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Minimally Invasive Measurement of Cardiac Output
during Surgery and Critical Care

A Meta-analysis of Accuracy and Precision

Philip J. Peyton, M.D., M.B.B.S., F.AIN.Z.C.A.,” Simon W. Chong, M.B.B.S.t

ABSTRACT

When assessing the accuracy and precision of a new tech-
nique for cardiac output measurement, the commonly
quoted criterion for acceptability of agreement with a refer-
ence standard is that the percentage error (95% limits of
agreement/mean cardiac output) should be 30% or less. We
reviewed published data on four different minimally invasive
methods adapted for use during surgery and critical care:
pulse contour techniques, esophageal Doppler, partial car-
bon dioxide rebreathing, and transthoracic bioimpedance, to
assess their bias, precision, and percentage error in agreement
with thermodilution. An English language literature search
identified published papers since 2000 which examined the
agreement in adult patients between bolus thermodilution
and each method. For each method a meta-analysis was done
using studies in which the first measurement point for each
patient could be identified, to obtain a pooled mean bias,
precision, and percentage error weighted according to the
number of measurements in each study. Forty-seven studies
were identified as suitable for inclusion: /V studies, 7 mea-
surements: mean weighted bias [precision, percentage error]
were: pulse contour NV = 24, n = 714: —0.00 [/min [1.22
1/min, 41.3%]; esophageal Doppler N = 2, n = 57: —0.77
I/min [1.07 I/min, 42.1%]; partial carbon dioxide rebreath-
ing N =8, n = 167: =0.05 I/min [1.12 |/min, 44.5%];
transthoracic bioimpedance N = 13, n = 435: —0.10 I/min
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[1.141/min, 42.9%]. None of the four methods has achieved
agreement with bolus thermodilution which meets the ex-
pected 30% limits. The relevance in clinical practice of these
arbitrary limits should be reassessed.

HERE is increasing interest in better hemodynamic man-

agement, incorporating cardiac output measurement, to
achieve improvements in patient outcomes during major sur-
gery.' A number of methods and technologies are now avail-
able for minimally invasive or noninvasive cardiac output mon-
itoring in the perioperative period. These include pulse contour
and esophageal Doppler devices, the partial carbon dioxide re-
breathing (Pco,RB) method, and transthoracic electrical bio-
impedance (TEB).” However, these methods have not achieved
widespread use in routine practice.” The reasons for this include
cost, of both the devices and their disposable components, in-
vasiveness, and concerns about their accuracy, precision, and
reproducibility.

Numerous publications’®” have examined the accuracy
and precision of the various methods and devices currently
available, by comparison with simultaneous paired measure-
ments made using a commonly accepted clinical standard
technique. This is usually a more invasive technique, such as
right heart or transpulmonary thermodilution. Most such
publications over the last decade have employed bias and
precision statistics, as described by Bland and Altman,®® pro-
viding the mean difference (bias) and SD of the difference
between paired measurements, from which limits of agree-
ment (bias = 1.96 standard deviations) are obtained. These
limits of agreement are often expressed as a proportion of the
mean cardiac output (percentage error).

The acceptable limit of agreement in these comparison stud-
ies has been unclear. In a review paper published in 1999,
Critchley and Critchley® suggested that acceptable agreement
should be a percentage error of 30% or less, which has become a
widely quoted criterion,>™>17719-2573046=49,63-66 \[ymerous
studies have been published in the field over the last 10 yr, which
include newer methods that were not reviewed by Critchley and
Critchley. It is unclear whether currently available methods are
consistently achieving this level of agreement. More recent re-
views have focused on a single method,”® and/or have ex-
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cluded relevant patient groups from the analysis.”’ In
some reviews, pooling of data from studies where repeated
measurements from patients are made makes the reliabil-
ity of their conclusions uncertain.®””’

We conducted a 10-yr review of studies examining the
agreement with bolus thermodilution of four currently avail-
able methods which are adapted to perioperative and critical
care use, for minimally invasive cardiac output monitoring
(pulse contour, esophageal Doppler, Pco,RB, and TEB). To
get a global measurement of their accuracy and precision, all
studies reporting data from a single measurement on each
patient were included in a pooled weighted meta-analysis.

Materials and Methods

A PubMed and Medline search was conducted with search
headings such as “cardiac output, pulmonary blood flow,
thermodilution, pulse contour, PiCCO, LidCO, PulseCO,
FloTrac, Vigileo, esophagal Doppler, carbon dioxide re-
breathing, NICO, and thoracic electrical bioimpedence.”
The search and subsequent bibliographic review was re-
stricted to studies in adult humans, and to published papers
(not correspondence or case reports) in English language
peer-reviewed journals, in which results were expressed using
bias and precision statistics (mean difference and either SD of
agreement, 95% limits of agreement, or percentage error).
Only studies using comparison with simultaneous measure-
ments of cardiac output or cardiac index by bolus right heart
or transpulmonary thermodilution were included. Studies
comparing PiCCO (Pulsion Medical Systems, Munich, Ger-
many) with transpulmonary thermodilution were excluded,
because the method requires transpulmonary thermodilu-
tion for initial calibration and this was considered to bias the
comparison.

Where not reported directly, percentage error (% error)
for a study was calculated from the SD of agreement and
mean cardiac output:

% error = 100 X 1.96

X standard deviation of agreement/mean cardiac output
(1)

Where mean cardiac output was not provided in tables or
text, it was estimated from graphs. The methodology em-
ployed was in accordance with the PRISMA (Preferred Re-
porting Items for Systematic Reviews and Meta-Analyses,
formerly QUOROM) issued by the
CONSORT group.”

