
Ignored Component in the Echocardiographic Assessment of
Transvalvular Pressure Gradients

Michael S. Firstenberg,1 Erik E. Abel,1 Thomas J. Papadimos,2 and Ravi S. Tripathi2

1 Division of Cardiac Surgery, The Ohio State University Medical Center, Columbus, OH 43210, USA
2 Department of Anesthesiology, The Ohio State University Medical Center, Columbus, OH 43210, USA

Correspondence should be addressed to Michael S. Firstenberg, michael.firstenberg@osumc.edu

Received 11 May 2011; Accepted 14 August 2011

Academic Editor: Anthony McLean

Copyright © 2012 Michael S. Firstenberg et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Echocardiography is routinely used to assess ventricular and valvular function, particularly in patients with known or suspected
cardiac disease and who have evidence of hemodynamic compromise. A cornerstone to the use of echocardiographic imaging
is not only the qualitative assessment, but also the quantitative Doppler-derived velocity characteristics of intracardiac blood
flow. While simplified equations, such as the modified Bernoulli equation, are used to estimate intracardiac pressure gradients
based upon Doppler velocity data, these modified equations are based upon assumptions of the varying contributions of
the different forces that contribute to blood flow. Unfortunately, the assumptions can result in significant miscalculations in
determining a gradient if not completely understood or they are misapplied. We briefly summarize the principles of fluid
dynamics that are used clinically with some of the inherent limitations of routine broad application of the simplified Bernoulli
equation.

1. Introduction

Echocardiography has become an invaluable tool for the
qualitative and quantitative assessment of cardiac function.
The ability to evaluate ventricular function and valve pathol-
ogy in real time, its portability, lack of ionizing radiation,
and relatively low cost are all factors that have contributed
to echocardiography becoming more common in the physi-
ologic and hemodynamic assessment of sick patients. While
2-dimensional and, more recently, 3-dimensional imaging of
cardiac structures are part of a routine qualitative assessment;
both continuous and pulsed wave Doppler are often used
for quantitative assessment of intracardiac flows depending
on the magnitude of flow velocity and the need for spatial
resolution [1]. While Doppler waveforms are routinely used
to determine the magnitude of normal, regurgitant, and
stenotic (restrictive) intracardiac flow, the limitations of
the assumptions of the equations routinely used are rarely
considered [2].

2. Theoretical Basis for the Assessment
of Intracardiac Pressure Gradients

A primary application of the pulsed Doppler waveforms
has been the estimation of pressure gradients, typically
across both native and prosthetic valves [3]. The theoretical
basis of this stems from the Navier-Stokes equations for
incompressible fluid that describes three-dimensional flow
[4]. The Navier-Stokes equations can then be rewritten
and simplified to describe two-dimensional flow across a
streamline; this is known as Euler’s equation (1) and relates
the instantaneous local pressure (∂p) and velocity (∂v)
relationships as a function of distance (∂s) and time (∂t)

∂p

∂s
= −ρ

[
∂v

∂t
+ v

∂v

∂s

]
. (1)

Integrating Euler’s equation between 2 points along a
pathway (such as within the heart between a point in the
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left atrium (SLA) and ventricle (SLV)) results in the unsteady
Bernoulli equation

Δp = 1
2
ρ
(
v2

2[t]− v2
1[t]

)
+ ρ

∫ SLV

SLA

∂v[s, t]
∂t

ds + G. (2)

Similarly, the unsteady Bernoulli equation (also known
simply as “the Bernoulli equation”) can be rewritten as

Δp(t) = 1
2
ρΔ
(
v2

2 − v2
1

)
+ M

dv

dt
+ R(v) + G, (3)

in which Δp(t) is the drop in pressure as a function of time
(t) between the two points of interest, ρ is blood density
(1.05 g/cm3), v is the velocity of blood between the two
points of interest (v1 and v2), and M is the inertance term
of blood flow. R is a resistive term reflecting the effects
of viscosity along the path. G is the term that describes
the effects of gravity and, in the context of intracardiac
blood flow, is considered negligible and is typically ignored
[5]. Similarly, since these applications often describe blood
flow originating in either the right or left atrium for the
assessment of transtricuspid or transmitral applications, the
initial velocity within the left atriums have also been shown
to be negligible and can be ignored [6]. This assumption of
an initial minimal upstream velocity is a recurrent source of
error in the assessment of intracardiac blood flow, regardless
of the equations used.

The complete form of the unsteady Bernoulli equation
(3) consists of 4 terms [6] that describe the contributions of
different forces that determine a pressure gradient:

(1) a convective term (Δpconv=(1/2)ρΔ(v2
2−v2

1)) accounts
for the fall in pressure and the simultaneous rise
in the kinetic energy as fluid (i.e., blood) increases
velocity across an orifice (i.e., a valve);

(2) an inertial or nonconvective term (Δpint=M(dv/dt))
describes the pressure change that is required to
accelerate a mass of blood across the valve;

(3) a gravitational (G) term that describes the effects of
gravitational forces on the mass;

(4) a viscous term (Δpvisc = R(v)) that describes the loss
of energy from the viscous interactions between the
fluid/blood along the walls.

3. Resistive or Viscous Forces

The contribution of resistive or viscous forces is based upon
the Poiseuille equation (4)

Δpvisc = 4μVmaxL

r2
. (4)

The viscous resistance to flow (Δpvisc) is a function of the
viscosity of blood (μ), the peak velocity (Vmax), and the
length of the column (L), divided by the radius squared
(r2). For cardiac applications, and assuming steady-state
laminar flow, for the range of human cardiac output (2–
6 liters/minute), over the distance measured (typically only

several centimeters within the heart), and for the range of
valvular or tubular diameters (also typically only several cen-
timeters), the contribution of the resistance term ranges from
0.006 mmHg (for a radius of 0.7 cm and a cardiac output of
2 liters/min) to 0.14 mmHg (for a diameter of 1.0 cm and a
cardiac output of 6 liters/min) [5]. Hence, as mentioned, in
the context of intracardiac flow and pressures, viscous forces
are considered negligible and are typically ignored.

4. Inertance (Nonconvective) Forces

The inertance term, M, is a function of the energy required
to accelerate a mass of blood (dv/dt), and it can be described
by rewriting the unsteady Bernoulli equation

M ≈ ΔPact − ΔPconv

dv/dt
. (5)

M can be approximated as the difference between the actual
pressure gradient (ΔPact) and the convective component
of the pressure gradient (ΔPconv = (1/2)ρΔ[v2]) as a
function of the changes in velocity over time (again assuming
negligible viscous and gravitational forces). For routine
applications, M is also typically ignored because it requires
being able to derive the change in velocity (acceleration) over
a distance, a task that is very difficult to accurately accom-
plish when measuring intracardiac blood flow. This spatial
acceleration is not available by conventional 2D Doppler
velocity data (which only provides the velocity characteristics
of blood at a point/region of interest). Color M-mode
Doppler, unlike conventional Doppler imaging that provides
a velocity at a specific point within the heart, provides
encoded velocities over an entire scanline with the colors
displayed directly correlating to that specific velocity on the
scanline. The scanline provides the distances while real-time
recording adds the component of time. Recording these scan-
line velocity characteristics over time allows for determining
the nonconvective or inertial forces [7]. While sophisticated
analysis of color M-mode imaging has demonstrated the
ability to determine the spatial acceleration of blood and
the inertial component, these tools are not easily available
and therefore not part of routine clinical applications.
Furthermore, acquisition of these images requires the scan-
line to be directly oriented in a 90 degree angle to the
direction of flow to prevent underestimation of velocities by
off-angle measurements. While in theory Doppler scan-line
orientation can have a significant impact on underestimating
true velocities, and hence true pressure gradients, the
magnitude and significance of off-angle measurements are
unclear [8]. Furthermore, in routine clinical applications,
either with transthoracic or transesophageal imaging, the
ability to accurately orient the Doppler scanline in a patient
can be technically challenging. Much like gravitational and
viscous forces are often considered negligible as are inertance
forces, in part because of the difficulty in measuring them
accurately; however, inertance forces have been shown to
be physiologically complex, incompletely understood, and
considerably variables in ways that can lead to a substantial
underestimation of the overall pressure gradient which needs
to be considered [9].
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For routine clinical applications, the estimation of a
pressure gradient within the heart typically only considers
the easy-to-measure convective term. It is this convective
term that is commonly referred to as the “modified”
Bernoulli equation that is the complete Bernoulli equation
(3) minus the inertial, gravitational, and viscous/resistance
terms. When converted into appropriate scientific units, it
becomes familiar: Δp = 4v2 [3], in which v is the Doppler-
derived velocity in m/sec and Δp is the estimated pressure
gradient in mmHg. Again, an additional assumption is that
the initial velocities, for example, in the left atrium, are
minimal, and hence, only the final velocity is considered—
a concept that is not necessarily valid.

For nonrestrictive orifices, such as a normal valves and
“larger” conduits, these assumptions do not apply. Because
of the relatively large amount of blood that must pass
through a nonrestrictive mitral valve with each cardiac
cycle, the inertial term is presumed to play a significant
role in describing the overall transmitral pressure gradient
[10]. Although previous investigators have demonstrated
the importance of the inertial component of the Bernoulli
equation when applied to transmitral flow, it is a term that is
commonly ignored both clinically and in research [11, 12].

5. Clinical Data

Animal and human data regarding the absolute or relative
contributions of transvalvular inertance and nonconvective
forces are limited, with most work having been performed
in the context of transmitral valvular pressure gradients
(transaortic gradients and velocities are much higher and the
inertial components contribute relatively less and probably
have less clinical significance). Human in situ experiments,
with high-fidelity pressure transducers placed across the
mitral valve, in which actual pressure gradients are compared
with the convective components (as determined using the
modified Bernoulli equation from echo Doppler velocities)
under a wide-spectrum of physiologic conditions, are used
to estimate the inertance components [13]. In these human
experiments, the actual catheter derived transmitral pressure
gradients ranging from 1.04 to 14.24 mmHg. However,
using simultaneously derived Doppler velocity, the inertance
component (M(dv/dt)) ranged from 0.6 to 12.9 mmHg. A
previously validated numerical model of the cardiovascular
system [14] was then used to predict those physiologic and
echocardiographic determinants of M (not to be confused
with the complete inertial component, M(dv/dt)) [11].
The results of mathematical modeling demonstrated, using
a multivariate analysis, that the strongest predictors of
transmitral M was (1) maximum left atrial volume (an index
of the “mass” of blood that needs to be accelerated) and
(2) the ratio of pulmonary venous S/D wave velocities (an
index of the initial kinetic/potential energy of blood within
the left atrium that needs to be moved across the mitral
valve). Overall, the inertial energy, on average, consisted of
74% of the actual pressure gradient as predicted using only
the convective term [13].

In a similar set of human experiments, in 8 patients
undergoing cardiac surgery, 56 cardiac cycles from 16 hemo-

dynamic stages were studied. Actual pressure gradients were
recorded with high-fidelity multisensor pressure transducers
(Millar, Houston, Tex, USA) across a normal mitral valve.
These actual gradients were correlated with noninvasive
echocardiograph color M-mode images. This study
demonstrated, for a large range of physiologic conditions,
that the Δpconv consistently underestimated Δpact (r = 0.72,
P < 0.05), and, in fact, Δpact overall poorly correlated
with Δpconv (r = 0.35). However, color M-mode-derived
gradients (which included both convective and inertance
components) correlated closely with actual pressure
gradients (y = 0.95x + 0.24, r = 0.96) [11]. These findings
are consistent with previous canine, human, and numerical
modeling studies in which, under normal loading condi-
tions, ignoring the inertance components underestimated
transmitral gradients by as much as 12 mmHg [9, 12, 13].

This data suggests that in “sicker” patients (i.e., those
with greater left atrial volumes, mitral valve dysfunction,
and abnormal filling pressures) the inertance contribution
to transmitral pressure gradients is greater and thereby
implying the Doppler-derived gradients significantly under-
estimate, and more so with larger LA volume, the actual gra-
dient. Conversely, a decreased pulmonary venous S/D ratio
in the setting of “normal” transmitral Doppler waveforms,
which is a marker for heart failure [15], predicts a lower
inertial component to the actual transmitral gradient, and
hence the convective term more closely approximates the
true gradient. These findings and concepts are consistent
with separate studies performed by Nakatani et al. [12]
in which physiologic predictors of transmitral M included
systolic LV pressures and actual transmitral gradients.

Flachskampf and colleagues, in an in vitro model, showed
that inertance depended on the orifice diameter and conduit
length more than the actual gradients. This explains, in
part, the basis of the limitations of the modified Bernoulli
equation in larger orifices and lower pressure/velocity sce-
narios, like a normal mitral valve. In the context of the
heart, he suggested that M was a function of geometrical
characteristics of the mitral valve area and apparatus length
[10]. Even though these results might appear contradictory,
chronic adverse changes in ventricular loading conditions are
linked to pathologic changes in the mitral valve function and
geometry.

While these experiments demonstrate the role of non-
convective, or inertial, forces for transmitral flow, it is
important to consider that the same principles apply for
other applications that measure pressure gradients within
the heart, such as intraventricular pressure gradients [16,
17], right ventricular filling pressures [18], intracardiac
shunts, and pulmonary hypertension [19]. For example,
while Doppler velocities are routinely used to derive pul-
monary artery pressures [20], it is well known that these
pressures typically correlate poorly with actual catheter-
derived measurements [21]. In these studies, even when
right atrial pressures are included in these estimates, there
is still a significant (∼8 mmHg) source of error in more
than 50% of patients that cannot be explained by routinely
measured clinical parameters and are hypothesized to be only
accounted for by nonconvective forces [22]. Clearly, further
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studies are needed to substantiate and better understand
these complex complementary or conflict determinants to
intracardiac pressure gradients.

6. Conclusions

The use of echocardiography in the evaluation of cardiac
disease and the critically ill is becoming ubiquitous. It is
standard of care for intraoperative management of patients
undergoing valve surgery without contraindications [23].
Unfortunately, clinically useful tools to accurately quan-
titatively determine the contributing factors to noncon-
vective forces, or the inertial components of intracardiac
blood flow, are lacking which potentially further explains
why this parameter is typically ignored when determining
intracardiac pressure gradients. Nevertheless, as outlined,
these nonconvective forces remain a variable and critical
contribution to the determination of pressure gradients. A
thorough understanding of the principles of fluid dynam-
ics, the limitations of Doppler echocardiography, and the
assumptions of the modified Bernoulli equation are critical
in accurate interpretation of clinical data.
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Hemodynamic monitoring has become a real challenge in the intensive care unit. As an integrative parameter for oxygen
supply/demand, venous oxygen saturation (SvO2) provided by pulmonary artery catheterization is one of the most popular
parameters to assess the adequacy of cardiac output. However, technical limitations and potential iatrogenic complications
constitute important limits for a widespread use. Regular central venous catheters coupled with a fiberoptic lumen for central
venous oxygen saturation (ScvO2) monitoring have been proposed as a surrogate for SvO2 monitoring. The purpose of the present
article is to review the physiological backgrounds of circulation, the pathophysiology of circulatory failure and subsequent venous
oxygen saturation alterations, and finally the merits and the limits of the use of ScvO2 in different clinical situations.

1. Introduction

Hemodynamic monitoring has become a common practice
in the intensive care unit. Besides blood pressure measure-
ment, most industrial efforts have concentrated on providing
devices for cardiac output monitoring. However, adequate
adaptation of these macrohemodynamic parameters is some-
how challenging. Indeed, as cardiac output is an adaptive
parameter, it is always difficult to judge whether a given
value at a given time for a given patient is appropriate or
not. Similarly, which value should be considered an ap-
propriate goal for blood pressure, considering regional
perfusion specificities (e.g., autoregulation or flow/pressure
dependency), patient’s age, history of hypertension, and so
on. Therefore, considering that O2 supply to the tissue is the
basic objective, intensivists have been trying to find out an
integrative parameter that would be more suitable to globally
assess hemodynamic status of their patients. As a surrogate
for evaluating O2 demand/supply adequacy, central oxygen
venous saturation (ScvO2) has become a popular parameter.
As explained for the dummies, oxygen venous saturation is
interpreted as a bank statement at the end of the month: “if
the balance is negative, you can consider two explanations:
you spend too much money or you earn not enough.” The

aim of the present paper is precisely to critically analyze the
physiological basements for such an interpretation, the data
that support its use in clinical practice, and finally the limits
that should be kept in mind while using such a parameter at
the bedside.

