
R E S E A R C H Open Access

© The Author(s) 2023. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, 
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The 
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available 
in this article, unless otherwise stated in a credit line to the data.

Cho et al. BMC Anesthesiology          (2023) 23:359 
https://doi.org/10.1186/s12871-023-02302-x

BMC Anesthesiology

†Hye-Yeon Cho and Ho-Jin Lee contributed equally to the work.

*Correspondence:
Seong-Mi Yang
seongmi.yang@gmail.com
1Department of Anesthesiology and Pain Medicine, Seoul National 
University College of Medicine, Seoul, Republic of Korea

2Department of Anesthesiology and Pain Medicine, Nowon Eulji Medical 
Center, Eulji University, Seoul, Republic of Korea
3Department of Anesthesiology and Pain Medicine, Seoul National 
University Hospital, Seoul, Republic of Korea
4Department of Anesthesiology and Pain Medicine, Asan Medical Center, 
88, Olympic-ro 43-gil, Songpa-gu, Seoul 05505, Republic of Korea

Abstract
Background Based on the controversy surrounding pulmonary artery catheterization (PAC) in surgical patients, 
we investigated the interchangeability of cardiac index (CI) and systemic vascular resistance (SVR) measurements 
between ClearSight™ and PAC during living-donor liver transplantation (LDLT).

Methods This prospective study included consecutively selected LDLT patients. ClearSight™-based CI and SVR 
measurements were compared with those from PAC at seven LDLT-stage time points. ClearSight™-based systolic 
(SAP), mean (MAP), and diastolic (DAP) arterial pressures were also compared with those from femoral arterial 
catheterization (FAC). For the comparison and analysis of ClearSight™ and the reference method, Bland-Altman 
analysis was used to analyze accuracy while polar and four-quadrant plots were used to analyze the trending ability.

Results From 27 patients, 189 pairs of ClearSight™ and reference values were analyzed. The CI and SVR performance 
errors (PEs) exhibited poor accuracy between the two methods (51.52 and 51.73%, respectively) in the Bland-
Altman analysis. CI and SVR also exhibited unacceptable trending abilities in both the polar and four-quadrant plot 
analyses. SAP, MAP, and DAP PEs between the two methods displayed favorable accuracy (24.28, 21.18, and 26.26%, 
respectively). SAP and MAP exhibited acceptable trending ability in the four-quadrant plot between the two methods, 
but not in the polar plot analyses.

Conclusions During LDLT, CI and SVR demonstrated poor interchangeability, while SAP and MAP exhibited 
acceptable interchangeability between ClearSight™ and FAC.
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Background
Hemodynamic instability frequently occurs during liver 
transplantation due to its surgical features, which include 
massive bleeding, manipulations of major vessels, and 
reperfusion of liver graft, as well as the recipient’s fea-
tures, such as reduced systemic vascular resistance 
(SVR) and ventricular response [1]. Therefore, pulmo-
nary artery catheterization (PAC) for continuous hemo-
dynamic monitoring has traditionally been used in liver 
transplantation [2, 3]. However, PAC is an invasive proce-
dure that potentially causes severe complications during 
its insertion or maintenance, such as pulmonary artery 
injury and ventricular arrhythmia [4]. Thus, its utility in 
surgical patients remains controversial, requiring a less-
invasive hemodynamic monitoring method [5–8].

Several non-invasive hemodynamic monitoring tech-
niques have been studied in various perioperative set-
tings [9, 10]. In liver transplantation, several comparative 
studies have compared non-invasive cardiac output (CO) 
monitoring with thermodilution measurement via a PAC; 
however, these studies failed to yield satisfactory accu-
racy [11–15]. ClearSight™ (Edwards Lifesciences, Irvine, 
CA, USA) is a continuous, non-invasive finger-cuff arte-
rial pressure monitoring device that uses photoplethys-
mographic technology [16] and enables the continuous 
measurement of CO through arterial pulse waveform 
analysis [9, 10, 16]. Previous studies have reported that 
finger arterial pulse analysis displays clinically acceptable 
interchangeability with conventional invasive hemody-
namic monitoring in cardiac surgery and intensive care 
[17–19].

