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Abstract

Despite much effort, synthetic small diameter vascular grafts still face limited success due to 

vascular wall thickening known as intimal hyperplasia (IH). Compliance mismatch between graft 

and native vessels has been proposed to be one of a key mechanical factors of the synthetic 

vascular grafts that could contribute to the formation of IH. While many methods have been 

developed to determine compliance both in vivo and in vitro, the effects of compliance mismatch 

still remain uncertain. This review aims to explain the biomechanical factors that are responsible 

for the formation and development of IH and their relationship with compliance mismatch. 

Furthermore, this review will address the current methods used to measure compliance both in 
vitro and in vivo. Lastly, current limitations in understanding the connection between the 

compliance of the vascular grafts and the role it plays with the development and progression of IH 

will be discussed.
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Introduction

While synthetic vascular graft engineering has made striking advances, it still faces limited 

success as a solution for small diameter vascular graft due to intimal hyperplasia (IH). As a 

result of previous research, synthetic vascular grafts with an inner diameter larger than 6 mm 

have been approved by the Food and Drug Administration (FDA) and the standards for such 

grafts have been made.1 However, synthetic small diameter vascular grafts (sSDVGs), 

defined as vascular grafts with an inner diameter less than 6 mm, continue to show poor 

patency,2 most often caused by IH.3, 4 The lack of viable options for sSDVGs impacts more 

than 52 million people who suffer from peripheral arterial diseases (PAD) in the United 

States of America (USA) alone due to maintenance of the vascular graft implant.5, 6 

Furthermore, the lack of synthetic options for arteriovenous grafts (AVGs), which are also 

sSDVGs, affects patients with end-stage renal disease.7 Due to poor patency, the annual cost 

for maintenance of AVGs for hemodialysis in the USA is $42 million.8

The leading cause of poor sSDVG patency is IH. IH is the thickening of the tunica intima of 

blood vessel walls, which is believed to be caused by either proliferation or migration of 

smooth muscle cells (SMCs), that results in either partial or complete occlusion of the blood 

vessel.9, 10 The factors associated with IH are mechanical or biological damage that leads to 

vascular endothelial injury.11–13 Since IH development is detrimental to the patency of 

implanted vascular grafts, both biological and mechanical causes of IH have been studied 

extensively. A common treatment for vascular occlusion, for example, is angioplasty. In 

angioplasty, the occurrence of IH mainly derives from the destruction of the endothelium 

from scraping and stretching of the vessel wall, followed by the molecular and cellular 

reaction. Biomechanical factors, such as wall stress (WS) and wall shear stress (WSS), also 

play a key role in the generation of IH for particularly synthetic vascular grafts. These 

biomechanical factors have been shown to be affected by the compliance mismatch between 

the vascular grafts and the native arteries. One of the mechanical properties that is being 

revisited is vascular compliance. Compliance in cardiovascular engineering is defined as the 

inverse of stiffness – it is the circumferential elasticity of the vascular graft with application 

of pressure.

The theory that compliance mismatch could affect the patency of vascular grafts has been 

around since the 1970s.14–16 Since then, many have tried to understand the effect of 

compliance mismatch using various methods—from flow analysis using simulations to in 
vivo graft implantation models. The significance of compliance mismatch remains 

controversial, as some studies found a significant drop in graft patency due to compliance 

mismatch,16–19 while others showed that the effect was negligible.20 This dispute could arise 

from comparing different types of grafts—biological vs. synthetic grafts. To avoid this 

potential confusion, this review will focus on the IH formation while using synthetic 

vascular grafts. This review aims to address the biological and mechanical factors that were 

found to affect IH and the significance of compliance mismatch in those mechanical factors. 