A total of 92 publications was found including 96 trials (4
publications made simultaneous comparisons of two meth-

Statement’?

ods) comparing one of the four methods against bolus ther-
modilution with results expressed using bias and precision.
These comprised 55 trials for pulse contour, 9 trials for
esophageal Doppler, 15 trials for Pco,RB, and 17 trials for
TEB. Significant variations in methodology and statistical
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Publications comparing one or more of the four methods
against bolus thermodilution in adult humans since 2000
with results expressed using bias and precision

-

Total 96 trials (92 publications) = 225 studies
Pulse contour 55 trials = 146 studies
Esophageal Doppler 9 trials = 21 studies
PCO:RB 15 trials = 34 studies
TEB 17 trials = 24 studies

2

Data from at least one independent measurement
from each subject able to be distinguished?

a2

; Comparison of
Total 47 studies distributions of
Pulse confour Sesindies percentage error:

. Two sample
Esophageal Doppler 2 studies ‘ Kolmogorov-
— gistiidis Smirnov test

: to assess
TEB 13 studies generalizability of

meta-analysis

. results

The first such measurement from each subject included
in a pooled, weighted meta-analysis using Equation (2)
- Pooled weighted mean bias
- Pooled weighted precision & percentage error
- Pooled weighted correlation coefficient

Fig. 1. Flow diagram describing the data analysis protocol.
Pco,RB = partial carbon dioxide rebreathing; TEB = trans-
thoracic electrical bioimpedance.

treatment were found among these. In the 9 publications
where cardiac index was reported, this was converted to car-
diac output using body surface area, and if the latter was not
supplied, an assumed body surface area of 2.0 m* was used
(the median value among the 22 publications where body
surface area was reported). A large number of these trials
conducted several studies of a method on each subject (across
all publications, these totaled 146 studies for pulse contour,
21 for esophageal Doppler, 34 for Pco,RB, and 24 for TEB).
Some of these publications reported these studies separately,
but many presented only a single pool of data from all sub-
jects at multiple time points, and many of these did not state
that correction was made for multiple measurements on sub-
jects when calculating overall bias and precision of agree-
ment, as described by statistical authorities.””~*”

In 47 of these studies, data from at least one single inde-
pendent measurement on each subject was able to be distin-
guished, thus making them suitable for inclusion in a pooled,
weighted meta-analysis. The first such measurement from
each subject in each of these studies was included in this
meta-analysis. The process is summarized in figure 1.
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Table 1. All Studies in the Review

Data
Reference Year Population Device Version Reference Points Bias Precision
Pulse contour
method
Mayer et al.*® 2009 Cardiac surgery (OP/ICU) FT 1.1 ITD
Non-obese group: After 23 0.18 0.27
induction
Non-obese group: Before 0.25 0.28
CPB
Non-obese group: After 0.18 0.38
CPB
Non-obese group: After 0.12 0.32
sternal closure
Non-obese group: Arrival 0.32 0.31
in ICU
Non-obese group: After 0.23 0.30
4 hinICU
Non-obese group: After 0.01 0.29
12 hin ICU
Non-obese group: After 0.14 0.30
24 hin ICU
Obese group: After FT 1.1 15 0.13 0.30
induction
Obese group: Before 0.15 0.40
CPB
Obese group: After CPB 0.06 0.42
Obese group: After 0.13 0.41
sternal closure
Obese group: Arrival in 0.26 0.39
IcU
Obese group: After 4 h in 0.25 0.27
IcU
Obese group: After 12 h 0.41 0.35
in ICU
Obese group: After 24 h 0.43 0.34
in ICU
Senn et al.*® 2009 Postoperative cardiac FT 1.03 (Set A) ITD
(See PICCO surgery (ICU)
also)
Set A supine 25 -0.10 0.80
Set A head up -0.30 0.90
Set A head down 0.20 1.10
Set A return to supine 0 1.20
Set B supine FT 1.07 (Set B) 25 -0.30 0.60
Set B head up -0.30 0.55
Set B head down —-0.20 0.55
Set B return to supine -0.40 0.50
Bianc;);‘iore 2009 Liver transplant (OP/ICU) FT 1.1 ITD 290 —1.30 1.40
et al.
Osterlgasard 2009 Cardiac surgery (OP) FT 1 ITD 25 0.51 0.93
et al”
Mutoh et al.® 2009 Subarachnoid FT 1.14 TPTD 179 —-1.14 0.88
hemorrhage (OP/ICU)
Compton 2008 Hemodynamically FT 1.1 TPTD 25 —-1.90 1.94
et a/.*991%1 unstable (ICU)
Dellla ﬁ%cca 2008 Liver transplant (ICU) FT 1.1 ITD 126 —0.95 1.41
et al.
Mayer et al.*'" 2008 Cardiac surgery (OP/ICU) FT 1.1 ITD
Intraoperative (T1) 40 0.041 0.29%
In ICU (T5-8) 0.21 0.26
(continued)
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Table 1. Continued