However, in liver transplantation, the interchangeabil-
ity between ClearSight™ and conventional invasive hemo-
dynamic monitoring has not yet been reported. Thus, we 
aimed to investigate their interchangeability by compar-
ing hemodynamic variables, such as the cardiac index 
(CI), SVR, and blood pressure, obtained from ClearSight™ 
with those from conventional invasive hemodynamic 
monitoring via PAC and femoral arterial catheteriza-
tion (FAC) during liver transplantation. We expect our 
results from liver transplantation to also provide valuable 
information regarding the usefulness of ClearSight™ in 
other major surgeries that are potentially complicated by 
hemodynamic instability.

Methods
Patients
This single-center, prospective, observational study was 
approved by our institutional review board (IRB No.2104-
037-1209) and registered on the ClinicalTrials registry 
(NCT04909645; date of registration: 02/06/2021). This 
study was conducted in accordance with the principles of 
the 2013 Helsinki Declaration and followed good clinical 
practice guidelines. Patients who underwent scheduled 

living-donor liver transplantation (LDLT) were enrolled 
consecutively between May and December 2021. All 
patients received both verbal and written explanations 
of the trial and provided written informed consent. We 
excluded patients with persistent arrhythmias and a his-
tory of upper-extremity artery occlusion. Patients who 
had a perm catheter in the right internal jugular vein as 
well as contraindications for PAC [4], such as right-sided 
endocarditis, tumors, right-sided valve disease, and left 
bundle branch block, were also excluded.

Anesthetic management
After routine vital monitoring, general anesthesia was 
induced using a bolus injection of propofol (1.0–2.0 mg/
kg) and a target-controlled infusion of remifentanil. 
Tracheal intubation was performed following adequate 
muscle relaxation achieved through the administration 
of rocuronium (1.2  mg/kg). Subsequently, volume-con-
trolled ventilation was initiated at a tidal volume ranging 
from 6 to 8 mL/kg without the use of positive end-expira-
tory pressure while maintaining a fraction of inspiratory 
oxygen between 0.4 and 0.6. Anesthesia was maintained 
using sevoflurane and remifentanil. After inserting a 
31-mm 20-gauge catheter (SuperCath™ 5, Medikit Co., 
Ltd., Tokyo, Japan) into the right radial artery, continu-
ous arterial pressure monitoring was initiated, and a 
ClearSight™ monitor (Edwards Lifesciences, Irvine, CA, 
USA) was attached to the ipsilateral middle finger to 
measure CO and blood pressure using an EV1000™ moni-
tor (Edwards Lifesciences, Irvine, CA, USA). Addition-
ally, femoral arterial pressure monitoring was initiated 
after inserting a 3-French 8-cm catheter (Arterial Leader 
Cath, Vygon, Ecouen, France) into the right femoral 
artery. A pulmonary artery (PA) catheter (Swan Ganz 
CCOmbo CCO/SvO2™; Edward Lifesciences LLC, Irvine, 
CA, USA) was inserted through the right internal jugu-
lar vein. The tip of the PA catheter was confirmed to be 
correctly positioned in lung zone 3 using the pulmonary 
artery waveform, with the PA wedge pressure lower than 
the PA diastolic pressure. In addition, chest radiography 
was taken after the anesthetic induction. The PA cathe-
ter was connected to a Vigilance™ hemodynamic moni-
tor (Edwards Lifesciences) to measure central venous 
pressure (CVP), CO, and CI. The pressure transducers 
(ClearSight™, pulmonary artery, CVP, femoral artery, 
radial artery) were zero-referenced to the right heart 
level. The ClearSight™ underwent auto-repeated self-
calibration, while the Vigilance™ system was calibrated 
through pulmonary arterial blood sampling after con-
firming the PA catheter’s placement. And a fast flush test 
was conducted at 10-minute intervals to assess the qual-
ity of the femoral and radial arterial waveforms. Based on 
the attending anesthesiologist’s judgment, vasopressors 
(ephedrine, epinephrine, phenylephrine, vasopressin, and 



Page 3 of 9Cho et al. BMC Anesthesiology          (2023) 23:359 

norepinephrine) were administered to maintain a femo-
ral mean arterial pressure (MAP) of 65 mmHg or higher 
during the entire intraoperative period. Red blood cells 
were transfused to maintain a hemoglobin level > 8 g/dL. 
Fresh frozen plasma, platelets, and cryoprecipitate were 
transfused based on the rotational thromboelastometry 
results.

