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Abstract The FloTrac system is a system for cardiac out-
put (CO) measurement that is less invasive than the pulmo-
nary artery catheter (PAC). The purposes of this study were
to (1) compare the level of agreement and trending abili-
ties of CO values measured using the fourth version of the
FloTrac system (CCO-FloIrac) and PAC-originated continu-
ous thermodilution (CCO-PAC) and (2) analyze the inade-
quate CO-discriminating ability of the FloTrac system before
and after cardiopulmonary bypass (CPB). Fifty patients were
included. After exclusion, 32 patients undergoing cardiac
surgery with CPB were analyzed. All patients were moni-
tored with a PAC and radial artery catheter connected to the
FloTrac system. CO was assessed at 10 timing points during
the surgery. In the Bland—Altman analysis, the percentage
errors (bias, the limits of agreement) of the CCO-FloTrac
were 61.82% (0.16, —2.15 to 2.47 L min) and 51.80% (0.48,
—1.97 to 2.94 L min) before and after CPB, respectively,
compared with CCO-PAC. The concordance rates in the
four-quadrant plot were 64.10 and 62.16% and the angular
concordance rates (angular mean bias, the radial limits of
agreement) in the polar-plot analysis were 30.00% (17.62°,
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—70.69° to 105.93°) and 38.63% (—10.04°, —96.73° to
76.30°) before and after CPB, respectively. The area under
the receiver operating characteristic curve for CCO-FloTrac
was 0.56, 0.52, 0.52, and 0.72 for all, >+5, >+ 10, and
>+ 15% CO changes (ACO) of CCO-PAC before CPB,
respectively, and 0.59, 0.55, 0.49, and 0.46 for all, >+35,
>+ 10, and >+ 15% ACO of CCO-PAC after CPB, respec-
tively. When CO <4 L/min was considered inadequate, the
Cohen « coefficient was 0.355 and 0.373 before and after
CPB, respectively. The accuracy, trending ability, and inad-
equate CO-discriminating ability of the fourth version of
the FloTrac system in CO monitoring are not statistically
acceptable in cardiac surgery.

Keywords FloTrac - Arterial waveform analysis - Cardiac
output - Cardiopulmonary bypass - Cohen k coefficient

1 Introduction

Studies have revealed that the optimization of stroke vol-
ume or cardiac output (CO) during major surgeries is
associated with improved prognoses [1-3]. For high-risk
patients with coexisting conditions, such as heart fail-
ure and end-stage renal disease; extremely old patients;
or patients with unstable preoperative vital signs, reli-
able intraoperative CO monitoring can be useful because
therapeutic interventions may become highly complex [4].
Therefore, the continuous and precise monitoring of CO is
essential during cardiac surgery. A pulmonary artery cath-
eter (PAC) was introduced in 1970 for the direct measure-
ment of right ventricular output [5]. However, the use of
PAC:s has various risks, including arrhythmia, pulmonary
infarction, infection, pulmonary embolus, and pulmonary
artery rupture [6]. PACs also add considerable costs to
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patient care, and many clinical trials have failed to confirm
that PAC monitoring improves patient outcomes [7—12].
These disadvantages associated with PACs have motivated
researchers to develop for less-invasive CO measurement
methods [13].

Funk et al. [13] revealed that among the available
monitoring systems, transesophageal echocardiography
and arterial pulse contour devices have the highest poten-
tial to replace PACs for CO measurement. Arterial pulse
contour devices have been increasingly used in clinical
practice because they can be conveniently applied with-
out a learning curve. The FloTrac system (Edward Lifes-
ciences, Irvine, CA, USA) is one such device that was
first introduced in 2005 and which enables continuous CO
measurement. The system is currently in its fourth version.
Over the years, the performance of the FloTrac system has
improved particularly in hypodynamic and normodynamic
conditions, providing sufficiently accurate and precise CO
measurement and trending ability for routine clinical use
in the absence of large changes in the vascular tone [14].
Nevertheless, some studies have yielded statistically unac-
ceptable levels of agreement for CO measurement using
the fourth version of the FloTrac system (4th FloTrac)
compared with the reference method [15-20], particularly
for patients in critical condition.

