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Objective: To evaluate the accuracy of non-calibrated multi-beat analysis continuous cardiac output
(CCOMBA), against calibrated pulse-contour analysis continuous cardiac output (CCOPCA) during a passive
leg raise (PLR) and/or a fluid challenge (FC).
Design: Observational, single-centre, prospective study.
Setting: Tertiary academic medical intensive care unit, Lyon, France.
Participants: Adult patients receiving norepinephrine, monitored by CCOPCA, and in which a PLR and/or
a FC was indicated.
Main outcome measures: CCOMBA and CCOPCA were recorded prior to and during the PLR/FC to evaluate
bias and evaluate changes in CCOMBA and CCOPCA (D%CCOMBA and D%CCOPCA). Fluid responsiveness was
identified by an increase >15% in calibrated cardiac output after FC, to identify the optimal D%CCOMBA

threshold during PLR to predict fluid responsiveness.
Results: 29 patients (median age 68 [IQR: 57e74]) performed 28 PLR and 16 FC. The bias between
methods increased with higher CCOPCA values, with a percentage error of 64% (95%confidence interval:
52%e77%). D%CCOMBA adequately tracked changes in D%CCOPCA with an angular bias of 2 ± 29�. D%
CCOMBA during PLR had an AUROC of 0.92 (P < 0.05), with an optimal threshold >14% to predict fluid
responsiveness (sensitivity: 0.99, specificity: 0.87).
Conclusions: CCOMBA showed a non-constant bias and a percentage error >30% against calibrated
CCOPCA, but an adequate ability to track changes in CCOPCA and to predict fluid responsiveness.

© 2024 The Authors. Published by Elsevier B.V. on behalf of College of Intensive Care Medicine of
Australia and New Zealand. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Assessment of preload responsiveness using dynamic manoeu-
vres (such as passive leg raising, PLR) requires the use of continuous
monitoring of cardiac output with a high temporal sampling rate.1

Nowadays, multiple less-invasive devices (as compared to the
reference Swan-Ganz method) using the arterial pressure wave-
form to estimate CCO continuously are available and allow the
evaluation of fluid responsiveness in clinical routine. Yet, this
advantage is hampered for some of the less-invasive devices due to
the lack of calibration of CCO absolute values, as they use popula-
tional models to estimate some characteristics of the cardio-
ve Care Medicine of Australia and New Zealand. This is an open access article under
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circulatory system, whose relevance may be challenged in patients
with vasoplegic shock under vasopressors.2

Among these non-calibrated systems, the Argos monitor (Retia
Medical, White Plains, MA, USA) estimates CCO using the diastolic
portion of the AP waveform to fit a decaying exponential function
to determine vascular resistances, stroke volume and CCO.3 The
device had the advantage of connecting directly to the AP module
of the ICU monitor, without requiring changing the arterial cath-
eter. The device analyses the APwaveform overmultiple heartbeats
to account for confounding wave reflections and was identified as
having a percentage error >30% in a post-cardiac surgery pop-
ulation,4e8 but its diagnostic performance to predict fluid respon-
siveness remains to date unknown. On the other hand, devices
calibrated using transpulmonary thermodilution assess CCO with
potentially higher precision (below the 30% percentage error) using
pulse-contour analysis of AP waveform, at the price of requiring the
placement of specific catheters and frequent recalibration.9,10

We hypothesized that a non-calibrated multi-beat analysis CCO
monitoring device would provide a biased estimate of cardiac
output, but would have adequate ability to track changes in CCO
and evaluate fluid responsiveness in critically ill patients under
vasopressors, although with a different CCO threshold to predict
fluid responsiveness as a consequence of the biased measure.
Consequently, the objectives of the study were to assess the accu-
racy, trending ability and clinical relevance of non-calibrated CCO,
as compared to a calibrated CCO monitoring method in this
population.

