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Abstract
Introduction: This study examines the mechanical properties of thoracic aortic false aneurysms (TAFA) and how the use of vascular 
prostheses, native vessels, and anastomoses affects their development. This is done through tensile testing, simulating a Bentall 
procedure, which is the most common surgery leading to TAFA development.
Methods: We conducted uniaxial tensile tests on the native right and left coronary arteries from five cadaveric donors. They were 
anastomosed to two vascular prostheses in the longitudinal and circumferential directions to assess their mechanical responses under 
load.
Results and discussion: All anastomosis specimens ruptured on the native vessel side, with no breaches occurring on the prosthesis 
side. The P2 prosthesis exhibited a mechanical response closer to that of the native vessel compared to the P1 prosthesis. There were 
no statistically significant differences in wall thickness or mechanical properties between the left and right coronary artery samples, 
leading to the merging of these groups. The strain of the anastomosis in the longitudinal direction was significantly higher than in 
the circumferential direction. In both directions, the strain at the onset of rupture was greater than that of the native vessel, with a 
particularly notable difference in the longitudinal direction. Although there was no significant difference in stress values between the 
longitudinal and circumferential directions, forces per suture were slightly higher in the circumferential direction.
Conclusion: Using the “endo-button buttress technique” with a double-layer anastomosis can help distribute the load and reduce stress. An 
alternative option is to use a Carrel patch to reinforce the connection between the target site and the conduit. Additionally, autologous 
pericardium can be employed for reinforcement.
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Highlights:
•	 We tested the mechanical properties of the prosthesis, native vessel, and anastomosis in both the longitudinal and circumferential 

directions to create an experimental model of the Bentall procedure.
•	 Tensile tests showed that all anastomosis specimens ruptured on the native vessel side and forces per suture were slightly higher in 

the circumferential direction.
•	 A specific area in the circumferential direction of the anastomosis within the native vessel has been identified as a preferred location 

for the formation of TAFA.
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artery; f – failure; F – force; H – thickness; L – longitudinal direction; P – prosthesis; N – native vessel; Ns – number of sutures of the 
anastomosis; S – cross sections; Sd – distance between sutures; SIN – left coronary artery; TAFA – thoracic aortic false aneurysms; 
V – vessel
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Introduction

Acute aortic syndromes, which include aortic dissection 
(type A, type B, and type non-A non-B), intramural hematoma, 
penetrating atherosclerotic ulcer, and other conditions such as 
trauma or aortic pseudoaneurysm, are potentially life-threat-
ening and require immediate evaluation and treatment. These 
syndromes can manifest in various ways from bleeding within 
the aortic wall, with different degrees of disruption that range 
from localized, isolated intramural hematoma to widespread, 
propagating medial disruption in classical aortic dissection 
(Czerny et al., 2024). By 1970, cystic necrosis of the media had 
already been documented, predominantly in older hyperten-
sive patients (Carlson et al., 1970). Another published report 
shows a preference for thoracic segments and the media’s in-
ner layers (Schlatmann and Becker, 1977).

Regardless of the subtype, all acute aortic syndromes re-
quire prompt diagnosis and immediate implementation of op-
timal medical therapy to prevent acute complications such as 
organ ischemia or aortic rupture, which could lead to death. 
Medical treatment includes strict blood pressure management 
to reduce aortic wall stress, along with pain control (Czerny 
et al., 2024). In 1983, the adverse impact of hypertension on 
aortic rupture as a prognostic factor was published (Spittell, 
1983). The recommended targeted systolic pressure is 100–
120 mmHg, and the recommended heart rate is 60–80 bpm. 
It is recommended to administer intravenous beta-blockers 
before intravenous vasodilators (e.g., sodium nitroprusside, 
clevidipine) as this is effective in reducing the impulse of car-
diac contraction, lowering blood pressure, and decreasing wall 
stress on the adventitia. Adequate invasive monitoring should 
be provided in an intermediate or ICU setting. The patient re-
quires urgent cardiac surgery (Czerny et al., 2024). All of the 
above are known factors and recommendations in the man-
agement of acute aortic syndromes, but the evolution of the 
aortic false aneurysm remains unknown.

Thoracic aorta false aneurysm (TAFA) is caused by a dis-
ruption in the aortic wall, which can lead to blood leaking out 
and being contained by nearby structures. Although rare, this 
can be life-threatening and often develops from cannulation or 
clamping sites, aortotomy sites, or graft/coronary reimplan-
tation sites (Razzouk et al., 1993; Rečičárová et al., 2023b). 
The development of these aneurysms is usually symptomatic, 
but they can expand over time and cause chest pain, coronary 
compression, dysphagia, or stridor (Dumont et al., 2004; Re-
cicarova et al., 2024). The most common diagnosis leading to 
their development is aortic dissection, and the most common 
procedure is Bentall surgery, which consists of aortic valve re-
placement, ascending aorta replacement, and reimplantation 
of the coronary arteries. They can often be associated with 
connective tissue disorders (Recicarova et al., 2024). Our ob-
jective was to investigate the pathology of the origin of the 
thoracic aorta false aneurysm and the impact of the prosthe-
sis, anastomosis, and native vessels on its development.