CI, SVR, and blood pressure reference values
CI measurement via the pulmonary artery thermodilu-
tion technique using a bolus injection of cold saline has 
not been implemented for over 20 years in our institu-
tion. Instead, continuous CI monitoring using a modi-
fied PAC with a heated filament has been used [20]. 
Therefore, we used the latter to obtain reference values 
for the CI and femoral arterial pressure (Fig. 1A), which 
is a more reliable blood pressure measure than radial 
arterial pressure during liver transplantation [3, 21]. The 
SVR reference value was calculated using the CVP value 
obtained from PAC and the MAP obtained from FAC 
(Fig. 1A).

Data collection
Based on the liver transplantation stage [22], each hemo-
dynamic variable obtained from the reference method 
and ClearSight™ was recorded at the following seven time 
points (Fig.  1A): T1 (preanhepatic 1), induction com-
plete; T2 (preanhepatic 2), 60 min after T1; T3 (anhepatic 
1), 10  min after completion of recipient hepatectomy; 
T4 (anhepatic 2), 10  min after inferior vena cava (IVC) 
clamping; T5 (reperfusion), 5  min after reperfusion; T6 
(neo-hepatic 1): 20  min after reperfusion; and T7 (neo-
hepatic 2): 1  h after reperfusion. Continuous infusion 
of vasopressor and core temperature, which potentially 
affect the accuracy of finger arterial pulse analysis, were 
also recorded at each time point [23].

Statistical analysis
Based on previous studies on the accuracy of ClearSight™-
derived CI in other surgeries [24, 25], we aimed to recruit 
a total of 30 patients, assuming a 10% dropout rate.

Bland–Altman analysis [26] was used to compare mea-
sured values between the reference method and Clear-
Sight™, and the results are shown with bias and a 95% 
limit of agreement. The reference values for the CI and 
SVR were calculated using values obtained from PAC, 
and those for systolic arterial pressure (SAP), MAP, and 

Fig. 1 (a) The study protocol. (b) Flow diagram of the study. PAC; pulmonary artery catheterization, FAC; femoral artery catheterization; CI, cardiac index; 
SVR, systemic vascular resistance; SAP, systolic arterial pressure; MAP, mean arterial pressure; DAP, diastolic arterial pressure
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diastolic arterial pressure (DAP) were those measured 
from FAC. Percentage error (PE) was calculated using 
Critchley and Critchley’s formula (1.96 × standard devia-
tion/mean); for PEs < 30%, ClearSight™ was considered 
interchangeable with the reference method [27, 28]. The 
limits of agreement were calculated by reflecting the data 
measured several times from one patient [29].

Trending ability was analyzed using polar and four-
quadrant plots [27, 28, 30]. In the four-quadrant plot, the 
horizontal axis was divided into four zones based on the 
change in value from the reference method, and the verti-
cal axis reflected the change in value from ClearSight™. A 
correct quadrant was defined as a case wherein both the 
value obtained from the reference method and that from 
ClearSight™ were positive or negative (the upper-right 
and lower-left quadrants), and the exclusion zone was 
set at 0.3  L/min/m2 for the CI and 10% for SAP, MAP, 
and DAP [11]. The concordance rate was calculated as 
the proportion of the correct quadrant across all points, 
and concordance rates > 92% were considered clinically 
acceptable [27]. In the polar plot analysis, the angle from 

the line of identity (y = x) and magnitude of change by 
vector length reflected the agreement between the two 
methods [30]. The values are presented as the mean angle 
bias and radial limits of agreement. When the angular 
bias was less than ± 5 and radial limits of agreement less 
than ± 30°, the trending ability was considered acceptable 
[28, 30].