2. Materials and methods

2.1. Study design and ethics

The study was an investigator-initiated, single-centre, pro-
spective, observational study performed in an academic ICU of a
tertiary centre in Lyon, France. The study was approved by the
institution ethics comity (Comit�e Scientifique et Ethique des Hos-
pices Civils de Lyon, reference number 23-5040). All included pa-
tients or their next-of-kin received information regarding the
study. Due to the non-interventional design of the study, the ethics
comity waived the obligation for signed consent. The present
report follows the STROBE and STARD checklists for the report of
observational and diagnostic accuracy studies.11,12

2.2. Study population

Consecutive patients admitted to the ICU were eligible if they
were 18 years old or older, were receiving a continuous intravenous
infusion of norepinephrine, had a transpulmonary thermodilution-
calibrated CCO monitoring device in place, and if the clinician in
charge indicated the realization of a postural manoeuvre to eval-
uate fluid responsiveness and/or of a fluid challenge with at least
500 ml of crystalloids. Exclusion criteria are reported in
Supplemental Methods.

2.3. Study outcomes

The study’s primary endpoint was the determination of the bias
existing between the multi-beat analysis CCO monitoring device
(evaluation) and the transpulmonary thermodilution-calibrated
CCO monitoring device (reference), using repeated paired repli-
cates. Secondary endpoints included the identification of the de-
terminants of higher bias between methods, the assessment of bias
in prespecified subgroups of patients, the evaluation of the trending
performance of the non-calibrated CCO device to detect changes in
CCO measured by the reference method, the precision of the
evaluated device, and its ability to classify patients as fluid re-
sponders and non-responders.

2.4. Reference CCO method

The calibrated CCO monitoring device (PiCCO®, Pulsion Medical
System, Feldkirchen, Germany) was connected to a dedicated pro-
prietary femoral artery catheter and to the central venous catheter
located in the internal jugular vein, and to the Intellivue® MP40
monitor (Philips, Amsterdam, Netherlands) equipped with the
PiCCO® module (Supplemental Fig. S1). The device was calibrated
using transpulmonary thermodilution with the triplicate injection
of 15-ml of cold saline at inclusion and at the end of the fluid
challenge, if applicable. All collected CCOmeasurements with pulse
contour analysis (CCOPCA) were collected after the baseline cali-
bration. Cardiac output measured by transpulmonary thermodilu-
tion (COTPTD) was also indexed to the patient's body surface using
the Du Bois formula and was expressed in L.min�1.m�2.13

Hence, the reference method in this study was CCOPCA for ana-
lyses evaluating CCO and fast changes during hemodynamic studies
(allowing a temporal sampling resolution similar to the evaluated
device), and COTPTD in analyses evaluating fluid responsiveness
after a fluid challenge.

2.5. Evaluated CCO device

The non-calibrated multi-beat analysis CCO monitoring device
(Argos®, Retia Medical, White Plains, NY, USA) was connected
directly to the AP module of the Intellivue® MP40 monitor, without
requiring any physical interaction with the arterial line or the pa-
tient (Supplemental Fig. S1). The device required the following
demographic data to determine CCO from multi-beat analysis of
the arterial waveform (CCOMBA): age, admissionweight, height, and
gender. From these variables, the device then determines the
Windkessel time constant t (the product of systemic vascular
resistance by arterial compliance) by fitting a decaying exponential
to the tail of the AP waveform over multiple heartbeats. The system
then computes CCOMBA knowing the mean arterial pressure and
estimates the arterial compliance using the demographics listed
above and a proprietary model resulting in the determination of
systemic vascular resistances.3

Details regarding the modality of data extraction from both
monitoring devices are described in Supplemental Methods.

2.6. Hemodynamic studies

In patients in the supine position, postural manoeuvres con-
sisted in a 45� PLR manoeuvre (starting from the semi-recumbent
position) for 1 min.14 In patients in the prone position, a Trende-
lenburg manoeuvre (þ13� to �13�) was performed for 1 min.15

Patients in whom the clinician indicated the administration of a
fluid challenge received 500 ml of Ringer Lactate solution over a
period of 15 min or less. Detailed description of fluid bolus
administration is given is Supplemental Methods, along with
collected indications. Details regarding hemodynamic monitoring,
protocolization of co-interventions (ventilation, sedation, vaso-
pressors) are described in Supplemental Methods.

2.7. Study time points

Four hemodynamic time points were a priori defined, corre-
sponding to the timing of paired replicates measurements: at
baseline before the postural manoeuvre, and during the postural
manoeuvre; and at baseline prior to the fluid challenge, and during
the fluid challenge (Fig. 1).