Data
Reference Year Population Device Version Reference Points Bias Precision
Mehta et al.*'?> 2008 Cardiac surgery (OP) FT 1.07 ITD
Before induction 12 -0.54 0.56
After induction -0.37 0.50
Beforet sternotomy —-0.42 0.75
LIMA LAD anastomosis -0.25 0.59
Left side anastomosis —0.31 0.64
Right side anastomosis —0.41 0.50
Aftert protamine 0.06 0.75
After sternal closure 0.09 0.70
Zirr;m;armann 2008 Cardiac surgery (OP/ICU) FT 1.01 ITD
et al.*
After induction 30 0.73 1.29
After sternal split 0.19 1.38
After extracorporeal -0.09 1.74
circulation
At skin closure -0.19 1.35
30 min after ICU -0.39 1.40
admission
3 h after ICU admission -0.79 1.63
6:30 a.m. after extubation -0.64 1.52
Staier et al.*'* 2008 Cardiac surgery (OP) FT 1.07 ITD
After induction 30 0.16 0.70
After sternotomy —0.06 0.89
5 min aftert end of —0.26 1.40
extracorporeal
circulation
After closure of chest 0.24 1.07
McGee et al.’® 2007 ICU After cardiac FT 1.01 ITD 561 020 1.28
surgery/medical (ICU) (estimated)
Canntleggon 2007 Cardiac surgery (OP/ICU) FT 1.07 ITD 166 0.26 0.87
et al.
Sakka et al.**®* 2007 Ventilated septic shock FT 1.07 TPTD 24 -0.87 2.30
(ICV)
de Waal et al.*'” 2007 Cardiac surgery (OP/ICU) FT 1.01 TPTD
After induction of 22 -0.08 0.90
anesthesia
After sternotomy 0.57 0.74
Immediately after volume -0.14 0.98
load
20 min after this volume —-0.42 0.93
load
15 min after weaning 0.05 0.83
from CPB
After retransfusion of -0.09 0.85
autologous blood
After arrival at ICU 0.12 0.64
Immediately after second 0.11 0.86
volume load
20 min after this second -0.14 0.92
volume load
Prasser et al.'® 2007 Neurosurgical (ICU) FT 1.03 ITD 164 -0.02 1.46
Mayer et al.*'® 2007 Postoperative cardiac FT 1.03 ITD
surgery (OP/ICU)
After induction 40 0.52 0.57
Before CPB 0.47 0.38
After CPB 0.51 0.64
After sternal closure 0.41 0.58
Arrival in ICU 0.48 0.54
4 hinICU 0.54 0.68
8 hin ICU 0.35 0.68
24 hin ICU 0.44 0.63
(continued)
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Table 1. Continued

Data
Reference Year Population Device Version Reference Points Bias Precision
Manecke et al.?° 2007 Postoperative cardiac FT 1.03 ITD 295 0.55 0.98
surgery (ICU)
Breukers et al.>' 2007 Postoperative cardiac FT 1.03 ITD 56 0.14 1.00
surgery (ICU)
Button et al.**> 2007 Cardiac surgery (OP/ICU) FT 1.07 ITD
(See PICCO
also)
After induction of 31 0.60 0.90
anesthesia
After sternotomy 0.40 0.95
At skin closure 0.10 1.20
8 h after start of surgery 0.20 1.25
12 h after start of surgery 0.10 1.30
24 h after start of surgery 0.10 1.20
Chakravarthy 2007 Cardiac surgery (OP) FT N/A ITD 438 0.15 0.33
et al.?® (See
PiCCO also)
Opdam et al.?* 2007 Postoperative cardiac FT 1.03 ITD 218  0.01 0.60
surgery (ICU)
Sander et al.**® 2006 Cardiac surgery (OP/ICU) FT 1.03 ITD
(estimated)
After induction of 30 -0.20 1.40
anesthesia
After sternotomy -1.00 1.80
1 h after ICU admission -0.70 1.00
6 h after ICU admission -0.60 1.40
Breukers et al.?® 2009 Cardiac surgery ICU MF ITD 119 036 1.42
Senn et al.® 2009 Postoperative cardiac PiCCO ITD 200
(See FloTrac surgery (ICU)
also)
Set A supine -0.20 0.70
Set A head up -0.10 0.55
Set A head down —-0.30 0.80
Set A return to supine -0.20 0.70
Set B supine PiCCO -0.30 0.60
Set B head up 0.10 0.50
Set B head down -0.40 0.70
Set B return to supine -0.30 0.65
Compton 2008 Medical (ICU) HDI ITD & 102 -2.03 1.34
et al.?” TPTD
Yamashita 2008 Cardiac surgery & PGE, PiCCO ITD
et al.*%® infusions (OP)
PGE; infusion 0.01ug/kg/ 20 -0.31 0.46
min
PGE, infusion 0.02ug/kg/ -0.62 0.70
min
PGE, infusion 0.04ug/kg/ —-0.61 0.62
min
After PGE, infusion -0.14 0.34
de Wilde et al.?° 2007 Cardiac surgery (OP) PiCCO ITD 199 -0.14 0.87
(See LidCO
also)
Button et al.?> 2007 Cardiac surgery (OP/ICU) PiCCO ITD 186
(See FloTrac
also)
After induction of 0.50 0.75
anesthesia
After sternotomy 0.40 0.85
At skin closure 0.30 1.50
8 h after start of surgery 0.20 1.90
12 h after start of surgery 0.20 1.25
24 h after start of surgery 0.10 1.55
(continued)
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Table 1. Continued