 
Materials and methods

Mechanical tests
From a technical point of view, we consider the vessel and 
the vascular prosthesis to be cylindrical vessels with circular 
cross-sections and a constant wall thickness. This simplifica-
tion of the geometry is considered relevant (Grus et al., 2018; 
Rečičárová et al., 2023a; Spacek et al., 2019; Veselý et al., 

2015). These structures are loaded by internal pressure, i.e., 
blood pressure. In a simplification where both the vessel and 
the vascular prosthesis are considered to be a thin-walled cy-
lindrical shell, internal pressure generates biaxial tension in 
the wall (Horny et al., 2012). Anastomosis, the junction of the 
native vessel with the vascular prosthesis, is therefore loaded 
similarly. An ideal way to determine the mechanical response 
of the anastomosis under loading would be an inflation-exten-
sion test (Chlup et al., 2008; Grus et al., 2018; Horný et al., 
2022a; Rečičárová et al., 2023a; Spacek et al., 2019). Due to the 
petite size of the vessel (coronary artery) and the prosthesis, 
this type of experiment would be very challenging to perform. 
The vascular prosthesis and anastomosis (suture punctures) 
are porous. The experiments would result in pressure medium 
leakage and internal pressure loss. To prevent this, it would 
be necessary to impregnate the inside of the anastomosis and 
vascular prosthesis or to insert some very thin liner through 
which the pressure of the fluid would act on the inner wall of 
the vessel-anastomosis-vascular prosthesis sample assembly. 
With an internal diameter of 3–4 mm, this solution would 
be technically difficult and would distort the data obtained. 
A more viscous fluid could also be used. There would be a prob-
lem with filling the sample without air bubbles. I.e., the con-
vergence of the viscous liquid into narrow spaces.

The connection of the native vessel to the vascular prosthe-
sis can be performed with different surgical techniques such 
as end-to-end, end-to-side, and side-to-side. In this research 
where we observed the outcomes of 112 patients with TAFA, 
we identified the disruption site in the coronary arteries in 
18% of cases (11% in the left coronary artery site and 7% in 
the right coronary site), with 34% of cases having multiple 
disruption sites. This type of aortic surgery is known as the 
Bentall procedure. It is performed when there is a pathology 
on the aortic valve, aortic root, and ascending aorta. During 
this procedure, the affected structures are removed, and both 
the aortic valve and ascending aorta are replaced. The coronary 
arteries are then reimplanted to the ascending aorta replace-
ment. We found that the Bentall procedure was the most com-
mon procedure leading to the development of TAFA, account-
ing for 47% of cases (Recicarova et al., 2024). Therefore, we 
chose to investigate the pathology of false aortic aneurysms in 
the simulation of the Bentall procedure.

This study focuses on the anastomosis of a native small 
vessel (coronary artery) to a larger vascular prosthesis (as-
cending aorta replacement) with the connection configuration 
shown in Fig. 1A. In the longitudinal and circumferential di-
rection, see Fig. 1, Fig. 2, the native vessel and the vascular 
prosthesis have different mechanical properties (Chlup et al., 
2008; Spacek et al., 2019; Veselý et al., 2015). The mechanical 
response under loading tends to be different. It is an aniso-
tropic material. Considering the above, and in order to obtain 
mechanical properties in the two preferred directions, strips 
were separated from the vascular prosthesis in the longitudi-
nal and circumferential directions (Fig. 2). These were joined 
to the coronary artery specimens using running polyproplyne 
sutures. Experimental specimens were created for mechanical 
testing of the anastomosis (Fig. 1B).

Coronary artery samples were obtained from five cadavers 
without any known heart or vascular disease (Table 1). The 
samples were anonymized according to the local legislature. 
For each donor, samples were always obtained from the right 
coronary artery (DX) and the left coronary artery (SIN). For 
both DX and SIN arteries, an anastomosis was created with 
the prosthetic vascular sample cut in both the longitudinal 
(SIN_1, DX_1) and circumferential (SIN_2, DX_2) directions 
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(Table 2, Fig. 1). For all mechanical tests, samples of the cor-
onary arteries were excised from the aorta using the button 
technique. The tissue was preserved in a refrigerated saline 
solution at 4 °C until testing, which was conducted 24 hours 
after excision. The orientation of the samples was always in 
the longitudinal direction of the artery (Fig. 1A). A total of 
20 experimental anastomosis specimens were examined. For 
each donor, SIN_1 and DX_1 were connected with the vascular 
prosthesis in the longitudinal direction and SIN_2 and DX_2 
in the circumferential direction to imitate circumferential su-
ture in the Bentall procedure. A total of 10 anastomoses in the 
longitudinal direction and 10 in the circumferential direction 
were examined (Table 2, Fig. 1). As a control group, mechan-

 

ical testing was performed on four coronary arteries excised 
in the longitudinal direction. Two knitted crimped polyester 
vascular prostheses, P1 with large wavy patterns and P2 with 
small wavy patterns, were tested – with three samples in the 
longitudinal and three in the circumferential direction (Fig. 2). 
For the surgical procedure described above, the commercial 
type of vascular prosthesis is not standardized. In the Insti-
tute for Clinical and Experimental Medicine, various types of 
prostheses from different manufacturers are used, such as Gel-
weave, LeMaitre, and Goretex. For the experiments, the vas-
cular prostheses with the smallest and largest wavy patterns 
were used.

