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Abstract To study agreement in cardiac index (CI),
systemic vascular resistance index (Systemic VRI) and
stroke volume variation (SV variation) between the Flo-
Trac/Vigileo at radial and femoral arterial cannulation
sites, and pulmonary artery catheter (PAC) thermodilution,
in patients undergoing orthotopic liver transplantation. A
prospective observational study of 25 adult patients with
liver failure. Radial and femoral arteries were cannulated
with standardised FloTrac/Vigileo arterial transducer kits
and a PAC was inserted. CI, SV variation and Systemic
VRI were measured four times (30 min after induction of
anesthesia, 30 min after portal vein clamping, 30 min after
graft reperfusion, 30 min after commencement of bile duct
anastomosis). The bias, precision, limits of agreement
(LOA) and percentage errors were calculated using Bland—
Altman statistics to compare measurements from radial and
femoral arterial cannulation sites and PAC thermodilution.
Neither radial nor femoral CI achieved acceptable agree-
ment with PAC CI [radial to PAC bias (SD) 1.17 (1.49) L/
min/m>, percentage error 64.40 %], [femoral to PAC bias
(SD) —0.71 (1.81) L/min/m?, percentage error 74.20 %].
Agreement between radial and femoral sites for CI [mean
difference (SD) —0.43 (1.51) L/min/m?, percentage error
70.40 %] and Systemic VRI [mean difference (SD) 0.03
(4.17) LOA £8.17 mmHg min m2/L] were also unaccept-
able. Agreement in SV variation between radial and
femoral measurement sites approached a clinically

D4 Matthew Lee
matt.lee.bne@gmail.com

Department of Anaesthesia, Austin Hospital, 145 Studley
Road, Heidelberg, Melbourne, VIC 3084, Australia

Faculty of Medicine, Dentistry and Health Sciences, The
University of Melbourne, Melbourne, Australia

acceptable threshold [mean difference (SD) 0.68 (2.44) %),
LOA £4.78 %]. FloTrac/Vigileo CI cannot substitute for
PAC thermodilution CI, regardless of measurement site.
SV variation measurements may be interchangeable
between radial and femoral sites for determining fluid
responsiveness.

Keywords Cardiac output - Precision - Accuracy -
Hemodynamics

1 Introduction

The maintenance of hemodynamic stability and organ
perfusion is a vital component of anesthetic care during
orthotopic liver transplantation (OLTx). This challenge is
increased in patients with the associated complex inter-
current illness and circulatory derangement that accom-
pany liver failure. Very wide ranges in all haemodynamic
variables occur frequently and CIs ranging from 2 to 12 L/
min/m? have been observed. The pulmonary artery catheter
has commonly been used for the intraoperative measure-
ment of CI to guide clinical decision-making. Interest in
less-invasive methods of CI measurement has led to a
variety of technologies and devices becoming available.
One such device is the FloTrac/Vigileo (Edwards Life-
sciences, USA), which uses the arterial pulse pressure
waveform from an arterial cannula to estimate stroke vol-
ume, along with stroke volume variation (SV variation) as
an index of volume status and fluid responsiveness. In
common with other pulse-pressure derived measurement
devices, it delivers a stroke volume and CI measurement on
a beat-to-beat basis. However, unlike some of these other
devices it does not require an initial calibration manoeuvre
and does not stipulate the required site of the arterial line
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placement, thereby permitting measurement from either
radial or femoral arteries.

In a recent study, we reported that poor agreement in
pulse pressure measurements was observed from arterial
lines placed at the radial and femoral arteries in patients
with liver failure undergoing liver transplantation surgery
[1]. Given that FloTrac/Vigileo estimates CI from the
arterial pulse pressure waveform, we hypothesised that
poor agreement between radial and femoral pulse pressures
would lead to poor agreement in SV and CI estimates. This
has important implications for anesthetic practice, as the
inaccurate estimation of CI could lead to inappropriate
fluid and vasoactive drug administration.

