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Mem. ASHIE Knowledge of the biomechanical properties of human atherosclerotic plaques is of essen-
Gerhard Sommer tial importance for developing more insights in the pathophysiology of the cardiovascular
Mem. ASME system and for better predicting the outcome of interventional treatments such as balloon
angioplasty. Available data are mainly based on uniaxial tests, and most of the studies
Graz University of Technology, investigate the mechanical response of fibrous plaque caps only. However, stress distri-
Institute for Structural Analysis, butions during, for example, balloon angioplasty are strongly influenced by all compo-
Computational Biomechanics, nents of atherosclerotic lesions. A total number of 107 samples from nine human high-
Schiesstattgasse 14-B, 8010 Graz, Austria grade stenotic iliac arteries were tested; associated anamnesis of donors reported.
Magnetic resonance imaging was employed to test the usability of the harvested arteries.
Histological analyses has served to characterize the different tissue types. Prepared strips
Peter Regitnig of 7 different tissue types underwent cyclic quasistatic uniaxial tension tests in axial and
Mem. ASME circumferential directions; ultimate tensile stresses and stretches were documented. Ex-
Medical University Graz, Institute of Pathology, perimental data of individual samples indicated anisotropic and highly nonlinear tissue
Auenbruggerplatz 25, 8036 Graz, Austria properties as well as considerable interspecimen differences. The calcification showed,
however, a linear property, with about the same stiffness as observed for the adventitia in
high stress regions. The stress and stretch values at calcification fracture are smaller
(179+56 kPa and 1.020.005) than for each of the other tissue components. Of all
intimal tissues investigated, the lowest fracture stress occurred in the circumferential
direction of the fibrous cap (254879.8 kPa at stretch 1.1820.1). The adventitia dem-
onstrated the highest and the nondiseased media the lowest mechanical strength on
average.[DOI: 10.1115/1.1800557
1 Introduction in which, for example, disease-fre@nedia) tissue is over-

Atherosclerosis is a vascular disease associated with the acstrc_etched(damagebj plaques are disrupted or dissected, and re-
iStribution inside the wall and lipid extrusion occur. These

mulation of lipids leading to invasion of leucocytes and smoot] ; . -
P 9 y echanisms alter the mechanical environment such that a cascade

muscle cells into the intima, a process which may proceed in t f biological responses occur, which may cause restenosis or

fqrmatlon of atheroma. B|omechan|ca| and b|ochem|ca| meChﬁfrombosis. Besides the knowledge of the composition and the
nisms are then involved in the development of a lesion known

an atherosclerotic plaque, which is composed primarily of fibro aometry of the plaque, applied loads and parameters of balloon

i f ina d it d cellularity. In additi ci theters and stents, it is the detailed information on the biome-
ISSue of varying densily and cefiuianty. In addition, Caiclum, €Xz,»ica| hehaviors of atherosclerotic plaques and nondiseased car-
tracellular lipid, and lipid-laden foam cells are present, each co

o o o - Hiovascular tissues that is crucial for a complete mechanical de-
stituting 5%-10% of the remaining area. Advanced atherosclergsjnrion of this interventional procedure. Understanding of the

sis may lead to lesions which can reduce or block the flow of thge chanical behavior of plaques under various loading conditions
oxygen-containing blood leading to oxygen deficiency in the tigs an essential contributor for developing more insight in the
sues. Clinical emergencies such as myocardial infarction apfysiology and pathophysiology of the cardiovascular system and
stroke can result from plaque rupture and subsequent release,@ procedures for preventing or reducing restenosis, and for bet-
highly thrombogenic material and lipids into the blood stream. {er predicting the outcome of interventional treatments on a
is important to point out that the danger of suffering a myocardiglaque- or patient-specific basis.
infarction or a stroke is particularly high in cases of unstable or 1o motivate further the need to understand the constitutive be-
vulnerable plaques, which are thought to have a thin fibrous caphgvior of atherosclerotic plaque, consider the following recent
large lipid core, and significant inflammatory cell infiltratitsee, statement by Richardsdi]: “ There are relatively few data on the
for example, Refs[1-3]). Atherosclerotic cardiovascular diseasgnechanical properties of arterial tissues, especially for the sepa-
remains the leading cause of death and disability in Norite layers of a vessel wall, and the materials-testing protocols
America[4]. In all European countries cardiovascular disease ffave varied between the measurements that have been published.
the main cause of death in women and the main cause of deatlTiils is probably the most uncertain aspect in the whole body of
men except in Franckb). study of plaque fracturé

