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Arterial Waveform Analysis for the Anesthesiologist:
Past, Present, and Future Concepts
Robert H. Thiele, MD, and Marcel E. Durieux, MD, PhD
Qualitative arterial waveform analysis has been in existence for millennia; quantitative arterial
waveform analysis techniques, which can be traced back to Euler’s work in the 18th century,
have not been widely used by anesthesiologists and other clinicians. This is likely attributable,
in part, to the widespread use of the sphygmomanometer, which allows the practitioner to
assess arterial blood pressure without having to develop a sense for the higher-order
characteristics of the arterial waveform. The 20-year delay in the development of devices that
measure these traits is a testament to the primitiveness of our appreciation for this
information. The shape of the peripheral arterial pressure waveform may indeed contain
information useful to the anesthesiologist and intensivist. The maximal slope of the peripheral
arterial pressure tracing seems to be related to left ventricular contractility, although the
relationship may be confounded by other hemodynamic variables. The area under the
peripheral arterial pressure tracing is related to stroke volume when loading conditions are
stable; this finding has been used in the development of several continuous cardiac output
monitors. Pulse wave velocity may be related to vascular impedance and could potentially
improve the accuracy of waveform-based stroke volume estimates. Estimates of central
arterial pressures (e.g., aortic) can be produced from peripheral (e.g., brachial, radial) tracings
using a Generalized Transfer Function, and are incorporated into the algorithms of several
continuous cardiac output monitors. (Anesth Analg 2011;113:766 –76)

HISTORICAL BACKGROUND
Evolution of Arterial Waveform Analysis
Analysis of the arterial pulse wave predates the era of
modern medicine by millennia, with the first qualitative
pulse wave analysis being attributed to the Egyptians.1
Early accounts were written by the Greeks (Rufus of
Ephesus was the first to use the term “dicrotic” in the first
century ad2); Romans (Galen’s On Prognosis from the Pulse,
written before 210 ad, describes 27 types of pulses); and
Han Chinese (Wang Shu-he’s Mai Jing, circa 220 ad, describes 24 types of pulses).
Thousands of years after these initial descriptions, William Harvey (1578 –1657) demonstrated that the arteries
and veins exist in series. Giovanni Borelli (1608 –1679) made
the observation that the elasticity of arteries was responsible for dampening the flow of peripheral blood. Stephen
Hales (1677–1761) also examined the impact of arterial
elasticity on arterial hemodynamics, reporting its effect on
blood flow velocity in animals.3
Quantitative analysis of the arterial system is generally
first attributed to Leonhard Euler (1707–1783), who unsuccessfully attempted to apply the principles of the Conservation of Mass and Energy to a tubular model of the
cardiovascular system. Jean Louis Poiseuille (1799 –1869)
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successfully described the flow of fluids through tubes
using the equation Q ⫽ KPD4/L (where K is a fluid
constant, P is the pressure gradient across the tube, D is the
diameter of the tube, and L is the length of the tube), a
derivation of which became known as the Hagen-Poiseuille
Law of Friction. Importantly, the Hagen-Poiseuille Law is
valid only under certain conditions, most critically during
steady, laminar flow. Although Poiseuille’s Law was not
designed to describe pulsatile flow, and blood flow is not
always laminar,4 it has become a standard descriptor in
almost all medical and physiologic textbooks.3
In 1899, Otto Frank published a mathematical formulation of Hales’ earlier work, which ultimately became
known as the Windkessel effect. This work was notable for
its successful incorporation of both Conservation of Mass
and vascular stiffness into the description of hemodynamics, which was particularly accurate during diastole. In
addition to conducting work that would lead to the FrankStarling Law, Frank was likely the first physiologist to
analyze both reflected pressure waves and the spectral
composition of blood pressure waveforms.3
The next major advance in the study of arterial hemodynamics was the recognition of behavioral similarities
between the cardiovascular system and an electrical analog,
first attributed to Landes in 19463 and advanced by Taylor
to include analogues for capacitance and inductance, in
addition to voltage and resistance.5 Shortly thereafter,
Cooley and Tukey published their classic manuscript “An
Algorithm for the Machine Calculation of Complex Fourier
Series,” which subsequently became known as Fast Fourier
Transformation, and in doing so reduced the time required
for harmonic analysis of pressure waveforms from hours to
seconds.6 This, combined with the advent of the computer,
ushered in the modern era of arterial waveform analysis, in
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which previously prohibitively complex calculations requiring manipulation of vast amounts of data were suddenly possible. Major early contributions were made by
Donald McDonald and John Womersley, followed by
Michael Taylor, Michael O’Rourke, Wilmer Nichols, and
Mustafa Karamanoglu, some of which are referenced below. (The interested reader is referred to the outstanding
review by Kim H. Parker,3 the reviews by Booth1 and
O’Rourke,2 and the fifth edition of McDonald’s text7 for a
more complete account.)

Devolution of Arterial Waveform Analysis
Development and use of the sphygmomanometer, which
was first conceived by Karl Vierordt in 1855,1 was a major
advance in that it allowed for the accurate measurement
of systolic and diastolic blood pressure without placement
of an intraarterial catheter. An unintended consequence of
this useful device was that to assess blood pressure, physicians no longer needed to develop an appreciation for the
character of the arterial pulse, and, from a clinical standpoint, this “art” was essentially lost. The British Medical
Journal published the view that when using a sphygmomanometer, “we pauperize our senses and weaken clinical
acuity.”1
If the only hemodynamic variables that mattered were
systolic and diastolic blood pressure, and if the sphygmomanometer was as accurate as intraarterial readings, this
loss would not be of consequence. However, the accuracy
of the sphygmomanometer has been called into question.8
Furthermore, the shape of the systemic arterial tracing
provides additional information that may have clinical
significance. Thus, the near simultaneous development of
the computer, Fast Fourier Transform technique, and
sphygmomanometer produced a unique situation in which,
from a research standpoint, production of knowledge increased rapidly, while clinically, interest in this knowledge
almost evaporated (as evidenced by the delay in incorporating potentially useful waveform descriptors into modern
medical devices). The intent of this review is to describe
some of this additional information, with an emphasis on
both clinical relevance and critical questions that need to be
addressed by further research.

ESTIMATES OF CONTRACTILITY
Contractility is defined as the amount of pressure-volume
work produced by the heart given a particular set of
loading conditions. True measures of contractility are
“load-independent” (i.e., stable in the face of changes in
preload and afterload). Contractility is difficult to estimate
clinically. Ejection fraction (EF), the most frequently used
surrogate, is load dependent9 and requires the use of
echocardiography. Load-independent indices, such as the
slope of the end-systolic pressure-volume relationship
(Emax),10 –12 are clinically impractical. Thus, there has been
interest in development of a contractility index that is both
load-independent and easy to measure.
Early studies focused on ventricular pressure changes
(dP/dtmax), which seemed to be related to contractility but,
because they required left heart catheterization, were not
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Figure 1. A comparison of noninvasive radial ventricular pressure
changes (dP/ dtmax) to left ventricular dP/dtmax in patients undergoing
diagnostic coronary angiography or dobutamine stress echocardiography. Reproduced with permission from Sharman et al.20

clinically useful. Work on ventricular dP/dtmax was subsequently extended to peripheral measures of dP/dtmax,
which are easily measured in clinical practice.

