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Abstract

The vertebral arteries (VAs) are anatomically divided into four segments (V1–V4), which 

cumulatively transport blood flow through neck and ultimately form the posterior circulation of 

the brain. The vital physiological function of these conduit vessels depends on their geometry, 

composition and mechanical properties, all of which may vary among the defined arterial 

segments. Despite their significant role in blood circulation and susceptibility to injury, few studies 

have focused on characterizing the mechanical properties of VAs, and none have investigated the 

potential for segmental variation that could arise due to distinct perivascular environments. In this 

study, we compare the passive mechanical response of the central, juxtaposed arterial segments of 

porcine VAs (V2 and V3) via inflation-extension mechanical testing. Obtained experimental data 

and histological measures of arterial wall composition were used to adjust parameters of structure-

motivated constitutive models that quantify the passive mechanical properties of each arterial 

segment and enable prediction of wall stress distributions under physiologic loads and boundary 

conditions. Our findings reveal significant segmental differences in the arterial wall geometry and 

structure. Nevertheless, similar wall stress distributions are predicted in these neighboring arterial 

segments if calculations account for their specific perivascular environments. These findings allow 

speculation that segmental differences in wall structure and geometry are a consequence of a 

previously introduced principle of optimal operation of arteries, which ensures effective bearing of 
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physiological load and a favorable mechanical environment for mechanosensitive vascular smooth 

muscle cells.

Graphical Abstract

The diverse perivascular environments along the vertebral arteries induce structural and 

geometrical variations that promote uniform wall stress distributions under physiological 

conditions and thus support the principle of optimal mechanical operation in conduit blood 

vessels.
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INTRODUCTION

The vertebral artery (VA) is a conduit vessel that directs blood flow cranially through the 

neck, and is anatomically divided into four arterial segments along its course (V1–V4). The 

first arterial segment (V1) extends from its origin at the subclavian artery to the C6 

transverse process. The second arterial segment (V2) comprises the intraosseous course from 

the C6 to C2 vertebrae through the transverse foramina. The third arterial segment (V3) takes 

an extraosseous course from the C2 transverse process until entry into the dura mater at the 

foramen magnum. And finally, the fourth arterial segment (V4) is the intradural portion from 

the foramen magnum until the two VAs merge to form the basilar artery. Essentially, V1 is at 

the transition from the thorax to the neck, V2 and V3 course through the neck (and are 

therefore the most vulnerable to trauma) and V4 is the final portion of the artery within the 

skull before it merges to form the basilar artery [1, 2].

In the event of a blunt cervical spine trauma, arterial injury occurs in 30% of patients, with 

the most injury sustained by the vertebral and carotid arteries. Injuries to the VA present as 

dissections, pseudoaneurysms, and arterial occlusions [3, 4]. Studies show that 18% of 

injuries involve the V1 arterial segment, 67% involve the V2 (intraosseous) arterial segment, 

31% involve V3 arterial segment, and 6% the V4 arterial segment [5]. All VA injuries can 

lead to a delayed onset of vascular occlusion, with potentially devastating consequences that 

include posterior cerebral bleeding or irreversible ischemic tissue damage [6]. For example, 

in the cases where delayed presentation of vertebrobasilar ischemia from posterior 

circulation occurs, reported mortality rates range from 75% to 86% [7].
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Treatment modalities for VA injuries include antiplatelet and anticoagulation therapies, open 

surgical repair, and endovascular approaches [5]. In the cases of enlarging pseudoaneurysms 

or symptomatic dissections, endovascular stent therapy is the most common intervention 

with consistent and acceptable clinical outcomes [8]. Additional endovascular interventions 

including microcatheters, balloons, glues, and coils have shown utility and promise in a 

subset of injuries and disease states [9–11]. Given the rates and varied clinical outcomes of 

these injuries and the established interplay between most interventional modalities and the 

mechanical behavior of the compromised vessels, there is a clear need to characterize the 

mechanical properties of VAs [8, 10, 12].

Comprehensive mechanical characterization of the VAs likely requires arterial segment-

specific characterization of vessel wall geometry, composition, and mechanical properties. 