A frequently used and well-established therapeutical interven-We summarize now the work performed on mechanical plaque
tion for reducing the severity of atherosclerotic plaques is balloassting and data available in the literatusze also the surveys
angioplasty with or without stentingsee Ref[6], and references [8,9]). The first uniaxial tensile tests on ulcerated and nonulcer-
therein. It represents a mechanical solution for a clinical problerated thoracic plagque caps and adjacent intima from human aortae

seem to have been performed by Lendon eff&a0]. Results

Author to whom correspondence should be addressed. PHoné3 316 873 showed marked differences between plaques and heterogeneity

1625; Fax:++43 316 873 1615; e-mail: gh@biomech.tu-graz.ac.at within individual plaque caps. Fracture stresses ranged from 12 to
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Humphrey. detail was provided of the results. Lendon et[dl2] compared
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Table 1 Anamnesis: CIA, common iliac artery; EIA, external iliac artery; IIA, internal iliac ar-

tery; AH, antihypertensives; AS, atherosclerosis; BP, bronchopneumonia; BS, bypass surgery;

CS, coronary sclerosis; GHD, global heart dilation; GS, generally atherosclerosis; MI, myocar-

dial infarction. Types of atherosclerotic lesions are according to Stary et al. [22]. Assessment
of atherosclerosis is based on autopsy reports (y, medium or high grade; n, no or low grade ).

Specimen | 1l 1] \Y, \Y \ Vil Vil IX
Type of iliac artery EIA- CIA 1IA  CIA CIA 1A CIA  IIA CIA
Age (yrs) 65 90 80 64 81 60 60 87 87
Sex f m f f f m m f f
Primary disease CS GS AS CS CS CS AS GS GS
Cause of death Ml M BP Ml Ml GHD MI BP BP
Atherosclerosis

Type of atherosclerotic lesiorig2] \% Wi \% VIl VIl VIl VIl i VIl
Adjoining vessels y y y y y n y y y
Peripheral y y y y y n y y y
Coronary y y y y y y y y y
Cerebral y y n n y n n y y
Renal y y y n y n n y y
Cardiovascular treatments n AH n BS n n n n n

aortic plague caps, which had undergone ruptukeeration), with  ultimate tensile stresses and associated stretches of the different
caps of intact plaques. Caps of ruptured aortic plaques showetligh-grade stenotic arterial segments were investigated. Such sys-
significant increase in macrophage density, an increase in extegmatic direction-dependent and tissue-specific experimental re-
sibility and a decrease in the ultimate stress when compared wathits for human stenotic arteries including ultimate stresses and
caps from intact plaques. Lee et f1.3,14 performed dynamic stretches are not yet available in the literature. These data may
and static uniaxial compression tests on aortic plague caps, whegrve for theoretically-based quantification in terms of constitutive
were classified as cellular, hypocellular, and calcified. All capsquations, which can be used in finite element programs to better
demonstrated an increase in stiffness with increasing frequenamsdel the biomechanics of atherosclerotic lesions.

of stress ranging from 0.05 to 10 Hz. Values of plaque “moduli”

are presented as a function of the plaque type. McCbsliper- 2 Methods

formed cyclic bending tests on fresh human arterial ring segments . ) . . o .

that allowed the passive collapse of an artery, which may occurz-_l M_aterlal. Ill_ac arteries are of particular c!lnlcal and bio-
downstream of a stenosis. The author’s studies indicate that cydlggdical interest, since they are atherosclerotic-prone vessels,
bending and compression may cause artery fatigue and plad ch frequently undergo endovascula_r treatments. They are rela-
rupture. Lendon et a[16] show preliminary results of the stress—tvely easy to access for vascular diagnostic proced{ids
strain relationships of foutnonulcerated and ulcerateglaque Therefore, nine atherosclerotic iliac arterids-IX) from .elght
caps of human aortas. The findings for the caps are very differef/Pses(74.9+12.5 yrs, meartSD) were harvested during au-
the stress—strain curves are qualitatively similar to that of t4@PSY within 24 h from death. From one corpse two artefi¢t—
normal arterial wall. Loree et a[17] investigated the uniaxial 1X) were obtained. Information about the different types for the
tensile behavior of circumferentially oriented samples of humdlC arteries and their related anamnesis are summarized in Table
aortic plague caps with correlation of the underlying compositio%- The arteries were requwed to have an atherosclero_t!c I_eS|0n of
(cellular, hypocellular, and calcifigdThis seems to be the first tYPe V or higher according to Stary et 422] (for a partitioning
study where the samples were preconditioned with three cycleChtthe pathogenesis of atherosclerosis into different stages of
physiological tensile stresses followed by progressive loading upladue formation see Fig. 1 thergir type V lesion (or fibroat-