2. Physiological Background

2.1. Normal Circulation Physiology. One of the main goals of
blood circulation is to ensure oxygen supply to organs and
tissues. The determinants of arterial oxygen delivery (DO2)
are

(i) cardiac output (CO);

(ii) arterial content in oxygen (CaO2).

The arterial content in oxygen has 2 components.

(1) The main component is oxygen bound to hemo-
globin (Hb).

(2) The secondary component is dissolved oxygen.

The first one depends on hemoglobin concentration,
hemoglobin affinity for oxygen (which varies for Hb isotypes
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and with environmental conditions such as temperature, pH,
or 2.3 DPG concentrations), and, therefore, Hb oxygen sat-
uration. The second component depends on arterial partial
pressure of oxygen (PaO2) and is considered as negligible
because of the very solubility coefficient of oxygen in plasma.
It is then possible to set the equations:

(i) CaO2 = (Hb × 1.34 × SaO2) + (0.003 × PaO2),

(ii) DO2 = CO × CaO2.

By ignoring the dissolved oxygen component, we get

(i) DO2 = CO × 1,34 × SaO2.

Arterial blood is then deoxygenated in tissues. Tissue
oxygen extraction depends on their demand but also on their
ability for oxygen extraction. Therefore, after peripheral oxy-
gen extraction, venous oxygen content depends on arterial
content and tissue oxygen extraction.

2.2. Pathophysiology of Circulatory Failure. Shock is one of
the leading causes of admission in the intensive care unit.
It is usually defined as a mean arterial pressure (MAP)
<60 mmHg or a systolic arterial pressure (SAP) <90 mmHh,
or a decrease in SAP greater than 40 mmHg as compared
to the usual SAP [1]. For many years, hemodynamic man-
agement has focused on “macrocirculatory” parameters such
as blood pressure or cardiac output. Though the magnitude
of macrocirculatory disorders is well known to be related
to prognosis [2], its optimization seems mandatory [3] but
insufficient [4]. Indeed, in septic shock patients, Sakr et al.
observed that after 24 h hours of intensive care, the values of
MAP, cardiac index (CI), and central venous pressure (CVP)
did not discriminate survivors from nonsurvivors.

Hence, shock can be defined as a macrohemodynamic
instability leading to an inappropriate oxygen supply/
demand balance. Schematically, as represented in Figure 1,
any fall in DO2 is initially compensated by an increase in
tissue oxygen extraction (EO2), explaining that tissue VO2 is
initially maintained. However, when tissue oxygen extraction
capacity is overtaken, oxygen consumption begins to fall and
lactate concentration increases, indicating a switch of the
cellular metabolism from aerobic glycolysis to cytoplasmic
anaerobic glycolysis. This threshold immediately precedes
the onset of clinical organ failures.

Considering such a pathophysiological scheme, hemo-
dynamic support in shock should aim at correcting macro-
circulatory but also microcirculatory parameters in order to
avoid any local fall in O2 supply below this crucial threshold.
Therefore, a parameter such as venous oxygen saturation
(SvO2), that should reflect the inadequacy in oxygen supply,
might be of great help.

2.3. Physiological Determinants for Venous Oxygen Saturation.
Oxygen extraction in the tissues can be mathematically
defined as follows:

(i) EO2 = CO × (CaO2− CvO2),

(ii) EO2 = VO2/DO2,
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Figure 1: Evolution of oxygen consumption when oxygen delivery
decreases. From Vincent and De Backer [5] with permission.
Note the presence of a DO2 threshold located at approximately
100 mL/min. Below this value, oxygen consumption begins to fall
and lactate concentration increases, indicating a switch from aer-
obic to anaerobic metabolism.

with CvO2 being venous oxygen content and VO2 being
oxygen consumption.
Then, venous oxygen saturation can then be calculated using
the following formula:

(i) SvO2 = SaO2− (VO2/(CO × Hb × 1.34)).

Hence, any decrease in venous oxygen saturation should be
explained by

(i) a decrease in SaO2;

(ii) a decrease in cardiac output;

(iii) a decrease in hemoglobin level;

(iv) an increase of oxygen consumption (VO2).

Thus, providing that SaO2, oxygen consumption, and
haemoglobin level are in normal ranges, SvO2 can be used
as a surrogate for cardiac output.

Likewise, if

(i) EO2 = CO × (CaO2− CvO2),

(ii) EO2 = VO2/DO2,

then,

(i) EO2 = (SaO2− SvO2)/SaO2.

Consequently, when SaO2 = 100%, then EO2 = 1− SvO2 and
SvO2 = 1 − EO2.
Then, SvO2 is also a good surrogate for EO2.

In shock, decrease in tissue oxygen supply is mostly
related to a decrease in tissue blood flow, would it be
relative (as in distributive shocks) or real (as in hemorrhagic
shock). The first recommended measure in international
guidelines for shock resuscitation consists in optimizing
cardiac output by repeated fluid challenges [6], in order
to correct oxygen supply/demand imbalance. In this aspect,
SvO2 measurements could help guiding fluid challenges in
shock patients.
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3. SvO2—ScvO2: Is It the Same?

The reference technique to assess the adequacy of oxygen
supply is the mixed venous oxygen saturation (SvO2),
provided by pulmonary artery catheter (a.k.a. Swan-Ganz
catheter) [7]. However, limitations related to difficulties of
insertion and placement, but also to potential complications
related with such a catheter, lead to a substantial decrease
in its use. In the meantime, industrials have developed
regular central venous catheter coupled with a fiberoptic
lumen for continuous haemoglobin saturation monitoring.
Placed through a jugular of a subclavian vein, at the
confluent of the superior vena cava and the right auricle,
such catheters actually monitor the central venous oxygen
saturation (ScvO2) [8].

However, one should ask whether SvO2 and ScvO2

provide the same information. Actually, taken in pulmonary
artery, SvO2 is a surrogate for global tissue oxygenation,
whereas ScvO2 essentially reflects the oxygenation of the
upper part of the body (head, neck upper limbs, and upper
part of the trunk) and of a lower proportion of the lower
part of the body (lower part of the trunk and lower limbs),
depending on the exact position of the catheter’s extremity.
Anyhow, ScvO2 does not include venous blood coming
from coronary sinus commonly located in the right auricle.
Thus, taken at the confluent of the vena cava in the right
auricle (i.e., upstream from the coronary sinus), ScvO2 does
not include myocardial oxygenation. On the contrary, SvO2

concerns venous blood from pulmonary artery, that is, by
definition, after the coronary venous sinus. Such a difference
might highly impact the observed values, given that (1)
venous blood from the coronary sinus, with a saturation
of oxygen close to 40%, is the most deoxygenated venous
blood of the body [9] and (2) that in critically ill patients,
myocardial oxygen supply/demand imbalance is likely to
occur.

4. ScvO2: A Validated Monitoring Parameter

4.1. Experimental Validation. Many studies have compared
the ScvO2 and SvO2 values in the same patients (Table 1).
Most of them showed a good correlation between ScvO2 and
SvO2 and a similar trend in the temporal evolution. In 1989,
Reinhart et al. [10] reported, in a dog model, a correlation
coefficient between ScvO2 and SvO2of 0.96. In this study, the
two values exhibited less than 5% difference in 77% of the
cases. Later on, Reinhart et al. [11] confirmed their results
in ICU patients: ScvO2 and SvO2 had similar evolution
in 90% of the cases and had a correlation coefficient of
0.81 (P < 0.001). Similarly, Martin et al. [12] reported a
parallel evolution of ScvO2 and SvO2 in 75% of the cases.
Considering such results, it seems that ScvO2 and especially
its evolution over time could be used as an interesting
surrogate for SvO2 monitoring. However, the impact of
ScvO2 monitoring on the prognosis of critically ill patients
remained to be demonstrated.

4.2. Clinical Validation. Some authors, therefore, focused on
evaluating the connection between SvcO2 and prognosis and
especially the benefits turnoff considering SvcO2 optimiza-
tion as a goal for resuscitation. Pearse et al. [23] observed
in a cohort of 118 postoperative patients from major
surgery that a decrease in ScvO2 during the first 8 hours
was associated with an increase in 28-day morbidity and
mortality. Consistently, Futier et al. [24] showed in major
abdominal surgery that a ScvO2 <70% was associated with
postoperative complications. In addition, ScvO2 seems to
be a reliable and sensitive parameter to detect hemorrhage
in trauma patients admitted to the Emergency Room [25],
while other series suggest that ScvO2 could be a prognosis
marker in myocardial infarction [26], acute heart failure
[27], as well as in severe sepsis patients [28].

But the great clinical advantage related to early ScvO2has
been suggested by Rivers et al. [29]. Indeed, these authors
reported that, in severe sepsis patients, an early and aggres-
sive therapy that aimed at normalizing in the first hours the
values of ScvO2 MAP and CVP achieved a reduction in in-
hospital mortality from 46.5% to 30.5% (relative risk 0.58
(0.38–0.87), P = 0.009). These results were later confirmed by
two large studies [30, 31] conducted, respectively, on 15,022
and 330 patients that both showed a mortality reduction
related to the implementation of ScvO2 as a resuscitation
goal. Though Levy’s et al. study [30] failed to show any
survival improvement specifically related to ScvO2 imple-
mentation, the global target implementation did (lactate
measure, blood culture before antibiotics, broad spectrum
antibiotics, fluid and vasopressors, CVP >8 mmHg, and
ScvO2 >70%). This could be partly explained by the fact that,
among those 6 resuscitation targets, ScvO2 >70% was the less
commonly achieved, both after the first quarter of patients
was included and after the final quarter of patients was
included (resp., in 13.3% and 24.3% of the cases). Recently,
Jones et al. [32] showed, in 300 septic shock patients, that
the mortality of patients who benefited from a ScvO2 goal-
directed therapy was low (23% (17–30%)) and similar to
those who were treated using a lactate clearance goal-directed
therapy (17% (11–24%)).

ScvO2 is considered as a suitable prognosis factor in many
clinical situations in the critically ill patients. The Surviving
Sepsis Campaign [33], gathering all European guidelines
regarding severe sepsis and sepsis shock patients manage-
ment, suggested including ScvO2 as a goal parameter in the
first 6 hours of management (ScvO2 >70%).

5. ScvO2 Limits

5.1. Theoretical Limits. The first limit of using ScvO2 refers to
its ignorance of the coronary sinus venous blood saturation.
As the extremity of the ScvO2 catheter usually stands
upstream from the joining point of coronary sinus in the
right auricle, the ScvO2 value does not take into account the
myocardial oxygen supply/demand adequacy. As myocardial
oxygen extraction is physiologically basically high, venous
coronary blood is one of the most deoxygenated venous
bloods [9] of the body. This explains that the value of mixed
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Table 1: Summary of the studies comparing SvO2 and ScvO2 in humans or in experimental models.

Author (year) Type of patients (n) Conclusion Correlation coefficient

Tahvanainen et al. [13] (1982) Intensive care (42) ScvO2 = SvO2 NC

Wendt et al. [14] (1990) Intensive care (19) ScvO2 ∼ SvO2 0,78

Kong et al. [15] (1990) Kidney failure (8) ScvO2 ∼ SvO2 NC

Berridge et al. [16] (1992) Intensive care (51) ScvO2 = SvO2 0,92

Herrera et al. [17] (1993) Thoracic surgery (23) ScvO2 = SvO2 NC

Pieri et al. [18] (1995) Major surgery (39) ScvO2 /= SvO2, nonsubstituable 0,90

Ladakis et al. [19] (2001) Intensive care (61) ScvO2 = SvO2 0,94

Reinhart et al. [11] (2004) Intensive care (32) ScvO2 ∼ SvO2 0,81

Chawla et al. [20] (2004) Intensive care (53) ScvO2 > SvO2 0.88

Dueck et al. [21] (2005) Neurosurgery (70) ScvO2 /= SvO2, substituable evolution ≥0,75

Ho et al. [22] (2010) Intensive care ScVO2 /= SvO2, nonsubstituable NC

venous blood saturation of oxygen (SvO2), which actually
takes into account venous coronary blood, is usually lower
than the ScvO2. Moreover, any major increase in myocardial
oxygen consumption could lead to a critical myocardial
oxygen extraction that would have no impact on ScvO2 mon-
itoring. Besides, ScvO2, just as SvO2, is a global oxygenation
parameter. So any local change in tissue oxygenation is at
risk of being “diluted” in the rest of venous blood and then
becoming undetectable. Similarly, in the case of a drop in
regional venous saturation responsible for a drop of ScvO2, it
would not be possible to assess the affected territory without
further exploration. Then, theoretically, the distal extremity
of the central venous catheter is supposed to be placed at the
joining point of vena cava and the right auricle to enable
a suitable assessment of tissue oxygenation of inferior and
superior territories. However, checking the position of the
catheter’s distal extremity with chest X-ray is not accurate
enough. Moreover, as venous saturation from the superior
vena cava is systematically lower than inferior vena cava,
any variation in the position of the catheter’s tip could have
a major influence on the measures and therefore lead to
ScvO2 misinterpretation. Ultimately, as previously reported,
ScvO2 depends on tissue oxygen extraction and hemoglobin
affinity for oxygen. Experiments report that septic patients
could suffer from a decrease in oxygen extraction capacity
[34, 35], a rise in capillary shunt [34], as well as changes in
hemoglobin affinity for oxygen [36]. All these changes may
alter the theoretical relationship between SvcO2, and cardiac
output, such as ScvO2 interpretation, to guide hemodynamic
therapy becomes more complex.

5.2. Clinical Limits. First of all, one could argue that ScvO2

measurement requires a central venous catheter, which is
an invasive technique, exposing patients to complications
such as infection or hemorrhage. However, central venous
lines are often needed for critically patients and could
therefore be used for ScvO2 monitoring. However, in severe
sepsis and septic shock, tissue hypoperfusion should lead
to particularly low ScvO2 values, as observed by Rivers
et al. in the early stage of sepsis. However, after the first
hours of resuscitation, this situation is rarely met [37], and

ScvO2 values tend to be paradoxically normal or even raised.
This could be explained by the physiological modification
induced by sepsis and previously described (decrease in
tissue oxygen extraction capacity, rise of capillary shunt, and
changes in hemoglobin affinity for oxygen). Consistently,
in such situations, the agreement between SvO2 and ScvO2

seems much less satisfactory, especially in the context of
septic shock [22, 38, 39]. Besides, ScvO2 clinical validation
is mainly based on one single study [29], which is a single
centre study, and its results are still controversial. As a
matter of fact, van Beest et al. [37], in a Dutch prospective
multicenter study, reported that only 1% of the patients
meeting the inclusion criteria required by Rivers et al. [29]
had a ScvO2 <50%. Ho et al. [40], in a retrospective study,
as well as the ARISE group (Australian Resuscitation of
Sepsis Evaluation), in a multicenter study [41], reported an
in-hospital mortality of 26–28% in patients who did not
benefit from an early goal-directed therapy but that met
the inclusion criteria for Rivers’ trial. This mortality rate is
much lower than the one observed by Rivers in his control
group. Finally, the low CVP values (5-6 mmHg) observed by
Rivers et al. suggest that their patients were probably highly
hypovolemic.

