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ORIGINAL ARTICLE

Cardiac output estimation by pulse wave analysis using
the pressure recording analytical method and intermittent
pulmonary artery thermodilution

A method comparison study after off-pump coronary artery
bypass surgery

Gillis Greiwe, Katharina Luehsen, Alexander Hapfelmeier, Dorothea Rogge, Mathias Kubik,

Leonie Schulte-Uentrop and Bernd Saugel

BACKGROUND Invasive pulse wave analysis is used in peri-
operative settings to estimate cardiac output (CO). The
‘pressure recording analytical method’ (PRAM) implemented
in the MostCareUp CO monitor is an invasive pulse wave
analysis method using high-frequency sampling and analysis
of the pulse wave to directly estimate the arterial impedance
as a key variable of the proprietary CO estimation algorithm.

OBJECTIVE To compare CO estimated by PRAM (PRAM-
CO; test method) with CO measured by pulmonary artery
thermodilution (PATD-CO; reference method).

DESIGN Prospective observational method comparison
study. PRAM-CO and PATD-CO were assessed simulta-
neously at five time points with at least 20 min between
measurements. Arterial pressure waveforms were carefully
checked for damping artefacts and a proprietary electronic
filter of the MostCareUp CO monitor was used to optimise
waveform quality.

SETTING ICU of a German university hospital from August
2018 until April 2019.

PATIENTS We included adult patients admitted to the ICU
after elective off-pump coronary artery bypass surgery who

were monitored with a radial arterial catheter and a pulmo-
nary artery catheter. Patients with severe heart valve insuffi-
ciency or persistent arrhythmia were excluded.

MAIN OUTCOME MEASURES AND ANALYSIS PATD-CO
and PRAM-CO were compared using Bland-Altman analysis
accounting for repeated measurements, the percentage error
and trending analysis (four-quadrant plot, concordance rate).

RESULTS We analysed 195 paired CO values of 41 patients.
Mean PATD-CO and PRAM-CO were 4.99�1.02 and
4.92�1.05 l min�1, respectively. PATD-CO and PRAM-CO
ranged from 3.04 to 8.74 and 2.79 to 8.01 l min�1, respec-
tively. The mean of the differences between PATD-CO and
PRAM-CO was �0.08�0.74 l min�1 with 95% limits of
agreement of �1.55 to R1.40 l min�1. The percentage error
was 29.8%. The concordance rate in four-quadrant plot
analysis was 92%.

CONCLUSION Using the system’s electronic waveform filter
PRAM-CO shows good agreement and trending ability com-
pared with PATD-CO in adults after off-pump coronary artery
bypass surgery.

Published online 8 May 2020

Introduction
Cardiac output (CO) is a key determinant of tissue

and organ oxygen supply.1 CO-based peri-operative

goal-directed haemodynamic therapy has been shown

to improve patient-centred postoperative outcomes in
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high-risk noncardiac surgical patients.2,3 One method to

estimate stroke volume and CO in peri-operative medi-

cine is by invasive pulse wave analysis.4,5

Monitoring systems for invasive pulse wave analysis use

proprietary algorithms to analyse the arterial catheter-

derived arterial pressure (AP) waveform. Some of the

available monitoring systems require to be calibrated

against an external reference CO value, as measured with

an indicator dilution method.6 Other monitoring systems

estimate CO without external calibration using features

of the AP waveform and biometric and demographic

patient data.7

In the ‘pressure recording analytical method’ (PRAM)

implemented in the MostCareUp system (Vytech, Padua,

Italy) input of specific patient data is not required for the

estimation of CO; it analyses the systolic and diastolic

part of the AP waveform in real-time with a sampling rate

of 1000 Hz, allowing for a detailed detection of the

influence of backward travelling reflected pulse waves

on the forward travelling pulse wave.8 This allows a direct

estimate of the arterial impedance, a key variable in the

algorithm for CO estimation.8,9

In general, a prerequisite for reliable CO estimation using

pulse wave analysis is that the quality of the input AP

waveform is impeccable. Therefore, the latest version of

the MostCareUp device includes a patented dynamic

electronic waveform filter for detecting and correcting

resonance and damping artefacts in the AP waveform.10,11

By high-frequency analysis of the impact of reflected

pulse waves on the forward travelling pulse wave the

electronic filter selectively eliminates frequencies sus-

pected of causing inadequate damping.9,11

PRAM has been investigated against thermodilution

reference methods in a variety of clinical settings, includ-

ing cardiac surgery, trauma and sepsis patients. Although

the results of some of these method comparison studies

are very promising,9 other studies revealed poor agree-

ment between PRAM-derived and thermodilution-

derived CO measurements.12,13 The reason for this dis-

crepancy in results remains unclear.