Fig. 1. Creation of an anastomosis, where A – connection of the native vessel to the vascular prosthesis with definition of the dominant 
directions L (longitudinal) and C (circumferential); B – demonstration of experimental samples of anastomoses in the direction L and C for the 
tensile test

 
Fig. 2. The vascular prostheses used were P1 – larger wavy patterns, and P2 – smaller wavy patterns. On the right, is a detail of the wall 
structure (knit) of the prosthesis.

All the types of experimental samples were strip-shaped. 
For each experimental specimen and material type (native 
vessel, vascular prosthesis, anastomosis), the thickness H and 
width B were measured at three different locations. Thickness 
was measured using a Filetta digital micrometer (0–25 mm) 
with a modified maximum contact force of 0.5 N. For thick-
ness measurements, the samples were sandwiched between 
two thin (0.2 mm) polymer transparency films. The contact 
pressure distribution during the measurement was ensured. 
The width of the samples was measured from the photographs 
by image analysis in NIS-Elements software.

Data on donors and dimensions of the tested samples are 
presented in Table 1 and Table 2. The examined anastomoses 
had from 8–13 sutures, i.e., an average of 10 ± 1.5 sutures. The 
thickness of HA anastomoses was 1.067 ± 0.193 mm and their 
BA width was 10.17 ± 1.22 mm. The distance of the stitches 
from each other BASt was 1.02 ± 0.15 mm. The wall thickness 
of the arteria coronaria HV was 0.869 ± 0.187 mm, and the 
thickness of the HP prosthesis for P1 was 0.31 ± 0.03 mm, and 
for P2 was 0.15 ± 0.03 mm. The sutures were made with Peters 
Surgical Corolene 6/0 fiber with a diameter of d = 0.06 mm by 
a single surgeon to standardize the technique.

Table 1. Information about blood vessel sample donors, where BMI is the calculated body mass index

Donor Gender Age (years) Height (cm) Weight (kg) BMI

D1 M 44 179 85 26.5

D2 F 54 166 74 26.9

D3 M 29 175 69 22.5

D4 M 46 192 98 26.6

D5 M 47 180 76 23.5
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Table 2. Types and basic dimensions of the tested anastomosis samples, where St – number of sutures realized in the 
anastomosis, A – area of all sutures for loading in the anastomosis on the side of the native vessel

Donor Position

Thickness (mm)
Stitches

Contact area

Vessel Anastomosis All stitches

HV HA nS (–) AS (mm2)

D1

SIN_1
0.8 ± 0.06 1.182 ± 0.053

  8 0.404

SIN_2 13 0.590

DX_1
0.715 ± 0.075 1.372 ± 0.085

13 0.609

DX_2 10 0.390

D2

SIN_1
1.034 ± 0.171 1.071 ± 0.18

  8 0.554

SIN_2   9 0.493

DX_1
1.082 ± 0.175 1.157 ± 0.083

  8 0.587

DX_2   9 0.507

D3

SIN_1
0.725 ± 0.037 0.782 ± 0.053

10 0.454

SIN_2 12 0.500

DX_1
0.695 ± 0.043 0.972 ± 0.085

12 0.480

DX_2 10 0.434

D4

SIN_1
1.138 ± 0.022 1.246 ± 0.111

10 0.678

SIN_2 10 0.688

DX_1
0.934 ± 0.06 1.009 ± 0.071

10 0.587

DX_2 10 0.534

D5

SIN_1
0.891 ± 0.079 0.978 ± 0.169

10 0.575

SIN_2 10 0.493

DX_1
0.677 ± 0.093 0.906 ± 0.063

10 0.457

DX_2 10 0.356

All specimen types were loaded uniaxially in the Zwick/
Roell biaxial experimental system by monotonic tension to 
destruction. Biological specimens are often preconditioned 
with 5–10 cycles of loading to a selected strain or force level. 
After the mechanical response has stabilized, the last cycle is 
analyzed (Gultova et al., 2011; Straka et al., 2017, 2018). In 
this study, the primary focus was on comparing the mechani-
cal response of the anastomosis, not on analyzing the material 
per se. Therefore, simple tensile loading, such as in the works 
cited, was chosen as sufficient (Chlup et al., 2022, 2023; Horný 
et al., 2022b; Šupová et al., 2023). Here, the effect of the in-
ternal and external constraints of the material on its overall 
mechanical response was investigated. Cycling could lead to a 
gradual breaking of the bonds. In cyclic loading of biological 
specimens, it is usually difficult to choose a strain or force limit 
at which the specimen does not yet break. In biological mate-
rials, i.e., blood vessels, a large dispersion of mechanical prop-
erties is recognized (Gultova et al., 2011; Spacek et al., 2019; 
Straka et al., 2017, 2018; Veselý et al., 2015).

