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Mechanical Properties of Normal and Diseased Cerebrovascular System

Abstract

Background: Blood vessel mechanics has traditionally been of interest to researchers and clinicians. Changes in mechanical properties of 
arteries have been associated with various diseases. 

Objective: To provide a comprehensive review directed towards understanding the basic biomechanical properties of cerebral arteries 
under normal and diseased conditions.

Methods: Literature review supplemented by personal knowledge. 

Results: The mechanical properties of vascular tissue may depend on several factors 
including macromolecular volume fraction, molecular orientation, and volume or 
number of cells such as smooth muscle cells. Mechanical properties of a blood vessel have 
been characterized using different methods such as in vitro tensile testing, non-invasive 
ultrasound examination, and mathematical models. Experiments are complicated by the 
variation in properties and content of materials that make up the vessel wall and more 
challenging as the size of the vessel of interest decreases. Therapeutic interventions  
aiming to alter the mechanical response are either pharmaceutical: including calcium 
channel blockers, angiotensin converting enzyme inhibitors (ACEI), angiotensin receptor 
blockers (ARB), and β-blockers; or, mechanical interventions such as angioplasty, stent 
placement, mechanical thrombectomy, or embolization procedures.

Conclusion: It is apparent from the literature that macromolecular and cellular mechanics of blood vessels are not fully understood. 
Therefore, further studies are necessary to better understand contribution of these mechanisms to the overall mechanics of the vascular 
tissue.
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Introduction:

Blood vessel mechanics has traditionally been of interest to researchers and clinicians. Changes in mechanical properties of arteries 
have been associated with various diseases. Carotid intimal-medial thickness (IMT) can be used as a predictor of coronary heart disease 
and atherosclerotic disease.1 In a study conducted by Burke et al.,2 average IMT was thicker in patients with cardiovascular disease. 
Increase in stiffness of carotid arteries is believed to be responsible for a disproportionate increase in systolic and pulse pressure.3 
Dijk et al.4 delineated the association of carotid stiffness with higher prevalence of carotid stenosis and stroke. The present review is 
directed towards understanding the basic biomechanical properties of cerebral arteries under normal and diseased conditions. The 
review discusses the potential for novel therapeutic strategies that modulate the biomechanical properties of cerebral arteries and 
therefore prevent or treat cerebrovascular diseases. Investigators have progressively shifted their focus from large vessels such as aorta, 
to smaller vessels such as coronary and cerebral arteries given the higher rate of diseases such as atherosclerosis and aneurysm observed 
in these arteries. The nonlinear stress-strain relationship of vascular tissue in response to biaxial or triaxial loading has presented a 
challenge to biomechanicians. Experiments are complicated by the variation in properties and content of materials that make up the 
vessel wall and more challenging as the size of the vessel of interest decreases.

The relationship between elastic storage and viscous dissipation of the energy transmitted to vessel wall during systole in cardiac cycle 
is not fully understood.5 Vessel wall consists of various macromolecules, smooth muscle cells (SMCs), endothelium, and fibroblasts. 
Correlations between volume fraction of these molecules and the mechanical properties of blood vessels have been developed for several 
vessels.6‑8
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Mechanical properties of a blood vessel have been characterized 
using different methods such as in vitro tensile testing, non-
invasive ultrasound examination, and mathematical models. 
Each method provides some information that can help explain 
the properties and factors contributing to the mechanics of blood 
vessels; however, none these methods is ideal. In vitro tensile 
testing of the tissue determines viscoelastic properties, but by 
removing the tissue from the body the natural bioreactivity of 
the cells is affected. Noninvasive ultrasound devices measure 
compliance but yield a low percent of accuracy and are most often 
used to investigate more superficial vessels. Mathematical models 
are purely theoretical and do not account for all parameters 
observed under physiological conditions. 

Macroscopic Structure:

Blood vessels are generally composed of three distinct layers. 
The inner most layer is the intima, the middle layer is the media, 
and the outermost layer is the adventitia. The intima consists of 
a single layer of endothelial cells that are bound to a basement 
membrane. The intima is separated from the media by an elastic 
lamella. The media consists of layers of elastic tissue and SMCs. 
The local hemodynamics dictate the thickness of these layers.9 
Incorporated within the adventitia layer are elastic fibers and 
fibroblast cells.