Fig. 1. Study procedures. The figure shows the study experimental design, in which patients who required an hemodynamic study were evaluated by a postural maneuver, possibly
followed by a fluid challenge of 500 ml crystalloids administered in less than 15 min. Transpulmonary thermodilution to calibrate the continuous cardiac output monitoring device
using pulse contour analysis was performed at study onset and immediately at the end of the fluid challenge administration. Postural maneuvers (either passive leg raising or
Trendelenburg maneuver) were performed for 1 min, during which the highest CCO value was collected on both monitors (multi-beat analysis and pulse contour analysis). CCO data
were continuously collected before and during postural maneuvers, and before and during fluid challenges, respectively. The figure also shows the time points at which CCO paired
replicates (R1, R2, etc., up to a maximum of 4 replicates per patient) were collected (baseline and maximal values during interventions). The baseline periods corresponded to a 2-
min timeframe for postural maneuvers and a 3-min timeframe for fluid challenges, respectively. The per-intervention period corresponded to a 3-min timeframe for postural
maneuvers and a 15-min period timeframe for fluid challenges, respectively. CCO: continuous cardiac output; CCOMBA: continuous cardiac output measured by multi-beat analysis;
CCOPCA: continuous cardiac output measured by pulse contour analysis; R1-4: replicate #1-4; TPTD: transpulmonary thermodilution.
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2.8. Paired CCO replicates

Baseline CCOMBA and CCOPCAwere defined as the mean value of
CCO measured over the baseline period; maximal CCOMBA and
CCOPCA corresponded to the highest value observed during the
postural manoeuvre and/or the fluid challenge. From these paired
measurements, we computed the relative change in CCOMBA (D%
CCOMBA) and in CCOPCA (D%CCOPCA) for a given intervention (i.e.
postural manoeuvre or fluid challenge). Hence, in a patient un-
dergoing both a postural manoeuvre and a fluid challenge, a
maximum of 4 paired CCO replicates could be obtained for
analysis.

COTPTDmeasured at baseline before the postural manoeuvre and
that measured after the fluid challenge were also collected to
compute its relative change between these 2 time points (D%
COTPTD).
2.9. Identification of fluid responsiveness using CCOMBA during
passive leg raising

In supine patients performing a PLR manoeuvre, diagnosis of
fluid responsiveness was adjudicated using a D%CCOPCA during PLR
>10%.14 After adjudication, the ability of D%CCOMBA during PLR to
correctly identify fluid responsiveness was evaluated. Fluid
responsiveness was not evaluated in patients undergoing a Tren-
delenburg manoeuvre, due to the lower level of evidence regarding
this postural manoeuvre and its diagnostic threshold (i.e. 8%).15
2.10. Prediction of fluid responsiveness using CCOMBA after a fluid
challenge

In patients who received a fluid challenge, a D%COTPTD > 15%
classified the patient as being fluid responsive.14 After adjudication,
the ability of D%CCOMBA during the postural manoeuvre preceding
the fluid challenge to correctly predict fluid responsiveness was
evaluated.
2.11. Statistics

Analyses were performed with the R Software, using packages
lme4, MuMIn, MethComp, and cutpointr.16e20 Sample size calcula-
tion is shown in Supplemental Methods. A P value < 0.05 was
chosen for statistical significance. Data were reported by their
median [interquartile range], or count (percentage), unless other-
wise stated. 95% confidence intervals were computed using boot-
strapping (1000 replicates). Continuous variables were compared
between groups usingWilcoxoneManneWhitney test, and Fisher's
exact test for categorical variables. In case of repeated measures,
comparison between groups was performed using linear mixed-
effects models, with the patient identification number as random
effect.

Bias between CCO methods was evaluated using a linear mixed-
effects model and BlandeAltman representation, considering the
repetition of replicates in a given individual.18,21,22 Bias was
computed as:23

Bias¼CCOMBA � CCOPCA Equation 1

Since the bias between methods was identified as being non-
constant and the existence of repeated replicates, the regression
equation and limits of agreements were computed using alter-
nating regression and represented graphically on BlandeAltman
plots. The percentage error was computed as:

%err ¼2$SDBias=CCOPCA Equation 2

with SDBias the standard deviation of the bias, and CCOPCA the mean
of CCOPCA. Bias was also evaluated using the same methodology in
the following conditions: (1) using baseline COTPTD as the reference
method; (2) after exclusion of patients in non-sinus rhythm. The
percentage error was also evaluated and reported with its 95%
confidence interval computed using bootstrapping (1000 repli-
cates). To explore the impact of patient's characteristics and he-
modynamics on the difference between CCOMBA and CCOPCA
measurements, we performed a multivariate analysis of variables
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associated with CCOMBA � CCOPCA, using linear mixed-effects
models with the patient identification number as random effect
(Supplemental Methods).