R (version 4.1.1 with R packages; R development 
Core Team, Vienna, Austria) using the moonBook pack-
age [31], and SAS (version 9.4; SAS Institute, Cary, US) 
software were used for all statistical analyses. A two-
sided P value < 0.05 was considered to have statistical 
significance.

Results
A total of 30 patients were enrolled in this study, and 189 
measurements from 27 patients were included in the final 
analysis (Fig. 1B). Data from three patients were excluded 
from the analysis due to the following reasons: cancel-
lation of surgery due to ST-segment elevation revealed 
after anesthetic induction, failed PAC due to repetitive 
arrhythmia, and the occurrence of intraoperative car-
diac arrest during the preanhepatic phase. The baseline 
characteristics and perioperative variables are shown in 
Table  1. The percentage of patients with intraoperative 
norepinephrine infusion was 93.6% (26/27). None of the 
patients received epinephrine, vasopressin, or phenyl-
ephrine during the operation.

The Bland–Altman analyses are shown in Fig.  2. The 
bias and 95% limits of agreement between the CIs from 
PAC and those from ClearSight™ were 0 L/min/ m2 and 
− 1.70 to 1.70, and those between the SVRs from PAC 
and those from ClearSight™ were − 48.87 dyne.s/cm5 
and − 708.08 to 610.35, respectively. The PEs of the CI 
and SVR exhibited poor accuracy (51.52% and 51.73%, 
respectively) (Table 2). The PEs of ClearSight™ for blood 
pressure measured at the femoral artery were 24.28%, 
21.18%, and 26.26% for SAP, MAP, and DAP, respectively 
(Table 3; Fig. 2), indicating favorable accuracy.

Four-quadrant plot and polar plot analyses were used 
to evaluate the trending ability of ClearSight™ for each 
reference method. In the four-quadrant plot analysis, the 
concordance rates of the CI and SVR measured between 
the two methods were 66.91% and 79.74%, respectively, 
exhibiting poor trending ability (Fig.  3). Similarly, the 
mean angular bias values (a radial limit of agreement) 
of the CI and SVR in the polar plot analysis were − 12° 
(74°) and − 5° (64°), respectively (Fig. 4). The concordance 
rates of SAP, MAP, and DAP between the two methods in 
the four-quadrant plot analysis were 92.62%, 93.55%, and 
47.86%, respectively (Fig.  3). In the polar plot analysis, 
the mean angular bias values (a radial limit of agreement) 
of SAP, MAP, and DAP were 8° (47°), 1° (35°), and − 12° 
(83°), respectively (Fig. 4).

Table 1 Patient characteristics and perioperative variables
Variables n = 27
Baseline variables
Sex, M/F, n (%) 19/8 (70.4/29.6)
Age, years 59.2 ± 9.2
Height, cm 165.5 ± 8.6
Weight, kg 63.5 ± 10.5
Body-mass index, kg/m² 23.1 ± 2.8
MELD score 7.8 (6.8–10.2)
Child Pugh class A/B/C, n (%) 19 (70.4) / 6 

(22.2) / 2 (7.4)
Etiology
Viral-related liver cirrhosis, n (%) 19 (70.4)
Non-viral-related liver cirrhosis, n (%) 5 (18.5)
Other, n (%) 3 (11.1)
Perioperative variables
Cold ischemic time, min 108.7 ± 39.3
Warm ischemic time, min 36.3 ± 15.8
Partial/Total IVC clamping, n 13 (48.1) / 14 

(51.9)
IVC clamping duration, min 29.0 (20.0–39.5)
Anesthesia time, min 470.0 

(425.0–532.5)
Estimated blood loss, mL 2630.0 

(1250.0–4900.0)
Crystalloid, mL 4850.0 

(3950.0–5675.0)
20% albumin, mL 350.0 ± 237.4
Patients with RBC transfusion, n (%) 19 (70.4)
Patients with FFP transfusion, n (%) 8/ (29.6)
Patients with plateletpheresis transfusion, n (%) 3 (11.1)
Values are presented as the mean ± SD, median (Q1, Q3), or number (%)