Lastly, this review will describe the current limitations in understanding the complete effect 

of compliance mismatch by assessing the methods that are used to analyze compliance 

mismatch.
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The pathophysiology of intimal hyperplasia

Native blood vessel walls are made of three layers: tunica externa, tunica media, and tunica 

intima.21 Tunica externa is the acellular outermost layer composed of collagenous fibers and 

elastic fibers, and tunica media is the thick middle layer composed of SMCs.22 Tunica 

intima is the innermost layer composed of endothelial cells (ECs) and connective tissues.9 

Intima is a single layer of ECs, endothelium, and an endothelial-specialized basement 

membrane of tunica intima. It contains laminin, collagen type IV, glycosaminoglycans, and 

proteoglycans such as heparan sulfate.23–25 Adventitia is the outermost layer of the native 

blood vessel that consists of loosely packed fibroblasts.

The endothelium serves as a non-thrombogenic barrier between blood and tissues and 

participates actively in maintaining homeostasis. ECs secrete various proteins and growth 

factors that prevents VSMC constriction and proliferation, such as nitric oxide (NO) and 

prostacyclin (PGI2),26 and synthesize heparin-like molecules that prevent platelet adherence, 

aggregation, and coagulation.27 VSMCs, elastin tissue, and collagen form the medial layer 

of native blood vessel walls. In a normal blood vessel, VSMCs are contractile, differentiated, 

and quiescent. However, upon vessel injury or vascular surgical interventional process, 

VSMCs change phenotype to a proliferative state and eventually migrate to the intima and 

form IH.

Formation of IH involves all the components in the blood vessel and occurs through the 

following process. The initiation is due to the damage or dysfunction of ECs, which exposes 

the underlying collagen and SMCs to blood components. Immediately, platelets start to 

adhere, aggregate, and activate to form thrombus and are followed by leukocyte chemotaxis. 

The activated platelets release growth factors, such as platelet-derived growth factor 

(PDGF).28–30 In response to all the changes, SMCs change phenotype from quiescent state 

to proliferative state, then start to proliferate and migrate from media to intima. Fibroblasts 

in adventitia also differentiate to myofibroblasts, proliferate, and then migrate to the lumen. 

Meanwhile, cells involved in the IH formation secrete and deposit extracellular matrix, 

further thickening the intima. Histological analysis of IH corroborates this process and 

shows abundant VSMCs, fibroblasts, myofibroblasts, and inflammatory cells (Fig. 1).31–35 

Excessive damage to the adventitia can also lead to IH. During vascular surgeries, adventitia 

is frequently stripped by surgeons to enable a better grasp of vascular walls. However, 

studies have found that these injuries result in the remodelling of adventitia and increased 

proliferation of fibroblasts in adventitia within a few days.36, 37 The proliferating fibroblasts 

would further migrate from adventitia to intima and form myofibroblasts, contributing to the 

formation of IH.31, 32, 38

Triggers of intimal hyperplasia in vascular grafts

The IH formation in synthetic vascular grafts show a common pattern of spatial distribution: 

IH develops mainly at distal anastomosis in bypass grafts,39–42 and at graft-vein junctions of 

AVGs (Fig. 2).43–45 Surgical trauma, material bio-incompatibility, and biomechanical 

factors, have been found to contribute to IH formation in synthetic vascular grafts. Figure 3 
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summarizes the influence of these factors to the formation of IH. This section will discuss 

material bio-compatibility and biomechanical factors and their effects on IH formation.

Material bio-incompatibility

Prosthetic, especially synthetic, vascular grafts are prone to triggering vascular inflammatory 

responses. Previous studies have shown an equal contribution of the inflammatory response 

and arterial injury to IH formation.46 For instance, macrophages were commonly observed 

in expanded polytetrafluoroethylene (ePTFE) graft stenosis.47 Furthermore, studies showed 

depleting macrophages could suppress IH, indicating the macrophages may regulate IH 

formation.48 Meanwhile, the inflammatory response stimulates the production of matrix 

metalloproteinases (MMPs) by VSMCs, which facilitate the migration and proliferation of 