The sample was clamped between 2 clamps. Each clamp 
had a HBM U9C force sensor of 50 N. The strain was calculated 
from the displacements of the marks placed on the specimen. 
For anastomosis tests, the markers were placed as close to the 
sutures as possible, Fig. 1B. For all specimen types, markers 
were associated with material points on the specimen surface 
throughout the experiment. Marker displacement was detect-
ed by an integrated video extensometer with a resolution of 
5 Mpx. The loading rate, i.e., the rate of clamp displacement, 
was 0.2 mm/s. Clamping of biological or soft elastic polymeric 
materials is usually problematic. Some options for clamping 

specimens for tensile testing are shown in the works cited 
(Chlup et al., 2022; Horný et al., 2022b; Jiang et al., 2020; 
Scholze et al., 2020; Šupová et al., 2023). The ends of the spec-
imen were sandwiched between paper cartons in the clamps 
of the experimental system (Fig. 1B). They became more rig-
id, and a clamping force could be applied without the risk of 
damaging the experimental specimen and slipping out of the 
clamps during the experiment. This is similar to experiments 
with vascular, pericardial, or collagen gel samples (Chlup et al., 
2022; Gultova et al., 2011; Straka et al., 2018; Šupová et al., 
2023). Force and displacement values were recorded at 20 Hz.

To compare the different types of specimens, stress-strain 
relationships were obtained from the experimental data  
(Figs 3B, 5, 6, 7). The engineering stress, i.e., the ratio of 
the actual applied force F to the reference (initial) area AS or 
cross-section S that transmitted the load, was used. The area 
of the sutures in the anastomosis transmitting the AS load 
was calculated from the diameter of the suture fiber d, the 
vessel wall thickness HV, and the number of realized sutures 
in the anastomosis nS (schematic Fig. 3A, Table 2). The cross 
sections S, width multiplied by thickness, were used to calcu-
late the stresses for the native vessel and vascular prosthesis 
samples. Experimental characterizations were terminated 
at the point onset of failure f (see schematic Fig. 3B). At this 
point, there is a significant shift in the characteristic direc-
tive or a significant decrease in force with increasing strain. 
The values of strain εf and stress σf at the onset of failure were 
obtained for all specimen types. To compare the mechanical 
response of groups of test specimens, representative average 
characteristics were calculated from the obtained stress-strain 
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relationships. A script was created in Matlab. Here, the indi-
vidual groups of the σ – ε characteristics were resampled so 
that the stress values of the individual characteristics could be 
averaged within a given group for a given deformation. Line-
ar interpolation of the experimental data was used. Standard 
deviations were also obtained for each deformation state. The 
average characteristic can only be obtained over the region in 
which all specimens are subjected to the same strain.

 

 

Fig. 3. Schemes for the processing of experimental data.  
A – scheme for calculating stress and area for loading (F – applied 
force, HV – thickness of the vessel wall, d – diameter of the suture 
fiber, ns – number of sutures of the anastomosis, Sd – distance 
between sutures, BV – width of the vessel sample); B – scheme for 
identifying the point of failure onset f and obtaining stress and 
strain at this point.

Statistical analysis
The experimentally obtained data of measured wall thickness-
es, deformations, and stresses at the detected failure initiation 
point f were subjected to statistical analysis. The normality of 
the data distribution was tested using the Shapiro–Wilk test. 
The non-parametric Kruskal–Wallis test with Dunn’s post hoc 
test was chosen for statistical analysis. All tests were per-
formed at a 95% significance level, p = 0.05. Real Statistic, an 
MS Excel add-in, was used for statistical analysis. Statistical-
ly significant differences between groups are indicated in the 
figures. Cohen’s D was calculated to obtain effect size, where  
*** is small effect, ** is medium effect, and * is large effect. The 
significance limits for Cohen’s D were standard, i.e., 0.2 for 
small, 0.5 for medium, and 0.8 for large effect.

 
Results

Sensorially, the vessel was more pliable than the material of 
the prosthesis. During mechanical testing, suture breakage 
was always initiated on the side of the native vessel. In order 
to compare the material properties of the native vessel and the 
vascular prostheses, mechanical tests were performed in the 
same manner and with the same sensors as for the anastomo-
sis tests. The experimental planar vascular prosthesis speci-
mens, cut in both longitudinal and circumferential directions, 
were never destroyed or partially broken during the test. Force 
sensors with a significantly higher range would be required for 
these tests. This would probably be beyond the construction 
limit of this type of experimental system. All tests were suc-
cessfully conducted for the experimental samples of the native 
vessel and anastomoses.

Rupture of the anastomoses always occurred on the side 
of the vessel, consistent with our previous findings in the in-
flation-extension testing (Rečičárová et al., 2023a). The wall 
thickness and values of the tested samples were analyzed. The 
left and right coronary arteries were found to have similar wall 

thicknesses (Fig. 4A). Therefore, it was possible to merge the 
two groups. A group V (vessel) representing the wall thickness 
of the coronary artery was formed. It can be seen from Fig. 4A 
that the wall thicknesses of the SIN sample (left coronary ar-
tery) are slightly larger than those of the DX sample (right 
coronary artery). The findings align with the anatomical struc-
ture of the coronary arteries. Similarly, the anastomosis spec-
imens examined (A) consist of the SIN (left) and DX (right) 
vessels. Their differences are statistically nonsignificant. The 
anastomosis thicknesses are similar (Fig. 4A), and were there-
fore merged into A. The anastomosis and vessel thicknesses 
were shown to be significantly different. The anastomosis has 
a greater thickness (Fig. 4B).