The V2 and V3 arterial segments are of particularly high clinical relevance, as they are 

implicated in an overwhelming majority of VA injuries (over 90%) following blunt cervical 

trauma [5]. Moreover, the transition from the V2 to V3 arterial segment is anatomically 

coupled with a distinct change in the perivascular environment. That is, the V2 arterial 

segment is embedded within the bone (intraosseous) and thus possibly subjected to restricted 

deformation while the V3 arterial segment exists outside the bone (extraosseous). We posit 

that understanding and differentiating the arterial segmental mechanical behavior of the VA 

can provide guidelines to evaluate predisposing factors for delayed and sudden occurrence of 

complications in high grade injuries and design site-specific protocols for endovascular 

interventions.

Among the numerous biomechanical investigations devoted to conduit blood vessels, only a 

few deal with VAs [12–16]. While these studies provide useful information that describes 

the vessel mechanical response, they do not enable development of a constitutive 

formulation of the mechanical properties of the vessel wall. This is an important distinction, 

as a constitutive material model is required to calculate the local stress environment of 

mechanosensitive vascular cells and fully understand the mechanical implications of both 

vascular injury and clinical intervention. Moreover, segmental differences in the mechanical 

properties of the VA could be used to discriminate among distinct modes of injury and 

disease etiologies. The objectives of this study are two-fold. First, an integrated 

experimental-theoretical approach was applied to quantify the passive mechanical response 

of the porcine V2 and V3 arterial segments. Obtained data were then processed to yield a 

structure-motivated constitutive model of the arterial tissue and enable segmental 

comparisons in wall geometry, composition, and mechanical properties. Second, a 

comparative analysis of the stress distribution across the arterial wall was performed 

between these arterial segments, and the results obtained were interpreted in the framework 

of a previously elaborated principle of optimal mechanical operation [17].

MATERIALS AND METHODS

Vessel isolation

Whole porcine spines were purchased from a local slaughterhouse immediately after 

sacrifice of adult animals (8–12 month old, 75–125 lbs, male American Yorkshire Pigs), 

cooled on ice, and transported immediately to the laboratory. The transverse canal was 
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approached both ventrolaterally and from the vertebral canal using an autopsy saw (Stryker 

Model 810) to cut within 3–5 mm of the canal. The transverse canal was fully accessed 

using chisels, bone cutters, and rongeurs. The vessels were then removed using scissors and 

scalpels to dissect minor arteries and connective tissue. Care was taken to neither nick the 

VA nor stretch it beyond its anatomical length. The experimental sample set includes 5 

caudal VAs embedded in the bone from C2 – C6 (V2 arterial segment) and 5 cranial VAs (V3 

arterial segment) (Fig. 1). Excised vessels were rinsed and submerged in phosphate buffer 

solution and cooled in ice until the initiation of mechanical testing. No more than three 

hours passed from the time of animal sacrifice to the initiation of mechanical testing.

Zero-stress configuration

The zero-stress configuration of each vessel was obtained by introducing a radial cut into a 

ring-shape sample (1 mm thick), and was considered to be a circular sector. The zero-stress 

configuration was quantified by measuring the inner and outer arc lengths (Li and Lo) and 

the thickness (H) of the idealized sector via analytical microscopy (Image-Pro 6.0).

The opening angle (Φ) and cross-sectional area (A) of the sector were then calculated as 

[18]:

(1)

Mechanical testing

The sample was cannulated via sterile suture and mounted within a chambered mechanical 

testing system (Bose BioDynamic 5270, Eden Prairie, MN) configured for an inflation-

extension test. The sample was submerged in and perfused with continuously aerated (95% 

O2 + 5% CO2) Krebs-Henseleit solution at 37°C and pH of 7.4. The passive mechanical 

response was assessed under a fully relaxed smooth muscle cell state, which was induced by 

flushing the circulating medium with a 10−5 M sodium nitroprusside solution and allowing 

