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Impedanzmodul und die Phasenverschiebung zu un-
tersuchen, wobei die gesammelten Fluss- und Druck-
wellensignale mit den beiden oben genannten Methoden quan-
tifiziert und die Ergebnisse anschließend ausgewertet werden. 
Dies wird es Ärzt:innen und Forscher:innen ermöglichen, die 
potenziell direkten und schwerwiegenden Auswirkungen der 
retrograden ECLS-Flussquellen besser zu verstehen, was es 
der zukünftigen Forschung ermöglicht, das Verfahren und die 
Technik der ECLS-Anwendung zu verbessern.
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Introduction  
Cardiovascular disease is a broader term for various diseases 
of the cardiovascular systems. One of them is the acute car-
diac failure where the native circulation is unable to achieve 
hemodynamic stability with sufficient cardiac output and oxy- 
gen delivery to the end organs. In these circumstances, extra-
corporeal circulatory support systems maintain complete car-
diac output through femoral venous and arterial vascular access 
[1]. In other words, extracorporeal life support (ECLS) tempo-
rarily takes over the function of the heart in the way of active-
ly draining venous blood and circulating it through an external 
system with a centrifugal pump and a membrane oxygenator, 
where it is oxygenated, decarboxylated and the arterial blood 
is returned to the patient, allowing sufficient flow and thus ad-
equate blood pressure. Despite the gratifying advancements in 
ECLS and its increased utilization, the procedure remains con-
comitant with a substantial mortality rate. The contemporary 
challenge in ECLS is the cannulation which involves the issue 
of retrograde flow towards the native circulation, character-
ized by elevated energy transmission. The countercurrent and 
retrograde extracorporeal flow imposes an increased afterload 
on the left ventricle, necessitating comprehensive investigation 
and potential intervention for optimal ECLS support and patient 
outcomes [2, 3]. However, the impact of ECLS to the wave prop-
agation and arterial impedance of the failing native circulation 
during ECLS has not yet been discussed in detail. This raises the 
question of possible negative hemodynamic effects like after-
load changes or left ventricular distention caused by ECLS [4, 5]. 
The underlying  mathematically complex phenomenon of these 
hemodynamic changes require wave intensity analysis as well 
as the wave separation analysis methods [6-10]. Both methods 
allow investigating flow phenomena like wave interference, 
impedance measurements and spatial flow directionality. In 
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Abstract 
This research examines the frequency and time domain-based 
wave analysis concepts in the exploration of the impacts of 
Extracorporeal Life Support System (ECLS) application on the 
major cardiac simulator. The application of ECLS aims to sup-
port the function of the heart or lungs in patients who have 
acute heart failure, by easing the work of the heart. However, 
due to the retrograde flow coming from ECLS, the workload of 
the heart becomes heavier and this affects the patient’s health 
acutely, caused by the net-energy of retrograde flow which is 
relatively larger than the main flow. This study will incorpo-
rate evidence using two novel concepts, i.e. wave separation 
analysis and the wave intensity method, which are based on 
frequency-domain and time-domain analysis respectively. 
This study will prove the feasibility of both concepts to exam-
ine the ground effect of ECLS application on impedance mod-
ulus and phase shift, where the collected flow and pressure 
wave signals will be quantified using both of the above-men-
tioned methods and the results will then be evaluated. This 
will enable physicians and researchers to gain a better under-
standing of the potentially direct and severe effects of ECLS 
retrograde flow sources, paving the way for future research 
to enhance the procedure and technique of ECLS application.
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Zusammenfassung  
In dieser Studie werden die auf Frequenz- und Zeitbereich  
basierenden Wellenanalysekonzepte bei der Erforschung der 
Auswirkungen der ECLS-Anwendung auf den Herzsimulator 
untersucht. Die Anwendung von ECLS zielt darauf ab, die Funk-
tion des Herzens oder der Lunge bei Patient:innen mit akutem 
Herzversagen zu unterstützen, indem die Arbeit des Herzens 
erleichtert wird. Aufgrund des retrograden Flusses, der von 
der ECLS ausgeht, wird die Arbeitsbelastung des Herzens je-
doch größer, was sich akut auf die Gesundheit des Patienten 
auswirkt, da die Nettoenergie des retrograden Flusses relativ 
betrachtet größer ist als die des Hauptflusses. In dieser Studie 
werden zwei neuartige Konzepte verwendet, nämlich die Wel-
lentrennungsanalyse und die Wellenintensitätsmethode, die 
auf der Analyse im Frequenzbereich bzw. im Zeitbereich beru-
hen. Diese Studie wird die Machbarkeit beider Konzepte nach-
weisen, um den Ground-Effekt der ECLS-Anwendung auf das 
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principle, both methods will eventually lead to conclusions and 
mutually uphold the others, yet in practice the two methods are 
very different. Although these methods may be applied at the 
bedside, the clinical context allows no adjustment of acute car-
diac failure. Therefore, only in vitro methods are capable of sys-
tematic investigation with continuous and fast instantaneous 
adjustment of all stages of cardiac failure. Hydraulic cardio-
vascular mock loops which comprise the complete arterial and 
venous vascular tree and paracorporeal assist devices may be 
used for assessment of these complex phenomena and could 
show negative flow interactions despite normal hemodynamic 
conditions [3, 11]. However, as previously described, there are 
alterations to the hemodynamics in the aorta caused by the 
application of ECLS that have not been further investigated in 
more details. Wave analysis and wave separation are capa-
ble of capturing underlying wave reflection as well as forward 
and backward pressure waves beyond normal hemodynamics. 
The assumption of these changes lies in the energy fluctua-
tion caused by the countercurrent flow source originating from 
ECLS and opposite to the main native circulation flow. It is be-
lieved that the total amount of energy carried by the retrograde 
flow from the ECLS is substantially larger than the energy from 
the compromised cardiac output. Beside the unknown amount 
of energy of the two different flow sources, the ECLS flow may 
also markedly contribute to increase flow waves and this mass 
transportation phenomena has not been investigated so far. 
We, therefore, investigated flow phenomena in the time and 
frequency domain to mathematically explain energy and flow 
associated afterload changes during ECLS.