However, whether a lack of statistical agreement signi-
fies clinical inapplicability remains debatable. For exam-
ple, the CO values of 6.1 and 6.3 L min might not be statis-
tically correlated; however, anesthesiologists may consider
them to be adequate and acceptable with the same clinical
management. As long as a monitor can discriminate inad-
equate CO, it is clinically applicable.

To date, no study has investigated the influence of car-
diopulmonary bypass (CPB) on the measurement ability of
the 4th FloTrac. Therefore, the present study (1) compared
the level of agreement and trending abilities of CO values
measured with the 4th FloTrac (CCO-FloTrac) and PAC-
originated continuous thermodilution (CCO-PAC) and (2)

analyzed the inadequate CO-discriminating ability of the
4th FloTrac before and after CPB.

2 Materials and methods
2.1 Patients

The present study was approved by the Institutional Review
Board of Chang Gung Medical Foundation in Taiwan (reg-
istration number: 104-7177B). Patients who were aged > 18
years, were undergoing planned elective cardiac surgery,
and provided signed informed consent were included in the
present study. Any patients with cardiac arrhythmia or an
intra-cardiac shunt were excluded.

In total, 50 patients undergoing cardiac surgery were
included in our study. The anesthetic induction drug and
dosage varied according to the clinical condition. General
anesthesia was maintained with sevoflurane (0.5-2.5%), fen-
tanyl (0.5-2 pg/kg according to the clinical condition), and
cisatracurium (2—4 mg/30 min). All patients were mechani-
cally ventilated with a tidal volume of 8-10 mL/kg body
weight at a frequency of 8—14 respiratory rate per minute
to maintain end-tidal CO, concentrations of 35-45 mmHg.

2.2 Data collection

An arterial pressure catheter was inserted into the radial
artery and connected to the FloTrac/EV1000 system (ver-
sion 4, Edwards Lifesciences, Irvine, CA, USA) to meas-
ure CCO-FloTrac. The PAC was inserted into the internal
jugular vein, and its tip position was confirmed by pressure
waves and transesophageal echocardiography. The PAC was
connected to a Vigilance II Monitor (Edwards Lifesciences,
USA) or an Abbott Q2 Plus CCO/ SvO, Computer (Abbott
Laboratories, IL, USA) to measure CCO-PAC.

As shown in Fig. 1, we recorded CCO-FloTrac and CCO-
PAC at 10 timing points: (1) immediately after PAC place-
ment and calibration, (2) immediately after the incision, (3)
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Fig. 1 A timeline indicating the 10 timing points throughout the sur-
gery. Timing points: 7/ immediately after PAC placement and cali-
bration, 72 immediately after the incision, 73 during sternotomy, 74
5 min after sternotomy, 75 10 min after sternotomy, 76 after the com-
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pletion of protamine infusion, 77 5 min after the completion of prota-
mine infusion, 78 15 min after the completion of protamine infusion,
T9 at sternal closure, 770 at the end of surgery
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during sternotomy, (4) 5 min after sternotomy, (5) 10 min
after sternotomy, (6) after the completion of protamine infu-
sion, (7) 5 min after the completion of protamine infusion,
(8) 15 min after the completion of protamine infusion, (9)
at sternal closure, and (10) at the end of surgery. These 10
timing points were designated T1-T10, respectively.

2.3 Statistical analyses

Statistical analyses were performed using SPSS (version
22.0, SPSS Inc., Chicago, IL, USA) and R 3.2.0 for Win-
dows (Free Software Foundation Inc., Boston, MA, USA).