15 minutes for acclimation [19]. To initiate mechanical testing, each sample was 

mechanically preconditioned via repeated inflation (internal pressure of 20–200 mmHg) at 

an intermediate degree of axial stretch (axial stretch ratio of 1.3). The in-vivo axial stretch 

ratio of each vessel was estimated using a series of inflation-extension tests in which the 

sample was inflated (internal pressure of 20–200 mmHg) at constant axial stretch ratios 

between 1.1 and 1.5. The in-vivo axial stretch ratio was taken to be the axial stretch ratio 

under which the axial force remained approximately constant during the inflation-deflation 

process [20, 21]. Samples were then maintained at the identified in-vivo axial stretch ratio 

and once again mechanically preconditioned with five pressurization cycles (20–200 mmHg) 

to obtain an elastic pressure-diameter response. Immediately following preconditioning, 

samples were subjected to quasi-static inflation (20–200 mmHg) at the in-vivo axial stretch 

ratio. The preconditioning/testing procedure was then repeated at two additional axial stretch 

ratios, which correspond to 110% and 120% of the in-vivo value. The test procedure was 

repeated three times for each sample, and the average axial force (F), luminal pressure (P), 

and deformed outer diameter (do) were recorded for each experimental state via automated 
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system software (Wintest) and an external camera integrated via LabView (National 

Instruments).

Histological quantification

The area fractions of total collagen, elastin, and smooth muscle were determined following a 

previously described semi-quantitative image thresholding protocol [22]. Briefly, ring 

samples from the middle section of each vessel were fixed in 4% paraformaldehyde, 

embedded in paraffin wax, and cut via microtome to yield transverse sections (5 µm thick) 

for histological analysis. Slides were stained using a combination of Verhoeff’s elastic and 

Masson’s trichrome stain [23]. Images were obtained using a Nikon E600 microscope with 

CCD camera. The numbers of red, blue, and black pixels in each image were quantified 

using ImageJ software (NIH) to estimate the mass fractions of smooth muscle, collagen, and 

elastin, respectively. All slides were stained in the same batch; unstained pixels were not 

included in the analysis; and, threshold values were fixed to maintain consistency. Black 

pixels were quantified using a bandpass filter from brightness 0–101. Blue pixels were 

quantified using a bandpass filter from brightness 101–255 and hue 18–198. Red pixels were 

quantified using a bandpass filter from brightness 101–255 and band-stop filter from 18–

198. The area fractions of other wall constituents (e.g., ground substance) were neglected.

Geometry of intraosseous canal

In order to characterize the osteological constraints on the VAs, short and long axis 

measurements of the nominally elliptical transverse foramina of three pig necks from the 

same supplier were taken using Neiko Electronic Digital Calipers. Measurements from the 

C2 – C6 vertebrae were taken on both the left and right transverse foramina. Although there 

were notable anomalies within even this small sample (i.e., incomplete foramina that would 

more appropriately be classified as “notches”, and incidences of evidently bifurcated VAs 

resulting in split transverse foramina), only VA samples that conform to typical morphology 

were selected for mechanical testing, and thus these anomalous osteological morphologies 

were likewise excluded.

Constitutive framework

Following well-elaborated methodology, the strain and stress analysis of an arterial wall is 

based on a semi-inverse method of determining the loads required to realize a prescribed 

finite deformation. Under the considered loading conditions, the VA is assumed to undergo 

an axisymmetric, finite elastic deformation, which is characterized by the right Cauchy-

Green strain tensor,

(2)

where λ is the stretch and subscript r, θ, or z indicates the radial, circumferential, or axial 

direction; R and r are the radial coordinates of an arbitrary point within the arterial wall 

before and after deformation; L and l are the length of the arterial segment before and after 

deformation. Due to material incompressibility, detC = 1, which yields
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(3)

where ro is the deformed outer radius of the vessel. The values of ro and λz completely 

describe the deformation of the vessel regardless of the tissue mechanical properties. For the 

case of axisymmetric deformation, the constitutive stress–strain relations of arterial tissue 

are derived from a strain energy density function (SEF), which is a function of the principle 

stretches. Taking into account material incompressibility, the explicit dependence of the SEF 

on the radial stretch λr can be eliminated, and the constitutive equations that relate the 

stretches to the components of the Cauchy stress in the circumferential, σθ, and the axial, σz, 

directions are

(4)

where  is the SEF and σr is the radial stress [24]. After integrating the 

differential equations of equilibrium and accounting for the fact that the artery is subjected 

to an internal pressure, i.e. σr (r = ri) = −P, then

(5)

Using the condition that the outer surface is traction-free, i.e. σr (r = ro) = 0, and integrating 

the axial stress over the arterial cross-section, it follows that the value of applied internal 

pressure P and axial force F required to realize the prescribed deformation are

(6)

The obtained solution can be used in two aspects. First, via appropriate processing of the 

data obtained from a set of biaxial experiments on tubular arterial specimens, the solution 

for the finite inflation and extension of a thick-walled tube given above can be used to 

identify the mechanical properties of the arterial tissue. After motivated selection of the 

analytical form of the SEF, material constants can be determined from the condition

(7)

where the superscript E and T refer to the experimentally recorded and theoretically 

calculated values of the pressure and axial force corresponding to a set of N experimental 
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states; subscript n indicates a particular experimental state; w1 and w2 are weighting 

coefficients, such that w1 + w2 = 1.

