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Viscoelastic properties of human arteries
Methodology and preliminary results
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Abstract: In order to study the biome-
chanical properties of the arterial wall
and to compare arteries with different
histologic structures, we designed a
device that aliows testing of arterial seg-
ments under near-physiologic condi-
tions. A hydrodynamic generator simu-
lates systolo-diastolic pressures in an
open loop. An intraarterial pressure sen-
sor and a sonomicrometer connected to
two piezoelectric crystals placed in dia-
metric opposition on the arterial wall
allow computer calculation of complian-
ce, stiffpess, midwall radial arterial
stress, Young modulus, and incremental
modulus for a given arterial segment at
a given pressure setting. Seven healthy
common carotid artery (CCA) segments
and seven healthy (superficial) femoral
artery (FA) segments were studied
immediately after removal from brain-
dead donors between the ages of 18 and
35 years. Histologic examination was
performed to determine the density of
elastic fibers in the arterial wall. Hyste-
resis was observed in all segments
regardless of pressure settings. Com-
pliance was greater and modulus values
and stiffness were lower in CCA than in
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FA. No evidence of structural change
was noted after testing in the circulation
loop. These preliminary results open the
way to a wide variety of applications for
our hydrodynamic circulation loop.
Experiments will be undertaken to com-
pare the mechanical properties of arte-
ries before and after cryopreservation.

Propriétés visco-élastiques des artéres
humaines. Méthodologie et résultats
préliminaires

Résumé : Dans le but d’étudier les pro-
priétés mécaniques de la paroi artérielle
et de pouvoir établir des comparaisons
entre des segments artériels de structure
histologique différente, nous avons mis
au point un banc d’essai hydrodyna-
mique permettant de tester des segments
artériels dans des conditions voisines de
la réalité physiologique. Un générateur
hydrodynamique permettait d’obtenir
dans un circuit ouvert un régime de
pressions de type systolo-diastolique.
Un capteur de pression intra-artériel,
ainsi qu’un sonomicrometre relié a des
cristaux piézo-électriques placés de
facon diamétralement opposée sur la
paroi artérielle, permettaient de calculer,
pour un régime de pressions donné et

grice & 'acquisition de données dans un
systeme informatique, la compliance, la
rigidité, la contrainte trans-pariétale, le
module de Young, le module incrémen-
tiel d’un segment artériel. Nous avons
étudié sept arteres carotides communes
(CC), et sept arteres fémorales (superfi-
cielles) (F) fraichement prélevées chez
des sujets sains dgés de 18 & 35 ans. Des
corrélations avec la richesse en fibres
élastiques de la paroi artérielle ont été
établies. Nous avons mis en évidence un
phénomene d’hystérésis pour chaque
artere testée quel que soit le niveau de
pression considéré. La compliance des
arteres CC a été plus importante, les
modules et la rigidité ont été moins
importants et ce de fagon significative
par rapport aux arteres F. Aucune altéra-
tion histologique n’a été mise en éviden-
ce aprés passage des segments artériels
au banc d’essai. Ces résultas prélimi-
naires nous permettent d’envisager de
nombreuses applications a ce travail
dont I'une d’entre elles sera la mesure
comparative des propriétés mécaniques
des artéres avant et aprés cryopréserva-
tion.

Key words: Arteries — Man — Biome-
chanics
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Arterial walls display specific mechani-
cal properties that enable them to fulfil
their crucial role in the circulatory sys-
tem, i.e. providing continuous flow of
blood to tissues. These properties are
due mainly to viscoelastic mechanisms
that allow arteries to maintain perfusion
pressure by adjusting their diameter.
Since these mechanisms depend on the
structure of the artery, changes in the
arterial wall can adversely affect blood
supply to downstream tissues [21].
Arterial wall structure varies according
to anatomic location. Traditionally arte-
ries have been divided into two catego-
ries: elastic arteries such as the common
carotid artery (CCA) and muscular arte-
ries such as the (superficial) femoral
artery (FA) [13]. This structural hetero-
geneity together with the strict depen-
dence of commonly measured mechani-
cal parameters on physiologic factors
such as heart rate, intraarterial pressure,
and smooth muscle cell activation hin-
ders in vivo assessment of the mechani-
cal properties of human arteries [21]. A
number of in vitro studies have been
conducted but the most interesting
results concern animal arteries.

