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Abstract—The heart transplant waiting list far exceeds supply. 

This shortage is generally attributed to the high number of 

discarded hearts and to the narrow six-hour time window 

currently available through the standard preservation method: 

static cold storage (SCS). An alternative method called ex-

vivo heart perfusion (EVHP) maintains a human donor heart 

beating outside the body for the time preceding transplantation 

surgery. By keeping the heart working in a physiologically 

consistent way and monitoring its functions, the organ’s health 

can be assessed and the transplant time window can be 

extended. In order to improve and optimize the EVHP system, 

the present work aims to further investigate the relationship 

between pulsatile flow and compliance by assessing the effect 

of different compliant tubes on the upstream and downstream 

pressure and flow fields. Hence, silicone tubes of variable 

compliance, length, and geometrical shape were developed for 

this study — although only one sample has been tested so far, 

in addition to an experimental setup containing a hydraulic 

circuit analogous to the left flow loop of the EVHP system. 

The flow fields downstream of the compliant section are 

assessed using laser Doppler velocimetry (LDV). Findings 

will include novel visualizations of these flow fields as well as 

comparisons of pressure waveforms from an assortment of 

compliance conditions. 
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I.  INTRODUCTION 

The number of patients awaiting heart transplantation is 
much higher than the supply [1] [2]. Many reasons exist for the 
low supply, and it is generally attributed to three factors: high 
disposal rate among available donor hearts [1] [3], the narrow 
six-hour window currently available through the standard 
preservation method —static cold storage (SCS) [4], and the 
non-use of hearts categorized as being of extended donor 
criteria (ECD) and donation after circulatory death (DCD) [5] 
[6]. In view of this, many donated hearts are not used. Many 

patients, especially those who live geographically far from 
major transplant centers, are as a result unable to donate or 
receive any heart. To better coordinate the demand for organ 
transplants with the supply, the donor pool must be expanded. 

Pursuant of the goal to increase the pool of donor hearts, a 
novel surgical procedure called ex-vivo heart perfusion 
(EVHP) has been proposed as an alternative and most 
promising method to perform heart transplants. By keeping the 
heart beating while being transported from the donor to the 
recipient patient, EVHP technology allows the organ’s health 
to be assessed and the transplant time window can be extended 
[7]-[9]. The latest improvements in EVHP systems enable the 
heart to work in a quasi-physiological regime [1], [10]-[17]. 
Here, the perfusate — a solution made of blood and nutrients 
[15] —, is pumped into the left side of the heart, which is 
periodically electrically stimulated to produce contraction in a 
physiological working mode. In this way, by monitoring the 
metabolic and mechanical responses of the heart in response to 
the imposed downstream conditions, it is possible to measure 
cardiac performance and provide the medical team with 
valuable information that allows them to better assess the 
viability of the transplant [2]-[5]. In fact, a recently published 
study shows that online monitoring of the heart's functional 
parameters is the most effective way to assess the organ's 
health [1]. It can be said that such control of the heart's 
metabolism to keep it healthy is well understood and continues 
to be optimized [1], [10]-[17]. However, the fluid mechanics 
intrinsic to the EVHP system, and the corresponding impact on 
cardiac performance, still need to be better investigated. 

The EVHP flow loop mimics the human cardiovascular 
system, which consists of two loops in parallel: the pulmonary 
and systemic vessel networks. The latter is mainly 
characterized by the compliant structure of the aorta and, i.e. by 
the fluid-structure interaction responding to the unsteady 
effects of the pulsatile flow [18]. However, such aorta 
compliance feature is not currently involved in the EVHP 
system because its hydraulic circuit is essentially composed of 
rigid tubes. In a previous work, it was shown that the use of a 
compliant tube, mimicking the aorta, instead of a rigid tubing 



   

in the EVHP system's flow loop could alter the flow-pressure 
relationship of the pulsatile flow, making it more similar to the 
physiological profile and also reducing the workload of the 
heart [19]. However, this study was conducted with only a 
single compliant tube. The effects of different parameters, such 
as tube geometry and material, have not yet been investigated 
before this work. 

In order to improve and optimize the EVHP system, the 
present work aims to further investigate the relationship 
between pulsatile flow and compliance by assessing the effect 
of different designs of compliant tubes on the upstream and 
downstream pressure and flow fields. To this end, silicone 
tubes of variable compliance, length, and geometrical shape 
were developed for this study, in addition to an experimental 
setup containing a hydraulic circuit analogous to the systemic 
flow loop of the EVHP system. Findings will include novel 
visualizations of these flow fields as well as comparisons of 
pressure waveforms from the most assorted compliant cases. 

