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Lisa Vitullo The inner diameter and wall thickness of rat middle cerebral arteries (MCAs) were
measured in vitro in both a pressure-induced, myogenically-active state and a drug-
Neurology Department, University of Vermont induced, passive state to quan_tify active _and passive mechanical behavior. E_Iasticity pa-
' Burlington, VT 05 405' rameters from the ||ter_at_ure_ (stiffness denved_ from an e_xponentlal pressure-diameter re-
’ lationship, 8, and elasticity in response to an increment in pressurg, p) and a novel
Naomi C. Chesler* elasticity parameter in response to smooth muscle cell (SMC) activatigp,, Ewere
) calculated.g for all passive MCAs was 9.%1.07 but could not be calculated for active
vessels. The incremental stiffness increased significantly with pressure in passive vessels;
of Vermont, Brulington, VT 05405, Einc.p (10° dynes_/crﬁ) increased from 5.6:0.5 at 75 mmHg to 14.¥2.4 at 125 mmHg,
and Biomedical Engineering Department, (p<0.05). In active vessels,;k_, (10° dynes/cm) remained relatively constant (5.5
University of Wisconsin, Madison, W1 53706 +2.4 at 75 mmHg and 6:21.0 at 125 mmHg). F.., (10° dynes/cm) increased sig-
nificantly with pressure (from 15:42.3 at 75 mmHg to 49412.6 at 125 mmHg,
p<0.001), indicating a greater contribution of SMC activity to vessel wall stiffness at
higher pressures[DOI: 10.1115/1.1645525

Mechanical Engineering Department, University

The mechanical properties of arteries influence circulation dircremental moduli can be calculated at active and passive states,
namics, vascular development, and progression of arterial disealsesthe comparison between the two is hampered by the baseline
through effects on blood flow and pressure, and arterial madifference in strain. The limitations of these mechanical param-
transport[1]. The two general classifications of arteries, elastieters demonstrate the need for a tissue material property calcula-
and muscular, are based not only on structure but also on functition that can account for SMC activity in muscular arteries more
While the mechanical properties of elastic arteries appear to #@hgectly. Such a calculation would provide insight into the
dominated by the interactions of collagen and elastin, muscufharmacologically-active state of muscular arteries as well as the
arteries modify their geometry and apparent mechanical propertisgogenic response of cerebral vessels to pressure changes.
by altering the degree of muscular tojid. Cerebral arteries are  This study utilizedin vitro pressure-diameter data to character-
muscular vessels primarily made up of an intima and media withe the myogenically active and pharmacologically-induced pas-
relatively little adventitia; in rats, up to 73% by volume of thes@ive behavior of rat middle cerebral arteri@dCAs). Rats are
vessels are smooth muscle céBVICS [2]. The SMC activity of used frequently as animal models in studies regarding hyperten-
the cerebral vessels maintains myogenic tone, which is definedségn and ischemi#2,5,11-14. To facilitate a comparison with
the sustained contraction of SMCs, and myogenic reactivitgther mechanical property calculations for arteries in nonphysi-
which is defined as the ability of the vascular SMCs to contraglogically active states, Hayashig-paramete{8] and Hudetz's
(relaX in response to increasgdecreasedtransmural pressure incremental elastic modulu®] were calculated. In addition, a
[3]. Myogenic tone and reactivity in cerebral arteries are impomodified incremental elastic modulus that specifically incorpo-
tant factors in cerebral blood flow autoregulatiph—6]. Thus, rates the effect of active SMC contractility was developed and
SMC activity is a critical component of the functional and mecalculated. These material properties will provide a basis for un-
chanical properties of these muscular arteries. derstanding mechanical changes that occur with disease and other

The mechanical properties of arteries with pharmacologicallgxperimental interventions, and provide insight into myogenic
active SMCs have been studigg-11], but the mechanical behav- mechanisms of cerebral blood flow autoregulation.
ior of myogenically-active cerebral vessels remains poorly under-
stood. In addition, the methods used to attain SMC activation vagyaterials and Methods
between studies, making comparisons difficult. Goedhard et al.
found that pharmacologically-induced SMC contraction in pig Experimental Procedures. MCAs were obtained from five
thoracic aortas changed the mechanical properties of the arterige Wistar ratsweight 280—-300 g All procedures were ap-

