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Abstract: The objective of this study is to assess the ability of an Artificial Circulatory Phantom (ACP)
to verify its accuracy in simulating the movement of artificial vessels vs. real vessels under changing
cardiovascular parameters such as heartbeat, ejection fraction, and total peripheral resistance. The
experiments were conducted with blood-like fluid that flows through two types of vessels: iliac
arteries and different types of ePTFE vascular prostheses. Parameters such as diameter and tortuosity
were measured and analyzed. The flow characteristics included a pulsating pattern with a frequency
of 60-120 min~—! and ejection volumes ranging from 70 to 115 mL. The results showed a predominantly
positive correlation between wall displacement (W) and tortuosity index (Tj) for the iliac artery
(R% = 0.981), as well as between Wd and mean tortuosity index (MTj) (R% = 0.994). Similarly, positive
correlations between Wd and T; (R? = 0.942) and Wd and MT; (R? = 0.922) were computed for the
ePTFE vascular prosthesis. The ACP introduced in this study is a valuable tool for evaluating various
vessel types and the spatial configurations of vascular prostheses under diverse hemodynamic
conditions. These findings are promising for the advancement of novel approaches to the testing and
design of vascular grafts, ultimately enhancing their patency rates in future applications.

Keywords: vascular imaging; vascular prosthesis; PTFE vascular prosthesis; tortuosity; stress
measurement; stress control; wall displacement; artificial vascular system

1. Introduction

Human organs are complex structures composed of specialized cells that collabora-
tively execute unique functions that are crucial for survival [1]. Ethical considerations
necessitate the utilization of bio-tissue and mechanical systems that can replicate the physi-
ological and pathophysiological aspects of organs [2]. Such systems hold the potential to
provide enhanced predictive capabilities for human tissue responses compared to existing
testing methodologies. Substantial progress has been made in microfluidic technologies,
particularly in the context of organ-on-a-chip devices [3]. Each vascular product requires
an individualized bioreactor [4]. Many important considerations should be included in the
bioreactor’s construction [5]. Bioreactors for vascular products, as well as vascular grafts,
commonly represent a pulsatile system [6]. Different parameters that are important for
patients may be monitored in vitro, e.g., perfusion for different hemodynamic conditions,
as well as the graft’s mechanical properties [7]. Such an approach minimizes the risk of
failure during surgery.
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In the realm of medical diagnostics, the integration of various techniques, such as
ultrasonography [8], 3D ultrasound [9], 4D ultrasound strain (4D-US) [10], and echocardio-
graphy, is gaining popularity [11]. Combining these methods with engineering approaches,
such as computational fluid dynamics (CFD), has the potential to enhance analyses and
contribute to patient diagnosis [12-14]. These approaches are commonly employed for pre-
dicting therapeutic outcomes in cases of aortic-wall-associated injuries, such as aneurysms
or wall ruptures [15]. However, limited efforts have been directed toward leveraging
ex vivo systems to faithfully replicate blood flow parameters and investigate flow and
pressure conditions in an artificial environment [16]. Moreover, most investigated models
primarily reconstruct laminar flow or focus on graft preservation solutions [17,18]. Con-
versely, the pulsatile nature of blood hemodynamics in the cardiac system indicates the
significant stretching of vessel walls, potentially leading to wall damage, especially in the
presence of pre-existing conditions like atherosclerosis [19]. Furthermore, existing systems
in the literature often only reconstruct laminar flow through artificial vessels or grafts [20],
meaning that the relationship between elastic storage and the viscous dissipation of energy
transmitted to vessel walls during systole in the cardiac cycle is not fully understood [21].

This study aims to verify its accuracy in simulating the movement of artificial vessels
vs. real vessels under changing cardiovascular parameters such as heartbeat, ejection
fraction, and total peripheral resistance. The experiments were conducted with blood-like
fluid that flows through two types of vessels: iliac arteries and different types of ePTFE
vascular prostheses.

The remainder of the manuscript is organized as follows: Section 2, Materials and
Methods, outlines the experimental setup, the initial and boundary conditions, and the
description of statistical analyses. Section 3, Results, presents the obtained results; Section 4,
Discussion, contextualizes the findings within the current state-of-the-art; and Section 5,
Conclusions, summarizes the paper.