The purpose of this study was to test
a new mock circulation loop designed
to allow reproducible measurement of
the mechanical properties of arterial
substitutes under near-physiologic
conditions without altering the structure
of the test segment.

Material and methods
Test segments

Arterial segments were removed during
multiple organ harvesting in patients
declared brain-dead in accordance with
then prevailing laws. Seven FA and
seven CCA were taken from five diffe-
rent donors including three men and
two women, with a mean age of 24.2
years. To allow mounting in the mock
circulation loop at the same length as in
situ, segments were measured before
division using a flexible tape measure.
Thin suture {monofilament 6/0) or clips
were used to mark the end-points.
Immediately after removal, the arteries
were placed in a cell culture medium
(RPMI 1640) with antibiotics. The
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Fig. 1

Drawing showing the mock circulation loop used to test arterial segments in this study. I, adjustable
compliance ; 2, external heating circuit (37°C) ; 3, control unit ; 4, hydrodynamic generator ; 5, adjus-
table resistance ; 6, arterial segment ; 7, heating resistance 37°C ; 8, pressure transducer ; 9, flexible
probe for external diameter measurement (SEDUC) ; 10, sonomicrometer ; 17, data acquisition system ;

12, rheological parameters calculation ; 13, TTL signal

Schéma général du banc de simulation d’écoulement physiologique sur lequel ont été testés les segments
artériels. I, compliance ajustable ; 2, circuit externe de réchauffament (37°C) ; 3, asservisserment ;
4, pompe ; 5, resistance ajustable ; 6, segment d’artére ; 7, circuit thermostaté & 37°C ; 8, transducteur de
pression ; 9, sonde souple (SEDUC) ; 10, sonomicrométre ; 11, chaine d’acquisition des données ;
12, calcul des paramétres rhéologiques artériels ; /3, signal de synchronisation de la pompe pour le

déclenchement de " acquisition

composition of the solution was identi-
cal to that of clinically used solutions
[10]. The bottle was placed in a contai-
ner with crushed ice and immediately
taken to the laboratory. All tests were
performed within 24 hours after remo-
val. Before mounting in the mock circu-
lation loop, the segments were prepared
as follows. The diameter of the lumen

was measured. The arterial wall was
inspected to ensure the absence of
lesions, tears, or leaks. Collaterals were
ligated using clips or 6/0 monofilament
suture. The chosen segments were as
straight as possible and the diameter of
the lumen as regular as possible. The in
situ length of the segments ranged from
4 to 12 cm (mean: 8.7 cm).
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Mock circulation loop

Our test system was composed of an
open hydraulic loop with a hydrodyna-
mic generator that simulated physiolo-
gic systolo-diastolic pressures. The
generator comprised a triphase electric
motor driving a volumetric gear pump
via two counter-rotative clutches. The
main components of the electronic
assembly were the control signal gene-
rator, the entry signal amplifier, a com-
parer, and two current amplifiers set in
opposite phase supplying the clutches.
A tachymetric dynamo on the pump
axis was used to monitor the pumping
cycle [9, 16, 18]. The hydraulic circuit
is depicted in Fig. 1. Ringer lactate was
used to fill the circuit because it is an
isotonic solution with optimal ionic
composition and pH for preservation of
cell membranes. Temperature was
maintained at 37°C using an external
warming circuit. The arterial segments
were mounted in the mock circulation
loop using two sliding connectors with
cone shaped tips for arteries of different
diameter. After attachment using a brai-
ded suture, the segment was adjusted to
the in situ length and the tub was filled
with Ringer lactate. When full, the
external peri-arterial pressure was simi-
lar to that provided by interstitial tissue
(less than 5 cm H,0).