A second use of the obtained solution is that given the vessel geometry in the stress-free 

state, the SEF, and the value of the applied pressure and axial stretch in a deformed state, 

then the stretch and stress distribution across the wall can be calculated via Eqs. (2)–(6). 

Moreover, this solution enables calculation of linearized measures of the vessel mechanical 

response around a specified deformed state, such as pressure-radius modulus (called also 

Peterson's modulus) Ep given by the expression

(8)

where Δr0 is the small increase in deformed outer radius due to a small increase in pressure 

ΔP [20]. Or similarly, the compliance (C), calculated as:

(9)

where  is the mid-wall radius and Δrm the difference in mid-wall radii at two 

pressures. ΔP is the difference in those two pressures and r̄m is the mid-wall radius at the 

mean value of those pressures

Consider the particular case when the radial deformation (inflation) of the vessel is restricted 

above certain value of the internal pressure P*. Thus

(10)

where  is limiting value of the deformed outer radius. This kinematic constraint canbe 

realized when the vessel is inserted into a rigid tube with an internal radius equal to .

In this case for pressures above P* the components of the circumferential and axial Cauchy 

stresses are calculated again from Eq. (4), but the radial stress is

(11)

The outer surface is no longer traction free. Inserting r = ro into Eq.(11) yields the radial 

stress at the outer surface . A comparison between the corresponding 

expression for  and the expression for P* in Eq. (10) yields .
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Statistical analysis

Mean values of stress-free dimensions, wall structure, loaded dimensions, and descriptors of 

structural/wall mechanics for VA segments (V2 and V3) were compared using unpaired, two-

tailed t-tests. Differences in mean values were considered significant when p < 0.05.

RESULTS

Zero-stress configurations of the V2 and V3 arterial segments

The zero-stress wall thickness of the V2 and V3 arterial segments significantly differ, with an 

average wall thickness that is approximately 55% greater in the latter arterial segment. Other 

geometrical descriptors of the zero-stress configuration (opening angle, inner arc length, and 

outer arc length) were not statistically different between the arterial segments, although in 

general values were greater in the V3 arterial segment (Table 1).

Arterial wall composition and microstructural organization

Circumferentially-oriented elastic lamellae were observed within the media of both the V2 

and V3 arterial segments, a feature consistent with the microstructure of other conduit 

vessels [26–28]. The area fractions of elastin, collagen, and vascular smooth muscle were 

determined through histological image thresholding and were found to be nearly identical in 

the V2 and V3 arterial segments (Table 1). Representative cross-sections can be found in 

Figs. 2a and 2b. Quantitative microscopy was used to determine the mean thickness of the 

media and adventitia of each arterial segment, with a significantly thicker adventitial layer 

observed in the V3 arterial segment (Table 1).

Intraosseous canal dimensions

The intraosseous canal formed by the C2–C6 vertebrae exhibited an ellipsoid cross-sectional 

geometry, and thus is well-characterized by long- and short-axis measurements. The average 

dimensions in these vertebrae were: were 5.62 ± 1.21 mm (long-axis) and 3.41 ± 0.65 mm. 

Moreover, densely packed fibrous tissue was also present in the intraosseous canal, although 

the amount and geometry of this tissue notably varied along the length of the canal.

Experimentally recorded mechanical response

The passive mechanical responses of the porcine VAs were assessed via quasi-static 

inflation-extension tests, generating bi-axial data in terms of the pressure – deformed outer 

diameter and axial force – pressure relationships at multiple axial stretches. A typical 

nonlinear pressure-deformed diameter was observed in both arterial segments at all levels of 

fixed axial stretch, characterized by a steepening of the curves at higher pressures (Fig. 3a). 

