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Abstract Cardiac output measurement has a long history

in haemodynamic management and many devices are now

available with varying levels of accuracy. The purpose of

the study was to compare the agreement and trending

abilities of cardiac output, as measured by transpulmonary

thermodilution and calibrated pulse contour analysis, using

the VolumeViewTM system, continuous thermodilution via

a pulmonary artery catheter, and uncalibrated pulse contour

analysis, using FloTracTM with pulmonary artery bolus

thermodilution. Twenty patients undergoing off-pump

coronary artery bypass surgery using a pulmonary artery

catheter and the VolumeViewTM and FloTracTM systems

were included in this subgroup analysis of the cardiovas-

cular anaesthesia registry at a single tertiary centre. During

surgery, cardiac output was assessed after the induction of

anaesthesia, after sternotomy, during the harvesting of

grafts, during revascularization of the anterior and poste-

rior/lateral wall, after protamine infusion, and after sternal

fixation. In total, 145 sets of measurements were evaluated

using Bland–Altman with % error calculation, correlation,

concordance, and polar plot analyses. The percentage error

(bias, limits of agreement) was 12.6 % (-0.12, -0.64 to

0.41 L/min), 26.7 % (-0.38, -1.50 to 0.74 L/min),

29.3 % (-0.08, -1.32 to 1.15 L/min), and 33.8 % (-0.05,

-1.47 to 1.37 L/min) for transpulmonary thermodilution,

pulmonary artery continuous thermodilution, calibrated,

and uncalibrated pulse contour analysis, respectively,

compared with pulmonary artery bolus thermodilution. All

pairs of measurements showed significant correlations

(p\ 0.001), whereas only transpulmonary thermodilution

revealed trending ability (concordance rate of 95.1 %,

angular bias of 1.33�, and radial limits of agreement of

28.71�) compared with pulmonary artery bolus thermodi-

lution. Transpulmonary thermodilution using the Vol-

umeViewTM system provides reliable data on cardiac

output measurement and tracking the changes thereof when

compared with pulmonary artery bolus thermodilution in

patients with preserved cardiac function during off-pump

coronary artery bypass surgery.

Trial registration NCT01713192 (ClinicalTrials.gov).
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1 Introduction

Cardiac output (CO) measurement has a long history in

haemodynamic management in cardiac surgery patients

prone to intraoperative cardiocirculatory disturbances,

especially in those with preexisting cardiovascular

comorbidities. Intermittent bolus CO by pulmonary artery
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(PA) thermodilution has been the most commonly accepted

clinical standard, but it requires right heart catheterisation,

and has many potential risks of complications with its

decreasing use in practice over time [1–5]. Today, many

other devices with varying levels of accuracy are available

for advanced haemodynamic management.

The VolumeViewTM/EV1000TM system is a recently

introduced CO measuring method that consists of a specific

thermistor-tipped femoral arterial catheter (Vol-

umeViewTM catheter, Edwards Lifesciences LLC, Irvine,

CA, USA), connected to a haemodynamic monitor

(EV1000TM, Edwards Lifesciences LLC). The system is

initially calibrated by transpulmonary thermodilution via a

bolus injection of cold saline through a central venous line.

Then, it provides continuous CO values based on a cali-

brated pulse contour analysis. It has shown good agreement

with the PiCCO2
TM system (Pulsion Medical Systems,

Munich, Germany), which uses basically the same tech-

nique, in critically ill patients [6, 7] and in pigs [8].

However, the level of agreement and trending ability of

this new device have not been demonstrated, compared

with the PA bolus thermodilution method, especially in

patients undergoing cardiac surgery.

The FloTracTM transducer (Edwards Lifesciences LLC),

when connected to an arterial cannula, provides uncali-

brated pulse wave-based continuous CO values. It can be

used when connected to a VigileoTM or EV1000TM monitor

(both Edwards Lifesciences LLC) to show haemodynamic

values, including CO and stroke volume variation. It works

with a readily accessible peripheral artery, such as the

radial artery. Thus, it can be used without central arterial

cannulation, central venous catheterisation, or external

calibration. In recent publications, the third-generation

FloTracTM system still showed a lacks of reliable repro-

ducibility, compared with the reference method, in various

clinical settings [9–11]. The fourth-generation algorithm

improved the reliability of the system, based on updated

calibration factors for vascular tone [12]. However, it has

shown discrepancies in CO measurements when compared

with PA thermodilution after phenylephrine administration

in patients undergoing cardiac surgery [13]. In this study,

we used the fourth-generation FloTracTM (verion 4.0)/

EV1000TM (version 1.5) system to assess continuous CO

values, based on an uncalibrated pulse contour analysis.

