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Abstract

Objective: To investigate the mechanisms underlying restenosis following coronary artery bypass grafting using bridging veins. 
Design: We established an external jugular vein bypass grafting model using rabbit carotid arteries and conducted vascular biomechanical 
experiments (pressurisation and stretching).
Place & duration of study: Our research was conducted at the Medical Animal Experiment Center of Hebei University (From 1/6/2018 to 
31/12/2023).
Methodology: We established a rabbit model of venous arterialisation, by transplanting veins into the arterial system as bridging vessels and 
investigated vessel tensile mechanical and histomorphological properties.
Results: Control vein elasticity (k = 16.20) was less than that of the control artery (k = 58.04; P < 0.05), and vein walls were thinner. Following 
venous arterialisation, proliferating cell nuclear antigen and alpha-actin were upregulated and vein walls thickened (P < 0.05), with elasticity after 
venous arterialisation (k = 86.26) significantly higher than that of control veins (P < 0.05). 
Conclusion: This indicates that venous intima is damaged by high pressure following arterialisation, resulting in gradual restenosis, with 
thickening of the venous intima and an increase in vessel elasticity. Clinically, there is potential to repeat these experiments to determine the 
elastic extremum of the great saphenous vein and control the pressure in the lumen of this vessel, to ensure minimal damage to the intima before 
anastomosis, thereby facilitating improvement of long-term patency rates following vein bridge surgery. Whether the increase in venous bridge 
elasticity after venous arterialisation can be controlled, with the aim of preventing early-stage restenosis, warrants investigation.

Keywords: Coronary artery bypass grafting; Venous arterialisation; Restenosis; Elasticity; Biomechanics.

INTRODUCTION  

Coronary atherosclerotic heart disease (also known as 
coronary heart disease, CHD) is one of the most common 
diseases of the cardiovascular system and a severe threat 
to human health and wellbeing. For patients with left main 
coronary artery disease and coronary disease affecting three 
vessels, coronary artery bypass grafting (CABG) is widely 
recognised as a surgical treatment for CHD with clear clinical 
efficacy [1].
In CABG, the internal thoracic, radial, and gastroepiploic 
arteries are all potential conduits that allow for a high 
blood flow patency rate in the medium-to-long term after 

surgery [2–4]; however, their limitations, in terms of number, 
length and accessibility, have largely hindered the wider 
application of artery conduits, while the great saphenous 
vein is both of sufficient length and easy to harvest, making 
it an indispensable option for grafts in CABG. Nevertheless, 
when great saphenous vein grafts are used, post-operative 
restenosis is much more likely to occur than when artery 
grafts are applied [5], significantly impacting CABG outcomes. 
After a vein conduit has been grafted into the arterial system, 
its vascular histological features and physiological functions 
adjust in response to hemodynamic changes, affecting the 
long-term patency rate of the blood conduit [6]. 
Based on the basic surgical methods of CABG,we generated 

https://directivepublications.org/


Directive PublicationsLiu Fulin

an animal model of cervical vein-arterial graft (venous 
arterialisation) in rabbits. After modelling, arterial blood flows 
through the venous vascular bridge, so that the venous bridge 
is within the arterial blood environment. Using this model, 
we conducted in vitro biomechanical experiments. Although 
there are some differences between rabbits and humans in 
anatomical morphology, structure, and haemodynamics, the 
basic principle of using a vein as a bridge vessel to assist the 
transport of arterial blood under high pressure has consistent 
characteristics in both species, providing a scientific rationale 
for establishment of the model. 
Currently, the majority of research into the patency of vascular 
bridges after CABG has a primarily clinical focus, while there 
are relatively few interdisciplinary research studies. Here, we 
explored the differences in the biomechanical parameters 
between veins and arteries before and after vein grafts 
and investigated the relationships among biomechanics, 
vein arterialisation, and restenosis of vein grafts. Our data 
provide an experimental basis for further investigation of 
the relationship between the biomechanical properties of 
autograft vessels in patients with CHD and the patency of 
vascular bridges after CABG.

2. MATHODOLOGY

2.1  We established an external jugular vein bypass grafting 
model using rabbit carotid arteries and conducted vascular 
biomechanical experiments (pressurisation and stretching).
The establishment of rabbit animal model was carried out 
in the standardized animal medicine laboratory, and the 
animal experiment center of Hebei university Medical college 
was in charge of the rabbit feeding after the modelling. All 
experiments were carried out under general anesthesia in 
rabbits. Finally, the rabbits were killed by injecting air into the 
ear margin under general anesthesia condition. (the principle 
of euthanasia). Our animal experiment scheme used in the 
research was reviewed and approved by the Animal Welfare 
and Ethical Committee of Hebei University(AWEC), and 
conformed to the principles of animal protection, animal 
welfare and ethics, as well as the relevant national regulations 
for experimental animal welfare ethics. Animal use permit: 
SYXK-2017-002. Approval Number: 2017011.

2.2  Male rabbits (n = 24; 3.0 ± 0.5 kg) were obtained from 
the Laboratory Animal Center of the Medical School, 
Hebei University and randomly divided into two groups: 
experimental and control (n = 12 per group). Rabbits had free 
access to water. Food was prohibited for 12 h before surgery. 
A myograph system was provided by Professor Huo Yunlong’s 
team, Beijing University College of Engineering. Other 
equipment included: a vertical oxygen cylinder (Huandong), 
rotameter (Zhenxing), thermostatic water bath (Taisite), small 

peristaltic pump (Shenchen), mercury sphygmomanometer 
(Yuyue), a computer connected to a stereomicroscope (Nikon) 
and camera (Canon). In addition chemicals for preparation 
of HEPES-PSS solution were from Damao Chemical Reagent 
Factory, α-actin monoclonal antibody was from US Dako, 
StreptAvidin-Biotin Complex (SABC) Staining Kits from Boster, 
experimental surgical instruments for small animals from 
Function Laboratory of the Medical School, Hebei University, 
and 5-0 prolene sutures and a medical micro needle holder 
were from Suzhou Xiehe Medical Equipment Factory.