2. Materials and Methods
2.1. Experimental Set-Up

An Artificial Circulatory Phantom (ACP) (Figure 1), designed to simulate the function-
ing of a segment of the human cardiovascular system, was constructed explicitly for this
project and comprehensively detailed in our previous work [22]. In essence, at the core of
the setup, a transparent rectangular vessel reactor, constructed from Plexiglas and equipped
to maintain a constant temperature (temperature was measured with an installed tempera-
ture sensors), was positioned. The reactor was filled with a non-commercial fluid designed
to mimic the rheological properties of blood. This fluid comprised 60% distilled water and
40% glycerol, presenting a density of 1.2 g cm~3 and a viscosity of 4.8 x 1073 Pa-s. The
fluid was supplied from a fluid chamber via a pump. The pulsating character of the flow
was achieved by self-made artificial heart. This device manifested as a moving plunger
housed in a stainless-steel corpus and driven by an electric motor, controlled discharge
pressure, discharge volume, and the pulsation of prediction. These parameters were con-
trolled by an electrical engine connected to the computer. Each time, a specified amount of
the medium supplies the analyzed vessels, as well as ePTFE vascular prosthesis.
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Figure 1. An artificial circulatory phantom (ACP). The system comprised the following: 1—an
artificial heart; 2—a transparent, rectangular chamber for the vessel; 3—a transparent container with
distilled water and glycerol; 4—temperature sensors; 5—a camera; 6—a pump for distilled water and
glycerol; 7—computer.

The vision system (VS) incorporated nine cameras positioned on an aluminum circular
profile parallel to the floor, enabling horizontal movement [19]. The size of a pixel in
the captured images of the real object was 0.35 mm. To increase the accuracy of vision
acquisition, cameras were able to move 10 deg. Steps were included to both sides in the
range of 40 deg. The entire system was controlled by a portable workstation (Dell Precision
M6400 (Dell, Round Rock, TX, USA)) equipped with a four-core Intel CPU (2.4 GHz), 4 GB
RAM (1333 MHz), and a 500 GB SSD HD. A self-developed acquisition and control software
(ACS) facilitated the operation of the system.
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2.2. Material

Two types of materials were investigated: iliac arteries (Figure 2a) and expanded
polytetrafluoroethylene arterial (ePTFE) vascular prostheses (Figure 2b). Iliac arteries, with
a diameter of 8 mm, thickness of 1 mm, and length of 100 mm, were procured from six male
organ donors (mean age 50 £ 10 years) at the Medical University of Vienna. These arteries
were promptly mounted in the experimental set-up, and all experiments were conducted
within 24 h of their harvest from the six donor organs.

Figure 2. An artificial circulatory phantom (ACP): (a) iliac artery; (b) expanded polytetrafluoroethy-
lene arterial (ePTFE) vascular prosthesis.

For comparison, six ePTFE vascular prostheses, commonly employed materials in
vascular surgeries, were utilized. These prostheses had a diameter of 8 mm, thickness of
0.1 mm, and length of 100 mm. In total, six iliac arteries and six ePTFE vascular prostheses
underwent investigation in this study.

2.3. Experimental Conditions

Changes in the diameter and displacement of the walls of the iliac arteries were inves-
tigated and compared with vascular prostheses made of expanded polytetrafluoroethylene
(ePTFE) with a specified length of 100 mm, diameter of 8 mm, and wall thickness of 1 mm.
The analysis encompassed iliac arteries sharing identical dimensions (length of 100 mm and
diameter of 8 mm). The study received approval from the local Institutional Review Board
(2069/2012) of the Medical University of Vienna. To validate the accuracy of the experi-
mental setup, vision data were juxtaposed with clinical data obtained using the ultrasound
2D- Speckle tracking technique (2DSTT) (GE Vivid 7, GE Healthcare, Pittsburgh, PA, USA),
equipped with software for strain analysis (EchoPac PC, GE Medical System, Pittsburgh,
PA, USA, https:/ /www.gehealthcare.com/products/ultrasound/vivid /echopac, accessed
on 16 February 2024).