MELD: model for end stage liver disease, IVC: inferior vena cava, RBC: red blood 
cell, FFP: fresh frozen plasma
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Discussion
This study failed to demonstrate clinically accept-
able interchangeability of CI and SVR between Clear-
Sight™ and the continuous thermodilution method 
using a PA catheter with a heating filament during liver 

transplantation. SAP and MAP estimated using Clear-
Sight™ displayed favorable accuracy compared with those 
measured using FAC and exhibited acceptable trend-
ing ability in the four-quadrant plot analysis. To the 
best of our knowledge, this study is the first to compare 

Table 2 Hemodynamic data during the different stages of liver transplantation
Overall T1 T2 T3 T4 T5 T6 T7
(N = 189) (N = 27) (N = 27) (N = 27) (N = 27) (N = 27) (N = 27) (N = 27)

BT (°C) 35.5 ± 0.6 35.7 ± 0.5 35.8 ± 0.5 35.7 ± 0.5 35.4 ± 0.5 35.2 ± 0.5 35.3 ± 0.5 35.7 ± 0.6
Norepinephrine infusion, 
n (%)

126 (66.7) 7 (25.9) 11 (40.7) 15 (55.6) 23 (85.2) 23 (85.2) 23 (85.2) 24 (88.9)

CVP (mmHg) 5.4 (3.8–8.2) 6.1 (4.7–10.1) 5.1 (3.8– 6.3) 4.3 (2.7– 6.5) 3.8 (1.8– 6.0) 7.3 (5.5–10.4) 5.3 (4.0– 8.9) 7.8 (4.2– 8.2)
HR (bpm) 83.0 

(69.5–98.0)
73.0 
(61.5–82.0)

77.0 
(65.5–91.0)

85.0 
(68.8–98.5)

85.0 
(69.0–104.0)

84.5 
(77.0–100.0)

86.0 
(78.5–97.5)

85.0 
(74.2–102.5)

CIPAC (L/min/ m2) 3.0 (2.4–3.9) 3.0 (2.7– 3.3) 2.7 (2.3– 3.6) 2.6 (2.0– 3.4) 2.4 (1.7– 3.0) 3.1 (2.4– 3.7) 4.1 (3.3– 4.8) 3.7 (2.9– 4.6)
CICS (L/min/ m2) 3.1 (2.6–4.0) 2.8 (2.5– 3.1) 2.9 (2.3– 3.2) 3.1 (2.5– 3.5) 2.6 (2.2– 3.0) 4.0 (3.2– 4.5) 3.5 (3.1– 4.2) 3.4 (2.8– 4.4)
SVRPAC (dyne.s/cm5) 1181.5

(881.6–
1616.1)

1161.3
(1026.0–
1613.0)

1345.5
(997.2–
1680.7)

1384.3
(1061.4–
1723.0)

1529.8
(1164.8–
1935.0)

1296.6
(1095.3–
1723.2)

829.2
(707.3–
1056.4)

885.6
(685.6–
1214.6)

SVRCS (dyne.s/cm5) 1185.8
(846.5–
1454.4)

1246.0
(935.4–1540.0)

1333.7
(1004.7–
1708.4)

1234.8
(971.0–
1466.8)

1395.6
(1029.0–
1693.5)

1154.3
(830.2–1353.2)

927.1
(782.2–
1205.7)

883.0
(801.1–
1221.1)

Values are presented as the mean ± SD, median (Q1, Q3), or number (%). BT: body temperature, CVP: central venous pressure, HR: heart rate, CIPAC: cardiac index 
measured with pulmonary artery catheter, CICS: cardiac index measured with ClearSight™, SVRPAC: systemic vascular resistance measured with pulmonary artery 
catheter, SVRCS: systemic vascular resistance measured with ClearSight™, T1: induction complete, T2: 60  min after T1, T3: 10  min after completion of recipient 
hepatectomy, T4: 10 min after inferior vena cava clamping, T5: 5 min after reperfusion, T6: 20 min after reperfusion, T7: 1 h after reperfusion