Material and Methods   
This research is an in vitro feasibility study based on a vali-
dated life sized mock circulatory loop (MCL) developed by the  
EMPACS (Exploration of the mixing phenomena during inter-
action of internal and external circulations) team from the Uni-
versity Hospital Giessen [11]. This cardiac simulator is equipped 
with (1) a cardiac module representing the left and right ventri-
cle driven by two pulsatile paracorporeal 80 ml ventricular as-
sist devices (Excor, Berlin Heart GmbH, Berlin, Germany), and (2) 
a vascular module which consist of 2 flexible life-sized silicon 
dummies of the complete major arterial and venous tree with an 
elasticity module of 3.1–3.4 N/mm2 at room temperature, allow-
ing instationary flow behavior similar to the native circulation. 
It further consists of resistance elements, flow and pressure 
sensors and validated compliance chambers for the peripheral 
and pulmonary circulation allowing continuous adjustment of 
all stages of normal circulation or complete cardiac failure. [12]. 
To allow extracorporeal support, an ECLS was connected femo-
ro-femoral to the MCL.
The research methodology in this project will be discussed in 
detail starting from data collection from the test setup, fol-
lowed by data processing using filtering to the application of the 
2 methods and will then be quantified.

Data Acquisition

In this section, the data acquisition process will be discussed in 
detail, as the acquired data becomes a crucial element for sub-

sequent data processing and analysis. The data collected for 
this particular research was conducted in vitro with the EMPACs 
MCL where the signals were retrieved from mounted sensors 
that are simultaneously recorded in real-time using MAD App, 
a special software specifically deployed to record signals on the 
MCL. The sensors used in this research are a common clinical 
pressure sensor (Combitrans; B-Braun, Melsungen, Germany) to 
measure blood pressure and a flow sensor (Sonoflow CO.55 260;  
Sonotec GmbH, Halle (Saale), Germany) to measure flow rate in 
large blood vessels, precisely on the descending aorta. While 
several pressure sensors will also be mounted on several plac-
es such as the radial artery, vena cava, left lung, and right lungs 
to monitor vital pressure on the simulator to replicate the de-
sired real-life patient condition. In addition, the flow rate of the 
upper and lower extremities will be monitored using a transit 
time flow sensor (H9XL, Transonic, Ithaca, USA) for the same 
purpose. 

