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Ab s t r Ac t
Background: Pulse wave transit time is a novel method of estimating continuous cardiac output (esCCO). Since there are not many studies 
evaluating esCCO, we compared it with arterial pressure based cardiac output (APCO) method (FloTrac).
Methods: In this prospective single-center observational study, we included 50 adult patients planned to undergo supramajor oncosurgeries, 
where major blood loss and extensive fluid shifts were expected. Cardiac output (CO) measurements were obtained by both methods at five 
distinct time points, giving us 250 paired readings of stroke volume index (SVI) and cardiac index (CI). We analyzed these readings using Pearson’s 
correlation coefficient and Bland–Altman plots, along with other appropriate statistical tests.
Results: There was significant correlation between CI and SVI measured by the esCCO and APCO. Bland–Altman plot analysis for CI showed a 
bias of −0.44 L/minute/m2, precision of 0.74, and the limits of agreement of −1.89 and +1.01, while the percentage error was 46.29%. Bland–
Altman analysis for SVI showed a bias −5.07 mL with a precision of 9.36, and the limits of agreement to be −23.4 to +13.28. The percentage 
error was 46.56%.
Conclusion: This study demonstrated that esCCO tended to underestimate the CI to a large degree, particularly while estimating the cardiac 
output in the lower range. We found that the limits of agreement between two methods were wide, which are not likely to be clinically acceptable. 
Further studies with larger number of data points, obtained in a similar subset of patients, for cardiac output measurement in the perioperative 
period will certainly help determine if pulse wave transit time (PWTT) is here to stay (CTRI No.: CTRI/2019/08/020543).
Keywords: Arterial pressure-based cardiac output, Bias, Estimated continuous cardiac output, Limits of agreement, Percentage error, Precision, 
Pulse wave transit time.
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In t r o d u c t I o n
Goal-directed fluid therapy (GDFT) advocates individualized 
fluid therapy using advanced monitoring for cardiovascular 
optimization and oxygen delivery by optimizing stroke volume 
index (SVI). Inappropriate administration of fluids may result either 
hypovolemia with decreased perfusion of major organs, or fluid 
overload, particularly in patients with compromised cardiovascular 
physiology.1,2 Studies show that fluid replacement guided by 
SVI optimization during major surgery reduces the volume of 
fluids infused, maintains intraoperative hemodynamic stability, 
improves perioperative gastrointestinal function, causes reduction 
in serum lactate at the end of surgery, and is associated with lower 
incidence of postoperative organ complications.3,4 Perioperative 
GDFT encompasses the following measures: identification of 
high-risk populations, starting hemodynamic therapy early in 
the preoperative period, optimization of fluids, vasopressors, and 
inotropes to achieve target blood flow and hemodynamic variables 
adjusted to the individual patient’s cardiovascular physiology and 
personal targets.5,6

No single cardiac output (CO) monitoring device has been 
shown to meet  all clinical requirements. The complications 
associated with invasive monitoring have compelled the search for 
minimally invasive or noninvasive methods of CO measurement. 
Arterial pressure-based cardiac output (APCO), a noncalibrated 
CO measurement device, has been is in common clinical use since 

2005, as FloTrac/Vigileo system (Edwards Lifesciences, Irvine, 
California). For measurement of APCO, arterial cannulation is 
essential for obtaining invasive arterial pressure (AP) waveform. 
The system using a proprietary algorithm measures the values of 
compliance and resistance of arteries and calculates continuous 
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cardiac output. Use of APCO for GDFT has been shown to reduce 
postoperative complications and hospital length of stay (LOS) with 
improved outcomes.2 Pulse wave transit time (PWTT) is a novel, 
totally noninvasive technology, which estimates cardiac output 
(esCCO, Nihon Kohden, Tokyo, Japan) continuously. PWTT is the 
time from peak of R-wave to the rise point of the pulse oximeter 
wave and consists of three sub-time periods: pre-ejection period 
(PEP), pulse transit time through an elastic artery (from ascending 
aorta to pulse-oximetry probe site), and pulse transit time through 
peripheral resistance arteries (Fig. 1).7,8 PWTT displays the following 
parameters: estimated continuous cardiac output (esCCO), 
estimated stroke volume (esSV), and corresponding indices. PWTT 
has been compared with thermodilution, APCO measurement, and 
thoracic bioimpedance techniques in small number of patients 
undergoing various surgeries.9–11