In this method comparison study, we compared CO

estimations by PRAM (PRAM-CO; the test method)

with direct CO measurements using intermittent pulmo-

nary artery thermodilution (PATD-CO; the reference

method) in patients after off-pump coronary artery bypass

surgery (OPCAB). We chose intermittent PATD as the

reference method as it remains the clinical gold standard

for CO measurement.14,15

Methods
Ethics
Ethical approval for this study (PV5806) was provided by

the Ethical Committee of the Medical Association of

Hamburg, Hamburg, Germany (Chairperson Prof R.

Stahl) on 4 June 2018. All patients gave written

informed consent.

Study design
The prospective clinical CO method comparison study

comparing PRAM-CO with PATD-CO was conducted in

the Centre of Anaesthesiology and Intensive Care Medi-

cine at the University Medical Centre Hamburg-Eppen-

dorf (Hamburg, Germany) between August 2018 and

April 2019.

Participants
The operating schedule for the next day was screened

for potentially eligible patients. Patient recruitment

depended on the availability of the investigators. We

included adult patients (age �18 years) who were sched-

uled for elective OPCAB with planned admission to the

postoperative ICU, and in whom the placement of a radial

arterial catheter and a pulmonary artery catheter (PAC)

were also planned for routine clinical care unrelated to

the study. Only patients who gave informed consent were

included. Further exclusion criteria were severe heart

valve insufficiency or persistent arrhythmia. Patients

were excluded if it was not possible to perform the study

measurements (e.g. agitated patient, transfer to the oper-

ating room for redo surgery, removal of the arterial

catheter or the PAC, malposition of the PAC). Based

on historical data9 and current recommendations16 we

intended to include 50 patients, expecting an exclusion of

10 to 20% of patients according to predefined exclusion

criteria.

Study measurements

After postoperative transfer to the ICU and establish-

ment of standard monitoring we verified the correct

positioning of the PAC radiographically and by continu-

ous pulmonary artery pressure assessment. We connected

the bedside CO monitor (MostCareUp) to the radial

arterial catheter according to the manufacturers’ instruc-

tions. No study-related interventions were performed.

We measured PATD-CO and simultaneously recorded

PRAM-CO at five time points (with at least 20 min

between measurements) after postoperative ICU admis-

sion. The exact measurement time points were adapted

according to the patients’ routine medical care. At each of

the five time points, we performed and averaged five

single PATD-CO measurements using a 7-Fr thermo-

dilution PAC (Arrow; Teleflex Medical Europe Ltd, Co

Westmeath, Ireland). By hand, we rapidly injected a

10 ml bolus of ice-cold saline solution for each PATD-

CO measurement. Single PATD boluses were injected

randomly over the respiratory cycle. The five PATD-CO

values were documented by hand and the average

was calculated later and entered into the computer-

based documentation.
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Beat-to-beat PRAM-CO was recorded by the Most-

CareUp monitor. These data were later extracted and

transferred to the computer database for analysis. The

exact synchronisation of the beginning and end of

PATD-CO and PRAM-CO was ensured by using the

time marker facility of the MostCareUp monitor: this is

visible in the extracted data file. Beat-to-beat PRAM-CO

values were averaged over the time span of the corre-

sponding PATD-CO measurements. PATD-CO and

PRAM-CO were assessed by the same investigator.

The standard waveform filter of the MostCareUp monitor

was activated. We visually checked the AP waveform of

the MostCareUp monitor before each measurement to

exclude inappropriate damping properties (underdamp-

ing/resonance artefacts or overdamping), incorrect detec-

tion of the dicrotic notch and motion artefacts. A fast-

flush test was performed to verify adequate damping

properties.17,18 In brief, the arterial catheter is flushed

with saline solution at a high pressure (about 300 mmHg)

for a short period of time. This flush manoeuvre causes

oscillations in the AP curve. In an underdamped system,

multiple fairly large pressure oscillations can be observed.