5.3. Global versus Regional Circulation. If global hemody-
namic optimization is considered as an essential prerequisite
to ensure adequate tissue perfusion, it may not be always
sufficient to avoid the development of organ failure. The
poor accuracy for global oxygen venous saturation monitor-
ing to detect changes in regional oxygenation has been well
described in animal models [42–44]. For instance, Legrand
et al. [42] recently showed in a rat model that LPS-induced
endotoxemia could induce alterations in microvascular per-
fusion and oxygenation in the renal cortex in rats, which
appeared to be only weakly dependent on systemic and renal
macrohemodynamic alterations. Consistently, Vallet et al.
[44] and Lagoa et al. [43] reported, in endotoxemic dogs,
that after resuscitation skeletal VO2 is maintained when
blood flow within the gut is significantly disturbed with
mucosal hypoxia. In human beings, as described by Sakr et
al. [4]. global hemodynamic parameters fail to discriminate
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survivors from nonsurvivors after 24 hours of intensive care
in septic shock patients. One illustrative example is the
lack of accuracy of global SvO2 to detect cerebral venous
desaturations [45]. In this perspective, global ScvO2 might
face some limitations with respect to local inadequacy in
the DO2/VO2 balance. Indeed, local SvO2 might not be
detected by global oxygen saturation monitoring, the signal
being diluted among a global normally saturated venous
blood. Therefore, regional SvO2 could be an interesting
supplementary target parameter. However, while regional
SVO2 monitoring might be feasible at the bedside for some
organ, such as jugular venous oxygen monitoring [46–48],
it is much more difficult for others such as the kidney or
the gut, for example. In such situation, some alternative pa-
rameters for regional monitoring could be of interest.

6. Candidate Parameter to Reflect Regional
Inadequate Oxygen Supply

As for now, no biological or technical parameter has been
proved to directly reflect regional oxygen supply inadequacy.
Nevertheless, some parameters appear to be good surrogate
candidate, such as tissue oxygen saturation (StO2) and
regional carbon dioxide partial pressure (pCO2).

6.1. Tissue Oxygen Saturation (StO2). StO2 can be estimated
by near-infrared spectroscopy (NIRS) using the differen-
tial absorption properties of oxygenated and deoxygenated
hemoglobin. Near-infrared light (wave length 680–800 nm)
easily crosses biological tissue and is only absorbed by he-
moglobin, myoglobin, and oxidized cytochrome, but the
contribution of myoglobin and oxidized cytochrome in light
absorption is very low [49, 50]. Light tissue penetration is
dependant on the space between the illumination fiber and
the detection fiber. With a 25 mm space, 95% of the light
signals detected come from a 0–23 mm depth.

The steady StO2 value is a reflection of oxygen saturation
of the haemoglobin present in the tissue volume crossed
by the near-infrared light, containing a mix of arteriolar,
capillary, and venous blood. It is then a complicated in-
tegrative parameter, but it has been shown to be correlated
to the microcirculation state and is therefore considered as
an acceptable parameter for tissue perfusion [51].

During shock from various origins, the relationship
between StO2 values at the forearm and the prognosis has
been extensively studied during the past decade [52–55].
During shock states, as StO2 drops correlate with fall in
central venous, mixed venous oxygen saturation, or oxygen
delivery [56–59], StO2 seems to be a good marker of regional
DO2/VO2 imbalance, with the advantage of being applicable
to different regional territories such as the brain [60], the
liver [61], or the muscle [62], for example. However, this
technique suffers some limitations, the major one being
its poor sensitivity to rule out tissue hypoperfusion [55].
In order to improve its sensitivity, vascular occlusion tests
(transient upper arm arterial occlusion with a pneumatic
cuff) have been proposed [63]. By continuously monitoring
StO2 during the test, a pattern curve is obtained with an

initial decrease of StO2 during occlusion, followed after cuff
deflation by an increase of StO2 usually transiently reaching
higher values than baseline (hyperemic response) before
returning to baseline. The slope of the decreasing part of
the curve is the StO2 desaturation rate and is correlated to
the tissue oxygen consumption, whereas the slope of the
increasing part of the curve is the StO2 recovery rate and is
correlated to the quality of the microvascular bedside [64].

6.2. Carbon Dioxide Partial Pressure. Regional capnography
relies on the principle that cellular oxygen consumption
through oxidative phosphorylation produces proportional
amount of carbon dioxide. In this perspective, any decrease
in blood flow would result in a CO2 accumulation detected
by a capnograph. Tissue pCO2 could then be used as a sur-
rogate for regional blood flow and oxygen consumption
combined [65]. However, regional pCO2is difficult to inter-
pret, because CO2 production also depends on cellular
metabolism level and arterial glucose concentration. This
probably explains the fact that, despite appealing, this
parameter is still rarely used in clinical practice.

7. Conclusion

In conclusion, ScvO2 measurement seems to be an interest-
ing tool, especially in the early phase of shock to guide fluid
management and blood transfusion or inotropic support.
Nevertheless, a large knowledge of its determinants and the
physiology of circulation seem to be essential to ensure
a reliable interpretation in clinical practice. When ScvO2

is low, it reflects an adaptive mechanism to an unsuitable
supply in oxygen and should lead doctors to understand the
reasons for it and to propose an appropriate optimization
strategy. As well, in clinical situations such as septic shock,
after the first hours of management, a “normal” or even a
high ScvO2 can be falsely reassuring.
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Fluid challenges are considered the cornerstone of resuscitation in critically ill patients. However, clinical studies have
demonstrated that only about 50% of hemodynamically unstable patients are volume responsive. Furthermore, increasing evidence
suggests that excess fluid resuscitation is associated with increased mortality. It therefore becomes vital to assess a patient’s fluid
responsiveness prior to embarking on fluid loading. Static pressure (CVP, PAOP) and echocardiographic (IVC diameter, LVEDA)
parameters fails to predict volume responsiveness. However, a number of dynamic echocardiographic parameters which are based
on changes in vena-caval dimensions or cardiac function induce by positive pressure ventilation or passive leg raising appear to be
highly predictive of volume responsiveness.

1. Introduction

Shock (hemodynamic failure) is ubiquitous in the modern
intensive care unit (ICU). Venodilation, transudation of fluid
from the vascular space into the interstitium and increased
insensible losses result in hypovolemia early in the course
of patients with sepsis. Early goal-directed therapy (EGDT)
emphasizes aggressive fluid resuscitation of septic patients
during the initial 6 hours of presentation [1]. Persistent
hypotension after initial fluid resuscitation is common and
poses the dilemma of whether the patient should receive
additional fluid boluses or a vasopressor agent should
be initiated. Persistent signs of organ hypoperfusion such
as oliguria make this decision crucial. While number of
technologies including pulse counter analysis [2], trans-
pulmonary thermodilution [3] and bioreactance [4] have
all shown promise in evaluation of volume status of septic
patients, bedside ultrasonography has already established
itself as useful technique to evaluate cardiac function [5].
Applying the same echocardiographic techniques to dynam-
ically assess the physiological response to spontaneous or
mechanical ventilation, bedside maneuvers and the response
to therapeutic interventions will likely become a cornerstone
of hemodynamic monitoring in the modern ICU.

2. Benefits and Pitfalls of Fluid Resuscitation

When hypovolemia (either absolute or relative) is suspected,
fluid resuscitation will provide benefit to the patient by
increasing venous return, cardiac output, arterial blood
pressure and ultimately tissue perfusion. The rapidity, with
which euvolemia is reestablished may be a decisive factor
in the eventual outcome [1]. That being said, there is an
increasing body of evidence suggesting that fluid resuscita-
tion is not without serious and possibly lethal complications.
Those complications may be related to preexisting conditions
such as systolic or diastolic heart failure, cor pulmonale,
or the development of sepsis-related cardiac dysfunction
[6]. Extravasation of fluids may result in worsening of
acute respiratory distress syndrome (ARDS) and prolonged
mechanical ventilation [7]. Anemia and clotting disorders
occur with hemodilution. Excessive fluid resuscitation can
be positively correlated with increased mortality in the ICU
[8–10]. Given the risk to benefit ratio of volume expansion,
the key question is whether the patient would benefit from
additional fluid boluses. It is essential to make this determi-
nation as clinical studies have repeatedly demonstrated that
only about 50% of hemodynamically unstable ICU patients
are volume responsive (see definitions below).
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3. Fluid Challenge versus
Volume Responsiveness

Previously this question was answered by administering a
“fluid challenge” of 30 mL/kg of crystalloid solution, and the
patients clinical (blood pressure, heart rate, urine output)
and hemodynamic response (CVP, PAOP) to the challenge
was evaluated. Importantly, because a fluid challenge has to
be given to assess volume responsiveness, and hypervolemia
is associated with significant complications, one would
suggest that the increase in mortality associated with invasive
hemodynamic monitoring [11] may be attributed to this
approach. Therefore, given the increased mortality associated
with excessive fluid resuscitation it seems prudent to be able
to predict the response to a fluid bolus prior to administering
the bolus; a concept known as volume responsiveness.

The standard definition of volume responsiveness is a
>15% increase in cardiac output in response to volume
expansion. Although the volume of the fluid bolus has not
been well standardized, a volume of between 500 mL to
1000 mL of crystalloid solution has been most studied. One
or more baseline hemodynamic parameters are measured
and evaluated for the ability to discriminate between respon-
ders and nonresponders.

4. Static Parameters

A static parameter is measured under a single ventricular
loading condition and is presumed to reliably estimate the
preload of the right ventricle (RV), left ventricle (LV), or both
ventricles. This estimation is used to evaluate the probability
of responsiveness to ventricular filling, by assuming that
a lower preload increases the probability of a response to
volume expansion. Several static parameters of ventricular
preload have been used in the ICU; some are based on direct
pressure measurements, while others use echocardiographic
indices.

4.1. Static Pressure Parameters. The traditional approach
to fluid resuscitation consists of measuring a pressure
parameter such as the central venous pressure (CVP) or
pulmonary artery occlusion pressure (POAP) together with a
cardiac output determination. The clinician would then pre-
scribe a “fluid challenge” and reassess the above mentioned
parameters. This approach has been largely discredited by the
data suggesting a poor or no correlation between the CVP
or PAOP and volume responsiveness as well as intravascular
volume [12]. Nevertheless, the vast majority of intensivists
still utilize the CVP to assess volume status [13] and the
major critical care societies advocate for CVP as a measure
of successful fluid resuscitation [14]. Several studies have
demonstrated that the response to a fluid challenge even in
healthy volunteers cannot be predicted by either the CVP or
PAOP. In a study by Kumar et al. [15] in healthy subjects,
static indices of ventricular preload (CVP,PAOP, LVEDV
index, and RVEDV index) and cardiac performance indices
(cardiac index, stroke volume index) were measured before
and after 3 liters of normal saline loading. In this study,

there was no correlation between baseline static pressure
parameters and changes in the cardiac performance indices
(cardiac index and stroke volume index) after fluid loading.
Similarly, there was no correlation between changes in the
CVP and PAOP and changes in cardiac performance [16].
A meta-analysis by Coudray et al. [17] reviewed five studies
on a mixed population of spontaneously breathing critically
ill patients and demonstrated the absence of a correlation
between the initial PAOP and the response to a crystalloid
infusion (an average of 1 liter).

4.2. Static Echocardiographic Parameters. As echocardiogra-
phy is noninvasive, it has advantages over pressure-derived
parameters particular those obtained from pulmonary artery
catheterization. Transthoracic echocardiography (TTE) is
preferred; however, in certain circumstance transesophageal
echocardiography (TEE) may be required. The CVP and
PAOP (left atrial pressure) can be approximated by echocar-
diography. In spontaneously breathing patients, there is a
fairly good correlation between the size of the IVC and the
CVP. However, Feissel et al. demonstrated that the absolute
IVC size failed to predict fluid responsiveness in patients with
septic shock [18].

PAOP (left atrial pressure) estimates involve the use
of Doppler mitral flow E/A ratio, pulmonary venous flow,
tissue Doppler (E/Ea ratio), or colored coded Doppler (E/Vp
ratio). While beyond the expertise level of most American
intensivists, the estimated left atrial pressure can be estimated
as part of a comprehensive echocardiographic examination
performed by an experienced operator. However, it is worth
noting that the PAOP fails to predict volume responsiveness
whether measured directly or by echocardiography. The
RV and LV diastolic diameter or area has been used as a
measure of preload. However, Tavernier et al. and Feissel et
al. [19, 20] have demonstrated that LV size (left ventricular
end diastolic area LVEDA) is not a useful predictor of
fluid responsiveness in patients on mechanical ventilation,
unless LV is very small and hyperkinetic. A meta-analysis
by Marik et al. [21] demonstrated the failure of the LVEDA
to predict volume responsiveness in mechanically ventilated
patients. Generally speaking, static parameters appear to be
poor predictors of volume responsiveness except in patients
with relatively obvious hypovolemia, which is a relatively
uncommon event in modern ICU practice. It can, therefore,
be concluded, that standard static indices of preload are not
useful in predicting volume responsiveness in ICU patients.
This observation may be due to dynamic changes in left
(LV) and to a lesser degree right ventricular (RV) com-
pliance, making the diastolic pressure-volume relationship
nonlinear, unpredictable, and perhaps subject to change
during resuscitation itself. Systolic left ventricular function
is also a subject to change in critically ill patients, even
those, without preexistent cardiac disease. Vieillard-Baron
and coauthors demonstrated the development of systolic left
ventricular dysfunction in 60% of patient with septic shock
[6]. Changing left ventricular function makes it difficult to
predict the position of the patient on his/her Frank-Starling
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curve. It is even difficult to estimate which family of Frank-
Starling relationships should be utilized to predict fluid
responsiveness (see Figure 1). Furthermore, the development
of acute right ventricular failure (acute cor pulmonale),
particularly in patients receiving mechanical ventilation with
high plateau pressures (>27 cm H2O), further confounds
the issue [22]. Unrecognized acute right ventricular failure
can mimic hypovolemia hemodynamically but would not
respond or even get worse with volume expansion. Dynamic
hemodynamic parameters offer the intensivists the best
opportunity of predicting response to fluid resuscitation.

5. Dynamic Parameters of
Volume Responsiveness

Dynamic parameters are used to determine the patients
position on his/her Frank-Starling curve (Figure 1) and
specifically to determine whether the patient is situated on
the ascending portion of the Frank-Starling curve where an
increase of preload results in increase of stroke volume (SV)
(preload-dependent situation), or on the plateau portion
where a variation of preload does not alter SV (preload-
independent situation). Several approaches can be used to
determine on what portion of the preload/stroke volume
relationship the ventricle is functioning to establish the
diagnosis of preload dependence or independence. Most
utilize observation of cardiac response to either mechan-
ical or spontaneous breathing cycle and breathing related
variations in intrathoracic pressure. These pressure changes
directly effect RV and LV preload and provides a tool to
correlate these preload changes to SV. Alternatively, bedside
maneuvers such as passive leg raising (PLR) result in
alterations of RV and LV preload can be utilized to establish
similar correlations.

5.1. Ventilated versus Spontaneously Breathing Patient. By
significantly increasing RV preload, spontaneous breath-
ing is crucial to maintaining normal hemodynamic sta-
tus. Mechanical ventilation substantially increases intratho-
racic pressure, decreasing RV preload and thus has pre-
dictably negative hemodynamic consequences. Moreover,
traditional positive pressure ventilation also reverses inspi-
ration/expiration phases from a hemodynamic point of
view, changing many breathing related phenomena (i.e.,
paradoxical pulse) to its opposite (reverse pulsus paradoxus)
[23].

