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Abstract
Objective : To investigate the mechanisms underlying restenosis following coronary artery bypass
grafting using bridging veins.

Method : 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.

Result : 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) signi�cantly 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.

Background
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
e�cacy [1].

In CABG, the internal thoracic, radial, and gastroepiploic arteries are all potential conduits that allow for a
high blood �ow 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 su�cient 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], signi�cantly
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 [6–8].

Based on the basic surgical methods of CABG,we generated an animal model of cervical vein-arterial
graft (venous arterialisation) in rabbits. After modelling, arterial blood �ows through the venous vascular
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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 scienti�c 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.

Results
Vessel morphology

All 24 rabbits survived the experiment and, in the experimental group, all vein conduits provided smooth
blood �ow. 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 con�rm that smooth muscle
proliferates following venous arterialisation, while the venous tunica media-intima thickens.

Pressurisation and mechanical stretch analysis

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 �nally stabilised around a speci�c �xed value,
depending on the experimental group: venous experimental group range, 5085.64 to 10338.66μm(Mean
values of 4 groups of data) (Table 3); venous control group range, 4796.14 to 10606.89 μm (Mean values
of 4 groups of data) (Table 4); arterial control group range, from 4012.19 to 5658.90 μm(Mean values of
4 groups of data) (Table 5). Smooth muscle cells and elastic �bres 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 �nally stabilised at a speci�c value, which re�ected the inherent
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thickness of the material constituting the blood vessel wall (i.e., smooth muscle cells and elastic �bres)
(Fig. 3).

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 �rst increased to the vicinity of the elastic extremum, and then
�uctuated around a de�ned 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 4 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 5, 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).

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 signi�cantly 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).

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 signi�cantly greater. In
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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 signi�cantly 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”. [9]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 7, 8, and 9, respectively.

Discussion
As shown in Figs. 1 and 2, HE staining of cross-sections of rabbit blood vessels con�rmed that venous
walls were signi�cantly less thick than those of arteries, as arterial walls are richer in collagen and elastic
�bres, as well as smooth muscle cells, providing a histological and physiological basis for the
maintenance of arterial elasticity and the ability of these vessels to withstand higher blood pressure.

The data presented in Fig. 3 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 di�cult 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 �rst increased as intravascular pressure rose,
subsequently stabilising at a speci�c 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 in�uence 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 Figs. 4 and 5.

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 Fig. 6. 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 signi�cantly less
pronounced than that of arteries, indicating that the elasticity and compliance of veins are lower than
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those of arteries. This is a consequence of the thinner venous wall, and its lower content of smooth
muscle cells, and collagen and elastic �bres, 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 �ndings were supported by the evaluated
mechanical parameters and could also be detected by examination of histological features.

After venous arterialisation, the long-term hypertensive 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[10].

Overall, we present data from experiments using rabbit arteries and veins in both the experimental and
control groups, as summarised in Figs. 7–9. The outer diameters of the blood vessels under different
conditions and at different tensile ratios as intravascular pressure increased was consistent with the
aforementioned results. The summary data clearly demonstrate the differences in outer diameter
changes among different blood vessels in various environments, supporting our conclusions.

The tunica adventitia of vessels comprises relatively loose connective tissues [11–13] and has a decisive
role in vascular biomechanical characteristics [14]. The basic attributes, including volume, proportion,
structure, and shape of the collagen and elastic �bres and smooth muscle cells, further in�uence the
biological characteristics of the tunica media. Collagen �bres 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 �bres than venous walls. After grafting into the arterial system, veins
are subjected to the mechanical effects of relatively high blood pressure and fast blood �ow, 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 [15–17].

At present, few studies have focused on treatments targeting smooth muscle cell proliferation and intima
thickening in the middle stage of restenosis after surgery. Further molecular biology, haemodynamic, and
pathophysiological research to investigate intima thickening of the blood vessels, and explore possible
clinical solutions, will positively in�uence efforts to prevent restenosis of conduits (especially venous
conduits) in the middle-late stage of restenosis after CABG [18–22].

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 �ow 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 [23]. The possible relationship between
such damage and intima thickening is an avenue for further exploration. Furthermore, when veins were
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arterialised, their vascular outer diameters increased more signi�cantly 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, calci�cation, etc.) [24] Therefore, when restenosis
occurs following venous grafting, the mechanical properties (wall thickness, elasticity coe�cient,
compliance, etc.) are enhanced relative to those before the graft.

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 [25]. 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 signi�cantly improve the patency rates in the middle-to-long term after venous grafting [26–
29]. 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
in�uencing 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.

Materials And Methods
Study design

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,
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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.

Materials

Animals

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.

Experimental instruments, equipment, and reagents

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.

Methods

Establishment of a rabbit venous arterialisation model (carotid artery, external jugular vein bypass
grafting)

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 �xed 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 �ow into the distal end via the vein conduit.
After con�rmation that blood �ow 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 �ow patency.
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Collection of blood vessels

Four weeks after surgery, the arterialised venous conduit was excised and divided into three segments.
Segment 1, a 5 mm vascular ring, was �xed in preservation �uid for haematoxylin and eosin (HE) staining
10% Formaldehyde Solution at room temperature . Segment 2, also 5 mm, was �xed 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.

