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Cardiac Output Measurements Based on the Pulse
Wave Transit Time and Thoracic Impedance Exhibit
Limited Agreement With Thermodilution Method
During Orthotopic Liver Transplantation

Aurora Magliocca, MD,*t Emanuele Rezoagli, MD,*+ Thomas Anthony Anderson, PhD, MD,*
Sara Maria Burns, MS,* Fumito Ichinose, MD, PhD,* and Hovig Vatche Chitilian, MD*

g BACKGROUND: Orthotopic liver transplantation (OLT) is characterized by significant intraopera-
tive hemodynamic variability. Accurate and real-time cardiac output (CO) monitoring aids clinical
decision making during OLT. The purpose of this study is to compare accuracy, precision, and
trending ability of CO estimation obtained noninvasively using pulse wave transit time (esti-
mated continuous cardiac output [esCCO; Nihon Kohden, Tokyo, Japan]) or thoracic bioimped-
ance (ICON; Osypka Medical GmbH, Berlin, Germany) to thermodilution cardiac output (TDCO)
] measured with a pulmonary artery catheter.

METHODS: Nineteen patients undergoing OLT were enrolled. CO measurements were collected
with esCCO, ICON, and thermodilution at 5 time points: (T1) pulmonary artery catheter inser-
tion; (T2) surgical incision; (T3) portal reperfusion; (T4) hepatic arterial reperfusion; and (T5)
abdominal closure. The results were analyzed with Bland-Altman plot, percentage error (the
percentage of the difference between the CO estimated with the noninvasive monitoring device
and CO measured with the thermodilution technique), 4-quadrant plot with concordance rate
(the percentage of the total number of points in the | and Ill quadrant of the 4-quadrant plot),
and concordance correlation coefficient (a measure of how well the pairs of observations devi-
ate from the 45-degree line of perfect agreement).

RESULTS: Although TDCO increased at T3-T5, both esCCO and ICON failed to track the changes of
CO with sufficient accuracy and precision. The mean bias of esCCO and ICON compared to TDCO
were —2.0 L/min (SD, £2.7 L/min) and —3.3 L/min (SD, £2.8 L/min), respectively. The percentage
error was 69% for esCCO and 77% for ICON. The concordance correlation coefficient was 0.653
(95% confidence interval [Cl], 0.283-0.853) for esCCO and 0.310 (95% ClI, —0.167 to 0.669) for
ICON. Nonetheless, esCCO and ICON exhibited reasonable trending ability of TDCO (concordance
rate: 95% [95% Cl, 88-100] and 100% [95% CI, 93-100]), respectively. The mean bias was corre-
lated with systemic vascular resistance (SVR) and arterial elastance (Ea) for esCCO (SVR, r = 0.610,
95% Cl, 0.216-0.833, P < .0001; Ea, r = 0.692, 95% Cl, 0.347-0.872; P < .0001) and ICON (SVR,
r=0.573, 95% Cl, 0.161-0.815, P < .0001; Ea, r = 0.612, 95% Cl, 0.219-0.834, P < .0001).
CONCLUSIONS: The noninvasive CO estimation with esCCO and ICON exhibited limited accu-
racy and precision, despite with reasonable trending ability, when compared to TDCO, during OLT.
The inaccuracy of esCCO and ICON is especially large when SVR and Ea were decreased during
the neohepatic phase. Further refinement of the technology is desirable before noninvasive
techniques can replace TDCO during OLT. (Anesth Analg 2018;126:85-92)
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rthotopic liver transplantation (OLT) is associated
Owith significant intraoperative hemodynamic insta-

bility secondary to changes in preload, cardiac func-
tion, and afterload.’® Moreover, patients with end-stage liver
disease often present with elevated cardiac output (CO) and
low systemic vascular resistance (SVR).* In this clinical sce-
nario, an accurate intraoperative assessment of CO can aid
in hemodynamic management. Thermodilution technique

by pulmonary artery catheter (PAC) represents the gold
standard of CO measurement and is considered the stan-
dard intraoperative monitoring of CO in OLT.* However, the
routine use of PAC has been questioned due to its contro-
versial impact on patient outcomes. A meta-analysis of ran-
domized controlled trials failed to find a mortality benefit of
PAC monitoring in critically ill patients.” Furthermore, PAC
is associated with an increased risk of complications.®°
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Noninvasive Hemodynamic Monitoring in Liver Transplantation