VSMCs.49–51 T-lymphocytes have also been observed in the intima of injured vessels. They 

secrete tumor necrosis factor-α (TNF-α), which has been proven to induce migration of 

SMCs.52 In addition to inflammation, the lack of endothelial lining on the luminal surface of 

synthetic materials triggers platelet aggregation and thrombosis formation, resulting in 

narrowing of the lumen. Activated platelets and thrombin have also been demonstrated as 

mitogens of VSMCs and stimulate VSMC proliferation.53–55

Biomechanical factors

The mismatch of mechanical properties between grafts and native blood vessels has been 

proposed to be one of the important factors leading to IH in vascular grafts. The compliant 

arterial wall acts as an elastic reservoir, absorbing energy during systole and releasing in 

diastole. Introduction of a rigid segment, such as a stiff synthetic graft, interferes with the 

function. Compliance mismatch between a native artery and prosthetic graft was 

hypothesized to affect graft performance and result in a loss of patency by Abbott et al.56, 57 

Later studies also confirmed the role of compliance mismatch in IH formation.58

Accompanied with compliance mismatch, the geometric discontinuity across the 

anastomoses between grafts and native blood vessels causes a blood flow disturbance around 

the anastomoses. Due to the configuration and mechanical mismatch between native vessel 

and graft, there is turbulence or flow separation around the anastomosis area. The flow 

separation causes endothelial injury and endothelial dysfunction by inducing different flow 

patterns at the heel and the toe, releasing growth factors causing SMC and myofibroblast 

proliferation.39, 59, 60 Also, the disturbed flow will trap platelets and cause platelets 

aggregation downstream, and will also promote fibrin thrombus formation.61

Wall shear stress (WSS) due to blood flow regulates the function and composition of blood 

vessels by affecting the phenotype and integrity of ECs.62, 63 Under physiological WSS, the 

phenotype of ECs changes from random orientation to aligned with flow direction during 

neovascularization. With high steady laminar shear force, ECs produced more NO, lowering 

the proliferation of SMCs and thus inhibiting the pathways leading to IH.64 However, with 

synthetic vascular grafts, ECs are exposed to abnormal shear stress and fail to express 

endothelial nitric oxide synthase (eNOS). Also, the distal anastomosis appears to induce a 

sharp shear stress change, with the directional change of shear force, which may lead to 

endothelial deformation.65 Low WSS is also not good as it will cause slow blood velocity 
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inside the lumen and will decrease the proliferation of ECs and promote altered morphology. 

Monocyte adhesion was found to increase on the EC layer under low shear stress.66 In 

addition to WSS, DePaola et al. found gradient WSS near arterial branches could induce a 

change of endothelium and potentially contribute to IH formation.67 Later studies confirmed 

the hypothesis that the gradient shear stress induces platelet-derived growth factor-A 

(PDGF-A) and monocyte attractant protein-1 expression in ECs,68 and potentially regulates 

the direction of SMC migration.69 Ho et al. also found that immunoglobulin and proline-rich 

receptor-1 (IGPR-1) responded to shear stress and increased stiffness of the ECs.70 EC 

stiffness contributes to the alteration in WSS and induces transdifferentiation of VSMCs, 

exacerbating IH.70, 71 Meanwhile, endothelial NOTCH1 has been shown to affect cellular 

junctions and endothelial proliferation in response to shear stress.72

Other than in affecting ECs, the effect of WSS can be compounded with other factors that 

affect the blood vessel wall, such as SMCs, platelets, and leukocytes. In synthetic vascular 

grafts, vascular EC denudation at the anastomoses exposes underlying VSMCs to oscillatory 

WSS and regulates SMC proliferation, protein synthesis, and mitogenic activity.73 Extensive 

studies have shown that high, yet still within physiological range, steady laminar WSS 

inhibited proliferation of SMCs.74–76 However, when exposed to oscillatory shear stress, 

SMCs, had increased proliferation and cell survival.77 Furthermore, low shear stress due to 

reduced blood flow speed traps platelets and leukocytes.78 The attached platelets and 

leukocyte may become activated and trigger the formation of thrombus, further contributing 

to IH in a positive feedback loop (Fig. 4).