5.2. Dynamic Echocardiographic Parameters in Patients on
Mechanical Ventilation. Analysis of the respiratory changes
of LV stroke volume during mechanical ventilation provides
a dynamic, biventricular evaluation of preload dependence.
The respiratory changes of stroke volume can be estimated by
Doppler analysis of velocity-time integral (VTI) during TTE
or TEE. In clinical studies, maximal ascending aortic flow
velocity or VTI variation measured with TEE predict, with
high sensitivity and specificity, increases in cardiac output
after fluid infusion in patients with septic shock. A cut-off
value of respiratory cycle changes of 12% for maximal flow

velocity and 20% for aortic VTI-discriminated responders
from nonresponders [20]. Similar information that can be
obtained from interrogation of ascending aorta with TTE
(Figure 2) or descending aorta. Another approach to identify
volume responsiveness used 2D images. Cannesson et al.
[24] assessed LV diastolic area (LVDA) changes by TEE from
the short axis view. They found that a 16% respiratory
variation of LVDA predicted fluid responsiveness with a
sensitivity of 92% and a specificity of 83%. Utilizing a
similar principle, IVC and superior vena cava (SVC) diameter
changes during mechanical ventilation can be used to predict
fluid responsiveness (see Figure 3). The inferior vena cava
diameter by TTE is analyzed from a subcostal long axis view
and recorded by using M mode. The superior vena cava
diameter is recorded from TEE longitudinal view at 90–
100◦. Cut-off values of 12% (by using (max − min)/mean
value)) and 18% (by using (max − min)/min value) for
IVC (distensibility index) and 36% for SVC (collapsibility
index) were found to accurately (sensitivity 90%, specificity
100%) separate responders and non-responders that as
an intrathoracic. The potential benefit of using SVC is
due to the fact that as intrathoracic organ the SVC is
subject to greater respiratory variations and intrathoracic
pressure resulting from mechanical ventilation. Though SVC
collapsibility appears to be the most “reliable index of volume
responsiveness”, it does require TEE [25] and thus is out of
reach of most intensivists in the United States.

Ventilator induced preload changes as predictors of
volume responsiveness have only been evaluated in patients
on flow limited, volume cycled ventilation and without
patient ventilator dyssynchrony. Furthermore, although the
level of positive end expiratory pressure (PEEP) is known
to influence venous return and biventricular function the
effect of PEEP on echocardiographic assessment of volume
responsiveness has not been studied. Other requirements
include presence of a normal sinus rhythm, normal intra-
abdominal pressure and absence of significant RV dysfunc-
tion. Although a positive response to PLR seems to be pre-
dictive of volume responsiveness in mechanically ventilated
patients (sensitivity 90% specificity 83%) [26] further studies
are necessary to better understand the role of this bedside
maneuver in this population of critically ill patients.

5.3. Dynamic Echocardiographic Parameters in Spontaneously
Breathing Patients. Several publications have proposed
using PLR maneuver to predict preload responsiveness
(Figure 4). This maneuver rapidly mobilizes about 300–
500 mL of blood from the lower limbs to the intrathoracic
compartment and reproduces the effects of similar volume
fluid bolus (Figure 1). Being completely reversible this
maneuver is devoid of any risks associated with an actual
“fluid challenge.” The test consists of raising both legs of the
supine patient to an angle of 45◦ in relation to the bed while
measuring SV and cardiac output before and immediately
(1–3 minutes) following the PLR maneuver. This may be
accomplished by measuring the VTI of the aortic outflow
with either TTE (apical five-chamber view) or TEE (deep-
gastric view). Monnet et al. [27] demonstrated that when
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Figure 1: Depending on LV systolic function two distinct families of Frank-Starling relationships are formed, exemplified by solid and
interrupted lines. Patients with hemodynamics following solid line pattern (preserved left ventricular systolic function) are more likely to
benefit from preload manipulation, then those following the interrupted line pattern (reduced left ventricular systolic function). When
Ventricle is functioning on the steep part of the Frank-Starling curve, there is a preload reserve. The passive leg raising (PLR) test (and a fluid
challenge) increases stroke volume. By contrast, once the ventricle is operating near the flat part of the curve, there is no preload reserve and
PLR (and a fluid challenge) has little effect on the stroke volume.

(a) (b)

(c) (d)

Figure 2: Respiratory variations of maximal velocity (Vmax) (a and c) and VTI (b and d) of aortic blood flow recorded with a pulsed Doppler
transthoracic echocardiography in a mechanically ventilated patient (a and c). Presence of significant respiratory variations of Vmax (Vmax
− Vmin/[Vmax + Vmin/2]; 1.29 − 1.09/1.19 = 17%) and VTI (VTImax − VTImin/[VTImax + VTI min/2]; 20.7 − 17.3/19 = 18%). (b and
d) Same patient after volume expansion, regression of the respiratory variations: Vmax (1.37 − 1.32/1.34 = 4%), VTI (23.5 − 22.3/22.9 =
5%). Reproduced with permission from Levitov et al. “Critical care Ultrasonography” Mc Graw Hill 2009.
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(a) (b)

(c)

Figure 3: Respiratory vena cava variations in different circumstances. (a) Significant superior vena cava (SVC) collapsibility recorded
with transesophageal echocardiography (TEE). (b) Significant inferior vena cava (IVC) distensibility recorded with transthoracic
echocardiography (TTE) in a mechanically ventilated patient. (c) Significant vena cava collapsibility recorded with transthoracic
echocardiography (TTE) in a spontaneously breathing patient. Reproduced with permission from Levitov et al. “Critical care
Ultrasonography” Mc Graw Hill 2009.

(a) (b) (c)

Figure 4: The realization of a passive leg raising maneuver in three steps: (a) at baseline the patient is laying in a semirecumbent position,
the trunk of the patient at 45◦ up to the horizontal; (b) the entire bed is pivoted to obtain a head down tilt at 45◦. (c) The head of the bed is
adjusted to obtain a strictly horizontal.

PLR induced an increase of aortic flow of >10%, it was
predictive of an increase of aortic flow of >15% in response
to volume expansion (sensitivity: 97%; specificity: 94%).
Volume expansion was performed with 500 mL of isotonic
saline over 10 minutes. Thirty-seven (52%) of the 71 patients
included in this study responded to volume expansion; 22
subjects had spontaneous breathing activity (spontaneous
breathing mode with inspiratory assistance). This study
also evaluated respiratory cycle induced pulse pressure

variations. The authors concluded that respiratory cyclic
variations of pulse pressure ≥12% were similarly predictive
of an increase of aortic flow by >15% in response to volume
expansion in mechanically ventilated patients (sensitivity:
88%; specificity: 93%). However, in spontaneously breathing
patient’s predictive value of respiratory pulse pressure
variations was poor. In two other studies aortic VTI, stroke
volume and cardiac output were recorded using transtho-
racic echocardiography in spontaneously breathing patients
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during a PLR maneuver. Lamia et al. [28] demonstrated a
PLR-induced increase in stroke volume of 12.5% or more
predicted an increase in stroke volume of 15% or more
after volume expansion, with a sensitivity of 77% and a
specificity of 100%. In this study, patients were intubated
with spontaneous breathing. Static indices of preload such as
left ventricular diastolic area and E/Ea ratio failed to predict
volume responsiveness. Maizel et al. [29] studied 34 spon-
taneously breathing patients; an increase of cardiac output
or stroke volume by >12% during PLR was highly predictive
of volume responsiveness. Sensitivity and specificity values
were 63% and 89%, respectively. In addition, this study
demonstrated that PLR may be used to predict volume
responsiveness in patients with atrial fibrillation. Increased
intraabdominal pressure, however, strongly interferes with
the ability of PLR to predict fluid responsiveness [30].

In conclusion, echocardiography provides the intensivist
with several methods to determine volume responsiveness in
patients with hemodynamic failure. The clinician with basic
skills in critical care echocardiography may use respiratory
variation of IVC diameter to identify the preload-dependent
patient combined with pattern recognition of small hyper-
dynamic LV. The intensivist with advanced TTE skill level
may use respiratory variation of SV determined by Doppler
echocardiography (VTI) and changes in SV following the
PLR maneuver to identify volume responsiveness. Intensivist
with TEE skills may effectively utilize this modality in
patients presenting technical challenge for TTE. Advent of
minimally invasive TEE monitoring probes might allow
intensivist views of SVC not available on TTE and real
time LV and RV function monitoring abilities, previously
unavailable at bedside. Widespread use of newer modes
of mechanical ventilation (APRV, HFOV) provides new
challenges and opportunities for the evaluation of their
effect of cardiac performance and volume responsiveness.
Further studies are necessary to determine if this increase in
physiological insight will translate into improved outcomes
of critically ill patients.
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Clinical assessment and vital signs are poor predictors of the overall hemodynamic state. Optimal measurement of the response
to fluid resuscitation and hemodynamics has previously required invasive measurement with radial and pulmonary artery
catheterization. Newer noninvasive resuscitation technology offers the hope of more accurately and safely monitoring a broader
range of critically ill patients while using fewer resources. Fluid responsiveness, the cardiac response to volume loading, represents
a dynamic method of improving upon the assessment of preload when compared to static measures like central venous pressure.
Multiple new hemodynamic monitors now exist that can noninvasively report cardiac output and oxygen delivery in a continuous
manner. Proper assessment of the potential future role of these techniques in resuscitation requires understanding the underlying
physiologic and clinical principles, reviewing the most recent literature examining their clinical validity, and evaluating their
respective advantages and limitations.

1. Background

Consensus recommendations, research, and meta-analyses
have all questioned the efficacy of routine use of pulmonary
artery catheterization in critically ill patients [1–3]. Other
studies have questioned its accuracy, with limits of error
of ±20–22% [4, 5]. Early adaptation of invasive protocols
utilizing arterial and central venous access has become the
standard in some cases [6] despite the limitations of some
components of such protocols [7]. Research has long since
demonstrated that traditional parameters of hemodynamic
stability (heart rate and blood pressure) are poor predictors
of the degree of cardiac dysfunction [8] or organ failure [9]
and that physicians are poor predictors of hemodynamics
in critically ill patients [10–12]. As much as 18% of
“hemodynamically stable” sepsis patients (blood pressure >
90 mmHg, lactate < 4 mmol/L) can progress to severe sepsis
and septic shock within 72 hours [13].

Noninvasive techniques for measuring hemodynamic
variables have existed for some time; older techniques are
being refined and newer techniques are being developed.
Most research to date has focused on the validation of these
technologies with little demonstrated efficacy, and there is

a lack of multicenter trials pairing these technologies to
dedicated treatment protocols [14]. Noninvasive hemody-
namic monitoring and guided resuscitation has the potential
to offer critical care clinicians information that is clini-
cally compatible with pulmonary artery catheterization and
potentially provide such information earlier and in a safer
manner than traditional parameters used in resuscitation.
The objective of this paper is to discuss the principles behind
the clinical development of newer completely noninvasive
techniques to assess preload dependence and the hemody-
namic monitors that measure cardiac output and oxygen
delivery that are available for care of the critically ill patient.

2. Preload Dependence

The Frank-Starling relationship is curvilinear; a steep and
nearly linear relationship exists in the volume dependent
ascending portion of the Frank-Starling curve where stroke
volume (SV) is intimately related to preload, termed preload
dependence [15–17]. Preload independence occurs as the
Frank-Starling curve plateaus. Fluid responsiveness (FR) is
generally defined as an increase of 10–15% in stroke volume
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(SV), cardiac output (CO), or cardiac index (CI) in response
to volume expansion and indicates unmasked hypovolemia
or preload dependency [18]. 40–72% of critically ill patients
respond to volume expansion with a change in stroke
volume, suggesting a need for better methods of predicting
fluid responsiveness [19]. The discussion that follows details
the limitations of static measures of fluid responsiveness
and the advantages of dynamic measurement of preload
dependency.

2.1. Static Measures of Fluid Responsiveness

2.1.1. Central Venous Pressure. Central venous pressure
(CVP), the most common static measure of preload, is
clinically estimated by transducing the pressure in a central
venous line. It serves as an important component of the
management of critically ill patients [6]. However, static
measures such as central venous pressure and pulmonary
capillary wedge pressure are poor measures of cardiac
preload and do not predict response to fluid therapy [20].
A meta-analysis of studies examining the ability of CVP
to predict fluid responsiveness reported a poor association
(r = 0.18, ROC = 0.56) and concluded “CVP should not be
used to make clinical decisions regarding fluid management”
[7]. CVP as a tool for predicting FR is limited because it does
not account for whether the patient is in a preload dependent
or preload independent part of the Frank-Starling curve.
Another major limitation is that one cannot adequately
account for the degree to which transmitted pressures from
comorbidities (i.e., cor pulmonale) or clinical conditions
(i.e., mechanical ventilation) may affect the accuracy of mea-
surement. The ability of CVP to predict fluid responsiveness
is also altered by differences in ventricular compliance or
changes in ventricular contractility. A young individual with
a compliant ventricle may be volume overloaded at the
same central venous pressure of an older individual with
a stiff ventricle who may be volume depleted. Ventricular
contractility can be impaired in conditions like sepsis where
a rightward and downward shift in left ventricular stroke
work is present at a given volume [21–23]. The flatter curve
that results from depressed LV systolic function limits the
exploitation of the Frank-Starling relationship of improving
stroke volume by improving preload.

CVP does, however, represent an opportunity to estimate
the right atrial pressure (RAP) and the pulmonary artery
pressure (PAP). CVP, measured by sonographic diameter
of the inferior vena cava (IVC), is nearly equivalent to the
RAP and is a fair estimate of the PAP if the peak tricuspid
regurgitant flow (VpeakTR) is minimal:

CVP ≈ RAP, PAP = RAP + 4∗
(
VpeakTR

)2
. (1)

This technique accurately reflects pulmonary artery pressure
and performs much better than estimates of jugular venous
distension [24]. The RAP can be estimated (Table 1) by
utilizing the known relationship between RAP and inferior
vena cava (IVC) diameter and the caval index (the fractional
change in the IVC diameter during respiration) [25, 26].
A greater than 50% decrease in IVC diameter is associated

Table 1: Central venous pressure by ultrasonography of the inferior
vena cava.

IVC diameter (cm) Respiratory collapse
RA pressure
(mmHg)∗

< 1.5 Total Collapse 0–5

1.5–2.5 > 50% Collapse 5–10

1.5–2.5 < 50% Collapse 10–15

> 2.5 < 50% Collapse 15–20

> 2.5 No Collapse > 20

IVC= inferior vena cava, RA = right atrial.

with a CVP <8 mmHg (r = 0.74) in the early stages of
resuscitation from severe sepsis [27]. The main limitation
of this technique in spontaneously breathing patients is that
certain clinical situations inducing changes in intrathoracic
pressure (i.e., asthma, emphysema) may cause changes in
IVC diameter that are more reflective of these intrathoracic
pressure changes than they are preload responsiveness [28,
29]. Alternatively, the absence of respiratory variations in
IVC diameter in these conditions is generally indicative of
the absence of preload responsiveness. The accuracy of this
technique is also dependent upon the IVC sampling location
and the interrater reliability of this approach has yet to be
established [30]. Thus, this represents an early adjunct in
the management of acutely ill patients that is both feasible
and safe but needs further validation. Recent small studies
have suggested that respiratory changes in inferior vena cava
diameter may be helpful as a dynamic measure of predicting
FR in mechanically ventilated sepsis patients [31–33].

Other static measures of assessing preload have been
studied. However, these methods generally require invasive
monitoring (like right atrial pressure, pulmonary artery
pressure, or the intrathoracic blood volume index) or
techniques, like right ventricular end diastolic volume by
echocardiography, that require skills not maintained by most
critical care clinicians [18, 34].