til fracture occurred. The authors concluded that the static circuf€roma, for example, contains mainly reparative smooth muscle
ferential tangential modulus of the samples is not significant§e!ls and fibrous tissue and, additionally, two or more lipid pools
affected by the degree of cellularity and calcification determiné)f unequal size separated from each other by cells and fibrous
by histological characterization. Topoleski et 8] studied the fiSsue. Cross-sectional macroscopic views of the investigated nine
radial compressive behavior of different plague compositions 8tenotic iliac arteries investigated are provided in Figa) and 2.
human aorta-iliac arteries segments. Data showed that plaque&he lesions were classified by a pathologist by means of histo-
exhibit composition- and history-dependent nonlinear and ineldggical sections and high resolution Magnetic Resonance Images

tic responses under finite deformations. They also found that tH§MRI). The specimens were stored in a 4°C calcium-free and

area of the hysteresis loop tended to decrease with subsequifgose-free Tyrode solutioin mmol: NaCl 136.9, KCI 2.7,
cycles. Topoleski and Salunka9] investigated the multiple cy- MJCl> 1.05, NaHCQ 11.9, NaHPQ 0.47, EGTA 2.0. The axial
clic compression and stress-relaxation response of diseased &hgitu prestretch, defined as the ratio iof situ length toex situ
healthy specimens, while a more recent wf2R] demonstrated length, was calcu_lated to be 186.05. Use of autopsy maten_al
composition-dependent differences and different responses fi@m human subjects was approved by the Ethics Committee,
plaques to successive relaxation tests in uniaxial compression.Medical University Graz in Austria.

All of these studies have the common limitation that they are P ;
based on tests in one direction and that most of the mechanica?'z hrMRI Examination and Histology
testing is focused primarily on the properties of the plaque cap,2.2.a hrMRI Examination. In order to identify the usability
which was isolated from the underlying plaque core and vess#l the harvested arteries in regard to the experimental tests to be
wall. Our aim is to separately quantify the mechanical propertigerformed, and, additionally, to detect the three-dimensional ge-
of the different tissue components in the atherosclerotic plaquesamhetry for reconstruction purposédocumented in a follow-up
human iliac arteries, and to discuss their differences. For this ppapej, we usehigh resolutionmagneticresonance imaging. The
pose we have performed uniaxial extension tests of human stafieries were tethered with superficial surgical sutures to a grid of
samples in two directiongaxial and circumferential Addition- nylon threads fixed in a Perspex frame filled with physiological
ally, we report the associated anamnesis, since mechanical prof®% NaCl solution maintained at 37{€ee Fig. 1a) in [23]), and
erties of arteries depend on several clinical factors. Finally, thleen scanned on a 1.5 T whole body systéPhilips ACS-NT,
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Lumen

(a)
Fig. 1 Human external iliac artery, specimen I (a) segmented macroscopic view, (b) segmented histological section (EVG
coloring )—transmitted light microscopic photograph, (c) high resolution magnetic resonance image of the same artery, filtered

and (manually ) segmented. The histological section and the magnetic resonance image are taken from the same location.

maximum gradient streng#23 mT) within 24 h after autopsy. microscopic photograph of a typical histological section of an
The lateral resolution was about 0.25 mm, while the axial resolaxternal iliac arteryspecimen), which corresponds to the hrMRI
tion was 0.6 mm. Figure (&) shows a typical(corrected and cross section shown in Fig(d.
noise-filteregl hrMR image of a stenotic arterggpecimen ). The histological section close by the other half of the artery
After MR-imaging the arteries were marked for histology byjevoted to anatomical dissection, was segmented by a pathologist,
injecting black ink at a nylon thread crossing, and then cifho drew the border of the different tissues on the microphoto-
through transversely into two halves. One half was used for cQjraph. Eight different tissue types were considered: the nondis-
responding histological analyses to allow material characterizggsed intima I-nosthe abbreviation “nos” is frequently used in
tion, while the other halves of the arteries were dissected anatoisopathology and stands faot otherwisespecified. In the con-
cally into their major components. We used only lesions that wegg,; of the present study it means “no appreciable disease,” or,
relatively uniform along their length of about 20 mm. We identiz,qre precisely “nonatherosclerotio,” fibrous cap I-fc(fibrotic
fied uniformity by means of hrMRI. part at the luminal border fibrotic intima at the medial border