In addition to WSS, vascular wall stress (WS) also plays an important role in IH formation, 

mainly for vein grafts or the venous side of AVGs.79 It has been found that compliance 

mismatch, and the resulting increase in WS, could also influence the formation and 

development of IH.59, 61, 80 Compliance mismatch has been shown to cause increased WS 

around the anastomoses.80 It was found that high WS may serve as an initiator of the 

inflammatory response, such as increased PDGF and MMP expression, that is important for 

SMC proliferation.81–83 Studies on PDGF responses to stress showed that upon increasing 

WS, PDGF secretion is promoted.84 Also, increased suture-line stress has been found at 

compliance mismatch anastomoses.80 As sutures are not elastic for the purpose of keeping 

the anastomoses closed, they result in contributing to the compliance mismatching at the 

anastomoses. The elevated suture-line stress may stretch SMCs and cause SMCs to 

proliferate, and contribute to IH formation.59, 85

Current limitations in understanding intimal hyperplasia

Despite many advancements in the field, the complete picture of the effect of mechanical 

stimuli in IH still remains elusive. To understand the complex relationship between 

biological and mechanical factors involved with IH, it is important to assess the current 

knowledge on the topic. In 2003, Paszkowiak and Dardik pointed out that the exact pathway 

that is associated with the EC sensing of the mechanical signals was unknown.86 IH still 

remains the primary problem with sSDVGs even with over decades of advancements.87–89
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As addressed in the review paper by Pannier et al., there was no standardized measurement 

method available for identifying the compliance of native blood vessels.90 Furthermore, the 

difference in compliance of the vascular graft or native blood vessels are affected by the 

different measurement methods The lack of standardization is reflected on the equations 

used to calculate the compliance (Table 1). All of the equations can be applied to either in 
vitro or in vivo measurements. However, the sensitivity and accuracy of the measured value 

is dependent upon the measurement method used to make the measurements.

Measurement methods

One of the reasons why the influence of mechanical properties, specifically the compliance, 

is not well understood is that there is no set consensus on how to measure the compliance of 

native blood vessels. One of the fundamental disputes is of the parameters used to determine 

the compliance. Some use pulse wave velocity (PWV) by assessing fluid flow parameters 

along with augmented index (Aix) or resistance index.90, 91. Others use changes in the 

diameter of the blood vessel or vascular grafts using echo tracking systems to determine the 

compliance. Lastly, an ultrasound based method called arterial stiffness evaluation for non-

invasive screening (ARTSENS), developed in 2015, can be used to measure the arterial 

stiffness.92–94 Different methods that can be used to measure the PWV and AIx (Table 1: 

Eq. 1–6), resistance index (RI; Table 1: Eq. 7), or compliance (Table 1: Eq. 8–15) are listed 

in Table 1. While all of the equations can be used in both in vitro, ex vivo, and in vivo, PWV 

ad Aix equations are most suitable for measuring compliance in vivo due to accuracy.

Common measurement methods use PWV and AIx to overcome the limitations of the 

Doppler ultrasound—low accuracy and sensitivity.90 In 2018, Joseph et al. developed 

magnetic plethysmography (MPG) to measure arterial compliance using PWV.95 Another 

method developed in 2016 is ARTSENS® Pen. The benefit of ARTSENS® Pen is that it is 

an automatic and image free method of measuring arterial stiffness with good accuracy.96, 97 

This method is actively being tested for its accuracy, and recently showed repeatable and 

high sensitivity measurements through assessing 523 subjects in a clinical trial.98 Radial 

artery tonometry is also used to measure the arterial stiffness in diabetic children using PWV 

and Aix.99 AIx is a method using ascending aortic pressure waveform to measure the 

systemic arterial stiffness.99–101 It is often used in conjunction with PWV as an indirect 

method of measuring arterial stiffness102. In clinical practice, AIx is used as a method to 

measure arterial stiffness because it is independent of geometry and is determined by age 

and aortic PWV.103 The biggest benefit of AIx is the consensus in the equation used for 

calculation unlike others such as PWV and compliance.

