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Abstract

Cardiac output (CO) is a key hemodynamic variable that can be minimally invasively estimated by pulse wave analysis.
Multi-beat analysis is a novel pulse wave analysis method. In this prospective observational clinical method comparison study,
we compared CO estimations by multi-beat analysis with CO measured by intermittent pulmonary artery thermodilution
(PATD) in adult patients treated in the intensive care unit (ICU) after off-pump coronary artery bypass surgery (OPCAB).
We included patients after planned admission to the ICU after elective OPCAB who were monitored with a radial arterial
catheter and a pulmonary artery catheter. At seven time points, we determined CO using intermittent PATD (PATD-CO;
reference method) and simultaneously recorded the radial arterial blood pressure waveform that we later used to estimate
CO using multi-beat analysis (MBA-CO; test method) with the Argos monitor (Retia Medical; Valhalla, NY, USA). Blood
pressure waveforms impaired by inappropriate damping properties or artifacts were excluded. We compared PATD-CO and
MBA-CO using Bland—Altman analysis accounting for repeated measurements, the percentage error, and the concordance
rate derived from four-quadrant plot analysis (15% exclusion zone). We analyzed 167 CO values of 31 patients. Mean PATD-
CO was 5.30+ 1.22 L/min and mean MBA-CO was 5.55 + 1.82 L/min. The mean of the differences between PATD-CO and
MBA-CO was 0.08 +1.10 L/min (95% limits of agreement: —2.13 L/min to +2.29 L/min). The percentage error was 40.7%.
The four-quadrant plot-derived concordance rate was 88%. CO estimation by multi-beat analysis of the radial arterial blood
pressure waveform (Argos monitor) shows reasonable agreement compared with CO measured by intermittent PATD in
adult patients treated in the ICU after OPCAB.
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1 Introduction

Cardiac output (CO)—as a main determinant of oxygen
delivery—is a key hemodynamic variable to guide therapy
in critically ill patients with circulatory shock [1]. Invasive
indicator dilution methods such as pulmonary artery ther-
modilution (PATD) [2] and transpulmonary thermodilu-
tion [3] remain the clinical reference methods to assess CO
and novel minimally-invasive hemodynamic monitoring
tools should be validated against these invasive reference
methods [4-6]. Invasive uncalibrated pulse wave analysis
requiring only an arterial catheter is increasingly used as
a minimally invasive method for stroke volume—and thus
CO—estimation in surgical and critically ill patients [5-7].
The term pulse wave analysis comprises several markedly
different approaches and algorithms to estimate stroke vol-
ume by analyzing the arterial blood pressure waveform [8,
9]. As a main advantage, pulse wave analysis enables CO
to be estimated continuously. It is therefore recommended
for real-time CO estimation during functional tests of fluid
responsiveness such as the passive leg raising [10] or fluid
challenge test [11].

Multi-beat analysis is a novel method to estimate stroke
volume by mathematically analyzing the radial blood pres-
sure waveform over time scales greater than a single car-
diac cycle without external calibration. This enables beat-
to-beat waveform variations to be considered and effects
of pulse wave reflections to be minimized; eventually, by
analyzing the waveform over several cardiac cycles, the
multi-beat analysis method aims to identify the pure expo-
nential pressure decay of the arterial blood pressure wave-
form without confounding wave reflections in the periph-
ery of the arterial vessel tree and estimates stroke volume
using a proprietary formula and biometric data [12, 13].
Based on experimental [13] and retrospective [12, 14, 15]
pilot studies Retia Medical (Valhalla, NY, USA) devel-
oped a commercially available bedside CO monitor using
multi-beat analysis—the Argos monitor—that was recently
cleared by the US Food and Drug Administration (FDA).
In this clinical method comparison study, we compared
CO estimations by multi-beat analysis of the radial arterial
blood pressure waveform (Argos monitor) to CO measured
by intermittent PATD in adult patients treated in the inten-
sive care unit (ICU) after off-pump coronary artery bypass
surgery (OPCAB).
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2 Methods
2.1 Study design and protocol