Data
Reference Year Population Device Version Reference Points Bias Precision
Chakravarthy 2007 Cardiac surgery (OP) PiCCO ITD 438 -0.13 1.12
et al.?® (See
FloTrac also)
Osgerglgasa(l)rd 2006 Cardiac surgery (OP/ICU) PiCCO ITD 25 0.07 1.10
et al.”
Felbinl er 2005 Cardiac surgery (ICU) PiCCO ITD 53 0.44 0.52
et al.
Sander et al.**> 2005 Cardiac surgery (OP) PiCCO ITD 45 -1.40 1.70
Wouters et al.®® 2005 Cardiac surgery (OP) PiCCO ITD 224  1.08 0.75
de Vaal et al.*3* 2005 Postoperative cardiac MF uncalibrated ITD 24 0.37 1.58
surgery (ICU)
MF calibrated ITD 24 0.08 0.70
Della Rocca 2003 Lung transplant (OP) PiCCO ITD
et al.*®®
Before incision 58 0.26 0.57
During 1st lung 0.07 0.61
implantation
After 1st lung reperfusion 0.01 0.93
During 2nd lung 0.02 0.79
implantation
After reperfusion of 2nd 0 0.68
lung
End of surgery 0.09 0.69
Tzenkov et al.**® 2003 Liver transplant (OP) PiCCO ITD
Basal 35 0.71 1.15
10 min before portal 0.26 1.16
clamping
10 min after portal 0.50 1.01
clamping
10 min before caval 0.91 1.20
clamping
10 min after caval 0.64 0.85
clamping
10 min before graft 059 1.25
reperfusion
10 min after graft -1.08 1.43
reperfusion
60 min after graft 0.35 1.38
reperfusion
End of biliary tree -0.68 1.17
reconstruction
End of surgical -0.72 0.81
intervention
Mielck et al.®” 2003 Cardiac surgery (ICU) PiCCO ITD 96 -—-0.40 1.39
(See Partial
Co, also)
Della Rocca 2002 Liver transplant (OP) PiCCO ITD
et al.*%®
After induction of 62 0.02 0.74
anesthesia
During the anhepatic 0.09 0.99
phase
End of surgery 0.07  0.80
Romano et al.**® 2002 Cath lab patients PRAM ITD 18 -0.15 0.35
Fel?ir}%%r 2002 Cardiac surgery (ICU) PiCCO ITD 360 0.62 0.91
et al.
PiCCOnew ITD 360 0.28 0.66
Rauch et al.*' 2002 Cardiac surgery (OP/ICU) PiCCO ITD 380 -0.14 1.16
Segal et al.**> 2002 General ICU (ICU) PiCCO ITD 190 0.27 0.67
(continued)
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Table 1. Continued

Data
Reference Year Population Device Version Reference Points Bias Precision
Jansen et al.** 2001 Cardiac surgery (OP) MF ITD 490 -0.10 0.50
Hirsschl et al.*** 2000 ICU patients (ICU) MF ITD 29 065 1.20
ee
(bioimpedance
also)
Zollner et al.*> 2000 Cardiac surgery (ICU) PiCCO ITD 228 031 125
Missant et al.*® 2008 Cardiac surgery (OP) PulseCO ITD 149 -0.03 0.65
Costa et al.*” 2008 Liver transplant (ICU) PulseCO ITD 151 -0.29 1.08
de Wilde et al.?® 2007 Cardiac surgery (OP) PulseCO ITD 199 0.17  0.69
(See PICCO
also)
Garcia- 2002 Surgical (ICU) ITD
Rodriguez
etal.
Peripheral administration NR 402 -0.54 0.95
of lithium
Central administration of NR 402 -0.53 0.63
lithium
Esophageal
Doppler
method
Lafanachere 2006 Infrarenal aortic surgery Hemosonic 100 ITD
et al.*"® (OP)
After probe insertion 22 -0.10 0.89
Preclamping -0.13 1.18
10 min after clamping -0.43 1.04
Before declamping —-0.54 1.05
10 min after declamping -0.18 1.00
End of surgery -0.15 1.00
Sharma et al.*®® 2005 Cardiac surgery TECO ITD
(postoperative)
T1 (0 min) 35 -1.18 1.37
T2 (30 min) -1.17 1.35
T3 (60 min) -122 1.37
T4 (90 min) -1.15 1.37
Collins et al.®" 2005 Cardiac surgery (OP) Hemosonic 100 ITD 300
After probe insertion 0.10 1.00
Before heart -0.60 1.00
displacement
During heart -0.50 0.80
displacement
Before sternal closure -0.70 0.70
Kim et al.®? 2004 Escharectomy for major CardioQ ITD 92 -0.77 137
burns (OP)
Hullett et al.3® 2003 Cardiac surgery (OP) CardioQ ITD 331 -0.56 0.64
Jaeggi et al.3* 2003 Postoperative cardiac Hemosonic 100 ITD 85 0.46 1.60
surgery (ICU)
Moxon et al.®> 2003 Postoperative cardiac Hemosonic 100 ITD 47 0.23 1.06
surgery (ICU)
Leather et al.®® 2001 Ra(lgig)al prostatectomy ~ ODM II ITD
Before epidural 14 -0.89 0.89
anesthetic
administered
After epidural anesthetics 14 0.55 1.88
administered
Penny et al.®” 2000 Preeclampsia pts CardioQ ITD 17 —2.00 1.50
(continued)
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Table 1. Continued