Molecular Components:

Arteries are composed of collagen fibers, elastin fibers, 
proteoglycans, smooth muscle, and endothelial cells. Different 
types of blood vessel have different arrangement and proportion 
of these components. Generally, single cell layer of endothelial 
cells in the intima is attached to internal elastic lamina of the 
medial layer via proteoglycans. Medial layer is mainly comprised 
of SMCs which are surrounded by proteoglycans, elastin fibers, 
and collagen fibers. Collagen fibers are predominately present in 
the adventitial layer (see Fig 1).

Cerebral arteries have a greater smooth muscle concentration and 
are known to be more muscular in type compared to extracranial 
arteries. These arteries exhibit thinner media and adventitia 
layers with slightly thicker internal elastic lamina. They also 

have defects in the medial layer, which are normal and unique to 
the cerebral arteries. Cerebral autoregulation is another unique 
mechanism cerebral arteries posses, by which constant blood 
flow is maintained to the brain under varying conditions of 
systemic blood pressure. Autoregulation is maintained through 
the extensive network of arterioles in the cerebral circulation 
which control the blood flow into the capillary bed through 
constriction or dilation under increased or reduced systemic 
blood pressure. The autoregulatory capacity is able to maintain 
constant cerebral blood flow as long as mean arterial pressure 
varies from 50 to 150 mm Hg.

It has been observed that different blood vessels display various 
orientations of collagenous and elastic tissue structures. In 
addition, smooth muscle cells also show angular orientation 
with respect to the circumferential line producing oblique angles 
in the large vessels and no angular orientation in the smallest 
vessels. Collagen fibrils also appear to have a spiral or helical 
twist, which follows the fibrillar wrapping pattern around 
the vessel diameter.10,11 Type III collagen has been primarily 
associated with elastic fibers and is rarely found in the intimal 
layer. Type I collagen fibers are thicker than type III fibers and are 
found throughout the entire wall. They are also associated with 
SMC membranes.10 Both elastic and collagenous fibers display 
fibril patterns which run in radial and longitudinal directions 
in addition to the main fibril orientation.10,12 Under loading 
conditions, collagen fibrils show alignment along the direction of 
the applied load no matter what direction the load is applied in 
relation to the vessel axis.12

Mechanical Properties of Normal Blood Vessels: 

The mechanical properties of vascular tissue may depend on 
several factors including macromolecular volume fraction, 
molecular orientation, and volume or number of cells such as 
SMCs. Although blood vessels have been characterized as having 
an overall non-linear stress-strain behavior, when examined 
closely they appear to possess two distinct regions of relatively 
linear behavior as illustrated in Fig. 2. The region known as the 
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Figure 1: Schematic representation of cross-section of arterial wall, illustrating 

the intimal, medial and adventitial layers and their molecular components.

Figure 2: Stress-Strain curve of a typical artery.  Elastin contributes to the 

mechanical properties of the lower region, while collagen plays a major role in the 

mechanical properties of the upper region.
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lower modulus region appears to be the mode of operation for 
blood vessels under physiological pressures.13 The properties of 
vessel mechanics within this range are consistent with the 
loading mechanics of elastic fibers.14 As a result, the modulus, or 
stiffness of the vessel at the lower modulus region is expected to 
be in the range of 0.2-0.6 MPa. The lower modulus region tends 
to be linear up to about 50% strain in most vessels at which point 
the mechanics change to that of the upper modulus region. The 
upper modulus is also linear, but has a slope steeper than the 
lower modulus region thus indicating a stiffer response. The 
modulus of the upper region is measured to be ten folds higher 
then the lower modulus, about 2-6 MPa. The upper domain 
appears to be dominated by collagen fibers mechanics, but the 
mechanics is not consistent with other collagenous tissues.15 
Modulus of a collagen molecule is approximately one order of 
magnitude lower than that calculated for other tissues, even 
when fibril orientation, polymer fraction, and macroscopic to 
molecular strain ratio are consistent.16 This seems to imply that 
collagen is associated with different macromolecules and /or 
smooth muscle than elastin.

