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The primary renal arteries transport up to one fourth of cardiac output to the kidneys for blood

plasma ultrafiltration, with a functional dependence on the vessel geometry, composition and

mechanical properties. Despite the critical physiological function of the renal artery, the few

biomechanical studies that have focused on this vessel are either uniaxial or only partially

describe its bi-axial mechanical behavior. In this study, we quantify the passive mechanical

response of the primary porcine renal artery through bi-axial mechanical testing that probes the

pressure-deformed diameter and pressure-axial force relationships at various longitudinal

extensions, including the in-vivo axial stretch ratio. Mechanical data are used to parameterize

and validate a structure-motivated constitutive model of the arterial wall. Together, exper-

imental data and theoretical predictions of the stress distributionwithin the arterial wall provide

a comprehensive description of the passive mechanical response of the porcine renal artery.

Keywords: Arterial mechanics; constitutive model; elasticity; thick-walled; stress.

1. Introduction

Renal vascular disease (RVD) occurs in approximately 7% of the elderly population,

potentially causing stenosis, renovascular hypertension, chronic renal insufficiency,

or end-stage renal disease.1–3 In addition to compromising kidney function, RVD

can incite systemic disorders, including impairments of acid-base blood balance,
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electrolyte concentrations and extracellular fluid volume.3–7 Due to the critical

nature of kidney physiologic function and the impact on overall health, there is a

pressing need for comprehensive studies of the mechanical behavior of the renal

artery.

Arterial mechanical behavior depends on the geometry of the vessel, residual

strains that exist in the state of no load, composition of arterial wall and mechanical

properties of the major load bearing constituents. Because vascular cells are

mechanosensitive, vascular homeostasis requires that stresses in the arterial wall

are kept at preferable baseline values via an acute vasomotor response to transient

alterations or an adaptive remodeling response to sustained changes in pressure and

blood flow.8–13 The deformed arterial dimensions can be measured during in-vitro or

in-vivo experiments and the average circumferential stress in the arterial wall can be

calculated from the conditions of overall equilibrium. However, this information is

not sufficient for understanding normal and pathological arterial function. Evalu-

ation of the contributions of geometry and mechanical properties to the mechanical

behavior, quantification of the stress distribution in the arterial wall and prediction

of the outputs of arterial remodeling require building predictive mathematical

models of the arterial response. Proposing such models necessitates a constitutive

formulation of arterial tissue in terms of continuum mechanics.

It has gained acceptance that the constitutive formulation of the passive mech-

anical properties of arterial tissue, i.e., when the effects of activated smooth muscle

cells are neglected, can be performed in the framework of the theory of non-linear

elastic solids. The constitutive stress–strain relations are derived from a strain

energy density function (SEF), the analytical form and material constants of which

are determined from at least two-dimensional mechanical tests. Three approaches

for determination of arterial tissue SEFs have been proposed to date. Phenomen-

ological models propose a SEF functional form with material constants identified

based on a best fit between experimentally recorded data and corresponding

theoretical predictions.14–17 While phenomenological models can accurately match

experimental data, they do not account for the contribution of the tissue structural

and compositional features that give rise to the observed mechanical behavior.

Conversely, structure-motivated models adopt an analytical form of the SEF that is

selected in keeping with the facts that elastin is the major load bearing structural

component at low strains while the stiffer collagen fibers are gradually recruited as

strains increase.18–20 Finally, structural-based models result in identification of

SEFs that explicitly account for the individual mechanical properties and the

amount of the structural load-bearing constituents.21–24 Thus, parameter identifi-

cation for structure-based models entails not only finding a best-fit of theoretical

predictions to experimentally recorded mechanical data, but also the incorporation

of compositional parameters that account for the mass fractions of load bearing

constituents in the arterial wall.

Porcine arterial tissues are commonly used to evaluate the mechanical response

of various vessel types due to similarities with human tissue, typical availability,
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and the ability to generate relevant animal models for systematic study of induced

disease states, such as hypertension, atherosclerosis, and aneurysm formation.