2.2.b Histology. The histological analysis is necessary sinc&fm, calcification I-c, lipid pool I-Ip, nondiseased media M-nos,
it allows direct identification the underlying tissue type. The inkdiseased fibrotic media M-f and adventitid@24]. The histologi-
marked half of the vessel segment was fixed in 8% buffered forral analysis of the tissue component M-f, i.e. a very thin portion
aldehyde solutioripH 7.4, decalcified with EGTA, embedded in of the media adjacent to the plagque, showed a higher amount of
paraffin, and serially sectioned at 0.6 mm intervalsur thick collagenous tissue. Since this tissue component differed in its me-
sections were stained with Elastica van Gie8WG) and Hema- chanical behavior from the remainifigondiseasedportion of the
toxylin and Eosin(H&E). Figure 1b) shows a transmitted light media M-nos, we have considered it in the mechanical test proto-
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Fig. 2 Macroscopic view of eight human stenotic iliac arteries, specimens II-IX. Top ruler scale: one side of a square character-
izes 1 mm.
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Fig. 3 Representative axial and circumferential strips excised
from a dissected adventitial layer.

Fig. 4 Eleven strip samples prepared for mechanical testing

(from specimen V ). Samples of the tissue types A, M-nos, I-nos,
col. Remarkably, for two atherosclerotic lesions we observed mdifc, and I-fm in both directions, and one sample of the calcifi-
phological features such as calcification with secondary bone f&ation I-c in the circumferential direction.
mation and typical bone marrow cells. For the mechanism of
mineralization during evolution of atherosclerotic plaques see, for ) ) ) )
example, Ref[25]. free physiological 0.9% NaCl solution at 37°C. A collection of

The classification introduced here has served as a basis for ##&0 samples from specimen V, which were prepared for mechani-

separation of the diseased vessel wall and the segmentation [§RJ-testing, is illustrated in Fig. 4. . _
cess of the histologycompare with Fig. 1 Each of the tissue Preconditioning was achieved by executing up to five succes-
components so classified is mechanically relevant and contribufd¢e loading—unloading cycles for each test. Then the samples
to the overall mechanical response. The separation of the diseadBélerwent one cyclic quasistatic uniaxial extension test with con-

vessel wall was physically feasible using surgical instruments. tinuous recording of tensile force, width and gauge length at a
constant crosshead speed of 1 mm/min. Finally, the strain was

2.3 Mechanical Testing. Mechanical tests were performedincreased until fracture occurred. Sometimes it happened that the
on a computer-controlled, screw-driven high-precision tensile tesfacture occurred outside the gauge section of the sample close to
ing machine. The system was based on a commercial class 1 §ge of the grips so that another sample was prepared and tested if
chine (Messphysik, u-Strain Instrument ME 30-1, Fstenfeld, enough material was available. It was usually possible to get a
Austria), which was adapted for small biological specimens byecond sample for the tissue types A, M-nos and I-fc. A photo-
integrating a tissue bath #7+0.1)°C maintained by a heater- graph of a fractured tissue component is shown in Fig. 5. A total
circulation unit(model E 200, Lauda; Lauda-Kashofen, Ger- number of 107 samples were tested, and 82 are documented in the
many). The crossheads are driven in opposing directions, allowiigesent papef18 for A, 18 for M-nos, 12 for I-nos, 17 for I-fc, 8
a fixed position of the sample center. A crosshead stroke resofgr |-fm, 5 for M-f, and 4 for I-9. The four I-c samples were
tion of 0.04 um and a minimum load resolution of 1 mN using a
25 N load cell is specified by the manufacturer. Gauge length and
width are measured optically using a PC-based CCD-cameji
videoextensometer that allows automatic gauge mark and ed
recognition. Dimensional measurements are performed with a
tal resolution of 16 bit with regard to the camera’s field of view.

The lipid pools I-Ip and the bone marrows were excluded froni
mechanical testing. The lipid pool was not tested because of i
liquid (“butter-like” ) consistence, while the bone marrow was nof
tested because of its small size. The lipid pools are assumed
behave as a nearly incompressible fl{i##,26—28 not able to
sustain shear stre$29].