[7] but did not indicate whether the level of SMC activation atproved by the Institutional Animal Care and Use Committee at the
tained was physiological. Hayashi and coworkers used an expdniversity of Vermont. Animals were euthanized by anesthesia
nential curve fit to pressure-diameter data to represent the sti#fidd decapitation. The left and right MCAs were dissected from
ness,3, of human cerebral arteri¢8]. However, this parameter is the brain, cleared of extraneous connective tissue and placed in an
only useful when the curve fit applies. Incremental elastic modufiyteriograph chambe(Living Systems Instrumentation, Burling-
which are descriptions of the radial and tangential stiffness tan, VT). The mounted vessel was suspended above an optical
response to small, incremental strajf$ also have been used towindow within the arteriograph chamber, perfused with physi-
characterize non-linear active and passive behavior of arteriefgic saline solutior(PSS, and secured with two strands of ny-
lon thread on both the proximal and distal cannulas. The distal

Contributed by the Bioengineering Division for publication in tr@®&NAL OF cannula was closed off to flow and a static transmural pressure
BIOMECHANICAL ENGINEERING. Manuscript received by the Bioengineering Divi- was applied to the vessels, as described previdusl
sion June 20, 2002; revision received September 2, 2003. Associate Editor: J. WayneT he arteriograph bath consisted of a 20 mL fluid chamber with
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approximately 5 mmHg/s to precondition the vessel to the pres-
] sure levels of interest for passive mechanics. Passive measure-

VDA DATAQ Computer ments then were taken during deflation for 25, 10 and 5 mmHg

steps in the sequence: 200, 175, 150, 125, 100, 75, 50, 40, 30, 20,

10, 5 and 0 mmHg. Again, step changes in pressure occurred in
one second; diameter and wall thickness values were recorded
Perfusion once stabld~2 minute$. Preliminary experiments demonstrated
Rf)eo/seé‘g" = Prossure less than 2% change in passive diameter values from the second to
T o Transducer the fourth inflation/deflation preconditioning cycles from 0 to 200
mmHg. Also, no changes occurred between 2 minutes and 10
minutes at any pressure level.

: 4 ——JF Modeling and Calculations. For modeling purposes, the rat
(e MCA was assumed to be an incompressible, homogeneous, ortho-
Objective tropic, thick-walled, nonlinearly elastic cylindrical tub®,16,17.
The thin wall assumption was found to be invalid for these vessels
cCD since the mean ratio of internal radius to wall thickness was not

Camera

greater than 10 at 150 mmH{@.4+0.4 for the passive vessgls
The Cauchy stress in the circumferential direction at the inter-

Fig. 1 Experimental setup. The vessel was sutured onto glass .
nal radiusr; was calculated as:

cannulas above an optically clear window in the arteriograph
chamber. Through this window, the vessel image is magnified

by an inverted microscope objective and digitized by a CCD _p("i2+rqze) 1
camera. Vessel diameter and wall thicknesses  (right and left ) o= r2_y2 @)
were measured from one scan line of this digitized image by a e !

video dimension analyzer  (VDA). Perfusate pressure was con- wherer,, andp are the external radius and transmural pressure,
trolled by a servo-mechanism under computer control through respectively[18]. The equation for radial stress reduced dp

a data acquisition and control system _ (DATAQ). Perfusate and  — _  at the inner surfacgl8]. Circumferential Almansi strain for

bath temperature were maintained at 37°C by closed loop con-

i large deformations was calculated at the internal radius using:
trol of heating elements  (not shown ).