Published investigations on various porcine arteries include the iliac,25 basilar,26

right and left coronary,27 left circumflex,28 and ascending, descending and

abdominal aorta.29 Among these and other studies, significant ranges of vessel

properties have been reported, such as a mean circumferential stress at physiological

load of 40.3 kPa in the coronary30 up to 229 kPa in the iliac artery,25 and in-situ axial

stretch 1.17 in the basilar artery26 up to 1.41 in the left circumflex artery.28

Surprisingly, among the numerous mechanical investigations devoted to large

blood vessels, only few deal with renal arteries.31,32 This study focuses on the

description of the renal artery passive mechanical response, including a constitutive

formulation of the tissue and evaluation of the stress distribution throughout the

wall. Because the active response manifests on the background of the passive

response, the first step toward a complete quantification of renal artery mechanics is

determination of the latter, when the effect of the smooth muscle contraction/

relaxation is not taken into account.33 In this study we apply an integrated

experimental-theoretical approach to quantify the passive mechanical response of

the primary porcine renal artery and propose a structure-motivated constitutive

formulation of the arterial tissue.

2. Materials and Methods

2.1. Vessel isolation

All tissue handling protocols were approved by the Institutional Animal Care and

Use Committee at the University of South Carolina. The experimental sample set

included six primary porcine renal arteries, which were harvested from the right

kidney of six male Landrace Pigs (age 8–12months, mass 60–70 kg). All kidneys

were acquired immediately after animal sacrifice and placed on ice for transport to

the laboratory. Upon kidney arrival, the primary renal artery was isolated from the

surrounding tissue, washed in phosphate buffered saline (PBS), dissected free of

perivascular tissue and mounted on stainless steel cannulae for mechanical testing.

Samples were not frozen during transportation and less than one hour passed from

the time of animal sacrifice to the initiation of mechanical testing. The in-situ axial

stretch ratio �in-situ of each sample was calculated based on the relative lengths of a

vessel segment prior to and following excision. Similar methodologies for tissue

extraction and handling have been previously incorporated into passive mechanical

studies of vascular tissue.34,35

2.2. Zero-stress configuration

Quantification of the strains due to deformation of an artery requires specification of

the geometry of the arterial cross-section in the state of no stress. It is well-estab-

lished that the zero-stress configuration of an artery is obtained after a radial cut on
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an unloaded ring segment.36 The segment takes a form close to a circular sector, and

thus is characterized by the opening angle (Fig. 1(a)). The zero-stress configurations

of opened-up ring segments were quantified by measures of the inner Li and outer Lo

arc lengths and cross-sectional area A via analytical microscopy. The image analysis

software Image-Pro 6.0 was used to quantify the geometry of the opened-up ring

configuration. Images were acquired with a Nikon Coolpix s3500 digital camera with

resolution of 20microns/pixel. Sample arc lengths and cross-sectional area were

measured by counting the number of pixels along and between the inner and outer

surfaces of the sector and comparing to a reference length.

After some simple algebraic manipulation, the wall thickness H and opening

angle � are calculated as follows37:

H ¼ 2A

Li þ Lo

; � ¼ �� Lo � Li

2H
: ð1Þ

2.3. Mechanical testing

Arterial segments were mounted onto stainless steel cannulas and secured within a

chambered vascular testing system (Bose BioDynamic 5270) via sterile suture

(Fig. 2). The testing system and automated system software (Wintest) were used to

impart luminal flow and axial stretch to arterial samples submerged in PBS.

Luminal pressure was controlled via restriction of flow distal to the arterial sample

and measured by a catheter-based pressure transducer located at the flow inlet of

the arterial sample, while axial stretch was controlled via programmed displace-

ment of one end of the vessel. At each prescribed experimental state (luminal

pressure and axial stretch), the axial force response was measured by a load cell

aligned with the sample longitudinal axis (50 measurements/sec), and the vessel

outer diameter was measured with an external camera integrated into the system

via LabVIEW (5 measurements/sec).