Fig. 2 (a) Bland–Altman analysis comparing the CI measured using ClearSight™ with that using PAC, showing multiple measurements per subject. (b) 
Bland–Altman analysis comparing SVR measured using ClearSight™ with that using PAC, showing multiple measurements per subject. (c) Bland–Altman 
analysis comparing SAP measured using ClearSight™ with that using FAC, showing multiple measurements per subject. (d) Bland–Altman analysis com-
paring MAP measured using ClearSight™ with that using FAC, showing multiple measurements per subject. (e) Bland–Altman analysis comparing DAP 
measured using ClearSight™ with that using FAC, showing multiple measurements per subject. The blue line indicates the mean bias, and the dashed 
lines indicate the 95% limits of agreement in each analysis. CI, cardiac index; PAC, pulmonary artery catheterization; SVR, systemic vascular resistance; SAP, 
systolic arterial pressure; MAP, mean arterial pressure; DAP, diastolic arterial pressure, FAC; femoral artery catheterization; SD, standard deviation
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Table 3 Data on blood pressure during the different stages of liver transplantation
Overall T1 T2 T3 T4 T5 T6 T7
(N = 189) (N = 27) (N = 27) (N = 27) (N = 27) (N = 27) (N = 27) (N = 27)

SAPFA (mmHg) 115.0
(104.0–135.0)

116.0
(106.0–144.5)

119.0
(105.2–137.0)

114.0
(100.5–124.0)

109.5
(96.5–120.5)

144.0
(121.0–155.5)

113.0
(102.0–125.2)

110.0
(104.5–118.2)

SAPCS (mmHg) 109.0
(93.0–125.0)

109.0
(87.0–129.0)

114.0
(100.5–125.5)

108.0
(93.0–117.0)

104.0
(84.0–117.5)

131.0
(116.5–141.5)

107.0
(94.0–123.0)

104.0
(93.0–111.0)

MAPFA (mmHg) 82.0 
(72.0–94.0)

86.0 
(73.5–102.5)

86.0 
(76.2–94.5)

82.0 
(75.5–87.0)

81.0 
(70.5–86.5)

96.0 
(84.0–104.0)

77.0 
(71.0–89.2)

76.0 
(70.0–79.8)

MAPCS (mmHg) 83.0 
(74.0–95.0)

85.0 
(73.0–97.0)

89.0 
(80.0–95.0)

83.0 
(75.5–91.0)

80.0 
(70.5–92.0)

96.0 
(86.5–102.5)

80.0 
(70.5–91.0)

79.0 
(72.0–85.0)

DAPFA (mmHg) 64.0 
(56.0–75.0)

69.0 
(58.0–83.0)

69.0 
(61.8–79.0)

64.0 
(61.5–74.0)

69.0 
(58.2–76.0)

71.0 
(61.5–76.0)

58.0 
(52.0–66.8)

57.0 
(52.0–62.0)

DAPCS (mmHg) 69.0 ± 12.9 69.6 ± 13.8 72.5 ± 13.1 67.1 ± 10.4 67.3 ± 10.7 75.8 ± 15.9 66.2 ± 11.5 64.4 ± 11.5
PESBP 24.28 16.56 24.12 24.51 25.99 24.39 24.43 30.04
PEMBP 21.18 19.54 19.15 19.78 19.85 20.26 20.86 28.02
PEDBP 26.26 18.58 20.49 23.43 22.72 24.49 23.74 42.11
Values are presented as the mean ± SD, median (Q1, Q3), or number (%). SAPFA: systolic arterial pressure measured at the femoral artery, SAPCS: systolic arterial 
pressure measured with ClearSight™, MAPFA: mean arterial pressure measured at the femoral artery, MAPCS: mean arterial pressure measured with ClearSight™, 
DAPFA: diastolic arterial pressure measured at the femoral artery, DAPCS: diastolic arterial pressure measured with ClearSight™, PE: percentage error. T1: induction 
complete, T2: 60 min after T1, T3: 10 min after completion of recipient hepatectomy, T4: 10 min after inferior vena cava clamping, T5: 5 min after reperfusion, T6: 
20 min after reperfusion, T7: 1 h after reperfusion