Stages of Cardiac Function under Investigation

(1) Normal cardiac function without extracorporeal support, 
with a cardiac output at 3.5–4 l/min and an arterial pressure of 
around 105/75 mmHg, indicating normal conditions.
(2) Cardiac failure requiring ECLS, with a cardiac output at  
2 l/min and an ECLS flow of 3 l/min, resulting in a mean pres-
sure range of 60–80 mmHg and a pressure amplitude of  
5–15 mmHg, indicating recovery condition 1. These stages were 
based on previously published data for construction, validation 
and investigations with the MCL [3 ,11].

Data Filtering

In the signal acquisition from a sensor, it is extremely typical for 
noise and other artifacts to be recorded, causing the topogra-
phy signal to be rather unsmooth. The raw signal which is full 
of noise has to be filtered using a type of filter that gives a more 
refined topography signal while maintaining the original signal 
characteristics. The pressure and flow signal data obtained in 
this study is also considered to be a non-smooth signal, which 
makes the digital filtering process reasonably necessary and 
hence the Butterworth filter will be applied to the signals. This is 
due to a characteristic of this filter that maintains the amplitude 
response while minimizing signal distortion [13].
To facilitate the analysis of the spectrum and the creation of a 
standard signal environment, the algorithm for determining the 
single mean wave will be applied, considering that the acquired 
signals are quasi-stable and adequate. The characteristics of 
the pressure and flow signals obtained are periodic signals giv-
ing the signals peaks and valleys. This can be advantageous for 
calculating the mean wave as these points can be used as cutoff 
points in determining the cycle in a periodic signal, which is the 
first essential step in calculating the mean wave, where in this 
study the valley point will be used as a benchmark point. The 
valley points can be found using the findpeaks function on an in-
verted signal, where a cycle can be defined as the interval of two 
consecutive valley points. These cycles will then be interpolated 
using cubic spline interpolation which allows for an even distri-
bution of data within a normalized time range from 0 to 1. The 
average waveform of the interpolated cycle signal can finally 



be determined by taking the average value of each interpolated 
point, in addition the standard deviation variation of this aver-
age waveform can also be easily obtained and visualized thus 
presenting the stability of the cycles in the signal.

Data Assessment

Wave Intensity Analysis
Wave intensity analysis is a method that aims to look at the 
composition of forward or backward and compression and 
decompression forces on a wave [14]. In addition, this section 
is part of the mathematical approach that will be used for data 
assessment. In principle, the definition of wave intensity (I) 
can be described mathematically as follows:
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Where dP is the derivation of the pressure signal or pressure 
change and dU is the velocity change in the wave, whereas 
dP and dU are successive wavefronts consisting of forward 
waves marked by subscript ‘+’ and backward waves marked 
by subscript ‘-’ that are associated with each other and can be 
decomposed as shown below:
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and

	
3

By using the water hammer approach, the mass and momen-
tum conservation in each wavefront can be obtained as in the 
following [14]:
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or equivalent 
	 5

In the context of the above equation, p symbolizes the density 
of blood and c is the local wave speed that can be achieved 
from the measured pressure and flow signals and is the sum 
of the square method yields over one cardiac period [15]:

		 6

The summation of the forward and backward wavefronts can 
be transformed back into measured pressure and flow in time 
domain [14]:
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and
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Wave Separation Analysis
Wave separation analysis or also known as impedance ana- 
lysis is a method of wave analysis based on a complex mathe-
matical approach by decomposing the signal into its harmon-

ics with a certain frequency [16]. In this research, the two sig-
nals that have been acquired, i.e., pressure and flow signals, 
will be decomposed into their respective harmonics, where 
the acquired signal that was initially a signal in the time do-
main will be converted into the frequency domain. This can be 
represented by separating the signal into sinusoidal compo-
nents at different frequencies and the outcome is an informa-
tion about the amplitude and phase of each frequency com-
ponent of these signals. This concept can be interpreted using 
mathematical equations on a discrete signal x[n] where n is 
the total number of samples, but such mathematical compu-
tations require complex computations, and in practical imple-
mentation, a FFT algorithm is favored [17]. 
The results of this algorithm, which are the spectrum of am-
plitude and phase, will be assessed with the fundamental ref-
erence [16]. In the context of impedance analysis, this could 
be mathematically translated that the impedance modulus as 
the ratio of the corresponding harmonics with their respective 
phase angle for each frequency, where the impedance will be 
calculated using this following equation [18]:

	 9

The impedance modulus would also represent the input im-
pedance of the arterial system (Zin) which will eventually be 
combined with its impedance characteristics incorporated by 
the gradient on the early systole, allowing the reflection coef-
ficient to be written as follows [16, 18]:
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Where Zc is a characteristic impedance that can be seen in 
the average amplitude of the static FFT spectrum [18]. The 
acquired blood flow and pressure signals consist of forward 
and backward propagating components due to the arterial 
properties which differ from a rigid pipe, allowing the blood 
to bounce back towards the heart. However, in the acquired 
signal, these components cannot be explicitly perceived, and 
using the harmonic decomposition of the signal, the forward 
and backward propagating components in the frequency do-
main can be quantified [18]. Using the intrinsics relation, both 
propagating components can be separated using the equation 
below: 

	 11

Whereas P is the summation of the pressure from the for-
ward propagating pressure wave Pf and the backward 
propagating pressure wave Pb [18]. The composition of the 
forward and backward pressure waves will then be calcu-
lated from the equation above as a series of signals in the 
frequency representation, requiring the reconstruction of the 
two propagating signals to be restored to the time domain or 
the original signal using the Inverse Discrete Fourier Trans-
formation (IDFT).
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Results  

As described in the above section, the data collection will 
be carried out in vitro on MCL (Mock Circulatory Loop) using  
EXCOR IKUS as a pumping device. This simulator has been  
validated to be able to replicate macrocirculation in a con-
dition that is nearly comparable to real patients with some 
limitations. Below are the filtered and normalized flow and 
pressure waves retrieved from the MCL compared to single 
flow and pressure waves from a real patient taken from Uni-
versity of Ghent (personal communication of the authors). An 
in-depth comparison of the signals with these 2 different en-
vironmental sources will be discussed later.

Wave Intensity Analysis
In order to carry out the wave intensity analysis method, the 
filtered and normalized data where the units of pressure and 
flow are presented in mmHg and l/min, must be converted to 

Pascal (Pa) for pressure and to velocity units of m/s for flow 
data. Both wave signals are also classified as time-varying 
signals, which allows the derivative of each signal in the in-
terval dt to be calculated, resulting in dP and dU as the deriv-
atives of pressure and flow, respectively. The product of these 
two derivatives is used to define the wave intensity dI. Similar 
to the above, mathematical processing will be carried out for 
each clinical condition and the results will be displayed in the 
figure below.
In figure 2, it can be seen that the wave intensity is illustrated in 
correspondence with the existing literature foundation, the area 
above the 0 line covered by the wave intensity indicates forward 
wave compression while the area below the 0-line indicates 
backward wave compression, which is characterized by posi-
tive curves and negative curves bearing the highest and lowest 
points of the wave intensity itself. The values such as maximum 
and minimum intensity and the time of occurrence will be re-