Ability of CCOMBA to track changes in CCOPCA was assessed using
4-quadrant and radial plots. The concordance rate was defined as
the percentage of values that fell into the 2 concordant quadrants of
the plot, after exclusion of relative changes in CCO <5%. Angular
bias was computed as the mean angle between data points and the
polar axis and compared to 0� using theWilcoxoneManneWhitney
test. Radial limits of agreement were computed similarly to the
limits of agreement in Bland and Altman analysis.

Repeatability of CCOMBA measurements was assessed using the
data collected over the baseline period, and was described by the
coefficient of variation, the coefficient of error, the precision and
least significant change (LSC).

The diagnostic and predictive performance of D%CCOMBA
(measured during PLR) to identify and predict fluid responsiveness
was assessed using the area under the receiver operating curve
(AUROC, Delong's method), using: (1) D%CCOPCA as the reference
method to identify fluid responsiveness during PLR; and (2) D%
COTPTD as the referencemethod to predict fluid responsiveness after
a fluid challenge. We then identified the CCOMBA optimal threshold
and determined the diagnostic metrics associated with it
(Supplemental Methods).
3. Results

3.1. Population characteristics

Between April 4th, 2023 and June 16th, 2023, we enrolled 29
patients in the study (Supplemental Fig. S2), within a delay of 1
[1e2] day after ICU admission. Demographics of enrolled patients
are shown in Table 1. At inclusion, most patients were in sinus
rhythm (25/29), with a COTPTD of 5.2 [4.3e6.5] L.min�1 and a
norepinephrine dose of 0.3 [0.1e0.7] mg.kg�1.min�1 (Table 2).
Table 1
Baseline characteristics of the population.

Variables N ¼ 29

Age, years 68 [57e74]
Sex, male 22 (76%)
Weight, kg 78 [67e86]
BMI, kg.m�2 27 [23e30]
Comorbidities
Hypertension 11 (38%)
Diabetes 6 (21%)
Chronic heart failure 2 (7%)
Peripheral artery disease 4 (14%)

Severity of disease
Admission category, medical, N (%) 26 (90%)
SAPS-2 score at ICU admission 66 [51e77]
SOFA score on inclusion day 12 [8e14]
Sepsis, N (%) 20 (69%)
Septic shock, N (%) 19 (66%)

Invasive mechanical ventilation, N (%) 23 (79%)
FiO2 in ventilated patients on day of inclusion, % 35 [30e50]
Lowest PaO2/FiO2 ratio on day of inclusion, mmHg 189 [148e248]
PEEP, cmH2O 5 [5e5]
ARDS, N (%) 9 (31%)

Highest creatinine on day of inclusion, mmol.L�1 142 [106e192]
Renal replacement therapy, N (%) 6 (21%)
UFNET flow rate at time of inclusion, ml.h�1 75 [30e140]

Richmond Analgesia and Sedation Scale (RASS) �5 [�5 to �2]

Data are presented as count (%) or median [interquartile range].
ARDS: acute respiratory distress syndrome; BMI: body mass index; FiO2: inspired
fraction in O2; ICU: intensive care unit; PaO2: arterial partial pressure in O2; PEEP:
positive end-expiratory pressure; SAPS-2: simplified acute physiology score 2;
SOFA: sepsis-related organ failure assessment; UFNET: net ultrafiltration.
Most patients underwent a postural manoeuvre (28/29, of
which 26 were PLR), and 16/29 received a fluid challenge
(Supplemental Table S1, fluid challenge indications reported in
Supplemental Table S2), resulting in a total number of 88 CCO
paired replicates (no missing data). Characteristics of patients who
received and did not receive a fluid challenge are given in
Supplemental Table S3.
3.2. Bias of CCOMBA