A number of devices have been developed to monitor CO
noninvasively, including estimated continuous cardiac output
(esCCO; Nihon Kohden, Tokyo, Japan) and ICON (Osypka
Medical GmbH, Berlin, Germany). The esCCO technology is
based on the pulse wave transit time (PWTT), the time between
electrocardiogram R-wave peak and the pulse oximeter ple-
thysmograph upstroke. PWTT negatively correlates with
esCCO-calculated stroke volume."! The ICON estimates CO
by measuring the changes of thoracic electrical impedance.’
The accuracy of esCCO and ICON, compared to thermodi-
lution cardiac output (TDCO), has been evaluated in clinical
studies, both in surgical and in intensive care unit patients.!>-8
The results are equivocal, requiring further assessment of these
new techniques. One of the most challenging clinical settings
where CO is routinely monitored is liver transplantation sur-
gery. Indeed, OLT is characterized by large intravascular vol-
ume shifts and marked changes in vascular tone.

The purpose of this study is to evaluate accuracy, preci-
sion of agreement, and the trending ability of CO measured
with 2 noninvasive devices (esCCO and ICON) compared
to TDCO with PAC, in patients undergoing OLT.

METHODS

This prospective, method comparison study was con-
ducted at the Massachusetts General Hospital (Boston,
MA) after obtaining approval from the Partners Healthcare
Institutional Review Board. This article adheres to the
Strengthen the Reporting of Observational studies in
Epidemiology (STROBE) statement.!” After obtaining ver-
bal consent, 19 patients undergoing OLT were enrolled. The
inclusion criteria were age >18 years old and the intraopera-
tive use of a PAC. Exclusion criteria were the presence of
acute liver failure, severe pulmonary disease, severe cardiac
disease, persistent arrhythmias, and body weight <40 kg.

Hemodynamic Monitoring and Invasive
Measurements of Cardiac Output With
Pulmonary Artery Catheter

All patients were monitored in accordance with the American
Society of Anesthesiology standards.?’ Intra-arterial blood pres-
sure monitoring was conducted with radial arterial catheters.
Based on the anesthesiologist’s preference, transesophageal
echocardiography was also used in some patients. Following
the induction of general anesthesia, a PAC (Swan-Ganz
Thermodilution AV Paceport Catheter; Edwards Life Sciences,
Irvine, CA) was placed via an introducer in the right internal jug-
ular vein (2 Lumen Central Venous Kit with 9Fr Access Sheath;
Arrow International, Reading, PA). TDCO measurements were
performed by injecting 10 mL isotonic solution at operating
room temperature (65°F) into the central venous port of the PAC
within 4 seconds. At each predetermined time point, TDCO was
recorded as the average of 3 measurements that were within
15% of each other. If the difference between the TDCO measure-
ments exceeded 15%, the injections were repeated to obtain a set
of 3 TDCO measurements within 5 minutes.

Noninvasive Measurements of Cardiac Output
With esCCO and ICON

To measure CO by esCCO, 3 additional noninvasive elec-
trocardiogram leads and 1 dedicated additional pulse
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oximeter finger probe were applied to the patient. The
esCCO system calculates CO according to the formula
esCCO = K x (a x PWTT + B) x HR, where K quantifies
arterial compliance: K = SV/PP (SV = stroke volume,
PP = pulse pressure), a and 3 are experimental constants,
and HR is heart rate. The estimated CO were displayed
on the Nihon Kohden BSM-9101 bedside monitor (Nihon
Kohden) and continuously recorded during all the surgical
interventions. The esCCO system and the BSM-9101 bed-
side monitor were provided by Nihon Kohden. Although
the esCCO technology has been officially approved and
used in 68 countries and regions including European
Union, South Korea, Brazil, and Russia, it has not been
approved by the US FDA for noninvasive measurements
of CO at the time of writing.