The mechanics of blood vessel are considered to be viscoelastic.17 
This means that a blood vessel tissue exhibits properties 
belonging to both viscous liquid and an elastic solid.18 Arteries 
and veins experience creep and relaxation when placed under 
load. In addition to time dependence, the responses are dependent 
on the magnitudes of the loads and strains placed on the tissue. 
These behaviors are consistent with energy dissipation that may 
be necessary during vascular overloading, therefore protecting 
tissues downstream from higher than normal pressures.

One study has shown that the elastic properties of blood vessels 
at basal blood pressure are due to elastin alone and that viscous 
properties are due to SMCs.8 Collagen has also been shown to 
contribute to the viscous properties of vessels.16,19,20 Collagen 
consists of flexible and rigid regions. When placed under tension, 
the flexible regions elongate first and contribute to the elastic 
segment of the stress-strain curve. Once the flexible regions are 
fully elongated the rigid regions prevent the collagen fibril from 
elongating further, which results in slippage of collagen fibrils 
past each other breaking the cross-links between them. It has 
also been shown that the rate at which the collagen is being 
stretched affects the slippage of these fibrils and changes the 
viscous response of the molecule.20 Values obtained for change 
in enthalpy (∆H) in digital human flexor tendons have shown 
similarities with enthalpy changes obtained during creep tests 
of hyaluronic acid gels. The explanation has been that fibrillar 
slippage occurs between the fibrils and the ground substance in 
these tissues and is therefore the likely cause of viscous behavior 
in connective tissues.21

Other studies have focused on the uncrimping of collagen fibers 
throughout the expansion of the vessel wall with increased 
pressure and contribution of these phenomena to mechanical 
behavior.22,23 In addition, it has also been shown that alignment 
of collagenous networks causes an increase in elastic modulus.24 
Other factors effecting the modulus of the tissue include, 
proteoglycan concentration and cross-linking.21,25,26 The use of the 

beta-adrenergic blocker propranolol not only lowered heart rate 
and blood pressure in propranolol fed aneurysm prone turkeys, 
it also induced an increase in elastin and collagen lysyl derived 
cross-links.25 Increasing the number of lysyl cross-links has been 
associated with an increase in vascular tissue tensile strength. 

Viscoelastic behavior of blood vessels have been studied by 
performing tensile tests on different types of blood vessels.16,27 
These studies were performed on human blood vessels and 
blood vessels from swine and canine. The load under tension 
at each strain increment was recorded for each vascular tissue. 
The tissue was allowed to relax at each strain increment to 
determine the viscous and elastic component of the tissue, with 
the viscous component measuring the energy dissipated during 
the relaxation, and the elastic component measuring the energy 
stored. The tests show that as the strain increases and the curve 
moves to the upper modulus region, the ratio of the viscous to 
elastic component increases as well.16 The ratio of the viscous 
to elastic component increases even more when strain rate is 
increased in these tests. From these tests it is evident that strain 
rate has a major effect on the viscous component of the tissue, 
while the elastic component is not affected by the rate of change. 
The strain to failure also increased for tissues that experienced 
higher strain rates. This observation suggests that some 
conformational changes or crystallization may be occurring at 
lower strain rates that otherwise does not occur at higher strain 
rates due insufficient time.

Tensile testing of vascular tissue has shortcomings due to the 
loss of muscle tone in an in vitro setting. SMCs are believed to 
be viable only up to two hours after its removal from the living 
organism, so in vitro testing will not be able to predict the 
contribution of the SMCs on the mechanical property of the 
blood vessel. Another factor to consider is the effect the testing 
techniques on tissue properties. Studies have shown care must be 
taken in sample preparation which itself may induce changes in 
the mechanical properties, as has been shown in human patellar 
tendon.28 Tensile tests require the tissue to be pulled apart while 
it is gripped by its ends, this can cause some deformation in the 
tissue structure at the gripping locations, which could results in 
premature failure. In many instances the tissue fails at the grips 
instead of the middle of the tissue where necking is occurring as 
a result of tension.