2.3 Rabbits in the experimental group received general 
anaesthesia and heparinisation (ethyl carbamate 4 ml/kg, 1% 
heparin 2 ml/kg) injected into a marginal ear vein, and were 
then fixed on a sterile operating table for small animals with 
the part of the neck requiring surgery fully exposed. Following 
skin preparation and standard disinfection, a 7–8 cm incision 
was made at the midpoint of the anterior region of the neck, 
and the subcutaneous tissue, fat layer, and muscle layer blunt 
dissected to expose 5–6 cm of the right carotid artery and the 
right external jugular vein. Next, lateral vascular anastomosis 
of the carotid artery and external jugular vein was conducted 
under a 2.5× portable magnifying glass, using 5-0 prolene 
sutures (taking 5 mm as the standard anastomotic length). 
The external jugular vein graft was ligated to the two stoma 
at both ends and the carotid artery ligated in the middle of 
the stoma with 6-0 sutures, which allowed the blood from the 
proximal artery to flow into the distal end via the vein conduit. 
After confirmation that blood flow was smooth and that there 
was no bleeding around the stoma, the surgical incision was 
closed, layer by layer. After regaining consciousness, rabbits 
were transferred to the Laboratory Animal Feeding Center 
of the Medical School, Hebei University. Three days after 
surgery, rabbits were administered penicillin injections, to 
prevent infection, and underwent small animal ultrasound, to 
monitor blood flow patency. 

2.4  Four weeks after surgery, the arterialised venous conduit 
was excised and divided into three segments. Segment 1, a 5 mm 
vascular ring, was fixed in preservation fluid for haematoxylin 
and eosin (HE) staining(10% Formaldehyde Solution, at 
room temperature). Segment 2, also 5 mm, was fixed and 
stored(preserve liquid as before), for immunohistochemical 
analysis. Finally, the third segment (approximately 3 cm 
long) was immediately stored in perseveration solution once 
excised for subsequent mechanical testing(0.9% Normal 
Saline). In the control group, 3 cm segments of carotid arteries 
and external jugular veins were excised from untreated 
rabbits, then HE staining, immunohistochemical analysis, and 
mechanical tests conducted in the same way as described for 
experimental animals. 
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2.5  The specimens were embedded in paraffin and sectioned 
into sections with a thickness of 5μm. The specimens were 
routinely dewaxed to water.Diluted with a-actin .(1:200 
dilution USA Dako company )Conventional SABC staining was 
finished for monoclonal antibody PCNA (1:100 dilution USA 
Dako company), and hematoxylin restaining.Four high power 
fields of view for each specimen were randomly chosen for 
observation of the number of proliferating cell nuclear antigen 
(PCNA)-positive cells and corresponding total cells and the 
cell proliferation index calculated as follows: Cell proliferation 
index = PCNA-positive cell number/total cell number × 100% 

2.6  The myograph was configured with its two needles 
inserted into blood vessel fragments at each end and 4-0 
sutures used for ligation. The position and distance of the 
needles were adjusted to maintain the vessel in the horizontal 

plane, with no stretching, overlapping, or twisting, and the air 
remaining in the system expelled using the principle of fluid 
dynamics. First, the active mechanical properties of the blood 
vessel were measured. Calcium and potassium ions can both 
cause vasoconstriction. Calcium ions combine with receptor 
proteins inside the cytosol, causing vasoconstriction and, 
when potassium ion concentration outside the cell increases, 
this may also cause vasoconstriction, due to the activity of 
voltage-sensitive calcium channels. Therefore, to measure 
their active vascular mechanical properties, vessels were 
bathed in HEPES-PSS solution containing a high concentration 
of potassium ions, while measurement of passive vascular 
mechanical properties was conducted using HEPES-PSS 
solution without calcium for stimulation, pressurisation, and 
mechanical stretching tests; detailed HEPES-PSS solution 
compositions are provided in Table 1.
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Table 1. High potassium & Calcium-Free HEPES-PSS   (pH 7.4) solution components per litre of distilled water.
Chemical Component High potassium HEPES-PSS Quantity (g) Calcium-Free HEPES-PSS Quantity (g)

CH2OH(CHOH)4CHO 0.9900 0.9900

KCl 10.5900 0.3500

NaCl 0.2750 8.2990

HEPES C8H17N2NaO4S 0.7000 0.7000

HEPES C8H18N2O4S 0.7150 0.7150

MgSO4 0.1408 0.1408

(anhydrous) CaCl2 0.4107 0.0000

Each blood vessel was fully immersed in high potassium 
HEPES-PSS solution, the pressure adjusted to 0 kPa (20 mmHg 
= 2.66 kPa), and the background set using the computer 
attached to the stereomicroscope and Canon camera. 
The initial length of the blood vessel (without stretching or 
relaxation) was first marked and recorded. Then, blood vessels 
were stretched to 1.3 times their initial length by adjusting 
the control arms of the two myograph needles and the 
rotameter applied to increase the pressure within the system 
to 23.94 kPa, followed by a decrease back to 0 kPa, while all 
the other experimental parameters were maintained. The 
pressurisation and depressurisation procedure was repeated 
10 times, to minimise internal stress. Next, mechanical tests 
were initiated.
The internal pressure of the system was adjusted to 2.66 
kPa using the oxygen cylinder, tube, and rotameter. Blood 
vessel diameters were measured 5 min after stabilisation 
(monitored by computer). After an initial data recording, 
the pressure was further raised to 5.32 kPa and the vessel 
diameter change noted. Then, pressure was raised stepwise 
by 2.55 kPa each time, and changes in the vessel recorded 
following each increase in pressure, to a maximum of 26.60 
kPa, when a depressurisation procedure was initiated. 
Starting at 26.60 kPa, pressure was decreased stepwise by 
2.66 kPa per step, with vessel diameter recorded after each 