Measurements

Intraarterial pressure and external dia-
meter were measured simultaneously.
These measurements were made as
close to the middle of the artery as pos-
sible, depending mainly on the presence
of ligated collaterals. Real-time and
mean arterial pressures were measured
using a S5F “Millar” MPC-500 pressure
microcatheter introduced through one of
the connectors using a “T” adaptor. The
hydrodynamic generator simulated sys-
tolo-diastolic pressures with a pulse rate
of 60 beats per minute. To allow compa-
rison of results, the same systolo-diasto-
lic pressure differential (60 mmHg) and
incremental pressure (30 mmHg) were
used in all experiments. In this study the
following four pressure settings were
used: 50-110 mmHg, 80-140 mm Hg,
110-170 mmHg, and 140-200 mmHg.

Fig. 2
(Superficial) femoral a. mounted in the mock circulation loop. One collateral has been closed using a
clip. The SEDUC catheter is in place and connected to the sonomicrometer
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Artére fémorale montée sur le banc d’essai. Une branche collatérale a été aveuglée par un clip. La sonde

SEDUC reliée 2 un sonomicrometre est en place

Variations in the external diameter
of the artery during pulsations were
measured using an ultrasound tech-
nique. Diameter was calculated in func-
tion of the time necessary for ultrasound
signals (5 MHz) to pass between two
piezoelectric crystals (emitter and recei-
ver) located in diametric opposition in a
flexible silastene catheter (“SEDUC” :
Dimensional Assessment Catheter for
Clinical Use made by CIF-INSERM 94-
1). The catheter is available in a number
of sizes so that it can be fitted to the
artery without altering hindering or
impeding the wall (Fig. 2).

A synchronisation signal (TTL)
from the generator controlling the pump
was used to trigger data acquisition by
the computer. After amplification and
filtration, signal data were recorded on
audiotape using a Bio-Logic DTR
1800%® multitrack analog recorder. Ana-
lysis of data was performed after ana-
log-digital conversion on a Hewlett-
Packard Vectra® computer. The softwa-
re used to process physiologic signals
can calculate means with data from 20
cycles (i.e. every 20 s). Recordings were
performed at least five minutes after
starting the circulation device. After tes-
ting, the artery was removed from the
loop and a 2 cm segment (in situ length)
was cut off, weighed (Mettler® scale,
sensitive to the mg), and used to allow
calculation of the internal radius and
thickness [15].

Measurements and
calculated parameters

The following direct measurements
were made:

- intraarterial systolic pressure
(Psyst);

- intraarterial diastolic pressure
(Pdiast);

- mean pressure (Pm);

- external systolic diameter (Ds);

- external diastolic diameter (Dd);

- mean diameter (Dm).
The measured data were used to calcu-
late the following parameters:

- arterial pulsatility (AD) and relati-
ve pulsatility (AD/Dm)

- compliance (Co) according to the
formula:

Co =AV/AP)

where AV is the variation of the internal
diameter of the artery and AP is the
pressure differential. Compliance is a
measure of wall elasticity, ie the ability
of the wall to expand in terms of a given
volume of blood depending on the pres-
sure. Compliance is expressed in
ml.mmHg-1,10-3,

- stiffness (AoS) according to the
formula:

AoS =AP/AD

Stiffness is a measure of the variation of
external diameter in terms of the pressu-
re change. Stiffness can be considered
as the opposite of compliance and is
expressed in mm Hg.cm-! [19].
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midwall radial arterial stress (G)

according to the formula:
o = 2.P (diast or syst).(ab/R)2/(b2-a2)
where a is the internal diameter of the
artery, b is the external radius, R is the
mean radius, ie (a + b)/2, and P is arte-
rial pressure. As indicated, this formula
allows calculation of both systolic (¢
syst) and diastolic (¢ diast) midwall
radial arterial stress. Mean midwall
radial stress calculated from ¢ syst and
G diast is a measure of the internal and
external stress applied to the arterial
wall. Mean midwall radial stress is
expressed in KN.m2 [15].

- Young’s modulus (Ep) according
to the formula

Ep =AP/AD) .(D/h)

where AP is the pressure variation, AD
is the diameter variation, Dm is mean
diameter, and h is mean wall thickness.
Young’s modulus is a measure of the
ratio between stress and resulting defor-
mation and is expressed in mmHg cm!
[14].