1 1
entered the arteriograph bath and was aerated with a gas mixtur . . !
of 5% CO,/10% 02?85&) N, to maintain a constant pHg of 7_4%3& where the circumferential stretch ratiq,=2r;/27r; and
+0.05. A servo-systenfLiving Systems Instrumentatiopnwhich — Ti is the internal radius at zero transmural pressure. Radial strain
consisted of an in-line pressure transducer, miniature peristaléicr; was calculated similarly using:
pump, and controller connected to the proximal cannula, was used
to measure and control transmural pressure. The entire arterio- 1 1
graph system that contained the mounted arteries was placed on &=+~ \2
an inverted microscope with an attached videocamera to allow !
viewing and electronic measurement of vessel dimensioméere the radial stretch ratiq =1/\ , based upon the assumption
[14,15. Lumen diameter and wall thickness were quantifiedf incompressibility & A 4A,=1) and zero axial strain\,=1).
(1.0 wm) by the video scan line of a video dimension analyzer, The stress-strain behavior of vessels in active and passive states
which detected the optical contrast of the translucent vessel witharacterizes their behavior under the applied loading conditions
the opaque vessel walls on the video monitor and generatedwt does not provide a single parameter with which comparisons
voltage ramp, the amplitude of which is proportional to diameteto other states and conditions are easily made. Hayg8lp&ram-
The video scan line was positioned at the axial midpoint of theter, on the other hand, does provide a single measure of tissue
vessel, and focused on the central plane to obtain maximum cdehavior with which healthy and disease states can be compared.
trast at the walls. The output of the video dimension analyzer afihce it is essentially a curve-fitting technique, no material prop-
pressure controller were sent to an IBM-compatible computer leyty assumptions are required. The logarithmic transformation of
means of a serial data-acquisition syst@ATAQ) for visualiza- the pressure-diameter data and linear regression to gineas

®

tion of diameter and transmural pressuiFéy. 1). performed for each vessel using the following equafi®h
Vessels were tested according to previously established proto-

cols [14]. Briefly, mounted and pressurized arteries were equili- In(&) :B(El) ()

brated at a pressure of 50 mmHg for 1 hour to recover from the Ps Fe

excision and regain normal myogenic tone. Vessels that did not ) ) ) )
develop tone were discarded from the study; those with tone ha¥/Bereps is a reference pressure chosen in the physiological pres-
been shown to have stable and reproducible responses to pres8ifé range and._is the external radius of the vessel at the refer-
[14]. Pressure was then increased stepwise in incrementsesaice pressure. A reference pressure of 75 mm Hg was chosen
25 mmHg within the autoregulatory range from 50 to 125 mmHdpecause it lies within the physiologic pressure range and gave a
The step increase in pressure was achieved in one secogoipd fit to the dat@gmean B>0.90). Note,3 can only be reason-
arterial diameter and wall thickness were recorded once stablaly calculated for vessels that exhibit an exponential pressure-
(~10 minute$ at each pressure. In this way, short time-constadiameter curve. The pressure-diameter data of active vessels in the
viscoelastic effects were ignored and long time-constant vistyogenic range, for example, were poorly fit by this equation.
coelastic effects were accounted for by taking approximately iso-The incremental elastic modulus, by contrast, is well-suited to
chronal measurements. nonexponential and nonlinear stress-strain behavior and to mod-
Once the final active data were obtained at 125 mmHg, papaling data obtained with the experimental protocol used in this
erine (0.01 mmol/l), a compound that causes SMC relaxatiorstudy. In particular, Hudetz developed an elastic modulus formu-
was added to the bath. Vessel dilation occurred-i® minutes. lation for orthotropic, incompressible arteries with nonlinear be-
After ~5 minutes, the passive vessel was inflated to 200 mmHigavior pressurized at a fixed length using the mechanics of incre-
deflated to 0 mmHg and re-inflated to 200 mmHg at a rate afiental deformationg9]. The step-wise increments in pressure to
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which vessels were subjected in this study in both the active afitdm passive to active. Then, substitution of equati@) into
passive states were precisely incremental deformations. A bregfuation(6) gives the increment in modulus with SMC activity
review of the derivation for this incremental modulus will providedenoted by the subscrip@” for activation:

useful background for a novel modification we performed that

models the effect of SMC activity. Ao, 2rits 20403

The equation of equilibrium for an incompressible elastic tube Einc'a_A_ri [2_(2  (2_,2 (11)
under axisymmetric plane strain conditions with incremental e et
stresses is given as: where again all nonincrementaion-A) parameters are taken at
the beginning of the incremelfiie., at the passive stateAnalo-
aT, T,—=T, gous to equation9), the second term above is a correction
WJF r =0 (®) that reflects the condition of the vessel at the initial state of the
increment.

whereT, andT, are the radial and tangential components of the By directly substitutingh o, for Ap in equation(8), we devel-
incremental Kirchoff-Piola stress tensor. Using the lineaeped a stiffness measure that is analogous to the radial incremen-
incremental correspondence principle along with the equation tal modulus but is not strictly in the radial direction. To instead
equilibrium and incremental constitutive equations, Hudetz's firsalculate a true change in radial stiffness resulting from a change

expression for incremental modulus was: in SMC activity, one could equivalently calculate the change in
5 pressureg(radial stresgthat resulted from the change in activity
Ap’ 2rirg (from Eqg. ) and then substitute this pressure increment into equa-