In this prospective, observational study, we recorded
arterial pressure derived measurements by the FloTrac/
Vigileo at radial and femoral arteries to measure any
clinically significant differences and to establish whether
SV and CI measurement at the two sites can be used
interchangeably. Comparison of CI from both sites was
also made with pulmonary artery catheter bolus thermod-
ilution CI as a reference standard. Agreement in SV vari-
ation between the two measurement sites was also
investigated.

2 Methods

The study was approved by the local Human Research
Ethics Unit (approval number H2012/04546). All proce-
dures performed in studies involving human participants
were in accordance with the ethical standards of the insti-
tutional and/or national research committee and with the
1964 Helsinki declaration and its later amendments or
comparable ethical standards. The severity of the liver
disease making the transplant necessary was assessed by
the Model for End-Stage Liver Disease (MELD) score,
United Network for Organ Sharing (UNOS) modification
[2]. Inclusion criteria were adult patients (age >18 years),
undergoing orthotopic liver transplantation for liver failure.
Exclusion criteria were any contraindication or technical
barriers to successful radial and femoral arterial cannula-
tion or pulmonary arterial catheter insertion, liver trans-
plantation for indications other than liver failure (MELD
score <10), and the need for veno-venous bypass. The
study was conducted between 22nd March 2012 and 30th
September 2013.

Induction of anesthesia consisted of a balanced tech-
nique combining intravenous midazolam 0.02-0.03 mg/kg,
propofol 1-3 mg/kg, fentanyl 1-2 mcg/kg and a neuro-
muscular blocker. Anesthesia was maintained with isoflu-
rane at inspired concentrations of 0.5-1.5 MAC in a 50 %
oxygen-air balance and an infusion of fentanyl 2-5 mcg/
kg/h. Ventilation was via a low flow circle breathing
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system with the ventilator set to provide a tidal volume of
7-8 ml/kg using volume control mode without positive end
expiratory pressure. The end tidal partial pressure of carbon
dioxide measured by capnography was maintained between
30 and 40 mmHg. Routine monitoring included continuous
electrocardiography, pulse oximetry and capnography. In
accordance with routine practice in our centre, invasive
radial artery and femoral artery pressure, central venous
pressure, pulmonary artery pressure, mixed venous
oximetry, urine output and core body temperature moni-
toring were established after induction of anesthesia. A
vasopressor infusion of intravenous noradrenaline was
administered according to routine practice at a rate deter-
mined by the attending anesthesiologist on the basis of
patient hemodynamics (arterial pressure, cardiac output
and ventricular preload).

Radial and femoral arteries were cannulated with iden-
tical 18gauge, 18 cm long arterial catheterization sets
(Leader-Cath, Laboratoires Pharmaceutiques, Vygon,
Ecouen, France). The two catheters were connected to
identical FloTrac transducers with identical connecting
tubing of a standard 180 cm length. The FloTrac trans-
ducers were connected to separate EV1000 Clinical Plat-
forms (Edwards Lifesciences) using the 3rd generation
Vigileo software, the most current software version at the
time. Patient data (age, sex, body weight and height) was
entered into each clinical platform and the systems cali-
brated to atmospheric pressure according to standard
practice (“zeroed”). Transducers for each system were
mounted, side-by-side, on a manifold at the mid-axillary
line level. The square wave test was performed after initial
setup and at each subsequent measurement time point to
confirm that the damping and dynamic responses of the two
pressure measurement systems were similar.

A pulmonary artery catheter was inserted (CCOmbo,
Edwards Lifesciences, Irvine, CA, USA). CI was measured
by bolus thermodilution (PAC CI) by averaging the results
of three consecutive thermodilution measurements within a
3-min time interval. Thermodilution was performed using
10 mL room temperature saline injected in <4 s. The
measurements were accepted if the thermodilution curve
showed a typical morphology without indication of
artefact.