Fig. 4. Measured wall thicknesses of the tested samples.  
A – samples V (vessel) and A (anastomosis) according to the location 
of the left coronary artery (SIN) and right coronary artery (DX) 
sampling, n = 30; B – grouped measurements for V and A regardless 
of the location of the coronary artery, n = 60. Statistical differences 
between groups are indicated.

Mechanical stress-strain (σ – ε) characteristics were ob-
tained for the native vessel left and right coronary arteries. 
The availability of biological material was challenging to obtain 
due to the small diameters of the vessels. Our main goal was to 
create and test an anastomosis which is a sutured connection 
between the native vessel and a vascular prosthesis. There-
fore, it is not possible to compare the mechanical response 
of the native vessel left (SIN) and right (DX) coronary artery 
(Fig. 5A). As previously mentioned, biological material has a 
large variability in mechanical response due to e.g., gender, 
age, lifestyle, etc. The above measurements should be taken as 
indicative. From the obtained SIN and DX characteristics, the 
average mechanical characteristic of the coronary artery was 
calculated with the variance of the values (Fig. 5B). It shows 
the approximate range and trend of the mechanical response 
of the native vessel under load. As will be shown later, the σ – ε 
characteristics of the native vessel are different from those of 
anastomoses or vascular prostheses. Even a larger number of 
observations would not change this.

The material of the tested vascular prostheses is stiffer than 
the native vessel. This is shown by the σ – ε (Fig. 5 and Fig. 6). 
The higher stiffness of vascular prostheses is also typical for 
other types constructed from polymeric materials (Chlupáč et 
al., 2009; Zia et al., 2022). Some studies have investigated not 
only the mechanical properties of the prosthesis but also its 
resistance to suture breakage in anastomosis (Castillo-Cruz et 
al., 2019). The pliability is achieved here by the shape and con-
struction of the prosthesis wall. Two types of used prostheses 
have been tested with the smallest and largest wavy patterns 
(Fig. 2). The wavy patterns of the vascular prosthesis are in the 
longitudinal direction (L) in the tested specimens. The spe- 
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cimens are more pliable than in the circumferential direction 
(C). In the P2 prosthesis, which has smaller wavy patterns, the 
mechanical response at the beginning of loading is more af-
fected by the straightening of the wavy patterns. At low loads, 
the characteristic is very flat. After straightening of the wavy 
patterns, the trend of the characteristic changes to very steep, 
i.e., very stiff (see P2-L, Fig. 6). From the experimental char-
acteristics, representative average characteristics were calcu-

 
Fig. 6. Stress-strain characteristics for samples of two different vascular prostheses (P1, P2). A – experimental characteristics of P1 and 
P2 vascular prosthesis samples cut from tubular geometry in the longitudinal (l) and circumferential (C) directions, Fig. 2; B – average (m) 
representative characteristics for vascular prostheses P1 and P2 calculated from experimental characteristics; C – average (m) representative 
characteristics in the L and C directions for virtual (theoretical) vascular prosthesis P calculated from experimental characteristics of P1 and P2 
in the L and C directions.

lated with indicated data scatter (Fig. 6B). Due to prostheses 
from the opposite spectrum, i.e., small and large wavy patterns 
with different wall construction, the theoretical mechanical re-
sponse of the virtual average prosthesis was calculated from 
the obtained characteristics (Fig. 6A). The stress-strain char-
acteristics of the virtual average prosthesis in the circumferen-
tial and longitudinal directions, with the deviations indicated, 
are shown in Fig. 6C.

The experimental stress-strain characteristics for the cre-
ated anastomoses of the native vessel with the vascular pros-
thesis in the longitudinal and circumferential directions are 
shown in Fig. 7A, B. It is difficult to identify different mechan-
ical properties for anastomoses formed with P1 and P2 pros-
theses. The σ – ε characteristics for the P1 and P2 prostheses 
have more scatter and overlap. This is probably a consequence 

of the good placement of the deformation tracking markers. 
These were in the immediate vicinity of the anastomosis, Fig. 
1B. This means that we are primarily monitoring the mechan-
ical response of the anastomosis with minimal influence from 
the remaining native vessel and prosthesis material. A change 
in the steepness of the σ – ε characteristics for the L and C 
directions can be discerned. The data were grouped according 
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Fig. 5. Stress-strain characteristics for native (N) vessel samples cut in the longitudinal direction of the vessel. A – experimental characteristics 
of the left coronary artery (SIN) and right coronary artery (DX); B – mean (m) representative characteristics calculated from the experimental 
characteristics for native (N) vessels.
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to the L and C direction. The type of prosthesis P1 and P2 were 
not taken into account (Fig. 7C). The average characteristics 
with standard deviations were obtained from the data. They 
represent the mechanical response of the anastomosis in the 
L and C direction (Fig. 7D). The mechanical response of the 
anastomosis in the C-direction is steeper than in the L-direc-
tion. Under the same load, the anastomosis deforms less in the 
C-direction than in the L-direction. The mechanical response 
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of the anastomosis is an integration of the material properties 
of the native vascular wall, sutures, and the wall of the vascular 
prosthesis. If we assume that the sutures and suture material 
are the same, then the material of the native vessel wall and 
the prosthesis, which is part of the anastomosis, influence this 
behaviour. The material of the native vessel can only be influ-
enced with great difficulty. The material and wall structure of 
the prosthesis can be better modified.