Einc:A_ri 2_ 2 (6)  tion (8). The result would be only slightly different from equation
e 'l (12) such that:

where Ap’ is an incremental Kirchoff-Piola stress. Because it Ao, 2rr2 2002
cannot be measured directly, this stress term is replaced using the Ei’nc-a:—e te ve (12)
following approximate conversion between Cauchy stress and Arj r24r2 242

Kirchoff-Piola stress: For the purposes of this study, we used equatidh to quantify

u, incremental stiffness with SMC activity.
T, =t +to— (7) Note, whereas the increment in pressure is actual, the increment
r in SMC activity is virtual. That is, experimentally, the vessel was
wheret, is an incremental Cauchy stress in the radial directign, Subjected to incremental pressure steps in the active and then pas-
is the initial radial Cauchy stress, is the radial displacement, Sive state. The vessel was not held at one pressure and allowed to
andr is the radiug9]. At r=r;, t, is the incremental change in b&come myogenically active after being pacified pharmacologi-

pressure antk, is the pressure at the beginning of the incremeng@lly as this calculation might suggest. Instead, the difference be-
which gives the following relationship: tween the active and passive hoop stress is transformed to obtain

an incremental stiffness with an increment in SMC activity. To
Ar; illustrate, if the active hoop stress is identical to the passive hoop
Ap'=Ap+p—— (8)  stressEj,.q is zero(at that pressudeOr, if the active hoop stress
: is larger than the passive hoop stress by some multiplicative factor
whereAp is the incremental change in transmural pressure, atftht is independent of pressure, theg.., will be constant with
Ar; is the corresponding change in internal radius over the incrgressure. Therefore, this activation modulus is a quantitative mea-
ment. Substitution of equatidi8) into equation(6) gives the elas- sure of the effect of SMC activity on vessel stiffness, which can
tic modulus developed by Hudetz to characterize vessel nonlinder used to determine the pressure-dependence of myogenic activ-
mechanical properties under isometric conditions. In particulaty in isolated vessels.
this modulus quantifies the vessel response to a step change i

: : " ; tatistical Analysis. A repeated measures analysis of vari-
pressure. We denote this by annotating the traditional mcrementag . . .
modulus nomenclatur&;,., with the subscript p” for pressure. ance(ANOVA) was performed on thEinc.p andEinc., data using

. : : rogram capable of handling data containing missing values for
ZQQZ%?;Z“:SFH was calculated for both active and passive Ves%a%red dataBMDP 5V, Statistical Solutions Ltd., Boston, MA

Comparisons betweds, ., values were made using three differ-

ent factors: statéactive or passive SMQsside(left or right), and

ine-p=— (9) pressure incremert60-75, 75—-100, and 100—-125 mmHgom-
Arir2—r2 r2-y2 parisons betweeR; ., values were made using side and pressure
(50, 75, 100, and 125 mmHigffects. Differences between groups

where all nonincrementahon-A) parameters are taken at the beyere considered significant at0.05. Model fits were considered
ginning of the increment. In this equation, the second term ISHghly correlated for B>0.9.

correction term that reflects the influence of the initial presqure,

on the modulug9]. Results
Based on this derivation and set of assumptions, we developeg

a new incremental modulus that describes the incremental elasti€omplete data were obtained for four right MCAs and five left

modulus with SMC activity. In particular, the radial strege., MCAs from five animals. Statistical analysis indicated that there

pressurgwas replaced with the circumferential stress, ( from Was no interaction between side, state, and pressure and also no

equation(1)), where now the increment is taken from the passivi@teraction between side and pressure. Since there were no signifi-
to the active state at a fixed pressure. That is, equaBpnvas cant differences between the behavior for left and right MCAs,

Ap 2rir2  2pr2

modified to: the two sides were grouped together for the remaining analyses
(n=9).
. Ar; The average inner diameter and wall thickness at 100 mmHg
Ap :A‘79+‘79T (10)  were 23739 pm and 18.3:6.2 um under passive conditions and