2.2. Dynamic Measures of Fluid Responsiveness. Dynamic
parameters can predict an increase in cardiac output from
volume expansion before such volume expansion is per-
formed and are better predictors of FR than static parameters
[19]. Understanding how dynamic measures are predictors
of fluid responsiveness requires an understanding of how
respiratory variation can impact the preload, pulse pressure,
and stroke volume. Spontaneous inspiration leads to a larger
venous return to the right side of the heart but also leads
to the displacement of the septum and pulmonary vein
dilatation leading to reduced preload to the left side of
the heart. This reduced preload results in less ventricular
filling and a lower left ventricular stroke volume. Expiration
leads to decreased intrathoracic pressure, higher preload,
and larger stroke volumes on the left side of the heart.
This increase in left cardiac preload occurs at expiration
as a result of the transmission of the increase in right
cardiac preload after the lung transit time. Such changes in
pulse pressure during spontaneous respiration are otherwise
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known as pulsus paradoxus. Changes in intrathoracic pres-
sure from mechanical ventilation can lead to cyclic changes,
but reversed—otherwise termed reverse pulsus paradoxus.
These small changes in right ventricular preload induced
by mechanical ventilation can lead to significant changes in
stroke volume in the ascending part of the Frank-Starling
curve (i.e., in preload-dependent individuals). On the left
side of the heart, if arterial compliance is constant through
a respiratory cycle then variations in systolic blood pressure
and pulse pressure (PP) will be reflected in left ventricular
stroke volume [35]:

C = dV

dP
= ΔV

ΔP
= SV

PP
, SV = C × PP. (2)

2.2.1. Pulse Pressure Variation. Clinical study has long since
established the relationship between systolic pressure varia-
tion (SPV) and FR [36, 37]. While SPV and pulse pressure
variations (PPV) in mechanically ventilated patients are
predictive of FR [38, 39] in sepsis patients, PPV appears to
be the better measure [39]. PPV is typically represented as a
percent:

PPV = 100∗ (PPmax − PPmin)
((PPmax + PPmin)/2)

. (3)

PPV is highly predictive of FR with cutoff values of 11–13%
according to various studies [40, 41]. Traditional measure-
ment of pulse pressure on a beat-to-beat basis has required
arterial cannulation. However, recent literature comparing
the noninvasive pulse oximetry waveform amplitudes to
standard arterial cannulation has shown that respiratory
variations in the noninvasive pulse oximetry waveform
(ΔrPOP) have a high correlation with PPV (r = 0.83)
in mechanically ventilated patients [41]. A ΔrPOP >15%
roughly equates to PPV >13%. These results were validated
in operating room [42] and postoperative cardiac surgery
patients [43]. Clinical study has been promising [41, 44];
ΔrPOP with a cutoff of 13% predicted FR with a sensitivity of
93% and specificity of 90% [41]. Technology equipped with
the capacity to calculate ΔrPOP would substantially improve
the resuscitation of mechanically ventilated critically ill
patients by providing a simple and noninvasive method of
predicting FR. However, while the potential of a noninvasive
measure like ΔrPOP supplanting arterial PPV measurement
is promising, its use is limited to mechanically ventilated
patients.

2.2.2. Stroke Volume Variation. Stroke volume variation
(SVV) is believed to be less affected by vasomotor tone then
PPV and is, therefore, likely to be a better measure of FR in
mechanically ventilated patients [45, 46]. A study comparing
SVV to pulmonary artery catheterization by thermodilution
(PAC-TD) demonstrated SVV (ROC = 0.82) to be equiva-
lent if not better than PPV (ROC = 0.80) in mechanically
ventilated patients [47]. In both studies, CVP performed
poorly as a measure of preload responsiveness [46, 47].
Most noninvasive hemodynamic monitors (discussed below)
can measure stroke volume variation by way of the arterial
pressure curve. SVV, much like PPV and ΔrPOP, is limited

to mechanically ventilated patients, as preload is highly
susceptible to changes in intrathoracic pressure.

Despite the promising results of studies of PPV and
SVV in mechanically ventilated patients, limitations exist in
these methodologies. In mechanically ventilated patients, a
linear relationship exists between tidal volume and SVV or
PPV [48]; tidal volumes of less than 8 mL/kg are no more
accurate than traditional measures of preload [49]. Recent
work has demonstrated that lower tidal volumes, impaired
contractility, or elevated respiratory rates each independently
result in lower SVV and PPV errantly leading to an increase
in falsely negative tests for fluid responsiveness [50, 51].
Meanwhile, right ventricular dysfunction may cause a false
positives PPV [52], a result that could lead to volume
overload and deleterious affects in certain populations
[53]. Interestingly, increased contractility does not influence
PPV or SVV [50]. Early inspiratory augmentation of left
ventricular stroke volume (often termed dUP) and irregular
cardiac rhythms may affect the reliability of these parameters
as well [38, 45].

2.2.3. The Preejection Period. The preejection period (PEP),
the time between onset of ventricular depolarization and
ventricular ejection, is a systolic time interval believed to be
representative of contractility. As the Frank-Starling curve
would indicate, the lower the ventricular preload the shorter
the PEP. Respiratory changes in the preejection period
(rPEP) are an accurate measure of FR in septic ventilated
patients [54]. PEP, like SVV, can be measured by some
currently available noninvasive monitors. However, rPEP
has not been studied using noninvasive monitoring partly
because only some noninvasive monitors simultaneously
record the electrocardiogram (ECG) and the arterial pressure
waveform. A noninvasive method of measuring FR in
both spontaneously breathing patients and mechanically
ventilated patients is needed.

2.2.4. Passive Leg Raising. Passive leg raising (PLR) is a
simple, reversible maneuver that mimics a rapid volume
expansion of approximately 300–500 mL [55, 56] by shift-
ing blood from the lower extremities to the core venous
circulation [57, 58]. A standard PLR is done by placing
a patient in a semirecumbent position for three minutes
then laying the patient supine with the legs elevated to 45
degrees for three minutes. Fluid responsiveness is generally
defined as a change in cardiac index (ΔCI), cardiac output
(ΔCO), or stroke volume (ΔSV) of >10–15% [18]. PLR-
induced changes in SV represent a good predictor of fluid
responsiveness independent of breathing conditions [56,
59–61]. A recent meta-analysis demonstrated PLR-induced
changes in cardiac output was more accurate than measured
changes in arterial pulse pressure, with a pooled sensitivity,
specificity, correlation, and area under the receiver operator
curve of 89%, 91%, 0.81, and 0.95, respectively [62].
These studies validate for the first time a technique for
noninvasively measuring fluid responsiveness in ventilator-
dependent and spontaneously breathing patients.
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2.2.5. Utilizing Dynamic Measures of Fluid Responsiveness.
Passive leg raising matched with a noninvasive technology
to assess hemodynamic response would be an important
advance in critical care settings where traditional manage-
ment methods of critically ill individuals may not be imme-
diately available in early resuscitation (such as measuring
CVP and ScVO2), of suspect accuracy (CVP in determining
preload), or functionally inaccessible (i.e., hemodynamics
measured by thermodilution).

Minimizing respiratory variations in stroke volume by
volume loading is a good surrogate for maximizing cardiac
output by volume expansion until patients reach the preload
independent part of the Frank-Starling curve. However, mea-
suring fluid responsiveness still has significant limitations.
The most obvious limitation is that all of these dynamic
measures of FR, with the exception of PLR, are limited to
mechanically ventilated patients, ideally with tidal volumes
of at least 8 mL/kg [49]. Other limitations include unstable
or irregular rhythms, the necessity of a sealed chest cavity,
and a normal abdominal compartment pressure. ΔrPOP is
being integrated into the monitoring systems of currently
available standard monitors, and it comes at a limited cost;
however, its efficacy has yet to be demonstrated outside
the operating room [63]. Like CVP, it is a continuous
and easily interpretable number. However, none of the
measures of FR provide the critical care clinician with other
hemodynamics (such as cardiac output or oxygen-carrying
capacity) which may be particularly helpful in managing
undifferentiated shock, shock of more than one etiology,
and nonfluid responders. PLR and SVV are measureable
on noninvasive hemodynamic monitors, though the latter is
limited to mechanically ventilated patients. Maximal effect
of PLR occurs within the first minute, making it important
to assess this change in conjunction with real-time stroke
volume and cardiac output monitors.

3. Noninvasive Hemodynamic Monitoring

Multiple methodologies for noninvasive hemodynamic and
resuscitation monitoring are available in the management of
acutely ill patients in the ED. Each technology offers a unique
set of advantages and limitations (summarized in Table 2).
Literature questioning the efficacy of routines use of PAC-
TD, it’s limitations of accuracy, and the desire for nonin-
vasive alternatives have led to wider consideration of these
monitors. Bedside ultrasonography, transcutaneous doppler
ultrasonography, thoracic bioimpedance, and bioreactance
represent some of these alternatives discussed below.

3.1. Bedside Ultrasonography. The use of bedside ultrasonog-
raphy in critically ill patients is becoming more frequent
as technical advances, cost reductions, and safety concerns
have led to many EDs and intensive care units (ICU) having
bedside portable ultrasound. While volumetric methods of
measuring stroke volume exist (termed the method of discs
or Simpson’s rule), a more reliable measure of cardiac output
comes from simple physics. Flow is the product of the
velocity (V) of a fluid moving through a certain location and

the cross sectional area (CSA) of that location. Therefore, the
stroke volume can be measured by calculating the velocity
of blood emerging from the left ventricular outflow tract
(Figure 1), such that

CO = HR∗ SV, (4)

SV = VTI∗ CSALVOT. (5)

This technique is a validated, accurate measure of stroke
volume that is used extensively in echocardiography [64, 65].
Physicians attempting to utilize this technique must be facile
in identifying the left ventricular outflow tract, measuring
the time integral of velocity through the region (VTI), and
obtaining a 5-chamber apical view—all of which are difficult
to do in critically ill patients. One generally measures VTI
by placing a Doppler probe at the suprasternal notch and
aiming it directly opposite the direction of blood flow. This
technique has been utilized extensively in echocardiography
and is the basis for transcutaneous doppler ultrasonography
(TCDU).

Despite the difficulty in using ultrasound for the mea-
surement of stroke volume and cardiac output, focused crit-
ical care echocardiography is increasingly being recognized
as an important adjunct in the care of critically ill patients
because of the wealth of information one can obtain. Mul-
tiple studies have now shown that short training programs
can adequately train novice users in the necessary skills
for bedside ultrasonography [66–69]. These skills include
assessment of global left ventricular function, ventricular
size, inferior vena cava diameters, and identifying pericardial
effusions and tamponade [67, 69–72]. Assessment of right
ventricular function by echocardiography is important in
certain types of shock and may contribute to limited
responses to fluid resuscitation [73, 74]. While transabdom-
inal inferior vena cava collapsibility index is a promising
measure of fluid responsiveness and central venous pressure
[27, 32, 33], transesophageal echocardiography also offers
the potential to measure superior vena cava collapsibility
and may be one of the best measures of fluid responsiveness
[75, 76].

3.1.1. Advantages. Skilled sonographers can utilize enhanced
echocardiography to examine wall motion abnormalities and
valvular disease. With proper training, one can measure SV
and CVP, make qualitative assessments of ventricular func-
tion, as well as evaluate primary and secondary etiologies of
hemodynamic instability (i.e., pericardial tamponade). For
these reasons, independent of hemodynamic measurement,
bedside ultrasonography has an important role in the
resuscitation of critically ill patients.

3.1.2. Limitations. The greatest limitation of bedside ultra-
sonography is that it is discontinuous. Findings may lead
to definitive changes in management but to utilize this
technology of as a hemodynamic monitor or to monitor
therapeutic effectiveness requires regular reevaluation. While
multiple studies have now demonstrated the validity of short
training courses and curricula for novice users, few studies
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Table 2: Comparison of noninvasive techniques for hemodynamic monitoring.

Technique Continuous Operator dependent Initial cost
Need for lead
replacement

Supportive clinical
literature for bedside

hemodynamics
Correlation with TD

Ultrasound N +++ +++ N +++ +++

TCDU N ++ ++ N ++ ++

TEB Y + ++ Y +++ ++

BR Y + ++ Y ++ +++

Y: yes, N: No, +: fair, ++: moderate, +++: high.
TCDU: Transcutaneous Doppler ultrasound, TEB: Thoracic Electric Bioimpedance, BR: Bioreactance.
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Figure 1: Doppler assessment of stroke volume via the left ventric-
ular outflow tract. This illustration demonstrates the physiologic
principle of measuring stroke volume by measuring the LVOT
diameter and the VTI at that point. A characteristic curve is
generated by proper placement of a probe in line with the flow of
blood out of the LVOT. This figure was published in the Textbook
of Clinical Echocardiography, 3rd edition, Elsevier, Ltd, 2004. Page
147, Used with permission [25].

currently exist that demonstrate the therapeutic impact of
this skill set [71].

3.2. Transcutaneous Doppler Ultrasonography. Transcuta-
neous wave doppler ultrasonography (TCDU) is an exten-
sion of bedside echocardiography that is based on the same
principle of measuring the VTI at the left ventricular outflow
tract (LVOT). The relationship in cadaver studies between
height and a normal LVOT diameter obviates the need to
manually measure the LVOT diameter. The provider obtains
the stroke volume by obtaining the patient’s height and
measuring the VTI using visual and auditory cues to improve
positioning of a transcutaneous Doppler probe (Figure 2).

There appears to be a high correlation (r = 0.87) with
PAC-TD, with minimal bias and limits of agreement of
approximately±1 L/min [77, 78]. Studies have demonstrated
excellent interrater reliability of this technology with mini-
mal to no training [79–81]. The corrected aortic flow time
(FTc), a Doppler measure of the duration of flow during
systole corrected for heart rate, has been used in conjunction

with TCDU and appears to be an effective measure of FR in
spontaneously breathing patients in septic shock [82]. TCDU
can also predict FR when used in conjunction with PLR in
critically ill patients [83].

3.2.1. Advantages. Transcutaneous doppler ultrasonography
is fast, easy to learn, and has high interrater reliability even
in novice users. While the initial cost of this technology
is comparable with others, one of its major advantages is
that there are no per-patient costs associated with disposable
parts. Measurements are obtained in the suprasternal notch
so there is minimal interference with patient care and patient
specific factors like obesity, diaphoresis, or positioning have
limited effect on the accuracy of the results.

3.2.2. Limitations. The largest limitation of this technology
is that continuous monitoring is not possible. Though there
are no studies demonstrating that continuous hemodynamic
monitoring improves outcome in critically ill patients, non-
continuity of hemodynamic monitoring requires clinicians
to decide on a preset protocol of recurrent measurement or
to utilize this technology when clinical circumstances dictate.
Since physicians are poor predictors of underlying hemo-
dynamic instability, a noncontinuous monitoring technique
may help direct treatment when combined with a protocol
but it likely will not help alert clinicians to hemodynamic
decline. Additionally, because the LVOT diameter is assumed,
anatomical changes such as aortic valve regurgitation, aortic
valve stenosis, or proximal aortic aneurysms/dilatation can
cause significant alterations in the accuracy of the stroke
volume. Though clinical exam can detect many of these
abnormalities, it is not uncommon for patients to have clin-
ically indetectable stenosis, regurgitation, or aneurysms—
particularly in the critically ill. Lastly, clinical trials have
largely been validations against other hemodynamic moni-
toring techniques or evaluations of inter-rater reliability. Few
studies exist that compare this technology to other methods
of measuring hemodynamics in critically ill patients; those
that do question the device’s accuracy [84].

3.3. Impedance Cardiography or Thoracic Bioimpedance.
Impedance cardiography (ICG) or thoracic bioimpedance
(TEB) is a noninvasive means for obtaining continuous
hemodynamic data. This technology has been validated in
over 2000 patients in multiple different settings against
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Figure 2: Transducer placement and characteristic waveform using transcutaneous doppler ultrasonography. This demonstrates the
characteristic transducer direction and image capture using the direct measurement through the left ventricular outflow tract. One notes a
characterstic waveform and manipulates the transducer to obtain maximum outflow. This figure was published in the Textbook of Clinical
Echocardiography, 3rd edition, Elsevier, Ltd, 2004. Page 148, Used with permission [25].

multiple different gold standards [85]. It is based on measur-
ing changes in thoracic impedance of high-frequency, low-
magnitude alternating currents applied across the thorax.
The impedance (Z) of various tissues across the chest can
change with time, but the blood in the aorta is the only
component in the thorax that changes over a few seconds’
time. Pulse waves will, therefore, naturally travel down the
aorta and be responsible for the beat-to-beat alterations in
impedance, providing characteristic waveforms that can be
used to calculate hemodynamic variables (Figure 3).