The axial force – pressure relationships show that axial force increases with axial stretch 

over the examined pressure range, with the V3 arterial segment exhibiting uniformly higher 

axial forces at all loading states (Fig. 3b). Peterson’s modulus (Ep) and compliance (C) were 

calculated for each vessel at physiologic loading conditions (P = 100 mmHg, λz = λin, vivo), 

with no statistical differences observed between the V2 and V3 arterial segments (Table 1). 

Moreover, the similarity in arterial segmental compliance was persistent over the examined 

range of pressures (Fig. 4).
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Constitutive model parameter adjustment

We used a four fiber, structure-motivated constitutive model of the arterial wall proposed in 

[25], with the form

(12)

where φe and φc are the area fractions of elastin and collagen determined via a semi-

quantitative microscopy, respectively, and total collagen content is assumed to be equally 

distributed among the four collagen fiber families (represented by the second term on the 

right-hand side of Eq. 12). Therefore in this structure-motivated model, the first and second 

terms on the right-hand side of Eq. 12 reflect the contribution of elastin and collagen to load-

bearing, respectively.  is the first invariant of the right Cauchy-Green 

strain tensor. b, bk1, and bk2 are material constants, with subscript k denoting a family of 

collagen fibers oriented at a mean angle of αk with respect to the longitudinal vessel axis. 

The four collagen fiber families considered are orientated axially (α=0°), circumferentially 

(α=90°), or helically (two symmetric families, with α = +/− the helical angle determined via 

parameter adjustment) within the arterial wall with respect to the longitudinal direction. 

Therefore,  is the stretch of each family of collagen fibers due to 

deformation.

Given the recorded mechanical data and zero-stress configuration for each sample, the 

material parameters for the proposed constitutive model were adjusted through minimizing 

the objective function which reflects the agreement between experimental measurements and 

theoretical predictions (Eq. 7). For each sample, the ranges over which parameter values 

were sought were identical, with limiting values based on the physical meaning of each 

parameter as well as on previous studies [28, 29]. Multiple iterations of functional 

minimization were performed to ensure that the obtained parameter values were insensitive 

to the initial guesses within the prescribed ranges. No statistically significant differences 

were found between the adjusted material parameters of the V2 and V3 arterial segments, 

and a high degree of variance was found among parameter values within each group (Table 

2). Such a high degree of variation in parameter values among samples of a given vessel type 

is typical for nonlinear models of arterial tissue [28, 29]

Model predictions

Model predictions for the pressure – deformed outer diameter and axial force – pressure 

relationships of both the V2 and V3 arterial segments agree well with experimental data (Fig. 

5). Consistently acceptable agreement between theoretical predictions and experimental data 

across all samples (R >0.91) indicates the proposed structure-motivated constitutive 

formulation is an adequate model for VA mechanics.

The constitutive model was used to calculate the stress distributions across the arterial wall 

at in-vivo axial stretch and various pressures and/or degrees of radial restriction. We first 
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calculated the distributions of the radial, circumferential, and axial stresses when no radial 

restriction is imposed on the arterial segments and pressure varies over the physiologic range 

(Fig. 6). Because this might be not the case for the V2 arterial segment in-vivo, we then 

calculated the stress distributions when its radial deformation is restricted (Fig. 7). The 

upper panels (Figs. 7a–7c) show the stress distributions at fixed internal pressure (13.33 kPa) 

and variable degrees of radial restriction. In this representative example, if the radial 

deformation is unrestricted the deformed outer radius is 1.40 mm and the stress distributions 

are given by the dashed line in these figures. When kept at the in-vivo axial stretch and 

subject to no internal pressure, the deformed outer radius of this sample is 1.18 mm. 

Variable geometrical constraints were imposed such that the deformed outer radius cannot 

exceed values of 1.39 mm, 1.37 mm and 1.35 mm, corresponding to a 4.6%, 13.6% and 

22.7% decrease in maximal radial displacement, respectively, when compared to the 

unrestricted case. The lower panels (Figs. 7d–7f) show the stress distributions at fixed radial 

restriction (maximal deformed outer radius of 1.37 mm) and under variable pressures. 

Finally, Fig. 8 shows the stress distributions in the case of geometrical restriction (maximal 

deformed outer radius of 1.381 mm) such that the mid-wall circumferential stresses in V2 

and V3 arterial segments are equal.