20635 um and 19.35.4 um under active conditions. The av-
whereA o, is the change in circumferential stre@alculated at erage active and passive stress-strain relationships were calculated
the internal radiusfrom passive to activey, is the stress calcu- for each vessel according to equatiqds, (2), and (3) (Fig. 2.

lated with SMCs passive, ankir; is the change in internal radius The passive vessels exhibited the typical “J"-shaped exponential
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Fig. 2 Circumferential (A) and radial (B) Cauchy stress and
Almansi strain for passive and active rat MCAs. Active values
are reported for the 50—125 mmHg pressure range (< ). Passive

values are reported for the 5-200 mmHg pressure range (e).

Stress and strain were both calculated at the inner radius. The
reference state used for the active and passive strain calcula-

Fig. 3 Representative pressure-diameter relation (A) and loga-
rithmic transformation with linear regression (B) to show how
B was determined for each vessel where p is the transmural
pressure, p ¢ is a reference pressure, r . is the external radius,
and r¢s is the external radius measured at the reference pres-
sure. The reference pressure chosen within the physiologic
pressure range was 75 mmHg.

tions was the passive inner radius at 0 mmHg. Values are mean
*+SE.

. . L . ) modulus for the passive vessels at higher pressures is larger than
stress-strain curve seen in arteries: highly distensible at smglb modulus for active vessels. When plotted versus strain, on the

strains, with increasing stiffness at higher ;trains. The active V&siher handE.., is higher in the active vessels for a given strain.
sels, on the other hand, behaved much differently. A decrease Ifrpe activation modulus;. ., increased significantly with in-

strain due to smooth muscle activation between 50 and 75 mm asing pressurép<0.00). Values (16dynes/cri) at each
generated an almost parabolic stress-strain curve within the mypzcc \re were: 7-81.2 ('50 n'meg 15.1+2.3 (75 mmHg, 26.9

genic pressure range. Within this range, the circumferential stresg | (100 mmHg, and 49.4-12.6 (125 mmHg (Fig. 5
and strain were lower in the active vessels than in the passive ' ' ' T

vessels for a given transmural pressure. Radial stress and strain
are both negative due to the fact that radial stress reducepto
at the internal radius and in the radial strain calculatigg. 3

Uh>1. ) Active and passive mechanical properties were measured for
The averageg value for all passive MCAs was 9.311.07 pormgl, isolated rat MCAs. Our results indicate that vascular
(mean R>0.9). B was only calculated for the passive vesselgmooth muscle activation caused by changes in transmural pres-

because the active vessels did not have an exponential pressige (i.e., myogenic reactivityhad a significant influence on the
diameter curve and thus gave a poor fit to the equatitean mechanical behavior of these arteries. The shift to the left of the
R*=0.52). A representative pressure-diameter response and #@ss-strain curves for the active vessElg. 2) indicates a stiff-
regression used to find for the vessels are shown in Fig. 3. ening of the vessels due to SMC activation. Because the active
Einc.p increased significantly with pressure in the passive vegessels experience smaller strains than the passive vessels for the
sels(p<<0.09, and remained relatively constant in the active vesame range of stress, they are effectively stiffer. In addition, the
sels. PassivE,.., values (16 dynes/crd) within the myogenic shape of the active stress-strain curve is very different than the
pressure range were: 5:0.5 (at 75 mmHg, 9.6-2.1 (at 100 passive response due to the active constriction of vessels at the
mmHg), and 14.7-2.4 (at 125 mmHg. Comparable activ&;,.., lower limit of the myogenic range. Between 50 and 125 mmHg
values (16 dynes/cr) were: 5.5-2.4 (at 75 mmHg, 3.1+0.4(at the vessels actively constrict such that they do not dilate with
100 mmHg, and 6.2-1.0 (at 125 mmHg. E;,.., was plotted increasing pressure. If smooth muscle tone is lost and a vessel is
versus both transmural pressure and circumferential strain in Fayerly distensible, it will not be able to effectively control the
4. When plotted versus pressure, it is evident that the incremeritédod flow by expanding and contracting the lumen diameter. This

Discussion
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Fig. 4 Incremental elastic modulus,  Ej,..,, for passive ()
and active (<) vessels versus transmural pressure  (A) and cir-
cumferential Almansi strain (B). Values are mean %=SE.
*p<0.05.

demonstrates how the mechanical propertieg., stiffnesgof the

our averageB value (9.01) for rat MCAs is comparable to those
found previously. This parameter is useful because it describes the
intrinsic material properties dimensionles§B0], so comparisons

can easily be made between different vessel types and states
(healthy, aged, diseased or damagéthe drawback to this pa-
rameter is that it is only useful for passive wall mechanics or
vessels with exponential pressure-diameter relationships. In our
experiments, active vessels did not display an exponential
pressure-diameter relationship; gowas not a useful parameter
for arteries with active SMCs.