The problem with these different types of devices lies with their potential for clinical 

applications. While many measurement options are commercially available, most clinicians 

still prefer to use Magnetic Resonance Imaging (MRI) or Doppler ultrasound due to ease of 

use for measuring arterial stiffness of the patients.90, 103, 117, 118 Unfortunately, this yields 

inaccurate results depending on the resolution of the imaging instrument used, the location 

of the blood vessel, and size of the blood vessel.91, 119 For example, some transcranial 

Doppler ultrasound cannot measure the arterial geometry, therefore requiring the flow 

velocity to be used for compliance measurement.119 As means to minimize the errors due to 
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the measurement method, RI is used to assess the vascular stiffness instead of measuring 

vascular compliance of the native blood vessels directly.91, 120 Although these Aix and RI 

are closely associated with vascular compliance, they are not sufficient for the measurement 

of arterial compliance.121 Validation of using Doppler ultrasound has also been performed 

by comparing with other available methods. Mechanotransduers have verified the reliability 

and reproducibility of Doppler ultrasound techniques.103, 122, 123 However, these methods do 

not overcome the innate resolution problem Doppler ultrasound has; its accuracy and 

repeatability depends on the sonographer. The consensually most accurate method is using 

mechanotransducer.123 This is an invasive method as a probe has to be inserted to measure 

the blood flow and pressure, and thus it is not used in clinical settings.122, 123 Although 

many measurement methods are available, none of the currently available methods meet all 

of the requirements needed for accurate assessment of the mechanical properties affecting 

hemodynamics in both the clinics and in research.

Modelling methods

Recent advancement in computational fluid dynamics (CFD) and finite element modelling 

(FEM) made it possible to simulate the complex flow induced in vasculatures. CFD 

simulation allows researchers to model the effect of hemodynamics and the resulting WSS 

on the vessel walls without having to perform physical experiments. Similarly, FEM 

simulation allows estimation of WS applied on the vessel wall. For example, He et al. found 

that end-to-end anastomosis model showed the presence of significant disturbance in blood 

velocity, wall shear stress and pressure at the compliance mismatch region.124 Compliance 

mismatch can result in a change in the WSS exerted by the blood flow and, therefore, proper 

assessment of the flow regime gives insight to this phenomenon.18, 124 This conclusion is 

consistent with the earlier findings of Steinman et al., who showed that the magnitude of 

shear stress is directly related to the pressure exerted by the flowing fluid.125 As for WS, 

many tissue-engineered vascular grafts (TEVGs) use computational modelling to assess 

whether the TEVGs are suitable in physiological pressure.126 However, as the models often 

overlook biological factors, the models are not capable of accurately predicting the 

generation of IH.18, 19, 100 The computer models developed by Stewart and Lyman showed 

that protein transport patterns differ between compliance mismatched models and the 

compliance matched model, further giving weight to the importance of understanding 

compliance mismatch in vascular graft engineering.19, 125 While the development of CFD 

allowed for a better understanding of the mechanical properties of graft effects on 

hemodynamics, many simplifications are still used for the CFD to sufficiently and accurately 

describe the development of IH. In 2018, Szafron et al. showed that the biological factors 

that were often overlooked can be incorporated into one computational modelling when 

assessing WS.127 This is a great advancement for WS modelling, but it is yet to become the 

standard for WS computational modelling.