The ICON device was connected to the patient via the
application of 4 additional electrocardiogram leads. ICON
estimates CO by measuring the variations of thoracic elec-
trical impedance.? esCCO and ICON were then calibrated,
after entering the biometric data (age, sex, height, weight,
plus a measurement of blood pressure for esCCO). Although
one can calibrate CO estimation with esCCO against TDCO
at the initiation of the measurements, we did not calibrate
esCCO using TDCO in the current study to determine the
ability of esCCO to estimate CO independent of PAC. The
ICON device was provided by Osypka Medical.

With regard to the timing of the CO measurements, con-
current with the display of CO value by thermodilution
after saline injection, CO values of esCCO and ICON values
were recorded. An average of 3 CO measurements for both
esCCO and ICON was considered at each time point.

CO measurements were performed by all 3 techniques
during 5 intraoperative time points: (1) following PAC
insertion (T1); (2) immediately following surgical inci-
sion (T2); (3) at portal reperfusion (T3); (4) at hepatic arte-
rial reperfusion (T4); and (5) at the start of the abdominal
closure (T5). At each time point, hemodynamic data were
collected: systolic (SAP), diastolic (DAP), and mean (MAP)
arterial pressure; HR; central venous pressure (CVP); sys-
tolic, diastolic, and mean pulmonary artery pressure. SVR
[SVR = 80-(MAP — CVP)-TDCO'] and arterial elastance [Ea
= (2-:SAP + DAP)-(3-5V)™'] were calculated. The intraopera-
tive hemodynamic and medical management was at the
discretion of the attending anesthesiologist, without tak-
ing into account the CO measurements performed by the 2
study devices.

Statistical Analysis

Patient characteristics are expressed as mean + SD, median
(25%—75% percentile) or count and proportion. Normality
of data was assessed using the Shapiro-Wilk test. All P val-
ues were 2 sided, and P < .05 was considered statistically
significant. When applicable, P values were appropriately
adjusted for multiple testing. All statistical analyses were
performed using R statistical software (RStudio, version
3.2.2; R Foundation for Statistical Computing, Vienna,
Austria), GraphPad Prism 6 for Mac OS x version 6.0f
(GraphPad Software Inc, La Jolla, CA), and Microsoft
Excel for Mac 2011 version 14.4.7 (Microsoft Corporation,
Redmond, WA).
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Precision of TDCO, esCCO, and ICON

The CO precision error (%) and the least significant change
(%) were calculated for TDCO, esCCO, and ICON at each
time point, as previously reported.'®

Hemodynamic Measures

The pathophysiology of OLT is characterized by a profound
hemodynamic variability during surgery. To describe the
relevant hemodynamic change over time of such a surgi-
cal procedure, repeated measurements 1-way analysis of
variance with Bonferroni correction or Friedman test with
Dunn multiple comparisons test was used to examine dif-
ferences at each time point versus T1 (PAC insertion), as
appropriate. This analysis was applied to all the reported
hemodynamic variables (HR, SAP, DAP, MAP, CVP, sys-
tolic pulmonary artery pressure, diastolic pulmonary
artery pressure, mean pulmonary artery pressure, SVR,
Ea, and the CO measured with thermodilution, ICON, and
esCCO).

To examine differences between CO device measure-
ments, comparisons between TDCO, esCCO, and ICON
were evaluated at each time point using the 1-way analysis
of variance with Bonferroni correction or Kruskal-Wallis test
with post hoc Dunn multiple comparison testing, according
to the data distribution.

Regression Analyses

Scatter plots of CO measurements for TDCO versus esCCO
and TDCO versus ICON were performed at each time point.
Linear regression analyses was performed, and Pearson cor-
relation coefficients (r) with 95% confidence interval (CI)
were reported. Linear regression analyses including all time
points for TDCO versus esCCO and TDCO versus ICON
were performed and correlation coefficients were corrected
for repeated measurements.?'