The level of agreement and bias between the CCO-
FloTrac and CCO-PAC were evaluated by the Bland—Alt-
man analysis corrected for repeated measures [21]. The
percentage errors were calculated as 1.96 times the stand-
ard deviation of the bias divided by the mean CO of the
reference method (CCO-PAC). A percentage error of <30%
was considered acceptable [22]. In addition, the Spearman
correlation coefficient was used to evaluate the correlation
between values.

The trending ability of the CCO-FloTrac was assessed
with a four-quadrant plot and a polar-plot analysis. For the
four-quadrant plot, the concordance rate was defined as the
proportion of the number of paired CO changes (ACO) with
the same direction of changes in both methods, which were
present in the upper-right and lower-left quadrants. The cen-
tral-zone data with ACO < +0.5 L min were considered sta-
tistical noise and excluded. After exclusion, a concordance
rate of >90% was considered acceptable [23]. The polar-plot
method, as described by Critchley et al. [24], was methodo-
logically derived from the four-quadrant plot method and is
a more advanced statistical method for evaluating the trend-
ing ability of a CO monitor. This analysis required a data
rotation of the four-quadrant plot by 45° in the clockwise
direction. The angular concordance rate (the percentage of
points within a +30° radial zone), angular bias (the average
angle from the horizontal axis), and radial limits of agree-
ment (the radial zone containing 95% of the total number of
data points) were calculated. The trending ability between
the reference and tested methods was considered to be excel-
lent when the following limits were satisfied: (1) angular
concordance rat >95%, (2) mean angular bias within +5°,
and (3) the radial limits of agreement within +30°.

The areas under the receiver operating characteristic
curve (AUCs) were calculated to compare the detection
ability of the FloTrac system before CPB, after CPB, and
at different extents of ACO (+5, +10, and + 15%) of CCO-
PAC [25]. The AUCs of 0.9-1, 0.75-0.9, and 0.5-0.75 rep-
resented excellent, good, and poor abilities, respectively; an
AUC <0.5 indicated a failed diagnostic value.

To investigate the inadequate CO-discriminating abil-
ity of the 4th FloTrac, the Cohen « coefficient was applied

to evaluate the interrater agreement between CCO-FloTrac
and CCO-PAC. CO was defined as adequate when the value
was within the normal range (4-8 L min), whereas a CO of
<4 L/min was considered inadequate. The extent of agree-
ment among the k values was interpreted according to the
terminology by Landis and Koch [26]; specifically, k¥ > 0.8
indicated excellent agreement, 0.6-0.8 indicated good agree-
ment, 0.4-0.6 indicated moderate agreement, and < 0.4 indi-
cated poor agreement.

For all statistical tests, p <0.05 was considered statisti-
cally significant.

3 Results

Fifty patients were enrolled. Eighteen of them were excluded
due to a new onset cardiac arrhythmia or an intra-cardiac
shunt newly found by trans-esophageal echocardiography
during the surgeries. A total of 32 patients underwent final
analysis; 139 and 130 paired CO measurements were col-
lected before and after CPB. Table 1 presents a list of patient
characteristics.

Figure 2 shows the course of measurement of the CCO-
FloTrac and CCO-PAC. Across both systems, CO was higher
after CPB (p <0.001). The mean CO values measured by the
two methods were closest at T1, at which point the Spearman
correlation coefficient was 0.452 (p=0.018). At other timing
points, the mean value of the CCO-FloTrac was higher than
that of CCO-PAC by approximately 0.3—0.8 L min. Notably,
three intervals revealed different trending directions between
the two methods. First, at T1 and T2, CCO-PAC and the
CCO-FloTrac trended in opposite directions. Second, at T6
and T7, CCO-PAC was unchanged while the CCO-FloTrac
increased. Finally, at T7 and T8, CCO-PAC increased while

Table 1 Patient characteristics (n=32)

Age (years) 65.4+12.5
Gender

Male 18 (56%)

Female 14 (44%)
Body height (cm) 159.4+10.0
Body weight (kg) 64.6+14.8
BMI (kg/m?) 25.1+3.3
Ejection fraction (%) 57.1+16.0
Operation

CABG surgery 17 (53%)

Valve surgery 13 (41%)

CABG + valve surgery 2 (6%)

Data are expressed as mean + standard deviation or number (%)

BMI body mass index, CABG coronary artery bypass grafting
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the CCO-FloTrac values remained at the same mean value
of CO.