The improvement of computer simulations also shed light on the limitations of in vitro 
validation methods: the lack of high compliance materials and the lack of biomimetic 

available for in vitro setups. For synthetic vascular grafts, there is a basic requirement of 

good mechanical integrity for safety. Dacron and ePTFE, synthetic vascular grafts that are 

currently available in the market, has high mechanical integrity and high safety margin. 
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However, these grafts lack compliance. As hydrogel can often be modified to have different 

mechanical properties, hydrogels have been used to fabricate various sSDVGs. For example, 

Wise et al. made an elastin/polycaprolactone hybrid vascular graft that can match the 

compliance of the native blood vessel with the same diameter.128 Similarly, polyvinyl 

alcohol grafts showed promise as a compliant synthetic vascular graft, and are being studied 

extensively.116, 129–131 However, the problem with synthetic vascular grafts is that they lack 

the high compliance variability of native blood vessels. For example, the native artery has 

the compliance of 8 ± 5.9 percent per 10−2 mmHg, whereas poly(carbonate) urethane-based 

synthetic compliant vascular graft has the compliance of 8.1 ± 0.4 percent per 10−2 mmHg.
115 This is important as blood vessels must be able to compensate for different blood flow 

that naturally occurs due to physiological phenomena. Despite the developments of new and 

improved biomaterials, the materials that displays the qualities required to mimic the 

mechanical properties of small-diameter blood vessels is yet to be found.

The other drawback of using in vitro model is that the experimental setup used to measure 

the compliance is not an accurate representation of the in vivo condition. As depicted in 

Figure 5, various techniques can be used for in vitro testing of synthetic graft compliance.
17, 102, 105, 106, 112, 116, 132–134 Due to the ease of setup, hydrostatic pressure-induced 

expansion has been used to measure the compliance of synthetic grafts.116 While this model 

can be used to make basic compliance measurements, it is not suitable for assessing the 

dynamic compliance of the grafts. As blood flow within the body has been well-

characterized, many in vitro tests and cell culture use simulated physiological pulsatile flow.
56, 133, 135, 136 For example, Gong et al. developed a culturing system that generated 

physiological pulsatile flow using a pump; they showed that dynamic culturing condition 

increased cellular attachment and improving compliance of the graft.133

Even with the physiologically relevant culture conditions, it is impossible to get an accurate 

representation of the effect of mechanical properties on IH in vitro, as the biological factors 

involved, such as cells, platelets, and growth factors, in the formation and development of IH 

is either simplified or non- existent in the fluids used in in vitro cultures. The idea of blood-

mimicking fluid (BMF) for the purpose of in vitro blood flow and vascular graft testing has 

been studied since late 1990’s.137 Despite the fact that BMFs are commercially available, 

these fluids mainly focus on the mimicking the biological acoustic noise for ultrasound 

imaging rather than the biological factors; they are mostly used for ultrasound imaging.
138, 139 As shown in Figure 3, the biological factors such as inflammatory responses and 

thrombogenesis play an important role in development of IH. Without blood factors and 

cellular interactions to simulate these interactions, in vitro tests cannot accurately represent 

the in vivo environment. Furthermore, performing in vitro WSS and WS experiments 

relating to compliance and compliance mismatch are still difficult as experimental methods 

are still not well established.140 While particle tracing is the preferred method for 

measurement of WSS, this method is still yet to be used in conjunction with cell culture.
141, 142 Unlike, the effects of WS on cellular behaviors have been studied in vitro.80 

However, most of the recent publications focus on the FEM computer modelling rather than 

in vitro experiments.126, 143 In vitro methods without multiple biological components cannot 

be useful beyond being a tool to understand only the basic interaction between one cell type 
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and synthetic vascular grafts rather than assessing the interaction of various biological 

factors with different compliance.