Agreement Analysis

The agreement between esCCO and ICON with TDCO mea-
surements was assessed using the Bland-Altman method.?
The Bland-Altman analysis is essential to determine infor-
mation on the accuracy and precision of esCCO and ICON.
Accuracy was evaluated studying the Bland-Altman bias.
Precision was assessed examining: (1) The limits of agree-
ment of the Bland-Altman bias, which was calculated as
+1.96 x SD bias; (2) The 95% CI of the upper and lower
limits of agreement of the Bland-Altman bias, which was
calculated as +1.96 x V(3 x s2/n’), where s was the SD of
the measurement differences between the 2 methods, and n”
was the adjusted sample size.”> The adjusted sample size is
calculated utilizing the equationn”=n (1 + p (m - 1)), where
n is the sample size, p is the intraclass correlation coeffi-
cient (ICC), and m is the number of measures per subject.
To account for the repeated observations within each sub-
ject, the Bland-Altman approach for repeated measures was
applied when calculating the bias, standard deviation, and
limits of agreement.” The percentage error (PE) was calcu-
lated as 95% limit of agreement (1.96 x SD from the bias)
divided by the mean CO (calculated as the mean of tested
device and TDCO) times 100. A PE of <30% is suggested to
be acceptable for clinical use.*
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Trending Ability

To evaluate the ability to track changes in CO (trending
ability) of these devices, we performed a 4-quadrant plot
analysis and calculated the linear regression of the CO
change with ICON and esCCO versus the change with
TDCO, as well as the concordance correlation coefficient
(CCC), both accounting for repeated measurements.?*>2
The linear regression correlation coefficients are calculated
through an analysis of variance approach which incorpo-
rates the sum of squares of the subject-level variation.”!
For the CCC calculation, the R package “cccrm” is utilized,
which includes the appropriate ICC as an estimator of the
CCC and uses the variance components from a linear mixed
model.? Changes in CO values in the 4-quadrant plot were
calculated by subtracting CO values at subsequent time
points and implementing an exclusion zone of 0.75 L/min,
which is considered noise.'® We reported the concordance
rate (CR) among the changes (A) of CO between the 5 time
points for ICON and esCCO versus TDCO, which was cal-
culated according to the 4-quadrant plot (proportion of data
points in which both methods demonstrate change of CO
in the same direction). The point estimates and CI for con-
cordance were calculated using a random intercepts model
with subject ID being treated as a random effect. To measure
the precision (r) and accuracy (C,) of the trending ability,
the CCC (CCC =r x C,)) was also calculated, accounting for
repeated measurements and utilizing the variance compo-
nents from a linear mixed model. The appropriate ICC was
used to estimate the CCC through the R package “ccrm.”*26
The CCC ranges from 0 to 1 with higher values indicating
stronger agreement.

Sample Size

We used the repeated measurements Bland-Altman
approach to estimate the mean bias and the limits of agree-
ment around bias.?*?* Although no a priori sample size con-
siderations were made, based on precisions, enrolling 19
participants who are each measured 5 times produces an
expected precision of +1.33 L/min for the limits of agree-
ment while comparing esCCO and TDCO, and an expected
precision of +1.53 L/min for the limits of agreement while
comparing ICON and TDCO.

RESULTS

We enrolled 19 patients undergoing OLT in this prospective,
method comparison study. Clinical and surgical characteris-
tics of the patients are shown in Table 1. Random error of each
technology was reported in Supplemental Digital Content
1, Table, http://links.lww.com/AA/B781. Hemodynamic
measurements at each time point are presented in Table 2. As
shown, there were no significant differences in CVP, MAP,
and mPAP over time, while HR significantly increased at T5
(T5 versus T1, P < .05). Compared to T1, SVR was signifi-
cantly reduced at T4 and T5 (T4 versus T1, P < .05; T5 versus
T1, P < .01) and Ea significantly decreased at T4 and T5 (T4
versus T1, P < .05; T5 versus T1, P < .05). Intraoperative CO
measurements with TDCO, esCCO, and ICON are shown in
Figure 1, Supplemental Digital Content 2, Figure 1, http://
links.lww.com/AA/B782, and Table 2. TDCO significantly
increased at T3 (portal reperfusion) and T4 (hepatic arterial
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reperfusion) with a peak of 50% increase at T5 (abdominal
closure) compared to T1 (T3 versus T1, P < .01; T4 versus
T1, P <.01; T5 versus T1, P < .01). In contrast, neither esCCO
nor ICON showed significant differences in CO measures

Table 1. Clinical Patient Characteristics and

Surgical Procedure (n = 19)