Ventricular dP/dtmax

In 1914, Carl Wiggers13 noted that as right ventricular
end-diastolic pressure was increased, the “steepness” of the
ventricular pressure curve increased, and later stated that
“the greater systolic discharge following the injection of
epinephrin, is brought about entirely by a greater velocity
of discharge.”14 Reeves et al.15 expanded on this work by
comparing dP/dtmax and left ventricular (LV) pressure
area (their chosen measure of contractility) under a variety
of loading conditions, and found that by adjusting
dP/dtmax for changes in LV end-diastolic pressure, the
correlation between dP/dtmax and contractility over different loading conditions could be improved. Gleason and
Braunwald16 repeated these studies in humans, and found
that by correcting dP/dtmax for heart rate (HR), a much
more significant result could be obtained. Wallace et al.17
extended the work of Reeves and Gleason in an attempt to
define all of the hemodynamic variables that might influence the reliability of ventricular dP/dtmax as an indicator
of contractility. The work of Wallace et al. confirmed that
HR, preload, and aortic pressure (presumably to consider
the potential for homeometric autoregulation, described in
detail by Sarnoff et al.18) all affect ventricular dP/dtmax,
and the authors concluded that these variables must be
accounted for if ventricular dP/dtmax were to be used as a
measure of intrinsic contractility.

Peripheral dP/dtmax
Ventricular dP/dtmax cannot be measured routinely. Investigators have therefore sought to relate peripheral
dP/dtmax to ventricular dP/dtmax in the hopes of finding a
more clinically useful metric for assessing ventricular function. Ventricular dP/dtmax occurs before aortic valve opening,17 thus it cannot be assumed that peripherally derived
indices of dP/dtmax are reflective of ventricular pressures.
Germano et al.19 compared noninvasively derived peripheral dP/dtmax from 10 normal patients with 5 patients with
an EF ⬍40%, and found a significant difference between the
two. Sharman et al.20 compared noninvasive radial
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Figure 2. The relationship between noninvasively determined peripheral ventricular pressure changes (dP/dtmax) and ejection fraction (left) and
ventricular dP/dtmax (based on mitral jet regurgitation, right) in stable patients with a history of acute decompensated congestive heart failure.
Reproduced with permission from Tartiere et al.21

Clinical Relevance

Figure 3. A comparison of changes in femoral ventricular pressure
(dP/dtmax) with changes in left ventricular dP/dtmax in patients
undergoing coronary artery bypass grafting. Reproduced with permission from de Hert et al.23-

dP/dtmax with direct measurements of LV dP/dtmax and
found no relationship (r2 ⫽ 0.006, 681 data points; Fig. 1),
but did find a trend toward higher radial dP/dtmax in
patients with an EF ⬎54% (994 mm Hg/s) as compared
with those with an EF ⬍55% (852 mm Hg/s, P ⫽ 0.10).
Tartiere et al.21 examined the relationship between noninvasively determined peripheral dP/dtmax and a variety of
echocardiographic markers of LV function and found statistically significant correlations between peripheral dP/dtmax
and both ventricular dP/dtmax (based on quantification of
mitral jet regurgitation) and EF (Fig. 2). In a subsequent
study of radial dP/dtmax in 310 patients with heart failure,
Tartiere et al.22 found that a cutoff value of 440 mm Hg/s
was highly predictive of mortality or need for transplantation (odds ratio, 2.88 [confidence interval, 1.33–3.58]; P ⫽
0.009). Furthermore, radial dP/dtmax was significantly
related to LV EF on both univariate (P ⬍ 0.001) and
multivariate analyses (P ⬍ 0.05).
De Hert et al.23 used the PiCCO monitor (Pulsion Medical
Systems, Munich, Germany) to compare femoral dP/dtmax
with direct measurements of LV dP/dtmax and found a
significant correlation between the two (r2 ⫽ 0.67), although
femoral dP/dtmax underestimated LV dP/dtmax by an average of 361 mm Hg/s. The correlation between changes in
femoral dP/dtmax and changes in LV dP/dtmax was stronger
(r2 ⫽ 0.86) than the correlation between absolute values (Fig. 3).
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Ventricular dP/dtmax is clearly related to ventricular function. The usefulness of peripherally derived dP/dtmax is
still a matter of controversy,24,25 although data from the
PiCCO suggest that peripheral dP/dtmax may trend with
ventricular dP/dtmax.23 Unpublished data from the study
by Sharman et al.20 suggest that there is no linear relationship between changes in ventricular dP/dtmax and changes
in noninvasive radial dP/dtmax (James E. Sharman, University of Queensland, October 10, 2010, personal communication). More studies are needed.
dP/dtmax has 3 major advantages: the intuitiveness of
the measurement, the ability to at least partially “correct” it
for physiologic changes that may affect its meaning, and
the rapidity with which it changes. Although dP/dtmax is
undoubtedly load dependent, common echocardiographic
measures of ventricular function (e.g., EF) are as well.26
Furthermore, the load dependence of dP/dtmax does not
necessarily minimize its clinical utility. When the impact of
acute interventions on myocardial contractility over time
periods in which loading conditions are stable is desired,
load dependence becomes irrelevant and changes in
dP/dtmax, which can be measured on a beat-to-beat basis,
might be particularly useful. Furthermore, whereas
dP/dtmax is clearly preload sensitive, it seems to be relatively insensitive to changes in afterload.27
In addition to the PiCCO monitor, 2 technological developments may be of interest to the anesthesiologist. First, using
transthoracic echocardiography in combination with an arterial blood pressure cuff, Rhodes et al.28 showed that it is
possible to estimate LV dP/dtmax noninvasively. This approach could potentially be adapted for the operating room
using transesophageal echocardiography in place of transthoracic echocardiography. Second, the SphygmoCor™ tonometric (external pressure measurements) device (AtCor Medical,
Sydney, Australia), which reliably estimates aortic blood
pressure and reports radial dP/dtmax, has been validated
using ⬎15,000 data points from ⬎1600 patients (see Estimates
of Central Arterial Pressure), although it has not been studied
intraoperatively.29 The ability to estimate ventricular
dP/dtmax from a transformed peripheral waveform would
represent an exciting advance in intraoperative monitoring.
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ESTIMATES OF STROKE VOLUME
“The discovery of a technically simple and nontraumatic way of estimating the output of the heart per
beat is something of an El Dorado.”30
—Donald A. McDonald, 1960
Derivation of stroke volume (SV) from the arterial pressure
tracing would allow for cardiac output monitoring on a
near-instantaneous basis, which is a significant improvement over current thermodilution techniques (which require either significant operator intervention [intermittent
bolus technique] or substantial lag time [thermistor-based
continuous cardiac output catheters31]) and themselves
have questionable accuracy as compared with the true
“gold standard,” the Fick method.32–35

Pulse Pressure
Initial attempts at estimating SV used pulse pressure (or
some variation) to make their determinations.36 –38 These
techniques, some of which obtained extraordinary accuracy
in animal models,37 were found to be less accurate in
humans.39 Thus, pulse pressure– derived estimates of SV
were abandoned for more sophisticated techniques, such as
the area under the curve (AUC) approach.