Compliance is a measure of vessel elasticity. A substantial  
work already has been carried out attempting to evaluate this 
parameter noninvasively, using pulse wave velocity,29 analyzing 
the diastolic pressure decay,30 or determining the stroke volume/
pulse pressure index.31 These methods allow for determination of 
arterial compliance as a function of pressure. Because of the overall 
nonlinear elastic properties of arterial walls, measurements of 
compliance can be appropriately compared only if obtained over a 
range of pressures that elastic properties are linear. In 1991, a new 
approach was introduced utilizing a high-precision ultrasonic 
device to measure arterial compliance of peripheral arteries.32 The 
study confirmed that arterial compliance has a strong nonlinear 
dependency on intraarterial pressure and therefore has to be 
defined as a function of pressure.
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Measurement of the arterial compliance can reveal mechanical 
properties such as elasticity of the vessel wall. However, the 
devices utilized for these measurements have some limitations. 
Most of these studies are performed on peripheral and surface 
arteries such as the brachial artery and the common carotid 
artery. Furthermore, these measurements do not elicit the viscous 
properties of blood vessels. Since these measurements are made 
under physiological pressures, the blood vessel is almost purely 
elastic and fails to reveal any of its unique energy dissipating 
mechanisms that are activated under higher pressures.

Mechanical Properties of Diseased Blood Vessels:

It is suggested in the literature that hyperplasia and / or 
hypertrophy, especially observed in hypertensive cases, 
contribute to changes in vascular mechanics.33‑35 Hypertension 
results in an increase in collagen concentration and an increase in 
SMC cross-section. Changes in proteoglycan modulation which 
occur in hypertensive vessels could be a contributing factor to the 
development of these structural and functional modifications.36 
These changes result in failure of the vessel at lower strain, and 
the region of the lower and the upper modulus subsequently have 
shorter duration. There may also be increase in the moduli of 
both the lower and the upper modulus regions. Alterations in the 
collagen and elastin content, and the effects on the mechanical 
properties of the blood vessels, have also been documented in the 
literature.37‑41 Various mixtures of type I and type III collagen and 
elastin have been observed to be altered in different vessels.25,42 
Drastic alterations of type III collagen and elastin are associated 
with several connective tissue diseases involving the vasculature 
including Ehlers-Danlos (vEDS) and Marfan’s syndromes.10,42 In 
a study conducted by Boutouyie et al.,43 it was shown that in 
(vEDS), also known as EDS type IV, an abnormally low intima-
media thickness generates a higher wall stress at the site of the 
elastic artery and may increase the risk of arterial dissection and 
rupture.

Arterial dissection and aneurysm rupture have been the main 
focus of several studies in recent years. Calvet et al.44 observed 
an increased stiffness of the carotid wall in patients with 
spontaneous cervical artery dissection (sCAD). Arteries of sCAD 
patients undergo a higher level of circumferential wall stress 
than those of normal subjects. According to the principles of 
solid mechanics, the fatiguing effect of cyclic stress is dependent 
on the number of cycles and the amplitude of stress.45,46 Aging 
and circumferential wall stress may be considered as practical 
estimates of number of cycles and the amplitude of stress. Thus, 
the difference in circumferential wall stress of arteries in sCAD 
patients may explain the higher risk of dissection of the common 
carotid arteries.

Saccular (or sidewall) aneurysms have also been studied in 
humans to determine their viscoelastic properties.27 The tensile 
strength and viscoelastic parameters were obtained in the 
circumferential and longitudinal directions in the thick and 
thin parts of the aneurysm sac. These observations indicate 
that there are characteristic mechanical deterioration and steric 
inhomogeneities that accompany the loss of smooth muscle and 

the arrangement of connective tissue elements in the wall of an 
intracranial aneurysm. 

In lathyrism, animal vessels show no angular orientation of 
SMCs, a lack of attachment of cells with lamellae, and an increase 
in collagen concentration.47 As a result, lathyritic animals show 
increased propensities for aneurysm and dissection formation. It 
may be concluded then that the mechanical properties of vascular 
tissues appear to be dependent not only on each component 
concentration but on how those components are organized.

The diameter and thickness of arterial wall increases with age. 
Increased amount of collagen and fragmentation of internal 
elastic membrane are also found.48,49 The age associated changes 
in structure eventually increases the stiffness of the arterial tree 
and myocardium, which, in turn result in functional changes. 
An important contributor to increased vascular and myocardial 
stiffness is increased collagen cross-linking due to age related 
formation of advanced glycosylation end-products (AGEs).48‑52 
Increased formation of AGEs is aggravated by events such as 
diabetes mellitus and hypertension.50 In addition to excessive 
cross-linking of collagen and elastin, AGEs may affect properties 
of different cell types, including endothelial cells and SMCs 
through interactions with their signal transduction receptors.53,54

Therapeutic Interventions:

Therapeutic interventions are aimed to alter the mechanical 
response of arteries. Pharmaceutical interventions include 
calcium channel blockers, angiotensin converting enzyme 
inhibitors (ACEI), angiotensin receptor blockers (ARB), and 
β-blockers, which treat hypertension. Mechanical interventions 
such as angioplasty, stent placement, mechanical thrombectomy, 
or embolization procedures are used for treatment of diseased 
arteries.