A. Literature review 

The effort required to ensure blood flow throughout the 
body is provided by the heart in its process of contraction and 
relaxation [20]. Cardiac performance is generally assessed by 
interpreting the pressure waveform in peripheral arteries [21]. 
In clinical trials, the pressure waveform is recognized as an 
important marker for cardiovascular health due to the non-
invasive nature of such measurement. However, to obtain more 
accurate information about the general conditions of the 
cardiovascular system, it is necessary to assess the pressure 
waveform within the aorta [22]. An extended overview of the 
human cardiovascular system can be found in standard 
textbooks on physiology [23], [24]. 

The theory about pulsatile flow is well-founded [18], [25]-
[27]. In a remarkable study from 1955 [25], Womersley 
proposed a method to characterize and quantify a pulsatile flow 
in a straight circular tube. The resultant dimensionless quantity, 
Womersley number (α), correlates the unsteady and viscous 
effects of a pulsatile flow:  
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𝐷

2
√
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where D is the tube inner diameter [m], ρ is the fluid density 
[kg/m3], μ is the fluid viscosity [Pa∙s] and ω is the pulse 
frequency [rad/s]. In the aorta human aorta, α usually ranges 
from 12-20 ([18], [28], [29]). 

Mathematical modeling, numerical simulations and 
experimental investigations of pulsatile flow regimes in rigid 
tubes are well developed [30]-[32]. Nevertheless, these 
approaches are limited from a physiological perspective due to 
the elastic response of the aorta, which can expand in a range 
of 20-60% during the systolic phase of the cardiac cycle [33], 
storing up to 50% of the volume of fluid ejected from the left 
ventricle (LV) [34]. Right after the systole, the LV recovery 
phase (diastole) begins. At this point, the aortic valve closes 

and the aorta contracts. This elastic function, in addition to 
inducing blood perfusion in the arterial tree during diastole, 
helps to reduce pressure pulsations in peripheral vessels. Such 
compliant behavior is also known as the Windkessel effect 
[34].  

There are several clinical trials focused on the wave-
propagation phenomenon [35] and experimental studies of flow 
fields in low α regimes through compliant models [36] - [38], 
but there are few ex-vivo experimental studies that take into 
account the effects of aortic compliance on the flow fields in a 
near-physiological regime. 

B. Current EVHP System 

The current EVHP setup taken as a reference [19] in this 
work is shown in Fig. 1. The system is composed of a 
reservoir, two centrifugal pumps, arterial filter, oxygenator and 
a tubing network connecting all devices to the heart. Pump P1 
supplies perfusate to the left atrium (LA) and right atrium 
(RA), and the heart, stimulated by a pacemaker, contracts and 
pumps the fluid forward. Pump P2 is responsible for providing 
back pressure to the heart by pumping against the direction of 
ventricular outflow, simulating the vascular afterload. The 
flows coming from the LV and the Pump P2 mix and then pass 
through the oxygenator, to immediately join the flow that 
comes from the RV and return to the reservoir. Pressure and 
flow are monitored at strategic points in the flow loop, 
providing constant feedback on heart conditions. The region of 
interest in the present study, the left flow loop of the EVHP 
system, is highlighted in red in Fig. 1. 

 

 

Figure 1. Schematic of the current EVHP system. The region of interest in 
the present study, the left flow loop, is highlighted in red. Figure modified from 

[19]. 

II. METHODOLOGY 

A. Experimental steup 

A schematic representation of the experimental setup is 
shown in Fig. 2. The mechanical flow loop analogous to the 
EVHP system has two regions of interest. The first one, the 



   

imaging section, was a mock aorta contained in a pressure 
chamber. The second region, where the velocity data is 
acquired with LDV, is a 3/4” ID (inner diameter) quartz glass 
tube surrounded by a sealed chamber with a 1/16" thick quartz 
window for allow laser access. To prevent laser diffraction, this 
chamber was filled with quartz glass' refractive index matched 
fluid: 58% of water potassium thiocyanate (KSCN) solution. A 
pulsatile waveform is generated using a computer-controlled 
mechanical diaphragm pump (ARC

®
 PX05), which ejects flow 

through a custom-moulded tri-leaf exit valve to simulate the 
physiological working condition of the heart. The diaphragm 
pump is driven by a CNC stepper motor (Teknic

®
 CPM-SCSK-

3441S-ELSA), which in turn is controlled by a C++ code. 
Thus, the flow generated by the pump can be precisely 
regulated. The pump ejection phase is based on in-vivo 
measurements of a real cardiac stroke volume; 70 mL/cycle 
[24]. The experimental flow loop was also equipped with an 
afterload pump (Jostra Rotaflow RF-32 Centrifugal Pump) to 
control the back pressure of the system. However, the 
preliminary case discussed here did not have any back pressure 
applied. 