Illustrative examples of individual AP curves, CCO curves, cor-
relation and bias are shown in Supplemental Fig. S3. Fig. 2A shows
the correlation between CCOPCA and CCOMBA paired measurements
in all hemodynamic evaluations. The BlandeAltman representation
in Fig. 2B showed a non-constant bias between methods, with a
trend toward higher bias with higher CCO values. Limits of agree-
ments reached ±3.41 L.min�1, with a percentage error of 64% (95%
confidence interval: 52%e77%). Biases between methods using
baseline COTPTD as the reference method (instead of CCOPCA), or
after exclusion of patients in non-sinus rhythm are shown in
Supplemental Figs. S4 and S5, respectively. In multivariate analysis,
bias between CCO monitoring methods was significantly and
independently associated with non-sinus rhythm, pulse pressure
and age (Supplemental Table S4).
3.3. Trending performance of CCOMBA

Fig. 3 shows the 4-quadrant plot of D%CCOMBA against D%CCOPCA
in panel A, and the radial plot in panel B. D%CCOMBA adequately
tracked changes in D%CCOPCA, with a concordance rate of 90% (95%
confidence interval: 0.75 to 0.97). The angular bias
(mean ± standard deviation) was 2� ± 29� and was not significantly
different from 0�, with radial limits of agreements of ±56�.
Table 2
Cardiovascular status and hemodynamics at inclusion.

Variables N ¼ 29

Time between ICU admission and inclusion, days 1 [1e2]
Cardiac rhythm
Sinus rhythm 25 (87%)
Atrial fibrillation 1 (3%)
Paced 2 (7%)
Atrial extrasystoles 1 (3%)

Hemodynamics
Heart rate, min�1 96 [75e110]
Mean arterial pressure, mmHg 71 [67e76]
Diastolic arterial pressure, mmHg 53 [50e60]
Pulse pressure, mmHg 55 [43e63]
Central venous pressure, mmHg 6 [4e8]
COTPTD, L.min�1 5.2 [4.3e6.5]
CITPTD, L.min�1.m�2 2.6 [2.2e3.4]
SVI, mL.m�2.beat�1 32 [23e38]
GEDVI, mL.m�2 687 [614e835]
EVLWI, mL.kg�1 PBW 9.3 [7.5e12.6]

Continuous cardiac index monitoring
CCOPCA, L.min�1 5.2 [4.4e6.3]
CCOMBA, L.min�1 6.2 [3.9e8.1]

Arterial lactate, mmol.L�1 2.4 [1.5e3.5]
Norepinephrine dose, mg.kg�1.min�1 0.3 [0.1e0.7]
Inotropic agent 1 (3%)

Data are presented as median [interquartile range] or count (percentage).
CITPTD: cardiac index measured by transpulmonary thermodilution; CCOMBA:
continuous cardiac output measured by multi-beat analysis; CCOPCA: continuous
cardiac output measured by pulse contour analysis; COTPTD: cardiac output
measured by transpulmonary thermodilution; EVLWI: extravascular lung water
index; GEDVI: global end-diastolic volume index; ICU: intensive care unit; PBW:
predicted body weight; SVI: stroke volume index.



Fig. 2. Correlation plot and mean bias. The figure shows the correlation between CCO measured by pulse contour analysis and with multi-beat analysis in panel A, and the bias
between methods in a Bland and Altman plot, using CCOPCA as the reference method in panel B (N ¼ 88 paired replicates). In panel A, the broad solid line shows the correlation line
with its limits of agreement (dashed lines). The equation shows the mathematic relationship between CCOPCA and CCOMBA (P < 0.01). In panel B, the bias between CCO methods was
identified as being non-constant across measured CCO values. The figure shows the equation of the non-constant bias and the range of limits of agreement. The broad solid line is
the regression slope bias between methods, and the 2 dashed line represent the limits of agreement between methods. CCO: continuous cardiac output; CCOMBA: continuous cardiac
output measured by multi-beat analysis; CCOPCA: continuous cardiac output measured by pulse contour analysis.

