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Cardiac Output Monitoring: A Contemporary

Assessment and Review

Robert H. Thiele, MD'; Karsten Bartels, MD? Tong J. Gan, MD, MHS, FRCA’

Ohjective: An increasing number of minimally or noninvasive devices
are available to measure cardiac output in the critical care setting.
This article reviews the underlying physical principles of these
devices in addition to examining both animal and human compara-
tive studies in an effort to allow clinicians to make informed deci-
sions when selecting a device to measure cardiac output.

Data Sources: Peer-reviewed manuscripts indexed in PubMed.
Study Selection: A systematic search of the PubMed database
for articles describing the use of cardiac output monitors yielded
1,526 sources that were included in the analysis.

Data Extraction: From all published cardiac output monitoring
studies reviewed, the animal model, number of independent mea-
surements, and correlation between techniques was extracted.
Data Synthesis: Comparative studies in animals and humans between
devices designed for measurement of cardiac output and experimen-
tal reference standards indicate thermodilution and Doppler-based
techniques to have acceptable accuracy across a wide range of
hemodynamic conditions, with bioimpedance techniques being
less accurate. Thermodilution devices are marginally more accurate
than Doppler-based devices but suffer from slower response time,
increased invasiveness, and require stable core temperatures, good
operator technique, and a competent tricuspid valve. Doppler-based
techniques are less invasive and offer beat-to-beat measurements
and excellent trending ability, but are dependent on accurate beam
alignment and knowledge of aortic cross-sectional area. Studies
of newer devices, such as pulse contour analysis, partial rebreath-
ing, and pulse wave velocity, are far less in number and are primar-
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ily based on comparisons with thermodilution-based cardiac output
measurements. Studies show widely ranging results.

Conclusion: Thermodilution is relatively accurate for cardiac out-
put measurements in both animals and humans when compared
to experimental reference standards. Doppler-based techniques
appear to have similar accuracy as thermodilution pulmonary artery
catheters. Bioimpedance, pulse contour, partial rebreathing, and
pulse wave velocity-based devices have not been studied as rigor-
ously; however, the majority of studies included in this analysis point
towards decreased accuracy. (Crit Care Med 2015; 43:177-185)
Key Words: cardiac output; echocardiography; goal-directed
therapy; hemodynamic monitoring; minimally invasive monitoring;
pulmonary artery catheter

he combination of thermodilution (1) with the balloon-
tipped pulmonary artery catheter (PAC) (2) by Swan
and Ganz led to the intermittent thermodilution PAC
(3), making the measurement of cardiac output (CO) a clinical
reality by the early 1970s. However, a succession of large, pro-
spective, randomized controlled trials assessing the efficacy of
PAC:s failed to show improvements in mortality when applied
to critically ill patients (4—6), leading to a decline in PAC use
(7, 8). Still, the idea that optimization of CO might improve
outcomes was not abandoned. The failure of CO optimization
to improve outcomes might be related to the complications of
PACs, counterbalancing its potential benefits. Therefore, inves-
tigators began to develop less-invasive strategies for measur-
ing CO (9). The PAC, which was the clinical reference standard
during this time period of development, was also interpreted
by many to be the experimental reference standard.
Experimental reference standards include electromagnetic
and transit time flow meters as well as measurements of CO
using a method described by the German physician Adolf
Eugen Fick (1829-1901). Fick described the relationship of
CO, oxygen uptake (Vo,), and the difference between arterial
n

and venous blood oxygen content (Cao zfvo ) (10):

CO = Vo, / (Cao, - Cvoz) (1)

Although the principles Fick described are used in many
applications when an indicator is injected upstream and
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measured downstream, here the term “Fick method” will be
used only for algebraic Fick-based CO measurements: Oxygen
uptake is measured using exhaled gases from a Douglas bag.
Following invasive measurement of mixed venous oxygen or
carbon dioxide content, the Fick equation is then solved for
CO and alternative measurements of CO can be assessed com-
paratively. Certainly, the accuracy of a reference is crucial when
measurement comparisons are made (11). The purpose of this
review is to assess the ability of CO monitors to accurately
measure CO as well as to succinctly describe the physical prin-
ciples on which they are based.