An image acquisition system was set up to monitor the tube 
response throughout the pump cycle. The camera (Basler 
Pioneer

®
, Basler Vision Technologies) has a resolution of 648 

× 488 pixels and was used to capture images at a frame rate of 
200 fps. Images were collected in a shadowgraph mode with a 
LED backlight illumination. The field of view was positioned 
at the midpoint of the tube length. The pressure-chamber in the 
present case was maintained at atmospheric pressure. 

Pressure transducers (Edwards
®
 Truwave Disposable 

Pressure Transducers) were installed at the entrance and exit of 
both the mock aorta and the diaphragm pump. The pressure 
data was acquired at a sample rate of 4 kHz. For the 
preliminary case investigated in the present study, the 
diaphragm pump was adjusted to 60 BPM (1 Hz). Therefore, 
considering the physical properties of the working fluid 
(water), ρ = 1000 kg/m

3
 and µ = 8.9 x 10

-4
 Pa.s, the Womersley 

number becomes 25, which is just above the physiological 
range 12-20 ([18], [28], [29]). Of note, future tests will be 
carried out with another working fluid to bring the Womersley 
number into the appropriate range. The pressure waveform, the 
mock aorta images, and the trigger signal from the camera were 
collected with an in-house built code (LabWindows CVI, 
National Instruments). Images of the mock aorta were 
processed through an in-house developed code (Matlab, The 
Mathworks Inc.) used to identify tube walls and then calculate 
the tube diameter in each image. 

B. Mock aorta 

The compliant tubes are in-house manufactured using a 3D 
SLA printer (Form2, FormLabs Inc.) to generate the external 
moulds and the tubular skeletal support structures, as shown in 
Fig. 3, followed by silicone casting (Ecoflex™ 00-50 or 
Dragon Skin™ 10). Several compliant tubes have been 
designed and are under development, including different 
skeletal patterns. However, at the current stage of the project, 
only one sample has been tested: a silicone tube made of 
Ecoflex™ 00-50 without any internal support structure 
(skeleton). The compliant tube used here is 19 mm inner 

diameter, 4 mm thick and 100 mm long. The casting process is 
briefly depicted in Fig. 3. 

 

 

Figure 2. Schematic of experimental setup. The zoomed views show the 
pressure chamber and the viewing chamber for the LDV. 

 

 

Figure 3. Mock aorta casting process. On the left, the exploded view, 
followed by the isometric view of the mould assembly and on the right, the 

casted silicone model. 

III. RESULTS 

The results presented in this section are preliminary and 
were obtained with only one model of mock aorta. Also, no 
back pressure was applied using the afterload pump or pressure 
in the pressure-chamber. The latter remaining at atmospheric 
pressure. 

Fig. 4 presents the pressure waveform measured at the 
mock aorta outlet (blue) over one normalized pump cycle. For 
comparison and reference purposes, a typical physiological 
pressure waveform from human ascending aorta [39] — the 
arterial region just above the left ventricle outlet —, and the 
pump cycle are also represented. In the latter, depicted by the 



   

dashed line, it can be seen that the ejection phase (systole) 
occurs approximately in the first third of the cycle, when the 
curve reaches its peak, followed by the recovery phase 
(diastole), which occurs in the remaining two thirds. Here, the 
key parameters under evaluation are the peak systolic pressure, 
PS, the diastolic pressure, PD, both the position and the pressure 
level of the valley, PV, and, ultimately, the ratio between the 
lengths of the systolic and diastolic phases. When comparing 
both curves, the pressure measured experimentally in the 
system with the physiological reference [39], it can be observed 
that both reach similar peak values (PS), around 16 kPa, and 
practically in the same phase of the cycle (~ 0.25 s). However, 
in the pump recovery regime, the pressure curve measured in 
the system differs considerably from the physiological profile. 
The experimental pressure curve presents a more accentuated 
valley than the physiological profile, reaching values of 
approximately 6 kPa (~ 0.4 s), which most resembles a local 
minimum and does not significantly change the trend of the 
curve. It is noteworthy that this valley on the pressure curve, 
also known as the dichrotic notch, is a response to the closing 
of the aortic valve and characterizes the end of fluid ejection 
during the systolic phase. In the sequence, a second pressure 
peak is observed, which is more prominent and delayed in the 
experimental curve, reaching values around 11.5 kPa (~ 0.6 s). 
This second peak, which occurs when there is no fluid supply 
from the pump, is thought to be due to the oscillation of the 
interaction of the elastic tube with the mass of the contained 
fluid. In addition to differing in profile, the difference from the 
systolic and diastolic pressure levels (PS – PD) of the current 
experimental pressure curve is much greater than that observed 
in physiological profiles. Future tests will alter some 
experimental parameters, such as the back pressure from the 
afterload pump, the pressure level inside the pressure-chamber, 
and the geometric characteristics of the mock aorta in order to 
approximate the experimental pressure waveform to the 
physiological profile. 