Fig. 3. Four-quadrant plot and polar plot. The figure shows a four-quadrant plot of D%CCOPCA against D%CCOMBA in panel A, and a polar plot assessing the trending ability of D%
CCOMBA to detect a change in D%CCOPCA (N ¼ 88 paired replicates). In panel A, each symbol is the relative change in CCO measured by pulse contour analysis on the x axis, plotted
against the relative change in CCO measured by multi-beat analysis on the y axis, between baseline and the highest value measured during the postural maneuver and/or the fluid
challenge. The vertical and horizontal solid lines delimit quadrant limits. The blue square identifies D%CCO values with a relative change <5% which were excluded from the
computation of the concordance rate as they were deemed below the conservative threshold for least significant change.30 The concordance rate was 90% [95% confidence interval:
75%e97%] (P < 0.001). In panel B, the better the agreement between D%CCO measurements, the closer data pairs will lie along the horizontal radial axis. The distance from the
centre of each plot represents the mean relative change in CCO between methods (mean D%CCO) at each consecutive time points. Data points located between 315� and 45� refer to
observations in which both D%CCOPCA and D%CCOMBA increased (north-eastern quadrant of the four-quadrant plot). The broad solid line represents angular bias, while dashed lines
represent radial limits of agreement. The angular bias was (mean ± standard deviation) 2� ± 29� (P ¼ 0.67 compared to 0�), and the upper and lower limits of agreements were 54�

and 302� , respectively. D%CCO: relative change in continuous cardiac output; D%CCOMBA: relative change in continuous cardiac output measured by multi-beat analysis; D%CCOPCA:
relative change in continuous cardiac output measured by pulse contour analysis.
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3.4. CCOMBA precision and least significant difference

Precision of repeated CCOMBA measurements over a stable he-
modynamic period was 1% (95% confidence interval: 1%e2%), and
the least significant change in CCOMBA was 2% (95% confidence in-
terval: 1%e3%). These values were of similar magnitude compared
to CCOPCA measured in the same conditions (Supplemental
Table S5).
3.5. Diagnostic performance of D%CCOMBA to identify fluid
responsiveness during PLR

Fluid responsiveness (adjudicated using D%CCOPCA) was diag-
nosed in 14/26 of PLR manoeuvres, with 10/14 of preload-depen-
dent patients receiving subsequently a fluid bolus. During PLR, D%
CCOMBAwas significantly higher in patients with a D%CCOPCA > 10%
(Supplemental Table S6), and had an AUROC of 0.88 (95%
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confidence interval: 0.75e0.98) to identify a D%CCOPCA > 10% dur-
ing PLR (Supplemental Table S7). Cohen's kappa coefficient reached
0.64 (95% confidence interval: 0.35e0.92) when using a D%CCOMBA
threshold of 10%.

3.6. Predictive performance of D%CCOMBA to identify fluid
responsiveness after a fluid challenge

In the subgroup of patients who performed a PLR manoeuvre
followed by a fluid challenge (N ¼ 14), D%CCOMBA during PLR was
significantly higher in patients with a D%CCOTPTD > 15% (N ¼ 7,
Supplemental Table S6). The optimal threshold of D%CCOMBA during
PLR to predict fluid responsiveness after a fluid challenge was >14%,
with a grey zone ranging from 12% to 23% and an AUROC of 0.92 (95%
confidence interval: 0.75e1.00) (Fig. 4 and Supplemental Table S7).

4. Discussion

In this prospective, single-centre, observational study evalu-
ating the bias and trending ability of a non-calibrated CCO moni-
toring device, we observed that (1) CCOMBA demonstrated a non-
constant bias, compared to CCOPCA, with increasing bias with
increasing CCO values, and a percentage error of 64%; (2) CCOMBA
displayed adequate capacity to track changes in CCOPCA during
hemodynamic studies evaluating fluid responsiveness; and (3) the
predictive performance of CCOMBA to identify fluid responsiveness
was excellent, with a 14% optimal threshold during passive leg
raising to identify fluid responsiveness after a fluid challenge.