The area under the curve of the pulse pressure wave-
form represents the stroke volume. Typically, this area can
be estimated by the peak pressure change during systole
multiplied by the ventricular ejection time (VET), the time
between opening and closing of the aortic valve. Using
bioimpedance, one can estimate the stroke volume by
measuring peak change in impedance (dZ/dtmax) multiplied
by the VET (Figure 4). Measurement of dZ/dtmax requires
a pair of thoracic impedance leads and measurement of
VET requires the acquisition of an ECG signal; two sets
of leads are necessary—each with an adequate signal. A
change in impedance between two sets of leads requires
measuring the amplitude of the impedance signal at each
lead and measuring the distance between the leads because
the amplitude degrades over time. More recent research
has enhanced the ease and accuracy of monitoring by
(1) assuming the thorax is a cylinder or cone, (2) which
makes up 17% of one’s overall height (H), (3) and can be
normalized by ideal body weight [86]. Therefore, the stroke
volume is calculated as

SV = c

(
(0.17∗H)3

4.2

)
∗ dZ

dtmax
∗ VET

Z
. (6)

TEB also allows for measuring central thoracic fluid volume
by assessing the overall impedance (Z), as well as measuring
systolic time intervals and the accelerated cardiac index, all
measures that may have use in certain clinical situations

[85, 87–89]. Early research was promising but inadequate
for advocating routine use of TEB as a surrogate for PAC-
TD because of the large limits of agreement [90]. Overtime
algorithms have improved; a large multicenter study of over
2000 measurements in 861 critically ill ED, ICU, or operating
room patients found a good correlation (r = 0.85) with a
bias of −0.12 + 0.75 L/min/m2 [91]. This study represents
the single largest multicenter study to validate a noninva-
sive hemodynamic monitor in critically patients. Weighted
average and meta-analytic correlation coefficients comparing
TEB with other methodologies of measuring cardiac output
demonstrates correlations ranging from r = 0.61 (Doppler
Echocardiography) to r = 0.89 (left ventricular assist device)
with an overall correlation of r = 0.81 (n > 16,000) and the
same correlation (r = 0.81) in studies comparing TEB with
PAC-TD (n = 10,959). The largest single study in critically ill
patients found the percent limit of agreement (LOA) between
TEB and PAC-TD to be 16.6% with even better performance
(9.8% ± 6.7%, r = 0.93) when motion artifact and clinical
conditions affecting the uniformity of thoracic impedance
are accounted for [91].

3.3.1. Advantages. TEB technology offers the clinician a
well-studied method to noninvasively, continuously monitor
hemodynamics. The capacity for beat-to-beat measurement
of the impedance waveform allows for a more accurate and
responsive measurement of stroke volume as the measure-
ment period can be selected by the user. TEB has the largest
and widest breath of literature validating its accuracy. It also
remains the only technology that has been validated, at least
in part, in critically ill patients.

3.3.2. Limitations. Morbid obesity, a short neck, extensive
hair, diaphoresis, and inability to localize landmarks are
limitations. Clinical conditions such as pneumonia, pleural
effusions, hemo/pneumothorax, or significant third spacing
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Figure 3: Characteristic waveforms for thoracic bioimpedance
monitoring. Product photographs reprinted with permission from
SonoSite; electrical and mechanical change in impedance over
change in time. Trademarks and logos are trademarks owned
by SonoSite, Inc. PEP: preejection period, LVET: left ventricular
ejection time, ΔZ: change in impedance, dZ/dt: 1st derivative of
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Figure 4: Determining stroke volume using thoracic bioimpedance
or bioreactance. Schematic representation of stroke volume mea-
sured from aortic blood flow by measuring the change in impedance
(dZ/dtmax) using thoracic bioimpedance or the relative phase shift
(dφ/dtmax) using bioreactance. These parameters are representative
of the peak blood flow, and the stroke volume is proportional to the
product of this parameter over the ventricular time (VET) for each
device, respectively [92].

from late stage sepsis may also impair the accuracy [85].
Multiple small studies have also questioned the accuracy of
TEB in measuring CO of mechanically ventilated patients
during PEEP [94–96]. Improper placement or errors in the
assumed relationship between height and thoracic length
can lead to significant errors due to the mathematical

relationship (7) used to determine stroke volume. Despite
these limitations, inter-rater reliability is very good [81].
These known limitations and the continued variability in
reports of the accuracy of this technology, particularly in
critically ill subsets, have hindered the adoption of the
technology.

3.4. Bioreactance. Bioreactance is the newest technique for
noninvasive hemodynamic monitoring. Bioreactance (BR)
is very similar to TEB in that, an electrical current of
low amplitude and known frequency is applied across
the chest between two leads. The difference between the
two methodologies is analogous to the AM (amplitude
modulated) radios (TEB) and FM (frequency modulated)
radios (BR) of impedance hemodynamics. As such, the
frequency of a signal does not degrade with distance, and the
ability to record adequate signal intensity, therefore, becomes
independent of distance. BR measures the relative phase
shifts in the applied and received signal between two leads
that is created by changes in intrathoracic volume resulting
from blood flow. These phase shifts are also generally less
susceptible to signal degradation and more amenable to
high-pass filtering to eliminate ambient noise, theoretically
leading to more accurate signal recovery. As opposed to TEB
(7), SV with BR is not a function of the distance between
leads but simply a function of (VET), the maximum phase
shift over time (dφ/dtmax), and a constant (c) (8).

SVTEB ≈
(
L

Z

)2

∗VET∗ dZ

dtmax
, (7)

SVBR ≈ c ∗VET∗ dφ

dtmax
. (8)

While this technology is much newer than TEB, recent
literature on the accuracy of this monitoring technique
against TD and other hemodynamic monitoring is as strong
if not better [92, 97, 98]. The largest single-site validation of a
noninvasive hemodynamic monitor, a study of 110 consecu-
tive postcardiac surgery patients with a total of 65,888 paired
measurements between BR and PAC-TD, demonstrated a
correlation of r = 0.82 with a bias of 0.16 ± 0.52 L/min
(which equated to a percent bias of 4 ± 11.3%) [98]. A
subsequent multicenter validation of BR versus PAC-TD
resulted in a similar correlation (r = 0.78) [97] with limits
of agreement that were similar to those observed in prior
studies of continuous versus bolus PAC-TD [99]. Early
results in clinical studies in patients with septic shock that
compare BR to PAC-TD suggests that the accuracy and
precision are maintained in both baseline measurements
(r = 0.88) and during PLR testing (bias 6.8 ± 13%) [100].

3.4.1. Advantages. The most important advantage of BR is
that frequency modulations and phase shifts are independent
of the distance between the applied and detected signal.
Lead placement using BR requires neither an exact distance
nor an exact location on the thorax. This allows for
more convenience and less interference of lead placement.
Additionally, anatomic or clinical conditions such as obesity,
short neck, and diaphoresis do not degrade the accuracy of a
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Figure 5: Graphical representation of the normalized hemodynamic modulators that determine the hemodynamic state. This is a graphical
illustration of the four hemodynamic modulators (preload, afterload, inotropy, and chronotropy) that determine one’s hemodynamic state.
Measurement on a per-beat basis, and normalization of each measure allows for percentile representation of each modulator effect with
respect to the whole [93].

frequency-modulated signal. Measurements are not affected
by other voltage sources and known frequency interference
(such as ambient noise) can be filtered out.

3.4.2. Limitations. This technology is fairly new, but there are
few currently identifiable disadvantages. The validation liter-
ature is very strong though there are few published clinical
studies to date utilizing this technology in undifferentiated
or specific critically ill patient populations. TEB has a much
broader experience in clinical use though its role in specific
conditions or undifferentiated critically ill patients remains
controversial because of the reports of variable accuracy
[85, 90].

4. Conclusion and Future Directions

4.1. Per-Beat Hemodynamic Measurement. Expressing
patient hemodynamics as a per-minute phenomenon is
not reflective of the basic function of the cardiovascular
system—to respond to ongoing metabolic demands with
immediate changes in oxygen delivery. As such, per-minute
hemodynamic measurement may not be reflective of
ongoing changes particularly in hemodynamically unstable
individuals. In spontaneously breathing patients, the
thoracic pressure changes in concert with the frequency

of respirations leading to varying rates of changes in
thoracic pressure. Even in a steady state, 20–30% of beat-
to-beat variations in heart rate and stroke index have
been demonstrated [93]. While standard convention is
to extrapolate measurements and represent them on a
per-minute basis, measurements are not typically taken over
one minute. The actual time period of measurement and
consequently the number of respirations during that time
are likely to be different depending on the methodology;
thermodilution is measured over a set period of time while
many of the noninvasive technologies use a different time
period or measure over a running several beat average. As
such, newer noninvasive technology may be more reflective
of ongoing hemodynamic response to clinical conditions.

4.2. Modeling the Hemodynamic Response. If the hemody-
namic parameters of volume, inotropy, chronotropy, and
vasoactivity can be measured noninvasively and the normal
values for these hemodynamic parameters are known, then
these parameters can be normalized and the hemodynamic
state of each patient can be graphically represented by
superimposing these parameters on the same graph and rep-
resenting them as percent changes from the norm (Figure 5).
This would allow graphical modeling of the hemodynamic
state, and clinicians may be able to more accurately respond
to the individual needs of the patient with targeted therapy.
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Clinicians would not need to continuously interpret the per-
beat hemodynamic variables within the context of “normal”
or patient body habitus. Thus, measurement of these hemo-
dynamic parameters, indexing them by body surface area,
and analyzing them all in concert may be important in the
future monitoring of critically ill individuals. This technique
was first proposed by Sramek et al. and has demonstrated
improved outcome in antihypertensive management but has
yet to be studied in critically ill patient populations [93, 101–
103].

4.3. Outcomes-Based Research. While the noninvasive tech-
nology described here and the physiologic principles under-
lying this technology may initially be difficult to understand,
this technology may be the next step in improving the
resuscitation of the critically ill. Algorithms based on non-
invasive hemodynamic parameters that better characterize
the body’s hemodynamic response to illness may be more
intuitive and can potentially be applied in a larger breath
of patient population. Measures of FR would improve
upon measuring CVP and stroke index could augment
ScVO2 in management strategies like early goal directed
therapy for sepsis. Most of the noninvasive hemodynamic
monitoring literature to date has focused on single or multi-
center validations of device accuracy, proofs of concept, or
observational trials of the prognostic capacity of individual
hemodynamic parameters. Future research will undoubt-
edly necessitate a multicenter trial utilizing hemodynamic
monitoring to drive clinical interventions in protocols for
the resuscitation of critically ill patients. The noninvasive
hemodynamic techniques discussed here may provide the
means to improve upon aggressive resuscitation while other
new techniques for noninvasively measuring tissue level
response to resuscitation may aid us in knowing when those
efforts have succeeded [104–106].
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Acute lung injury carries a high burden of morbidity and mortality and is characterised by nonhydrostatic pulmonary oedema.
The aim of this paper is to highlight the role of accurate quantification of extravascular lung water in diagnosis, management,
and prognosis in “acute lung injury” and “acute respiratory distress syndrome”. Several studies have verified the accuracy of both
the single and the double transpulmonary thermal indicator techniques. Both experimental and clinical studies were searched
in PUBMED using the term “extravascular lung water” and “acute lung injury”. Extravascular lung water measurement offers
information not otherwise available by other methods such as chest radiography, arterial blood gas, and chest auscultation at
the bedside. Recent data have highlighted the role of extravascular lung water in response to treatment to guide fluid therapy
and ventilator strategies. The quantification of extravascular lung water may predict mortality and multiorgan dysfunction. The
limitations of the dilution method are also discussed.

1. Introduction

In 1896, the physiologist Starling described the factors that
influence fluid transport across semipermeable membranes
like capillaries [1]. This description accounted for the net
movement of fluids between compartments in relation to
capillary and interstitial hydrostatic pressures, capillary and
interstitial oncotic pressures, and coefficients of capillary
permeability. Pulmonary oedema refers to the accumulation
of fluid within the extravascular space of the lung and
occurs when the Starling forces are unbalanced. This occurs
most commonly from an increased pulmonary capillary
hydrostatic pressure or an increased capillary permeability.
The estimation of the severity of pulmonary oedema by
chest auscultation, radiography, or arterial blood gas analysis
is imprecise [2–4]. Chest auscultation may be altered by
mechanical ventilation, and bedside chest radiographs in the
critical care unit is subject to several technical limitations.
There is poor correlation between the chest radiograph
scores of pulmonary oedema and the actual amount of
EVLW [5]. There is also high interobserver variability when
applying the American-European Consensus Conference
radiographic criteria for ARDS even amongst experts [6, 7].
Data from experimental studies suggest that EVLW on chest

radiography may only be detectable when the lung water
increases by more than 35% [8]. Experimental studies have
also shown that arterial oxygenation decreased significantly
only when the EVLW increases by more than 200% [4].
Hypoxaemia may be due to causes other than pulmonary
oedema, and it is estimated that up to one-third of patients
with ALI do not have any significant pulmonary oedema
[9–11]. The ability to accurately measure EVLW within
increments from 10 to 20% offers the potential to identify
those patents that may benefit from fluid restriction, dieresis,
or other therapies. The aims of this study are to critically
analyze clinical studies investigating the prognostic and
therapeutic values of EVLW measurement.

2. Materials and Methods

Studies were searched in PUBMED by using the terms
“extravascular lung water” (EVLW) and “acute lung injury”
(ALI) or “acute respiratory distress syndrome” (ARDS) as
keywords. The search was further refined by selecting studies
investigating the use of dilution methods to assess EVLW in
ARDS or ALI. The authors used backward snowballing (i.e.,
scanning of references of retrieved articles and reviews).
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Table 1: Different formulas for the calculations of ITBV reported
in the current literature.

PiCCO monitor ITBV = 1.25 × GEDV

Sakka et al. [13] ITBV = 1.25 × GEDV − 28

Reuter et al. [14] ITBV = 1.16 × GEDV + 97

Michard et al. [15] ITBV = 1.10 × GEDV + 180

3. Results and Discussion

The measurement of EVLW has been under investigation for
about 40 years with the first report of the use of EVLW in
the clinical management of critically ill patients by Eisenberg
and colleagues more than 20 years ago [12]. The bedside
method used to measure EVLW was the double-indicator
technique. This method requires the simultaneous injection
of an intravascular dye indicator and a diffusible (cold
saline) indicator. It is assumed that the dye will remain
in the intravascular space and the cold temperature will
be distributed throughout the thoracic cavity. Differences
in the dilution curves allow the calculation of EVLW. The
difference in the mean transit time (MTt) multiplied by
the cardiac output determine the extravascular thermal
distribution volume, that is, intrathoracic thermal volume
(ITTV) via cold saline − intrathoracic blood volume (ITBV)
via dye dilution = EVLW. This technique is cumbersome,
time consuming, and has not been widely used.

The single-indicator method uses a thermal indicator to
calculate EVLW. Cold saline is injected through a central
venous catheter, and the thermistor tip on a femoral arterial
catheter, measures the downstream change in temperature in
the abdominal aorta. The investigators Sakka et al. were able
to quantify the relationship between the ITBV and the global
end diastolic volume (GEDV), that is, that total volume and
the end of diastole within all four chambers of the heart
[13]. The equation is ITBV = 1.25 × GEDV − 28.4 mL.
Other investigators have confirmed a similar relationship
between ITBV and GEDV [14, 15]. The derivation of EVLW
using a single-indicator technique is described in Figure 1
and a more detailed description is available elsewhere [15].
The EVLW represents both interstitial and alveolar fluid.
The intrathoracic thermal volume (ITTV) is the product of
cardiac output and the MTt. The pulmonary thermal volume
is the product of the cardiac output and the exponential
downslope time. The difference between the ITTV and the
ITBV is an estimate of the EVLW. The accuracy of this
technique compares favorably with the gravimetric method,
the gold standard test for EVLW [16, 17]. Various formulas
relating ITBV to GEDV are reported in Table 1. Importantly,
there are no significant differences between the values for
ITBV derived from these formulas [18].