METHODS

We systematically performed a search to identify all pub-
lished articles describing the use of CO monitors, which
used, for purposes of historical consistency, regression
analysis. Bias and limits of agreement analysis are a recent
addition to the method comparator’s statistical toolkit, and
studies incorporating these techniques were not neglected
(12). However, in order to appreciate the performance char-
acteristics of presently available technology over wide ranges
of hemodynamic conditions, it cannot be overemphasized
that although earlier techniques were often validated against
experimental reference standards in both animal and human
subjects, present technology is almost exclusively validated
against PACs in humans. All reviewed data (device, animal
model, number of independent measurements, and correla-
tion coefficients), including references, are summarized in
Appendix 1 (Supplemental Digital Content 1, http://links.
Ilww.com/CCM/B53).

When available, we included animal studies in our search.
Although, in one sense, these data may not be as persuasive
as human data, they add value in that investigators are able to
achieve a wider range of hemodynamic conditions. This is par-
ticularly useful in view of the statistical technique (regression
analysis) used by early investigators. Indeed, criticisms of the
linear regression approach include its dependence on a wide
range of measurements and the inordinate effect of outliers.
In situations in which measured values (e.g., CO) are relatively
stable (as they tend to be in humans), methods which agree
closely can exhibit very little correlation (13).

THERMODILUTION

Physical Basis

Stewart’s “indicator-dilution” method of measuring CO (14)
relies on injection of an indicator (e.g., dye) and subsequent
measurement of a time-concentration curve. Flow is calculated
in accordance with derivatives of the Conservation of Indica-

tor Principle known as the “Stewart-Hamilton equations”:

m = QJ‘:c(t)dt (2)

where m is the mass of indicator injected, Q = flow, and ¢(?) is
a function describing the change in concentration over time

178 www.ccmjournal.org

(15). Fegler (1) adapted Stewart’s technique, using tempera-
ture as the indicator (unlike the modern PAC, Fegler injected
into a femoral venous catheter and measured temperature in
the aorta). To apply this principle in Swan thermodilution
measurements, additional factors have to be considered. CO is
calculated using the following equation:

CO = V(T, - T,) K, x K, /[ AT, (¢)dt (3)

With v, being injectate volume, T, blood temperature, T, injec-
tate temperature, K, density factor defined as the specific heat
multiplied by the specific gravity of the injectate divided by
the product of the specific heat and gravity of blood, and K; is
a computation constant taking into account the catheter dead
space, the heat exchange in transit, and the injection rate. This
product is divided by the change in blood temperature over
time (j AT, (t)dt) (16).

Three important assumptions are made by this technique—
first, that measuring the temperature curve over a finite period
of time (as opposed to indefinitely) will not meaningfully
impact the estimate of its integral. Second, that the injectate
and bloodstream are perfectly mixed. Third, that the measured
temperature difference is accurate. These assumptions may not
be yalid in common clinical scenarios, such as in the setting of
tricuspid regurgitation (17), frequent repeated measurements
(18), low flow states (19), or rapid temperature changes fol-
lowing cardiopulmonary bypass (20, 21). The effects of these
conditions are not always intuitive. In the case of tricuspid
regurgitation, for example, regurgitation of cold indicator fluid
into the right atrium causes a distortion of the thermodilution
curve similar to as seen in low CO states. In practice, however,
this effect seems to be dependent on flow, thus making simple
adjustments of the cutoff point for the thermodilution curve
challenging (22). Furthermore, Swan thermodilution mea-
surements occur between the right atrium and the pulmonary
artery, hence representing only right-sided CO and thereby
dismissing shunt.

Clinical Considerations
The thermodilution technique has been validated in a
greater number and variety of experimental models than any
other clinically available techniques, including both ex vivo
mechanical models and experimental reference standards in
animals and humans. The consistent accuracy of thermodi-
lution in addition to its “first to market” position (3) explain
why thermodilution PACs were adopted as the clinical ref-
erence standard and subsequently used in later comparison
studies (the precision error of PACs is only 13% for triplicate
readings) (23). Continuous thermodilution catheters use a
heating element (as opposed to room temperature saline)
to generate temperature changes and appear to offer com-
parable clinical accuracy, albeit with a time lag of up to 5
minutes (24-26).

The thermodilution PAC is unique among CO monitoring
devices in that it is capable of measuring pulmonary artery
pressure and “occlusion” pressure. However, the ability of
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practicing physicians to accurately interpret pulmonary artery
tracings is in doubt (27).