Data
Reference Year Population Device Version Reference Points Bias Precision
Partial co,
rebreathing
(Pco,RB)
method
Kotake et al.*® 2009 Aortic surgery (OP) NICO) (version ITD 182  0.18 0.88
4.2
NICO) (version ITD 194 0.18 0.83
5.0
Killick et al.>® 2008 Postoperative cardiac ITD 113 -0.60 0.86
Surgery (ICU)
Peyton et al.*>" 2008 Cardiac surgery (OP) ITD
Group 1 (increase in -0.06 0.87
respiratory rate)
Group 2 (decrease in 12 0.25 0.86
respiratory rate)
Ng et al.®® 2007 Thoracic surgery (OP) NICO ITD 76 -029 0.76
Tachibana 2005 Postoperative cardiac NICO ITD
et al.*®3 surgery (ICU)
35 s rebreathing system 13 0.02 1.06
50 s rebreathing system -0.34 1.08
Rocco et al.>* 2004 ICU NICO ITD 36 -—-1.20 1.50
Tachibana 2003 Postoperative cardiac NICO ITD
et al.**® surgery (ICU)
Tidal volume 12 mi/kg, RR 25 0.09 1.00
10
Tidal volume 6 mi/kg, RR —-0.67 0.73
20
Tidal volume 6 mi/kg, RR -1.73 1.27
10
SIMV/PSV ventilation 0.18 1.1
PSV/long loop ventilation 0.80 1.26
PSV/short loop 1.20 1.80
ventilation
Mielck et al.®” 2003 Postoperative cardiac NICO ITD 33 -0.64 1.39
(See PICCO surgery (ICU)
also)
Kotake 2003 Aortic surgery (OP) NICO ITD
et al.*®®
After induction 28 -0.10 0.61
During aortic cross- -0.52 0.95
clamping
At reperfusion of -0.99 0.86
unilateral iliac artery
During peritoneal closure -0.72 0.97
Tachibana 2002 Postoperative cardiac NICO ITD
et al.*>" surgery (ICU)
VCV large tidal volume 25 0.18 1.04
VCV small tidal volume -1.67 1.06
PCYV large tidal volume 0.37 117
PCV small tidal volume -1.64 1.19
VCV Fio, = 1 019 1.12
VCV high PEEP 0.37 0.81
VCV long loop 0.48 1.27
VCV short loop 1.30 1.15
PSV 0.52 1.02
Murias et al.’®® 2002 ICU NICO ITD 22 0.18 1.39
Odenstedt et al.>® 2002 ICU NICO ITD 74 —-0.05 0.96
Binder et al.’°® 2001 Postoperative cardiac ITD 358 —0.05 0.70
surgery (ICU)
Nilsson et al.*®' 2001 Postoperative cardiac NICO ITD 30 0.16 0.90
surgery (ICU)
van Heerden 2000 Postoperative cardiac NICO ITD 12 -0.73 2.05
et al.*®? surgery (ICU)

(continued)
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Table 1. Continued

Data
Reference Year Population Device Version Reference Points Bias Precision
Transthoracic
electrical
bioimpedance
(TEB) method
Raue et al.*®® 2009 Surgical ICU sepsis NR TPTD 30 -0.30 1.90
Mekis et al.*®* 2008 Cardiac surgery (OP/ICU)  Aesculon ITD
Before skin incision 14 0.20 0.32
After skin closure 64 —-0.57 0.92
In ICU 29 0.26  0.68
Guijjar et al.®® 2008 Postoperative cardiac Nicomon ITD 197 -0.07 0.68
surgery (ICU)
Zoremba et al.**® 2007 Postoperative patients Aesculon ITD 25 -0.05 0.71
(Icv)
Aesculon TPTD 022 0.78
Heringla6I§e 2007 Cardiac surgery (OP/ICU) Aesculon ITD
et al.*
After induction of 29 040 1.60
anesthesia
After ICU admission —-0.40 1.80
Shoemeagker 2006 Trauma patients (OP/ICU)  IQ/PhysioFlow ITD 907 -0.14 0.94
et al.
Suttner et al.*®® 2006 Postoperative cardiac Aesculon ITD
surgery (ICU)
Hemodynamically stable 40 -0.06 0.47
group
Hemodynamically 34 0.12 0.68
unstable group
Engoren et al.*"® 2005 ICU patients (ICU) BioZ ITD 46 -1.00 1.30
Albert et al.*”' 2004 Heart failure (ICU) NR ITD 29 -0.08 0.69
Cotter et al.*’> 2004 Cath lab/cardiac surgery NICaS ITD
(OP/ICV)
Cath lab 40 0.00 0.37
Coronary artery bypass 208 -0.02 0.35
grafting
ICU congestive heart failure 174 0.03 0.35
Drazner et al.*’® 2002 Heart failure cath lab BioZ ITD 50 0.03 1.10
patients
Sageman 2002 Postoperative cardiac BioZ ITD 216 —-0.07 0.20
etal.™ surgery (ICU)
Spiess et al.*”> 2001 Cardiac surgery (OP) BioZ ITD
After induction of 45 -0.02 0.29
anesthesia
Mediastinum open -0.42 0.57
After CPB -0.53 0.64
At end of case -0.67 0.74
Imhoff et al.”® 2000 Postoperative surgical ~ Prototype ITD 109 -1.60 2.45
patients (ICU)
Hirschl et al.*** 2000 ICU patients Cardioscreen ITD 29 1.20 0.75
(See PICCO
also)
Barin et al.”” 2000 Cath lab patients RheoCardio ITD 80 —0.31 0.76
Monitor
Critchley et al.*”® 2000 ICU patients BoMed ITD 24 -1.49 2.08

Data for bias and precision included in the pooled weighted meta-analysis are indicated in bold. Data in italics are cardiac index (/min/m?). All other
data are cardiac output (I/min).

* Study included in pooled weighted analysis; 1 Cardiac output estimated from data.

Aesculon = Aesculon® (Osypka Medical, Berlin, Germany); BioZ = BioZ (CardioDynamics, San Diego, CA); BoMed = BoMed NCCOM3-R7S
(BoMed Medical Manufacturing, Irvine, CA); Cardioscreen = Cardioscreen (Mebetatechnik, llmenau, Germany); Cardio Q = Cardio Q (Deltex
Medical Ltd., Chichester, UK); Cath lab = cardiac catherization laboratory; CPB = cardiopulmonary bypass; FT = FloTrac/Vigileo (Edwards
Lifesciences, Irvine CA); HDI = HDI/Pulse Wave CR-2000 Cardiovascular Profiling Instrument (Hypertension Diagnostics, Inc., Eagan, MN);
Hemosonic 100 = Hemosonic 100 (Arrow Intenational, Everett, MA); ICU = intensive care unit; IQ/Physioflow = 1Q (Noninvasive Medical
Technologies LLC, Las Vegas, NV); ITD = intermittent right heart thermodilution; MF = Modelflow; NICaS = NICaS (NI Medical, Hod-Hasharon,
Israel); NICO = NICO (Respironics, Pittsburgh, PA); NR = not reported; ODM Il = ODM Il (Abbot Laboratories, North Chicago, IL); OP = operative;
PCV = pressure controlled ventilation; PGE, = prostaglandin E,; Physio Flow (VasoCOM, Bristol, PA); PICCO = PiCCO (Pulsion Medical Systems,
Munich, Germany); PRAM = pressure recording analytical method; PSV = pressure support ventilation; PulseCO = PulseCO (LIDCO Ltd.,
Cambridge, UK); RheoCardioMonitor = RheoCardioMonitor (Rheo-Graphic PTE, Singapore); RR = respiratory rate; SIMV = synchronized
intermittent mandatory ventilation; T = time; TECO = Transesophageal cardiac output (Medicina, Berkshire, UK); TPTD = transpulmonary
thermodilution; VCV = volume controlled ventilation.
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Minimally Invasive Cardiac Output Measurement