(a) (b)

Fig. 1. Schematics of the idealized geometries of the (a) zero-stress and (b) deformed arterial con-

figurations.
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Arterial segments were extended to the in-situ length and preconditioned with

four inflation/deflation cycles (pressure range 0–250 mmHg) to obtain an elastic

pressure-diameter response. Segments were then extended and pressurized at fixed

lengths that yield four axial stretch ratios ranging from 90% to 120% of the in-situ

value. To realize a quasi-static inflation at a given axial stretch that spans the

in-vivo pressures in a pig (systolic pressure 151� 10mmHg, diastolic pressure

108� 9mmHg, mean pressure 129� 11.5),38 the segments were pressurized up to

250mmHg with 25mmHg steps at a step rate of 2mmHg/second. Sample press-

urization was achieved within an open flow system, such that there is no direct

contribution of luminal pressure to the measured axial force. The average axial

force and outer vessel diameter were recorded over a 30 s interval for each exper-

imental state (pressure and axial stretch ratio). Each arterial sample was tested

three times following the above protocol, with the omission of preconditioning in

the second and third trials. Mechanical response variables were reported as an

average and standard deviation of values obtained in the three trials. The descri-

bed procedure for isolation and mechanical testing of a given vessel required a total

of 2 h, thus minimizing the effect of tissue degradation on the acquired data.

2.4. Histological analysis

Following mechanical testing, five ring samples (1mm thick) from each arterial test

segment were paraffin-embedded and processed with standard Verhoeff–Van Gieson

and picrosirius red staining protocols.39 Image analysis of histological slides

was used to estimate the dry mass fractions of elastin and collagen within each

segment. All histological image analyses were performed via histogram-based image

Load  
cell 

Pressure 
transducer 

Camera 

Reservoir 

Sample 

(a)

Sample 

Chamber 

Flow 
direction 

(b)

Fig. 2. (Color online) The experimental set-up used for mechanical testing. (a) The overall set-up

included a load cell to measure axial force, a pressure transducer to measure luminal pressure, and a

mounted camera to measure external diameter. (b) The vessel was maintained in a chamber throughout

testing, with a luminal flow established in the indicated direction.
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segmentation in Image Pro 6.0. To detect collagen content, picrosirius red staining

density was quantified in hue-saturation-intensity (HSI) mode, with settings of H:

0–255, S: 0–255 and I: 55–254. To detect collagen content, Verhoeff–Van Geison

staining density was quantified in red–green–blue (RGB) mode, with settings of:

0–255, G: 0–255 and B: 0–179. Total sample area was measured in HSI mode,

with settings of H: 0–255, S: 0–255 and I: 0–254. The spatial resolution of all images

was 0.752 pixels/micron in both the x-direction and y-direction. Average values

of collagen and elastin content were calculated for each vessel and expressed as

a percentage of total vessel dry mass.40

2.5. Data analysis

As a result of applied loads, the vessel deforms and the arterial cross-section takes a

form close to a circular ring (Fig. 1(b)). The data recorded during mechanical

testing are the deformed outer diameter do and the axial force F . Making use of the

assumption of vessel incompressibility,

ri ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2o �

A

��z

s
; ð2Þ

where ro and ri are the deformed inner and outer radii, respectively.

Conditions of the overall equilibrium of the deformed arterial segment allow

calculating the average circumferential and axial stresses as follows9:

h��i ¼
Pri

ro � ri
; h�zi ¼

F

�ðr2o � r2iÞ
: ð3Þ

Hereafter the subscripts � and z refer to the circumferential and axial directions,

respectively.

The average circumferential stretch ratio is:

h��i ¼
2� ri þ roð Þ
Li þ Lo

: ð4Þ

Finally, the experimentally recorded data allow calculating the pressure-diameter

modulus, also called the Peterson’s modulus, which characterizes the linearized

mechanical response of the artery around a certain deformed state. Peterson’s

modulus Ep is calculated as:

EP ¼ ro�P

�r0
; ð5Þ

where�r0 is the small increase in outer radius due to small increase in pressure�P .41

2.6. Constitutive framework

The renal artery is considered as a 3-D thick-walled cylindrical tube, which under

applied pressure and longitudinal extension experiences a finite elastic deformation
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and is in an axisymmetric deformed state. The passive mechanical properties of the

vascular tissue depend on the properties, amount and spatial arrangement of elastin

and collagen, which are the major load bearing structural constituents; the con-

tribution of the vascular smooth muscle cells to the passive response is neglected.