In a well damped system, a small number of fading

oscillations is present (the amplitude of the oscillations

should be smaller than one third of the prior oscilla-

tion).17,19

If the standard electronic waveform filter was not able to

eradicate underdamping of the AP waveform, indicated

by the fast flush test and/or suspected by the presence of a

dP/dtmax of more than 1.7 mmHg ms�1 (dP/dtmax

describes the AP increase over time during systole and

a dP/dtmax of >1.7 mmHg ms�1 indicates possible under-

damping20), we activated the advanced electronic wave-

form filter, as recommended by the manufacturer in the

user manual, and repeated the test. When adequate

damping properties could not be achieved with any filter

setting, the measurement was excluded from further

analysis. Measurements with inadequate detection of

the dicrotic notch were also excluded from analysis.

Analysis
We described continuous patient data by calculating the

mean�SD and qualitative patient characteristics with

absolute and relative frequencies.

We determined the mean�SD CO values for PATD-CO

and PRAM-CO. We computed the correlation between

PATD-CO and PRAM-CO within patients taking

repeated observations into account and removing the

between subject variability.21 Bland–Altman analysis

accounting for multiple observations per patient was used

to assess the agreement between PATD-CO and PRAM-

CO.22,23 We calculated the mean and SD of the differ-

ences, the 95% limits of agreement (mean of the differ-

ences� 2�SD of the differences) and the percentage

error.24 To assess the trending between PATD-CO and

PRAM-CO we computed the concordance rate on the

basis of four-quadrant plot analysis showing CO changes

using a central exclusion zone of 15%.16,25 For statistical

analyses we used R version 3.5.0 (The R Foundation for

Statistical Computing, Vienna, Austria) and Prism version

8.3.0 (GraphPad Software, San Diego, California, USA).

Results
Participants
We recorded paired PATD-CO and PRAM-CO measure-

ments in 50 patients. One patient was excluded because

of malposition of the PAC and one patient was excluded

because of persistent arrhythmias. In accordance with the

manufacturer’s recommendations, three patients were

excluded because underdamping was present despite

the activation of the advanced electronic waveform filter

and four patients were excluded because of incorrect

dicrotic notch detection. In the remaining 41 patients,

a total of 200 paired PATD-CO and PRAM-CO measure-

ments were recorded. Figure 1 illustrates the flow of

patients in the study. In two, not all planned five mea-

surements were performed because the patients were

agitated. Five of the 200 measurements were excluded

because of artefacts of the AP waveform or incorrect

dicrotic notch detection. In the final analysis we included

195 paired CO values from the 41 patients. Basic patient

characteristics are shown in Table 1. No adverse

event occurred.

Test results
The relationship and within-subject correlation of PATD-

CO and PRAM-CO is shown in Fig. 2. Mean PATD-CO

and PRAM-CO were 4.99� 1.02 and 4.92� 1.05 l min�1,

respectively. Mean PATD-CO and PRAM-CO at each

measurement time point are shown in Fig. 3. PATD-CO

and PRAM-CO ranged from 3.04 to 8.74, and 2.79 to

8.01 l min�1, respectively. The mean of the differences

922 Greiwe et al.

Fig. 1

Patients enrolled = 50

Patients analysed = 41

Patients excluded = 2
•    Malpostion of  PAC = 1
•    Arrhythmias = 1 

Patients excluded = 7
•    Incoerrect dicrotic notch detection = 4
•    Persistent underdamping = 3 

Patient flow chart. Diagram illustrating the flow of patients in the study.
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between PATD-CO and PRAM-CO was �0.08�
0.74 l min�1 (95% limits of agreement: �1.55 to

þ1.40 l min�1) (Fig. 4). The percentage error was 29.8%.

Four-quadrant plot analysis is shown in Fig. 5. The con-

cordance between changes in PATD-CO and PRAM-CO

was 92%. 106 paired CO values were within the 15%

exclusion zone indicating clinically irrelevant CO

changes.