step, until the internal pressure of the system returned to 0 
kPa. 
On completion of the 1.3-stretch-ratio pressurisation and 
stretch test, the internal system pressure reduced to 0 
kPa and the blood vessel was allowed to rest for 15 min to 
fully release the remaining internal stress. Next, the same 
method was applied to stretch the blood vessel to 1.4 times 
its original length. Again, 10 rounds of the pressurisation 
and depressurisation procedure were conducted and data 
recorded, as described above. When measurements were 
complete, the chamber containing high-potassium HEPES-
PSS was thoroughly cleaned before replacing the solution 
with calcium-free HEPES-PSS. 
Blood vessels were completely rested in calcium-free HEPES-
PSS solution and, when they were fully diastolic, the same 
method that was applied to measure active mechanical 
properties (described above) was used to evaluate passive 
mechanical properties. After all procedures were completed, 
a 3 mm long vascular ring was cut from the remaining blood 
vessel and incubated without manipulation in calcium-free 
HEPES-PSS solution for 30 min to eliminate internal stress. 
Subsequently, the thickness, size, and stretch angle after full 
extension of the vessel were determined. 
HE staining outcomes and the immunohistochemical results 
from arterial and venous vessels. Outer diameter changes in 
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rabbit blood vessels in response to changes in pressure in the 
experimental and control groups. 

2.7  All data were statistically analysed using SPSS 25.0 
statistical software. Measurement data are presented as 
mean ± standard deviation. The significance of differences 
between groups were evaluated using the t-test, with a 
significance level of 0.05. 

3.RESULT

3.1 Vessel morphology 
All 24 rabbits survived the experiment and, in the experimental 
group, all vein conduits provided smooth blood flow. Venous 

conduits were removed 4 weeks after surgery, HE stained, 
and analysed immunohistochemically alongside normal 
carotid arteries and external jugular veins, as controls. We 
found that: 1) Arteries had thicker walls than veins; however, 
the tunica media and intima of the vein grafts appeared to 
thicken after grafting (Figure 1, 2), with their inner diameters 
decreasing after grafting. 2) Immunohistochemical analysis 
revealed increased staining for α-actin in the tunica media and 
neointima of veins from rabbits in the experimental group 
compared with control veins, with deeper coloured staining 
and high levels of PCNA expression. These data confirm that 
smooth muscle proliferates following venous arterialisation, 
while the venous tunica media-intima thickens. 
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Figure 1. Optical micrograph of a normal rabbit arterial vessel cross-section stained with haematoxylin-eosin. Magnification, 
40×
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Figure 2. Optical micrograph of a normal rabbit venous vessel cross-section stained with haematoxylin-eosin. Magnification, 
40×.

3.2 Pressurisation and mechanical stretch analysis
3.2.1 Effect of pressure on blood vessel diameter and wall thickness
As pressure in the vascular lumen gradually increased from 0.00 to 26.60 kPa, the outer diameters of blood vessels in all the 
three groups, determined by both visual observation and computer analysis, increased to a certain value, then gradually 
reduced, and finally stabilised around a specific fixed value, depending on the experimental group: venous experimental group 
range, 5085.64 to 10338.66μm(Mean values of 4 groups of data) (Figure 3); venous control group range, 4796.14 to 10606.89 
μm (Mean values of 4 groups of data) (Figure 4); arterial control group range, from 4012.19 to 5658.90 μm(Mean values of 4 
groups of data) (Figure 5). Smooth muscle cells and elastic fibres in blood vessel walls both protect the vessels and control 
their elastic deformation within a reasonable range; that is, these features restrict the excessive expansion of blood vessels. 
In addition, as the outer diameter increased, the thickness of the vessel walls gradually decreased, and finally stabilised at a 
specific value, which reflected the inherent thickness of the material constituting the blood vessel wall (i.e., smooth muscle 
cells and elastic fibres) (Fig. 3).

Figure 3. Changes in the experimental group vessel outer diameter according to pressure variation under different stretch 
ratios and active and passive states (n = 10; measurements in μm)
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Figure 4. Changes in control group venous outer diameter according to pressure variation under different stretch ratios, active 
and passive states (n = 10, measurements in μm)

Figure 5. Changes in the control group arterial outer diameter according to pressure variation under different stretch ratios, 
in active and passive states (n = 10; measurements in μm).
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Figure 6. Real-time photographs of venous bridge vessels from the experimental group as intravascular pressure increased 
(pressure range from left to right: 2.66–26.60 kPa)