4. Distinguishing between Cardiogenic and
Permeability Pulmonary Oedema

Evidence from several small studies suggests that the ratio
of EVLW to ITBV may provide some clue to the cause of
pulmonary oedema [19–21]. Early studies used the ratio of
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Figure 1: Thermodilution curves showing mean transit time (MTt)
and downslope decay time (DSt) of the slope. The time point (A)
represents the time of injection. The product of cardiac output and
MTt equals the intrathoracic thermal volume. Multiplication of the
cardiac output and the DSt equals the pulmonary thermal volume
(PTV). The global end diastolic volume (GEDV) is equal to the
ITTV − PTV. The intrathoracic blood volume = 1.25×GEDV. The
extravascular lung water (EVLW) is equal to the ITTV less the ITBV.

the EVLW and the volume of blood within the lungs, that
is, the pulmonary blood volume to derive the pulmonary
vascular permeability index [22–24]. More recently investi-
gators have attempted to establish the diagnostic value of the
EVLW/ITBV ratio [20, 25]. A high EVLW/ITBV ratio would
support an increased permeability as the cause, whereas a low
ratio would suggest hydrostatic pulmonary oedema. A small
study of twenty mechanically ventilated patients by van der
Heijden and Groeneveld explored the relationship between
pulmonary leak index (PLI) for gallium labeled transferrin
and EVLW/ITBV ratios before and after fluid loading in
nonseptic patients [26]. The PLI refers to the transvascular
transport rate of a protein bound radionuclide, such as
67Ga-transferrin or 99mtechnetium-albumin, measured by a
bedside probe. A threshold EVLW/ITBV ratio of 0.23 had
a positive predictive value of 39% and a negative predictive
value of 82% for a high PLI. A similar study in sepsis-
related ARDS/ALI found a statistically significant but weak
relationship between EVLW and ITBV (P = 0.045, rs =
0.43) [27]. These findings are unsurprising as the sensitivity
and specificity of PLI in distinguishing cardiogenic and
permeability pulmonary oedema is itself poor. The ITBV
may be rapidly reduced when positive pressure ventilation
is initiated limiting the interpretation of this ratio. These
studies support earlier reports that highlight the potential
value and some of the limitations of using EVLW/ITBV
ration in trying to distinguish between hydrostatic and
permeability pulmonary oedema. The EVLW/ITBV ratio
remains an interesting physiologic concept and warrants
further clinical enquiry.

5. Informing Fluid Therapy

Septic shock and ALI often coexist and require directed
interventions. Fluid therapy is an intervention widely applied
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to almost all critically ill patients and there is consensus
that volume resuscitation should occur promptly [28, 29].
Concerns about restoring tissue perfusion must be balanced
against the potential harms of volume excess. Simply, being
volume responsive does not imply an improved outcome to
the administration of volume, and there is some concern
about the liberal use of fluids in critically ill patients
[30]. A large randomized trial by the ARDS Clinical Trials
Network compared liberal and conservative fluid strategies
in patients with ALI/ARDS [31]. The 72-hour cumulative
for the conservative group was 400 mL and 5100 mL in the
liberal group. The study found no difference in mortality
at 60 days (25.5% in the restrictive group versus 28.4 for
the liberal group, P = 0.3). Patients in the conservative
group showed an increase in ventilator-free days, reduced
ICU stay, no increase in nonpulmonary organ failure, and
a trend towards a reduced need for renal replacement
therapy. A positive fluid balance in patients with ALI is
associated with higher mortality in patients with ALI/ARDS
[32]. While these studies did not measure EVLW, it may
provide a rational way to monitor patients with ALI/ARDS.
Indeed, more than 20 years ago, Eisenberg et al. compared
protocol- (EVLW-) guided therapy to routine (pulmonary
artery wedge pressure-guided) haemodynamic management
in 48 critically ill patients [12]. The study reported a shorter
time on mechanical ventilation as well as a lower mortality.
The study also showed that restrictive fluid strategies could
be safe and well tolerated in patients with ARDS. A follow-up
study by Mitchell and colleagues enrolled 101 patients that to
the EVLW- and wedge pressure-guided strategies [33]. The
EVLW group had a lower positive fluid balance as well as less
ventilator days and a shorter ICU stay.

EVLW has also been used to guide fluid therapy in a
cohort of patients with subarachnoid haemorrhage and has
been shown to be safe and reduced pulmonary complications
[34].

ARDS is frequently associated with right heart dysfunc-
tion. It is estimated that up to 25% of patients with ARDS
may develop acute cor pulmonale (ACP), the most severe
form of right ventricular dysfunction [35]. In these patients,
fluid administration may exacerbate right ventricular dilata-
tion, worsening ACP. EVLW-guided therapy may offer a
method to safely balance resuscitation against the potential
harms of fluid excess.

6. Titrating PEEP

The consensus view about mechanical ventilation in patients
with ALI is to use the appropriate level of PEEP to recruit
collapsed lung while delivering small tidal volumes [36].
This simple intervention may have harmful effects on
haemodynamic function and gas exchange, and the optimal
PEEP has been the subject of substantial investigation
[37]. Many techniques have been suggested to titrate the
appropriate level of PEEP. These include increasing PEEP to
achieve the maximum oxygenation, trading improvements
in oxygen delivery against improvements in oxygenation,
using pressure volume curves or dynamic stress indices or

imaging techniques such as chest radiography and computed
tomography [38]. The lack of effect of any of these techniques
in large cohorts of patients may reflect the need for a
more patient-centered approach. The application of PEEP
may affect the measurement of EVLW by dilution methods
as well as the actual amount of EVLW [39]. Increasing
PEEP may reduce pulmonary vascular flow reducing the
measured EVLW [39]. Increasing PEEP may also increase
pulmonary flow to previously excluded areas, increasing the
measured EVLW [40, 41]. Increasing PEEP may increase
the actual EVLW by increasing central venous pressure,
creating backward pressure on lymph flow [42]. A decreased
pulmonary interstitial pressure may have a similar effect.
Increasing PEEP may decrease actual EVLW by decreasing
cardiac output, decreasing pulmonary capillary pressure.
The application of PEEP may improve oxygenation with-
out significantly changing EVLW. The mechanism in this
situation is likely to be recruitment of atelectatic lung. The
relationship between PEEP and EVLW remains unsettled and
titrating PEEP to individual patients requires consideration
of several variables. Comparing pre- and postintervention
oxygenation, EVLW and EVLW/ITBV ratios may offer insight
into whether the patient has recruited atelectatic lung,
haemodynamic changes, pulmonary capillary permeability,
and/or hydrostatic forces. This may help to individualize
PEEP titration at the bedside.

7. Predicting Outcome

Prognostication is an important part of communicating with
surrogates and in making decisions about treatment. Despite
a wealth of knowledge about ALI and ARDS, prognostication
remains difficult [43]. There is considerable overlap between
the predictors of mortality in patients with ALI and the
predictors of death in the general ICU patient [43]. Age,
haematocrit, bilirubin, and 24-hour fluid balance have all
been shown to useful clinical predictors from the ARDSNet
study [43, 44]. More recently increased EVLW has been
identified as a strong predictor or mortality in ALI. Sakka
et al. performed retrospective analysis of 373 patients and
showed that EVLW was higher in nonsurvivors compared
with survivors (median: 14.3 mL/kg versus 10.2 mL/kg, resp.,
P < 0.0001) and predicted mortality independent of SAPS II
or APACHE II score by regression modeling [45]. The study
also identified a dose effect with mortality lowest in the group
with EVLW < 7 mL/kg (<30%), intermediate in the groups
<7–14 mL/kg (40%) and 15–20 mL/kg (60%), and highest
in the group with EVLW > 20 mL/kg (80% mortality). A
threshold of 15 mL/kg was able to discriminate survivors
from nonsurvivors (P = 0.002). A small prospective study
by Kuzkov and colleagues showed a significant correlation
between increased EVLW and recognized markers of severity
in ALI such as ling compliance, oxygenation ratio, and lung
injury score [46]. A significant proportion of patients with
ARDS are overweight and EVLW indexed to predicted body
weight (PBW) compared with actual body weight (ABW)
is higher (20.6 ± 4.6 versus 11.6 ± 1.9 mL/kg; P = 0.002)
[47]. A 3-day mean EVLW > 16 mL/kg indexed to PBW
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was found to predict death with 100% sensitivity and 86%
specificity. A recent observational cohort study by Craig et
al. showed that an elevated EVLW indexed to PBW measured
within 48 hours of admission to ICU was significantly
associated with mortality [48]. The median EVLW was
17.5 mL/kg (IQR 15.3–21.4) for non-ICU survivors and
10.6 mL/kg (IQR 9.5–15.4) for ICU survivors; P < 0.0029.
The a odds ratio for death of EVLW indexed to PBW
was 4.3 (confidence interval 1.5–2.9) per standard deviation
increase, independent of oxygenation index, and APACHE
II or SAPS II score. The argument has been that lung
volumes are more closely correlated with height and gender
than with actual body weight. Therefore, indexing EVLW
to obese patients is likely to underestimate the severity of
pulmonary oedema. An elevated EVLW indexed to PBW
also predicts the development of multiorgan dysfunction
syndrome (MODS) [49]. Data from small studies support
the role of EVLW in predicting the clinical behavior during
mechanical ventilation. High-frequency ventilation is better
tolerated in patients with an EVLW > 15 mL/kg and pressure
support better tolerated when the EVLW < 11 mL/kg [50,
51]. While the signal from these small, single center studies is
encouraging, there is a lack of consensus about the definition
of the normal values for EVLW or whether EWLV should be
indexed to PBW or ABW.

8. Limitations of EVLW

It is estimated that up to one-third of patients with
ALI/ARDS criteria do not have significant pulmonary
oedema [9, 52, 53]. The mechanism for hypoxaemia in
this group of patients may be due to atelectasis or consol-
idation in these patients. The diagnosis of ALI/ARDS on
clinical criteria does not correlate well with autopsy findings
[54]. EVLW may offer a reliable means of characterising
ALI/ARDS by identifying those patients with increased
pulmonary vascular permeability. This offers the prospect
of a more homogenous group of patients that may benefit
from interventions such as fluid restriction and diuresis and
to recruit for further clinical trials. The measurement of
EVLW may be altered by systematic or accidental errors
of measurement. The single-indicator method relies on a
predictable and constant relationship between the GEDV and
the ITBV. Underperfusion that occurs pulmonary resection,
pulmonary embolism, and pulmonary arterial occlusion may
underestimate EVLW by about 10% [55, 56]. Experimental
evidence suggests that this observation occurs only when
vessels with a diameter >500 µm are occluded [57]. High
cardiac output states may not allow sufficient time for
equilibration with the extravascular distribution volume.
Michard et al. studied the effect of cardiac index changes
in critically ill patients in the range 1.9 L/min/m2 to 7.1 L/
min/m2 as well as hyper- an hypovolaemic states but found
no change in the relationship between GEDV and ITBV
[15]. The presence of an intra-aortic balloon pump (IABP)
renders continuous pulse contour analysis inaccurate but
does not affect the accurate estimation of EVLW [58]. The
same applies for the concomitant use of renal replacement

therapy. EVLW calculation is accurate, provided that the
vascular access catheter is not in the path of the indicator.
A large aortic aneurysm may lead to underestimation of the
EVLW and intracardiac shunts have unpredictable effects on
the measured EVLW [59].

9. Conclusion

The use of thermodilution techniques to assess EVLW
provides an accurate and readily accessible method at the
bedside in critically ill patients. EVLW may have value in
decision making about titrating PEEP, predicting clinical
behavior during mechanical ventilation, guiding fluid ther-
apy, and manipulating fluid balance and ultimately about
prognostication.
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Technology is now available to allow a complete haemodynamic analysis; however this is only used in a small proportion of patients
and seems to occur when the medical staff have the time and inclination. As a result of this, significant delays occur between an
event, its diagnosis and therefore, any treatment required. We can speculate that we should be able to collect enough real time
information to make a complete, real time, haemodynamic diagnosis in all critically ill patients. This article advocates for “intel-
ligent haemodynamic monitoring”. Following the steps of a functional analysis, we answered six basic questions. (1) What is the
actual best theoretical model for describing haemodynamic disorders? (2) What are the needed and necessary input/output data for
describing this model? (3) What are the specific quality criteria and tolerances for collecting each input variable? (4) Based on these
criteria, what are the validated available technologies for monitoring each input variable, continuously, real time, and if possible
non-invasively? (5) How can we integrate all the needed reliably monitored input variables into the same system for continuously
describing the global haemodynamic model? (6) Is it possible to implement this global model into intelligent programs that are
able to differentiate clinically relevant changes as opposed to artificial changes and to display intelligent messages and/or diagnoses?

1. Introduction

Thirty years ago, tracking the heart rate (HR) was the only
means of automatic, continuous, real-time and noninva-
sive, hemodynamic monitoring. A more elaborate level of
monitoring was necessarily invasive and required a central
venous catheter for continuous pressure (CVP) assessment.
A third level was based on the placement of a pulmonary
artery catheter (PAC) and of an arterial line for continuous
pulmonary artery pressure (PAP) and systemic arterial
pressure (SAP) curve recording.

From this traditional data monitoring, a complete hae-
modynamic diagnosis was obtained on demand by the meas-
urement of a set of additional variables, such as cardiac out-
put (CO), pulmonary wedge pressure (PWP), blood lac-
tate, haemoglobin concentration (Hb), arterial haemoglobin
oxygen saturation (SaO2), and mixed venous haemoglobin
oxygen saturation (SvO2). From these elementary data, sev-
eral other variables were derived such as pulmonary and sys-
temic resistance to flow (PVR and SVR), right and left ven-

tricles stoke work (RVSW and LVSW), and tissue oxygena-
tion indices: oxygen arterial and venous content (CaO2 and
CvO2), oxygen delivery (DO2), arteriovenous oxygen differ-
ences (AVD), tissue oxygen extraction (EO2), and oxygen
consumption (VO2).

Therefore a complete haemodynamic analysis was done
only in a small proportion of patients, and when the medical
staff had the time and inclination. This resulted sometimes
in significant delays between an event and its diagnosis and
therefore any treatment required.

Today, more haemodynamic variables are monitored
continuously by less invasive means than before; for instance
using pulse contour CO, as compared to traditional invasive
discontinuous bolus thermodilution. We can speculate that
we are now able to collect enough real-time information con-
tinuously in order to make a complete, real-time, haemody-
namic diagnosis. It implies not only continuous data record-
ing but also continuous analysis using artificial intelligence.
This is what we call “intelligent haemodynamic monitoring”.
In the engineering industry, a functional analysis system
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technique (FAST) is used in the conception and the devel-
opment of a product. It would be helpful to clinicians if they
share with engineers the same fundamental approach. This is
a prerequisite for reinforcing the way industry and clinicians
are collaborating for the benefit of our patients. Basically, we
must answer three questions: when, why, how?

When is easy: continuously, real time.

Why? Because patients are in a severely compromised
state, there is sudden and large variability in their cardio-
vascular status and we speculate that continuous, real-time,
monitoring with appropriate alarm settings will minimize
the delay between an event and its appropriate treatment,
leading to better outcome.

How, is the most difficult question to answer. We suggest
a functional analysis as follows.

(i) What is the actual best theoretical model for describ-
ing haemodynamic disorders?

(ii) What are the needed and necessary input/output
variables for describing this model?

(iii) What are the specific quality criteria and tolerances
for collecting each input variable?

(iv) Based on these criteria, what are the validated avail-
able technologies for monitoring each input vari-
able, continuously, real time, and if possible non-
invasively?

(v) How can we integrate all the needed reliably mon-
itored input variables into the same system for
continuously describing the global haemodynamic
model?

(vi) Is it possible to implement this reliably described
haemodynamic model into intelligent programs able
to differentiate clinically relevant changes versus
artificial changes and to display intelligent messages
and/or diagnoses?

2. Functional Approach

2.1. What Is the Actual Best Model for Describing Hemody-
namic Disorders. The semantic frames we are using today for
classifying haemodynamic disorders are still derived from the
discontinuous measurements available early in critical care
medicine development. From normal or abnormal ranges of
CVP, PCWP, CO, and SAP, we are still defining diagnostic
terms such as hypovolaemic, cardiogenic, obstructive or
hyperdynamic shock from which we infer specific therapeu-
tic interventions. However, these diagnostic categories are
simplistic, lead to a loss of information, and may not trigger
all necessary treatment. Integrating new continuously mon-
itored variables is an opportunity to update our reasoning
processes, based on more robust models of haemodynamic
disorders. Doing this, we must avoid falling from Charybdis
into Scylla and distorting the haemodynamic reality in
order to fit in with available electronic languages or with
new artificial variables developed by the industry in their
efforts to find complete solutions by the use of one single
technology.