Incremental elastic moduli, by constrast, quantify non-
exponential and nonlinear stress-strain relationships in an arterial
wall. They have been measured for many different artery types
over a wide range of pressure. Values for rabbit carotid, femoral
and thoracic arteries at 100 mmHg have been reported to be 35,
23, and 1% 10° dynes/crf, respectively19]. Human anterior ce-
rebral and internal carotid arteries at 100 mmHg have been re-
ported to have incremental moduli of 57 and 30
X 10° dynes/cri, respectively[21]. Our values for passive rat
middle cerebral arteries are slightly lower, but still within a com-
parable range. This wide range of moduli is attributable to the fact
that different arteries with various functions and structures are
being compared, and, in addition, different experimental methods
and modulus formulations were used.

The form of the equation used to calculate our incremental
elastic modulusE;,..,, was chosen because it was developed for
an incompressible, orthotropic artery held at a fixed length, which
was preferable to other moduli calculations which were developed
using an isotonic(fixed force assumption[1,9]. In this study,
Einc.p Was calculated for arteries with both active and passive
SMC statesE;,., values are different between active and passive
vessels, but whether they are higher or lower for passive vessels
depends upon whether they are compared at the same transmural
pressure or the same circumferential strdif,.., is higher in
passive vessels when plotted versus pressure, but it is higher in
active vessels when plotted versus strain. According to Dobrin,
the explanation for this disparity is that different strains are asso-
ciated with each pressure when the vascular muscle is active and
when the muscle is relaxdd0]. The higher passive stiffness at a
given pressure is due to the fact that the vessel wall is already

cerebral vessels can contribute to the autoregulation of cerelstihined at higher pressures and there is ultimately a smaller in-

blood flow.

crement in strain for a given increment in pressure. Activation of

The stiffness paramete$, has been used as a simple and relithe muscle clearly causes constriction to smaller overall strains,
able parameter for describing the pressure-diameter relationshigird this reduction in diameter decreases the elastic modulus of the
arteries[1]. Hayashi et al. foungB values for rabbit thoracic and vessel. This activity of the SMCs is important in maintaining and

femoral arteries ranging from 3.3 to 20, respectiviel9]. Thus,
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Fig. 5 Activation modulus, Ej,,, calculated at transmural
pressures ranging from 50 to 125 mmHg. The slope of the
monotonic increase is significantly greater than zero between
all pressures (*p<0.001). Values are mean *SE.
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controlling the vessel diameter within the myogenic pressure
range.

The activation modulusE;,..,, was developed to provide a
direct indication of the contribution of vascular SMC activity to
vessel wall stiffness, unlike the somewhat complex comparison
between active and passi, ., values. This measure increased
with higher pressures as expected. Active SMCs in canine carotid
arteries have been shown to exhibit a maximum elastic modulus
of 4x 10 dynes/cr for the whole wall and an estimated 12.7
X 10P dynes/crA for the smooth muscle component of the wall
[10]. This active elastic modulus was calculated by subtracting the
elastic modulus of the potassium cyanide-treated vessel from the
modulus of the norepinephrine-treated vessel at equivalent strains.
The correction for the proportion of the wall that is smooth
muscle is obtained by dividing the whole wall modulus (dy—
SMC fraction. If the same procedure is performed on our rat
MCA, we find that the maximum active elastic modulus is 6.6
+2.3x 10° dynes/cri, with an estimated SMC component modu-
lus of 26.4< 10° dynes/cr. These values are similar to those re-
ported previously10], and the SMC component modulus is com-
parable to our activation moduli values at 100 mmHg.

Because axial force and strain were not measured in this study,
3-D constitutive modeling was not performed. Attempts to fit
these data to pseudo-strain energy equations using a plane strain
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