3.2.2 Variation in control vein diameter under different tensile ratios and in response to high potassium and low calcium 
For each type of blood vessel (control veins, control arteries, and arterialised veins), as intravascular pressure increased, the 
outer diameter first increased to the vicinity of the elastic extremum, and then fluctuated around a defined value; however, 
there were subtle differences in the characteristics of these changes in response to alteration of the tensile ratio applied to the 
blood vessels and the chemical environment in which they were placed. Figure 7 shows the effect of different tensile ratios on 
control vein outer diameters in a passive environment (perfused with HEPES-PSS lacking Ca2+). As the pressure rose above 5.32 
kPa, the outer diameters of the two groups began to differ, with the venous outer diameter at a tensile ratio of 1.4 smaller than 
that at a ratio of 1.3. Further, as pressure increased, the difference in the outer diameter also gradually increased (P < 0.05). As 
shown in Figure 8, under the same tensile ratio (1.4) control veins suffused with different solutions (high K+ or low Ca2+) also 
exhibited differences in diameter. Again, the difference was apparent at pressures above 5.32 kPa, with the external diameter 
of the vein in the active state (high K+ solution) smaller than that in the passive state (low Ca2+ solution); however, in this 
comparison, the difference between the external diameter in the two gradually decreased with increasing pressure (P < 0.05). 

Figure 7. Curve showing changes in the mean outer diameters of rabbit veins from the control group under different tensile 
ratios as intravascular pressure increased.
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Figure 8. Curve showing changes in the mean outer diameter of control group rabbit veins in the active (high potassium) and 
passive (no calcium) states as intravascular pressure increased.

3.2.3 Comparison of the effects of intravascular pressure on veins and arteries
Evaluation of the differences in the mechanical parameters of arteries and veins in the control group demonstrated that the 
outer diameter of both types of vessel was similar before initiation of the experiment. On commencement of compression and 
stretching, the outer diameter of the vein initially increased rapidly, and stabilised when the intravascular pressure rose to 5.32 
kPa. For arteries, the outer diameter stabilised when the intravascular pressure rose to 7.78 kPa. Once stabilised, the external 
diameter of the vein was almost twice that of the artery under the same conditions (P < 0.05). In addition, although the changes 
in both types of vessel were consistent with the overall alterations in pressure, as intravascular pressure increased, veins 
reached their elastic limit more quickly, and their outer diameter increased significantly less than that of arteries. The slope (k) 
was calculated as the increase in the outer diameter (∆R)/pressure change (∆P), with values for vein and artery of k = 16.20 and 
58.04, respectively, indicating that the elasticity and compliance of the vein after contrast were smaller than those of arteries 
(P < 0.05). These data indicate that long-term stretching may impair the structure and function of the venous intima (Fig. 6). 

Figure 9. Curves showing changes in the mean outer diameters of rabbit veins and arteries in the control group and veins in 
the experimental group in the passive state (no calcium) and under a tensile ratio of 1.4, as intravascular pressure increased.
(The red represents the change trend of arteries in the control group. Blue represents the change trend of veins in the control 
group.Green represents the change trend of veins in the experimental group.)
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3.2.4 Comparison of the effects of intravascular pressure on arterialised and control veins
Comparison of the mechanical parameters of veins in the experimental group (after arterialisation) with those in the control 
group demonstrated that, as the intravascular pressure increased, the diameter of the arterialised vein before the external 
diameter reached a constant value (∆R) was significantly greater. In the control group, at intravenous pressures > 5.32 kPa, the 
outer diameter of the vein increased within a small range; however, in vessels after arterialisation, it increased steadily, and 
did not begin to stabilise until 15.96 kPa. Further, following venous arterialisation veins had significantly greater elasticity (k 
= 16.20 vs. 86.26), and their walls became thicker (P < 0.05). The mechanisms underlying these changes may involve smooth 
muscle proliferation and “hypertension adaptation”. [7]Changes in outer diameter in response to increasing pressure under 
different tensile ratios and in the active or passive states for control veins, control arteries, and arterialised veins are presented 
in Figures 10, 11, and 12, respectively.

Figure 10. Curve showing changes in the mean outer diameter of rabbit veins from the control group in the active (high 
potassium) and passive (no calcium) states under different tensile ratios, as intravascular pressure increased.

Figure 11. Curve showing changes in the mean outer diameter of control group rabbit arteries in the active (high potassium) 
and passive (no calcium) states under different tensile ratios, the as intravascular pressure increased.
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Figure 12. Curve showing changes in the mean outer diameter of experimental group rabbit veins in the active (high potassium) 
and passive (no calcium) states under different tensile ratios, as the as intravascular pressure increased.
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4.DISCUSSION

In terms of the anatomical and physiological basis of blood 
vessels, the thickness of the venous wall is significantly 
smaller than that of the arterial wall, and the arterial wall is 
rich in collagen, elastic fibers, and smooth muscle cells, which 
provides histological and physiological basis for maintaining 
arterial elasticity and the ability of withstanding higher blood 
pressure. The HE staining of the cross-section of our rabbit 
blood vessels further confirmed these (Figure 1, 2).
The data presented in Figure 6 demonstrate that, as the 
intravascular pressure rises, the outer diameter of the blood 
vessel gradually increases and eventually oscillates around 
a certain constant value. Although the change in the outer 
diameter is difficult to observe using the naked eye, it is easy 
to detect and quantify subtle these variations using a stereo 
microscope connected to a digital camera and a computer. We 
found that the outer diameter of blood vessels first increased 
as intravascular pressure rose, subsequently stabilising at a 
specific constant value. Further, our data demonstrate that 
diameters varied according to tensile ratio under the same 
pressure, with smaller diameters at the higher tensile ratio. 
Mechanically, this phenomenon can be explained by the fact 
that, as circumferential forces increase, due to stretching, they 
result in a smaller change in the outer diameter of the blood 
vessel. Moreover, under the same pressure and tensile ratio, 
the outer diameter of blood vessels in the active state were 
smaller than those in the passive state, which is attributable 
to the active contraction of smooth muscle in the blood vessel 
wall in response to high potassium stimulation. In addition, as 
the pressure in the lumen increases, it can be inferred from our 
data that the state of the vasculature (including but not limited 