Area Under the Curve: The Windkessel Approach
Most early attempts at estimating SV from analysis of the
arterial waveform were based on Frank’s Windkessel
model of blood flow.30,39,40 Although these methods all
have subtle differences, they incorporate the same assumptions (and are thus susceptible to the same shortcomings).
Fundamental to Frank’s Windkessel theory are 2 concepts.
First, at steady state, the amount of blood entering a vessel
must equal the amount of blood leaving a vessel over the
course of the cardiac cycle (Conservation of Mass). Second,
the compliance of a vessel affects the flow through it in a very
predictable way. During systole, as pressure inside the vessel
is increasing, the vessel will expand, absorbing some of the
blood that would otherwise pass through it. Conversely,
during diastole, as the pressure inside the vessel is decreasing,
the vessel will contract, expelling additional blood that was
stored during systole (Fig. 4). This simplified version of the
cardiovascular system is known as the 2-element (resistor and
capacitor) Windkessel model. Models of up to 4 elements,
which include aortic input impedance and inductance, have
been developed (Fig. 5).41
Next, proponents of the Windkessel-based AUC approach (such as Warner et al.39) divide SV into 2 components: systolic outflow and diastolic outflow (QS and QD).
QD is proportionate to “the increment in mean pressure
over the whole arterial bed at the end of systole” (referred
to as end-systolic mean distending pressure, abbreviated
Pmd by Warner et al.39, or some variation of Pmd. For
graphical representations, see Figure 6) and a constant k
that must, by definition, incorporate estimates of vascular
resistance, vessel compliance, and in some cases, aortic
input impedance (Equation 1).

QD ⴝ k ⴛ Pmd

October 2011 • Volume 113 • Number 4

(1)

Figure 4. Depiction of blood flow into and out of a prototypical
“Windkessel artery.” Several points are to be noted: first, during
systole, inflow into the artery is less than outflow, because some of
the blood is stored in the expanding, compliant vessel. Second,
during diastole, inflow into the artery is zero and outflow is enhanced
by the contracting vessel.

SV is the sum of systolic flow and diastolic flow (SV ⫽ QS ⫹
QD). Because peripheral vascular resistance is assumed to
be constant over the course of 1 cardiac cycle, it is assumed
that QS and QD are proportionate to their respective areas
under the pressure curve (AS ⫽ AUC for systole, AD ⫽
AUC for diastole), i.e., that QS/AS ⫽ QD/AD. Therefore:

QS ⴝ QD ⴛ (AS/AD)

(2)

Because SV ⫽ QS ⫹ QD, and QS ⫽ QD ⫻ (AS/AD), and
QD ⫽ k ⫻ Pmd (as noted above) it follows that:

SV ⴝ QD ⴛ (AS/AD) ⴙ QD

(3)

or SV ⴝ QD (AS/AD ⴙ 1)

(4)

SV ⴝ k ⴛ Pmd (1 ⴙ AS/AD)

(5)

and that:

To use Equation 5, or some variation of it, SV had to be
measured by invasive means (i.e., the model requires
calibration). This would allow the user to solve for k
(because Psystole, AS, and AD could be calculated from the
blood pressure tracing). Once k was known, SV could be
followed on a beat-to-beat basis.
The exact equations used by the original proponents
of this method vary slightly, mostly in the means by
which they calculate Pmd,30,39,42,43 but also in their use of
AS and AD (which, as the definition of Pmd is changed,
must be adjusted accordingly). For unclear reasons, some
authors chose to use TS and TD, the time spent in systole
and diastole, respectively. The technique described
above is based on a 2-element Windkessel model, the
major components of which are peripheral resistance and
Windkessel compliance.
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Figure 5. An electrical analog of 2 (right), 3 (center), and 4 (right) component Windkessel systems. Voltage (V) can be replaced by pressure
to make the analogy complete.

Figure 6. A graphical depiction of the components of the arterial waveform used by the Windkessel-based area under the curve method. Note
that Pmd represents the increment in mean pressure over the whole arterial bed at the end of systole39 and that Tw represents the transmission
time (from the aorta to the periphery).

Several investigators have attempted to develop an AUC
method based generally on the outline presented above.30,39,44
When tested in an uncontrolled clinical environment, all of
these early methods failed,45,46 prompting subsequent investigators to refine the Windkessel-based methodology.40,43
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This approach entails several assumptions. First, it assumes no backward flow during any part of the cardiac cycle,
thus should not be considered reliable in the setting of aortic
insufficiency. Second, it neglects the effects of wave reflections on the pressure waveform (Frank’s Windkessel model
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and other 2-element techniques is that the cZ method
attempts to use the concept of impedance (which represents
resistance to pulsatile flow), rather than the static concept
of resistance. The forces that oppose blood flow at any
point are dependent on both blood pressure (which affects
aortic cross-sectional area as well as compliance) and HR
(which affects the influence of peripherally reflected pressure waves).49 It is important to note that cZ is actually an
HR- and pressure-corrected variant of resistance and not
identical to actual impedance. Wesseling et al.42 thus described cZ as a function of both MAP and HR (in Hz, fH,
Equation 7).

cZ ⴝ 20/(163 ⴚ 0.48MAP ⴙ fH)

Figure 7. Two pressure waveforms with identical areas under the
curve (AUC) (mean arterial blood pressure ⫽ 80 mm Hg for both), but
for whom AUC-based estimates result in different estimates of
stroke volume.