Female, n (%) 6 (32)
Age,y 58+ 8
Weight, kg 89.7 £12.8
Height, cm 171.2 + 10.8
BMI, kg/m? 315
BSA, m? 1.99 (1.96-2.17)
ASA 1I/111/1V, n 1/10/8
MELD score 344
Primary diagnosis
Hepatocellular carcinoma 5]
Cirrhosis HCV related 10
Primary sclerosing cholangitis 1
Primary biliary cirrhosis 1
Graft failure 2
Surgery time, min 319+ 81
Anhepatic time, min 47 £ 13
Estimated blood loss, mL 2250 (500-5075)
RBCs transfusion, units 5+4.5
Patients, n (%) 13 (68)
Blood transfusion from cell salvage, mL 989 + 760
Patients, n (%) 13 (68)
FFR units 6 (4.5-11.3)
Patients, n (%) 14 (74)
Platelets, units 11.5+9
Patients, n (%) 12 (63)
Albumins, mL 1287 + 665
Patients, n (%) 15 (79)
Norepinephrine, n (%) 13 (68)
Epinephrine, n (%) 2 (11)
Vasopressin, n (%) 2 (11)
Phenylephrine, n (%) 11 (58)
Venovenous bypass, n (%) 12 (63)

Data are expressed as mean = SD, median and interquartile ranges (25%—

75% percentile) or count (%), as appropriate.

Abbreviations: ASA, American Society of Anesthesiologists physical status
classification system; BMI, body mass index; BSA, body surface area; FFR
fresh frozen plasma; HCV, hepatitis C virus; MELD, model of end score liver

disease; RBCs, red blood cells.

during the entire surgical procedure. esCCO and ICON
were compared to TDCO per time point. esCCO was sig-
nificant lower at T3 (P < .01), T4 (P < .01), and T5 (P < .001),
while ICON was significantly lower than TDCO at all time
points, even at baseline (T1, P <.01; T2, P <.001; T3, P <.001;
T4, P <.001; T5, P < .0001).

Regression Analyses

Single time point scatter plots for TDCO versus esCCO
(Supplemental Digital Content 3, Figure 2A-E, http://
links.lww.com/AA/B783) and TDCO versus ICON
(Supplemental Digital Content 4, Figure 3A-E, http://
links.Iww.com/AA /B784) were assessed. Linear regression
analyses corrected for repeated measurements including all
the time points (T1-T5) showed moderately strong correla-
tion between TDCO and esCCO (r = 0.733, 95% CI, 0.418-
0.890, P < .0001; Supplemental Digital Content 3, Figure
2F, http://links.lww.com/AA/B783), as well as between
TDCO and ICON (r = 0.659, 95% CI, 0.293-0.856, P < .0001;
Supplemental Digital Content 4, Figure 3F, http://links.
Iww.com/AA/B784).

Accuracy and Precision of Agreement
Bland-Altman analyses were performed considering all
the time points (T1-T5) and corrected for repeated mea-
surements (19 measurements repeated 5 times). The bias
between esCCO and TDCO was -2.0 L/min, and the SD
bias was +2.7 L/min; 95% CI of the limits of agreement
ranged from lower -7.4 + 1.3 L/min to upper 3.3 + 1.3 L/
min (Figure 2A). The bias between ICON and TDCO was
-3.3 L/min, and the SD bias was +2.8 L/min; 95% CI of
the limits of agreement ranged from lower —8.8 + 1.5 L/min
to upper 2.2 + 1.5 L/min (Figure 2B). A bias estimate close
to zero with a narrow CI can be interpreted as highly pre-
cise and accurate agreement between 2 measurements. The
esCCO and ICON devices are reporting lower CO measure-
ments than the TDCO standard, and the CIs reveal about a
5 to 6 L/min range in the precision of these measurements.
PEs of esCCO and ICON were 69% and 77%, respectively.