- incremental modulus (Einc) calcu-
lated according to the formula

Einc = 0.75 R (Ac/DR)

where Ao is the difference between ¢
syst and G diast. Incremental modulus is
a measure of the elasticity of the wall
and represents a linear function of
stress. Incremental modulus is expres-
sed in kN.m~ {7, 15].

Histology

After harvesting and weighing, a short
piece of the arterial segment was placed
in Bouin’s fluid pending histologic
study. Several staining methods were
used: HPS (hematoxylin, phloxin,
safran) or HES (hematoxylin, eosin,
safran) for routine examination of arte-
rial walls, Masson Trichrome green for
study of collagen fibers and cell nuclei,
and orcein for determination of elastic
fiber density. Particular attention was
paid to detect any alteration in the struc-
ture of the arterial wall.

Results
Pressure/diameter curves were plotted

for each artery, Hysteresis was obser-
ved in all tests, proving that the viscoe-
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Fig. 3

Pressure-diameter curve for a common
carotid a. at four pressure settings. The
amplitude of hysteresis and the slope
of the curve are consistent with the
high compliance expected in elastic
arteries

Courbe pression-diametre d'une artére
carotide commune aux quatre niveaux
de pression testés. Noter I'amplitude
du phénomene d’hystérésis et la pente
de la courbe traduisant la compliance
élevée des artéres de type élastique

Fig. 4

Pressure-diameter curve for a (superfi-
cial) femoral a. at four pressure set-
tings. The lower amplitude of hystere-
sis and lesser slope of the curve are
consistent with the lesser compliance
expected in muscular aa. as compared
to elastic arteries

Courbe pression-diamatre d’une artére
fémorale aux quatre niveaux de pres-
sion testés. L’hystérésis est ici moins
important de méme que la pente de la
courbe traduisant la rigidité plus
importante des artéres de type muscu-
laire

Table 1. Main rheologic parameters measured in common carotid arteries (n = 7) at 4 pressure settings

Principaux paramétres rhéologiques de 1’a. carotide commune (n = 7) dans les 4 gammes de pression

Parameter 50-11 80 - 140 110- 170 140 - 200
mmHg mmHg mmHg mmHg
AD (mm x 103 592+ 49 451 = 50* 272 £37* 184 +33%
AD/Dm (%) 8.56 £ 0.67 6.05 + 0.63*% 3.50 £ 0.42% 2.48 £ 0.40*
Co (ml mmHg 1 x 10-3) 1169+ 111 044 + 119* 598 + 89* 423 + 85%
o (KN m?) 424 +34 70,0 £ 6.4% 97.7£87* 127.5+ 11.2*
Ep (mmHgem1) 96 x12 146 = 30* 268 = 36* 435 = 67*
Einc (kN m2) 302 +38 491 + 103* 917 £ 117* 1349 £ 233%
AoS (mmHgem1) 994 + 81 1338 = 162% 2290 + 289* 3505 £ 477+

AD: arterial pulsatility; AD/Dm: arterial pulsatility vs mean diameter; Co: compliance; ¢, midwall radial
arterial stress; Ep: Young modulus; Eine: incremental modulus; AoS: stiffness. Values are means + SEM.
* Measured or calculated values significantly different (p<0.05) from corresponding values measured or
calculated at lower pressure setting

AD, pulsatilité artérielle ; AD/Dm, pulsatilité artérielle vs diamétre moyen ; ho/R, €paisseur moyenne de
Vartére vs le rayon moyen ; Co, compliance aortique ; o, contrainte radiale transpariéfale ; Ep, module
élastique de Young ; Eine, module &’ élasticité incrémentiel ; AoS, rigidité aortique. Les valeurs indiquées
sont les moyennes + SEM. *yvalenrs mesurées ou calculées significativement différentes (p<0.05) des
mémes valeurs mesurées ou calculées dans les gammes de pression inférieures
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Table 2. Main rheologic parameters measured in superficial femoral arteries (n = 7) at 4 pressure setfings

Principaux paramétres théologiques de I'a. fémorale (superficielle) (n = 7) dans les 4 gammes de pression