The solution of the boundary value problem of the vessel mechanical response can

be found in several theoretical studies in vascular solid mechanics.9,37

Arterial deformation is characterized by the right Cauchy–Green strain tensor

½C� ¼ diagf�2
r; �

2
�; �

2
zg ¼ diag

dr

dR

� �2

;
�r

R

� �2

; �2
z

� �
;

� ¼ �

�� �
; �z ¼

l

L
; ð6Þ

where r and R are the radial coordinates of an arbitrary point within the arterial

wall before and after deformation (Fig. 1); L and l are the length of the arterial

segment before and after deformation.

Because of material incompressibility

dr

dR

r

R
��z ¼ 1; ð7Þ

which after integration yields

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2o �

1

��z

ðR2
o �R2Þ

s
: ð8Þ

Equations (7) and (8) show that the components of the strain tensor are completely

described if the zero-stress configuration, axial stretch ratio �z and deformed outer

radius ro are known.

We adapt the analytical form of the strain energy density function W motivated

by the structure of arterial wall proposed in Ref. 42.

W ¼ c ðI1 � 3Þ þ
X

k¼1;2;3;4

b1k
4b2k

fexp½b2kð�2
k � 1Þ2� � 1g: ð9Þ

The first term accounts for contribution of the elastin. c is a material constant, and

I1 ¼ �2
� þ �2

z þ ð���zÞ�2 is the first invariant of the strain tensor. The second term

includes the contribution of four families of collagen fibers. Subscript k denotes a

family of collagen fibers oriented at amean angle of�k with respect to the longitudinal

vessel axis; b1k, and b2k are material constants and �k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2
�sin

2�k þ �2
zcos

2�k

q
is the

stretch ratio of each family of collagen fibers due to deformation.

Given the strain energy function W , the Cauchy stress tensor [T] is

½T � ¼ diagf�r; ��; �zg ¼ diag �p; ��

@W

@��

� p; �z

@W

@�z

� p

� �
; ð10Þ

where p is unknown function due to the material incompressibility. Making use of

equations of equilibrium and the boundary conditions that the arterial segment is
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inflated by an applied internal pressure which is equal to the radial stress at the

inner surface, while outer surface is traction free, and that the resultant of the axial

stress is equal to the measured axial force, the stress components are9

�r ¼
Z

r

ri

��

@W

@��

dr

r
� P ; �� ¼ �r þ ��

@W

@��

; �z ¼ �r þ �z

@W

@�z

: ð11Þ

Given the segment zero-stress state dimensions Li, Lo, � and strain energy

functionW , any deformed configuration characterized by the outer deformed radius

ro and axial stretch ratio �z is realized by applying pressure and axial force as follows
9:

P ¼
Z

ro

ri

��

@W

@��

dr

r
; F ¼ �

Z
ro

ri

2�z

@W

@�z

� ��

@W

@��

� �
rdrþ �r2iP : ð12Þ

Equations (6)–(12) can be used for determining the values of thematerial constants of

the strain energy function associated with arterial tissue subjected to an inflation-

extension test. Considering the material constants c; b1k; b2k as unknown par-

ameters, their values are determined by the minimization of the following objective

function

� ¼ w1

XN
n¼1

P T
n � PE

n

PE
n

� �2

þ w2

XN
n¼1

F T
n � FE

n

FE
n

� �2

; ð13Þ

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

calculated values of the pressure and axial force, and subscript n indicates a par-

ticular experimental state; w1 and w2 are weighting coefficients, such that

w1 þ w2 ¼ 1. To be thermodynamically admissible, the contour of the curves

Wð��; �zÞ ¼ const on the ð��; �zÞ plane must be convex for all values of material

constants. The magnitude of the objective function � serves as quantitative measure

for the \goodness" of the theoretically predicted loads.

After minimization of � and identification of the constants of W , Eqs. (6)–(12)

can be used to calculate the model predictions for the deformed configurations,

average circumferential and axial stress and stress distribution across the arterial

wall for any loading scenarios characterized by the values of applied pressure P and

axial stretch ratio �z.