Immunohistochemical analysis

The specimens were embedded in para�n 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 �nished for monoclonal antibody PCNA (1:100 dilution USA Dako
company), and hematoxylin restaining.Four high power �elds 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%

Blood vessel pressurisation and mechanical stretch testing

The myograph was con�gured 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 �uid 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 Tables 1 and 2 [30–31].

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 �rst 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
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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.

Observation parameters

1) HE staining outcomes and the immunohistochemical results from arterial and venous vessels. 2) Outer
diameter changes in rabbit blood vessels in response to changes in pressure in the experimental and
control groups.

Statistical analysis

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

Abbreviations
CHD: coronary heart disease
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CABG: coronary artery bypass grafting

AWEC: Welfare and Ethical Committee

HE: hematoxylin-eosin

PCNA: proliferating cell nuclear antigen

SABC:strept avidin-biotin complex

HEPES-PSS: N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid

SPSS: statistical product and service solutions
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Tables

Table 1 High potassium HEPES-PSS (pH 7.4) solution components per litre of distilled water

Chemical Component Quantity (g)

CH2OH(CHOH)4CHO 0.9900

KCl 10.5900

NaCl 0.2750

HEPES C8H17N2NaO4S 0.7000

HEPES C8H18N2O4S 0.7150

MgSO4 0.1408

(anhydrous) CaCl2 0.4107

 

Table 2 Calcium-Free HEPES-PSS (pH 7.4) solution components per litre of distilled water

Chemical Component Quantity (g)

CH2OH(CHOH)4CHO 0.9900

KCl 0.3500

NaCl 8.2990

HEPES C8H17N2NaO4S 0.7000

HEPES C8H18N2O4S 0.7150

MgSO4 0.1408

(anhydrous) CaCl2 0.0000
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Table 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)

Pressure (kPa)

Non Ca2+ 1.4×

original length

Non Ca2+ 1.3×

original length

High K+ 1.4×

original length

High K+ 1.3×

original length

0.00 5100.74 5117.55 5025.06 5099.21

2.66 8475.18 8552.25 7832.90 8252.39

5.32 9012.11 9245.49 8782.36 8823.19

7.98 9348.72 9799.85 8942.19 9045.36

10.64 9563.47 9844.85 9328.48 9502.19

13.30 9665.23 9876.14 9621.30 9658.59

15.96 9903.28 9910.31 9736.96 9857.63

18.62 10202.39 10232.46 9925.36 10102.15

21.28 10356.78 10527.58 10123.69 10293.66

23.94 10356.89 10529.78 10156.71 10290.79

26.60 10337.49 10535.84 10188.79 10292.52

 

Table 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) 
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Pressure (kPa

Non Ca2+ 1.4×

original length

Non Ca2+ 1.3×

original length

High K+ 1.4×

original length

High K+ 1.3×

original length

0.00 4883.92 4921.32 4655.63 4723.69

2.66 10523.96 10725.06 9755.26 9872.12

5.32 10565.56 10758.41 9862.47 9932.78

7.98 10585.19 10813.57 10023.92 10096.17

10.64 10590.33 10895.42 10118.63 10226.85

13.30 10593.82 10899.18 10232.12 10255.29

15.96 10611.37 10954.18 10238.63 10266.49

18.62 10625.14 10988.47 10255.88 10298.02

21.28 10632.22 11023.28 10332.14 10336.22

23.94 10644.12 11045.58 10342.96 10358.31

26.60 10655.75 11050.75 10343.25 10377.81

 

 

Table 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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Pressure (kPa)

Non Ca2+ 1.4×

original length

Non Ca2+ 1.3×

original length

High K+ 1.4×

original length

High K+ 1.3×

original length

0.00 4017.25 4020.25 4001.02 4010.23

2.66 4302.67 4324.18 4202.29 4292.53

5.32 4797.76 4857.32 4669.83 4770.19

7.98 5296.76 5339.20 5020.36 5097.72

10.64 5393.54 5549.77 5223.66 5269.24

13.30 5550.66 5598.17 5311.20 5399.36

15.96 5613.36 5669.23 5366.94 5401.24

18.62 5662.80 5670.20 5466.92 5469.19

21.28 5674.33 5746.61 5488.12 5497.18

23.94 5716.88 5801.80 5550.17 5551.29

26.60 5719.25 5855.39 5552.09 5552.86

 

Figures

Figure 1

Optical micrograph of a normal rabbit arterial vessel cross-section stained with haematoxylin-eosin.
Magni�cation, 40×.

Figure 2

Optical micrograph of a normal rabbit venous vessel cross-section stained with haematoxylin-eosin.
Magni�cation, 40×.

Figure 3
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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)

Figure 4

Curve showing changes in the mean outer diameters of rabbit veins from the control group under
different tensile ratios as intravascular pressure increased.

Figure 5

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.
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Figure 6

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.

Figure 7

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
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Figure 8

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.

Figure 9

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.