CI obtained from the radial and femoral sites (R CI and
F CI), and SV variation and Systemic VRI at each site were
recorded during clinical steady state conditions (where
mean arterial pressure varied by <10 % over the preceding
3 min). This was done at four time points: 30 min after
skin incision (Time point 1), 30 min after portal vein
clamping (Time point 2), 30 min after liver graft reperfu-
sion (Time point 3) and 30 min after commencement of
bile duct anastomosis (Time point 4). Arterial pressure
waveform CI was updated every 20 s and was averaged
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over the steady state period corresponding with the PAC CI
measurements.

The primary endpoint was the difference between R CI
and F CI for all measurements across the four time points
(“overall”). Bias, limits of agreement (LOA) and per-
centage errors were calculated using the Bland and Altman
method with correction for multiple measurements. Bias
represents the systematic difference between both methods
and was calculated as the mean difference between mea-
surements. Precision represents the random error or vari-
ability in agreement between the two techniques and was
calculated as the standard deviation (SD) of the difference.
The LOA represent the range in which 95 % of the dif-
ferences between methods are expected to lie as was cal-
culated as the bias £ 1.96SD. The percentage error was
calculated as LOA divided by the mean [3, 4]. In accor-
dance with the standard of Critchley and Critchley, CI
measurements were considered interchangeable if the per-
centage error was <30 % [5]. Concordance in CI mea-
surements was also examined, where the concordance rate
is the proportion of data points that are in two of the four
quadrants of agreement (upper right and lower left) with a
central exclusion zone of equal or <15 % change in mea-
surement from both devices or cannulation sites. Good
concordance was considered to be a concordance rate of
>92 % [6].

The secondary endpoints were the differences between
radial and femoral CI and PAC CI obtained from ther-
modilution, and the differences between radial and femoral
SV variation and Systemic VRI. We also examined the
relationships between MELD score as an index of disease
severity and agreement between these variables. Student’s
t test was used to determine the statistical significance of
differences in normally distributed continuous variables
(CI, SV variation, Systemic VRI and MELD score), and the
Wilcoxon sign rank test was used for non-normal data. A
probability (p) value <0.05 was considered statistically
significant, with Bonferroni correction for multiple mea-
surements. Statistical analysis was conducted on Microsoft
Excel 2008 and Stata (Statacorp). Bland and Altman
comparisons were conducted and computed with Lab-
VIEW (National Instruments, Austin, Texas, USA).

3 Results

25 eligible patients were enrolled in our study. 9 were
female and 16 were male. The mean (SD) age was 46
(11.8) years, weight was 81 (19.8) kg, height was 172
(7.5) cm, and body surface area was 1.96 (0.3) m?. Indi-
cations for OLTx were hepatitis C cirrhosis (n = 10),
alcoholic cirrhosis (n = 3), non-alcoholic steatohepatitis
(n = 3), autoimmune hepatitis (n = 2), primary sclerosing

cholangitis (n = 2), cryptogenic cirrhosis (n = 2), hepati-
tis B cirrhosis (n = 1), liver failure from chronic graft
rejection (n = 1), and hepatic abscesses with septic shock
(n = 1). The average MELD score was 24/40 (7.2). 7 right
radial arterial lines and 10 right femoral arterial lines were
inserted. All other arterial lines were left sided. All patients
received a noradrenaline infusion [mean 4.6 (5.0) mcg/
min]. The mean (SD) and ranges of noradrenaline infusion
rates were as follows. At Time point 1, 0.23 (0.44) mcg/
min, range 0-1.5 mcg/min. At Time point 2, 4.31
(4.45) mcg/min, range 0.5-16mcg/min. At Time point 3,
7.80 (5.14) mcg/min, range 0-20 mcg/min. At Time point
4, 6.12 (4.91) mcg/min, range 0-22mcg/min. No patients
were administered adrenaline or phenylephrine.

R CI values ranged from 1.60 to 10.60 L/min/m? [mean
3.95, (1.19) L/min/m2]. F CI values ranged from 2.00 to
14.50 L/min/m® [mean 4.49, (1.75) L/min/m?]. PAC CI
ranged from 2.00 to 8.20 L/min/m? [mean 5.12 (1.58) L/
min/m?]. The bias between R CI and F CI was —0.43 L/
min/m? and 95 % LOA were 42.96 L/min/m? (Fig. 1).
The percentage error was 70.4 % (Table 1).