corded as well as data extraction from the visual wave 
intensity or the product of the two derivatives of pres-
sure and flow signal, will be compiled into table 1 that 
will simplify further quantification of the data.
Wave intensity analysis does not only propose forward 
and backward compression analysis, but using the 
equations of 4 and 5, it allows each forward and back-
ward wavefront to be identified, where each wavefront 
can be transformed back into forward and backward 
waves in the original time domain. See figure 3 for a 
detailed overview. 
The wave forward and wave backward changes ob-
tained using the wave intensity analysis technique 
provide insight into the mechanical dynamics of the 
artery as well as the nature of the vascular resistance 
that affects flow, which can be determined using the 
separated waves. However, this wave decomposition 
is also highly dependent on the accuracy of the wave 
speed determination, which is one of the essential 
components in the basic mathematical calculations 
[18]. Therefore, these components will be shown in  
table 1.

Figure 1: The normalized mean waves from the simulator in comparison to the single beat 
waves from the real patient

Figure 2: Illustration of the calculated wave intensity in time domain from both defined clinical condition



Wave Separation Analysis
In this section, we will review another method; this method is 
the wave separation analysis that has been described in the 
previous sections. The acquired main signal that will be mod-
elled here will be the same signal with the same filtration and 
interpolation process as described above. Performing an FFT 
on these signals and subsequently applying equation 9 will 

generate the impedance spectral, which has two datasets: the 
magnitude, and phase shift of the pressure and flow in the fre-
quency domain. The ground frequency of these signals must 
match the highest magnitude – given that this is a normalized 
signal, the highest magnitude will always be within 1 Hz.
The dataset components of the FFT for each signal can be fur-
ther elaborated to examine the separation of the forward and 
backward waves using equation 11, where the separation of 
these waves will be displayed in the time domain, hence the 
IFFT will be required in this equation, where the result can be 
seen in figure 5.
The characteristic impedance required for the process of im-
plementing this wave separation method will be calculated 
using one of the approach that has been provided in some lit-
erature, namely pressure-flow relationship approach, where 
the characteristic impedance will be illustrated as the ratio in 
the early systole which in this study will approximately hap-
pen between 100–150 ms and the results are outlined in ta-
ble 2. Additionally, the reflection magnitude or ΓM will also be 
derived in this table by extracting the ratio of both maximum 
separated pressure waves.
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Table 1: Extracted values from wave intensity analysis of normal and recovery 
1 conditions

Figure 4: Impedance spectral as the outcome of the separation analysis

Figure 3: Forward (green) and backward wave (red) separation from its original signal (blue) obtained using wave intensity analysis methods

Condition Normal Recovery 1

Max. intensity [W/m2] 5.95 · 10−3 0.47 · 10−3

Min. intensity [W/m2] −0.18 · 10−3 −0.097 · 10−3

Max. intensity [s] 0.126 0.340

Min. intensity [s] 0.267 0.126

Wave speed [m/s] 230.39 949.89

Wave reflection 0.55 0.75
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Discussion
The mean wave implementation is employed to obtain a sin-
gle beat from the recorded signal. This single beat is believed 
to obtain an accurate and efficient result rather than continu-
ous beats that can contribute other significant features in the 
essential properties of the wave separation analysis, there-
fore the normalized mean wave for pressure and flow waves 
for all clinical conditions will be utilized as the main signal 
source. The mean wave method applied is a signal trimming 
technique of each cycle based on its lowest point, followed by 
interpolation. These mean waves from the cardiac simulator 
were compared with the waves from a real patient under nor-

mal conditions, in order to determine any potential variations 
that may affect further analyses. In figure 1, the illustration of 
the pressure and flow signals from the cardiac simulator has 
been set horizontally, and aligned below it is the signal from 
the patient which should also be noted that these two signals 
originated from adjacent sources in the major aorta. Despite 
the validation of this simulator, it still has some limitations in 
terms of feedback and anatomical features, which can be ob-
served in the morphology of the two flow signals [11]. During 
the systole process, which is characterized by an incline of 
blood flow in the aorta, the rate of increment is slightly differ-
ent between the simulator and the patient where the patient’s 
rate of increment is slightly more abrupt with a sharper peak 
followed by a rapid decline in the flow and followed by a fair-
ly constant flow rate in the diastole process, whereas in the 
simulator, the blood flow rate in the simulator experiences a 
gradual decline in the diastole process until the end. The main 
reason for this is due to the lower compliance in the simula-
tor resulting to a less distinctive Windkessel effect, where the 
high compliance value of the major artery wall serves as an 
energy reservoir to prevent flow spikes during cardiac pump-
ing. The Windkessel effect is also strongly associated with 