DISCUSSION

The aim of this study was to quantify the passive mechanical response of the central 

segments (V2 and V3) of the porcine vertebral artery (VA) and develop structure-motivated 

constitutive models to facilitate arterial segment comparisons in terms of wall mechanical 

properties and stresses. The passive mechanical response of the each sample was recorded as 

internal pressure-deformed outer diameter and axial force-internal pressure relationships at 

various degrees of axial stretch that span the in-vivo value. Structure-motivated constitutive 

models that incorporate compositional information on the arterial wall were adjusted via 

numerical algorithms that seek the best fit between experimental data and theoretical 

predictions. The models were used to calculate the circumferential wall stress distribution in 

each arterial segment under prescribed loading and boundary conditions, as well as calculate 

values of Peterson’s modulus and compliance at physiological loads. While quantitative 

results obtained in porcine VAs may not reflect human VAs, we expect that the observed 

effect of the perivascular environment on VA structure and mechanics will be retained 

among species.

The mechanical response of the VAs is qualitatively similar to that of other conduit vessels, 

as both arterial segments exhibit a steepening of the pressure-deformed diameter curves at 

higher pressures and an independence of axial force on pressure when fixed at the in-vivo 

axial stretch (Fig. 5). Also similar to most conduit vessels, the V3 arterial segment manifests 

nearly uniform distributions of circumferential and axial stress across the wall thickness, 

(Fig. 6d and 6e), a feature that is due to the residual strains present in the traction free 

configuration [25, 26]. The magnitude of the opening angle in this vessel, which is an 

indicator for the existence of residual strains, is similar to values reported for porcine carotid 

and primary renal arteries [27, 28].
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If the V2 arterial segment is considered unrestricted, the circumferential stresses are higher 

than those in the V3 arterial segment (Fig. 6a vs. Fig. 6b). Moreover, with no restriction and 

under physiological loading, the V2 arterial segment stress distribution is not homogenous 

despite the existence of residual strains. While these model predictions refer to the 

experimental mode of unrestricted inflation, they are not representative of the deformation 

experienced by this artery in the living organism. The V2 artery is surrounded by bone and 

enclosed perivascular tissue that likely impose restrictions on the inflation of the vessel 

when the pressure exceeds a certain value. Unfortunately, it was not possible to measure 

both the dimensions of V2 artery in the state of zero-stress and the dimensions of the 

intraosseous canal with intact, densely packed fibrous tissue in which the artery is 

embedded. The effect of plausible restriction on the radial displacement was simulated by 

prescribing the maximal value of deformed outer radius. As expected, under physiological 

pressure when the radial displacement of the outer arterial surface is reduced compared to 

displacement in the unconfined case, the circumferential and axial stress magnitudes and 

their gradients across the thickness significantly diminish (Figs. 7a and 7b). The spatial 

variation of the compressive radial stress is also altered, and at the outer surface represents 

the reactive traction of a rigid boundary. An interesting result is the effect of restricted radial 

deformation on the circumferential and axial stresses over a range of physiological pressures 

(Fig. 7d, e). These stresses decrease as the pressure increases, while the gradients virtually 

do not change. This result is due to the fact that as the pressure is increased the stresses 

produced by deformation remain constant and, in accordance with Eq. (11), the contribution 

of radial stress due to material incompressibility is a slightly increasing compressive stress.

It was tempting to identify the geometrical restriction on the V2 arterial segment for which 

the circumferential stress is close to stress of the V3 arterial segment when subject to 

physiological loading (Fig. 8). This allows us to speculate that the geometry and the tissue 

properties of the two neighboring arterial segments change in the manner to keep the stress 

fields very close despite the difference in their perivascular environment. This conclusion is 

in line with the central premise of our previous findings that the zero-stress state geometry 

and mass fractions of the basic structural constituents of aortic tissue meet a principle of 

optimal mechanical operation that ensures effective bearing of the physiological load and a 

favorable mechanical environment for mechanosensitive vascular smooth muscle cells [17]. 

A supportive finding to this speculation is the pronounced differences in wall structure and 

thickness between the arterial segments, where the comparatively low V2 arterial segment 

wall thickness is due primarily to nearly absent adventitial layer (Table 1). The major role of 

adventitia is to prevent overstretching of the vessel under high pressures. We posit that in the 

V2 arterial segment, the surrounding bone and enclosed perivascular tissue prevent the 

possibility of vessel over-inflation, thus satisfying a primary physiological role of the 

adventitial layer and rendering it functionally redundant.