Neither R CI nor F CI achieved a clinically accept-
able agreement with PAC CI. The bias between R CI and
PAC CI was —1.17 L/min/m* and 95 % LOA were
+2.92 L/min/m? (Fig. 1). The percentage error was
64.40 % (Table 1). The bias between F CI and PAC CI was
—0.71 L/min/m” and 95 % LOA were +3.55 L/min/m’.
The percentage error was 74. 20 %. Acceptable concor-
dance between radial, femoral and pulmonary artery
catheter measurements sites was not achieved. A total of 73
paired measurements were obtained for each comparison.
The concordance rate between delta R CI and delta F CI
was 48 % (30/63). The concordance rate between delta R
CI and delta PAC CI was 63 % (44/70). The concordance
rate between delta femoral CI and delta PAC CI was 57 %
(39/69). The data is displayed graphically on four quadrant
plots (Fig. 2).

Radial SV variation values ranged from 1 to 27 %
[mean 8.56 (4.79) %]. Femoral SV variation values ranged
from 2 to 21 % [mean 7.91, (4.54) %]. The bias between
radial and femoral SV variation was 0.68 and 95 % LOA
were +4.78 % (Fig. 3 and Table 2).

Radial systemic VRI values ranged from 4.55 to
31.70 mmHg min m?L [mean 11.87 (5.24) mmHg min
m?*/L]. Femoral Systemic VRI values ranged from 5.06 to
31.96 mmHg min m?L [mean 12.93 (5.52) mmHg min
m?/L]. The bias between radial and femoral Systemic VRI
was 0.03 mmHg min m%L and 95 % LOA were + 8.17
mmHg min m*/L (Fig. 4 and Table 3).

There was no correlation between F CI to PAC CI dif-
ference and femoral Systemic VRI (r = 0.08). There was
moderate correlation between R CI difference to PAC CI
difference and radial Systemic VRI (r = 0.58). There was
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no correlation between Systemic VRI and MELD score (for
the femoral site, r = 0.02; for the radial site, r = 0.01).

4 Discussion

In this prospective observational study, our findings were
consistent with the hypothesis that there is unacceptably
poor agreement between radial and femoral sites in the
measurement of CI using the FloTrac/Vigileo pulse pres-
sure waveform analysis system in adults undergoing liver
transplantation. In addition, agreement of either radial or
femoral measurement of CI with bolus thermodilution via a
PAC was equally poor. The percentage errors in all cases
greatly exceeded the 430 % criterion for acceptability
suggested by Critchley and Critchley [5]. The observed
percentage errors were also much wider than those found
for a variety of technologies in a recent meta-analysis of
the precision of minimally invasive devices for cardiac
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output measurement, which ranged between 40 and 45 %
when compared with bolus thermodilution [7, 8].

The poor precision of agreement between F CI and R CI
relates to the wide and unpredictable difference in both
systolic and pulse pressure measured at the two cannulation
sites we previously reported in this patient sample [1].
Similar to other techniques based on pulse pressure anal-
ysis, the FloTrac/Vigileo system uses the area under the
pulse pressure curve to estimate changes in stroke volume.
Unlike some other systems, such as PiCCOTM, a calibra-
tion manoeuvre is not required for the FloTrac/Vigileo. The
manufacturer’s proprietary algorithm uses the skewness
and kurtosis of the pulse pressure waveform among other
variables to estimate baseline stroke volume. Previous
reviews of the accuracy and precision of the device have
included little data from patients with vasodilated circula-
tory derangement, and reliable estimation of stroke volume
and CI has proven particularly difficult in this patient group
when clinical reference standards such as thermodilution
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Table 1 Cardiac index measurements and measures of agreement at four surgical time points and overall