Fig. 5 represents the maximum distension of mock aorta 
along the pump cycle. The percentage values were calculated 
taking as reference the dimensions of the tube under the load of 
only the water column in the system, approximately 1 m. As 
can be seen, the mock aorta distention has two peaks, as well as 
in the pressure curve. The first one, which occurs in the systolic 
phase, is due to the pump ejection and reaches 15%. The 
second, which occurs in the diastolic phase, as explained above 
it is thought to be due to the oscillation of the elastic tube wall 
and reaches approximately 5%. The contribution of pulse 
pressure is slightly below to the desired physiological range, 
which can vary from 20-60%, depending on several factors, i.e. 
patient's health and age. 

Next, Fig. 6 shows the axial component of the velocity 
measured at the centerline of the tube from selected phase-
averaged of 10 pump cycles. Measurements were taken at a 
point 120 mm downstream of mock aorta using the LDV 
system. Following trends in the pressure and tube distension 
curves, the streamwise velocity component also presents two 
peaks. The first, which occurs in the systolic phase, is due to 
the ejection of fluid from the pump and reaches 0.4 m/s. The 
second, which occurs in the diastolic phase, again it is thought 
to be due to the oscillation of the elastic tube wall and reaches 

approximately 0.2 m/s. To further assess the flow fluid, Fig. 7 
shows the velocity profiles across the tube diameter at phases 
120

o
, 180

o
, 300

o
 and 350

o
 of the pump cycle, as indicated by 

the letter A, B, C and D respectively on the dashed line in Fig. 
6. As can be seen, the first phase (A) was chosen randomly in 
the ejection phase (systole), the second one (B) coincides with 
the first peak of the curve and the third (C) with the minimum 
value in the diastolic phase and the fourth (D) with the second 
peak. Altogether, 18 data points make up the profile, each point 
1 mm apart, resulting from selected phase-averaged of 10 
pump cycles. An important observation here is that the flow 
was relatively symmetrical throughout almost the entire cycle, 
as can be seen in Fig. 7. However, it is worth noting a slight 
asymmetry during the flow deceleration, evident in the 
backflow near to the walls — more accentuated in the left wall 
of the tube (see the red line Fig. 7). This backflow is consistent 
with Womersley's modeling of pulsatile flow in rigid tubes 
[25]. 

 

Figure 4. Pressure waveform at mock aorta outlet (blue) over one 
normalized pump cycle (dashed line). Diaphragm pump frequency at 1 Hz. 

Physiological pressure waveform in red [39]. 

 

 

Figure 5. Tube distension over one normalized pump cycle (dashed line). 
Diaphragm pump frequency at 1 Hz. 
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Figure 6. Flow velocity (axial component) measured at the center line of 
the tube over one normalized pump cycle (dashed line). Diaphragm pump 

frequency at 1 Hz. 

 

Figure 7. Velocity profile (axial component) across tube diameter at pump 
phase: A (120o) in blue; B (180o) in black; C (300o) in red and D (350o) in 

green. Diaphragm pump frequency at 1 Hz. 

IV. CONCLUSIONS 

This paper is part of an ongoing study that aims to improve 
an EVHP System. Of particular interest, this research is 
focused on investigating the effect of tube compliance on the 
downstream pressure and flow fields. The pressure waveforms, 
centerline velocity data and velocity profiles were combined 
with the mock aorta distention over a normalized pump cycle. 
Shadowgraph imaging was used to monitor the tube response 
over the pump cycles. For the only mock aorta tested up to this 
point, the maximum distension record was 15%, just below the 
physiological range. The pressure waveform acquired at the 
mock aorta outlet shows that, although the measured systolic 
pressure coincides with the physiological data, the diastolic 
phase profile is still quite different from the physiological 
profile taken as a reference here. A key observation regarding 
the velocity data was the presence of backflow in the flow 
deceleration phase, evidencing Womersley's theory for rigid 
tubes. It is expected from future tests, varying the mock aorta 
geometry and material, to be able to better assess which 
quantities play the major roles in the flow fields to ultimately 
optimize and improve the EVHP system. 
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