To overcome the drawbacks of in vitro models, ex vivo models are used to perform more 

physiologically relevant experiments while minimize the use of animals. Ex vivo models are 

more extensively used for biological or tissue-engineered vascular grafts as they provide a 

less invasive method to assess the graft’s hemocompatibility than in vivo experiments. There 

are two different types of ex vivo models that can be used to assess the effect of compliance 

mismatch: the ex vivo shunt model and ex vivo organ culture. The ex vivo shunt is a well-

established procedure to test the hemocompatibility of synthetic vascular grafts.130, 144 Ex 
vivo shunts use externally reinforced vascular grafts surgically connected to a part of the 

animal. The limitation of this setup is that the shunt is supported by external structure, which 

masks any potential influence by the compliance. Recently, an ex vivo organ culture model 

for screening the synthetic vascular grafts have been developed.58 This system is different 

from ex vivo shunt since it uses ex vivo bioreactor rather than the animal itself.145 This 

system screens for the markers that are known to induce IH formation to screen for the 

synthetic vascular grafts their potential to form IH.58 The strength of this model is that it 

allows for screening of the biological effects of vascular grafts with difference compliance. 

Further development of ex vivo models would enhance the ability to easily test synthetic 

vascular grafts with different compliance while having higher accuracy than in vitro models.
145 Ex vivo shunt or ex vivo bioreactor has the capacity to account for much higher variety 

of biological factors. Some have even developed ex vivo organ culture model for screening 

synthetic vascular grafts for compliance compatibility.58 However, the techniques are still 

young and require further validation before application.

The best and most physiologically relevant method of studying the relationship between the 

biological and mechanical factors and IH is using in vivo model. An example of a well-

established vascular graft implantation model for SDVG is end-to-end rabbit common 

carotid arterial implantation.146–148 However, studies using in vivo model are extremely 

difficult due to many factors. First, non-invasive measurement methods are always preferred 

because of ethical concerns, easy procedures, clinical relevance, reduced trauma, and no 

unnecessary complications even though it is viewed as less accurate. In order to minimize 

usage of invasive procedures, but Doppler ultrasounds are not sensitive enough to isolate 

individual mechanical properties, and could not be used to accurately understand the extent 

to which the compliance and compliance mismatch influences IH.149 MRI techniques can 

also be used to measure compliance, but this method requires expensive instrument, long 

imaging time, and specialized facility set up and, therefore, is oftentimes not accessible for 

research labs.150, 151

Another limitation of in vivo models is inconsistency between protocols. When testing the 

biomaterials of vascular grafts in vitro, international standards and guideline such as 

International Standard Organization (ISO) has been established to which researchers can 

refer.152 However, there are still many different models to account for depending on the 

application, making it crucial to choose the most applicable models.147 For example, even 

though the end-to-side anastomosis is more common method of implanting SDVG clinically, 

small animal models predominantly use end-to-end anastomosis.153 On the other hand, end-
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to-side anastomosis in small animal model exists as well.131 Surgical parameters such as 

anastomosis type is important as these parameters can directly impact the patency of the 

implanted grafts.147 Finally, the type of animal used is very important. Different animals 

have different hemodynamic, different biological responses, different vascular sizes, and 

different compliances. All of these factors play a role in graft patency and IH formation. For 

example, having different diameters of vascular graft and the native blood vessel would 

decrease the blood flow around the anastomoses, which could cause thrombogenesis. Byrom 

et al. published a very comprehensive comparison between animal models and identified the 

potential animal models that are suitable for sSDVG application.147

In vitro, ex vivo models, and in vivo models are used to understand the effects of compliance 

mismatch on the pathophysiology of IH. While in vitro models provide a convenient method 

to test the compliance and basic cellular interaction with the synthetic vascular grafts, there 

lacks a connection between the compliance mismatch and the onset of IH. In vivo testing 

models are still the best models for testing the performance of vascular grafts even with all 

the difficulties it entails. However, these models are particularly difficult for assessing the 

influence of compliance mismatch on IH as an accurate and non-invasive compliance 

measurement method in vivo does not exist. In vivo models must be carefully chosen to have 

appropriate animals, correct procedures, appropriate anastomoses, and correct diameters 

between vascular graft and native blood vessel.