3. Results

3.1. Zero-stress configuration

The zero-stress configuration of the porcine renal artery was determined via image

analysis of an opened-up ring segment (Table 1). The average values obtained

among six vessels for inner Li and outer Lo arc lengths and cross-sectional area

A were 13.4� 2.8mm, 17.3� 2.4mm and 17.8� 0.9mm2, respectively. The thick-

ness and opening angle of each idealized sector was calculated based on these

measurements, with average values of 1.16� 0.33mm and 84.0� 12.4�.
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3.2. Arterial wall composition

The dry mass fractions of elastin and collagen in the arterial wall were determined

via histological staining and image analyses (Fig. 3). Elastin had an average mass

fraction of 12.6%� 1.87% and was primarily concentrated in the internal elastic

lamina. Collagen had an average mass fraction of 36.4%� 6.78%, with a relatively

greater concentration in the adventitia as compared to the media.

3.3. Experimentally recorded mechanical response

Quasi-static inflation-extension tests generated bi-axial data describing the passive

mechanical response of the primary porcine renal artery. The pressure-deformed

diameter relationships exhibited non-linearity over the examined pressure range at

all levels of fixed axial stretch, characterized by a steepening of the curves at higher

pressures (Fig. 4). Peterson’s modulus Ep was calculated for each vessel at

physiologic loading conditions (P ¼ 13:33 kPa, �z ¼ �in-situ), with an average value

of 251.3� 133.5 kPa.

An increase in pressure generally caused an increase in the axial wall force at

axial stretch ratios at or above the in-situ value, while an inverse trend was

exhibited at low pressures (Fig. 5). Vessel bucking was induced at higher pressures

when the axial stretch ratio was below the in-situ value, which concurs with findings

of several theoretical and experimental studies.43–45 The occurrence of buckling

confounded experimental measurements and required the exclusion of correspond-

ing data from the mechanical testing data set. Increased axial stretch resulted in

higher axial force at all pressures.

3.4. Parameter identification

The parameter values for the proposed constitutive model were identified via a

Levenberg–Marquardt non-linear least squared method for minimization of the

objective function �. The weighting coefficients w1 and w2 were taken to be 0.5 in

order to yield theoretical predictions which agreed well with both recorded pressures

Table 1. The zero-stress configuration for each arterial test segment. Ri, H, �,
Li, Lo and A are the inner radius, wall thickness, opening angle, inner arc length,

outer arc length and cross-sectional area, respectively.

Vessel Ri [mm] H [mm] � [�] Li [mm] Lo [mm] A [mm2]

1 4.58 1.47 82.55 15.59 20.59 26.61

2 4.41 1.47 105.48 11.47 15.29 19.69

3 3.04 1.29 79.68 10.65 15.16 16.64

4 2.99 1.21 72.52 11.21 15.76 16.34

5 5.70 0.63 90.58 17.78 19.75 11.88

6 3.71 0.90 73.43 13.79 17.13 13.89

Avg. 4.07 1.16 84.04 13.41 17.28 17.84

Std. Dev. 1.04 0.33 12.40 2.83 2.36 0.87
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Fig. 4. Representative data for the pressure-deformed outer diameter relationship of the porcine renal

artery at three levels of axial stretch (1.1, 1.23 and 1.3). Data points represent mean values (n ¼ 3); error

bars denote standard deviation.

150 µm

(a)

150 µm

(b)

Fig. 3. (Color online) Representative histological images of the porcine renal artery wall viewed at 40�
magnification. (a) Elastin is black under Verhoeff–Van Gieson staining, while (b) collagen is pink/red

under picrosirius red staining.
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and axial forces. The obtained residual values correspond to acceptable fits between

experimental and theoretical data (Table 2).

3.5. Model validation

Model predictions for the pressure-diameter (Fig. 6(a)) and force-axial stretch

(Fig. 6(b)) relationships of the renal artery agreed well with experimental data over

the examined range of mechanical behavior. Moreover, predicted mean stress versus

stretch curves in the circumferential (Fig. 7(a)) and axial (Fig. 7(b)) directions also

agreed with the measured mechanical response. The thermodynamic admissibility

of the identified strain energy function was verified via plotting of selected values as

a function of deformation variables. The convexity of the resultant curves indicated

a reasonable solution (Fig. 8).