The aim of this studywas to assess the accuracy, precision,

and trending ability of CO measurements using transpul-

monary bolus thermodilution (ICOVV) and calibrated pulse

contour analysis (CCOVV) using the VolumeViewTM/

EV1000TM system, continuous thermodilution via a PA

catheter (CCOPA), uncalibrated pulse contour analysis using

the FloTracTM/EV1000TM system (CCOFT), and, as a refer-

ence method, PA bolus thermodilution (ICOPA).

2 Methods

2.1 Setting

This study was a sub-group analysis of the cardiovascular

anaesthesia registry at Seoul National University Hospital.

From August 2012 to July 2014, using this registry, we

investigated the impact of perioperative haemodynamic

and laboratory data on various clinical outcomes. Patients

scheduled for cardiovascular surgery (coronary artery

bypass, valvular, or aortic surgery) were considered for

enrollment in the registry. The Seoul National University

Hospital Institutional Review Board approved this study

(reference # 1207-111-419) and its ClinicalTrials.gov

number is NCT01713192 (registry for perioperative data in

patients undergoing cardiac surgery). All patients signed

written informed consents and the study was performed

according to Good Clinical Practices and in accordance

with the Declaration of Helsinki. VolumeViewTM sets have

been available as the monitoring device of choice for

patients undergoing cardiovascular surgery in our hospital,

as part of the registry, since May 2014. Thus, this sub-

group analysis involved patients included in the registry

between May and July 2014.

From the registry, this study included 20 patients

undergoing off-pump coronary artery bypass (OPCAB)

surgery during which the VolumeViewTM, FloTracTM, and

PA catheterisation were used. Double arterial cannulation

for both VolumeViewTM and FloTracTM systems was

applied only to the patients included in the present analysis

among those in the registry. Patients with persistent

arrhythmia, severe valvular regurgitation, severe stenosis

of the femoral artery on preoperative computed tomo-

graphic angiography, significantly impaired ventricular

contractility (left ventricular [LV] ejection fraction\30 %

by preoperative echocardiography), or any mechanical

cardiac support device were excluded. Patients with

severely reduced cardiac function were excluded because

they are prone to unstable haemodynamics and a high

probability of needing support with mechanical devices,

such as intra-aortic balloon pump or extra-corporeal

membrane oxygenator, during surgery. Patients who

underwent lung resection before the present surgery were

also excluded.

2.2 Anaesthesia

Patients were monitored with routine haemodynamic

monitoring with 5-lead ECG including ST segment

analysis, non-invasive blood pressure, peripheral oxygen

saturation by pulse oximetry, and cerebral oxygen satu-

ration with a near-infrared spectroscopic sensor on their
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forehead. Without premedication, a 20-G cannula (An-

giocath PlusTM, Becton–Dickinson Medical Ltd., Tuas,

Singapore) was placed in the right or left radial artery

after local skin analgesia with 1 % lidocaine injection,

and then connected to a FloTracTM transducer with

EV1000TM monitor. Anaesthesia was induced with

midazolam (0.1 mg/kg), vecuronium (0.1 mg/kg) or cisa-

tracurium (0.015 mg/kg), and sufentanil (1 lg/kg). The

trachea was intubated and the lungs were ventilated with

volume-controlled ventilation with a tidal volume of

6–10 mL/kg and respiration rate of 10–14/min to adjust

the arterial partial pressure of carbon dioxide to

35–45 mmHg, positive end-expiratory pressure of 0–8 cm

H2O, and the fraction of inspired oxygen started at 0.5

and was adjusted to maintain an arterial partial pressure

of oxygen above 90 mmHg.

The right or left femoral artery was catheterized with a

thermistor-tipped 4-Fr (16-cm-long) or 5-Fr (20-cm-long)

catheter (VolumeViewTM catheter), which was then con-

nected to another EV1000TM monitor. The device was

initially calibrated by transpulmonary thermodilution with

injection of 20 mL of cold (4–7 �C) saline for calibration

of the CCOVV, which was not included in the analysis for

comparing CO measurements. The averaged value of three

consecutive injections within 15 % deviation was accepted

for calibration. The time difference between the initial

calibration of the system and the first measurement for

analysis was similar among the patients.

For all patients, a 9-Fr, 11-cm-long central venous

catheter (AVA HF, Edwards Lifesciences LLC, Irvine, CA,

USA) was inserted into the right internal jugular vein under

ultrasonographic guidance. A 7.5-Fr, 110-cm-long ther-

modilution PA catheter (Swan-Ganz CCOmbo V, model

774HF75, Edwards Lifesciences LLC) was inserted

through the internal jugular lumen and then advanced into

the PA during monitoring of the distal and proximal

pressure waves. That the tip of the PA catheter was located

within the main PA trunk or just the distal portion thereof

was confirmed by transoesophageal echocardiography. The

PA catheter was connected to a VigilanceTM II monitor

(Edwards Lifesciences LLC), and in vivo calibration was

performed. All transducers were zeroed to atmospheric

pressure. For all monitors, patient-related data (age, sex,

height, and weight) were inserted.