Figure 5: Forward and backward pressure and flow wave in time domain using wave separation analysis methods

Table 2: Extracted value from wave separation analysis of normal and 
recovery 1 conditions

Condition Normal Recovery 1

Characteristic impedance (Zc) 4.24 -73.4

Reflection magnitude (ΓM) 0.49 1.15



the relaxation phase of the heart, the pressure drops will be 
carried over by the constricted aortic wall to maintain steady 
blood inflow and thus the signal appears as a constant flow. 
Nevertheless, the signal from this simulator will remain to be 
used for further analysis along with certain limitations.
The results of the time domain approach, commonly known as 
wave intensity analysis, aimed to capture the interaction be-
tween pressure waves and blood flow in the circulatory sys-
tem, will be discussed in depth as follows. The mean waves 
originating from the cardiac simulator were processed using 
this method which results in a description of how the blood 
waves move through the artery or the changing rate of wave 
energy along with the direction of flow in this system called 
wave intensity, and the results are illustrated in figure 2. While 
the result of wave intensity looks similar when compared to 
the other publication on wave intensity, there is a discrepan-
cy as there is a significant forward compression that is not a 
forward expansion wave or end of ejection wave formed after 
the major forward compression noted in table 1 as maximum 
intensity. This is again based on the relative inadequacy of an 
energy reservoir in the aortic vessel [19]. However, in figure 
2a, the major backward compression wave, which is a sign of 
energy reflection heading back towards the heart, is also ob-
served, despite being minimal at 0.27 seconds.
Intriguingly, the recovery 1 condition in figure 2b shows a dis-
tinctive morphology where the maximum value recorded in 
table 1 is 92 % lower than the maximum intensity in the normal 
condition. In addition, the minimum wave intensity value also 
appears somewhat low when compared to other clinical con-
ditions, although if the maximum and minimum wave intensity 
values in recovery 1 condition were compared, the minimum 
value has a 20 % share of maximum value. Moreover, figure 
2b also shows that the backward compression wave occurs 
earlier than the forward compression waves and it can also be 
observed in table 1 that the timing of these two compression 
waves is reversed with regards to normal clinical conditions. 
According to the observation, this is due to the retrograde 
countercurrent flow coming from ECLS, where in figure 3b, a 
major net energy in the backward wave at the 1.26 second can 
be identified that managed to suppress the forward left ven-
tricular wave significantly, leading to a shifting of the maxi-
mum intensity. Furthermore, due to the constant retrograde 
flow from ECLS, there is a rise in the second forward wave 
which is greater than the first forward compression wave, this 
can be assumed as a description of the afterload of cardiac 
work caused by ECLS application, however the backward net 
energy in recovery 1 condition is not greater than the forward 
energy, but almost equal which is not seen in the normal con-
ditions in table 1. Through the implementation of this method, 
the afterload on the heart due to the application of ECLS also 
has a magnitude as listed in table 1, which can provide insight 
for future research to compare several ECLS parameters to 
the afterload compression caused by its application, where 
high and continuous afterload may lead to myocardial fatigue 
due to high energy required by the heart muscles and this can 
also cause left ventricular (LV) hypertrophy and complications 
in the cardiovascular system [20].