In patients with essential hypertension, numerous studies have 
shown a decrease in arterial stiffness with various classes of 
antihypertensive agents.55‑63 Antihypertensive drugs could have 
both short-terms and long-term effects on arterial wall. The 
functional effects are both direct and indirect. Vascular smooth 
muscle relaxation is a direct effect of these drugs, occurring 
particularly in medium sized muscular arteries. The drugs reduce 
the stiffness of arteries indirectly by dilation of muscular arteries 
and decreasing arteriolar tone, which attenuates wave reflections 
and reduces mean arterial pressure (MAP). There is also growing 
evidence that these drugs cause structural alterations that may 
include vascular remodeling as well as changes in the distribution 
of elastin and collagen in the vessel wall.64

Administration of calcium channel blockers, ACEI, ARB, and 
β-blockers increases arterial distensibility and decreases pulse 
wave velocity (PWV) and arterial wave reflections. PWV is used 
to measure arterial stiffness65‑67 and is an excellent predictor of 
the prognosis of hypertension.68,69 The effects of the drugs on the 
arterial wall are largely independent of blood pressure reduction. 
The changes induced by the drugs on the arterial wall vary 
depending on the type of artery and drug class. 
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While the strongest evidence for reduction of arterial stiffness 
is for ACEI, ARB and calcium channel blockers, the effect of 
β-blockers is less clearly demonstrated. ACEIs are more effective 
in reducing arterial stiffness than calcium channel blockers. The 
decrease in arterial IMT, aortic collagen, and persistence of these 
effects after discontinuation of therapy suggest that ACEI not only 
have functional effects on the vessel wall but may also promote 
vascular remodeling and structural changes. ACEI reduces aortic 
collagen by mechanism of action not involving bradykinin but 
blockade of angiotensin receptors instead.70 In some studies, ARB 
was added to therapy in poorly controlled hypertensive patients 
who were on ACEI among other antihypertensive drugs, and the 
results showed significant reduction in PWV and arterial wave 
reflection.63,71 Another study reported that angiotensin receptor 
genotypes were involved in an age-related increase in aortic 
stiffness in hypertensive patients.72 A further study reported 
that ARBs inhibit collagen accumulation in the aorta in an 
experimental model.70

 Stent placement in blood vessels has become a common treatment 
for stenotic lesions and in some cases for aneurysms. Device 
failure and reduction in vessel compliance are significant clinical 
problems.73,74 The source of some failures may be due to the lack 
of understanding of the mechanics of blood vessels. A few studies 
have investigated the reduction in arterial compliance which 
occurs after stent deployment.75‑77 Investigators are focusing on 
the interactions of stents with vessel wall in terms of vascular 
mechanics.78‑80 The force exerted by the stent strains the vessel 
wall to increase lumen size, hence, after stent deployment the 
artery functions in a pre-strained state. Another words, the pre-
strained artery is functioning at a higher strain region of the stress 
strain curve instead of the lower strain region normal arteries 
function at under physiological conditions. This shift causes the 
arteries to have a higher elastic modulus. In a recent study it was 
shown that elastic modulus of arteries increased with increased 
radial force of stent.16

Mathematical Models:

Constitutive equations have been used to model tissue mechanics 
by using various macromolecular elastic moduli and angular 
orientation. These model values range from 79.1 MPa up to 2.0 
GPa for collagen and from 0.28 MPa to 0.58 MPa for elastin, and 
collagen angular orientations are between 15 and 20 degrees from 
the loading axes.8,22,23,81‑83 These models have been designed to 
predict the contribution of mechanical behavior of the individual 
macromolecules that make up the vessel wall.