This was a CO method comparison study performed in
the Center of Anesthesiology and Intensive Care Medi-
cine at the University Medical Center Hamburg-Eppendorf
(Hamburg, Germany) between August 2017 and February
2018. The ethics committee approved this study (Ethik-
kommission der Arztekammer Hamburg, Hamburg, Ger-
many) and participants gave written informed consent
prior to enrollment. Adult patients (age > 18 years) who
were scheduled for elective OPCAB with planned post-
operative ICU admission and in whom hemodynamic
monitoring with a radial artery catheter and a pulmonary
artery catheter (PAC) was planned for clinical reasons not
related to the study were eligible for inclusion in the study.
Patients could not be included if they could not give or
refused to give informed consent or had severe heart valve
insufficiency or arrhythmias. Patients were excluded if the
clinical situation did not allow for conducting study meas-
urements (e.g. agitated patient, transfer to the OR for redo
surgery, removal of the arterial line or the PAC).

After the surgical procedure, patients were transferred
to the ICU and standard monitoring was established. Cor-
rect positioning of the PAC was verified radiographically
and by continuous pulmonary artery pressure assessment.
After admission to the ICU, we measured CO using PATD
(PATD-CO; reference method) at seven time points (with
approximately 30 min in between sets) and simultane-
ously recorded the radial blood pressure waveform for
later offline estimation of CO using multi-beat analysis
(MBA-CO; test method; Argos monitor, Retia Medical,
Valhalla, NY, USA). No study related intervention was
performed. Patients were treated according to routine care
in the operating room and in the ICU.

2.2 Study measurements

At each of the seven time points, we performed and aver-
aged five single PATD measurements, each performed by
injecting a 10 mL bolus of ice-cold saline solution. We
used a 7 French thermodilution pulmonary artery catheter
(PAC) (Arrow; Teleflex Medical Europe Ltd; Co West-
meath, Ireland). Single PATD boluses were randomly
injected over the respiratory cycle. For the time span of
each set of PATD measurements we extracted the blood
pressure signal sampled at 100 Hz from the ICU monitor-
ing network via a data grabbing software (Driger Data
Grabber; Dréger; Liibeck, Germany). Waveform segments
starting 20 s before the first and stopping 20 s after the last
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PATD measurement were included in the analysis. These
blood pressure waveform segments were fed into the Argos
monitor for off-line analysis via a 3.5 mm stereo cable,
using an MP150 digital-to-analog converter (BIOPAC Sys-
tem; Goleta, CA, USA). Required patient characteristics
(gender, age, height, body weight) were entered into the
Argos monitor. We used the Argos CO monitor in the 20-s
mode, i.e., the monitor estimates and displays CO every
5 s using multi-beat analysis of the arterial blood pressure
waveform over 20 s. MBA-CO values estimated during the
time span of the corresponding PATD-CO measurements
were averaged.

Before the final analysis, three researchers independently
visually inspected the recorded arterial blood pressure wave-
forms for inappropriate damping properties (underdamping/
resonance artifacts or overdamping) and artifacts (flushing
of the arterial line or motion artifacts). Waveforms impaired
by inappropriate damping properties (missed during routine
clinical care despite regularly performed fast-flush tests [16])
or artifacts were excluded from further analysis.

2.3 Statistical analysis

We calculated the mean + standard deviation (SD) to
describe continuous patient data and absolute and relative
frequencies to describe qualitative patient characteristics.
We calculated the mean CO values + SD for PATD-CO and
MBA-CO. The correlation between PATD-CO and MBA-
CO was computed within subjects taking repeated observa-
tions into account and removing the between subject vari-
ability (as required for method comparison studies) [17]. To
assess the agreement between PATD-CO and MBA-CO we
performed Bland-Altman analysis accounting for multiple
observations per patient [18] and calculated the mean and
SD of the differences, the 95% limits of agreement (= mean
difference +1.96 X SD of the difference), and the percentage
error [19]. To assess the trending ability of MBA-CO com-
pared with PATD-CO we calculated the concordance rate
based on four-quadrant plot analysis showing relative CO
changes using a central exclusion zone of 15% [20, 21]. For
statistical analyses we used R version 3.5.0 (The R Founda-
tion for Statistical Computing, Vienna, Austria).