The best theoretical model of shock for monitoring
purposes would be that one giving a complete and com-
prehensive description of all possible pathological processes
observed in clinical practice and for which evidence is
provided. At this level of our analysis, we must only consider
the physiological principles. Practical limitations will be
considered afterwards, in an appropriate step of the func-
tional analysis.

Within this scope, a haemodynamic physiologic and
pathologic model has been developed for a complete com-
puterized haemodynamic diagnosis in the 1990’s [1, 2]. In
this model, all mechanisms of shock are supposed to stem
from tissue oxygen demand outstripping oxygen supply. A
global oxygen consumption (VO2) below the needs ( nVO2)
is consequently the best way to describe a macrocirculation
disorder [3, 4]. This model, established by a panel of experts
[2] from basic physiology, has been validated by the evidence
that modelled variables have the highest prognostic value
as compared to other traditional elementary and derived
variables [1]. In addition, the diagnostic categorizations
based on this model have been shown to be at least equivalent
to that of experienced intensivists [2, 5]. We can also consider
that studies showing an improved outcome when DO2 was
rapidly increased to cover estimated needs is indirect proof
of validity of this model [6]. The principles are as follows.
Practical examples can be found and/or created online
(http://www.hemodyn.com/).

As seen above, shock is defined by

VO2 <
nVO2 or

VO2
nVO2

< 1. (1)

Since VO2 = CO×AVD, we can estimate the required values
of CO and AVD for reaching a given value of nVO2, for each
specific patient, at a specific moment in time. So now, we can
express this as

nVO2 = nCO× nAVD . (2)

Then (1) can be reformulated as

VO2
nVO2

=
{

CO
nCO

}
×
{

AVD
nAVD

}
. (3)

Since DO2 = CO × CaO2 and EO2 = AVD/CaO2, the
formula (3) can also be formulated as

VO2
nVO2

=
{

DO2
nDO2

}
×
{

EO2
nEO2

}
, (2 bis)

where nDO2 and nEO2 are the needed values of DO2 and
EO2 to reach nVO2

From (3) we can see that shock, defined by VO2 <
nVO2,

can be the result of a circulatory disorder (CO < nCO) or
a tissue disorder (AVD < nAVD), or both, or insufficient
compensation of one arm by the other. Since CaO2 is
derived schematically by Hb×1.34×SaO2, it is immediately
clear from (2 bis) that tissue hypoxia may occur due to (1)
excessive demand and/or (2) insufficient CO, (3) insufficient
SaO2, (4) insufficient Hb, and (5) insufficient EO2 (Figure 1).
Therefore, the traditional clinical diagnostic categorisation of
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or > 14

VO2 < nVO2

EO2 < nEO2

DO2 < nDO2

CaO2 < nCaO2

CO < nCO

HR < nHR

SV < nSV

Figure 1: Root algorithm for representing the global hemodynamic model. The model gives priority to the higher box as compared to the
lower. For example at the first step, the algorithm recommend decreasing excessive needs before looking at improving VO2.

shock that referred mainly to mechanisms 2, 4, and 5, appear
artificial and incomplete.

From this initial root, the model may be enriched as seen
in Figure 2, based on the same principles, by comparing an
actual value with a needed or minimum value for reaching
adequate VO2 to cover needs.

In this model, there is no normal or abnormal vari-
able range. An adequate value is that one that allows
compensation for the insufficiency of one or several other
variables. Adequate limits can be eventually introduced into
the model if other pathophysiological processes are involved.
For example, there is no theoretical risk in decreasing EO2

until needed EO2 is reached while increasing CO or Hb up
to very high values may be limited by myocardial ischemia or
rheological impairment.

Following the initial root (Figure 1), the various mech-
anisms of shock may be subsequently analysed. Figure 2
continues the root algorithm when SV < nSV (bottom right
box of the Figure 1). Similarly an algorithm is described for
each box of Figure 1. The basic principles are maintained in
the secondary algorithms.

In Figure 2 we can see that the priority (higher lines) is
still given to metabolic equilibrium at lower cost. First by
restoring the coronary flow if necessary, then by decreasing
the metabolic demand, finally by increasing the cardiac
power first by filling, then if really necessary by inotropic sup-
port.

At each step (boxes in the figures), the best variables for
answering the question and reaching the objective can be
updated according to any recent developments and to the
state of the art. For example, in Figure 1, tissue perfusion
can be analysed from diuresis, brain activity, the StO2, the
local capillary flow, or nay other indicator to be invented.
In Figure 2, right ventricle (RV) filling may be analysed
by monitoring and targeting adequate values of right atrial
pressure (RAP), RV end diastolic volume, pulmonary pulse
pressure variation, or any other validated variable. Therefore,
at each step of the model, we can choose between different
variables assessing the same physiologic concept, according

to the specific monitoring tools used for a given patient.
Nevertheless, this implies knowing exactly which amount of
uncertainty each variable introduces into the model.

This model is limited by two mechanisms. First, con-
formance, a self-limiting oxygen requirement in case of
tissue hypoxia may lead to a perception of an acceptable
VO2 that may in fact be insufficient. Second, this model
investigates only the macrocirculation. An acceptable global
VO2 may hide important tissue heterogeneity. However, a
conformance can be suspected by repeated measurements
which is the purpose of a continuous monitoring and even
though stabilizing the macro circulation is not the last word
in haemodynamics, it is a prerequisite. Microcirculation can-
not be optimized without stabilizing the macro circulation
first. Therefore a model based on global tissue hypoxia is a
sound basis for macrohemodynamic monitoring.

Other decision trees have been suggested that may be
considered as suitable models for haemodynamic monitor-
ing. However, none of them have been clinically validated
and most of them have been developed from one or several
variables proposed by industry to optimise the usefulness
of a specific device [7]. A validated model strictly based
on physiological knowledge, independent of actual technical
issues, like the one we developed, is more likely to highlight
the actual limitations and to help instigate the appropriate
research.

2.2. What Are the Needed and Necessary Input/Output Vari-
ables for Describing This Model and Detecting Deterioration?
Once a global model has been described, the input and
output variables are then clearly identified. Consensus on the
definition of these terms is vital, otherwise, the reproducibil-
ity of the therapeutic actions based on the model would be
poor.

However, due to various reasons, including the choice of
monitoring and/or actual technological limitations, one or
several needed input variables may be unknown, or lacking,
or assessed discontinuously. In these situations, it is impor-
tant to still fit as closely as possible with the model despite
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pressure

Nl extra wall
pressure

Consider
relaxing agents

Extra wall
pressure

Consider
inotropes

PVR > nPVR

Tachycardia, ischemia
or anatomic issue

SV < nSV

SVR > nSVR

Non optimal
LV filling

Non optimal
RV filling

Diastolic
dysfunction

Hypovolemia

Impaired I+

Diastolic
dysfunction

RV
dysfunction

Consider O2,
NO,
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Consider
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Figure 2: Subsequent algorithm dedicated to SV analysis. The needed SVR is that specific value of SVR allowing the generation of the
minimum blood pressure (usually set at a mean value of 65 mmHg) with the needed CO. Similarly for needed PVR.

the bias introduced by the missing input data. There are
theoretically three solutions. First, it is sometimes possible to
find a surrogate of a given input variable assuming that the
information provided is close. This is the case for example
replacing SvO2 by the central venous O2 saturation (ScVO2)
or SaO2 by the pulse oximetry (SpO2) or total peripheral
resistance instead of SVR when right aerial pressure is
missing. Second, it is possible to give a fixed value to a given
variable. For example, we may enter in the model directly at
the level shown in Figure 2, assuming that the needed SV is
the normal SV as a function of age and gender since the adap-
tative mechanisms of CO to needs are mostly resulting from
a regulation of the heart rate. Third, it is possible to estimate
a continuous variable from discontinuous clinical or para-
clinical analysis. For example, VO2 is often not monitored
and VO2 needs unknown. Consequently VO2/

nVO2 ratio <1
is suspected by the presence of clinical signs of shock or by
an increase in blood lactate over time. Alternatively, a change
in VO2 needs (therefore translated to CO and EO2 needs)
can, be estimated by age, gender, body size, body temperature
and/or empiric estimation of the change in metabolic needs
due to underlying or associated pathologies. In any case,
if we restrict our analysis to a part of the global model,
we must assume that the blind part is fixed and given an
approximate value. The reliability of the model is therefore
reduced.

2.3. What Are the Specific Quality Criteria and Tolerance for
Each Input Variable? The quality criteria and tolerance for
the CO monitoring have been reviewed recently. [8, 9] The
same effort must be done for each input variable of the
model. Basically these criteria are very similar for all quan-
titative variables.

(1) The accuracy is how close the value is to a gold
standard. It is estimated by the mean difference (bias)
with the true value given by the gold standard.

(2) The linearity is the capability of maintaining constant
the ratio between the physiologic signal and the
electric output signal. Therefore the bias is constant.
It can be verified by comparing the regression curve
of the bias with the identity line.

(3) The precision is the ability to indicate the same
value when the physiologic signal is stable. In other
words, it is the variation due to random error in
the signal processing. It can be estimated by the
standard deviation/mean value when the physiologic
signal is stable. The least minimum significant change
(smallest change indicating a real change) is a direct
consequence of precision.

(4) The resolution is the smallest change that the device
can detect.

(5) The stability is the capability of maintaining the
preceding quality criteria unchanged during time
(without drift).

(6) The measuring range is the boundaries of value
where the preceding quality criteria are found accept-
able

(7) The responsiveness is the delay between a real change
in the physiologic signal and a change greater than
the least minimum significant change in the observed
value. Coupled with the linearity, it determines the
accuracy of the amplitude response.
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The six first quality criteria are common to all measure-
ment and monitoring tools. The seventh, time-dependent
quality criteria, is specific to monitoring devices.

For each quality criteria, it is important to determine the
tolerance, that is, what is the allowed amount of variation
from the exact value. Ideally, tolerance must be determined
from clinical requirements, dependent on the way the
variable is implemented in the model. However, we are
obliged to consider the actual technological issues. Thus a
20% tolerance is seen as actually acceptable for CO while
it is 4% for the haemoglobin concentration and 2% for the
haemoglobin saturation. However, the accumulated effect
of different tolerances may lead to poor performance. For
example, a tolerance of 20% in accuracy for CO monitoring
plus a tolerance of 5 minutes in time response, plus a
tolerance of 10% in the linearity plus a tolerance of 10% in
stability may result in the absence of detection of a transient
30% CO decrease. To study the impact of cumulated
tolerances on a monitored variable, it can be useful to
determine what is a clinically relevant change of this variable
and to measure the sensitivity and the specificity of a given
device to detect these clinically relevant changes.

2.4. Based on These Criteria, What Are the Validated Available
Technologies for Monitoring Each Input Variable, Continu-
ously, Real time, and If Possible NonInvasively? Full validation
of quality criteria below entails several considerations.

Choice of the Patient Population. A validation study must be
applicable to all ICU patients. The haemodynamic profiles
of sepsis and cardiac surgery are very different A useful
device must provide accurate and precise data in all of
these circumstances or extremes and this must be taken
into account during the design of the validation studies.
A monitoring device is also designed to detect and track
changes in a variable over time. This can best be performed
by building into the protocol an intervention that should on
its own change the monitored variable.

Choice of the Reference Method. A monitoring system is
typically a real-time, automatic, and continuous analyzer. An
ideal device should provide good data from both snapshot
measurements and continuous monitoring. Any validation
study therefore needs to incorporate both of these factors
into its design, especially with respect to its choice of a gold
standard. A gold standard is most often lacking in clinical
practice and we are obliged to consider simply a reference
technology. However, few technologies even when they are
considered as a reference method have fulfilled all the quality
criteria listed above. Therefore, It may be necessary to choose
a different reference method for studying separately each
quality criteria.

Data Acquisition Method. A completely automatic continu-
ous data recording technique should be preferably utilized
for both the reference method and the studied technology
in order to avoid errors when collecting large numbers of
data points and also to limit any interobserver variability. It is

preferable to collect raw data that has not been time-averaged
by the device, in order to minimize the smart averaging and
the smoothing effect used in many modern technologies. The
rationale behind this is that the better the raw signal, the
better the result will be after final averaging. As mathemati-
cally predicted, averaging more data decreases the variability
but not the accuracy [10]. It must not be forgotten, however,
that the devices will be ultimately used according to the data
that they display, which quite often will be different to the
raw numbers. How it affects the validation in the subsequent
analysis must be explained and described in detail.

Data Acceptability. Before analysing the data collected in the
fashion described above, it is important to validate the data.
This requires an independent assessor who is blind to the
choice of monitoring technology assessing the data. Periods
of time when the patients are agitated, when one or both
systems became disconnected, or periods of time where there
is clear evidence of a situation leading to artefact can be
deleted. This is a critical step of the validation that can be
altered by subjective choices.

Data Segmentation. The monitoring trend line of a given
variable can be schematically divided into periods of
unchanged, increasing, or decreasing value. Fulfilling the
criteria of quality determined above requires studying these
different periods of time separately in order to minimize the
physiological variability. Easy database segmentation can be
performed using the trend line slope of the monitored vari-
able. The inflexion point between two consecutive slopes may
be automatically determined using the minimum sum of
residuals for the two segments proposed by John-Alder [11].

Few technologies have been extensively studied using
the quality criteria listed above [12]. We can consider that
this has been achieved satisfactorily only for temperature
and HR monitoring and for Hb, SaO2, SvO2, fand lactate
measurements. Blood pressure monitoring (RAP, PAP, SAP)
with actual transducers, appropriate lines, and filtering
may be considered acceptable if properly maintained and
positioned. SvO2 and ScvO2 monitoring using infrared
spectroscopy may also be considered acceptable if properly
positioned, flushed, and recalibrated.

All other monitoring variables have various degrees of
limitations regarding the listed quality criteria, especially CO,
SaO2, Hb, lactate, ventricle filling and contractility indices,
tissue perfusion indices. However, a complete analysis of
these imitations is a prerequisite before using these variables
in intelligent hemodynamic monitoring. The cumulative
effects of these limitations may lead to poor results.

2.5. How Can We Integrate All of the Needed Reliably Mon-
itored Input Variables on the Same System for Continuously
Describing the Hemodynamic Model? Different companies
currently develop integrating systems. But the reliability
of the different variables provided by the same company
may not be optimal. The best chance would be given by
integrating a maximum number of reliable variables coming
from different devices manufactured by different companies.
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It is a challenge for scientific societies such as the ESICM to
encourage such developments.

2.6. Is It Possible to Implement This Reliably Described Haemo-
dynamic Model into Intelligent Programs Able to Differentiate
Significant Changes versus Artifactual Changes and to Display
Intelligent Messages and/or Diagnosis? This still requires a
proper solution. An available intelligent program developed
for analysing snapshot measurements [1, 2, 5] can be a
basis for comparing trends. Including automatic trend lines
in a reasoning process instead of validated measurements
requires that artefacts be filtered out. It is also necessary to
determine the time sampling to avoid continuous instanta-
neous diagnostic changes with no practical use. Once this
will have been done, we will be ready to check if this type
of monitoring is likely to increase the speed and appropriate-
ness of therapeutic interventions and to improve outcome.

3. Conclusion

No matter how sophisticated and advanced the integrated
monitoring system is in an intensive care unit, its ability to
detect that a patient is deteriorating will still depend on the
quality of the staff in the critical care unit and their ability to
work as a team. More sophisticated monitoring should not be
used at the expense of reducing staff/patient ratios but rather
to enhance the ability of the staff to manage patients. The
procurement of an appropriate clinical information system
where there is none should also be high on the wish list to
help collect the many direct and indirect variables of patient
data and allow clinical decision support analysis. It is the
task of industry to maximise the information provided by
their technology. It is the task of the medical community to
describe the ideal tool they need.
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