Parameter 50-11 80 - 140 110- 170 140 - 200
mmHg mmHg mmHg mmHg

AD (mm x 10-3) 243 x35 139 £ 19% 99 £ 13* 78+ 11%
AD/Dm (%) 4.14 £0.56 2.29 £0.30* 1.61 £0.21% 1.24 +0.19%
Co (ml mmHg-! x 10-3) 449 + 68 263 + 36* 193 £ 25% 156 +22%
¢ (KN m2) 462 +6.0 684 £8.1* 914 x9.8* 116 £ 13.0%
Ep (mmHgem1) 266 £ 53 479 x 83* 697 = 131* 939 + 188*
Einc (kN m-2) 698 + 158 1127 £237* 1910 + 400%* 2636 = 581*
AoS (mmHgem 1) 2610 + 385 4451 £581* 6171 x 854* 7940 + 1175*

AD: arterial pulsatility; AD/Dm: arterial pulsatility vs mean diameter; Co: compliance; ¢, midwall radial
arterial stress; Ep: Young modulus; Einc: incremental modulus; AoS: stiffness. Values are means + SEM.
* Measured or calculated values significantly different (p<0.05) from corresponding values measured or

calculated at lower pressure setting

AD, pulsatilité artérielle ; AD/Dm, pulsatilité artérielle vs diamétre moyen ; ho/R, épaisseur moyenne de
Iartére vs le rayon moyen ; Co, compliance aortique ; o, contrainte radiale transpariétale ; Ep, module
élastique de Young ; Einc, module d’élasticité incrémentiel ; AoS, rigidité aortique. Les valeurs indiquées
sont les moyennes + SEM. *valeurs mesurées ou calculées significativement différentes (p<0.05) des
mémes valeurs mesurées ou calculées dans les gammes de pression inférieures

10 - A D/Dm % Fig. 5
Comparison of arterial pulsati-
lity {AD/Dm) in common caro-
81 tid aa. (CCA) and (superficial)
femoral aa. (FA), Stars indicate
6 statistically significant diffe-
rences (Student test; p < 0.05)
4 Valeurs de la pulsatilité arté-
rielle (AD/Dm) pour les aa.
carotides communes (CC) et les
21 aa. fémorales (F). Les étoiles
indiquent les différences signi-
0 . : i : Pressure  licatives sur le plan statistique
50/110 80/140 110/170 140/200  mm Hg (test de Student, p<0,05)
1400 - Compiiance, mimm Hg-1.10-3 Fig. 6
1200 - Comparison of arterial compliance (Co)
in common carotid aa. (CCA) and
1000 - (superficial) femoral aa. (FA). Stars
800 1 indicate statistically significant diffe-
rences (Student test; p < 0.05)
6001 Valeurs de la compliance artérielle (Co)
400 - pour les aa. carotides communes (CC)
: et les aa. fémorales (F). Les étoiles indi-
2007 quent les différences significatives sur
0 ; ; Pressure L€ Plan statistique (test de Student,

T T
50/110 80/140 110/170

lastic properties of the arterial wall were
preserved at all four pressure settings
(Fig. 3 and 4). The amplitude of hyste-
resis was much greater for elastic arte-
ries (CCA) than for muscular arteries
(FA). Rheologic parameters calculated

140/200 mm Hg

p<0,05)

for CCA and FA at the four pressure
settings are summarised in Tables 1 and
2 respectively. Significant differences in
pulsatility, compliance, stiffness, mid-
wall radial arterial stress, Young’s
modulus, and incremental modulus
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were observed in arteries of the same
type (CCA or FA) from one pressure
sefting to another. The curves in Figures
5 to 10 compare pulsatility, compliance,
stiffness, Young’s modulus, incremen-
tal modulus, and midwall radial arterial
stress in the two types of arteries at each
pressure setting. Significant differences
in pulsatility, compliance, stiffness,
Young’s modulus, and incremental
modulus were observed between the
two types of arteries (CCA and FA) at
each pressure setting. There was no
significant difference between CCA and
FA with regard to midwall radial arte-
rial stress.

Histologic examination showed no
sign of any alteration in arterial wall
structure after testing. The different
layers of the artery were intact. Orcein
staining allowed determination of the
elastic fiber density. The CCAs always
displayed more elastic fibers than the
FAs (Figs. 11 and 12). Scanning elec-
tron microscopy showed that testing in
the mock circulation loop did not dama-
ge the arterial endothelinm (Fig. 13).