assumed that the vessel had infinite length, i.e., that reflected
pressure waves were negligible). Of note, Mukkamala and
Xu47 have attempted to correct for this assumption using
“long time interval analysis techniques,” the preliminary data
for which look promising. Third, it assumes that vascular
resistance is constant over the cardiac cycle. Fourth, it assumes
that vascular resistance can be accounted for by the changing
shape of the pressure waveform.
Consider the following 2 waveforms (Fig. 7), the mean
arterial blood pressures (MAPs) of which are identical.
Based on the traditional approach to blood flow (output ⫽
driving force/resistance), without knowledge of systemic
vascular resistance (SVR), the relative SV of both curves
would appear to be identical. Application of the generic
Windkessel-based AUC method to these curves suggests
that the SV associated with these 2 curves is vastly different, despite the identical MAPs ⫺ Pmd ⫻ (1 ⫹ AS/AD) is
equal to 47.5 for the first curve (blue), whereas Psystole ⫻
(1 ⫹ AS/AD) is equal to 68.2 for the second curve (green).
The generic Windkessel-based AUC method, which
assumes that k is constant, must therefore assume that the
SV of the green curve is 43% higher than the SV of the blue
curve. Because MAP is identical, SVR in the green curve
must therefore be 30.4% less than in the blue curve.
Intuitively, one might look at the above waveforms and
guess that SVR is lower in the green curve, as the upstroke
is less steep. However, this may reflect decreased contractility, and not a difference in SVR, which would imply
reduced SV.
Whether SVR can be reliably calculated from the shape
of an arterial waveform is not known. Awad et al.48
attempted to correlate SVR to the width of plethysmographic waveform and achieved a statistically significant
relationship; however, the correlation was too weak (standard deviation was 587.3 dynes/s/cm5) to be useful on a
beat-to-beat basis.
One variation of the Windkessel-based approach is the
characteristic impedance (cZ) method developed by Wesseling et al.42 The major difference between the cZ method
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In the most basic form of the cZ method, SV is equal to area
under the pressure curve during systole [end-diastole兰end-systole
P(t)] divided by cZ (Equation 8).50

SV ⴝ end-diastole兰end-systole P(t)/cZ

(8)

The Modelflow technique, also developed by Wesseling et
al.,51 attempts to incorporate both peripheral resistance (R)
and Windkessel compliance (C), as well as characteristic
impedance (cZ), into a 3-element Windkessel model. This
model assumes that aortic compliance and impedance can
be estimated based on patient data, and that resistance can
be subsequently determined by fitting blood pressure data
to the 3-element model. Empiric estimates of aortic area can
be off by as much as 30%, thus the Modelflow technique
still requires an initial calibration against known cardiac
output.49 A variation of the Modelflow technique, which
uses more accurate estimates of the pressure/aortic crosssectional area relationship, called the Hemac technique,
was recently developed.49
As with the cZ method, the PulseCO system (LiDCO
Group, London, UK) also incorporates characteristic impedance into its model. However, the PulseCO system
modifies Wesseling’s original approach by considering the
difference between peripheral and central pressures using a
transfer function (see Estimates of Central Arterial Pressure).52 Additionally, the LiDCO device, which relies on the
PulseCO algorithm to analyze the arterial waveform, also
uses a lithium dilution curve to self-calibrate.
The PiCCO system adds an estimate of aortic compliance (derived from analysis of the pressure waveform
distal to the dicrotic notch) to the cZ approach, and
incorporates both aortic compliance [C(p), a function of
pressure] and instantaneous pressure changes (dP/dt) into
the calculation, which is integrated over the time period of
systole (Equation 9).50

SV ⴝ k ⴛ end-diastole兰end-systole [P(t)/SVR
ⴙ C(p) ⴛ dP/dt]dt (9)
The PiCCO equation is notable for its treatment of compliance as a dynamic variable that changes with time (and is
thus appropriately, and uniquely, included in the integral
portion of the cardiac output equation). These modifications are intended to account for the fact that a nontrivial
fraction of ventricular output is stored in capacitance
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vessels and subsequently ejected into the peripheral vasculature during diastole. Despite these modifications, the
PiCCO requires an initial calibration to determine k.

Empiric Approach

⫺2.94, and 3.80 L/min for the FloTrac.63 The substantial
difference in the limits of agreement between uncalibrated
and calibrated devices was also reported by a similar
comparison of the LiDCO and FloTrac with intermittent
thermodilution.64

A major paradigm shift in the AUC method came with the
development of the FloTrac (Edwards Life Sciences, Irvine,
CA).53 Rather than be burdened by the assumptions inherent in the Windkessel-based AUC approach, the FloTrac
assumes only that SV is related to 2 empiric numbers, AP,
which represents the relationship between pulse pressure
and SV, and , which represents the effect of vascular tone
on waveform morphology (Equation 10). Thus:

The velocity (V) of a pulse wave through an elastic tube can
be described in terms of the elasticity (E, Young modulus of
elasticity, defined as stress/strain), wall thickness (h), and
diameter of the tube (D), as well as the density of the fluid
(), which is known as the Moens-Korteweg equation
(Equation 13).65,66

SV ⴝ  AP ⴛ 

V ⴝ k(Eh/ D)1/2

(10)

In addition to being an empiric (as opposed to theoretical)
approach, the FloTrac does not require calibration. AP and
 are determined based on correlations developed from a
proprietary hemodynamic database. AP is related to the
standard deviation of the arterial blood pressures recorded
over a 20-second epoch (Equation 11):

AP ⫽ 兵 ⌺ 关 P(k) ⫺ Pavg兴 2/ 关 n ⴚ 1]}1/2

(11)

 is related to a several variables, including HR, body
surface area (BSA), compliance, as well as several numerical descriptors of the waveform, abbreviated n (1, 2, 3,
and 4 represent MAP, the standard deviation of a 60second data sample, the skewness of a 60-second data
sample, and the kurtosis over a 60-second data sample,
respectively). Additional parameters [n] are also included, although their exact description is not available
(Equation 12).

 ⫽ f[HR, BSA, C(p),  1,  2,  3,  4, …  n]

(12)

Compliance is a function of instantaneous pressure and is
related to both maximal aortic root cross-sectional area
(estimated based on patient demographics) and the shape
of the compliance curve (empirically derived).
Thus, unlike prior techniques, which tried to force
empirical data into elegant constructs that were thought to
accurately depict reality, the FloTrac approach tries to find
meaningful correlations regardless of whether the results
can be explained by a physiologic theory. Early results in
postsurgical patients were promising, with mean biases of
0.20 and 0.55 L/min reported (as compared with intermittent thermodilution).54,55
Studies of the PulseCO,56 PiCCO,57,58 and FloTrac59 – 61
suggest that the accuracy of AUC methods is degraded in
the setting of hemodynamic instability. A recent metaanalysis that included 714 subjects in 24 studies suggested
that the mean-weighted bias of AUC methods was 1.22
L/min, which was worse than esophageal Doppler (1.07
L/min), partial CO2 rebreathing (1.12 L/min), and thoracic
bioimpedance (1.14 L/min) techniques.62
In a simultaneous comparison of the FloTrac, LiDCO,
and PiCCO monitors with intermittent thermodilution in
20 patients after cardiac surgery, the bias and limits of
agreement, as compared with the pulmonary artery (PA)
catheter, were ⫺0.18, 1.38, ⫺1.74 L/min for the LiDCO,
0.24, 2.3, and ⫺1.98 L/min for the PiCCO, and ⫺0.43,
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Improving the AUC Method: Pulse Wave Velocity