Anaesthesia was maintained with continuous infusion of

propofol (effect site concentration, Ce = 1.0–3.0 lg/mL)

and remifentanil (Ce = 5.0–12.0 ng/mL) using target-

controlled infusion with the bispectral index maintained at

40–60. Vecuronium or cisatracurium was infused contin-

uously at 0.04 or 0.05 mg/kg/min for muscle relaxation.

Crystalloid or colloid was used as a maintenance fluid and

blood products were transfused according to the intraop-

erative laboratory results.

2.3 Cardiac output measurements

For each patient, CO was measured using three devices

(PA catheter, VolumeViewTM/EV1000TM, and FloTracTM/

EV1000TM) simultaneously at least seven times during the

surgery. The measurements were planned to include

haemodynamically important time points and were dis-

tributed throughout the whole OPCAB procedure, as fol-

lows: (1) after induction of anaesthesia, (2) after

sternotomy, (3) during the harvesting of vascular grafts,

during revascularization of the (4) anterior, and (5) poste-

rior/lateral wall, (6) after protamine infusion, and (7) after

sternal fixation.

At each time point, haemodynamic stability was ensured

for at least 10 min without bolus injection or change of

infusion rate of catecholamine or vasopressor. Thereafter, a

set of haemodynamic variables and values of CCOPA,

CCOVV, and CCOFT were recorded, and then CO mea-

surements using bolus thermodilution were performed.

ICOPA was measured first, and then ICOVV was deter-

mined, according to the manufacturer’s recommendation.

By performing intermittent transpulmonary thermodilution,

the VolumeViewTM system was inevitably re-calibrated.

Technique of displaying CCOPA values on monitor

starts with intermittent heating of blood flowing through

the superior vena cava by an electric filament attached to

the PA catheter in a pseudorandom sequence. The resulting

change in blood temperature is detected downstream by the

thermistor on the tip of the PA catheter, and analyzed using

area under the thermodilution curve [2, 3, 14]. During

averaging values to reduce noise and improve reliability, it

can take up to 12 min to fully register a change in CO on

the monitor, restricting the suitability of the system during

rapid haemodynamic changes [3, 14].

PA bolus thermodilution was performed with injection

of 10 mL of cold (4–7 �C) saline via the proximal lumen of

the PA catheter, completed within 10 s per injection,

according to the manufacturer’s guidelines. Transpul-

monary thermodilution was performed through the Vol-

umeViewTM/EV1000TM system with injection of 20 mL of

cold saline via the distal lumen of the central venous

catheter, completed between 2 and 10 s per injection, based

on the manufacturer’s guidance (personal communication

with the manufacturer, Edwards Lifesciences). Each set of

bolus thermodilution determinations consisted of at least

three consecutive injections and the averaged values were

recorded. In case of a deviation of measured values more

than 15 % within a set, two or more injections were added.

Injections were spread randomly over the ventilatory cycle

[2] and were performed by the same person (YJC) to

minimise inter-observer variation. Any intravenous fluids

were transiently stopped during bolus thermodilution

measurements except for constant infusions of anaesthetics

J Clin Monit Comput (2016) 30:771–782 773

123



or vasoactive drugs. If haemodynamic stability was not

maintained (deviation of arterial pressure or heart rate

[10 %) during measurement, the series of data was dis-

carded. If the arterial waveform was transiently damped or

analyzing the waveform failed, the series of measurements

were abandoned.

2.4 Statistical analysis

Data are presented as means (standard deviation, SD) if

normally distributed or medians (interquartile range, IQR)

if otherwise, according to the result of Kolmogorov–

Smirnov one-sample test for normality.

Bland–Altman analysis was used to assess the agree-

ment of each pair of CO measurements by each method.

Bias was defined as the mean difference between the

measurements of each paired data. The upper and lower

limits of agreement (LOA) were defined as ±1.96 SD of

the bias. Correction for multiple measurements per indi-

vidual was performed according to the distribution of data

[15]. Percentage error was calculated as LOA divided by

the mean CO of the reference methods 9 100 %. To

determine the acceptability of a method, we used the 30 %

threshold suggested by Critchley et al. [16]. According to

the distribution of measurements, Pearson’s r or Spear-

man’s q was obtained to evaluate correlation between

values.