Statistical Analysis

For each method, the reported bias (method — thermodilution),
mean cardiac output, variance of agreement (SD of agreement
squared), and correlation coefficient were weighted according to
the number of subjects in each study, and a pooled weighted
value for each was derived, according to

Pooled x = izﬁf 1 MLI) 2)
o l_;)(”li -1

where 7, and x; are, respectively, the number of measure-
ments and the variable to be pooled (bias, mean cardiac out-
put, variance of agreement, or correlation coefficient) in
study 7 among NV studies for that method.

The pooled weighted precision (one SD) of agreement
was calculated (square root of the pooled weighted variance)
and pooled weighted percentage error then calculated ac-
cording to Eq 1. Confidence limits for the bias and percent-
age error were calculated as described by Bland and Alt-
man.®® The pooled weighted correlation coefficient was
calculated as described by Hunter and Schmidt.”®

To help assess the generalizability of the meta-analysis,
the distribution of percentage error among the single mea-
surement studies included in the pooled weighted meta-anal-
ysis was compared with that of all sets of data for that method
listed in table 1, using a two-sample Kolmogorov-Smirnov
test. This was performed using OriginPro 8.1 statistical
software (Origin Lab, Northampton, MA). The database
was constructed and all pooled calculations performed
using Microsoft Excel 2008 (Microsoft Corporation, Red-
mond, WA).

Results

Table 1 lists those studies included in the review for each of
the methods, along with the location of the data collection
for each study (operating theater, intensive care unit) and
clinical situation where relevant. Where multdple studies at
different time points were reported, they are listed separately.
The number of data points 7 for each study, bias, and preci-
sion (defined as one SD of the difference between paired
measurements by the method and thermodilution) are listed.

In the pooled weighted calculation of bias, precision, and
percentage error, 24 studies were found to provide suitable
darta for the pulse contour method, 8 studies for Pco,RB,
and 13 studies for TEB. Only two studies met the criteria for
inclusion among those examining esophageal Doppler.
These data are listed in bold type in table 1. Results for mean
weighted pooled bias, precision, and percentage error are
shown in table 2. Bias was negligible for all methods except
esophageal Doppler. Percentage error was lowest for pulse
contour methods (41.3%) and highest for Pco,RB (44.5%),
but these differences did not reach statistical significance.

Of these 47 studies, slightly over half provided data suit-
able for a pooled weighted calculation of correlation: 12
studies for the pulse contour method, 5 studies for Pco,RB,
8 studies for TEB, and both studies for esophageal Doppler.
Results are shown in table 3. The pooled weighted correla-
tion coefficient was lowest for PCo,RB (0.57) and highest
for TEB (0.79).

The distributions of percentage error for those studies
included in the pooled weighted meta-analysis and for all
data sets in all the studies listed in table 1 are plotted in figure
2. Kolmogorov-Smirnov testing for each method revealed no
significant differences between the distributions (pulse con-
tour: [Kolmogorov-Smirnov statistic] D = 0.116, P = 0.91;
esophageal Doppler: D = 0.429, P = 0.81; Pco,RB: D =
0.191, P = 0.94; TEB: D = 0.128, P = 0.99).

Discussion

In a pooled weighted meta-analysis of 47 studies comparing
agreement of four methods for minimally invasive cardiac
output measurement with thermodilution, we found that
none of the four methods met the criteria for acceptability of
agreement suggested by Critchley and Critchley,® which is a
percentage error of 30% or less.

There are some limitations to our meta-analysis which
should be considered. Among the 47 studies that met the
criteria for the pooled weighted meta-analysis, 34 (72%)
were done in cardiac surgery patients. During development,
many devices are tested in patients undergoing cardiac sur-
gery, as this is a readily accessible patient subgroup in whom

Table 2. Agreement between Each of the Four Methods and Thermodilution

Bias L/min Mean

Percentage Error Mean

Method (N Studies) n [£95% CI] Precision L/min [£95% ClI]

Pulse contour 714 —0.00[*0.09] 1.22 413 [+x2.7]%
(N = 24)

Esophageal Doppler 57 —0.77 [+0.29] 1.07 42.1[+9.91%
N =2

Pco,RB (N = 8) 167 —0.05[+0.17] 1.12 44.5[*6.0]%

TEB (N = 13) 435 -0.10[+0.11] 1.14 42.9[*3.6]%

Pooled weighted data, showing agreement between each of the four methods and bolus thermodilution from the studies that met the
statistical criteria for inclusion in the meta-analysis, where a single independent measurement from each subject could be identified.
95% Cl = 95% confidence intervals; n = total number of pooled measurements; Pco,RB = partial carbon dioxide rebreathing method;
Percentage Error = limits of agreement (1.96 SD)/mean cardiac output; Precision = one standard deviation (1 SD) of the difference
between paired measurements; TEB = transthoracic electrical bioimpedance.