For the determination of the passive, quasistatic stress—stret
response of the individual tissue components, rectangular st
samples with axial and circumferential orientations were excise
from the specimen. Representative axial and circumferential strij
from a dissected adventitial layer are shown in Fig. 3. The
samples varied from 7 to 17 mm in length, from 2.2 to 5.6 mm i
width, and from 0.24 to 1.7 mm in thickness. Pieces of emer
paper were attached to the ends of the samples to prevent slippd
during testing. Two black colored straw chips were glued trans-
versely in parallel onto the middle part of the samples to act gy 5 Representative photograph of a fractured tissue com-
gauge markers for the axial deformation measurements. The Siihent (specimen | ), nondiseased intima I-nos tested in the cir-
samples were allowed to equilibrate for 30—60 min in a calciuneumferential direction.
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obtained from three specimens, i.¢skmples in both directiofs 555 and the ultimate stretches, denoted \ag, are docu-

IV (sample in axial direction and V (sample in circumferential mented. The calcification has shown an average ultimate tensile
direction. After tensile testing the sample’s thickness was meatress of 17956 kPa, meanSD at an average stretch of 1.02
sured by means of the videoextensometer. +0.005, meartSD.

The stretch ratio. was computed adL, wherel andL are the
measured gauge lengths in the loaded and unloaded configura-
tions, respectively. Based on the global equilibrium, the incom)y : .
pressibility condition, and the experimental data, it is straightfcr)?! Discussion
ward to compute the associated Cauchy stress, denoted as Histopathological investigations suggested that plaque rupture
Incompressibility requires WT=Iwt, wherew, t andW, T are involves plaque cap failure. Therefore, most of the mechanical
the width and the thickness of the strip sample in the loaded agiidies focused primarily on the properties of fibrous plaque caps.
unloaded configurations, respectively. Thuss f/wt, and, there- However, plaque stability cannot be dependent only on the me-
fore, chanical properties of the plaque cap. The stress distribution in the
plaque cap is strongly influenced by all surrounding components
) of the atherosclerotic lesion so that a systematic, direction-
dependent and tissue-specific experimental testing is needed. Even
the adventitia is in strong interaction with the plaque cap and
wheref is the actual tensile force. Hence, the computationrof plays a crucial role in plaque loading. Recent studies have shown
requires the measurements of the five paramét&¥sT, |, L. The that for aged human arteries the adventitia is a significant carrying
Cauchy stresses were then plotted versus the stretch ratio.  structure[31], and that disrupted plaques exhibit increased inci-
Finally, we compute the hysteresis loop afea[0,100 within ~dence of adventitia inflammatidi32]. This is the reason why we
a typical loading—unloading cycle defined to ke=100(A, investigated the mechanical properties of different tissue compo-
—A,)/A,, whereA, is the area below the/\-curve during tissue nents in human atherosclerotic plaques and the healthy surround-
loading, andA, is the area below the/\-curve during unloading. ing tissues. Lendon et &l12] showed that the mechanical prop-
erties of human aortic intima did not significantly alter when
stored at 4°C for time periods up to 64 h. Berberian and Fowler
3 Results [33] showed that minimal enzymatic changes occur in rabbit aor-
Table 1 documents the anamnesis of the donors from which ttzes within 48 h when stored at 4°C. For this reason all mechanical
specimens |-IX were obtained. The set of specimens consiststesdts were finished within 48 h after autopsy.
five common iliac arterie€CIA), three internal iliac arterie@lA), Knowledge of the mechanical properties of atherosclerotic
and one external iliac artefEIA). The table documents data onplaque is of fundamental importance for identifying plaque rup-
age, sex, primary disease, cause of death, type of atherosclerttie, the most common antecedent of myocardial infarction. In
lesions, and cardiovascular treatments. Moreover, the conditiontbis study we have investigated the mechanical properties of nine
the adjoining vessels and the remaining parts of the arterial vagherosclerotic lesions—their mechanical responses indicate sig-
culature in regard to atherosclerosis is shown. These factors waificant variations, as seen in the plots of Figs. 6 and 7. All tissue
proven to affect the mechanical properties of artef®=e, for components investigated, with the exception of the calcification