This method also offers the separation of waves into forward 
and backward wavefronts that provide a real illustration of 
the vascular dynamics in the cardiovascular system. Figure 3a 
shows the lack of retrograde flow and pressure towards the 
heart due to the fact that the cardiac simulator is not equipped 
with Windkessel effect simulation. However, in recovery con-
dition 1 in figure 3b, the installation of ECMO has a significant 
effect on retrograde flow and pressure, where these are pure 
cardiac and ECMO circulations regardless of the pressure  
reservoir of the aortic wall on the simulator. This leads to 
speculation that the retrograde ECMO application in the sim-
ulator equipped with a higher compliance compared to a real 
patient is likely to cause a higher net compression than the LV 
compression. This wave separation incorporating time do-
main analysis is highly effective but also strongly dependent 
on the value of the local wave speed c, which can be estimated 
using PU loop method, PWV method or sum of square meth-
od [21]. In this study where the data recording was done at a 
single site and in order to minimize the deviation, the sum of 
square method is the most desirable option, where the deriv-
atives of the two acquired signals are applied and due to the 
limitations mentioned, the value of the wave speed appears to 
be much larger than the normal wave speed (see table 1) [15].
The implementation of an analysis method that aims to ex-
amine the dynamics of waves in the cardiovascular system in 
the frequency domain is often referred to as impedance anal-
ysis, where this method is firstly introduced to separate the 
forward and reflection waves. The quantification process in 
the frequency domain is written in equation 9 and produces 
the spectral impedance between pressure and flow waves 
at each frequency, which describes the characteristics of the 
entire cardiovascular system. Firstly, the impedance under 
normal conditions of this simulator depicted in figure 4 will be 
quantified and compared with the available source. The sim-
ilarity can be observed that the highest amplitude is located 
at the ground frequency which indicates the dominance of the 
resistance system, where the coupling between blood flow 
and pressure is strongly correlated [22]. In addition, this low 
frequency system also has a slight capacitance property as 
depicted in the lower part of figure 4a concerning the phase 
shift, which is based on the basic theory that ϕZ with a value 
below 0 is considered as a capacitive behavior system [18]. 
This capacitive nature of the system remains intact towards 
intermediate frequencies, however, it should also be pointed 
out that the phase shift is noticeably smaller than in the avail-
able source, this is mainly due to the fact that the vascular wall 
in the simulator has a low compliance resulting in a less dis-
tinctive Windkessel effect observed in normal patient; this is 
also observed in the results of the time domain method. In fig-
ure 4b, the magnitude experiences an amplitude decay which 
is somewhat similar to exponential decay and illustrates that 
at high frequencies, approximately above 6 Hz, the magnitude 
decreases and approaches 0, but the change in phase is seen 
to increase in its value and appears to be constant at 3 radians 
which indicates that the dominance of this system is inertial, 
where certain pressure build-up is necessary to generate the 
flow [18]. In addition, in normal conditions, the magnitude de-
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cline is also shown in recovery 1 conditions (see figure 4b). An 
interesting feature is that in normal conditions, the maximum 
magnitude located at the ground frequency is around 4-5 
mmHg/(ml/s) while in recovery 1, the impedance magnitude is 
10 times bigger, indicating a very high resistance system that 
may have been caused by the combination of cardiac output 
and ECLS flow. In the phase shift of the recovery 1 condition, 
it can also be seen that the inertial properties where pressure 
buildup is required, appear more often as well as the capac-
itance properties that appear to be greater than the others, 
which is notably seen as a normal capacitive value. However, 
it is necessary to note that the Windkessel function is relative-
ly low in this simulator. Thus, it can be reasonably expected 
that this might be the effect of the retrograde flow from the 
ECMO. This could indicate that the energy produced by the ret-
rograde flow is approximately equal to or could possibly even 
be slightly greater than the native flow of the cardiac output, 
but this method could not illustrate the magnitude of each en-
ergy source.
The implementation of the wave separation method can be 
further strengthened by the implementation of signal sepa-
ration where the component impedance characteristic or Zc 
plays an important role. This method of determining imped-
ance characteristics can be accomplished using two meth-
ods where method one is taking the magnitude of the high 
frequency in the spectral impedance in figure 4 and the pres-
sure-flow relationship where Zc will be obtained from the 
gradient ratio of pressure and flow in early systole [6]. Fig-
ure 5 and table 2 are the results of the implementation of the 
wave separation method using the characteristic impedance 
of the pressure-flow relationship. The Zc values in table 2 for 
normal conditions differ significantly from the literature avail-
able on healthy patients [23]. However, the wave separation 
implementation will still be carried out using the Zc value from 
table 2. The reflection magnitudes in normal conditions in this 
method, listed in table 2, also look similar to the reflection 
magnitudes calculated using the other method listed in table 
1. However, in figure 5c and figure 5d, the morphology and am-
plitude of the signal are significantly different from those in  
figure 3b, as well as the amplitude of the backward pressure 
wave, which is very dominating, indicating the presence of 
flow from other sources that may carry a substantial potential 
source of energy. Although this enhanced method seems fea-
sible for conditions with adequate signal, it can be stated that 
the enhanced method of signal separation by incorporating 
characteristic impedance needs to be re-examined.