P. J. Peyton and S. W. Chong

Anesthesiology, V 113 « No 5 « November 2010 1229

202 UdJe 0z uo senb Aq ypd"2£000-0001 1.010Z-27S0000/29€252/02Z L/S/E | L/APd-alole/ABOj0ISBUISOUE/LI0D JIEYDIBA|IS ZeSE// Y WOl Papeojumoq



EDUCATION

Table 3. Correlation between the Four Methods and
Thermodilution

Method (N Studies) n r
Pulse contour (N = 12) 359 0.75
Esophageal Doppler (N = 2) 57 0.69
Pco,RB (N = 5) 104 0.57
TEB (N = 8) 288 0.79

Pooled weighted data, showing correlation between the four
methods and bolus thermodilution from the studies that met the
statistical criteria for inclusion in the meta-analysis, where a
single independent measurement from each subject could be
identified.

n = total number of pooled measurements; Pco,RB = partial
carbon dioxide rebreathing method; r = correlation coefficient;
TEB = transthoracic electrical bioimpedance.

monitoring with pulmonary artery catheters is routine prac-
tice in many centers. Subsequent independent testing in the
same patient subgroup does not provide information about
the performance of the device in wider clinical practice. The
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potential for this to restrict the generalizability of the analysis
was a concern. Figure 2 and Kolmogorov-Smirnov testing
revealed no significant differences between the distribution
of percentage error among the single measurement studies
included in the pooled weighted meta-analysis and the dis-
tribution of all sets of data for that method listed in table 1.
This suggests that studies included in the pooled weighted
meta-analysis provide a representative sample of the total
number of studies in the field and that the pooled weighted
percentage error for each method is a valid indicator of its
precision across the full range of clinical situations in which
they have been studied to date. The asymmetric nature of
most of these distributions makes it clear that a simple non-
parametric estimation (e.g., a median) of overall percentage
error would underestimate the pooled weighted percentage
error significantly and give an unduly favorable estimate of
precision for some of these methods.

Only two studies, incorporating 57 measurements, by
esophageal Doppler were eligible for inclusion, which ex-
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Fig. 2. Distribution of percentage error for each method, from lowest (first centile) to highest (hundredth centile). A: Pulse
contour; B: esophageal Doppler; C: partial carbon dioxide rebreathing (Pco,RB); D: transthoracic electrical bioimpedance (TEB).
The heavy line represents the single-measurement studies included in the pooled weighted meta-analysis. The broken line
represents all sets of measurements among all studies listed in table 1 for that method.
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plains the wide confidence intervals for the percentage error
and bias, and limited conclusions can be drawn from the
pooled weighted data in table 2, although figure 2B suggests
that these two studies are consistent with the broader body of
published work on this method. Schober ez al. recently re-
viewed studies on the accuracy and precision of esophageal
Doppler measurement of cardiac output. Applying a non-
parametric approach to pooling of their data, they found a
median underestimate of 0.37 1/min, and an upper quartile
for limits of agreement of 5.0 I/min, relative to a variety of
other methods (predominantly thermodilution).”® How-
ever, both their review and our analysis indicate that a nega-
tive bias is present for esophageal Doppler measurement,
suggesting that the unmeasured proportion of cardiac output
to the upper body that is assumed may need to be increased.

A further concern was the 10 yr time span of this review of
a rapidly developing field. Improvements in available tech-
nologies may mean that our findings do not reflect current
performance of these methods. We therefore contrasted data
from studies published over the last 5 yr with the findings in
table 2. The pooled weighted percentage error for pulse con-
tour (16 studies) was 46.4%, for PCO,RB (2 studies) was
42.0%, and for TEB (6 studies) was 44.7% (unchanged for
esophageal Doppler). Although numbers in this subanalysis
are small, there is no evidence that precision of agreement
with thermodilution has improved over the interval covered
by our review. However, there is ongoing need for repeat
review of the performance of all these technologies into the
future, to determine whether incremental improvements in
precision of agreement are being achieved. Development of
newer and more precise “gold standards” for comparison
should prompt further validation studies, and more reliable
data for future comparisons.

A recent addition to the range of devices available is the
Vigeleo FloTrac (Edwards Lifesciences, Irvine, CA) pulse
contour device. The focus of this review was on the perfor-
mance of four generic methods in agreement with a common
reference standard. We deliberately did not stratify our anal-
ysis to examine the performance of individual devices, for
simplicity and to avoid either a commercial or proprietary
emphasis, or weakening of the statistical power of the analy-
sis. However, our data can be compared with a recent review
and meta-analysis of studies on the accuracy and precision of
the FloTrac by Mayer ez al.”" These authors found a percent-
age error of 44% for earlier versions of the device and 30%
for later versions (v1.07+), but this review excluded studies
involving patients with hemodynamic instability or vasodi-
latory states, thus restricting their analysis to cardiac surgery
alone. Subanalysis of our data for studies on the FloTrac
found a percentage error of 47.3% for earlier versions and
44.7% for v1.07+, but the latter contained two studies in

septic or critically ill patients,”'%

where high cardiac out-
puts and hemodynamic instability present greater challenges
to the accuracy and precision of a measurement device.
Therefore these results for the FloTrac still compared well

with the other methods we have surveyed in the current

P. J. Peyton and S. W. Chong

review. The FloTrac system has the advantage of not requiring
a calibration maneuver as is required by other commonly used
pulse contour devices: PiICCO (Pulsion Medical Systems)
which is calibrated by transpulmonary thermodilution, and
PulseCO (LiDCO Ltd, Cambridge, United Kingdom) which
uses an injected lithium bolus for indicator dilution cardiac out-
put measurement. However, our results do not take into ac-
count data from recent case reports questioning the ability of
FloTrac to accurately track cardiac output during dramatic in-
traoperative changes in hemodynamics.'®"-'**