For trend analysis, delta CO (DCO) was calculated by

subtracting the preceding value from the subsequent mea-

surement. Sufficient concordance was assumed when the

concordance rate was[92 % [14]. A polar plot was pre-

pared, and angular bias as well as radial LOA were cal-

culated as described by Critchley et al. [17]. A trending

ability was assumed to be ‘good’ when the angular bias

was within ±5� and radial LOA were \30� [17]. The

central zone of insignificant change (DCO\ 15 % for

concordance and\10 % for polar plots) was excluded to

avoid statistical noise [14, 17].

The precision of the reference method (ICOPA) was

calculated according to the previous description by Cec-

coni et al. [18]. Briefly, the precision of ICOPA was defined

as two times the coefficient of error (CE), where CE is

defined as

CE ¼ CV=
p
n;

where CV = coefficient of variation of a single measure-

ment and n = number of measurements. CV was calcu-

lated as the SD divided by the mean.

Analyses were performed using the SPSS software

(version 21.0.0.0 for Windows, IBM, Armonk, NY, USA),

SigmaPlot (version 12.5 for Windows, Systat Software,

Inc., San Jose, CA, USA) and MedCalc (Medcalc.org,

version 14.8.1, MedCalc Software, Ostend, Belgium).

Statistical significance was set at p\ 0.05.

3 Results

Among 28 patients assessed for eligibility, 8 were excluded

(5 had LV ejection fraction\30 %, 2 had persistent atrial

fibrillation, and in 1 patient, the operation was cancelled

due to preoperative fever of unknown origin). Thus, 20

patients were enrolled in the study between May and July

2014. Patient characteristics are presented in Table 1. The

right internal jugular vein and right femoral artery were

catheterised for PA and VolumeViewTM catheters in 20

patients. A radial arterial cannula was placed on the right in

3 patients and the left in 17 patients for connection to a

FloTracTM sensor. All patients were infused with nitro-

glycerine at 0.3–0.5 lg/kg/min according to our institu-

tional protocol. Among the 20 patients, there was no

complication related to this study except for one patient

who had a small amount of hematoma around the femoral

artery, where the VolumeViewTM catheter was placed.

However, no intervention was required for the hematoma,

and the patient was discharged from the hospital on the

sixth postoperative day with no further problem.

Among 190 attempts to obtain CO data set, 23 were

abandoned due to haemodynamic instability during mea-

surements and 14 due to damped arterial pressure wave-

forms. Only complete data sets including all five CO

measurements were included in the final analysis. Thus,

eight sets were discarded due to analysis failure in one of

Table 1 Patient characteristics

Characteristics Value Range

Age (years) 68 ± 9 54–79

Sex (male/female), n/n 18/2

Body mass index (kg/m2) 23.8 ± 3.1 17.0–29.4

Number of graft 3.5 ± 1.1 1–5

Duration of surgery (min) 381 ± 61 275–475

Preoperative LV EF (%) 54 ± 10 28–67

Preoperative hematocrit (%) 37 ± 6 26–46

Postoperative hematocrit (%) 33 ± 4 27–43

Postoperative hospital day (days) 10 ± 5 6–19

Underlying disease

Hypertension 14 (70 %)

Diabetes 9 (45 %)

End-stage renal disease 1 (5 %)

Cerebrovascular disease 2 (10 %)

Data are mean ± SD or n (%) unless otherwise indicated

LV left ventricle, EF ejection fraction
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the measurement systems. In total, 145 sets of CO mea-

surements were completed and analysed. At each time

point, 13–40 sets were obtained from 11–15 patients

(Table 2). Unreliable data affected by haemodynamic

instability were excluded and, in some patients, more than

one measurement was performed during prolonged proce-

dures: during the harvesting of grafts (T3), up to six sets of

measurement per patient were obtained due to the proce-

dure duration (up to 4 h or longer) and relatively

stable haemodynamics than at the other time points during

the procedure, such as induction of anaesthesia or revas-

cularisation (Table 2). The mean (SD) CO values from

each method (ICOPA, ICOVV, CCOVV, CCOPA, and

CCOFT) were 4.2 (0.8), 4.1 (0.8), 4.1 (0.9), 3.8 (0.7), and

4.1 (1.0) L/min, respectively. A summary of CO measured

by the five methods as well as haemodynamic and volu-

metric variables according to the perioperative time points

are presented in Table 2. All patients received continuous

infusion of nitroglycerine of 0.3–0.5 lg/kg/min according

to our institution’s normal protocol. Vasopressor (nore-

pinephrine, mean ± SD, 0.02 ± 0.01 lg/kg/min) was

infused continuously during 24 % (35/145) of the mea-

surements. The precision of the reference method (ICOPA)

was measured to be ±14.4 %.