Table 2. Intraoperative Hemodynamic Data

T T2
HR (beats/min) 63 + 10 70 + 16
SAP (mm Hg) 117 (108-130) 127 (101-139)
DAP (mm Hg) 61+12 64 +14
MAP (mm Hg) 84 +17 88 +18
CVP (cm H,0) 11 (9-16) 12 (8-14)
SPAP (mm Hg) 34 (30-40) 33 (27-38)
dPAP (mm Hg) 14 (11-18) 15 (10-18)
mMPAP (mm Hg) 24 (20-28) 23 (18-27)
SVR (dyn-s-cm-5) 940 (613-1143) 644 (580-1217)
Ea (mm Hg/mL) 1+0.3 1+0.4
TDCO (L/min) 5.5 (4.6-8.4) 7.3 (5.6-9.4)
ICON (L/min) 3.5 (2.9-5.2)° 4.4 (3.9-5.9)¢
esCCO (L/min) 5.2 (4.3-6.3) 5.7 (5.1-6.7)

T3 T4 5
74 + 14 73+14 77 + 147
122 (114-135) 129 (105-142) 127 (108-134)
62+8 62 + 11 61+ 12
87+9 86 + 14 82+ 13
9 (6-11) 9 (6-12) 12 (6-15)
31 (27-37) 31 (26-38) 34 (28-43)
12 (6-14) 10 (8-13) 14 (9-19)

18 (15-25) 18 (16-24) 24 (18-30)
746 (501-901) 604 (509-844) 535 (429-751)°
0.9+0.2 0.8+0.2° 0.8 +0.29
9.6 (7-11.6)° 10.4 (7-11.5)° 11 (7.4-11.8)°
5.6 (3.8-8.7)° 5.4 (4-9.1)° 5.4 (3.9-6.3)°
7.1 (5-8.9)° 6.6 (4.5-8.9)° 6.8 (5.6-9.2)¢

Data are expressed as mean + SD or median and interquartile ranges (25%-75% percentile), as appropriate.

Abbreviations: CVR central venous pressure; DAR diastolic arterial pressure; dPAR diastolic pulmonary artery pressure; Ea, arterial elastance; esCCO, estimated
continuous cardiac output; HR, heart rate; MAR mean arterial pressure; mPAR mean pulmonary artery pressure; SAR systolic arterial pressure; sPAR systolic
pulmonary artery pressure; SVR, systemic vascular resistance; TDCO, thermodilution cardiac output.

ap < .05, °P < .01 versus T1.
°P < .01, 9P < .001, °P < .0001 versus TDCO.
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Trending Ability

The trending ability of these 2 devices is expressed by
the 4-quadrant plot and the CCC (Figure 3). An exclusion
zone of 0.75 L/min was applied, according to the litera-
ture.!® There was a strong correlation between AesCCO and
ATDCO (P <.0001, r = 0.775, 95% CI, 0.496-0.909) and mod-
erate correlation between AICON and ATDCO (P < .0001,
r =0.445, 95% CI, —0.011 to 0.748; Figure 3).

The CCC between AesCCO and ATDCO was 0.653 (95%
CI, 0.283-0.853), whereas the CCC between AICON and
ATDCO was only 0.310 (95% CI, -0.167 to 0.669). The CR
was 95% (95% CI, 88-100) between AesCCO and ATDCO
and 100% (95% CI, 93-100) between AICON and ATDCO
(Figure 3). While the CCCs are modest, the CRs are very
high, indicating good trending ability in both the esCCO
and the ICON devices. As shown in Figure 1, the direction
of agreement is consistent even though the accuracy and
precision are mediocre.

SVR, Ea, and Bias

The bias of noninvasive CO measurement devices (esCCO
and ICON) was correlated with SVR (esCCO: P < .0001,
r = 0.610, 95% CI, 0.216-0.833; ICON: P < .0001, r = 0.573,

O~ TDCO
4l- esCCO
=&~ ICON

CO, L'min""

Figure 1. Intraoperative cardiac output (CO) measurements with the
thermodilution technique (thermodilution cardiac output [TDCO];
circles, black line), estimated continuous cardiac output (esCCO;
squares, red line), and electrical cardiometry (ICON; triangles, blue
line). Data are presented as median with 95% confidence interval.
T4, insertion of pulmonary artery catheter; T2, surgical incision; T3,
portal venous reperfusion; T4, hepatic arterial reperfusion; T5, start
of abdominal closure. *P < .01, versus T1. #P < .01, ##P < .001, and
###P < .0001 versus TDCO.