Conclusion  
Based on the extensive analytical work conducted in this fea-
sibility study, where the main objective is to assess different 
methods for evaluating the application of a countercurrent 
acting ECLS to the native circulation, it can be concluded that 
both methods have great potential and are feasible to be  
adopted. Despite the limitations of this study, both methods 
are able to show the effects that arise from the application 
of ECLS, with their different but complementary results. The 
wave intensity analysis method introduces information on 

energy transfer changes, where the afterload effect on the 
heart can be clearly captured by the energy carried by the op-
posing blood flow from ECMO, forcing the heart to work hard-
er, and if this continues for a long time, it can lead to myo-
cardial distention and delayed recovery. The extension of this 
method allows the waveform to be segmented to show the 
contribution of forward and backward waveforms and quan-
tify the vascular reflection magnitude. In parallel, the wave 
separation analysis method is able to present the dynamics of 
waves or the relationship between flow waves and pressure 
waves in cardiovascular in the frequency domain, which will 
be quantified by the results of data generated in the Fourier 
transformation process. Using this method, the behavior of 
the system can be seen where the signal with ECLS attached 
to the system has a much larger impedance magnitude which 
indicates a system with high resistance compared to normal 
conditions. Moreover, this is also confirmed by the phase shift 
data observed in impedance spectral in recovery 1 condition, 
where indications of system inertia appear more frequently 
in the first 10 frequencies. Similar to wave intensity analysis, 
this method can also separate the signal into its contributing 
signal, yet in practice this wave separation is quite difficult to 
perform on inadequate signal waves. Due to the limitation of 
the anatomical MCL itself that causes alteration of the sig-
nal, the determination of some values will also be influenced, 
however, this was not thoroughly explored in this study due to 
time and resource limit. Although this study has shown that 
these two methods are feasible, there are several recommen-
dations that need to be considered in order to enhance the 
methods that have been outlined, including evaluating the 
approach of determining characteristic impedance in further 
depth in order to apply advanced methods of impedance anal-
ysis. In addition, since these two methods are able to evaluate 
the energy transfer rate as well as how the entire system is 
behaving, new data sets with different ECLS parameters are 
needed to determine the effects of ECLS on the cardiovascular 
system in more detail. Nevertheless, by properly mitigating 
the limitations of this study, this method has great potential 
to provide a detailed overview of the application of ECLS to the 
cardiovascular system that has not previously been discussed 
in greater depth.

Limitations 
In this feasibility study on examining two methods for eval-
uating the effect of the application of an ECLS on the native 
circulation performed on a cardiovascular simulator, there are 
several limitations that are considered relevant to the accura-
cy of the results and conclusions obtained, i.e.: 
1. Anatomical limitation: the study was performed on a MCL 
developed by the EMPACS Group that has been clinically val-
idated, where to reproduce the pressure and flow wave has 
been carried by manually adjusting the MCL driving parame-
ters, which requires familiarity with the model. So it is not un-
common to reproduce the same signal that requires different 
parameters and may cause irregularities. 
2. Assumptions underlying the selection of the method used in 
determining the value of the characteristic impedance.
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