example, the revieW30]), and are important for a complete reg--c, show a highly nonlinear behavior, which was also found for
istration of arterial mechanics of aged patients. aortic fibrous caps in the studies by, for example, Lendon et al.
Figure 1 illustrates the marked heterogeneity of a lesion and tf6] and Loree et al[17]. Because of the nonlinear responses of
good correlation between the different images. In a comparatitiee tissues a measure of stiffness would only be meaningful for
study Figs. 6 and 7 exhibit the highly nonlinear and anisotropizertain stress or stretch levels, not provided here. Several authors
(except for the fibrotic intima at the medial border 3fmechani- found, however, that diseased arterial tissue is stiffer than healthy
cal responses, i.e. Cauchy stress versus stretch, of the differiisgue(see Born and Richards¢fl], Topoleski et al[18] among
tissue typegA, M-nos, M-f, I-nos, I-fc, and I-fm of the investi- others. In regard to our study, by comparing the slopes of the
gated specimens |-IX. In particular, a comparison is providestress—stretch curves at low and high stresses there is a clear ten-
between the responses in the circumferential direction and in tency that diseased tissues are stiffer than healthy ones. For ex-
axial direction. The loading—unloading paths showed only smample, all diseased fibrotic media M-f tested are stiffer than the
hysteresis(Table 2, and, therefore, the unloading path is nohondiseased samples M-n@ee Figs. &), 6(d)); there is also a
shown in the plots. Some measurements of the samples closelaar tendency that the diseased intima tis$ibeous cap I-fc and
the fracture appeared to be rather noisy and are not shown in tien) is stiffer than the nondiseased tissue I-fosmpare with
plots. Only for the adventitia A and the nondiseased media M-n&#gs. Ge), 6(f), and Fig. 7.
were complete sets of strip samples from all specimens availableThe present plots allow also a unique and interesting compari-
(Figs. 8a)—6(d)). For the diseased fibrotic media M-f, unfortu-son of the mechanical response of a sample oriented and tested in
nately, only five sample could be testédigs. c), 6(d)). The the circumferential direction with the associated sample oriented
calcification I-c has shown very stiff and linear mechanical reand tested in the axial direction. For example, as can be seen from
sponsegnot shown in the plotswith an average Young’'s modulus Figs. Gc), 6(d), the mechanical response of the healthy media
of 12.6-4.7 MPa, meart SD. M-nos in the axial direction tends to be weaker than in the cir-
The ultimate tensile stress characterizes the maximum resisimferential direction, in which the smooth muscle cells are
tance to fracture. It is equivalent to the maximum load that can lbeainly oriented[34] (samples from specimens IlI, VII, and IX
carried by the cross-sectional area when the load is applied asxhibit a stiffer response in the axial directjofithe fibrotic media
tensile force, see E@l). The ultimate tensile stressés kPg and M-f tested show also a weaker behavior in the axial direction than
the associated ultimate stretches, denoted-gsand \;, of all in the circumferential directioflabeled as I-f, VIII-f in the plots
tested samples that fractured within the gauge section are summwiarigs. 6c), 6(d)), where, however, only two comparable samples
rized in Table 3. Values that are related to samples tested in tlere available for testing. The adventitia(Rigs. §a), 6(b)), the
circumferential direction are denoted byand to samples tested nondiseased intima I-ndFigs. Ge), 6(f)) and the fibrous caps I-fc
in axial direction bya. Missing values indicate either that the testFigs. 7a), 7(b)) tested in the axial direction indicate the tendency
was unsatisfactory or that a sample was not available. The ulid be stiffer than associated samples in the circumferential direc-
mate values in the table are related to the plots of the samptam. Interestingly, as can be seen from Figs) 66(b), all samples
shown in Figs. 6 and 7. Furthermore, the mean values and thfethe adventitia tested demonstrate a similar, very high stiffness
standard deviationéSD) of the ultimate tensile stresses, denotetiehavior in the high-stress domain.
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Fig. 6 Uniaxial tensile stress—stretch responses of different human tissues in the circumferential and axial directions. (a), (b) are

stress—stretch plots for the adventitia A, (c), (d) are plots for the healthy and diseased media (M-nos and M-f), and (e), (f) are
related to the healthy intima I-nos. Labels I-f, VII-f, and VIII-f in (c), (d), indicate fibrotic media samples from specimens |, VII, and
VI, respectively.