95% CI, 0.161-0.815). When SVR decreased, the absolute
value of Bland-Altman bias increased for both devices
(Figure 4A and 4B). To assess the vascular load, the Ea was
calculated. There was a strong correlation between the bias
of noninvasive CO and Ea in both devices (esCCO: P <.0001,
r = 0.692, 95% CI, 0.347-0.872; ICON: P < .0001, r = 0.612,
95% CI, 0.219-0.834). The absolute value of Bland-Altman
bias increased as Ea decreased (Figure 4C and 4D). These
results suggest that systemic vasodilation and increased
systemic arterial compliance might worsen the accuracy of
esCCO and ICON.

DISCUSSION
In the current study, we observed that CO measurements
with the noninvasive CO monitors, esCCO and ICON,
were neither accurate nor precise compared to TDCO dur-
ing OLT. However, both esCCO and ICON showed good
trending ability of TDCO. esCCO had a smaller bias (more
accuracy) and narrower limits of agreement (more preci-
sion) than ICON. The ability of esCCO and ICON to track
variations of CO was particularly poor during conditions of
low SVR and high CO. Both SVR and Ea closely correlated
with the bias of esCCO and ICON compared to TDCO.
Although the PEs of both esCCO and ICON were greater
than 30%, as proposed by Critchley and Critchley,? esCCO
showed a lower PE than ICON (48% vs 60%, respectively).
These results are comparable with previous studies com-
paring esCCO to thermodilution.'3?? Results on the com-
parison between ICON and TDCO are conflicting. Some
authors reported that ICON was accurate in critically ill
patients.’® On the other hand, Critchley et al*® showed that
ICON was not accurate when changes in peripheral resis-
tance occurred, consistent with the current observations.
The 4-quadrant plot analysis revealed similar CRs of the
2 tested devices; 95% for esCCO and 100% for ICON, greater
than the accepted minimum limit of 92%, when exclusion
zone >0.75 L/min was applied.’® These findings suggest
that these monitors exhibit high trending ability. To assess
not only accuracy but also precision of the techniques, we
used CCCs. The CR only explores if the direction of change
of the CO calculated by the study devices is in agreement
with the change of the CO measured by TDCO. Instead,
the CCC includes a measure of the deviation of the best-fit
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Figure 3. Four-quadrant plot corrected for
repeated measurements shows changes in car-
diac output (CO) with estimated continuous car-
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!'A min, is shown. Regression lines for AesCCO (con-
4 tinuous black line) and AICON (dashed line) and
5 the identity line (continuous dark gray line) are
. A shown. In light green, concordant CO changes. In
= © - A salmon, discordant CO changes. CCC indicates
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line from the identity line. We found that CCC for esCCO
(0.653) and ICON (0.310) were lower than 0.9 (Figure 3),
which means a poor agreement between the 2 techniques
and TDCO, as suggested by McBride.®

Only few previous published studies assessed the
trending ability of these techniques. In patients undergo-
ing partial hepatectomy, esCCO was found to provide an
acceptable CR of 96%."° However, these authors used an
exclusion zone <0.5 L/min in the 4-quadrant plot analysis,
and they calibrated esCCO against TDCO. In the current
study, we decided not to calibrate the esCCO system inva-
sively with TDCO. While calibration of esCCO with TDCO
is likely to increase the accuracy of esCCO, we sought to
determine the reliability of esCCO independently of TDCO.

Our data showed that in a hyperdynamic state with
uncoupling of flow-pressure relationship (ie, low SVR, with
high CO), esCCO failed to accurately estimate CO compared
to the TDCO. Indeed, the significant correlation between
bias and SVR (P < .0001, r = 0.610) provided an explana-
tion of CO underestimation (Figure 4A). Previous studies
reported an increased esCCO bias at low SVR in intensive
care unit and critically ill patients.'*'” We calculated the Ea
as [Ea = (2 x SAP + DAP) x (3 x SV)'].>! Ea describes the
ability to accomplish the stroke volume and is the recipro-
cal of compliance. esCCO estimates the vascular compliance
(K'=SV x PP1; SV = stroke volume; PP = pulse pressure) at
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CCC=0.310 (95%Cl:-0.167-0.669)
CR=100% (95%CI:93-100)