Time point (T) Mean difference (L/min/m?) SD (L/min/m?) Limits of agreement (L/min/m?) Percentage error (%)  p values
Radial versus femoral cardiac index
1 —0.01 1.52 —2.99 to0 2.97 0.9316
2 —0.68 1.30 —3.23 to 1.87 0.0101*
3 —0.69 1.59 —3.81 to 2.43 0.0282
4 —0.76 2.55 —5.76 to 4.24 0.1063
Overall —0.43 1.51 —3.39t0 2.53 70.40 0.0009%*
Radial versus pulmonary artery catheter cardiac index
1 —0.89 1.25 —3.34 to 1.56 0.0036*
2 —0.92 1.26 —3.39 to 1.55 0.0022%*
3 —1.04 1.77 —4.51 to 2.43 0.0068*
4 -1.59 1.71 —4.94 to 1.76 <0.0001°*
Overall -1.17 1.49 —4.09 to 1.75 64.40 <0.0001°*
Femoral versus pulmonary artery catheter cardiac index
1 —0.89 1.77 —4.36 to 2.58 0.0288
2 —0.24 1.63 —3.43 t0 2.95 0.9203
3 —-0.4 1.94 —4.20 to 3.40 0.2259
4 —0.87 3.06 —6.87 to 5.13 0.0005%*
Overall —0.71 1.81 —4.26 to 2.84 74.20 <0.0001%*

Statistically significant differences determined by Student’s t test with Bonferroni correction for multiple sampling are indicated by the asterisk
()

T1 30 min after skin incision, 72 30 min after portal venous clamping, 73 30 min after graft reperfusion, 74 30 min after commencement of bile

duct anastomosis

are used as the comparator [8, 9]. In particular, there is
conflicting evidence on the accuracy of FloTrac/Vigileo in
the setting of liver transplantation surgery [10-14], cardiac
surgery [15-18], and critically ill patients on vasoactive
drugs [19-21]. Our study, by collecting data simultane-
ously at two measurement sites, demonstrates that the
measurement of stroke volume and CI by FloTrac/Vigileo
is prone to internal inconsistency as well as poor agreement
with an external reference method. This reflects differences
in the amplitude and shape of the arterial pressure wave-
form at different cannulation sites, and the ability of the
algorithm employed by FloTrac/Vigileo to impute stroke
volume from these in a consistent fashion. This is impor-
tant, as the manufacturer of the FloTrac/Vigileo does not
stipulate a particular arterial cannulation site for use of the
device.

The difference between radial and femoral pulse pres-
sure measurements that accompanied these measurements
of CI and stroke volume by the FloTrac/Vigileo may
involve factors such as arterial diameter, elastance and
resistance, and different microcirculation characteristics in
the upper and lower limbs. The underlying mechanisms
were outside the scope of our study and remain a topic for
further investigation. However, it is important to note that
these differences were unpredictable as well as substantial,

with a mean bias (standard deviation) of —13.5
(25.5) mmHg [1]. While radial pulse pressure measure-
ments tended to underestimate those from the femoral site,
the wide LOA (£50 mmHg) made it impossible to reliably
predict femoral from radial pulse pressure or systolic
pressure. This is reflected in the wide LOA between F CI
by R CI in the current study (Table 1). Similarly, predic-
tion of PAC CI from either F CI or R CI is not possible in
any given patient (Tables 2 and 3). There was little indi-
cation that severity of liver disease, as measured by MELD
score, predicted the degree of lack of agreement between
the various measurements sites. Since the completion of
our study, Edwards Lifesciences has released the 4th gen-
eration FloTrac software, which is marketed as rapidly
adjusting to changes in vascular tone in a studied cohort
that includes moderate to high-risk surgical patients, and
this warrants further validation in vasodilated states in a
similar fashion to the current study.