to stretching ratios) has more influence on morphological 
changes in blood vessels (including but not limited to the 
external diameter) than the external environment, according 
to the consequences of different tensile ratios on variation 
in blood vessel outer diameter in different mechanical states 
(active and passive); however, further discussion is needed, as 
shown in Figure 7 and 8. 
Changes in the outer diameter of vessels in response to 
increasing pressure in the experimental and control groups 
under the same conditions are plotted in Figure 9. Before 
initiation of vessel compression and stretching, the outer 
diameters of these groups of vessels were all similar. Once 
intravascular compression commenced, the outer diameter 
of veins initially increased rapidly, then stabilised at almost 
twice that of arteries under the same conditions. In addition, 
although the overall trend in arteriovenous changes with 
pressure was the same in arteries and veins, as intravascular 
pressure increased, veins reached their elastic extremum 
more rapidly, with the increase in their outer diameter 
significantly less pronounced than that of arteries, indicating 
that the elasticity and compliance of veins are lower than those 
of arteries. This is a consequence of the thinner venous wall, 
and its lower content of smooth muscle cells, and collagen 
and elastic fibres, as well as the physiological “rigidity” of these 
blood vessels. Comparison of differences in the mechanical 
properties of control veins and veins collected after venous 
arterialisation in rabbits indicated that, after transplantation 
into the arterial system, venous elasticity increased compared 
with that of control veins. These findings were supported 
by the evaluated mechanical parameters and could also be 
detected by examination of histological features. 
After venous arterialisation, the long-term hypertensive 
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environment leads to early damage of the vein intima; 
hence, smooth muscle cells migrate to the intima, causing 
it to thicken, and promote lumen restenosis. Further, the 
increase in the number of smooth muscle cells in the intima 
may be the physiological mechanism underlying the increase 
of vascular elasticity in vein bridges[8]. But few studies 
have focused on treatments targeting smooth muscle cell 
proliferation and intima thickening in the middle stage of 
restenosis after surgery. Especially by combining molecular 
biology, hemodynamics, pathophysiology, and mechanics 
research, exploring the mechanical mechanisms of vascular 
histological changes, and use mechanics theory to understand 
or intervene in vascular endothelial injury and smooth muscle 
proliferation, and explore possible clinical solutions, will 
positively influence efforts to prevent restenosis of conduits 
(especially venous conduits) in the middle-late stage of 
restenosis after CABG [9–10].  This is also one of the important 
innovations of our study.
The tunica adventitia of vessels comprises relatively loose 
connective tissues [11–13] and has a decisive role in vascular 
biomechanical characteristics [14-15]. The basic attributes, 
including volume, proportion, structure, and shape of the 
collagen and elastic fibres and smooth muscle cells, further 
influence the biological characteristics of the tunica media. 
Collagen fibres of venous and arterial vessel walls share 
the same basic components, but are differentiated by their 
volume, with arterial walls thicker, as they contain more 
elastic and collagen fibres than venous walls. After grafting 
into the arterial system, veins are subjected to the mechanical 
effects of relatively high blood pressure and fast blood flow, 
which harm the venous tunica intima and force smooth 
muscle cells from the tunica media layer to move into the 
intima layer. Under these circumstances, smooth muscle 
cells proliferate and thicken the intima layer, leading to blood 
vessel restenosis [16–18].
Our mechanical experiments revealed that, among control 
vessels, veins presented with lower elasticity and compliance 
than arteries, indicated by the fact that, with increasing 
pressure, venous outer diameters exhibited smaller increases 
before rapidly reaching a constant value. When veins are 
grafted into the arterial system, they bear constantly high 
blood pressure exerted by the blood flow in the arterial system. 
Previous mechanical studies have suggested that, under 
these circumstances, mechanical damage from different 
directions (e.g., normal stress and shear stress) occurs [19-20]. 
The possible relationship between such damage and intima 
thickening is an avenue for further exploration. Furthermore, 
when veins were arterialised, their vascular outer diameters 
increased more significantly in response to rising pressure 
than observed in control veins, likely because the smooth 
muscles were proliferating and the intima thickening. This 
indicates that the elasticity of the blood vessels improves 

after arterialisation, differing from the vessel stenosis led 
by atherosclerosis (lipid deposition, calcification, etc.) [21] 
Therefore, when restenosis occurs following venous grafting, 
the mechanical properties (wall thickness, elasticity coefficient, 
compliance, etc.) are enhanced relative to those before 
the graft. that stepwise transition from venous-to-arterial 
conditions results in a partial  restoration of circumferential 
stretch and circumferential, but not axial, stress through 
vessel  dilation and wall thickening in a primarily outward 
remodeling process.  These remodeled tissues  also exhibited 
decreased mechanical isotropy and circumferential, but not 
axial, stiffening[22].