In this study, we therefore aimed to compare values of SVI 
and CI using arterial pressure-based CI with those obtained using 
PWTT technique in patients undergoing supramajor oncosurgeries. 
We hypothesized that if these values were similar, this will allow 
clinicians to use esCCO, a completely noninvasive monitor, in place 
of APCO, which needs arterial cannulation.

PAt I e n ts A n d Me t h o d s
This prospective observational study was conducted during 
October 2019–December 2020, after approval from the Institutional 
Ethics Committee (IEC) and registration with the Clinical Trials 
Registry of India. Written informed consent was obtained from 
the patients undergoing supramajor abdominal surgeries, which 
involved radical extensive resections with blood loss exceeding 
500 mL and major fluids shifts, in a tertiary referral center.

All adult patients (>18 years) undergoing elective supramajor 
oncosurgeries under general anesthesia, who required placement 
of an arterial line, and in whom CO was monitored with FloTrac™ 
using EV1000™ monitor were included in the study. Younger 
patients (<18  years) and those with arrhythmias were excluded 
from the study.

After obtaining informed consent, we included 50 patients 
who fit the inclusion criteria. Demographic data of patients 
including age, sex, height, weight, BMI, and details of surgery were 
recorded. After inserting epidural catheter in the thoracic T8–9 

interspace, anesthesia induction was left to the discretion of the OT 
anesthesiologist. Anesthesia was maintained with isoflurane 0.8–
1.2% in 70:30 mixture of N2O and O2, All patients were paralyzed 
with intermittent boluses of vecuronium and ventilated using 
volume-control mode with tidal volume of 8 mL/kg of predicted 
bodyweight and 5 cm H2O of PEEP, and the peak pressure limit 
was set at 35 cm H2O, as per our institutional protocol. A FloTrac™ 
sensor with EV1000™ monitor was attached to the invasive arterial 
line. Leads for monitoring esCCO for VISMO® cardiac monitor were 
attached. The patient’s demographic data (height, weight, age, and 
gender) were entered into both the devices as per manufacturer’s 
recommendations. The hemodynamic parameters were recorded 
at various intervals as per the study design. We obtained 250 paired 
readings of SVI and cardiac index (CI) from FloTrac and esCCO 
monitors at different time points: baseline (T1), immediately after 
incision (T2), before (T3) and after fluid bolus (T4), and end of the 
surgery (T5). A maximum of five paired readings were obtained 
for each patient. Other variables recorded included heart rate 
(HR); systolic, diastolic, and mean AP (SBP, DBP, and MAP); SVI; 
stroke volume variation (SVV); and pulse pressure variation (PPV). 
We used stroke volume optimization strategy (fluid is infused, if 
the PPV >12%, till the stroke volume reaches a plateau) for all our 
patients, as per our institutional protocol, with an aim to maintain 
a urine output of 0.5–1  mL/kg/hour. The patients were given a 
fluid bolus (350 mL of Ringer lactate over 10 minutes), if there were 
one or more signs of acute circulatory failure, such as tachycardia 
with SBP <90 mm Hg or need for vasopressors, or oliguria (urine 
output <0.5  mL/kg/minute for at least two hours), or lactate  
levels >2 mmol/L.

stAt I s t I c s
Sample size calculation: We needed 250 paired readings to achieve 
>80% power (83%) to detect agreement between two methods 
when the confidence level of the limits of agreement was 0.950. 
The maximum allowable difference was taken to be 2.850. The 
mean and standard deviation of the sample differences were 
anticipated to be −0.700 and 0.800. IEC wanted us to record not 
more than five readings per patient; we therefore included 50 
patients in the study.