the time of calibration, using another measurement system
(usually TDCO). When the calibration against TDCO is omit-
ted, as in the current study, the esCCO calculates K from the
patient demographic data, using the formula obtained from
a multiple regression analysis.> The latter was performed
with patient data derived from the multicenter study of
Yamada et al.!® Of note, height and weight of patient popula-
tion in the study by Yamada et al'® were significantly smaller
than those of patients in the current study (mean Aheight
= —11 cm, mean Aweight = —24 kg), casting a doubt about
the appropriateness of the K value used in the current study.
After calibration, the fixed K value is utilized to estimate the
CO according to the formula CO = K x (o0 x PWTT + p) x
HR in esCCO throughout the case. Our results showed that
when Ea decreased significantly, esCCO failed to estimate
CO accurately. Indeed, we found a significant negative cor-
relation between esCCO bias and Ea. The absolute value of
bias increased as Ea decreased (Figure 4C). It seems possible
that accuracy of estimated CO by esCCO increases if the
K value is adjusted in the course of measurements.
Similarly, in the ICON system, which is bioimpedance
based, changes in SVR or Ea can profoundly affect the CO
estimation. Indeed, ICON is based on the assumption that
the volumetric aortic enlargement during systole is directly
related to the blood flow, regardless of the influence of other
factors.”’ When SVR or Ea is significantly decreased, it is

ANESTHESIA & ANALGESIA

Copyright © 2017 International Anesthesia Research Society. Unauthorized reproduction of this article is prohibited.



A B

< 67500001 ~ 67550007

£ 0610 . 0573 A

g 4 95°oCI=0.216-0.83.3 € 4 95%C1=0.161-0.815

_I“ 2 - 2

S Q

a 0 O 0

5 2

o -2 oo -2

Q 5

% -4 @) -4
Figure 4. Linear regression between \(;,/ -6 m 8 -6 ApA~ A
bias and systemic vascular resistance QS .‘ o . Aaa
(SVR) for estimated (A) continuous car- m -8 T T T -0 T T T
diac output (esCCO; red squares) and 0 500 1000 1500 2000 0 500 1000 1500 2000
(B) ICON (blue triangles); (C) linear SVR, dyn-sec-cm™ SVR, dyn-sec:cm®
regression between bias and arterial D
elastance (Ea) for esCCO (red squares) C
and (D) ICON (blue triangles). Cl indi- < 6 . 6
cates confidence interval; TDCO, ther- c pe0.0001 = Ty A
modilution cardiac output. E 4-95%C1=0.347-0.872 é 4-{95%C1=0.219-0.834

- 2 5

== 24 X 7

S Q

A 07 Q 07

H =

O -2 = -27

S o}

Cu)> -4+ &) -4+

K % 6

-6- »n -6
Y 6 ..l %
m '8 .I T T '8 T T T
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0

Ea, mmHg-mL™"

likely that the relationship between the aortic enlargement
and systolic blood flow will change. Accordingly, we found
that the bias of ICON from TDCO became greater when
SVR and Ea decreased (Figure 4B and 4D).

Our study has some limitations. The sample size is small
because we focused on patients undergoing OLT in a sin-
gle hospital. While our patient population was relatively
homogeneous (Table 1), it is still uncertain whether or not
our finding is applicable to other patients undergoing OLT
especially at other institutions. Although we found that the
accuracy and precision of esCCO and ICON are limited
in patients undergoing OLT, it is possible that these non-
invasive CO monitors are more reliable when used in less
demanding clinical scenarios where hemodynamic swing is
minimum.?® However, we chose to examine these devices
in the cases with the highest acuity when continuous CO
monitoring will be most useful to clinicians and limitation
of their reliability is likely to be exposed.

In conclusion, the noninvasive CO estimation with
esCCO and ICON exhibited limited accuracy and preci-
sion, despite with reasonable trending ability, when com-
pared to TDCO during OLT. esCCO is more accurate and
precise than ICON, but both of them exhibited insufficient
agreement with TDCO. These results suggest that both
techniques are not clinically interchangeable with thermo-
dilution-based CO measurements during OLT. Our results
also suggest that the drastic change in SVR and Ea might
play a contributing role on the inaccuracy of the esCCO and
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ICON. The refinement of the current technologies focusing
on the inclusion of SVR or Ea changes in the CO calcula-
tion may be warranted, to make noninvasive CO estimation
more reliable during surgery characterized by profound
intraoperative hemodynamic instability. §&
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