3.6. Wall stress distribution

The model was used to predict the circumferential stress distribution across the

arterial wall thickness (Fig. 9(a)). Under loads close to physiologic conditions

0
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0 10 20 30 40

F
o

rc
e 
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]

Pressure [kPa]

λ = 1.10

λ = 1.23

λ = 1.30

λ = 1.40

Fig. 5. Representative data for the axial wall force-pressure relationship of the porcine renal artery at

three levels of axial stretch (1.1, 1.23 and 1.3). Data points represent mean values (n ¼ 3); error bars

denote standard deviation.

Table 2. Best-fit parameters and corresponding residual values for the structure-motivated model of the

renal artery.

Vessel

c

[kPa]

b11
[kPa] b12

b21
[kPa] b22

b31 and

b41 [kPa]

b32 and

b42

�1

[deg]

�2

[deg]

�3

[deg]

�4

[deg] Residual

1 5.05 3.01 0.48 54.74 0.93 6.99 6.89 90 0 57.69 �57.69 0.70

2 19.38 6.66 6.15 0.50 4.60 6.11 6.90 90 0 46.36 �46.36 1.49

3 0.53 17.63 6.57 9.12 5.48 35.98 1.91 90 0 34.84 �34.84 0.60

4 0.52 15.95 7.89 9.69 3.56 33.55 3.02 90 0 42.23 �42.23 1.05

5 0.51 45.49 6.21 14.57 4.60 5.61 6.26 90 0 89.96 �89.96 1.30

6 2.68 5.01 6.22 15.98 2.55 7.67 4.31 90 0 38.06 �38.06 1.91

Avg. 4.78 15.62 5.59 17.43 3.62 15.99 4.88 90 0 51.52 �51.52 1.18

Std. Dev. 7.38 15.80 2.59 19.07 1.66 14.59 2.13 0 0 20.43 20.43 0.49
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Fig. 6. Representative comparison of experimental values (data points) and theoretical predictions

(curves) for the (a) pressure-deformed outer diameter and (b) wall force-axial stretch ratio relationships

of the porcine renal artery. Error bars denote standard deviation of experimental measurements (n ¼ 3).
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Fig. 7. Representative comparison of experimental values (data points) and theoretical predictions

(curves) for the (a) mean circumferential stress-circumferential stretch ratio and (b) mean axial stress-

axial stretch ratio relationships of the porcine renal artery. Error bars denote standard deviation of

experimental measurements (n ¼ 3).
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Fig. 9. (a) Representative predictions of circumferential stress throughout the arterial wall at the in-situ

axial stretch ratio (1.23) and pressures of 9.76, 12.78 and 16.69 kPa. (b) Representative predictions of

circumferential stress distribution at fixed pressure (13.33 kPa) and axial stretch ratios of 1.1, 1.23 and
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(�z ¼ �in-situ, P � 100mmHg), the circumferential stress was maximal at the inner

surface and decreased with increasing radial position. The stress distribution was

qualitatively reversed when �z < �in-situ, as circumferential stress increased with

radial position (Fig. 9(b)).

4. Discussion

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

mary porcine renal artery and develop a mathematical model that facilitates cal-

culation of arterial wall stresses and strains under physiologic loading. The obtained

results can be sorted according to their descriptive and predictive characteristics.

The passive mechanical response is described in terms of the internal pressure-

deformed diameter and internal pressure-axial force relationships at fixed arterial

lengths. Moreover, data are processed to calculate parameters that describe a local

linearized measure of the mechanical response, namely the pressure-diameter

modulus in the neighborhood of physiologic loading conditions. A structure-

motivated constitutive model of the renal artery was proposed and validated to

allow solving boundary-value problems, the solutions of which predict arterial

response and wall stress distribution under different loading scenarios.