The Peterson's moduli of V2 and V3 arterial segments have similar values under pressure of 

100 mmHg and in-vivo axial stretch when radial deformation is considered to be unrestricted 

(Table 1). However, we speculate a possible effect of radial restriction (of the V2 arterial 

segment) in the living organism would be that small variations in pressure around 100 

mmHg would virtually not affect the deformed radius and thus Peterson's modulus tends to 

infinity. This means that the V2 arterial segment behaves as a rigid tube clamped to the 
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adjacent, deformable V1 and V3 arterial segments. Arterial hemodynamics would not be 

disturbed, however, because the length of the propagating pulse wave is much longer than 

the length of the V2 arterial segment.

There are several study limitations that should be considered in the interpretation of the 

obtained results. Firstly, the proposed one-layered model was used under the assumption of 

tissue homogeneity in the radial direction. However, there are obvious structural and 

compositional differences between the media and adventitia, and these layers likely possess 

different residual strains. In this case, the development of two-layer constitutive models 

would provide a more accurate characterization of VA wall mechanics. Secondly, a four 

fiber family approximation was used to capture the variation of collagen fiber orientation in 

the arterial wall, whereas it has been shown that fibers are dispersed over a wide range of 

orientations and thus better modeled with a continuous distribution function [30]. More 

thorough histological studies, such as multiphoton microscopy, can be used to characterize 

the distribution of fiber orientations along the VA and identify increasingly accurate 

segment-specific material models. Thirdly, the considerable content of smooth muscle in the 

VA (Table 2) indicates that an active mechanical component may significantly modulate the 

overall in-vivo mechanical behavior of this vessel. Therefore, comprehensive mechanical 

characterization of the VA requires additional studies that quantify the active mechanical 

response to various mechanical and chemical stimuli. Fourthly, sample-specific 

quantification of intraosseous canal dimensions was not performed; instead, representative 

canal dimensions were acquired and used to motivate parametric studies that examined the 

effect of different degrees of geometrical (radial) constraint on VA mechanics. Sample-

specific registration with intraosseous canal dimensions may enable greater correlation 

between geometrical constraints and structural/mechanical properties of the VAs. And 

finally, while we focused on the V2 and V3 arterial segments for the purpose of studying the 

effects of distinct perivascular environments on vascular tissue structure and mechanics, 

future studies that consider the presently excluded segments (V1 and V4) are required for 

comprehensive characterization of the VAs.

CONCLUSION

To our knowledge, this study is the first to characterize the passive mechanical properties of 

the second and third arterial segments of the porcine VAs. Segment-specific passive 

mechanical properties were quantified through bi-axial mechanical testing coupled with 

structure-motivated constitutive modeling, enabling assessment of the local mechanical 

environment within the arterial wall. We observed significant differences in wall structure 

and geometry between the intraosseous V2 arterial segment and the extraosseous V3 arterial 

segment, and speculate that these differences are driven by diverse perivascular 

environments. Indeed, accounting for segment-specific perivascular environments leads to a 

similarity in wall stress distribution along the VA, and thus allows speculation that structural 

and geometrical differences are in agreement with a previously introduced principle of 

optimal operation of arteries. Quantifying the passive mechanical response of VAs is a 

necessary step to understand normal and aberrant mechanical performance, and may provide 

guidelines for improving the surgical inventions in this vital region of the circulatory system.
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Statement of Significance

Among the numerous biomechanical investigations devoted to conduit blood vessels, 

only a few deal with vertebral arteries. While these studies provide useful information 

that describes the vessel mechanical response, they do not enable identification of a 

constitutive formulation of the mechanical properties of the vessel wall. This is an 

important distinction, as a constitutive material model is required to calculate the local 

stress environment of mechanosensitive vascular cells and fully understand the 

mechanical implications of both vascular injury and clinical intervention. Moreover, 

segmental differences in the mechanical properties of the vertebral arteries could be used 

to discriminate among distinct modes of injury and disease etiologies.
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Figure 1. 
Schematic of the caudal (V2 arterial segment) and cranial (V3 arterial segment) portions of 

the porcine vertebral artery.
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Figure 2. 
Representative histological images of Verhoeff-Masson’s stained cross-sections for (a) V2 

and (b) V3 arterial segments of the porcine vertebral artery.