Figure 3 shows the Bland—Altman plot. The total calcu-
lated paired CO measurements, mean biases, standard devia-
tions, limits of agreement, and percentage errors were 139
and 130, 0.16 and 0.48 L min, 1.18 and 1.25 L min, —2.15 to
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CCO-FloTrac and CCO-PAC (L/min)

2.47 and —1.97 t0 2.94 L min, and 61.82 and 51.80% before
and after CPB, respectively.

Figures 4 and 5 present a comparison of the trending abil-
ities of the CCO-FloTrac and CCO-PAC. Figure 4 reveals
the four-quadrant plot, and shows that the concordance rates
were 64.10 and 62.16% before and after CPB, respectively.
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Fig. 4 Four-quadrant plot for
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The results of the polar-plot analysis are depicted in Fig. 5.
The angular concordance rates, angular mean biases, and
radial limits of agreement were 30.00 and 38.63%, 17.62°
and —10.04°, —70.69° to 105.93° and —96.73° to 76.30°
before and after CPB, respectively.

Table 2 shows the AUCs. The AUCs of the CCO-FloTrac
were 0.56, 0.52, 0.52, and 0.72 for all, +5, + 10, and + 15%
ACO of CCO-PAC before CPB, respectively, and 0.59, 0.55,
0.49, and 0.46 for all, +5, +10, and + 15% ACO of CCO-
PAC after CPB, respectively.

Table 3 shows the Cohen x coefficient results. A CO of
<4 L/min was considered inadequate. The Cohen «k coef-
ficients were 0.355 and 0.373 before and after CPB, respec-
tively (both p<0.001), and at T1, it was 0.308 (p=0.100).

4 Discussion

Our study reveals that the 4th FloTrac cannot replace the
PAC for CO monitoring in cardiac surgery. Indeed, CPB may
reduce the effectiveness of the 4th FloTrac in CO monitor-
ing. With a precision error exceeding the Critchley criteria
[22] in the Bland—Altman analysis (Fig. 3), this system lacks

Table 2 Areas under the receiver operating characteristic curve
(AUCs), the CCO-FloTrac detecting ability at different ACO extents
of CCO-PAC values

ACO of CCO-PAC CCO-FloTrac detection ability

Before CPB (n=108) After CPB (n=99)

All Poor Poor
(0.56,95% CI 0.45-0.67) (0.59, 95% C1
0.47-0.70)
>+5% Poor Poor
(0.52,95% CI 0.38-0.65) (0.55,95% CI
0.42-0.68)
>+10% Poor Failed
(0.52,95% CI10.32-0.72) (0.49, 95% CI
0.32-0.66)
>+15% Poor Failed
(0.72,95% CI1 0.37-1.00) (0.46, 95% CI
0.26-0.66)

AUC of 0.9-1 represents excellent, 0.75-0.9 as good, 0.5-0.75 as
poor, while <0.5 is failed of diagnostic value

CCO-FloTrac cardiac output measured by the 4th version FloTrac
system, CCO-PAC continuous thermodilution through pulmonary
artery catheter, ACO cardiac output changes, CPB cardiopulmonary
bypass
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Table 3 Cohen’s Kappa

. . Total number CCO-FloTrac CCO-PAC Cohen’s Kappa p-value
Coefficient, the inadequate PR Coefficient
CO-discriminating ability of the <4 >4
4th FloTrac