In contrast, despite the known differences in waveform
characteristics between peripheral and central arteries in a
variety of settings [22-25], our study found that agreement
in SV variation between radial and femoral measurement
sites was better than for CI and lies closer to a clinically
acceptable threshold. Because of its derivation from the
pulse pressure waveform, SV variation from the FloTrac/
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Fig. 2 Four quadrant concordance plots for cardiac index change
using paired measurements from radial and femoral artery FloTrac/
Vigileo, and pulmonary artery catheter sites. Data was excluded if the
delta CI from both measurement devices/cannulation sites was

Vigileo is closely correlated to pulse pressure variation [26,
27]. For SV variation, an acceptable LOA may be con-
sidered to be £4 %, based upon a 9-13 % “grey zone”
described for pulse pressure variation by Cannesson et al.
[28]. These authors showed that pulse pressure variation
lying between these limits did not discriminate fluid
responders from non-responders in a large sample of
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y =0.3578x + 5.7201
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<15 %. The exclusion zone is indicated by the grey square along
with the best fit regression line and the square of the correlation
coefficient R

ventilated patients. The LOA in our study were £4.78 %,
meaning that the imperfect agreement between radial and
femoral SV variation would result in approximately 6 % of
measurements misclassifying a patient as fluid responsive
when they are fluid unresponsive. This error is relatively
small and would not preclude FloTrac/Vigileo from being
used to determine patient fluid responsiveness. Agreement
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Table 2 Stroke volume

variation measurements and Time point (T) Mean difference (%) SD (%) Limits of agreement (%) p values
measures of agreement at four 1 1.18 223 ~3.19 10 5.55 0.0076*
surgical time points and overall
2 0.38 2.24 —4.01 to 4.77 0.2786
3 0.38 2.28 —4.09 to 4.85 0.4547
4 0.59 2.11 —3.55t04.73 0.0648
Overall 0.68 2.44 —4.10 to 5.46 0.0016%*

Radial versus femoral stroke volume variation

T1 30 min after skin incision, 72 30 min after portal venous clamping, 73 30 min after graft reperfusion, 74
30 min after commencement of bile duct anastomosis

Fig. 4 Bland-Altman plots
showing systemic vascular
resistance index in paired
measurements from radial and
femoral artery sites plotted
against the average of the paired
measurements
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Table 3 Systemic vascular resistance index measurements and measures of agreement at four surgical time points and overall

Time Point (T) Mean difference (mmHg min m?/L) SD (mmHg min m?/L) Limits of agreement (mmHg min m?/L) p values
1 1.31 4.92 —8.33 to 10.95 0.2713
2 —0.36 4.10 —8.40 to 7.68 0.4929
3 —-0.73 3.67 —7.92 to 6.46 0.1985
4 —0.11 4.00 —7.95 to 7.73 0.7751
Overall 0.03 4.17 —8.14 to 8.20 0.7967

Radial versus femoral systemic vascular resistance index

T1 30 min after skin incision, 72 30 min after portal venous clamping, 73 30 min after graft reperfusion, 74 30 min after commencement of bile

duct anastomosis
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in SV variation measurements from radial and femoral
arteries in patients undergoing liver transplantation has not
been extensively studied and the results have been con-
flicting. A study by Kim et al. [29] demonstrate high cor-
relation (r = 0.961) between radial and femoral
SV variation but was limited by averaging SV variation
over a period of 3 min, which would have reduced vari-
ability. Conversely, Thiele and colleagues found systolic
pressure variation and pulse pressure variation to be rela-
tively dependent on the site at which they were measured,
in contrast to frequency domain-based estimates of respi-
ratory variation [30]. The smaller degree of disagreement
between sites in SV variation, as opposed to CI measure-
ment, reflects the fact that SV variation is calculated from
relative change in pulse pressure induced by ventilation,
and this is likely to be less affected by discrepancies in
absolute pulse pressure and in the shape of the arterial
waveform measured between the two sites.

In conclusion, in adults undergoing liver transplantation,
FloTrac/Vigileo arterial pulse pressure derived CI cannot
be substituted for bolus thermodilution CI, regardless of
measurement site. In addition, poor agreement in CI mea-
surements between radial and femoral cannulation sites,
which arises from underlying poor agreement in arterial
pulse pressure, means that the two measurement sites are
not interchangeable for CI. However, SV variation mea-
surement between the two sites may be interchangeable.
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