5.CONCLUSION

We draw the following conclusions. 1. With increased 
pressure inside blood vessels, veins reach maximum elasticity 
more rapidly than arteries. The venous intima is particularly 
vulnerable to the relatively high pressure experienced in the 
arterial system, likely leading to damage to the intima and its 
function [23]. In the future, we may repeat these mechanical 
experiments to identify the maximum elasticity value of the 
great saphenous vein. It could be anticipated that, when the 
great saphenous vein is extracted, a pressure sensor could 
be used during CABG to ensure that its internal pressure 
remains below a maximum point, to minimise damage to the 
intima before vascular anastomosis, which has potential to 
significantly improve the patency rates in the middle-to-long 
term after venous grafting [24-25]. 2. After venous arterialisation, 
elasticity and compliance of the grafted vein rise; however, 
vascular stenosis caused by the intima thickening that 
gradually occurs due to smooth muscle proliferation, which 
also contributes to the pathophysiological basis of vascular 
restenosis. Thus, determining the relationship between 
vascular mechanical properties and vascular graft stenosis 
could facilitate control of intima thickening and the rise 
in elasticity parameters following venous arterialisation, 
positively influencing the patency rates of venous conduits 
after transplant into the arterial system. Our data will promote 
discussion of the relationship between the biomechanical 
properties of autologous vascular grafts in patients with CHD 
and vascular patency after CABG from a novel perspective[26].

Declarations
Acknowledgments
We would like to thank Professor Huo Yunlong’s team from 
the School of Technology of Peking University for their support 
in the mechanical experiments conducted in this study. 
Professor Wang Yanan from the Department of Pathology of 
the Affiliated Hospital of Hebei University for their help.
Ethical Statement
The animal experiment scheme used in our research was 

Page - 11Open Access, Volume 15 , 2026



Liu Fulin Directive Publications

reviewed and approved by the Animal Welfare and Ethical 
Committee of Hebei University (AWEC), and conformed to the 
principles of animal protection, animal welfare and ethics, 
as well as the relevant national regulations for experimental 
animal welfare ethics. Animal use permit: SYXK-2017-002. 
Approval Number: 2017011.
Funding Statement
Hebei Provincial Department of Finance & Hebei Provincial 
Health and Family Planning Commission. 2016 Government-
funded clinical medicine outstanding talent training and basic 
research projects. (Project Name: Study of the biomechanical 
properties of rabbit vein. Project Number: 361007)
Competing Interests
We have no competing interests.
Authors’ Contributions
L.T.T., Z.Y.H., N.P., Z.Z.M., N.X.L., S.W.Z and H.L.C. were 
responsible for the preliminary preparation of experiments 
and their implementation. L.T.T., Z.Y.H. and N.P. were 
responsible for the processing of experimental data and 
writing the paper. N.P. was in charge of the thesis audit. S.W.Z. 
was responsible for providing laboratory and experimental 
materials. L.F.L., Z.Y.H designed the project and the applicant 
for the project. Z.Y.J. was in charge of the overall evaluation. 
All authors gave final approval for publication.
Availability of data and material
The datasets related to the current study are available from 
the corresponding author on reasonable request.
Preprint
This preprint has been posted on Research Square. 
DOI: 10.21203/rs.2.18769/v1; DOI:10.21203/rs.2.18769/
v2.URL:https://doi.org/10.21203/rs.2.18769/v1;https://doi.
org/10.21203/rs.2.18769/v2. 

REFERENCES

1.	 Fernández-Ruiz I. Coronary artery disease: CABG surgery 
or PCI for left main CAD? Nat Rev Cardiol. 2017;14:3

2.	 Parissis H, Parissis M, Al-Alao B. Which is the best 
graft for the right coronary artery? Response. Asian 
Cardiovasc Thorac Ann. 2015;23:885-886 

3.	 Tranbaugh RF, Schwann TA, Swistel DG. et al. Coronary 
artery bypass graft surgery using the radial artery, 
right internal thoracic artery, or saphenous vein as the 
second conduit. Ann Thorac Surg. 2017; 104:553-559 

4.	 Zhu Y, Chen A, Wang Z. et al. Ten-year real-life 
effectiveness of coronary artery bypass using radial 
artery or great saphenous vein grafts in a single centre 
Chinese hospital. Interact Cardiovasc Thorac Surg. 
2017;25:559-564 

5.	 Yamasaki M, Deb S, Tsubota H. et al. Comparison of 
radial artery and saphenous vein graft stenosis more 
than 5 years after coronary artery bypass grafting. Ann 
Thorac Surg. 2016;102:712-719 

6.	 Zhao Y, Ping J, Yu X. et al. Fractional flow reserve-based 
4D hemodynamic simulation of time-resolved blood 
flow in left anterior descending coronary artery. Clin 
Biomech (Bristol, Avon). 2019;70:164-169

7.	 Pries A R, Secomb T W. Structural Adaptation of 
Microvascular Networks and Development of 
Hypertension.Microcirculation. 2002;9:305-314

8.	 Zhang B, Gu J, Qian M. et al. Study of correlation between 
wall shear stress and elasticity in atherosclerotic carotid 
arteries. Biomed Eng Online. 2018;17:5

9.	 Li R, Lan B, Zhu T. et al. Establishment of an animal 
model of vascular restenosis with bilateral carotid 
artery grafting. Med Sci Monit. 2014;20:2846-2854 

10.	 Ali MA, Yasir J, Sherwani RN. et al. Frequency and 
predictors of non-adherence to lifestyle modifications 
and medications after coronary artery bypass grafting: 
A cross-sectional study. Indian Heart J. 2017;69:469-473 

11.	 Mazurek R, Dave JM, Chandran RR. et al. Vascular cells 
in blood vessel wall development and disease. Adv 
Pharmacol. 2017;78:323-350 

12.	 Maksimenko AV. Molecular aspects of translational 
cardiology in vascular wall research. Kardiologiia. 
2017;57:66-79 

13.	 Stenmark KR, Yeager ME, EI Kasmi KC. et al. The 
adventitia: essential regulator of vascular wall structure 
and function. Ann Rev Physiol. 2013;75:23-47 

14.	 Nguyen PH, Coquis-Knezek SF, Mohiuddin MW. et al. 
The complex distribution of arterial system mechanical 
properties, pulsatile hemodynamics, and vascular 
stresses emerges from three simple adaptive rules. Am 
J Physiol Heart Circ Physiol. 2015;308:H407-415

15.	 Alekya B, Rao S, Pandya HJ. Engineering approaches 
for characterizing soft tissue mechanical properties: A 
review. Clin Biomech. 2019;69:127-140.