Zhou et al. Page 17

Acta Biomater. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Representative (a) pressure – outer diameter and (b) axial force – pressure relationships of 

the V2 (empty circles) and V3 (solid circles) segments of the porcine vertebral artery at 

multiple axial stretches. Dotted arrow indicates direction of increasing axial stretches, which 

are 100%, 110% and 120% of the in-vivo value. Error bars represent the standard deviation 

of three repeat measurements.
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Figure 4. 
Compliance – pressure relationships at the in-vivo axial stretch of V2 (empty circles) and V3 

(solid circles) segments of the porcine vertebral artery. Error bars represent the standard 

deviation of three repeat measurements.
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Figure 5. 
Representative pressure – deformed outer diameter and pressure-axial force relationships for 

(a,b) V2 and (c,d) V3 arterial segments at multiple axial stretches, with comparison of model 

predictions (solid line) to experimentally recorded measurements (open circles). Error bars 

represent the standard deviation of three repeat measurements.
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Figure 6. 
Representative predictions of the circumferential, axial, and radial stress distributions across 

the arterial wall at the in-vivo axial stretch under various pressures for the V2 (a–c) and V3 

(d–f) arterial segments. In all cases (a–f), radial deformation is unrestricted.
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Figure 7. 
Representative predictions of the (a) circumferential, (b) axial, and (c) radial stress 

distributions across the arterial wall of the V2 arterial segment at the in-vivo axial stretch and 

pressure of 13.33 kPa. The dashed line represents unrestricted radial deformation, where the 

deformed outer radius ro is 1.40 mm. Conversely, cases 1–3 indicate different degrees of 

restriction on the radial deformation characterized by a maximal deformed outer radius (ro
*) 

and the lumen pressure at which this limiting radius is realized (P*). Specifically, for case 1, 

ro
*= 1.39 mm and P* = 11.83 kPa; for case 2, ro

*= 1.37 mm and P* = 9.28 kPa; and for case 

3, ro
*= 1.35 mm and P* = 7.42 kPa. (d–f) Stress distributions across the wall of the V2 

arterial segment at fixed radial restriction (maximal deformed outer radius of 1.37 mm) 

under various pressures.
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Figure 8. 
Representative predictions of the (a) circumferential, (b) axial, and (c) radial stress 

distributions across the arterial wall of the V2 and V3 arterial segments at the in-vivo axial 

stretch and pressure of 13.33 kPa. In the case of the V2 arterial segment, a restriction on the 

deformed outer radius was imposed and tuned such that the mid-wall circumferential 

stresses of the V2 and V3 arterial segments are equal. In this case, the maximal deformed 

outer radius, ro
*, of the V2 arterial segment is 1.381 mm (the unrestricted deformed outer 

radius under the applied loads is ro is 1.40 mm).
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Table 1

Geometrical parameters of the stress-free and loaded configurations of the V2 and V3 arterial segments, as 

well as structural mechanical properties.

V2 (n=5) V3 (n=5)

Stress-free dimensions

Inner arc-length(Li) [mm] 5.23 (0.54) 5.24 (0.97)

Outer arc-length(Lo) [mm] 7.26 (0.58) 8.09 (0.85)

Opening angle(OA) [◦] 53.77 (16.07) 66.67 (17.09)

Thickness(H) [mm] 0.47 (0.09) 0.74 (0.11)*

Wall structure

Medial thickness(HM) [mm] 0.41 (0.08) 0.51 (0.15)

Adventitial thickness(HA) [mm] 0.05 (0.01) 0.23 (0.05)*

HM/HA 8.14 (2.46) 2.56 (1.39)*

Loaded dimensions (P=100 mmHg, λz=λin-vivo)

In vivo axial stretch(λin-vivo) 1.23 (0.12) 1.32 (0.24)

Inner diameter (di) [mm] 2.00 (0.29) 1.94 (0.52)

Outer diameter(do) [mm] 2.65 (0.37) 2.97 (0.61)

Wall thickness(h) [mm] 0.33 (0.05) 0.52 (0.09)*

Structural mechanics (P=100 mmHg, λz=λin-vivo)

Peterson’s modulus [kPa] 253.61 (118.91) 214.47 (112.27)

Compliance [Mpa−1] 6.96 (2.85) 7.89 (4.23)
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