Discussion
Test device

The mock circulation device that we
designed provided near-physiologic
pressure levels, pressure differential,
pulse rate and temperature. If also allo-
wed arteries to be tested at their in situ
length, thus taking into account the ana-
tomic changes described by Learoyd
and Taylor [12] who reported that arte-
ries tend to retract less with age and that
the extent of retraction was inversely
related to the distance of the artery from
the heart. In their study, these authors
estimated arterial retraction in young
subjects (under 35 years) to be between
25 and 40%, a range comparable with
the one observed in this study. Varia-
tion in rheologic parameters with age
has been documented by a number of
other authors [12, 15, 20]. To avoid
ageing as a possible bias in this study,
we included only young subjects accor-
ding to the definition of Learoyd and
Taylor [12], i.e. under 35 years. Qur
results were homogeneous.
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Fig. 7

Comparison of stiffness (Aos) in
common carotid aa. (CCA) and
(superficial) femoral aa. (FA). Stars
indicate statistically significant dif-
ferences (Student test; p < 0.05)

Valeurs de la rigidité artérielle
(Aos) pour les aa. carotides com-
munes (CC) et les aa. fémorales (F).
Les étoiles indiquent les différences
significatives sur le plan statistique
(test de Student, p<0,05)

Fig. 8

Comparison of Young’s modu-
Tus (Ep) in common carotid aa.
(CCA) and (superficial) femoral
aa. (FA). Stars indicate statisti-
cally significant differences
(Student test; p < 0.05)

Valeurs du module de Young
(Ep) pour les aa. carotides com-
munes (CC) et les aa. fémorales
(F). Les étoiles indiquent les
différences significatives sur le
plan statistique (test de Student,
p<0,05)

Fig. 9. Comparison of incre-
mental modulus (Einc) in com-
mon carotid aa. (CCA) and
(superficial) femoral aa. (FA).
Stars indicate statistically signi-
ficant differences (Student test;
p < 0.05)

Valeurs du module incrémentiel
(Einc) pour les aa. carotides
communes (CC) et les aa.
fémorales (F). Les étoiles indi-
quent les différences significa-
tives sur le plan statistique (test

Hg de Student, p<0,05)

Fig. 10. Comparison of midwall radial
arterial stress (o) in common carotid
aa. (CCA) and (superficial) femoral aa.
(FA). Stars indicate statistically signifi-
cant differences (Student test; p<0.05)

Valeurs de la contrainte trans-pariétale
(G) pour les aa. carotides communes
(CC) et les aa. fémorales (F). Nous
n’avons pas observé de différence
significative entre les CC et les F, la
contrainte étant surtout dépendante de
la pression intra-artérieile
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Experimental handling was done
under sterile conditions up to testing in
the mock circulation loop. Harvesting,
transport, and preparation of the artery
were performed under standard opera-
ting-room aseptic conditions, thus
minimising the risk of bacterial conta-
mination of the arterial wall. Aseptic
conditions could not be maintained in
the mock circulation loop because it is
not easy to disinfect the whole test devi-
ce. However it seems unlikely that
contamination during the 30 to 45 min
necessary to mount the artery in the test
device and record experimental data
was sufficient to alter the mechanical
properties of the arteries. The duration
of storage at 4° C prior to testing was
kept as short as possible to avoid struc-
tural changes. In this regard, Abebe et
al [1] observed extensive edema and
damage to intracellular organelles after
24 h at +4° C. However, it should be
emphasized that these authors used
Eurocollins as the preservative medium
whereas we preferred RPMI 1640.
RPMI 1640 is a culture medium that
allows prolonged preservation (1 to 21
days) of human arteries [10]. Kirklin et
al [11] emphasized the possible toxicity
of prolonged soaking in solution contai-
ning high concentrations of antibodies.
To protect our segments from this type
of damage, we minimized the duration
of soaking in antibiotic solution.