16.	 Peng LP, Wen J, Yang K. et al. Effects of arterial blood 
on the venous blood vessel wall and differences in 
percentages of lymphocytes and neutrophils between 
arterial and venous blood. Medicine. 2017;97:e11201

Page - 12Open Access, Volume 15 , 2026

https://www.nature.com/articles/nrcardio.2016.189
https://www.nature.com/articles/nrcardio.2016.189
https://journals.sagepub.com/doi/10.1177/0218492315586487
https://journals.sagepub.com/doi/10.1177/0218492315586487
https://journals.sagepub.com/doi/10.1177/0218492315586487
https://www.annalsthoracicsurgery.org/article/S0003-4975(16)31619-8/fulltext
https://www.annalsthoracicsurgery.org/article/S0003-4975(16)31619-8/fulltext
https://www.annalsthoracicsurgery.org/article/S0003-4975(16)31619-8/fulltext
https://www.annalsthoracicsurgery.org/article/S0003-4975(16)31619-8/fulltext
https://academic.oup.com/icvts/article/25/4/559/3869201?login=false
https://academic.oup.com/icvts/article/25/4/559/3869201?login=false
https://academic.oup.com/icvts/article/25/4/559/3869201?login=false
https://academic.oup.com/icvts/article/25/4/559/3869201?login=false
https://academic.oup.com/icvts/article/25/4/559/3869201?login=false
https://www.annalsthoracicsurgery.org/article/S0003-4975(16)30080-7/fulltext
https://www.annalsthoracicsurgery.org/article/S0003-4975(16)30080-7/fulltext
https://www.annalsthoracicsurgery.org/article/S0003-4975(16)30080-7/fulltext
https://www.annalsthoracicsurgery.org/article/S0003-4975(16)30080-7/fulltext
https://www.clinbiomech.com/article/S0268-0033(19)30215-3/abstract
https://www.clinbiomech.com/article/S0268-0033(19)30215-3/abstract
https://www.clinbiomech.com/article/S0268-0033(19)30215-3/abstract
https://www.clinbiomech.com/article/S0268-0033(19)30215-3/abstract
https://pubmed.ncbi.nlm.nih.gov/12152106/
https://pubmed.ncbi.nlm.nih.gov/12152106/
https://pubmed.ncbi.nlm.nih.gov/12152106/
https://pubmed.ncbi.nlm.nih.gov/29338745/
https://pubmed.ncbi.nlm.nih.gov/29338745/
https://pubmed.ncbi.nlm.nih.gov/29338745/
https://medscimonit.com/abstract/full/idArt/891303
https://medscimonit.com/abstract/full/idArt/891303
https://medscimonit.com/abstract/full/idArt/891303
https://www.sciencedirect.com/science/article/pii/S0019483217300421?via=ihub
https://www.sciencedirect.com/science/article/pii/S0019483217300421?via=ihub
https://www.sciencedirect.com/science/article/pii/S0019483217300421?via=ihub
https://www.sciencedirect.com/science/article/pii/S0019483217300421?via=ihub
https://www.sciencedirect.com/science/chapter/bookseries/abs/pii/S1054358916300631?via=ihub
https://www.sciencedirect.com/science/chapter/bookseries/abs/pii/S1054358916300631?via=ihub
https://www.sciencedirect.com/science/chapter/bookseries/abs/pii/S1054358916300631?via=ihub
https://www.researchsquare.com/article/rs-9387/v2
https://www.researchsquare.com/article/rs-9387/v2
https://www.researchsquare.com/article/rs-9387/v2
https://www.annualreviews.org/content/journals/10.1146/annurev-physiol-030212-183802
https://www.annualreviews.org/content/journals/10.1146/annurev-physiol-030212-183802
https://www.annualreviews.org/content/journals/10.1146/annurev-physiol-030212-183802
https://journals.physiology.org/doi/full/10.1152/ajpheart.00537.2014
https://journals.physiology.org/doi/full/10.1152/ajpheart.00537.2014
https://journals.physiology.org/doi/full/10.1152/ajpheart.00537.2014
https://journals.physiology.org/doi/full/10.1152/ajpheart.00537.2014
https://journals.physiology.org/doi/full/10.1152/ajpheart.00537.2014
https://www.clinbiomech.com/article/S0268-0033(18)31069-6/abstract
https://www.clinbiomech.com/article/S0268-0033(18)31069-6/abstract
https://www.clinbiomech.com/article/S0268-0033(18)31069-6/abstract
https://pubmed.ncbi.nlm.nih.gov/29952972/
https://pubmed.ncbi.nlm.nih.gov/29952972/
https://pubmed.ncbi.nlm.nih.gov/29952972/
https://pubmed.ncbi.nlm.nih.gov/29952972/


Liu Fulin Directive Publications

17.	 Shah AA, Haynes C, Craig DM. et al. Genetic variants 
associated with vein graft stenosis after coronary artery 
bypass grafting. Heart Surg Forum. 2015;18:E1-5

18. Marx SO, Totary-Jain H, Marks AR. Vascular smooth 
muscle cell proliferation in restenosis. Circ Cardiovasc 
Interv. 2011;4:104-111 