With the exception of CCOFT, the Bland–Altman anal-

ysis revealed agreement (% error \30 %) of ICOVV,

CCOVV, and CCOPA, with the highest bias of CCOPA,

when compared with ICOPA (Table 3; Fig. 1). Bolus

transpulmonary thermodilution using the VolumeViewTM/

EV1000TM system (ICOVV) showed the lowest % error.

Table 2 Cardiac output, haemodynamic, and volumetric variables at 7 time points during off-pump coronary artery bypass surgery

Variable T1 (n = 11,

m = 13, [1, 2])

T2 (n = 15,

m = 16, [1, 2])

T3 (n = 14,

m = 40, [1–6])

T4 (n = 12,

m = 14, [1, 2])

T5 (n = 13,

m = 23, [1–3])

T6 (n = 13,

m = 17, [1, 2])

T7 (n = 15,

m = 22, [1, 2])

ICOPA (L/min) 4.21 ± 0.87 3.74 ± 0.64 4.26 ± 0.76 4.10 ± 0.52 3.90 ± 0.77 4.44 ± 1.19 4.60 ± 0.84

ICOVV (L/min) 4.11 ± 0.69 3.68 ± 0.54 4.18 ± 0.77 3.98 ± 0.45 3.66 ± 0.62 4.28 ± 1.12 4.52 ± 0.80

CCOVV (L/min) 3.72 ± 0.96 3.81 ± 0.57 4.14 ± 0.77 4.46 ± 0.67 3.99 ± 0.73 3.95 ± 0.86 4.54 ± 1.10

CCOPA (L/min) 4.04 ± 0.86 3.64 ± 0.53 3.83 ± 0.64 3.78 ± 0.66 3.56 ± 0.62 3.92 ± 0.95 4.02 ± 0.67

CCOFT (L/min) 3.82 ± 1.19 3.74 ± 1.18 3.86 ± 0.84 4.42 ± 0.85 4.30 ± 1.11 4.46 ± 1.09 4.56 ± 1.04

MAP (mmHg) 76 ± 9 75 ± 7 74 ± 8 74 ± 6 74 ± 6 74 ± 9 78 ± 8

MPAP (mmHg) 14 ± 4 17 ± 3 18 ± 4 17 ± 5 19 ± 4 15 ± 4 17 ± 3

CVP (mmHg) 6 ± 3 9 ± 4 10 ± 4 7 ± 2 11 ± 3 5 ± 2 7 ± 3

SV (mL/beat) 64.8 ± 16.1 63.4 ± 9.9 70.1 ± 12.9 66.4 ± 12.0 55.7 ± 10.2 53.7 ± 11.7 60.3 ± 15.0

SVV (%) 13 ± 5 15 ± 5 11 ± 4 8 ± 5 10 ± 5 9 ± 4 13 ± 5

Data are mean ± SD. Volumetric variables are from VolumeViewTM/EV1000TM system

T1 after induction of anaesthesia, T2 after sternotomy, T3 during harvest of vascular grafts, T4 during revascularization of the anterior wall, T5

during revascularization of the posterior or lateral wall, T6 after protamine infusion, T7 after sternal fixation, n number of patients completed a set

of measurement, m number of measurements included in the analysis, (range of measurements per patient) at each time point, ICOPA intermittent

cardiac output (CO) via pulmonary artery (PA) bolus thermodilution, ICOVV intermittent CO by transpulmonary thermodilution using the

VolumeViewTM/EV1000TM system, CCOVV continuous CO by calibrated pulse contour analysis using the VolumeViewTM/EV1000TM system,

CCOPA continuous CO via PA continuous thermodilution, CCOFT continuous CO by uncalibrated pulse contour analysis using the FloTracTM/

EV1000TM system, MAP mean arterial pressure, MPAP mean pulmonary arterial pressure, CVP central venous pressure, SV stroke volume, SVV

stroke volume variation

Table 3 Agreement of cardiac output measurements

Correlation coefficient Bland–Altman analysis Concordance analysis Polar plot analysis

Pearson’s r Bias (L/min) LOA (L/min) Error (%) Concordance rate (%) Angular bias (�) Radial LOA (�)

ICOVV 0.949 -0.12 -0.64 to 0.41 12.6 96.9 1.33 28.71

CCOVV 0.724 -0.08 -1.32 to 1.15 29.3 64.4 6.08 60.14

CCOPA 0.744 -0.38 -1.50 to 0.74 26.7 67.1 -5.55 56.16

CCOFT 0.736 -0.05 -1.47 to 1.37 33.8 79.5 -2.24 45.13

Cardiac output measured by transpulmonary thermodilution, calibrated pulse contour analysis, pulmonary artery continuous thermodilution, and

uncalibrated pulse contour analysis in comparison with pulmonary artery bolus thermodilution