3 Results

A total of 284 paired PATD-CO and MBA-CO measure-
ments in 42 patients were recorded. Two patients had to
be excluded because of malposition of the PAC and one
patient was excluded because of excess motion artifacts of
the blood pressure waveform. 106 segments were excluded
because of inappropriate damping properties or artifacts
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able : ‘a.se‘me patient Number of 31
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()
Age (years) T1+12
Sex, female n (%) 6 (19)
Height (m) 1.74+0.08
Weight (kg) 8719
BMI (kg/m?) 28.8+5.8
Data are displayed as abso-
lute and relative frequencies or
mean and standard deviation
12 94 r=0534
p < 0.001
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Fig. 1 Scatter plot illustrating the relation of cardiac output estima-
tions obtained with multi-beat analysis (MBA-CO; test method) and
cardiac output measurements with pulmonary artery thermodilution
(PATD-CO; reference method). The within-subject correlation coef-
ficient (r) is presented along a respective illustration of the intra-indi-
vidual linear trend. Patients are distinguished by color

of the blood pressure waveform. We included 167 paired
CO values of 31 patients in the final analysis.

Basic patient characteristics are shown in Table 1.
The relation and within-subject correlation of PATD-CO
and MBA-CO is shown in Fig. 1. Mean PATD-CO and
MBA-CO were 5.30+1.22 L/min and 5.55 + 1.82 L/min,
respectively. Bland—Altman analysis revealed a mean
of the differences between PATD-CO and MBA-CO of
0.08 £1.10 L/min (95% limits of agreement: —2.13 L/
min to +2.29 L/min) (Fig. 2). The percentage error was
40.7%. Four-quadrant plot analysis is shown in Fig. 3. The
concordance between changes in PATD-CO and MBA-CO
was 88%.
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Fig.2 Bland-Altman plot illustrating mean of the differences (bold
horizontal line) and 95% limits of agreement (upper and lower thin
horizontal lines) between the reference method (PATD-CO) and the
test method (MBA-CO)
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Fig.3 The capability of the multi-beat analysis method to track rela-
tive changes in cardiac output is shown in a four-quadrant plot with a
central exclusion zone of 15%. MBA-CO, cardiac output estimations
obtained with multi-beat analysis (test method); PATD-CO, cardiac
output measurements with pulmonary artery thermodilution (refer-
ence method)

4 Discussion

In this method comparison study, CO estimations by
multi-beat analysis of the radial arterial blood pressure
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waveform (Argos monitor) showed reasonable agreement
and trending ability compared with CO measured by inter-
mittent PATD in adult patients treated in the ICU after
OPCAB.

This is the first prospective method comparison study
evaluating the CO measurement performance of the novel
multi-beat analysis algorithm now included in the recently
FDA-cleared Argos monitor in comparison with intermittent
PATD—the clinical reference method—in patients treated
in the ICU after cardiac surgery. Previous studies investi-
gated former versions of the multi-beat analysis algorithm
in comparison with experimental gold standard CO meas-
urements (aortic flow probe) in animals [13] and retrospec-
tively in comparison with thermodilution CO measurements
in 15 [12] and 169 [15] patients from a freely accessible
ICU database. These previous studies showed promising
results with regard to the CO measurement performance of
the multi-beat analysis method. However, in these previous
studies, the agreement and trending ability of the multi-beat
analysis method with the reference method were assessed
using calibrated multi-beat analysis-derived CO estimates,
i.e., the CO estimates were calibrated to the reference CO
values and multi-beat analysis was used as a calibrated pulse
wave analysis method [8, 9]. In contrast, in our study, we
used multi-beat analysis as a—so-called—"uncalibrated”
pulse wave analysis method only using arterial blood pres-
sure waveform data and biometric information to estimate
CO [8, 9]. Therefore, our findings are not indiscriminately
comparable to results of these previous studies.