 
Fig. 7. Stress-strain characteristics for the anastomosis samples studied, A – experimental characteristics of suture samples (S, anastomoses)  
of the native vessel, with prosthesis samples P1 and P2 cut in the longitudinal direction (L); B – experimental characteristics of suture samples 
(S, anastomoses) of the native vessel, with prosthesis samples P1 and P2 cut in the circumferential direction (C); C – grouped characteristics 
from arrays A and B according to the orientation direction (C, L) regardless of the type of prosthesis; D – average (m) representative 
characteristics of the anastomosis (S) calculated from the experimental characteristics of array C, i.e., connection of the native vessel with the 
virtual (theoretical) vascular prosthesis P for the C and L directions.

The calculated average characteristics from the experi-
mental data are shown in Fig. 8. The average characteristics 
represent the trend of the mechanical response of the tested 
group of samples. In Fig. 8, they are shown on the scale of the 
graph chosen according to the mechanical characteristics of 
the native vessel. The characteristic of the prosthesis P2 in the 
longitudinal direction (mP2-L) is closest to the native vessel 
(mN) (Fig. 8A). If we compare this characteristic with the char-
acteristics in Fig. 6A, B, we can say that in this loading region, 
the wavy patterns of the prosthesis are straightened. The dom-
inant factor influencing the mechanical response of the pros-
thesis is the change in the geometric shape of the wall. For the 
P1 prosthesis, the load transfer mechanism will be similar to 
that of P2. However, the wall material structure here will en-
gage in the longitudinal direction earlier. According to Fig. 6A, 
B, this strain can be estimated to be from 0.25–0.30. From this 
limit, the characteristics of P1 in the L and C directions have 
a very similar slope. Similarly, this limit for the P2 prosthesis 
in the L direction is about 1.15 strain. All the characteristics in 
the longitudinal direction, both prosthesis and anastomosis, 
are closer to the mechanical response of the vessel wall (Fig. 8). 
The mechanical characteristic of the native vessel is closest to 
the mechanical characteristic of the anastomosis formed by 
the prosthesis in the longitudinal direction, mS-L. The mS-L 

characteristic is similar to the stress-strain relationship of the 
average virtual prosthesis in the longitudinal direction, mP-L 
(Fig. 8B). It averages both the wavy patterns P1 and P2 and the 
wall material structure.

The experimental data was used to evaluate the limit state. 
For each experimental sample, the f-point of failure onset was 
identified. At this point, the values of strain εf and stress a σf 
were obtained. These are shown for the anastomosis and na-
tive vessel samples in Figs 9 and 10.

Using statistical analysis, it was found that there is no sta-
tistically significant difference in the values of strain or stress 
at point f between the anastomosis formed by the left coro-
nary artery (SIN) and the right coronary artery (DX). This is 
true for both the L and C directions (see Figs 9A, 10A). Thus, 
it does not matter whether the anastomosis in the L or C 
orientation is formed at the SIN or DX. From the graphs in  
Figs 9 and 10 it can be observed that the SIN specimens, in 
both L and C directions, achieved higher strain values and 
lower stress values than the DX anastomosis specimens. How- 
ever, these differences are statistically insignificant in the giv-
en measurement range.

We merge the SIN and DX samples and focus only on the 
anastomosis orientation (Figs 9B and 10B). Here we see that 
the anastomosis samples in the C direction (S-C) achieve sim-
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Fig. 8. Detail of the average representative stress-strain characteristics for all types of specimens studied. A – native vessel (mN), both types 
of vascular prostheses P1 and P2 loaded in the L and C directions, average anastomosis characteristics (mS) realized in the L and C directions; 
B – comparison of the characteristics of the virtual (theoretical) prosthesis (mP) with the anastomosis (mS) and native vessel (mN) in the L and 
C directions, see Figs 1, 2.

ilar strain but much higher stress than the native N arteria 
coronaria vessel. In the L direction, the anastomosis was more 
compliant. Higher strains were achieved as in the N samples. 
Stress was lower than in the C direction but still significantly 
higher than the native N vessel.

For the point of failure onset, the force per suture in the 
anastomosis in the L and C directions was calculated from the 
experimental data (Fig. 10C). It was calculated with the num-

ber of sutures in the anastomosis and the fact that there is no 
statistically significant difference between the wall thickness 
of the sample vessel. There was also no difference in the thick-
ness of the anastomosis (Fig. 4A). There was no statistical dif-
ference in the forces per stitch in the anastomosis Ff between 
the L and C directions. They are slightly higher in the C direc-
tion (Fig. 10C). Forces per suture in the L direction are 0.305 ± 
0.158 N, and in the C direction 0.471 ± 0.260 N.