ICOVV intermittent cardiac output (CO) by transpulmonary thermodilution using the VolumeViewTM/EV1000TM system, CCOVV continuous CO

by calibrated pulse contour analysis using the VolumeViewTM/EV1000TM system, CCOPA continuous CO via pulmonary artery continuous

thermodilution, CCOFT continuous CO by uncalibrated pulse contour analysis using the FloTracTM/EV1000TM system, LOA limits of agreement
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We found significant correlations between each CO mea-

surement using the different methods and ICOPA (Table 3;

Fig. 2). In trend analysis, only ICOVV showed good

trending ability with ICOPA in both concordance (concor-

dance rate[95 %) and polar plot (angular bias within ±5�
and radial LOA\30�) analysis (Table 3; Figs. 3, 4).

4 Discussion

In the present study, the accuracy, precision and trending

ability of four methods of CO measurement were compared

to those of ICOPA. During OPCAB surgery, ICOVV,

CCOPA, and CCOVV demonstrated acceptable degrees of

agreement with ICOPA (% error, 12.6, 26.7, and 29.3 %,

respectively). In tracking changes of CO, only ICOVV

showed a good trending ability when compared to ICOPA

(concordance rate of 96.9 %, angular bias of 1.33�, and
radial LOA of 28.71�). This is the first reported study to

evaluate the degree of agreement and tracking ability of the

VolumeViewTM system in comparison with ICOPA in

patients undergoing OPCAB surgery.

4.1 Cardiac output measurement during off-pump

coronary artery bypass surgery

In cardiac surgery, especially during OPCAB surgery, the

beating heart is manipulated and haemodynamic variables

change dynamically, especially during revascularisation of

the posterior or lateral wall [19]. Moreover, most patients

also have underlying coronary artery disease, which can

cause profound intraoperative cardiovascular deterioration

Fig. 1 Bland–Altman analysis for cardiac output (CO) measured by

intermittent transpulmonary thermodilution (ICOVV) and continuous

calibrated pulse contour analysis (CCOVV) using the VolumeViewTM/

EV1000TM system, continuous pulmonary artery thermodilution

(CCOPA), continuous uncalibrated pulse contour analysis using the

FloTracTM/EV1000TM system (CCOFT) compared with intermittent

pulmonary artery thermodilution (ICOPA). The solid line represents

the bias, the two dashed lines the upper and lower limits of agreement.

a Comparison of ICOPA and ICOVV. b Comparison of ICOPA and

CCOVV. c Comparison of ICOPA and CCOPA. d Comparison of

ICOPA and CCOFT
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[19]. Furthermore, there is abnormal vascular compliance

in patients with cardiovascular diseases [20]. OPCAB

surgery may provide particularly challenging circum-

stances in which to measure CO and track the changes

thereof. In the present analysis, both transpulmonary ther-

modilution and continuous pulse contour analysis with the

VolumeViewTM system showed acceptable agreement with

standard thermodilution, while only transpulmonary ther-

modilution using the VolumeViewTM system showed good

trending ability. The trending ability of a monitoring

device can be more helpful in haemodynamic management

and optimisation because the patient’s haemodynamic

condition and responses may change during the surgical

procedure. Our results indicate that transpulmonary ther-

modilution using the VolumeViewTM system provides

reliable data on CO in patients undergoing OPCAB

surgery.

4.2 Transpulmonary thermodilution and calibrated

pulse contour analysis

The PiCCOTM system is based on essentially the same

algorithm as the VolumeViewTM in measuring transpul-

monary thermodilution CO [7]. For calibrated pulse contour

Fig. 2 Correlation analysis for cardiac output (CO) measured by

intermittent transpulmonary thermodilution (ICOVV) and continuous

calibrated pulse contour analysis (CCOVV) using the VolumeViewTM/

EV1000TM system, continuous pulmonary artery thermodilution

(CCOPA), continuous uncalibrated pulse contour analysis using the

FloTracTM/EV1000TM system (CCOFT) compared with intermittent

pulmonary artery thermodilution (ICOPA). a Comparison of ICOPA

and ICOVV. b Comparison of ICOPA and CCOVV. c Comparison of

ICOPA and CCOPA. d Comparison of ICOPA and CCOFT
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analysis, the PiCCOTM system is based on the systolic

waveform assessment (Wesseling approach), while the

VolumeViewTM system uses a combination of systolic and

improved diastolic wave portion analysis (Windkessel

model) [4, 6]. Several previous studies were performed to

validate the accuracy of the PiCCOTM system versus ICOPA.