Discussion
In this method comparison study we compared PRAM-

CO with the reference method PATD-CO in patients

after OPCAB. The SD of the mean of the differences and

the resulting 95% limits of agreement as well as the

percentage error indicate good agreement between

PRAM-CO and PATD-CO. The ability of PRAM-CO

to track changes in PATD-CO was also good. The

percentage error (29.8%) is very close to the threshold

of 28.3% (usually rounded to 30%) that is used to define

clinical interchangeability between two methods accord-

ing to Critchley and Critchley.24

Previous method comparison studies investigating the

agreement of PRAM-CO with thermodilution methods

in different clinical settings and patient cohorts have

Cardiac output by pressure recording analytical method 923

Table 1 Baseline patient characteristics

Number of included patients, n 41
Age (years) 73�7.6
Sex (female) 8 (20)
Height (m) 1.73�0.07
Weight (kg) 81�13
BMI (kg m�2) 27.2�4.1
Euroscore II 2.3 [1.4 to 4.1]
Vasopressor administration 18 (43)
Mechanical ventilation 37 (88)
Cardiac pacemaker stimulation 19 (45)
Arterial hypertension 36 (86)
Beta blocker use 20 (48)

Data are mean�SD, median median [IQR] or n(%).

Fig. 2
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resulted in conflicting results.9,26 The reason for the large

discrepancy of the results in previous studies (percentage

error ranging from 2527 to 87%13) remains largely unclear.

A meta-analysis which investigated the agreement of

pulse wave analysis devices with PATD revealed a

pooled weighted percentage error of 44% for PRAM.26

The 30% percentage error threshold of interchangeability

has been challenged repeatedly16,28–30 and it was sug-

gested that ‘a percentage error in agreement with ther-

modilution of �45% represents a more realistic

expectation of achievable precision in clinical practice’.30

These expectations were well met by PRAM-CO in

comparison with PATD-CO in this study. Despite dis-

cussions about its methodological background, the per-

centage error remains the most commonly used quantity

to compare CO measurement performance.

For pulse wave analysis to be able to provide reliable CO

estimations an artefact-free input AP waveform is key. AP

waveform underdamping/resonance artefacts are com-

mon and occur in about one third of patients in the

ICU.20 Feeding poor quality AP waveforms into pulse

wave analysis devices will inevitably lead to poor CO

estimations. The AP waveform quality can be impaired

by inappropriate damping properties of the catheter/

tubing/transducer-system.17,19,20,31

AP waveforms, therefore, need to be carefully checked

for optimal damping properties. On visual inspection,

overdamped waveforms are flattened and rounded with-

out a distinct dicrotic notch. Underdamped waveforms

may be detected by an ‘overshoot’ of the systolic part of

the waveform (this may also be caused by reflected

pressure waves). The easiest option to verify adequate

damping of the catheter/tubing/transducer system at the

bedside is to perform fast-flush tests frequently.17,19

Using underdamped waveforms for CO estimation by

pulse wave analysis can result in marked overestimation

of CO because of overestimation of SPB.20,31 Under-

damped AP waveforms show a steep increase of arterial

pressure in the systolic part of the waveform (dP/dtmax)

with a cut-off value of greater than 1.67 mmHg m�1.20 dP/

dtmax is displayed by the MostCareUp device and may

help in identifying resonance artefacts but should not

replace regular fast-flush tests.

The latest version of the MostCareUp device, which we

investigated in this study, allows the application of an

electronic waveform filter to correct for damping arte-

facts. The filter can also help to detect and eliminate

waveform artefacts to supply the algorithm with proper

quality waveforms. We checked the AP waveform signal

carefully before each measurement, and trained investi-

gators performed all measurements. This ensured that

only correctly damped and artefact-free AP waveforms

were fed into the PRAM device. This may have contrib-

uted to the good agreement between PRAM-CO and

PATD-CO in our study. Such careful checking of the

waveform filter and the damping may explain the dis-

crepancy between our results and results from previous

studies.11–13

A limitation of our study is that we only included patients

having an elective OPCAB procedure for this single-

centre study. Therefore, our results may not be gener-

alisable to other settings or patient collectives. Further,

our study was not primarily designed to assess the trend-

ing ability of PRAM and the patients were in a relatively

stable haemodynamic state with no study-related inter-

ventions which changed CO.

Conclusion
Using the system’s electronic waveform filter to ensure

optimal AP waveform quality PRAM-CO shows good

agreement and trending ability compared with PATD-

CO in adults after OPCAB surgery.
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