To verify the area change percentage (ACP) and vessel shape (VS), flow construction
was performed with various parameters: pulsatile nature heart rates (FP)—60, 75, 90, 105,
and 120 min~'—and different stroke volumes (volumes (EV): 70, 85, 100 and 115 mL) using
non-commercial fluid for one cycle. The movement of the vessel wall was analyzed using
2DSTT, and it was ascertained whether the changes recorded with VS replicated the wall
changes recorded with 2DSTT. Furthermore, current studies indicate that pulsatile flow
plays a crucial role in the evaluation of pathological states, e.g., aneurysms [23].

For standardization, the changes in vessel diameter recorded by the ACP were com-
pared with clinical data collected during patient examinations using the 2DSTT approach.
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Six ACP iliac arteries were compared with data from six healthy patients diagnosed with
2DSTT using the same type of arteries and hemodynamic conditions as in the ACP.

To further standardize the results for ACP patients and healthy subjects, tests were
conducted under the conditions of heart rates (75 min~! and 90 min—!) and stroke volume
(EV =70 mL). Medical data were then compared with the ACP results obtained under the
same hemodynamic conditions. Ultimately, 120 cases were studied for iliac arteries and
120 cases for the ePTFE vascular prostheses.

The diameter change (Dc) (Equation (1)) and wall displacement (Wd) (Equation (2))
were calculated using the following equations:

Dc = Ddynamic(x,y,z) — Dstatic(x,y,z) e8]

where:

Dc—vessel’s diameter change [mm].
Dstatic(x,y,z)—vessel’s diameter, recorded under static conditions [mm].
Ddynamic(x,y,z)—the maximal vessel’s diameter under dynamic conditions [mm].

Wd = Wdynamic (xp’,yp’,zp’) — Wstatic (xp,yp,zp) )
where:

Wd—vessel’s wall displacement [mm)].

Wstatic (xp,yp,zp)—spatial configuration of vessel’s wall in relation to its central axis,
recorded under static conditions [mm].

Wdynamic (xp’,yp’,zp’)—spatial configuration of vessel’s wall in relation to its central axis,
recorded under dynamic conditions [mm].

Moreover, tortuosity (Tortuosity index T; (Equation (3)); Tortuosity (T) (Equation (4))
was applied to verify the correct operation of the WD parameter measurement.

T,=L/C 3)

where:

Ti—tortuosity index [-].
L—the linear distance of the vessel’s segment [mm].
C—the distance between vessel’s start and endpoint [mm)].

T=1-4d/1 (4)
where:
T—tortuosity [-].
d—the linear distance of the centerline [-].
L—the distance along the centerline [-].

Furthermore, a modification of the tortuosity (modified tortuosity index (Mti) (Equation (5)))
presented in the literature was proposed.

MT; =L/C+1/R 5)

where:

MT;—modified tortuosity index [mm~1].

L, C—as defined in Equation (3).

R—the reciprocal of the radius of curvature at a particular point on the centerline of the
analyzed vessel.
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2.4. Statistical Analysis

Statistica 12.0 software (Tulsa, OK, USA) was used for statistical calculations. The
results are presented as mean £ SD. The Bland—-Altman method was used to assess the
compatibility between the experimental setup and the 2DSTT technique. Additionally, a
simple linear regression analysis was conducted to examine the correlation. Comparisons
between the analyzed groups were performed using the Kolmogorov—Smirnov test after
confirming normality and variance. Statistical significance was considered when p < 0.05,
unless stated otherwise.

3. Results
3.1. Diameter Dilatation

The mean measured D, (for FP = 75 min~!) for the iliac arteries was 0.94 4 0.02 mm
when calculated with the set-up and 0.92 £ 0.01 mm when calculated with 2DSTT (p = 0.069).
The mean D, (for FP = 75 min~!) for the ePTFE vascular prosthesis was 0.44 & 0.01 mm when
calculated with the set-up and 0.43 £ 0.01 mm when calculated with 2DSTT (p = 0.022). More-
over, the mean measured D, (for FP = 90 min!) for the iliac arteries was 1.04 + 0.01 mm when
calculated with the set-up and 1.02 & 0.02 mm when calculated with 2DSTT (p = 0.022). The
mean D, (for FP = 90 min~!) for the ePTFE vascular prosthesis was 0.49 4- 0.01 mm when
calculated with the set-up and 0.48 £ 0.01 mm when calculated with 2DSTT (p = 0.999)
(Table 1).

Table 1. Diameter dilatation for the iliac artery and ePTFE vascular prosthesis. Values are measured
in millimeters.