Strip samples of the fibrotic intima at the medial border I-fm Our study indicates that the calcification I-c has about the same
show almost isotropic behavior for all comparable samples ostiffness as that of the stiffest tissue component tested, i.e., the
tained from specimens lll, V, and \(Figs. 7c), 7(d)). The sample adventitia A in both directions or the diseased fibrotic media M-f
from specimen VI obtained from a 60 year old male do¢ibk) in the circumferential direction in the high stress domain at which
shows almost the same behavior as the sample from specimeth¥ response is almost linear. All other tissues show a softer me-
obtained from a 81 year old female don@iA). chanical response than the calcification does. By defining a plaque
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Fig. 7 Uniaxial tensile stress—stretch responses of different human tissues in the circumferential and axial directions.

stress—stretch plots for the fibrous cap I-fc, while

“moduli”, Lee et al. [13] found that calcified caps of abdominal

140 145 150

(a), (b) are

(c), (d) are plots for the fibrotic intima samples at the medial border I-fm.

The average ultimate tensile strasg, of fibrous caps I-fc in
aortic plaques are 4-5 times stiffer than cellular caps in radidie circumferential direction was 254:89.8 kPa at an associated

compression tests at room temperature. stretch of 1.1820.1. The stress values are in good agreement
In our study, the adventitia A shows the highest average ultivith stress values obtained by, for example, Lendon efti&l],
mate tensile stresses,;, while the nondiseased media M-noswho have performed uniaxial tensile tests on strips from human
shows the lowest average valuésr this comparison the diseasedulcerated aortic plaques in the circumferential direction. However,
fibrotic media M-f was excluded since ultimate values of onlyhe associated stretch values they obtained were about 1.5, which
four samples were availablesee Table 3. It is the adventitia, deviate significantly from our findings. Cheng et [&5] reported
which demonstrates very high average tensile strength having sigaximum circumferential stresses of 54560 kPa in human fi-
nificant load-carrying capabilities at higher pressures at whichhbitous caps that ruptured. Thegedistinct values were calculated
changes to a stiff “jacket-like” tube, that prevents the smoothy means of a linear elastic finite element analyses without a
muscle from acute overdistensi¢see alsd9,31]). From the me- failure criterion. Thereby, ruptured lesions were discretized and a
chanical perspective, it is the nondiseased media that is the mesan intraluminal pressure of 110 mmHg applied. The ultimate
significant(load-carrying layer in a healthy artery under physi-tensile stresses of human aortic fibrous caps in the circumferential
ological conditions. direction investigated by Loree et &L7] ranged from 149 to 701

Table 2 Calculated mean values in (%) and associated standard deviation  (SD) of the hyster-
esis loop area of all tissue types  (obtained from specimens |-IX ) tested in the circumferential
direction ¢ and the axial direction a

Tissue type
A M-nos M-f I-nos I-fc I-fm
Hysteresiq%) c a c a c a c a c a c a
Mean 17.3 136 13.8 8.8 5.8 4.7 12.8 7.9 16.7 131 111 106
SD 9.1 6.3 98 31 54 30 71 54 3.9 5.2 6.1 8.6
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Table 3 Ultimate tensile stress

1-1X tested in the circumferential direction

o, (kPa) and associated ultimate stretch
¢ and the axial direction

a. Associated mean values

Ay (1) of the different types of tissue of all specimens
oy and Ay, and standard devia-

tions (SD).
Tissue type
A M-nos I-nos I-fc I-fm M-f

Specimen c a c a c a c a c a c a
| oy 6185 737.6 261.5 183.7 205.6 509.8 171.8 1278.1 181.5

Nuit 1.243 1.223 1.156 1.863 1.374 1.121 1.135 1.076 1.797
I oy 8323 667.6 212.9 128.4 435.2 1321.9 299.3 617.5

Nutt 1.173 1.392 1.409 2.005 1.129 1.117 1.073 1.068
1] oy 1188.3 1276.6 229.7 261.6 126.4 366.5

Nuit 1.479 1.157 1.249 1.169 1.232 1.071
\Y, oy 845.4 886.6 201.6 292.2

Nutt 1.424 1.299 1.280 1.213
\ Out 990.7 432.7 356.4 301.3 941.1 294.3

Nuit 1.282 1.830 1.201 1.076 1.071 1.057
\ oy 802.3 298.2 121.8 287.9 506.1 999.2

Nutt 1.413 1.177 1.283 1.126 1.058 1.078
Ml ou 1479.5 108.9 92,5 473.9 796.2 360.1 449.2 390.1 869.0

Nt 1.676 1.323 1.284 1.320 1.159 1.138 1.232 1.173 1.154
Vil oy 1090.1 1005.3 93.7 141.3 368.2 703.8 402.3 193.2