ULTRASOUND-BASED TECHNIQUES

Physical Basis

The Doppler equation relates the frequency change of a return-
ing ultrasound beam (Af), the speed of sound in tissue (c), the
frequency of the incident ultrasound beam (f,), and the angle
of incidence (0) to the velocity of a moving reflector (v) by the
following equation:

v = cAf/(2f,cos(6)) (4)

When used to measure stroke volume, the velocity of blood
flow must be integrated over one entire heart beat (“veloc-
ity time integral”) and multiplied by cross-sectional area. In
reality, cross-sectional area may change significantly over the
course of a heartbeat, but this source of error is neglected.
Lastly, it is assumed that the measured velocity is the same at all
points in the measured vessel (i.e., a “flat” velocity profile) (28).

Clinical Considerations

As with the PAC, Doppler-based devices have been validated
in ex vivo models of flow as well as experimental reference
standards in animals and humans. These data suggest a slight
decrease in accuracy of Doppler-derived CO compared with
thermodilution-derived CO. However, the magnitude of this

Review Atrticles

difference is of questionable clinical significance (Table 1).
A major advantage of Doppler devices is their noninvasive
nature.

Esophageal Doppler monitoring uses a small, dedicated
Doppler probe (placed through the mouth or nose) in order to
image the descending thoracic aorta. Unlike the suprasternal
approach, which was used in the majority of validation stud-
ies, the esophageal Doppler approach cannot directly measure
CO (since 30% of CO is diverted proximal to the descending
thoracic aorta). That said, comparisons of esophageal Doppler
and Fick methods have revealed correlations just slightly worse
than what would be expected from a PAC (29-31).

Modern esophageal Doppler devices provide, in addition to
CO, “corrected flow time” and stroke volume variation (SVV).
Both are indicators of fluid responsiveness and have been used
as therapeutic endpoints. Note that esophageal Doppler can-
not be more accurate than thermodilution, as the algorithm
used to convert stroke distance to stroke volume is based on a
Doppler/thermodilution-derived database (32).

BIOIMPEDANCE AND BIOREACTANCE

Physical Basis

Thoracic electrical bioimpedance (TEB) is based on the assump-
tion that the electrical resistance of the thorax is related to intra-
thoracicblood volume. TEB also assumes that changes in thoracic
impedance are exclusively a function of changes in intrathoracic
blood volume. Furthermore, the maximum impedance change

TABLE 1. Simultaneous Comparisons of Thermodilution and Doppler to Reference Standards

Thermodilution-Derived
Cardiac Output

Doppler

Study/Author
Fick
Welch (31) Pigs 28
Christie (65) Humans 49
Gola (55) Humans 73
Electromagnetic flow meter
Gregoretti (34) Pigs 128
Segal (39) Sheep 341
Heerdt (41) Humans 46
Segal (269) Humans 44
Transit time flow meter
Wong (81)= Dogs 95
Aadahl (44) Pigs 70
Dicorte (46) Humans 170
Bajorat (45) Pigs 366

Mean-weighted averages

0.88 28 0.91
0.81 42 0.94
0.9 73 0.81
0.87 128 0.95
0.89 81 0.85
0.64 46 0.8
0.82 44 0.85
0.74 95 0.9
0.73 70 0.9
0.49 170 0.55
0.84 366 0.93
0.80 0.85

2Comparisons between changes in cardiac output, not absolute values.

Boldface values are the larger values between Doppler and thermodilution-derived cardiac output in the respective rows.

Critical Care Medicine
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over time is related to peak aortic flow rate (and peak aortic flow
rate, when averaged over the ejection period, is proportional to
mean aortic flow rate). Ventricular ejection time is discerned
from the electrocardiogram (ECG) tracing. Based on the above
assumptions, bioimpedance is highly sensitive to electrode posi-
tioning, pulmonary edema, and electrical noise.

Clinical Considerations

Bioimpedance devices have been compared to experimental ref-
erence standards in both animal models and humans as well as
between clinically used CO monitors in animals and humans.
The results of which suggest that bioimpedance devices are less
accurate than thermodilution- or Doppler-based devices. The
magnitude of this difference and the technology’s propensity
for interference in the operating room environment suggest that
alternative techniques should be considered, when available.

Electrical Velocimetry. Electrical velocimetry reflects an
effort to increase the accuracy of the original bioimpedance
devices and assumes that thoracic conductivity is related to
the velocity of blood flow in the aorta (as opposed to the
volume of blood in the thorax). Available data comparing
electrical velocimetry to thermodilution and Doppler-based
methods of estimating CO are insufficient to determine
adequate accuracy of this approach in order to recommend
widespread clinical use.