Multi-beat analysis of the arterial waveform is a recent method
to continuously assess cardiac output, using a minimally invasive
device connected to the AP module of an arterial line. CCOMBA
displayed varying bias ranging between �0.15 L.min�1 to
0.90 L.min�1 with percentage errors between 38.2% and 70% in
mixed ICU post-operative populations, using transesophageal
doppler or pulmonary artery thermodilution as the reference
method.4e7 On the other hand, concordance rates depicting the
accuracy of the device to detect changes in CCO were frequently
Fig. 4. D%CCOMBA performance during PLR to predict fluid responsiveness. The figure show
after adjudication of the fluid response based on COTPTD (panel A) and the associated AUROC
challenge (N ¼ 14). In panel A, the red line identifies the validated threshold of 10% to ide
threshold of 14% using D%CCOMBA during PLR. The P value evaluates the statistical differen
coxoneManneWhitney test. In panel B, the area under the receiver operating curve is disp
predict fluid responsiveness was significantly different from 0.50. AUROC: area under the
measured by multi-beat analysis; D%CCOPCA: relative change in continuous cardiac outpu
measured by transpulmonary thermodilution.
adequate, above 88%. Most studies excluded patients with
arrhythmia and with inadequate arterial line damping character-
istics, and focused on post-cardiac surgery patients, in which me-
dian CCO values were below those measured in the present study.
These previously published data demonstrated that CCOMBA may
not be interchangeable with pulmonary artery thermodilution,
justifying cautious clinical interpretation of absolute CCO values
displayed by the monitor.

Similar to these results, we observed that CCOMBA was associ-
ated with a significant non-constant bias compared to trans-
pulmonary thermodilution-calibrated CCOPCA, with a percentage
error well above the 30% threshold identified by Critchley and
Critchley to estimate interchangeability between cardiac output
methods, and within the range observed in previous studies.8,23

However, we confirmed the ability of the monitor to efficiently
detect changes in CCO when performing a postural manoeuvre or a
fluid challenge. Interestingly, exclusion of patients in non-sinus
rhythm did not substantially modify the bias between methods.

Furthermore, we evaluated the ability of the Argos® monitor to
predict fluid responsiveness when performing a PLR test. Our re-
sults demonstrated the excellent performance of CCOMBA to effec-
tively predict fluid responsiveness after a fluid challenge (with a
median normalized volume > the recommended 4 ml.kg�1 24), at
an optimal threshold of 14% during the preceding PLR test. How-
ever, this new threshold should be interpreted with caution, due to
a wide grey zone, ranging from 12% to 23% and the low statistical
power of this sensitivity analysis.25 Of note, the lower boundary of
the grey zone is higher than the classical threshold used to define
fluid responsiveness with CCOPCA during PLR. This is not unex-
pected, and is the result of the non-constant, increasing bias as CCO
increases. Choosing between these boundary thresholds should be
guided by clinical assessment of the risk-benefit compromise be-
tween fluid toxicity and fluid under-resuscitation. Also, we
observed that diagnostic and predictive performance metrics were
probably improved by optimal threshold determination, as
compared to using the D%CCIPCA known thresholds for PLR (i.e.
>10%).14,15 Finally, it should be acknowledged that the study was
s D%CCOMBA values during a passive leg raising maneuver preceding a fluid challenge
in panel B, in patients who performed both a passive leg raising maneuver and a fluid
ntify fluid responsiveness using D%CCOPCA during PLR, and the blue line the optimal
ce in D%CCOMBA values between fluid responders and non-responders, using the Wil-
layed with its 95% confidence interval between brackets. The AUROC of D%CCOMBA to
receiver operating curve; D%CCOMBA: relative change in continuous cardiac output
t measured by pulse contour analysis; D%COTPTD: relative change in cardiac output
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performed in a specific ICU subpopulation, a majority of which
were under mechanical ventilation (and consequently PEEP) and
with low RASS scores, physiological conditions that may have
impacted bias estimation to an unknown degree.

Rapid changes in vascular tone have been shown to significantly
impact CCO measurements and bias (with conflicting results),
which subsequently mandated frequent recalibration of devices to
appropriately assess cardiac output.2,26,27 On the other hand, non-
calibrated devices, which use demographics and population-
based models to estimate the characteristics of the arterial tree
(such as the arterial compliance), are less capable of identifying
alterations in the vasculature and may incorrectly interpret
changes of their root signal (i.e. the arterial waveform) as being
related to systemic vascular resistances and not to arterial
compliance. In the specific case of the Argos® monitor, changes in
the tail section of the arterial waveform will systematically be
interpreted by the device as being related to changes in vascular
resistances (and subsequently CCO), as the system only adjusts
arterial compliance based on the mean arterial pressure (and fixed
demographics). Indeed, we observed that CCOMBA bias was signif-
icantly impacted by the interaction of age and pulse pressure, while
norepinephrine dosage or diastolic pressure were not retained in
the multivariate model. Our interpretation is that high pulse
pressure is both an indicator of decreased systemic vascular resis-
tance (as it encompasses the decrease in diastolic pressure due to
low vascular tone, and the increase in cardiac output secondary to
low resistances), and/or decreased arterial compliance related
either to age or vasopressors. As a result, and because the
population-based model on which the device relies is proprietary,
we can only hypothesize that it will perform better in older patients
with limited vasoplegia and/or with high arterial compliance.