(13)

Because the human cardiovascular system behaves as a
complex series of elastic tubes, changes in pulse wave
velocity (PWV) or pulse wave transit time may imply
changes in elasticity, vessel diameter, or fluid (blood)
density. The utility of PWV analysis is based on the
assumption that changes in vascular impedance (ultimately
mediated by changes in vascular tone, which lead to changes
in both vessel compliance and cross-sectional diameter67) will
result in changes in the speed at which a pressure wave,
originating in the LV, travels to the periphery.66
Animal studies have revealed various relationships between PWV and diastolic blood pressure,65 ventricular
dP/dtmax,68 and SVR.66 This latter relationship was used by
Ishihara et al.69 to improve the accuracy of noninvasive
cardiac output monitors; incorporation of pulse wave transit time into a plethysmographic contour-based CCO monitor eliminated the need for recalibration after significant
changes in vascular resistance. A similar strategy applied to
arterial contour-based CCO techniques might mark a significant advancement in achieving clinical applicability
across a wide range of hemodynamic conditions. Indeed,
the PulseCO algorithm incorporates an estimate of aortic
PWV (based on patient age, gender, and MAP) into its
calculation of characteristic impedance,52 a potential source
of error (and improvement).

Clinical Relevance
The “gold standard” for the measurement of cardiac output
is the Fick method, which is clinically impractical. Thermodilution, which requires placement of a PA catheter, is
considered the clinical gold standard, and is generally used
to validate new devices. The PA catheter is not as accurate
as the Fick method.32–35 To truly assess the utility of CCO
monitors, a well-validated standard means of estimating
cardiac output on a beat-to-beat basis is required. Currently, there is no such device, although a recently reported
PA catheter incorporating orthogonally placed Doppler
probes is promising.70
Practitioners are therefore left with the knowledge that
AUC-based techniques deviate from thermodilution-based
techniques in the setting of hemodynamic instability (it is
impossible to know which is more “correct”), for the most
part have not been tested against the Fick method, and
are much more responsive than their more invasive
counterpart, the PA catheter. The empiric approach used
by the FloTrac, although convenient, may decrease the
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Figure 8. Comparison of aortic systolic pressure with brachial artery
systolic pressure in patients undergoing diagnostic cardiac catheterization (12 of 14 patients had significant [⬎70% reduction in at least
1 vessel] atherosclerotic coronary artery disease). Reproduced with
permission from Karamanoglu et al.79

accuracy of the device in the setting of rapidly changing
hemodynamics.63,64
Assuming that AUC-based techniques are less accurate
than the true gold standard(s), they still may be of use, for
several reasons. First, they are less invasive. Second, the
response time of arterial waveform analysis methods,
which can estimate SV on a beat-to-beat basis, is significantly faster than intermittent thermodilution and continuous thermistor-based techniques.31 Lastly, even if arterial
waveform analysis cannot predict absolute values of cardiac output, predicting changes in cardiac output may be
important. Sacrificing the ability to measure absolute values for an increased ability to track changes71 may actually
improve the utility of these devices, depending on the
clinician’s needs.

ESTIMATES OF CENTRAL ARTERIAL PRESSURE
When arterial pressure is monitored invasively, it is almost
always accomplished using a radial artery catheter. Because few clinicians care about blood flow to the hand
specifically, the use of the radial artery implies that radial
pressures provide other, more meaningful information.
Unfortunately, myocardial delivery of oxygen is related to
aortic (not radial) systolic pressure,72 and LV afterload is
well represented by aortic input impedance.73–75 Central
pressures are superior to peripheral pressures for the
measurement of LV afterload, for estimation of carotid and
coronary artery pressures,76 and for estimating changes in
SV.47 The inability of peripheral (e.g., radial, brachial)
arteries to represent aortic pressure (particularly systolic
pressure)72,77–79 (Fig. 8) may be one of the reasons that most
investigations have failed to find a meaningful relationship
between peripheral arterial blood pressure and clinical
outcomes during anesthesia.
Most techniques used to estimate central pressure are
based on the concept of the transfer function; blood pressure tracings are acquired for both central and peripheral
arteries, and compared. A mathematical function that relates the central to peripheral pressure tracing is developed
for each individual, which is called an individual transfer
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Figure 9. Comparison of actual with derived central systolic
pressures using the frequency domain– based generalized transfer function of Karamanoglu et al. Reproduced with permission
from Karamanoglu et al.79

function (ITF). ITFs are developed for a population, and
then combined (usually averaged) to produce a generalized
transfer function (GTF) that best fits the population as a
whole.
Karamanoglu et al.79 measured ascending aortic, brachial, and radial artery pressures in 14 patients in the
cardiac catheterization laboratory. Blood pressures at each
site were decomposed into a series of sine waves, each of
which had an amplitude and phase shift component. The
amplitude and phase shifts of each pressure tracing (aortic,
brachial, radial) were then compared and related. ITFs
were developed for all 14 patients, then pooled to develop
a single GTF. Application of the developed GTF reduced
the difference between peripheral and central systolic pressures from 20 to 2.4 mm Hg (Fig. 9).79 This frequency
domain approach has been validated by ⬎15,000 readings
from ⬎1600 patients (r2 ⫽ 0.94 between estimated and
measured aortic systolic pressure).29
Chen et al.80 examined blood pressure waveforms in the
time domain. ITFs were developed for 20 patients using a
linear mathematical model in which aortic and radial
pressures were related by the previous 10 measurements. A
GTF was then produced by averaging the ITFs, and the
model was tested in the setting of hemodynamic instability
(created by transient occlusion of the inferior vena cava).
Pauca et al. showed that in elderly, hypertensive adults, the
second systolic peak of the radial artery waveform was
highly correlated with aortic systolic pressure.72,81
In an additional attempt to estimate central pressures
without the use of a tonometer, Wassertheurer et al.82
modified a conventional blood pressure cuff by adding a
high-fidelity pressure sensor (Freescale MPX5050, Tempe,
AZ). The increased accuracy of this modified cuff allowed
Wassertheurer et al. to transform the brachial artery pressures to aortic pressures, using a frequency-based general
transfer function similar to that developed by Karamanoglu
et al. Indeed, the mean bias between the ARCSolver
method, as it is known, and the technique of Karamanoglu
et al. was 0.1 mm Hg (SD 3.1 mm Hg).82