Bioreactance. The bioreactance technique was developed
in an effort to decrease erroneous readings secondary to elec-
trode positioning, body size, temperature, and humidity that
are typically encountered with the bioimpedance technique.
The intrathoracic blood behaves as both an electrical capacitor
and an inductor. These properties affect the phase shift between
applied and received voltage, which are related to stroke volume
(33). The only currently available device designed to measure
CO using the bioreactance technique is the NICOM (Cheetah
Medical, Vancouver, WA; http://www.cheetah-medical.com).
Bioreactance has been compared to Doppler (34) as well as
thermodilution-based techniques (mean weighted correlation
coefficient of 0.80 based on three studies containing 171 com-
parisons) (33, 35, 36). Of note, the NICOM device also esti-
mates SVV.

PARTIAL REBREATHING

Physical Basis
Carbon dioxide can be used to measure CO, using a modified
version of the Fick equation:

CO = Vco,/ (Cpaco, — Csaco, ) (5)

where CO represents cardiac output, Vco, represents the pro-
duction of carbon dioxide, Cpaco, represents the concentra-
tion of carbon dioxide in the pulmonary arterial compartment,
and Csaco, represents the concentration of carbon dioxide in
the systemic arterial compartment.

The partial rebreathing technique assumes that CO does
not change between periods of non-rebreathing (minimal

180 www.ccmjournal.org

dead space) and a partial rebreathing (dead space added to the
ventilator circuit). CO in both states can be written as:

CO = Vco, ,, / (Cpacoz’m“ - Csacozvmn) ©)
6
= VCOZ,rebr / (Cpacol,rebr - CsaCOZ,rebr)
CO can be written as:
CO — VCOZ,non - VCOZ,rebr
(Cpacozvm - Csacoz’mn) (7)

- (Cpacoz,rebr - Csacol,rebr)

If one assumes that Cpaco, does not change between the
non-rebreathing and partial rebreathing time periods, this
equation can be simplified as (37-39):

CO = Vco, ,,, — Vco, . / (Csacoz,mbr - Csacozym) (8)

Csaco, can be estimated based on knowledge of the concen-
tration of hemoglobin and the partial pressure of co, in arterial
blood. Nunn iso-shunt plots (which relate Q/Q, to both Pao,
and Fio,) are used to estimate Q/Q,, which accounts for intra-
pulmonary shunts.

Clinical Considerations
Partial rebreathing techniques have primarily been validated
against thermodilution in animals although one study used
a transit time flow probe (40). Human comparisons between
the partial rebreathing technique and thermodilution CO have
included more than 800 paired measurements from over 250
patients in at least nine studies (41-49). The accuracy of the
partial rebreathing technique appears to be related to both tidal
volume (44, 45) and shunt fraction (43). Furthermore, partial
rebreathing techniques have a relatively long response time.
The NICO system (Philips Respironics, Andover, MA) is the
only commercially available system designed to measure CO
using the partial rebreathing technique (Table 2). In order to be
completely noninvasive, the NICO device assumes that the differ-
ence between end-tidal co, and Csaco, is approximately 6 mm Hg.

PULSE CONTOUR ANALYSIS

Two classes of arterial waveform analyzers are currently in
existence—calibrated devices, which periodically recalibrate
based on a second measurement technique (e.g., transpulmo-
nary thermodilution and lithium dilution), and uncalibrated
devices. The derivation and physical assumptions that under-
lie most of these devices has been reviewed in detail elsewhere
(50) but for the sake of completeness will be presented in
abbreviated form here.

Physical Basis
Frank’s Windkessel model of blood flow formed the basis of
most early attempts at measuring CO from the arterial pulse

January 2015 ¢ Volume 43 « Number 1
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Characteristic

Doppler | Bioimpedance | Bioreactance

Invasiveness

Accuracy

Thermodilution
Response
Time

Features V

Calibrated | Uncalibrated Pulse
Partial Pulse Pulse Wave
Rebreathing | Contour Contour Photoplethysmographic | Velocity
77 7

A

Convenience

A

Figure 1. Qualitative comparison of commercially available cardiac output monitoring technology. White represents above average, lined represents average,

and black represents below average (or not enough data to assess).

contour (51). Modern pulse contour devices are an extension
of this technique. Frank’s model assumes that the volume of
blood entering a vessel of infinite length must equal the volume
of blood leaving a vessel over the period of cardiac contraction
and that during systole, the vessel will expand, whereas dur-
ing diastole, it will contract. The aorta acts as a capacitor and
the systemic arterioles act as a resistor. This is known as the
“two-element Windkessel model,” although models of increas-
ing complexity have been developed (52). The characteristic
impedance (cZ) technique uses blood pressure and heart rate
to estimate impedance (resistance to pulsatile flow) (53).