Before CPB 139 <4 66 19 0.355 <0.001
>4 23 31

After CPB 130 <4 24 12 0.373 <0.001
>4 24 70

Cohen’s Kappa coefficient of > 0.8 represents excellent, 0.6—0.8 as good, 0.4-0.6 as moderate, <0.4 as poor

The 4th FloTrac the fourth version of the FloTrac system, CCO-FloTrac cardiac output measured by the
4th version FloTrac system, CCO-PAC continuous thermodilution through pulmonary artery catheter, CPB

cardiopulmonary bypass

the required accuracy for CO measurement. The four-quad-
rant and polar-plot analyses (Figs. 4, 5) also indicate that the
trending ability of this system for CO measurement is unreli-
able, and the AUCs show that the FloTrac system at different
ACO extents has a poor detection ability (Table 2). Fur-
thermore, the inadequate CO-discriminating ability of the
system was insufficient according to the Cohen k coefficient
analysis (Table 3). Although Fig. 2 shows the closest mean
CO values between the two methods at T1 (immediately
after PAC placement), the correlation (Spearman correlation
coefficient=0.452, p=0.018) and inadequate CO-discrimi-
nating ability (Cohen x coefficient=0.308, p=0.100) of the
system are not statistically acceptable, indicating that even
without surgical influences, the 4th FloTrac is unsuitable
for CO monitoring in patients with cardiovascular diseases
under anesthesia. On the basis of these results, we do not
recommend the use of the 4th FloTrac for CO monitoring
in cardiac surgery.

Schloglhofer et al. [27] reviewed the first, second, and
third versions of the FloTrac system and concluded that all
of them had a large percentage error under both hemody-
namically stable and unstable conditions. Several other stud-
ies have similarly indicated that the CO calculated using
the third version of the FloTrac system may grossly deviate
from that calculated using the PAC under hemodynamically
unstable conditions [17, 19, 20, 28], particularly in patients
with low systemic vascular resistance, high doses of vaso-
pressor therapy, or low CO [29-35]. Edward Lifesciences
improved the software package and released its fourth ver-
sion in May 2014.

In the 4th FloTrac, CO=PR X SD x K, X K, [36], where
PR, SD, and K, and Ky, are the pulse rate, standard devia-
tion of the arterial pressure, and autocalibration factors
as the proprietary algorithm of Edwards, respectively. K,
contains the multivariate polynomial equations of wave-
form variables, such as skewness and kurtosis. Ky, is the
newly added component in the 4th FloTrac, and is inversely
proportional to pressure. After analyzing the vascular tone
based on waveform morphology and patient characteristics
(age, sex, body height, and body weight), K, and K, are
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computed. PR, SD, and K, are calculated every 20 s, and
K, is averaged every minute. Notably, the accuracy of the
4th FloTrac in CO monitoring can be interfered with by: (1)
sudden ACO; factors influencing (2) pulse rate, (3) blood
pressure, or (4) arterial waveform; or (5) patient character-
istics other than age, sex, body height, and body weight. For
example, the anatomic distance between the left ventricle
and the peripheral artery may lead to a time lag for the 4th
FloTrac in CO measurement. This lag may be increased by
the occurrence of sudden, unstable ACO, longer heart-to-
arm length, and impaired vascular quality. Furthermore, the
inability of the peripheral arteries to represent aortic pres-
sure (particularly systolic pressure) [37—41] may also lead to
imprecise CO monitoring by the FloTrac system.