Clinical Relevance
Transfer functions are currently used in at least 3 commercially available devices. The SphygmoCor device estimates

www.anesthesia-analgesia.org

773

REVIEW ARTICLE

aortic blood pressures based on tonometric readings from
the radial artery.29 Clinical use of central pressure estimates
has been almost exclusively the domain of the cardiologist29,76; however, a modification of the original SphygmoCor device (the SphygmoCor CPM) accepts input from a
radial artery catheter and could potentially be used intraoperatively. The LiDCO monitor uses a transfer function to
convert radial to aortic pressure (for which the cZ model is
used to estimate SV). The NexFin HD (BMEYE, Amsterdam,
The Netherlands) estimates SV based on transformed finger
pressure readings (and the Modelflow technique, described
above).83 Advances in blood pressure cuff technology82
may soon allow for an additional means by which central
pressures can be estimated completely noninvasively.
The ability to accurately estimate central pressures in the
intraoperative setting will allow anesthesiologists to determine whether monitoring central pressures (which more
accurately estimate LV afterload and perfusion pressure to
major organs) can improve clinical outcomes. In the meantime, it is worth noting that data from the SphygmoCor
validation studies suggest that, for the purposes of assessing central systolic blood pressure, a standard sphygmomanometer cuff seems to be more accurate than a radial
artery catheter.29 Thus, the clinician interested in monitoring LV afterload may be well advised to continue taking
periodic sphygmomanometric measurements even after
placing a more invasive, peripheral monitor such as a
radial artery catheter.

CONCLUSIONS
Peripheral dP/dtmax seems to be related to LV contractility,
although the relationship may be confounded by other
hemodynamic variables. SV estimates based on the AUC
method have a significantly shorter response time than
thermodilution-based techniques, but are burdened by
relatively wide limits of agreement compared with
thermodilution-based techniques, particularly when loading conditions change. Direct comparisons suggest that
calibrated devices may better account for these changes
than uncalibrated devices. Central pressures may provide
more insight into LV afterload and into the perfusion
pressure of vital organs than peripheral blood pressures.
Central systolic pressure may be estimated using a sphygmomanometer. The mathematical techniques used to transform peripheral pressures into central pressures (and the
accompanying limitations) are an essential component to
several commercial devices designed to measure SV.
Arterial waveform analysis has provided the anesthesia
community with a relatively noninvasive means of estimating ventricular contractility and SV on a beat-to-beat basis.
Knowledge of the mathematical assumptions that are inherent in these approaches allows the anesthesia provider
to more fully understand the advantages and limitations of
this technology, and thus use it appropriately to improve
patient care.
RECUSE NOTE

Marcel E. Durieux is Section Editor of Anesthetic Pre-Clinical
Pharmacology for the Journal. This manuscript was handled
by Dwayne R. Westenskow, Section Editor of Technology,

774

www.anesthesia-analgesia.org

Computing, and Simulation, and Dr. Durieux was not involved in any way with the editorial process or decision.
DISCLOSURES

Name: Robert H. Thiele, MD.
Contribution: Manuscript preparation.
Name: Marcel E. Durieux, MD, PhD.
Contribution: Manuscript preparation.
This manuscript was handled by: Dwayne R. Westenskow,
PhD.
REFERENCES
1. Booth J. A short history of blood pressure measurement. Proc
R Soc Med 1977;70:793–9
2. O’Rourke MF. The arterial pulse in health and disease. Am
Heart J 1971;82:687–702
3. Parker KH. A brief history of arterial wave mechanics. Med
Biol Eng Comput 2009;47:111– 8
4. Ghalichi F, Deng X, De Champlain A, Douville Y, King M,
Guidoin R. Low Reynolds number turbulence modeling of
blood flow in arterial stenoses. Biorheology 1998;35:281–94
5. Taylor MG. An experimental determination of the propagation
of fluid oscillations in a tube with a visco-elastic wall; together
with an analysis of the characteristics required in an electrical
analogue. Phys Med Biol 1959;4:63– 82
6. Cooley JW, Tukey JW. An algorithm for the machine calculation of complex Fourier series. Math Comp 1965;19:
297–301
7. Nichols WW, O’Rourke MF, McDonald DA. McDonald’s
Blood Flow in Arteries: Theoretic, Experimental, and Clinical
Principles. 5th ed. New York: Hodder Arnold, 2005
8. Manios E, Vemmos K, Tsivgoulis G, Barlas G, Koroboki E,
Spengos K, Zakopoulos N. Comparison of noninvasive oscillometric and intra-arterial blood pressure measurements in
hyperacute stroke. Blood Press Monit 2007;12:149 –56
9. Otto CM. Textbook of Clinical Echocardiography. 4th ed.
Philadelphia: Elsevier, 2009
10. Suga H, Sagawa K, Shoukas AA. Load independence of the
instantaneous pressure-volume ratio of the canine left ventricle
and effects of epinephrine and heart rate on the ratio. Circ Res
1973;32:314 –22
11. Suga H, Sagawa K. Instantaneous pressure-volume relationships and their ratio in the excised, supported canine left
ventricle. Circ Res 1974;35:117–26
12. Sagawa K, Suga H, Shoukas AA, Bakalar KM. End-systolic
pressure/volume ratio: a new index of ventricular contractility. Am J Cardiol 1977;40:748 –53
13. Wiggers C. Some factors controlling the shape of the pressure
curve in the right ventricle. Am J Physiol 1914;33:382–96
14. Wiggers C. Studies on the cardiodynamic actions of drugs. II.
The mechanism of cardiac stimulation by epinephrine. J Pharmacol Exp Ther 1927;30:233–50
15. Reeves TJ, Hefner LL, Jones WB, Coghlan C, Prieto G, Carroll
J. The hemodynamic determinants of the rate of change in
pressure in the left ventricle during isometric contraction. Am
Heart J 1960;60:745– 61
16. Gleason WL, Braunwald E. Studies on the first derivative of
the ventricular pressure pulse in man. J Clin Invest
1962;41:80 –91
17. Wallace AG, Skinner NS Jr, Mitchell JH. Hemodynamic determinants of the maximal rate of rise of left ventricular pressure.
Am J Physiol 1963;205:30 – 6
18. Sarnoff SJ, Mitchell JH, Gilmore JP, Remensnyder JP. Homeometric autoregulation in the heart. Circ Res 1960;8:1077–91
19. Germano G, Angotti S, Muscolo M, D’Auria F, Giordano M.
The (dP/dt)max derived from arterial pulse waveforms during
24 h blood pressure oscillometric recording. Blood Press Monit
1998;3:213– 6
20. Sharman JE, Qasem AM, Hanekom L, Gill DS, Lim R, Marwick
TH. Radial pressure waveform dP/dt max is a poor indicator
of left ventricular systolic function. Eur J Clin Invest
2007;37:276 – 81