Since the SEDUC® catheter used to
measure variations in arterial diameter
is flexible and light, it does not hinder
or impede the arterial wall in any way.
The variation in relative pulsatility
(AD/Dm) was between 4% for FA to
10% for CC. These variations are com-
parable to those observed when measu-
rements were made with optical tech-
niques [5]. Another advantage of the
SEDUC® catheter is that it can be used
to hold the piezoelectric sensors against
the external surface of the artery in dia-
metric opposition. Sensors were placed
at different diameters (mm by mm) so
that the catheter could be replaced if the
diameter of the artery changed greatly
as the pressure setting was increased.
Measurements obtained using the cathe-
ter to hold the sensors were similar to
those obtained when the sensors were
attached to the arterial wall using fibrin
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Fig. 11. microscopic
view of a common
carotid a. after orcein
staining (x100). Note
the intact structure of
the arterial wall and
the high density of
elastic fibers

A. carotide commune,
microscopie optique x
100, coloration par
Iorcéine. Noter I'inté-
grité architecturale de
la paroi artériclle et la
haute densité en fibres
élastigues

Fig. 12. Microscopic
view of (superficial)
femoral a. after orcei-
ne staining (x100).
Note the intact struc-
ture of the arterial
wall and the low den-
sity of elastic fibers

A. fémorale, micro-
scopie optique x 100,
coloration par I’orcéi-
ne. Noter ici aussi
Pintégrité architectu-
rale de la paroi arté-
rielle et la rareté des
fibres élastiques

Fig. 13. Scanning
electron microscopic
view of (superficial)
femoral a. (x1000).
Note that the vascular
endothelium was not
damaged by testing in
our mock circulation
loop

A. fémorale, micro-
scopie & balayage x
1000. Noter I’intégrité
de Vendothélium vas-
culaire aprés passage
du segment artériel
dans le banc de simu-
lation
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glue [3]. Positioning the sensors with
the catheter rules out the possibility of
the sensor becoming detached during
the test or the problems associated with
having to glue or sew on two captors in
diametric opposition.

Our test device does not damage the
structure of the arteries. Histologic
study of tested arteries revealed no zone
of necrosis or structural change able to
jeopardise mechanical properties. The
results demonstrated a strong correla-
tion between histologic structure and
mechanical performance, with arteries
having the highest density of elastic
fibers such as the CCA having signifi-
cantly better compliance than muscular
arteries such as the FA,

Rheologic properties of arteries

Hysteresis was observed in all arteries
tested, regardless of the pressure set-
ting. Previous reports indicated that
hysteresis was greater at the beginning
of the test [2, 5]. This enhancement is
related to the extensible nature of the
arterial wall as documented by Reming-
ton [17], who reported that the width of
the hysteresis loop was dependent on
how much the artery is stretched. To
avoid bias due to this phenomenon, we
waited for the pressure/diameter res-
ponse to stabilise before recording data.
Figures 3 and 4 show that the hysteresis
also depends on the density of elastic
fibers in the arterial wall with the
amplitude of the loop being much grea-
ter for CCA than for FA. The steeper
slope of the loop at low pressure set-
tings was probably due to incomplete
recruitment of elastic fibers. The lesse-
ning of the slope at high pressure set-
tings may have been due to recruitment
of collagen fibers [6]. Obviously har-
vesting of arteries leads to complete
denervation and as a result the tested
artery is an inert conduit. This elimi-
nates any bias due to neurogenic stimuli
that might occur during in vivo tests.
The possibility of contraction of smooth
muscle cells due to an extracellular and
intracellular electrolyte imbalance was
ruled out by the fact that injection of
papaverine into the loop and arterial
wall did not cause any change in the
diameter of the artery.
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Conclusion

Our mock circulation loop allows
reliable assessment of the rheologic cha-
racteristics of arteries without wall
damage. In the present study we were
able to measure the main parameters of
arterial segments with different histolo-
gic structure, Our goal is to study arte-
ries from all over the body in order to
draw a rheologic map of the circulatory
network. The test device has many other
applications, eg evaluating the mechani-
cal properties of cryopreserved arteries
or other arterial substitutes used for sur-
gical bypass (saphenous veins, pros-
theses, and bioprostheses).
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