. . . . Diameter of Diameter of
Diameter of Iliac Diameter of Iliac
.. ePTFE Vascular ePTFE Vascular
Frequency of Ejection Volume  Artery (Measured  Artery (Measured . .
Pulsation [1/s] [mL] with Set-Up) with 2DSTT) Prosthesis Prosthesis
[mm] [mm] (Measured with (Measured with
Set-Up) [mm] 2DSTT) [mm]
75 70 0.89 091 0.42 0.56
75 70 0.92 0.93 0.41 0.53
75 70 0.93 0.95 0.43 0.51
75 70 0.93 0.95 0.42 0.52
75 70 0.92 0.95 0.44 0.54
75 70 0.92 0.94 0.43 0.51
90 70 0.99 1.04 0.48 0.48
90 70 1.02 1.03 0.48 0.49
90 70 1.01 1.03 0.49 0.48
920 70 1.01 1.03 0.49 0.48
90 70 1.04 1.04 0.48 0.49
90 70 1.03 1.06 0.48 0.49

The Bland-Altman analysis for FP = 75 min~! and FP = 90 min~! indicated that
the records gathered with the set-up and 2DSTT for the iliac arteries were comparable.
The difference between the set-up and 2DSTT was equal to 0.02 mm for the range equal
to 0.04 mm (Figure 3a), while for FP = 90 min !, it was 0.04 mm for the range equal to
0.13 mm (Figure 3b). Moreover, the difference between the set-up and 2DSTT for ePTFE
vascular prostheses was equal to 0.01 mm for the range equal to 0.03 mm (Figure 3c), while
for FP = 90 min~!, it was 0.01 mm for the range equal to 0.04 mm (Figure 3d).
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Figure 3. Comparison of set-up and 2DSTT for: (a) iliac arteries for FP =75 min~1; (b) iliac arteries
for FP = 90 min~—!; (c) ePTFE vascular prosthesis for FP = 75 min~—!; (d) ePTFE vascular prosthesis
for FP = 90 min—! with the use of Bland-Altman analysis. The analyzed group consisted of n = 6.
Statistical significance was considered for all analyses with a threshold of p < 0.05.

3.2. Wall Displacement

Firstly, wall displacement was measured with the Set up (Table 2). For iliac arteries
with different frequencies of pulsation, a similar wall displacement was observed (for 60s~1,
75s571,90s71,105s71, and 120 s~ 1, 0.142 + 0.002 mm, 0.144 + 0.003 mm, 0.144 + 0.004 mm,
0.142 £ 0.002 mm, and 0.141 £ 0.004 mm, respectively) (Figure 4a,b). For ePTFE vascular
prostheses, an increase in the frequency of pulsation led to a decrease in wall displacement
(for 60 571,75 571,90 s71, 105 s~! and 120 s~ 1, 0.741 + 0.190 mm, 0.683 =+ 0.107 mm,
0.670 £ 0.095 mm, 0.593 £ 0.103 mm and 0.600 £ 0.071 mm, respectively) (Figure 4c,d).

Table 2. Wall displacement for the iliac artery and ePTFE vascular prosthesis. Values are measured
in millimeters.

Wall Displacement Wall Displacement for

Frequency of Ejection Volume for Iliac Artery ePTFE Vascular
Pulsation [1/s] [mL] (Measured with Prosthesis (Measured
Set-Up) [mm] with Set-Up) [mm]

75 70 0.14 0.56

75 70 0.15 0.53

75 70 0.15 0.51

75 70 0.15 0.52

75 70 0.15 0.54

75 70 0.15 0.51

90 70 0.14 0.39

90 70 0.14 0.38

90 70 0.14 0.40

90 70 0.14 0.40

90 70 0.14 0.39

90 70 0.14 0.40
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Figure 4. The wall displacement (WD) of: (a) iliac arteries as function of frequency of pulsation (FP)
for FP = 75 min~?; (b) iliac arteries as a function of frequency of pulsation (FP) for FP = 90 min~};
(c) ePTFE vascular prosthesis as a function of frequency of pulsation (FP) for FP =75 min~!; (d) ePTFE

1

vascular prosthesis as a function of frequency of pulsation (FP) for FP = 90 min™"; analyzed cases

consisted of n = 120.