Clinical Considerations

Pulse contour devices, as a class, must be used with caution in
the setting of aortic insufficiency, which alters the shape of the
arterial waveform and may decrease the accuracy of a device.
As with the esophageal Doppler and bioreactance devices,
many of the pulse contour devices provide the user with esti-
mates of pulse pressure variation, SVV, and in some cases, dP/
dt_ ,and extravascular lung water.

Calibrated Arterial Waveform Devices. Transpulmonary
Thermodilution (PiCCO). The PiCCO system (Pulsion Medi-
cal Systems, Munich, Germany; http://www.pulsion.com)
treats compliance as a dynamic variable dependent on pres-
sure (C(p), based on waveform analysis distal to the dicrotic
notch) and includes both compliance and instantaneous pres-
sure changes (dP/d¢) into its estimate of stroke volume (54).

end—systole

SV =k

end —diastole

[P(t)/SVR + C(p) x dP/dt]dt  (9)

The PiCCO modifications are intended to better take into
account the fraction of ventricular output, which is stored in
capacitance vessels, but requires calibration (transpulmonary
thermodilution) to determine k.

Transpulmonary thermodilution has been compared to
experimental reference standards and thermodilution in mul-
tiple animal models (40, 55) as well as to experimental refer-
ence standards (56) and thermodilution (57—62) in humans.
These studies suggest that transpulmonary thermodilution
is noninferior to conventional thermodilution. Interestingly,
Fegler’s original thermodilution curves relied on arterial

Critical Care Medicine

temperature measurements (1), and Goodyer’s comparison of
pulmonary thermodilution and aortic thermodilution curves
to experimental reference standards suggested that the latter is
more accurate (63).

Lithium Dilution (LiDCO Plus). The PulseCO system
(LiDCO Group PLC, London, UK; http://www.lidco.com)
incorporates characteristic impedance into its model using
a transfer function (64) to estimate aortic blood pressures.
The PulseCO system can be used as an uncalibrated device
or combined with lithium dilution curve (referred to as the
“LiDCO”).

Lithium, especially when injected centrally, is a reliable
indicator for CO measurements (65). Invasive animal data
suggest that lithium injected into the right atrium and mea-
sured in a femoral catheter is more accurate than conventional
thermodilution (66) and that injection through a peripheral as
opposed to central site reduces its accuracy (67). The LiDCO
Plus device has been compared to thermodilution in humans
and, while fewer subjects have been studied as compared to
the PiCCO, appears to correlate well with conventional ther-
modilution (68-70).

Uncalibrated Arterial Waveform Devices. Empiric
Approach (FloTrac). The FloTrac device, which focuses on the
development of an empirically derived mathematical model,
rather than a physical model, represents a significant para-
digm shift in arterial waveform analysis (71). The uncalibrated
nature of the device likely comes at the expense of decreased
accuracy (36, 72-79).

Pressure Recording Analytical Method. The pressure record-
ing analytical method (PRAM) is based on the principle that
volumetric changes in a blood vessel primarily occur in the
radial direction and are based on the interaction of left ventric-
ular ejection force, arterial compliance, impedance, and periph-
eral resistance to flow (due to wave reflections originating from
bifurcations and changing vessel diameter) (80). Preliminary
studies in animals using Doppler (81) as well as human data
based on comparisons with both experimental reference stan-
dards (80) and conventional thermodilution (82-84) prelimi-
narily suggest it may offer comparable accuracy to its calibrated
counterparts. Given that the PRAM method has been studied
primarily by a single group, further validation is needed.

www.ccmjournal.org 181
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Calibrated Versus Uncalibrated?
A simultaneous comparison of the LiDCO, PiCCO, and
FloTrac monitors to intermittent thermodilution revealed
narrower limits of agreement for the LiDCO and PiCCO
devices compared with the FloTrac (85). The difference in
the limits of agreement between uncalibrated and calibrated
devices has also been reported in comparisons of the FloTrac
and both LiDCO (86) and PiCCO (79, 87) to thermodilu-
tion. In liver transplantation, the LiDCO Plus outperforms
the FloTrac in its ability to detect large changes in CO (88).
The accuracy of the PulseCO, PiCCO, and Flotrac devices
appear to suffer during hemodynamic instability. Although the
benefits of calibration have not been universally demonstrated
(88), the majority of data suggest that calibrated devices out-
perform uncalibrated devices (89-91).