Our study shows that CCOMBA has the potential to detect
changes in CCO during hemodynamic studies evaluating preload
dependence, and is capable to predict fluid responsiveness during
PLR, at an optimal threshold of 14%. These results suggest that this
minimally invasive device is of clinical use in hemodynamically
unstable patients requiring advanced monitoring and in which
fluid management should be guided using dynamic challenges.
Furthermore, the ease of use of the monitor allows its imple-
mentation in clinical practice early during patient management,
without requiring the implantation of a new catheter. Also,
compared to other devices, the Argos monitor has the advantage of
not requiring any consumable (i.e. single-use) material to assess
CCO. These advantages are however mitigated by the fact that the
absolute value of CCOMBA, being positively and non-constantly
biased compared to the reference method, may lead clinicians to
make drastically different therapeutical decisions based on it. In
those patients in which the absolute value of CCO is critical (e.g.
cardiogenic shock, absence of clinical improvements after 6 h of
management using non-calibrated CCO monitoring), clinicians
should hence consider converting the CCO monitoring method
from a non-calibrated one to a calibrated one.28

Our study has several strengths. First, we evaluated CCOMBA in a
medical ICU environment in patients with sepsis and septic shock.
Second, linked repeated replicates were collected during hemo-
dynamic studies evaluating fluid responsiveness. Third, we used
advanced metrology methodology to evaluate bias (including the
evaluation of non-constant bias and the adjustment for paired
replicates), trending ability and precision of CCOMBA, to extensively
report the performance of this new device.18,21,22 Fourth, we used
CCOPCA as the reference method, which as the dual advantage of
being calibrated by transpulmonary-thermodilution and of
continuously measuring CCO using pulse contour analysis with
limited drift over the first hour after calibration.27 Furthermore,
CCOPCA has demonstrated limited bias and lower percentage errors
when compared to the pulmonary artery thermodilution-
measured cardiac output.9,10,29 Finally, statistical analyses took
into account the specificities of the experimental design, including
the repetition of replicates in a given participant.

Several limitations should also be acknowledged. First, this is a
single-centre, observational study, which limits the generalizability
of our results. Second, not all postural manoeuvres were followed
by a fluid challenge, which hampers our capacity to strictly evaluate
its accuracy to predict fluid responsiveness. However, the studywas
performed during routine care in which clinicians could decide
whether to administer or not a fluid challenge based on the result of
the postural manoeuvre. Third, fluid responsiveness was adjudi-
cated based on both the change in CCOPCA observed during PLR and
the change in COTPTD in patients who received a fluid challenge.
However, using only transpulmonary thermodilution measure-
ments would have limited the amount of data in the context of an
observational study, by excluding all postural manoeuvres not fol-
lowed by a fluid challenge. Furthermore, CCOPCA (rather than
transpulmonary thermodilution) has the advantage of utilizing the
same root signal (i.e. the AP waveform) to estimate CCO bias, yet
with a different computational methodology. Also, all hemody-
namic studies were immediately preceded by a CCOPCA calibration
by transpulmonary thermodilution, ensuring minimal drift in CCO
values. Fourth, we acknowledge that fluid responsiveness predicted
using CCOPCA during PLR is associated with a false negative rate of
approximately 10%, which may have hampered our estimation of
the diagnostic performance of CCOMBA.14 Fifth, no TTE was per-
formed as part of the protocol, which may have led to the identi-
fication of other variables associated with increased bias between
methods and the comparison of CCO measurements with left
ventricular outflow tract velocity by velocity-time integral.
5. Conclusions

In this single-centre, observational study, non-calibrated
CCOMBA showed a non-constant bias but an adequate ability to
track changes in CCOPCA during hemodynamic studies evaluating
fluid responsiveness. In the specific context of our centre, the de-
vice showed excellent diagnostic and predictive performance to
predict preload dependence in a medical ICU population receiving
norepinephrine, with an optimal threshold of 14% during a postural
manoeuvre to predict fluid responsiveness.
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