An example of the analyzed objects (iliac artery and ePTFE vascular prosthesis) is
presented in Figures 5 and 6. The degree of deformation was illustrated with triangles.
Each time, greater flexibility of the iliac arteries was observed compared to the ePTFE
vascular prostheses.

Figure 5. An example of the iliac artery movement for: (a) EV =70 mL, FP = 60 min~1; (b) EV=70mL,
FP =75 min~!; (c) EV = 85 mL, FP = 60 min—; (d) EV = 85 mL, FP = 75 min~'. For each analyzed case,
two centerlines were added. Centerlines illustrate how the vessel works for different hemodynamic pa-
rameters. Moreover, triangles were added to illustrate the degree of the vessel’s deformation/bent as area
under the centerlines. Colors for each case were as follows: orange—EV = 70 mL, FP = 60 min~!; blue—
EV =70 mL, FP = 75 min—}; green—EV =85 mL, FP = 60 min~1; red—EV =85 mL, FP = 75 min—1.
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Figure 6. An example of ePTFE vascular prosthesis movement for: (a) EV =70 mL, FP = 60 min~1;
(b) EV = 70 mL, FP = 75 min—1; (¢) EV = 85 mL, FP = 60 min—!; (d) EV = 85 mL, FP = 75 minL.
For each analyzed case, two centerlines were added. The centerlines illustrate how ePTFE vascular
prosthesis works for different hemodynamic parameters. Moreover, triangles were added to illustrate
the degree of ePTFE vascular prosthesis’s deformation/bent as the area under the centerlines. Colors
for each case are as follows: orange—EV =70 mL, FP = 60 min~?; blue—EV =70 mL, FP = 75 min—!;

green—EV = 85 mL, FP = 60 min~!; red—EV = 85 mL, FP = 75 min~ 1.

3.3. Tortuosity

Initially, the analysis focused on the tortuosity and tortuosity index. Notably, the
average tortuosity and tortuosity index for the iliac arteries were comparable, reaching the
level of 0.86 & 0.02. Conversely, for ePTFE vascular prostheses, both the average tortuosity
and tortuosity index were almost 3.5 times lower (0.24 & 0.06) compared to the iliac arteries
(p = 0.0001). Subsequently, the modified tortuosity index was examined, revealing that, for
iliac arteries, the average modified tortuosity index was 0.87 £ 0.02. In contrast, for ePTFE
vascular prostheses, the average modified tortuosity index and tortuosity indexes were
0.28 £ 0.05 (p = 0.0001).

The Bland—Altman analysis demonstrated minimal significant differences between Ti
and MTi for iliac arteries. The discrepancy between Ti and MTi was 0.01, within the range
of 0.02 (Figure 7a). In contrast, for ePTFE vascular prostheses, the difference between Ti
and Mti was 0.04, within the range of 0.09 (Figure 7b).

b
3 -0.01 ) 0.01

..
— 22, -0.02
+

e
-MTi)
s

Difference (Ti - MTi)

Difference (Ti

-0.02 -0.07
0.75 1.00 0.00 0.25 0.50 0.75
Average (Ti,MTi) Average (Ti,MTi)
+ Average (Ti- MTi) === -1.96SD - +1.96 SD ——Bias + Average (Ti- MTi) - -196SD - +1.96 SD ——Bias
Figure 7. Comparison of tortuosity index (T;) and modified tortuosity index (MTj) for: (a) iliac arteries
with the use of Bland—Altman analysis; (b) ePTFE vascular prosthesis with the use of Bland-Altman
analysis. The analyzed cases consisted of n = 120. Statistical significance was considered for all
analyses with a threshold of p < 0.05.
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Moreover, Wy was compared to T, T; as well as MT;. Since the results of T and T; were
the same, T; was used for further calculations. For the iliac artery, a positive correlation
between W4 and T; was calculated (R? = 0.981). Similarly, for ePTFE vascular prostheses, a
positive correlation between W4 and MTi (R? = 0.994) (Figure 8a), Wy and T; (R? = 0.942),
and Wy and MT; was observed (R? = 0.922) (Figure 8b).
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Figure 8. Correlation for: (a) the iliac arteries for the tortuosity index as function of wall deforma-
tion; (b) for the ePTFE vascular prosthesis for the tortuosity index as function of wall deformation.
Scatterplot graphic; analyzed cases consisted of n = 120.