19.	 Chen R, Wang B, Liu Y. et al. Gelatin-based perfusable, 
endothelial carotid artery model for the study of 
atherosclerosis. Biomed Eng Online. 2019;18:87

20.	 Javadzadegan A, Moshfegh A, Qian Y. et al. The 
relationship between coronary lesion characteristics 
and pathologic-shear in human coronary arteries. Clin 
Biomech. 2018;60:177-184

21.	 Gu H, Gao Y, Hou Z. et al. Prognostic value of coronary 
atherosclerosis progression evaluated by coronary CT 
angiography in patients with stable angina. Eur Radiol. 
2017;28:1066-1076 

22.	 Prim DA, Lane BA, Ferruzzi J et al. Evaluation of the 
Stress-Growth Hypothesis in Saphenous Vein Perfusion 
Culture. Ann Biomed Eng.2021;49(1) 487-501

23.	 Ryuzaki M, Morimoto S, Niiyama M. et al. The 
relationships between the differences in the central 
blood pressure and brachial blood pressure and other 
factors in patients with essential hypertension. Intern 
Med. 2017;56:587-596

24.	 Onan B, Erkanli K, Onan IS. et al. The impact of vessel 
clamps on endothelial integrity and function of 
saphenous vein grafts. Ann Vasc Surg. 2014;28:1113-1122 

25.	 Hess CN, Lopes RD, Gibson CM. et al. Response to letters 
regarding article, “Saphenous vein graft failure after 
coronary artery bypass surgery: Insights from PREVENT 
IV”. Circulation. 2015; 132: e29

 
26.	 Liu T.T, Zhang Y.H., Niu P. et al. Study On The Biomechanical 

Properties Of Rabbit Venous Arterialization, DOI: 
10.21203/rs.2.18769/v1;DOI:10.21203/rs.2.18769/
v2(preprint).

Page - 13Open Access, Volume 15 , 2026

https://www.imrpress.com/journal/HSF/18/1/10.1532/hsf.1214
https://www.imrpress.com/journal/HSF/18/1/10.1532/hsf.1214
https://www.imrpress.com/journal/HSF/18/1/10.1532/hsf.1214
https://www.ahajournals.org/doi/10.1161/CIRCINTERVENTIONS.110.957332
https://www.ahajournals.org/doi/10.1161/CIRCINTERVENTIONS.110.957332
https://www.ahajournals.org/doi/10.1161/CIRCINTERVENTIONS.110.957332
https://link.springer.com/article/10.1186/s12938-019-0706-6
https://link.springer.com/article/10.1186/s12938-019-0706-6
https://link.springer.com/article/10.1186/s12938-019-0706-6
https://www.clinbiomech.com/article/S0268-0033(18)30691-0/abstract
https://www.clinbiomech.com/article/S0268-0033(18)30691-0/abstract
https://www.clinbiomech.com/article/S0268-0033(18)30691-0/abstract
https://www.clinbiomech.com/article/S0268-0033(18)30691-0/abstract
https://link.springer.com/article/10.1007/s00330-017-5073-8
https://link.springer.com/article/10.1007/s00330-017-5073-8
https://link.springer.com/article/10.1007/s00330-017-5073-8
https://link.springer.com/article/10.1007/s00330-017-5073-8
https://pubmed.ncbi.nlm.nih.gov/32728831/
https://pubmed.ncbi.nlm.nih.gov/32728831/
https://pubmed.ncbi.nlm.nih.gov/32728831/
https://www.jstage.jst.go.jp/article/internalmedicine/56/6/56_56.7597/_article
https://www.jstage.jst.go.jp/article/internalmedicine/56/6/56_56.7597/_article
https://www.jstage.jst.go.jp/article/internalmedicine/56/6/56_56.7597/_article
https://www.jstage.jst.go.jp/article/internalmedicine/56/6/56_56.7597/_article
https://www.jstage.jst.go.jp/article/internalmedicine/56/6/56_56.7597/_article
https://www.annalsofvascularsurgery.com/article/S0890-5096(14)00090-9/abstract
https://www.annalsofvascularsurgery.com/article/S0890-5096(14)00090-9/abstract
https://www.annalsofvascularsurgery.com/article/S0890-5096(14)00090-9/abstract
https://pmc.ncbi.nlm.nih.gov/articles/PMC4206593/
https://pmc.ncbi.nlm.nih.gov/articles/PMC4206593/
https://pmc.ncbi.nlm.nih.gov/articles/PMC4206593/
https://pmc.ncbi.nlm.nih.gov/articles/PMC4206593/
https://www.researchsquare.com/article/rs-9387/v2
https://www.researchsquare.com/article/rs-9387/v2
https://www.researchsquare.com/article/rs-9387/v2
https://www.researchsquare.com/article/rs-9387/v2

	Title
	Abstract
	Objective
	Design
	Place & duration of study
	Methodology
	Results
	Conclusion

	Keywords
	Introduction
	2. Mathodology
	3.Result
	3.1 Vessel morphology
	3.2 Pressurisation and mechanical stretch analysis
	3.2.1 Effect of pressure on blood vessel diameter and wall thickness
	3.2.2 Variation in control vein diameter under different tensile ratios and in response to high pota
	3.2.3 Comparison of the effects of intravascular pressure on veins and arteries
	3.2.4 Comparison of the effects of intravascular pressure on arterialised and control veins


	4.Discussion
	5.Conclusion
	Declarations
	Acknowledgments
	Ethical Statement
	Funding Statement
	Competing Interests
	Authors’ Contributions
	Availability of data and material
	Preprint

	References
	Table 1
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Figure 10
	Figure 11
	Figure 12