Fig. 3 (a) Four-quadrant plot showing the concordance in the change in CI between ClearSight™ and PAC. (b) Four-quadrant plot showing the concor-
dance in the change in SVR between ClearSight™ and PAC. (c) Four-quadrant plot showing the concordance in the change in SAP between ClearSight™ 
and FAC. (d) Four-quadrant plot showing the concordance in the change in MAP between ClearSight™ and FAC. (e) Four-quadrant plot showing the con-
cordance in the change in DAP between ClearSight™ and FAC. The concordance rate was defined as the percentage of data points in which the change 
in the CI, SVR, SAP, MAP, and DAP of both methods goes in the same direction. The gray rectangle indicates the exclusion zone of 10%. CI, cardiac index; 
PAC, pulmonary artery catheterization; SVR, systemic vascular resistance; SAP, systolic arterial pressure; MAP, mean arterial pressure; DAP, diastolic arterial 
pressure; FAC; femoral artery catheterization
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continuous hemodynamic monitoring between Clear-
Sight™ and conventional invasive hemodynamic monitor-
ing methods in liver transplantation.

PAC has been used as a therapeutic intervention for mon-
itoring several hemodynamic parameters in high-risk sur-
gical patients [32]. It has also been established as a routine 
practice in liver transplantation [33]. However, due to the 
development of less-invasive hemodynamic monitors and 
the risk of fatal complications associated with PAC [34], the 
usefulness of PAC in high-risk surgeries has recently been 
debated [34]. A recent retrospective study reported no dif-
ference in postoperative outcomes between hemodynamic 
management via PAC and arterial waveform analysis (Flo-
trac/Vigileo monitoring) in patients undergoing liver trans-
plantation [35]. In a recent survey conducted by the Society 
for the Advancement of Transplant Anesthesia, approxi-
mately half of the anesthesiologists in high-volume centers 
indicated that < 50% of liver transplantation requires PAC 
[36]. Additionally, this survey reported a decreased routine 
use of PAC in liver transplantation compared with previous 
surveys [36]. On this premise, we attempted to investigate 
the interchangeability between ClearSight™ and PAC in this 
study.

Here, ClearSight™ did not exhibit clinically accept-
able interchangeability with PAC in terms of CO and 
SVR. Similarly, previous studies have also reported poor 

interchangeability in the CI and SVR between PAC and 
other less-invasive arterial pulse wave analyses during liver 
transplantation [14, 15, 37]. Patients with cirrhosis undergo-
ing liver transplantation possess unique characteristics, such 
as hyperdynamic circulation and low SVR, which poten-
tially increase the inaccuracy of arterial pulse wave analysis 
[15, 38, 39]. Additionally, rapid changes in hemodynamic 
status during liver transplantation occur due to massive 
bleeding, manipulation of the IVC, inflammatory mediators 
after reperfusion of the graft, and the common use of vaso-
active drugs that affect vascular compliance, thus negatively 
affecting the accuracy of arterial pulse wave analysis, includ-
ing ClearSight™ [1, 3, 22]. Hypothermia, which is common 
during liver transplantation, also might have affected the 
accuracy of these methods [19, 39]. The point at which CO 
in ClearSight™ was calculated using the algorithm based on 
patient-related variables (age, sex, height, and weight) from 
the estimated blood pressure curve also might have affected 
the results [40]. Therefore, ClearSight™ would have failed to 
exhibit acceptable interchangeability in liver transplantation.