4. Discussion

In our earlier investigations, we demonstrated the ability of an ex vivo bioreactor to
recreate hemodynamics in elastic 3D-printed models of abdominal aortic aneurysms [24,25]
and human grafts [22]. In those papers, we showed that our self-made system allows
us to successfully track hemodynamic changes in the abdominal aortic aneurysm (AAA)
model with thrombus or stent-graft under different hemodynamic conditions. Here, we
aimed to verify the accuracy of our platform to simulate the movement of artificial vessels
in relation to a real vessel under changing cardiovascular parameters such as heartbeat,
ejection fraction, and total peripheral resistance.

The integration of engineering and medical tools could offer a valuable method for the
ex vivo analysis of biomaterials. [26]. Nevertheless, artificial systems have limitations, such
as the specificity of their construction, the absence of a pulsating flow [27], or their reliance
on animal tissues rather than human tissues [28]. Additionally, while MRI techniques
offer data regarding the spatial configuration of vessels, they do not provide information
about their stability or rupture [29]. The present research confirms that the Artificial
Circulatory Phantom effectively replicates blood hemodynamics, allowing for the recreation
of physiological conditions, such as the ejection volume, pulsation frequency, and ejection
pressure for iliac arteries and ePTFE vascular prostheses. This corresponds with findings
from comparable studies conducted by other researchers [11,30,31].

Significantly, we noted that the achievement of physiological conditions required
the utilization of a water environment, an innovative approach with no prior literature
precedent for simulating organ tension. For instance, Piola et al. devised a culture system
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to replicate hemodynamic conditions in saphenous veins following coronary artery bypass
grafting [16,32]. Mundagi et al. investigated cellular interactions in pig carotid arteries
using an ex vivo system, with flow reconstructed using a peristaltic pump at a constant
speed [33]. However, these studies lacked an authentic representation of the heartbeat,
which is a distinctive feature of our approach. Similarly, Bihari et al. examined abdom-
inal aortic aneurysm displacement using 3D speckle-tracking ultrasound [31], but their
horizontal vessel configuration differed from our vertical positioning.

Moreover, Genovese et al. applied a dedicated system for mouse artery stress analy-
sis [34]. Gulan et al. studied the transparent part of the cardiac system using 3D particle-
tracking velocimetry [35], but their methodology lacked a water environment and the
measurement of vessel spatial configuration.

Taking into account the significance of the vessel’s physical properties for the recon-
struction of clinical conditions [36,37], our study is consistent with the observations made
by Pahlevan et al. [37], who identified changes in the aortic pressure wave associated with
varying aortic stiffness, and Li et al. [38], who documented the age-related stiffening of the
ascending aorta. Kashyap et al. [39] analyzed the accuracy of the tortuosity index in the left
main coronary artery using computational modeling, contrasting with our results, which
indicated a good agreement between the experimental and clinical data. Additionally, our
study differs from the findings of Malve et al. and Pinho et al. [40,41], who noted higher
averages and wider spreads of the WSS values.

In light of our presented results, we suggest that it is essential to examine other geo-
metric parameters, such as angulations, in our system to accurately predict the occurrence
of thrombus or prosthesis movement.

Limitation of the Study

The examined arteries and ePTFE vascular prostheses were limited to a length of
100 mm due to the dimensions of the chamber. This constraint was dictated by the design
of the Artificial Circulatory Phantom (ACP). To increase the flexibility of the ACP, modifica-
tions should be considered for vessels of both shorter and longer lengths in future iterations.
Furthermore, the inlet and outlet pipes were designed for vessels within the size range of
the iliac arteries, limiting their suitability for smaller vessels. To expand the applicability of
the ACP, additional adjustments to accommodate smaller vessels are necessary.

5. Conclusions

The Artificial Circulatory Phantom (ACP) presented in this article demonstrates the
potential to be a valuable tool for evaluating different types of vascular prostheses under
defined boundary and initial conditions. The ability to independently vary the frequency of
pulsation and the ejection volume within the ACP unveiled distinct mechanical responses
in iliac artery grafts and vascular prostheses. These insights offer valuable information
that can contribute to the exploration of novel approaches in the design of vascular grafts,
ultimately aiming to improve their patency rates in future applications. In the future, we
plan to use our self-made equipment to test selected types of vascular prostheses.
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