Some data recorded in this study are within the range of published results for

other types of porcine arteries. The opening angle characterizing the zero-stress

configuration of the renal artery was found to be 84.0� � 12.4�, which is similar to

values reported for the porcine carotid (84.7� � 9�Þ and left circumflex (75� � 29�)
arteries.28,46 Experimental results show a non-linearity of the pressure-deformed

diameter relationship, which is commonly observed and attributed to the non-linear

mechanical response of elastin and the gradually increased load-bearing of collagen

fibers as they straighten out at higher pressures. However, despite general similarity

with mechanical data on large conduit vessels, the pressure-deformed diameter

curve of the primary renal artery does not exhibit the typical convex portion over

the range of low pressures as reported for porcine abdominal aorta29 and carotid
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arteries.46 It gained acceptance that the convex shape of the low pressure response is

mainly due to the contribution to elastin in load bearing. As a typical muscular

vessel the renal artery exhibits low elastin content. The dry mass fraction obtained

for elastin obtained in this study for the primary porcine renal artery, namely

12.6%� 1.87%, is below the 19–53% range reported for the porcine carotid artery46

but close to 18.7%� 1.8% reported for the canine renal artery.47 Therefore it is

reasonable to speculate that the reported shape of the passive pressure-deformed

diameter curves (Fig. 4) is due to low elastin content. A similar difference in the

passive mechanical response of a muscular artery (rabbit basilar artery) and an

elastic artery (rabbit common carotid) was reported in Ref. 40. Another possibility

that might explain the passive mechanical response of the porcine primary renal

artery is a less wavy unloaded configuration of collagen fibers, and their involvement

into load-bearing even at low pressures. Detailed histological assessment of the

distribution and configuration of collagen fibers within arterial wall in the state of

zero stress could be conducted with multi-photon microscopy and could test these

speculations.47,48

The pressure-diameter modulus of the renal artery near physiologic loading

conditions is 251.3� 133.5 kPa, which is significantly greater than the value

reported for the same vessel in-vivo (24� 1 kPa).14 The discrepancy between renal

artery Peterson’s modulus in-vivo and in-vitro as calculated in the present study

might be due to the contribution of the basal vascular tone, which is expected to be

significant in muscle-type vessels but only accounted for with in-vivomeasurements.

Contraction of the vascular smooth muscle reduces the deformed diameter of the

vessel and circumferential stretch ratio, which in turn decreases the structural

stiffness due to the non-linearity of the mechanical response.

The limitations of this study are associated with the introduced assumptions.

The variation of collagen fiber orientation is only partially accounted for by the four

fiber constitutive model, while there is in fact a continuous distribution of fiber

orientations. Moreover, the proposed one-layered model assumes that the arterial

wall composition and structure are uniform in the radial direction. More detailed

assessment of arterial wall composition and structure may impact theoretical pre-

dictions of the stress–strain relationships and better attribute the mechanical

response to individual load-bearing constituents.

Quantifying the passive mechanical properties is a requisite step to under-

standing the primary determinants of renal artery mechanical performance. Sub-

sequent studies that probe the SMC-mediated active mechanical response, the

baroreceptor-mediated response to arterial pressure and the endothelial-cell medi-

ated response to shear, will together elucidate the renal artery mechanical response

in conditions of health and disease. Additional histological studies could provide

insight into the microstructural configuration of collagen within the arterial wall,

and help explain the particular shape of the obtained pressure-deformed diameter

response curves.
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5. Conclusion

In both basic science and clinical research, including disease diagnosis, cellular

signal mechanotransduction and vascular tissue engineering, it is advantageous to

understand the arterial mechanical response under various loading conditions and

states of health. Accordingly, one of the major objectives of vascular biomechanics is

the determination of the constitutive equations that describe tissue mechanical

properties and allow formulating and solving boundary value problems with pre-

dictive power. In the presented study, bi-axial mechanical testing coupled with

structure-motivated constitutive modeling enabled quantification of the passive

mechanical response of the primary porcine renal artery, including assessment of the

stresses experienced by vascular cells within the arterial wall. Quantifying the

passive mechanical response of renal arteries is a necessary step to understanding

physiological and pathophysiological mechanical performance, and may provide

insight into the genesis and progression of certain forms of RVD.
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