They showed precise and reproducible performance

compared with the reference measurement in patients in

various clinical situations, such as organ transplantation and

cardiac valve surgery, and in patients with reduced cardiac

function [21–24]. However, some of them did not provide

important information such as % error [22, 23], or calcu-

lated CO values from different devices with a shared

injection for thermodilution [24]. In a recent study,

Fig. 3 Concordance analysis for changes of cardiac output (CO)

measured by intermittent transpulmonary thermodilution (ICOVV) and

continuous calibrated pulse contour analysis (CCOVV) using the

VolumeViewTM/EV1000TM system, continuous pulmonary artery

thermodilution (CCOPA), continuous uncalibrated pulse contour

analysis using the FloTracTM/EV1000TM system (CCOFT) compared

with intermittent pulmonary artery thermodilution (ICOPA). Excluded

central zone of DCO\ 15 % is displayed. a Comparison of ICOPA

and ICOVV. b Comparison of ICOPA and CCOVV. c Comparison of

ICOPA and CCOPA. d Comparison of ICOPA and CCOFT
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transpulmonary thermodilution using the PiCCOTM system

(ICOPiCCO) showed poor results in measuring (% error of

45 %) and tracking ability (angular bias of 3.9� and radial

LOA of 41�) when compared with ICOPA in patients

undergoing liver transplantation [25]. Wouters et al. [26]

reported that ICOPiCCO using the brachial artery is a reliable

method of measuring CO (bias of 0.91 L/min and LOA of

±0.98 L/min in comparison with ICOPA) during OPCAB

surgery. While Ostergaard et al. [27] presented a % error of

21.2 % in a comparison of ICOPA and ICOPiCCO in 25

patients undergoing coronary artery bypass graft (CABG)

(20 on-pump and 5 off-pump) surgery without evaluating

trending ability, Yamashita et al. [28] demonstrated poor

agreement (% error, 34–40 %) between continuous pulse

Fig. 4 Polar plot analysis for changes of cardiac output (CO)

measured by intermittent transpulmonary thermodilution (ICOVV)

and continuous calibrated pulse contour analysis (CCOVV) using the

VolumeViewTM/EV1000TM system, continuous pulmonary artery

thermodilution (CCOPA), continuous uncalibrated pulse contour

analysis using the FloTracTM/EV1000TM system (CCOFT) compared

with intermittent pulmonary artery thermodilution (ICOPA). The

green dashed line represents the mean angular bias and blue dashed

lines the radial limits of agreement. Excluded central zone of

DCO\ 10 % is displayed. a Comparison of ICOPA and ICOVV.

b Comparison of ICOPA and CCOVV. c Comparison of ICOPA and

CCOPA. d Comparison of ICOPA and CCOFT
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wave analysis by the PiCCOTM system (CCOPiCCO) and

ICOPA in vasodilatory status during OPCAB surgery. Thus,

the PiCCOTM system has not been sufficiently evaluated or

demonstrated to be consistent with ICOPA in agreement, or a

trend analysis, especially in patients undergoing OPCAB

surgery. However, in the present study, transpulmonary

thermodilution using the VolumeViewTM system showed

lower bias and % error than the PiCCOTM device, and good

trending ability when compared with ICOPA, during

OPCAB surgery. Although the same mathematical algo-

rithm is used to calculate CO [7], transpulmonary ther-

modilution using the VolumeViewTM device may be more

suitable than the PiCCOTM system and can be recommended

as a reliable CO monitoring method in patients with pre-

served cardiac function undergoing OPCAB surgery.

4.3 Continuous thermodilution using a pulmonary

artery catheter

In previous studies, Della Rocca et al. [22] compared

CCOPA and ICOPA with resultant bias of 0.02 (2SD LOA,

1.48) L/min during liver transplantation and with 0.15

(1.39) L/min during lung transplantation surgery [23].

However, Vilchez-Monge et al. [25] reported no agreement

(% error of 64 %) and limited trending ability (angular bias

of 2.6� and radial LOA of 40�) of CCOPA compared to

ICOPA in patients undergoing liver transplantation. More-

over, Halvorsen et al. [29] described poor agreement (%

error, 32–50 %) between CCOPiCCO and CCOPA during

OPCAB surgery, which requires positioning of the heart

and the use of a stabilising device. In the current study,

CCOPA demonstrated poor trending ability versus ICOPA

during the OPCAB procedure. Although haemodynamic

stability and constant use of infusates or vasoactive agents

were confirmed prior to reading CCOPA values, the previ-

ously described time delay of CCOPA [3, 14], combined

with dynamic haemodynamic changes inherent to surgical

procedures [19, 26], may have affected the trending ability

of this measurement system in patients undergoing OPCAB

surgery.