ANESTHESIA & ANALGESIA

Arterial Waveform Analysis: A Review

21. Tartiere JM, Logeart D, Beauvais F, Chavelas C, Kesri L, Tabet
JY, Cohen-Solal A. Non-invasive radial pulse wave assessment
for the evaluation of left ventricular systolic performance in
heart failure. Eur J Heart Fail 2007;9:477– 83
22. Tartiere JM, Tabet JY, Logeart D, Tartiere-Kesri L, Beauvais F,
Chavelas C, Cohen Solal A. Noninvasively determined radial
dP/dt is a predictor of mortality in patients with heart failure.
Am Heart J 2008;155:758 – 63
23. De Hert SG, Robert D, Cromheecke S, Michard F, Nijs J,
Rodrigus IE. Evaluation of left ventricular function in anesthetized patients using femoral artery dP/dt(max). J Cardiothorac
Vasc Anesth 2006;20:325–30
24. Sharman JE, Marwick TH. Re: Tartiere et al, Noninvasively
determined radial dP/dt is a predictor of mortality in patients
with heart failure (Am Heart J 2008;155:758 – 63). Am Heart J
2008;156:e21
25. Tartiere JM, Cohen Solal A. Radial pressure waveform dP/dt
max and left ventricular systolic function. Eur J Clin Invest
2007;37:1003
26. Garwood S. A Practical Approach to Transesophageal Echocardiography. 2nd ed. Philadelphia: Lippincott Williams &
Wilkins, 2008
27. Quinones MA, Gaasch WH, Alexander JK. Influence of acute
changes in preload, afterload, contractile state and heart rate
on ejection and isovolumic indices of myocardial contractility
in man. Circulation 1976;53:293–302
28. Rhodes J, Udelson JE, Marx GR, Schmid CH, Konstam MA,
Hijazi ZM, Bova SA, Fulton DR. A new noninvasive method
for the estimation of peak dP/dt. Circulation 1993;88:2693–9
29. O’Rourke MF, Pauca A, Jiang XJ. Pulse wave analysis. Br J Clin
Pharmacol 2001;51:507–22
30. Kouchoukos NT, Sheppard LC, McDonald DA. Estimation of
stroke volume in the dog by a pulse contour method. Circ Res
1970;26:611–23
31. Reuter DA, Huang C, Edrich T, Shernan SK, Eltzschig HK.
Cardiac output monitoring using indicator-dilution techniques: basics, limits, and perspectives. Anesth Analg
2010;110:799 – 811
32. Stetz CW, Miller RG, Kelly GE, Raffin TA. Reliability of the
thermodilution method in the determination of cardiac output
in clinical practice. Am Rev Respir Dis 1982;126:1001– 4
33. Nishikawa T, Dohi S. Errors in the measurement of cardiac
output by thermodilution. Can J Anaesth 1993;40:142–53
34. Dhingra VK, Fenwick JC, Walley KR, Chittock DR, Ronco JJ.
Lack of agreement between thermodilution and Fick cardiac
output in critically ill patients. Chest 2002;122:990 –7
35. Engoren M, Barbee D. Comparison of cardiac output determined by bioimpedance, thermodilution, and the Fick method.
Am J Crit Care 2005;14:40 –5
36. Bazett H, Cotton F, Laplace L, Scott J. The calculation of cardiac
output and effective peripheral resistance from blood pressure
measurements with an appendix on the size of the aorta in
man. Am J Physiol 1935;113:312–34
37. Hamilton W, Remington J. The measurement of the stroke
volume from the pressure pulse. Am J Physiol 1947;148:14 –24
38. Harley A, Starmer CF, Greenfield JC Jr. Pressure-flow studies
in man: an evaluation of the duration of the phases of systole.
J Clin Invest 1969;48:895–905
39. Warner HR, Swan HJ, Connolly DC, Tompkins RG, Wood EH.
Quantitation of beat-to-beat changes in stroke volume from the
aortic pulse contour in man. J Appl Physiol 1953;5:495–507
40. Guier WH, Friesinger GC, Ross RS. Beat-by-beat stroke volume
from aortic-pulse-pressure analysis. IEEE Trans Biomed Eng
1974;21:285–92
41. Essler S, Schroeder MJ, Phaniraj V, Koenig SC, Latham RD,
Ewert D. Fast estimation of arterial vascular parameters for
transient and steady beats with application to hemodynamic
state under variant gravitational conditions. Ann Biomed Eng
1999;27:486 –97
42. Wesseling KH, deWitt B, Weber AP, Smith T. A simple device
for the continuous measurement of cardiac output. Adv Cardiovasc Phys 1983;5:16 –52

October 2011 • Volume 113 • Number 4

43. Jansen JR, Wesseling KH, Settels JJ, Schreuder JJ. Continuous
cardiac output monitoring by pulse contour during cardiac
surgery. Eur Heart J 1990;11:26 –32
44. Warner H, Gardner R, Toronto A. Computer-based monitoring
of cardiovascular functions in postoperative patients. Circulation 1968;37:II-68 –74
45. Alderman EL, Branzi A, Sanders W, Brown BW, Harrison DC.
Evaluation of the pulse-contour method of determining stroke
volume in man. Circulation 1972;46:546 –58
46. Starmer CF, McHale PA, Cobb FR, Greenfield JC Jr. Evaluation
of several methods for computing stroke volume from central
aortic pressure. Circ Res 1973;33:139 – 48
47. Mukkamala R, Xu D. Continuous and less invasive central
hemodynamic monitoring by blood pressure waveform analysis. Am J Physiol Heart Circ Physiol 2010;299:H584 –99
48. Awad AA, Haddadin AS, Tantawy H, Badr TM, Stout RG,
Silverman DG, Shelley KH. The relationship between the
photoplethysmographic waveform and systemic vascular resistance. J Clin Monit Comput 2007;21:365–72
49. de Wilde RB, Schreuder JJ, van den Berg PC, Jansen JR. An
evaluation of cardiac output by five arterial pulse contour
techniques during cardiac surgery. Anaesthesia 2007;62:760 – 8
50. Godje O, Hoke K, Goetz AE, Felbinger TW, Reuter DA,
Reichart B, Friedl R, Hannekum A, Pfeiffer UJ. Reliability of a
new algorithm for continuous cardiac output determination by
pulse-contour analysis during hemodynamic instability. Crit
Care Med 2002;30:52– 8
51. Wesseling KH, Jansen JR, Settels JJ, Schreuder JJ. Computation
of aortic flow from pressure in humans using a nonlinear,
three-element model. J Appl Physiol 1993;74:2566 –73
52. Linton NW, Linton RA. Estimation of changes in cardiac
output from the arterial blood pressure waveform in the upper
limb. Br J Anaesth 2001;86:486 –96
53. Pratt B, Roteliuk L, Hatib F, Frazier J, Wallen RD. Calculating
arterial pressure-based cardiac output using a novel measurement and analysis method. Biomed Instrum Technol
2007;41:403–11
54. McGee WT, Horswell JL, Calderon J, Janvier G, Van Severen T,
Van den Berghe G, Kozikowski L. Validation of a continuous,
arterial pressure-based cardiac output measurement: a multicenter, prospective clinical trial. Crit Care 2007;11:R105
55. Manecke GR Jr, Auger WR. Cardiac output determination
from the arterial pressure wave: clinical testing of a novel
algorithm that does not require calibration. J Cardiothorac
Vasc Anesth 2007;21:3–7
56. Cooper ES, Muir WW. Continuous cardiac output monitoring
via arterial pressure waveform analysis following severe hemorrhagic shock in dogs. Crit Care Med 2007;35:1724 –9
57. Johansson A, Chew M. Reliability of continuous pulse contour
cardiac output measurement during hemodynamic instability.
J Clin Monit Comput 2007;21:237– 42
58. Schuerholz T, Meyer MC, Friedrich L, Przemeck M, Sumpelmann R, Marx G. Reliability of continuous cardiac output
determination by pulse-contour analysis in porcine septic
shock. Acta Anaesthesiol Scand 2006;50:407–13
59. Hamm JB, Nguyen BV, Kiss G, Wargnier JP, Jauffroy A,
Helaine L, Arvieux CC, Gueret G. Assessment of a cardiac
output device using arterial pulse waveform analysis, Vigileo,
in cardiac surgery compared to pulmonary arterial thermodilution. Anaesth Intensive Care 2010;38:295–301
60. Jeong YB, Kim TH, Roh YJ, Choi IC, Suh JH. Comparison of
uncalibrated arterial pressure waveform analysis with continuous thermodilution cardiac output measurements in patients
undergoing elective off-pump coronary artery bypass surgery.
J Cardiothorac Vasc Anesth 2010;24:767–71
61. Krejci V, Vannucci A, Abbas A, Chapman W, Kangrga IM.
Comparison of calibrated and uncalibrated arterial pressurebased cardiac output monitors during orthotopic liver transplantation. Liver Transpl 2010;16:773– 82
62. Peyton PJ, Chong SW. Minimally invasive measurement of
cardiac output during surgery and critical care: a meta-analysis
of accuracy and precision. Anesthesiology 2010;113:1220 –35