Most studies use constitutive equations known as strain energy 
functions to describe the mechanics of these tissues.84‑92 These 
studies take into account the nonlinear behavior of vascular 
tissue, collagen fibril waviness, bending in the vascular wall, 
aging, and disease. The mathematical modeling of strain energy 
functions is based on continuum mechanics, which rely on 
Lagrangian interpolation methods to define the function from 
obtained set of data. The most favored configurations of these 
functions have been the polynomial and the exponential forms, 
Equation 1 and 2, respectively.
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The symbol W represents the strain energy per unit of mass of 
the material; ρo is the mass density in the zero-stress state, ρoW 
is the strain energy per unit volume, ε denotes strain, and A, B, C, 
D, E, F, G, a, b, c are all constants. Taking the derivatives of these 
functions and interpolating them, gives the solution of stress 
of the material being tested. Other investigators have observed 
the helical nature of the fibrillar collagen and have explored 
the mechanics of the straightening behavior.22 Alternative 
solutions of the mechanics of these tissues use composite theory 
methods.22,82,83,93

Discussion: 

All the current models of vessel wall in the literature use collagen 
moduli one to two orders of magnitude lower than the molecular 
modulus.94 Using these lower moduli, investigators have been able 
to accurately predict the mechanical behavior of vascular tissues. 
However, the published studies have failed to incorporate the 
higher moduli or discuss why using a lower modulus is sufficient.

After reviewing these studies, it appears that the molecular 
component contribution to mechanical properties is a complex 
combination of concentration, orientation, and other factors 
such as cross-links and fibrillar slippage. Mechanical properties 
of different arteries have been characterized; however, a universal 
model of how different components of vessel wall contribute 
to these properties has not been constructed. Therefore, it is 
impossible to accurately predict the mechanical response of an 
artery by merely knowing the components, concentration, and 
dimensions of the vessel.

Due to their structural differences, cerebral arteries are more 
prone to developing spasm, atherosclerosis, aneurysms, and other 
vascular diseases. The mechanism by which these diseases are 
developed is not well understood. These structural differences 
alter the mechanical properties of cerebral arteries. Better 
understanding of these structural disparities can give insight to 
the development of cerebrovascular diseases.

Studies have shown that SMCs contribute to the viscous 
response of the vessel wall and help the vessel dissipate energy.8 
Cerebral arteries have a greater smooth muscle concentration and 
are more muscular in type compared to extracranial arteries. It 
would be premature, however, to assume that the reason cerebral 
arteries are more prone to aneurysms is due to the higher SMC 
concentration. Cerebral arteries have not been tested adequately to   
construct an accurate model of how all the different components 
of the vessel wall interact with each other. Mechanical testing 
of cerebral arteries plays a crucial role in understanding the 
mechanisms that lead to formation of the aneurysms and other 
arterial disease. Comparison of the mechanical properties derived 
from these studies with that of extracranial arteries, give insight 
to the differences in characteristics of the cerebral arteries, which 
help investigators understand the mechanisms involved.
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Therapeutic interventions can be improved with a better 
understanding of mechanical behavior of arteries. Cardiovascular 
changes associated with aging and hypertension can be treated 
with new therapies devoid of antihypertensive effect influencing 
elastin and collagen function or structure that can reduce 
stiffness. Collagen cross-link breakers have recently been studied 
and have shown beneficial cardiovascular and renal effects in 
aging animals and human being.95 

Conclusions:

In summation, the mechanical behavior of blood vessels can be 
attributed to, type I and type III collagen, elastin, proteoglycan, 
and SMC concentration and orientation. However, a relationship 
between collagen and elastin concentration and the high strain 
elastic modulus in vascular tissue has yielded mixed results with 
some studies showing an increase in high strain modulus with 
increasing collagen concentration and other reports showing the 
contrary. On the other hand, some correlation has been observed 
with low strain elastic modulus and elastin concentration.81,96 
Additionally, viscous properties have been attributed to both 
extracellular matrix and SMCs.97,98 There also does not appear 
to be an agreement on the structure and connectivity of the 
molecular networks in the current models. While one study 
chose to use elastin smooth muscle series elements in parallel 
with collagen, most other studies see these three elements in 
parallel with each other.88 It is apparent from the literature that 
the macromolecular and cellular mechanics of blood vessels are 
not fully understood. Therefore, further studies are necessary 
to reveal the contribution of these mechanisms to the overall 
mechanics of the vascular tissue. 
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