4.4 Uncalibrated pulse contour analysis

The main advantage of an uncalibrated pulse wave analysis

system is its simplicity in use (no requirement for a specific

catheter) and minimal invasiveness (use of a readily

accessible peripheral artery) [9]. The FloTracTM sensor, via

a conventional arterial catheter, derives stroke volume

from the pulse pressure of the arterial pulse wave, after

correcting for the compliance and the resistance of the

vasculature [30]. However, in the absence of external cal-

ibration, the system also has innate shortcomings in

evaluating cardiac performance values accurately.

Although Mehta et al. [31] reported % error of 29 %

between FloTracTM system (version 1.07) and ICOPA in 12

OPCAB patients, the first and second generation Flo-

TracTM devices had shown insufficient reliability (range of

% error, 31–54 % and 21.6–69 %, respectively) in CO

measurement [11]. Despite the improvement in evaluation

of vasomotor tone [especially in low systemic vascular

resistance (SVR) state], the third generation FloTracTM

system also has shown inconsistent results in validation

studies [9, 11]. While Vasdev et al. [32] demonstrated an

acceptable agreement of CCOFT (version 3.02), compared

with ICOPA (% error, 20 %) in patients undergoing on-

pump CABG, Desebbe et al. [10] reported poor agreement

between CCOFT (version 3.01) and ICOPA (% error,

66.5 %) in cardiac surgery patients. In the present study,

we also observed the limits of an uncalibrated system, even

with the most updated algorithm (FloTracTM system, ver-

sion 4.0), in measuring absolute CO values and in tracking

their changes. Vasopressor use in 24 % of all measure-

ments might have some influence on arterial elastance, and

thus affected pulse wave analysis, especially CCOFT,

which was not calibrated regularly, in the current results.

However, our results are consistent with a previous study

by Suehiro et al. [13], in which the authors reported limited

performance of FloTracTM system (version 4.0) in agree-

ment (% error, 55.4 %) and tracking ability (concordance

rate, 87.0 %) compared to ICOPA during cardiac surgery.

4.5 Study limitations

Our study had several limitations. We excluded patients

with arrhythmia for accurate analysis of the arterial pulse

waveform. However, many patients of older age or who

require cardiac procedures frequently have various

arrhythmias, including atrial fibrillation, in clinical prac-

tice. We also excluded patients with impaired ventricular

contraction or with an intra-aortic balloon pump or other

ventricular supporting device. Thus, the results of the

present study may not be representative of those with

arrhythmias, reduced cardiac function, or with supporting

devices. It should be considered that we excluded such

patients before applying our results to such patients or

seeking to interpret or generalise these findings.

All patients in our study were infused with intravenous

nitroglycerine (0.3–0.5 lg/kg/min) throughout the surgery

according to our institutional protocol. Yamashita et al.

[28] observed limited agreement between CCOPiCCO and

ICOPA (% error of 34–40 %) in patients with vasodilation

induced by prostaglandin E1 infusion during OPCAB sur-

gery. Suehiro et al. [33] also discussed that CCOFT (version

3.02) showed poor agreement (% error, 46.3 %), as well as

poor tracking ability, compared with ICOPA in the
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subgroup of patients with low SVR during cardiac surgery.

In the current study, the vasodilatory effect of nitroglyc-

erine infusion might have influenced the estimation of CO

using a pulse wave-analysing algorithm (CCOVV and

CCOFT) due to the possible alteration in arterial waveform

with decreased SVR [28]. It should be considered when

interpreting the present results that one could recognise

better performance of pulse wave analysis method when

the use of a vasodilating agent is excluded in those patients.

Furthermore, during repeated measures of intermittent

transpulmonary thermodilution, the VolumeViewTM sys-

tem was repeatedly re-calibrated during the study period.

This effect could have enhanced the accuracy of mea-

surement with the device; thus, the results in this study may

not represent a conventional method of continuous CO

measurement in clinical practice. Nevertheless, pulse

contour analysis, even with repeated re-calibration, failed

to show good agreement with the standard method in

trending ability. This should be taken into account when it

is used in the clinical setting without regular intermittent

re-calibration during measuring and monitoring CO.

5 Conclusions

During OPCAB surgery, CO measured by transpulmonary

thermodilution and calibrated pulse contour analysis using

the VolumeViewTM/EV1000TM system, and continuous PA

thermodilution through a PA catheter demonstrated

acceptable agreement with CO measured by PA bolus

thermodilution. However, only transpulmonary thermodi-

lution through the VolumeViewTM/EV1000TM system

showed good trending ability in comparison with PA bolus

thermodilution. Transpulmonary thermodilution using the

VolumeViewTM system provides reliable data on CO

measurements and tracking the changes thereof when

compared with PA bolus thermodilution in patients with

preserved cardiac function during OPCAB surgery.
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