www.anesthesia-analgesia.org

775

REVIEW ARTICLE

63. Hadian M, Kim HK, Severyn DA, Pinsky MR. Crosscomparison of cardiac output trending accuracy of LiDCO,
PiCCO, FloTrac and pulmonary artery catheters. Crit Care
2010;14:R212
64. Cecconi M, Dawson D, Casaretti R, Grounds RM, Rhodes A. A
prospective study of the accuracy and precision of continuous
cardiac output monitoring devices as compared to intermittent
thermodilution. Minerva Anestesiol 2010;76:1010 –7
65. Hamilton W, Remington J, Dow P. The determination of the
propagation velocity of the arterial pulse wave. Am J Physiol
1945;144:521–35
66. Greene ES, Gerson JI. Arterial pulse wave velocity: a limited
index of systemic vascular resistance during normotensive
anesthesia in dogs. J Clin Monit 1985;1:219 –26
67. Aars H. Diameter and elasticity of the ascending aorta
during infusion of noradrenaline. Acta Physiol Scand
1971;83:133– 8
68. Ishikawa K, Buggs H, Sarma R, Tillmanns H, Fauvel JM,
Getzen JH, Johnson JL, Bing RJ. Blood flow velocity in the
carotid artery as a measure of myocardial contractility. Jpn
Heart J 1975;16:22–35
69. Ishihara H, Okawa H, Tanabe K, Tsubo T, Sugo Y, Akiyama T,
Takeda S. A new non-invasive continuous cardiac output trend
solely utilizing routine cardiovascular monitors. J Clin Monit
Comput 2004;18:313–20
70. Akamatsu S, Kondo Y, Ueda N, Kojima A, Fukuoka N, Takada
M, Dohi S, Hashimoto T. Continuous cardiac output measurement with a Doppler-equipped pulmonary artery catheter.
Anesth Analg 2011;112:851–7
71. Critchley LA, Lee A, Ho AM. A critical review of the ability of
continuous cardiac output monitors to measure trends in
cardiac output. Anesth Analg 2010;111:1180 –92
72. Pauca AL, Kon ND, O’Rourke MF. The second peak of the
radial artery pressure wave represents aortic systolic pressure
in hypertensive and elderly patients. Br J Anaesth 2004;92:
651–7

776

www.anesthesia-analgesia.org

73. Pepine CJ, Nichols WW, Conti CR. Aortic input impedance in
heart failure. Circulation 1978;58:460 –5
74. Nichols WW, Pepine CJ. Left ventricular afterload and aortic
input impedance: implications of pulsatile blood flow. Prog
Cardiovasc Dis 1982;24:293–306
75. Milnor WR. Arterial impedance as ventricular afterload. Circ
Res 1975;36:565–70
76. Roman MJ, Devereux RB, Kizer JR, Lee ET, Galloway JM, Ali T,
Umans JG, Howard BV. Central pressure more strongly relates
to vascular disease and outcome than does brachial pressure:
the Strong Heart Study. Hypertension 2007;50:197–203
77. Kroeker EJ, Wood EH. Comparison of simultaneously recorded central and peripheral arterial pressure pulses during
rest, exercise, and tilted position in man. Circ Res 1955;6:623–32
78. Pauca AL, Wallenhaupt SL, Kon ND, Tucker WY. Does radial
artery pressure accurately reflect aortic pressure? Chest
1992;102:1193– 8
79. Karamanoglu M, O’Rourke MF, Avolio AP, Kelly RP. An analysis
of the relationship between central aortic and peripheral upper
limb pressure waves in man. Eur Heart J 1993;14:160 –7
80. Chen CH, Nevo E, Fetics B, Pak PH, Yin FC, Maughan WL,
Kass DA. Estimation of central aortic pressure waveform by
mathematical transformation of radial tonometry pressure:
validation of generalized transfer function. Circulation
1997;95:1827–36
81. Murgo JP, Westerhof N, Giolma JP, Altobelli SA. Aortic input
impedance in normal man: relationship to pressure wave
forms. Circulation 1980;62:105–16
82. Wassertheurer S, Kropf J, Weber T, van der Giet M, Baulmann
J, Ammer M, Hametner B, Mayer CC, Eber B, Magometschnigg
D. A new oscillometric method for pulse wave analysis:
comparison with a common tonometric method. J Hum Hypertens 2010;24:498 –504
83. Bogert LW, Wesseling KH, Schraa O, Van Lieshout EJ, de Mol
BA, van Goudoever J, Westerhof BE, van Lieshout JJ. Pulse
contour cardiac output derived from non-invasive arterial pressure in cardiovascular disease. Anaesthesia 2010;65:1119 –25

ANESTHESIA & ANALGESIA