In 1999, Ciritchley and Ciritchley reviewed 25 studies com-
paring TEB and esophageal Doppler with thermodilution.®” In
an unweighted pooling of the data from these studies, they
found a mean percentage error of 37% for TEB and 65% for
esophageal Doppler. They went on to suggest a narrower limit
of 30% as acceptable, which they derived from the theoretical
scatter expected in agreement between two methods whose
agreement is each * 20% in relation to the true value. In this
case, agreement between the two methods will average 28.3%,
which they rounded up to 30% for simplicity. Their argument
assumed that the precision of thermodilution as the reference
method was no worse than * 20% in relation to the real cardiac
output. This they justified with reference to a review by Stetz e¢
al. which examined the accuracy and reproducibility of mea-
surement of cardiac output by thermodilution, and a study by
Mackenzie et al. which compared three different devices for
thermodilution measurement.'>1%4

However, there are significant reasons to question these
assumptions in broader clinical practice. The studies in-
cluded in the review by Stetz et al.'®?
ducibility of repeat measurement of cardiac output by
thermodilution and were conducted in the cardiac catheter-

examined the repro-

ization laboratory or coronary/intensive care unit. They
pointed out that measurements were invariably made during
intervals of cardiovascular stability, so as to minimize the
confounding effect of real variations in cardiac output on
assessment of the reproducibility of measurement. The study
by MacKentzie et al.'®* was carried out in vitro on a circula-
tion simulator and was not designed to be a test of accuracy
and precision of thermodilution under clinical conditions. In
contrast, the majority of the studies in our review were con-
ducted intraoperatively or postoperatively, often in hemody-
namically unstable patients, and deliberately sought to test
the accuracy and precision of the various methods under
sometimes difficult clinical conditions.

Recent studies are more revealing of the accuracy and preci-
sion of thermodilution in less tightly controlled perioperative
conditions and during hemodynamic instability. Botero et 4/.
compared bolus thermodilution in patients undergoing coro-
nary artery surgery against an invasive iz vivo gold standard
technique in the form of an ultrasonic transit time flow probe
positioned on the ascending aorta. Percentage error was 41.7%
precardiopulmonary bypass and 46.1% postcardiopulmonary
bypass.'*® Bajorat ef al. compared bolus thermodilution with a
similar flow probe in a pig model where hemodynamic instabil-
ity was induced pharmacologically, and found a percentage er-
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ror of 48.6% overall."°® A number of the minimally invasive
methods that we have reviewed here were also tested in parallel
in these studies. Notably, thermodilution did not perform sig-
nificantly better than any of them.

This raises questions about the appropriateness of imposing
arbitrary limits on the acceptability of accuracy and precision of
cardiac output measurement. Feldman, in a recent editorial,
proposed a more dynamic approach to assessment of acceptabil-
ity of agreement, based on receiver operating curve theory, and
called Critchley and Critchley’s 30% limits “a simplification
that makes assumptions about the accuracy of thermodilution
and does not consider the impact on decision-making.”* In-
deed, few practicing clinicians would reject thermodilution via
the pulmonary artery catheter as a valuable monitoring tool in
appropriate patients such as in cardiac surgery, despite the evi-
dence cited above of poorer precision than previously assumed.
Nevertheless, of the 51 papers listed in table 1 which were pub-
lished within the last 5 yr, 63% quote Critchley and Critchley’s
criterion for acceptability in assessing the technique being tested
in their study.

The efficacy of a clinical monitor involves many factors other

than its absolute accuracy, and includes safety, convenience and
adaptability, and cost. Each method reviewed has its practical
limitations and advantages. A calibration maneuver is required
for some pulse contour techniques but, in common with TEB,
they can potentially be used in the awake patient. The Pco,RB
method is entirely noninvasive in the intubated patient, but its
use s restricted to this group. Pulse contour and Doppler de-
vices can provide additional indices of volume status based on
the shape of the measured waveform. Many of these devices
require expensive single-use components (transducers, probes,
orvalves). The value of the information provided by these meth-
ods in influencing management and improving patient out-
comes is currently debated,'™ and this is an evolving field. Cli-
nicians may in fact be willing to accept lower accuracy in return
for monitoring with less invasiveness than traditional methods
like thermodilution vz a pulmonary artery catheter, placement
of which causes occasional serious injury to the patient, and
which has been associated with poorer outcomes in some stud-
es.'”
Although often seen as a critical variable in studies in the
field, the percentage error of agreement is only one marker of
acceptability of a method, and it incorporates multiple compo-
nents for both the method and the reference method: systematic
alinearity of a method, interpatient variability, and intrapatient
variability. The last is related to the task of tracking changes in
cardiac output. In major surgery, reliable real time tracking of
the direction of c¢hanges in cardiac output is arguably more im-
portant than the ability of the monitor to deliver a highly accu-
rate single measurement under stable conditions.'**'*

In our meta-analysis, the four methods achieved limits of
agreement that were very similar. This is significant, as the var-
ious methods are based on quite different physical and physio-
logic principles. This suggests a fundamental limitation exists to
the precision of agreement with a given reference standard like
thermodilution that can be achieved in clinical practice, and

1232 Anesthesiology, V 113 « No 5 « November 2010

which is independent of the particular method being tested.
This level of precision of agreement remains well outside the
30% limits across a range of patient groups and clinical situa-
tions. Based on our empirical findings, a percentage error in
agreement with thermodilution of * 45% represents a more
realistic expectation of achievable precision in clinical practice.
Using the same mathematical theory as applied by Critchley and
Critchley, this is consistent with percentage errors of approxi-
mately * 30% for both thermodilution and the test method in
their agreement with the real cardiac output.
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