 
Fig. 9. Strain values at the point of failure onset f, obtained from the stress-strain characteristics, comparing the native vessel (N) with  
A – values of anastomoses (S) in the L and C direction for the SIN and DX artery locations, n = 5; B – values of anastomoses (S) in the L and C 
direction, SIN and DX locations together, n = 10 (Fig. 7C).

 
Fig. 10. Stress and force values at point f obtained from stress-strain characteristics comparing the native vessel (N) with A – values of 
anastomoses (S) in the L and C directions for the SIN and DX artery locations, n = 5; B – values of anastomoses (S) in the L and C directions 
when SIN and DX locations are merged, n = 10 (Fig. 7C); C – force exerted per suture in the anastomosis on the native vessel side calculated from 
experimental data, n = 10.
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Discussion

Our objective was to design a reproducible model that would 
examine the mechanical properties of the anastomosis be-
tween a sutured coronary artery and a prosthesis. This mod-
el aims to elucidate why Bentall surgery is the most common 
procedure associated with the development of thoracic aortic 
false aneurysm when the coronary arteries are detached from 
the prosthesis.

The use of tissue glue causes doubts in the literature about 
the possible formation of thoracic aortic false aneurysms. 
Some studies have published their concerns, including possi-
ble transmigration of glue across suture holes, distal emboliza-
tion, and false aneurysm or anastomotic disruption (Durmuş 
et al., 2015; Kobayashi et al., 2018; Rubio Alvarez et al., 2011).

On the contrary, other publications refute the suspicion of 
an association with the formation of false aneurysms (Fehren-
bacher and Siderys, 2006; Ma et al., 2017). One publication 
even suggests a positive effect of tissue glue, which induces 
inflammatory changes, and according to their analysis, in-
creased inflammation and vascularisation might even stabilize 
the aortic wall (Witter et al., 2010).

Many studies have used tensile testing on human tissue 
such as the aorta (Dong et al., 2022; Duprey et al., 2016; Fukui 
et al., 2005; García-Herrera et al., 2012; Petuchova et al., 2023; 
Sugita and Matsumoto, 2013; Takada et al., 2023) or coronary 
arteries (Claes et al., 2010; Karimi et al., 2013, 2015). The ob-
jectives of the studies are varied, but regardless of the goal and 
experimental method, the results depend on the conditions 
under which the tests are carried out. To our knowledge, no 
studies have used this type of testing on three specimens: cor-
onary arteries as native vessels, anastomosis, and prosthesis.

Several studies have used uniaxial tensile tests in vitro to 
assess the mechanical properties of soft tissues (Sugita and 
Matsumoto, 2013). However, in vivo, aortic tissues experi-
ence biaxial stretching in both longitudinal and circumfer-
ential directions due to blood pressure and axial tethering. 
This suggests that biaxial stretch tests are a more appropri-
ate method for evaluating the mechanical properties of aor-
tic tissues. Elastic properties of aneurysmal tissues obtained 
through biaxial tensile testing have been reported (Fukui et 
al., 2005).

In conventional biaxial tensile tests, the specimen is held 
in place using threads. In this setup, cracks can easily form at 
the hooked areas due to the concentration of stress at those 
points. As a result, it becomes challenging to stretch the spec-
imens until they rupture under these conditions (Duprey et 
al., 2016).

We used an equibiaxial tensile test system capable of 
stretching specimens until they rupture, allowing us to ob-
serve the microscopic deformation of the samples. All test-
ed specimens were successfully stretched until failure. These 
techniques allowed us to closely examine the crack initiation 
process, helping us to understand the events occurring at the 
crack initiation site in the coronary arteries.

Loading of the specimens was to destruction, except for 
the vascular prosthesis specimens due to reaching the force 
limits of the experimental system. All anastomosis specimens 
began to rupture on the native vessel side during loading. 
No breaches ever occurred on the prosthesis side. In the P2 
prosthesis, after initial straightening of the wavy patterns, 
the trend of the characteristic changes to very steep, i.e., very 
stiff (see P2-L, Fig. 6). In the P1 prosthesis, the mechanical 
response is similar in both longitudinal and circumferential di-

rections. The native vessel specimens were significantly more 
pliable and had a flatter stress-strain characteristic than the 
tested anastomoses or prosthesis material. This was true for 
the longitudinal and circumferential directions chosen. In the 
range of strain up to approx. 0.4 (i.e., deformation of 40%), 
which corresponds to the deformation of the native vessel, 
the anastomosis specimens formed by the prosthesis P2 in the 
longitudinal direction mS-L were closest to the mechanical re-
sponse of the native vessel mN (Fig. 8B). To the best of our 
knowledge, no studies have compared the outcomes of differ-
ent vascular prostheses in tensile testing.