Studies have obtained controversial results with the
4th FloTrac. Ji et al. [42] compared the effects of phe-
nylephrine administration on ACO measured using the
third and fourth versions of the FloTrac system in elec-
tive surgery, and used the Nexfin algorithm (Edwards
BMEYE B.V, Amsterdam, Netherlands) as the reference
method. They concluded that the 4th FloTrac significantly
improved the system’s ability to accurately detect ACO
induced by phenylephrine. However, Hattori et al. [16]
reached a different conclusion. They investigated patients
who underwent cardiac resynchronization therapy (CRT)
and lead implantation surgery, and used three-dimensional
echocardiography (3DE) as the reference method. Their
results demonstrated that CO values measured using the
4th FloTrac had a significantly limited agreement with
those measured through 3DE, and the tracking ability of
the 4th FloTrac was below acceptable limits both after
phenylephrine administration and CRT. Elsewhere, Shih
et al. [43] revealed that the 4th FloTrac does not have
reliable CO measurement and trending abilities in liver
transplantation compared with the CCO-PAC. Suehiro
et al. [36] used bolus thermodilution through the PAC as
a reference method. A clinically irreplaceable discrepancy
was observed between the two methods in CO measure-
ments, but they also determined that the 4th FloTrac had a
nearly clinically acceptable tracking ability (a concordance
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rate of 87.0% in the four-quadrant analysis and an angu-
lar concordance rate of 83.0% in the polar-plot analysis)
after phenylephrine administration in patients who under-
went cardiac surgery. Cho et al. [44] evaluated the per-
formance of the 4th FloTrac in off-pump coronary artery
bypass surgery, and yielded a percentage error of 33.8%
in the Bland—Altman analysis and a concordance rate of
79.5% in the four-quadrant analysis compared with bolus
thermodilution through the PAC. These results highlighted
the limited use of the 4th FloTrac in off-pump coronary
artery bypass surgery.

Based on the results of the present study, the clinical
use of the 4th FloTrac for CO monitoring is not recom-
mended either before or after CPB. CO values are typi-
cally higher after CPB (Figs. 2, 3) because the patient’s
cardiac function improves after surgical interventions and
the use of inotropic agents. (In our study, all patients were
given dobutamine infusion. Some patients needed addi-
tional inotropics such as epinephrine infusion for cardiac
support. The dosage was adjusted according to clinical
condition.) However, a central-to-radial arterial pressure
gradient may occur after CPB, varying from 10 min after
the discontinuation of CPB [45] to sternal closure [46]
and with an incidence ranging from 10 to 72% [47] The
central-to-radial arterial pressure gradient may interfere
with CO measurement by the FloTrac system. During and
after CPB, factors such as hypoperfusion, acidosis, elec-
trolyte imbalance, hemodilution, coagulopathy, surgical
blood loss, hypothermia, prolonged drug clearance, and
altered drug potency [48-52] may affect the vascular tone
and CO. Furthermore, CPB and surgical stress induce a
profound systemic inflammatory response [53, 54], which
also affects the vascular tone. All of the aforementioned
factors can change the arterial waveform morphology and
disturb the CO monitoring ability of the FloTrac system.
This observation might explain the unimproved statistical
outcomes of the 4th FloTrac for CO monitoring after CPB.

The present study has some limitations. First, we
excluded patients with arrhythmia. Although many
patients with various arrhythmias require CO monitor-
ing, the present results may not be applicable to them.
Second, the study patients were not restricted to a single
surgical method. Different surgical processes and multiple
valve conditions may have influenced our results. Third,
to ensure a convenient clinical practice, we used PAC-
originated continuous thermodilution as the CO measure-
ment reference method. Although some studies showed an
unacceptable precision between continuous thermodilu-
tion and bolus thermodilution technique, the current gold
standard for CO measurement, after hypothermic CPB [55,
56], other studies indicated that these two methods are
interchangeable [57, 58].

5 Conclusion

The accuracy, trending ability, and inadequate CO-dis-
criminating ability of the 4th FloTrac in CO monitoring
are not statistically acceptable in cardiac surgery. Even
without surgical stress, the application of the 4th FloTrac
on an anesthetized critically ill patient is not ideal. Fur-
thermore, ACO detection after CPB by this system is not
improved. Therefore, the 4th FloTrac cannot replace the
PAC for CO measurement in cardiac surgery.
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