In 2010, Peyton and Chong [22] published an extensive
meta-analysis on minimally-invasive methods for CO esti-
mation in surgical and ICU patients. For pulse wave analy-
sis methods, this meta-analysis yielded an overall pooled
mean of the differences of 0.00 L/min (£ 95% confidence
interval, +0.09 L/min), a pooled standard deviation of the
differences between paired measurements of 1.22 L/min, and
a pooled percentage error of 41.3% (+95% confidence inter-
val, +2.7%). Of note is that this meta-analysis included both
uncalibrated and calibrated pulse wave analysis methods.
Compared with these pooled results our study investigating
uncalibrated multi-beat analysis revealed a slightly lower
standard deviation of the mean of the differences and per-
centage error.

Four-quadrant plot analysis and the concordance rate
are used to describe the ability of a test method to ade-
quately and timely detect changes in a hemodynamic
variable measured with a reference method. In our study,
the concordance rate between changes in MBA-CO and
PATD-CO (88%) reflects good trending ability of multi-
beat analysis. The concordance rate is markedly higher
than the ones observed in recent studies comparing the
latest version of an established pulse wave analysis algo-
rithm (FloTrac; Edwards Lifesciences, Irvine; CA, USA)
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with pulmonary artery thermodilution in patients having
cardiac surgery using cardiopulmonary bypass [23, 24].

In general, irrespective of the specific method used, a
key prerequisite for pulse wave analysis to provide accu-
rate and reliable estimations of hemodynamic variables
is an optimal signal quality of the arterial blood pressure
waveform. Artifacts in the arterial blood pressure wave-
form can be caused by movement or by inappropriate
damping properties (underdamping/resonance artifacts
or overdamping) of the monitoring system consisting of
the arterial catheter, a fluid-filled tubing system, and a
pressure transducer [16, 25-27]. In accordance with our
study, it has been demonstrated that underdamping/reso-
nance artifacts occur in about one-third of cardiovascular
patients in the operating room or ICU [26, 27]. Under-
damping/resonance artifacts can result in a marked over-
estimation of systolic arterial blood pressure and incorrect
estimation of pulse wave analysis-derived hemodynamic
variables such as stroke volume, CO, and pulse pressure
variation [26, 27]. Therefore, during routine clinical care,
we repeatedly perform “fast-flush tests” [16, 25] to evalu-
ate the dynamic response of the arterial blood pressure
monitoring system. To be able to objectively describe the
actual measurement performance of a pulse wave analy-
sis method in comparison with a reference method in a
method comparison study it is essential to only include
impeccable arterial blood pressure waveforms not dis-
turbed by artifacts or inappropriate damping properties of
the arterial catheter/tubing system. We, therefore, care-
fully checked the quality of the recorded arterial blood
pressure waveforms and excluded waveform segments that
were likely to be altered by inappropriate damping proper-
ties (underdamping/resonance or overdamping) and other
artifacts. On the one hand, excluding artifactual waveforms
is a key prerequisite to draw meaningful conclusions from
method comparison studies on pulse wave analysis algo-
rithms. On the other hand, excluding waveforms might
increase the risk for selection bias and limit the generaliz-
ability of our findings to routine clinical conditions.

Another limitation of our study is that we did not
use the multi-beat analysis monitor at the bedside, but
recorded arterial waveform segments during routine care
and later performed off-line analysis to estimate MBA-CO.
In addition, because this was a single center study includ-
ing patients after OPCAB surgery our results might not
be generalizable to other settings or patient collectives.
Further, our study setting was not designed to evaluate
the trending ability of multi-beat analysis because the
patients were in a relatively stable hemodynamic state and
no CO-changing interventions were performed between
study measurements. This resulted in a limited number of
eligible observations for tending analysis.

5 Conclusion

CO estimations by multi-beat analysis of the radial arterial
blood pressure waveform (Argos monitor) show reasonable
agreement compared with CO measured by intermittent
PATD in adult patients treated in the ICU after off-pump
coronary artery bypass surgery (OPCAB). For further
assessment of the trending ability additional studies are
needed.
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