In addition to CO and SVR, we investigated the inter-
changeability of blood pressure measurements between 
ClearSight™ and FAC. Previous studies have predominantly 
investigated the interchangeability between ClearSight™ and 
radial arterial pressure [16, 24, 25, 37]. However, to our best 
knowledge, none have investigated the interchangeability 

Fig. 4 (a) Polar plots for examining the trending ability of CI change measured using ClearSight™ and PAC. (b) Polar plots for examining the trending 
ability of SVR change measured using ClearSight™ and PAC. (c) Polar plots for examining the trending ability of SAP change measured using ClearSight™ 
and FAC. (d) Polar plots for examining the trending ability of MAP change measured using ClearSight and FAC. (e) Polar plots for examining the trending 
ability of DAP change measured using ClearSight™ and FAC. CI, cardiac index; PAC, pulmonary artery catheterization; SVR, systemic vascular resistance; 
SAP, systolic arterial pressure; MAP, mean arterial pressure; DAP, diastolic arterial pressure; FAC; femoral artery catheterization
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between ClearSight™ and FAC-derived central arterial pres-
sure in surgical patients. A recent prospective study using 
finger arterial pulse contour analysis reported a strong 
correlation between it and FAC-derived blood pressure in 
intensive care unit patients [41]. Our results demonstrate 
acceptable congruence of SAP, MAP, and DAP between 
ClearSight™ and FAC as well as an acceptable trending abil-
ity of SAP and MAP estimated using the four-quadrant plot. 
Although the polar plot analysis results did not satisfy pre-
defined acceptable criteria, controversy regarding the supe-
riority of the four-quadrant or polar plot analysis persists 
[42]. Since femoral arterial pressure is more reliable in blood 
pressure assessment than radial arterial pressure in critically 
ill patients [43], the favorable agreement and trending ability 
between ClearSight™ and femoral arterial pressure poten-
tially indicate its usefulness in blood pressure monitoring in 
high-risk surgical patients. Additionally, since ClearSight™ 
displayed clinically acceptable interchangeability of MAP 
even in liver transplantation complicated by hemodynamic 
instability, our results potentially support the usefulness of 
ClearSight™ as a reliable pressure monitor in other high-risk 
surgeries.

This study has a few limitations. First, the time interval 
for CO measurement differed between ClearSight™ and 
PAC (20 s and 1 min, respectively). Therefore, each method 
might have presented values from different time points. In 
addition, since hemodynamic fluctuation in liver transplan-
tation is common, the time delay between them might have 
negatively affected the consistency between the two meth-
ods [44]. Second, we could not conduct an a priori sample 
size calculation. An estimate of the study subjects’ CI was 
required to calculate the appropriate number of subjects 
in this study [45]; however, it was difficult to estimate due 
to severe hemodynamic instability in liver transplantation 
patients. Moreover, the distinctive characteristics of living 
donor liver transplantation posed challenges in recruiting 
a large number of patients, thereby necessitating the exe-
cution of this study on a small sample size. Nevertheless, 
despite the limitations in sample size, this study provides 
valuable insights into the feasibility of noninvasive meth-
ods for patients with hyperdynamic circulation during liver 
transplantation. Third, inotrope and vasopressor infusion 
at each time point was not considered. These drugs could 
have influenced the pulse contour analysis [5]. Fourth, our 
study predominantly focused on the interchangeability of 
CI, SVR, and AP estimations between ClearSight™ and con-
ventional invasive hemodynamic monitors. Therefore, the 
advantages of conventional invasive hemodynamic moni-
toring, such as pulmonary arterial wedge pressure via PAC 
and arterial blood gas analysis via FAC, were not consid-
ered in this study. Finally, although the usefulness of trans-
esophageal echocardiography (TEE) has been reported in 
liver transplantation [3], TEE results were not included in 
this study because TEE monitoring is used selectively in 

hemodynamic monitoring during liver transplantation in 
our institution.

In conclusion, ClearSight™ failed to demonstrate clini-
cally acceptable interchangeability of CI and SVR estima-
tions with the transpulmonary thermodilution method in 
LDLT. Therefore, continuous CI and SVR measurements 
using ClearSight™ cannot replace those using PAC in liver 
transplantation.
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