Nutt 1.458 1.458 1.260 1.583 1.648 1.435 1.121 1.176
IX ou 1396 1097.9 209.9 148.1 809.1 952.9 165.8 326.9

Nuit 1.652 1.658 1.313 1.267 1.357 1.309 1.222 1.208
mean ¢, 10316 951.8 202.0 188.8 488.6 943.7 254.8 468.6 776.8 277.5 1073.6 187.4
SD - 306.8 209.0 69.8 110.9 185.6 272.3 79.8 100.1 336.2 98.4 289.3 8.3
mean ) . 1.440 1.353 1.270 1.536 1.331 1.255 1.182 1.135 1.107 1.088 1.115 1.487
SD 0.175 0.168 0.081 0.327 0.199 0.146 0.100 0.071 0.057 0.042 0.055 0.439

kPa, with a mean of 484216 kPa and the ultimate tensilemeans of MRI; associated anamnesis of donors were reported.
stretches ranged from 1.15 to 1.60, with a mean ultimate tenskeom anatomical dissections into eight different tissue types,
stretch of 1.3&0.16. Limitations in this study were the smallwhich were based on histological images, a total number of 107
number of specimensix) that fractured within the gauge sectionsamples could be obtained for experimental tensile testing at a
and that uniaxial testing was performed at room temperature. temperature of 37°C. Gauge length and width were appropriately
It turns out that of all intimal tissues investigatéenos, I-fc, measured optically using a PC-based CCD-camera videoexten-
and I-fm) the lowest fracture stress is for the fibrous cap in theometer. Novel direction-dependent stress—strain data and fracture
circumferential direction, which supports the hypothesis of Riclstress and stretch of all plague types and healthy surrounding tis-
ardson et al[29] that peak circumferential stress may be a criticaues are described.
factor in plaque rupture. Interestingly, both the stress and stretchThis approach presents a step toward a better understanding of
at calcification I-c fracture, i.e., 12%6 kPa and 1.020.005, the biomechanical behavior of atherosclerotic lesions as a function
respectively, are smaller than for each of the other tissues testefitheir components; however, because of the variability of the
Except for the medial tissues M-nos and M-f, all others show, dasions and their marked heterogeneity the need for more data
average, higher ultimate tensile stretchgg in the circumferen- remains. The data presented indicate the general characteristics of
tial direction than in the axial direction. the mechanical response of individual arterial tissue types and
Table 2 shows the mean areas of the hysteresis loops for By Serve as a basis for the design of related constitutive models,
tissue types tested. Remarkably, all tissue components oriented ifsk that is performed in an upcoming paper. The present study
the circumferential direction show a larger hysteresis than thoseows the need for anisotropic models and may help to perform
oriented in the axial direction. computational analyses of plaques within mechanical interven-
Limitations of our study concern the number of samples testeliPnal therapies such as balloon angioplasty with greater accuracy.
which were too small in order to recognize age-specific, gender-
specific, artery type-specific or at_herosclerot_ic_: type-specific diﬁeﬁt?knowledgments
ences of the mechanical properties. In addition, due to the smal ]
size of the specimen, appropriate strip samples could not always! he authors are indebted to Professor R. Stollberger from the
be prepared. It was especially difficult to get samples from tif8vision for clinical and experimental magnetic resonance re-
fibrotic media M-f, because the M-f is a very thin tissue locate§earch at the Medical University Graz for his cooperation in de-
behind the fibrous intima at the medial border I-fm. A possibléeloping appropriate MR sequences for high resolution plaque
improvement in measurement of the tensile properties of micrdaging. Thanks also go to C.A.J. Schulze-Bauer and E. Pernkopf
sized specimens would be the use of micro-testers. Quite a nuf@(_ contributions to the .experlmental tests. Financial support fqr
ber of fracture tests failed in the sense that the fracture occurl®is research was provided by the Fonds zur Fortsetzung Chris-
outside the gauge section, although a second sample could sofi@'s Forschung and by the Austrian Science Foundation under
times be prepared and tested. Due to the small size of many s@pART-Award ~ Y74-TEC.  This  support is  gratefully
samples the idea of running experiments with dumbbell shapagknowledged.
samples would also not have been successful.
Nomenclature
5 Conclusion A

This study has attempted to systematically investigate and CIA =
quantify the anisotropic mechanical responses of the different tis- EIA =
sue components of nine human stenotic iliac arteries selected by f

adventitia

common iliac artery
external iliac artery
tensile force
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