Conclusion

Despite the advances in technology, understanding the complex roles of the biological and 

mechanical factors in vascular graft engineering are yet to be completely understood. IH is a 

well-observed phenomenon in medicine, and the biological mechanism of its development 

has been studied extensively. The field is now trying to make connections between the 

mechanical factors and their influence on biological responses.

The knowledge of compliance mismatch has been shown to be important in vascular 

engineering. Compliance mismatch between the synthetic vascular graft and the native blood 

vessel influences the hemodynamics. The altered hemodynamics influence WSS through 

irregular flow patterns. The irregular mechanical signal then triggers irregular biological 

responses. These irregular biological behaviors then manifest as pathophysiological 

phenomena known as IH. While many strides have been made to understand the links 

between compliance mismatch and IH, there is still missing information that must be 

identified before the links can be understood completely (Fig. 618, 124, 141, 154–160).

Even though some of the molecular and biomechanical pathways have been shown to be 

associated with vascular remodelling, the relationship between compliance mismatch and 

those pathways are still unknown. Some takeaways from this review are:

• Thorough studies detailing the mechanical properties of biomaterials should be 

performed for the biomaterials used to fabricate vascular grafts.

• Longitudinal vs. circumferential compliance mismatch should be decoupled and 

studied individually.
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• In vitro models should become more sophisticated to account for various 

physiological reactions that occur in the body.

• A consensus in in vitro compliance measurement should be reached so that 

compliance of different materials can be accurately compared.

• Ex vivo organ culture is very promising as the development of convenient ex 
vivo organ culture would make testing mechanical mismatch using synthetic 

vascular grafts more facile and physiologically relevant.

• Non-invasive in vivo compliance measurements methods need improvement to 

provide accurate and consistent results.

With the number of cardiovascular disease incidences increasing as time passes, the need to 

fabricate better vascular grafts is evident—especially so for sSDVGs.1, 2, 161 As IH is an 

important hurdle that must be overcome to achieve more successful AVGs and SDVGs, it is 

important to understand the biological factors associated with IH and the effect of 

mechanical properties, such as compliance mismatch, on hemodynamics that generate WSS. 

A platform that has the capacity to alter both the mechanical properties as well as the 

chemical properties is required so that the effects of the mechanical properties on the IH 

formation can be assessed without being influenced by the chemical and biochemical 

factors. Also, a way to ensure consistency in compliance measurements between in vivo 
experiments must be established so that the results from different vascular grafts can be 

compared to one another. This would not only enhance the reliability of the results, but also 

ensure the requirements of newly developed vascular grafts.
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Figure 1. 
Photomicrographs by Costa et al. showing the nuclei of smooth muscle cells in intimal 

hyperplasia (↔), stained in blue. Irradiated group in A (21 days) and B image analysed by 

the computer system; control group in C (21 days) and D image analysed. (hematoxylin and 

eosin – 10x magnification).37
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Figure 2. 
Locations of intimal hyperplasia formation in synthetic vascular grafts. IH in synthetic 

vascular grafts occur mainly at the floor of the native blood vessel and the toe, and heel and 

toe around the distal anastomoses.
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Figure 3. 
Factors that influence intimal hyperplasia formation. WS – wall stress, EC – endothelial 

cells, VSMC – vascular smooth muscle cells, PDGF – platelet-derived growth factors, MMP 

– metalloproteinase, TNF-α – tumor necrosis factor-α, and eNOS – endothelial nitric oxide 

synthase.

Jeong et al. Page 20

Biomater Sci. Author manuscript; available in PMC 2021 August 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Vascular vessel wall remodelling due to alteration in wall shear stress.
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Figure 5. 
Summary of the techniques used for calculation of compliance of vascular grafts in vitro.
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Figure 6. 
Summary of current progress in understanding intimal hyperplasia formation in synthetic 

vascular grafts.
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