Student’s t-test, intraclass correlation, and Pearson’s correlation 
coefficient were used for normally distributed, continuous/
quantitative variables (expressed as mean  ±  SD), whereas  
Chi-square test was performed for categorical/qualitative variables 
(expressed as numbers and percentage). Mann–Whitney test was 
utilized for non-Gaussian data (expressed as median and range). 
p  <0.05 was considered statistically significant. We performed 
correlation analyses using Pearson’s correlation coefficient for both 
SVI and CI using PWTT and APCO methods. We then constructed 
Bland–Altman plots to determine the bias (mean differences 
between esCCO and APCO) and precision (one standard deviation 
of this difference). The upper and lower limits of agreement were 
calculated as the bias ±2 SD. 95% limits of agreement were denoted 
by the interval defined by the observed bias ±1.96 the observed SD 
of the observed differences. The percentage error was calculated 
using the ratio of 2 SD of the bias to the mean and was considered 
clinically acceptable if that result was ≤30%, as proposed by 
Critchley and Critchley.12 Statistical analyses were performed using 
IBM SPSS (International Business Machines; Statistical Package for 
the Social Sciences) statistics for windows (version 23.0; released 
2015; Armonk, New York: IBM Corp.).

Fig. 1: Calculation of esCCO using PWTT from ECG and pulse oximetry 
waveforms
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re s u lts
In this prospective observational study, we obtained 250 paired 
measurements of CI and SVI at five different time points using the 
PWTT and arterial pressure-based CO measurement techniques 
(FloTrac™). The correlation analysis demonstrated a significant 
correlation between esCCI and CI by APCO (r = 0.632, p = 0.001), 
and coefficient of determination was r2 = 0.399 (Fig. 2). Similarly, 
SVI measured by two methods showed significant correlation 
(r  =  0.469, p  =  0.001) and coefficient of determination was 
r2 = 0.220 (Fig. 3).

On Bland–Altman plot, for the CI, the bias was −0.44 L/minute/m2,  
precision was 0.74, and the limits of agreement measured by  
the two methods were −1.89 to +1.01. The percentage error 
was 46.29% (Fig. 4). Bland–Altman plot for SVI measured by two 
methods showed bias of 5.07 mL and precision of 9.36, the limits 
of agreement were −23.4 to +13.28, and percentage error was 
46.56% (Fig. 5).

dI s c u s s I o n
In our prospective observational study of 50 patients undergoing 
major surgeries, there was a significant correlation between 

estimated CI as well as SVI, measured by the two methods. As per 
the Bland–Altman plot for CI, PWTT tended to underestimate the CI 
by −0.44 L/minute/m2, and the limits of agreement were wide. The 
percentage error for CI was 46.29% in our study which is very high, 
against the recommendation of Cecconi et al., who mentioned that 
finding a percentage error up to >30% for a cardiac output monitor 
was clinically unacceptable.13 This means that the new technique 
has an error which exceeds that of the reference technique, which 
therefore cannot replace the old method. In our cohort, the 
percentage error for both CI and SVI was above 45%. It must be 
mentioned here that Cecconi et al. used cardiac output obtained by 
intermittent thermodilution using pulmonary artery catheter (PAC).13 
PAC is still considered the gold standard method for measurement of 
CO; however, its use in clinical practice has substantially decreased 
due to its invasive nature, likelihood of complications, and need 
for special skill for insertion as well as interpretation of data. In our 
institute, we now rarely use PAC, while FloTrac™ is routinely used for 
measurement of CO/CI. However, FloTrac™ needs arterial cannulation, 
while pulse wave transit time (PWTT) is completely noninvasive, with 
no possible harm to the patients. Thus, PWTT would be a pragmatic 

Fig. 2: Scatter plot for SVI using PWTT and APCO measurement

Fig. 3: Scatter plot for CI using PWTT and APCO measurement

Fig. 4: Limits of agreement between SVI using PWTT and APCO 
measurement

Fig. 5: Limits of agreement between CI using PWTT and APCO 
measurement
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substitute for FloTrac, if proved to be accurate. We therefore 
compared CI measured by PWTT with FloTrac™.