PHOTOPLETHYSMOGRAPHIC

Although the photoplethysmographic (PPG) waveform is
related to the arterial pressure waveform and may be related to
stroke volume in idealized conditions (92), this relationship is
not clinically useful in the acute care setting (93).

Physical Basis

Penidz developed the “volume clamp” technique in which
changes in finger arterial blood volume could be monitored
by an infrared transmitter and receiver combination (similar
to a pulse oximeter), which is connected to an inflatable fin-
ger bladder and driven by a feedback control mechanism. The
finger cuff is inflated and deflated to maintain a constant level
of infrared absorption (or blood volume). When the artery is
“unstretched,” the volume clamp technique assumes that the
pressure in the finger cuff is equal to the arterial pressure. Thus,
by maintaining the artery in an “unstretched” state based on
PPG estimates of volume, finger pressure can be measured con-
tinuously (94). Once a peripheral arterial pressure waveform is
acquired, it can then be used to estimate stroke volume using
the methods described in the Pulse Contour Analysis section.

Clinical Considerations

For the measurement of blood pressure, the volume clamp
technique has been compared to invasive arterial pressure
measurements in a variety of clinical settings, including pedi-
atric critical care (95) and both pediatric (96) and adult (97)
cardiac surgeries. The results of these studies suggest that the
agreement between the volume clamp technique and invasive
blood pressure monitors is reasonable.

The Finapres and “Nexfin devices, which use the volume
clamp-derived pressure waveform to estimate stroke volume,
have been compared to the PAC, echocardiographic indi-
ces, Co, rebreathing, and inert gas rebreathing techniques in
humans. Based on these limited data, this class of devices can-
not yet be recommended for the reliable measurement of CO.
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PULSE WAVE VELOCITY

Physical Basis
The Moens-Korteweg Equation describes the velocity of a
pulse wave through an elastic tube using the tube’s elasticity
(E), wall thickness (h), and diameter (D) as well as the density
(p) of the fluid within the tube (98, 99).
V = k(Eh/pD)" (10)
The pulse wave velocity technique assumes that changes in
vascular impedance (which are mediated by changes in vascu-
lar tone that differentially affect both cross-sectional diameter
and vessel compliance) (100) will result in changes in the speed
at which the systemic arterial pressure wave travels (99). The
pulse wave velocity makes two major assumptions: first, that
stroke volume is proportionate to pulse pressure, and second,
that pulse pressure is related to pulse wave velocity (or pulse
wave transit time [PWTT]) (101).

Clinical Considerations

Nihon Kohden (Tokyo, Japan; http://www.nihonkohden.com)
recently developed the esCCO, a device designed to estimate
CO based on the principles mentioned above. The esCCO
incorporates both PWTT (based on the ECG and pulse oxim-
eter waveforms) and mean arterial pressure into its estimate of
stroke volume, the details of which are proprietary. The esCCO
device is not yet Food and Drug Administration approved but
is marketed in Japan. It has not demonstrated sufficient accu-
racy to recommend widespread clinical use.

CONCLUSIONS

Thermodilution is relatively accurate when compared to ref-
erence standards such as the oximetric Fick method or elec-
tromagnetic and transit time flow meters. When indirectly
compared to experimental reference standards, Doppler-based
techniques have similar accuracy as thermodilution PACs.
They have the added advantages of offering beat-to-beat mon-
itoring as well as being less invasive (Fig. 1). Direct compari-
sons between Doppler and thermodilution with experimental
reference standards suggest that thermodilution is more accu-
rate than Doppler-based techniques. The assumptions made,
when deriving CO from Doppler-based or thermodilution-
based techniques, should be known and considered in a given
clinical context. Bioimpedance devices do not correlate with
direct Fick methods as closely as either thermodilution or
Doppler. Electrical velocimetry and bioreactance will require
additional data prior to making meaningful comparisons with
more established techniques.

The body of literature available to assess the accuracy of newer
devices is significantly smaller than for thermodilution, Doppler,
and bioimpedance and is primarily based on comparisons with
thermodilution-based CO. Uncalibrated pulse contour devices
appear to track changes in CO when afterload is stable. Calibrated
pulse contour devices are more accurate than their uncalibrated
counterparts in hemodynamically unstable patients but require
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periodic operator intervention. Partial rebreathing techniques
and pulse wave velocity-based devices have not demonstrated
sufficient accuracy to justify widespread clinical use.
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