Published articles on tensile testing of coronary arteries 
did not address the differences between the right and left cor-
onary arteries (Claes et al., 2010; Karimi et al., 2013, 2015). In 
our study, although the mean thickness in the left coronary ar-
tery was a bit larger than in the right coronary artery (Fig. 4), 
there were no statistically significant differences in wall thick-
ness or mechanical properties between the left (SIN) and right 
(DX) coronary artery samples, leading to the merging of these 
groups.

The mechanical response of the anastomosis includes the 
properties of the native vessel, the geometry (design) of the 
sutures, the properties of the fibers, and the properties of the 
prosthesis wall. The focus of the anastomosis was on the ori-
entation of the vascular prosthesis, as well as the longitudinal 
and circumferential directions. The strain of the anastomosis 
in the L direction was statistically significantly different – 
higher than in the C direction. In both directions, the strain 
of the studied anastomoses at the onset of rupture was higher 
than that of the native vessel. In the C direction, the strain 
was similar to that of the native vessel. In the L direction, the 
anastomosis achieved approximately 1.5 times the strain of 
the native vessel (Fig. 9).

The stresses at the point of failure onset were significantly 
different between the native vessel and anastomosis samples 
in both directions (Fig. 10B). These high stresses and stress 
concentrations in the suture area will cause the vessel wall 
material to breach and progressively cut through the sutures. 
There was no statistically significant difference between the 
stress values σf v in the L and C directions, but higher values 
were obtained in the C direction. The calculated forces per su-
ture were also slightly higher in the C direction, but no statis-
tical difference was found between the L and C directions. The 
circumferential direction may be more susceptible to compli-
cations like an aortic false aneurysm due to higher stress con-
centrations. Our findings disagree with another study that did 
not find a significant difference between circumferential and 
longitudinal specimens (García-Herrera et al., 2012).

In cases where the target tissue quality is poor, the “en-
do-button buttress technique” with a two-layer anastomosis 
can be used. This approach helps distribute the load and mini-
mize stress on the tissue. The technique was first described in 
2000 by Pratali et al.

Another lesser-known modification, described by Kawazoe 
in 1993, is the use of a Carrel patch to reinforce the connection 
between the target and the conduit. According to Hashimoto, 
another variant involves the use of autologous pericardium 
(Pratali et al., 2000).

 
Conclusion

We successfully created a model of and experimental specimen 
of a coronary artery – anastomosis – prosthesis to test their 
mechanical properties which can be reproduced. The mechan-
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ical properties of anastomosis in the coronary arteries from 
five human cadavers and the corresponding prosthesis were 
studied using in vitro tensile testing until failure. Although the 
number of patients is limited, and a broader sample of arter-
ies from individuals of different ages should be examined for 
more comprehensive conclusions, the initial results could be 
significant in understanding the causes of thoracic aortic false 
aneurysm formation.

The impact of the prosthesis
Tensile tests showed that all anastomosis specimens ruptured 
on the native vessel side, with no breaches occurring on the 
prosthesis side. In the P1 prosthesis, the initial straightening 
period is shorter, which then leads to stiffening; the mechani-
cal response is similar in both longitudinal and circumferential 
directions. In the P2 prosthesis, after the initial straightening 
of the wavy patterns, the stiffness of the material increases 
significantly. The anastomosis specimens created with the P2 
prosthesis in the longitudinal direction (mS-L) closely resem-
ble the mechanical response of the native vessel (mN) when 
deformed by 40%, which corresponds to the deformation typ-
ically observed in a native vessel.

The P2 prosthesis exhibited a mechanical response closer 
to that of the native vessel compared to the P1 prosthesis.

The impact of the left or right coronary artery
There were no statistically significant differences in wall thick-
ness or mechanical properties between the left (SIN) and right 
(DX) coronary artery samples, leading to the merging of these 
groups.

The impact of the anastomosis
The study found that in both directions the strain at the onset 
of rupture was greater than that of the native vessel, with a 
particularly notable difference in the longitudinal direction. 
High stresses in the suture area of the anastomosis could 
lead to failure. Although there was no significant difference in 
stress values between the longitudinal and circumferential di-
rections, forces per suture were slightly higher in the circumfer-
ential direction. Consequently, the findings indicate that the 
circumferential direction is more prone to developing initial 
breakage.

In cases where the target tissue quality is poor, the “en-
do-button buttress technique” with a two-layer anastomosis 
can be used. This approach helps distribute the load and mini-
mize stress on the tissue. The technique was first described in 
2000 by Pratali et al.

Another lesser-known modification, described by Kawazoe 
in 1993, is the use of a Carrel patch to reinforce the connection 
between the target and the conduit. According to Hashimoto, 
another variant involves the use of autologous pericardium.

The flexibility of the anastomosis is crucial, and this de-
pends on the surgeon’s careful assessment of tissue quality. 
By evaluating the tissues properly, the surgeon can optimize 
both the number of stitches and the mechanical integrity of 
the anastomosis.

In conclusion, understanding the mechanical interactions 
at the anastomosis can inform surgical practices to reduce 
the risk of TAFA development, highlighting the importance 
of prosthesis selection and suturing techniques in improving 
patient outcomes.
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