There have been several other studies, which have attempted 
to find the correlation between estimated cardiac output using 
PWTT and other cardiac output measurement techniques, 
with conflicting results. Yamada et  al. compared the accuracy 
of estCCO and thermodilution cardiac output (TDCO), in 213 
ICU and OT patients, in whom 587 esCCO and TDCO datasets 
were obtained.7 The correlation coefficient was 0.79 (p <0.0001, 
95% confidence limits of 0.756–0.819), with a small bias (mean 
difference between esCCO and TDCO) of 0.13  L/minute (95% 
confidence interval of bias 0.04–0.22 L/minute), and the precision 
(1 SD) was 1.15  L/minute (95% prediction interval was −2.13 to 
2.39 L/minute). They concluded that the CO measured by both 
methods showed close correlation with small bias and precision, 
and these findings differ from our study. Thus, the esCCO method 
was comparable to arterial waveform analysis technologies in 
current use. In another study, Terada et al. compared the esCCO 
system (PWTT) for noninvasive measurement and an APCO 
system for evaluating changes in CO among patients posted 
for laparotomy without postural change.8 The correlation 
analysis between two techniques showed the coefficient to be 
0.72. Using a Bland–Altman plot to compare APCO and esCCO, 
they noted a bias of 0.75, the precision was 0.86  L/minute,  
and the percentage error was 41%. They inferred that the 
interchangeability of esCCO with APCO is not possible. However,  
the trends of both measurements were similar, as determined by 
polar plot analysis. Magliocca et al., compared CO measured by PWTT 
and thoracic bioimpedance (ICON; Osypka Medical GmbH, Berlin, 
Germany) technologies with thermodilution CO measured with 
pulmonary artery catheter, in patients undergoing orthotopic liver 
transplant.10 They found that the PWTT and thoracic bioimpedance 
had limited accuracy as noninvasive CO estimation with esCCO 
and ICON exhibited limited accuracy and precision, mean bias 
for esCCO 2.0  L/minute (SD, ±2.7  L/minute) and −3.3  L/minute  
(SD, ±2.8 L/minute) for ICON compared to TDCO. They suggested 
that both noninvasive techniques showed trend similar to TDCO. 
However, both were largely inaccurate, despite with reasonable 
trending ability. The errors increased particularly when there 
were large changes in systemic vascular resistance and arterial 
elastance. A study from Thailand compared esCCO and APCO 
to TDCO in 50 adult Thai patients undergoing cardiac surgery 
with cardiopulmonary bypass.14 In comparison with TDCO, both 
techniques overestimated CO, though they trended in the same 
direction as TDCO.

The novelty of PWTT monitoring is its noninvasiveness and 
the continuous assessment of cardiac output and stroke volume. 
Continuous detection of these values may help in timely detection 
of fluid requirement and may avoid invasive monitoring.

The strength of our study is that we compared esCCO and 
APCO technologies for CO measurements in patients who were 
undergoing supramajor oncosurgeries, where significant blood 
loss and major fluid shifts are common. We also compared these 
methods at various intervals which are significant during the 
intraoperative periods such as when patients were likely to be 
hypovolemic or had just received fluid boluses for treatment of 
hypotension, both instances which can cause significant changes 
in venous and arterial tone, compliance, and elastance. These 
instabilities in the hemodynamic condition of the patients would 

probably explain the wide limits of agreement we found in our 
study. The limitation of our study is that this is a single-center 
study, and we did not compare esCCO to the TDCO obtained by 
the pulmonary artery catheter. However, we feel that this is of 
small consequence as the pulmonary artery catheter is nowadays 
not commonly used.

co n c lu s I o n
This study demonstrated that esCCO tended to underestimate 
the CI to a large degree, particularly while estimating the cardiac 
output in the lower range. We found that the limits of agreement 
between two methods were wide, which are not likely to be 
clinically acceptable. Further studies with larger number of data 
points, obtained in a similar subset of patients, for cardiac output 
measurement in the perioperative period will certainly help 
determine if PWTT is here to stay.
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