Experimental evidence of the compressibility of arteries
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Abstract

A definitive answer to the question whether artery walls ao®mpressible is to our
opinion not yet categorically provided. Experimentaldzhgvidence on the level of com-
pressibility in artery walls is not easily achieved becanfshe difficulties associated with
measurement of very small differences in volumes underiploggcal pressure in these
biological tissues. Past experiments aimed at addredsinguestion considered different
species, different arteries, the experimental deviceg wet accurate enough and a sta-
tistical analysis of the results was missing.

A precise experimental device together with a thoroughnggtrotocol, a careful se-
lection of arteries and a statistical analysis is presefued definitive evaluation of the
artery wall compressibility. We provide experimental erde that in saphenous and
femoral porcine arteries under physiological pressurgeaanrelative compressibility of
2 - 6% is observed. The pre-assumption of incompressibilitpany phenomenological
constitutive models of artery walls should probably bevahgated.
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1. Introduction

The biomechanical response of the artery tissue is a topia@dr importance
and intensive research, and several phenomenologicalittwive models have
been proposed for the prediction of their passive respofise.common models
are hyperelastiquniquely determined by a strain energy density functideb,
W) pre-assuming the incompressibility of the artery tissndan physiological
conditions, see e.g. the recent review [13]. This assumgidased on the argu-
mentation that the artery wall is comprised mostly of watdrich is considered
incompressible.

In this case, the SEDF contains only an isochoric (volumegkeng) part
associated with the elastic matrix, and a part associattdtive two families of
the collagen fibers. For example in [12] the following decosipon of the SEDF
was suggested:

U

W= Sl = 3) + Wripers, (1)

where t and llic are the first and third invariants of the right Cauchy-Gresrsor
C. The material parameteris associated with the shear modulus at infinitesimal
strains (or ground-state).

However, if in reality the artery is compressible or eveglsliy compressible,
the SEDF has to be enriched by another volumetric term that acount for it.

One such option is [20]:
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with the material parameterbeing associated with the bulk modulus at infinites-

imal strains (or ground-state).



The stresses resulting from SEDFs under the assumptiorafipressibility
are significantly different compared to those obtained utideslightly compress-
ible assumption (see e.g. [18]). As an example, slight cesgbility (volume-
change of up to roughly 3%) resulted in circumferential stes in the arterial
wall up to 100% higher compared to the incompressible casthéphysiologi-
cal pressure of 100 mmHg as documented in [21, 8]. For alingsimpressible
materialse = /K is usually a small parameter, but not zero, and the intedeste

reader is referenced to a detailed analysis of such cases<ot in [14, 15].

A definitive experimental-based answer on the level of casgibility in artery
walls is therefore of biomechanical interest but not eaaiigwered because of
difficulties to measure accurately very small differencesdlume under physio-
logical pressure.

Numerous publications in the past three decades reportmariexents aimed
at measuring the “incompressibility” in arterial walls. & reported results, how-
ever, differ significantly due to the variation in methodsmber and quality of
examined arteries and lack of a systematic experimentabgoband statistical
evaluation of the experimental observation.

We first provide a critical review of these past experimehesvton [17] ex-
perimented on dog aorta, investigating the thermo-elastiaviour under uniaxial
loads. In part of his study he used a dilatometer to deterthmeolume-change of
the aorta during uniaxial tension. The apparatus (showiginifincluded a brass
tube in which the specimen was submerged in saline solutioleweasuring the
change in liquid level during extension. Lawton implemedethermodynamic
theory to calculate the tension force taking the change lamme into account.

A small change in volume (less than 1%) was reported beinbinvihe range
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of experimental error, resulting in the conclusion that &neery wall is incom-

pressible. Carew et al. [3] combined analytical and expenital approaches to

Figure 1: Schematic drawing of the dilatometer [17]. Thecgpen was connected to the loops

(L) and the change in volume was measured by the liquid egttirato the pipet (P).

assess the compressibility of the artery in terms of the mokiulusk. Cylin-
drical segments of various dog arteries submersed in aaomtiume filled with
physiological solution were tested. The arteries werediesl to 3- 10% of their
initial length, and inflated to pressures of 16797 mmHg. Then the saline so-
lution within the specimen was allowed to transfer to thesglask, allowing the
inner and outer pressures to equilibrate. The change inr\eatel was a direct
representation of the change in tissue’s volume. Bulk masiwlas calculated us-
ing the axial, circumferential and radial stresses, meakhy the inner pressure
and axial load. The testing device is shown in Fig. 2. It wascbaded that the

volume-change in dog aortas is negligible, and generaldeud%. Tickner and



Figure 2: Schematic drawing of the dilatometer as shown jn Baline was pumped into the
artery, and stretched to-310% of its initial length. The capillary tube shown at the tops
directed horizontally, thus the water leaving the glassfthsough the tube did not affect the

outer hydrostatic pressure.

Sacks [19] reported the highest volume-change in compavisth other studies,
20— 35% for various human arteries. They placed the testedrsees vertically,
sealed with a small weight at the bottom, designed to strdtelartery and seal
it (see Fig. 3). The arteries were inflated by air and wallkhess determined by
X-rays so the change in volume was computed for differeng¢rirpressures and
axial loads. A decrease in volume of up to 35% for an inflaticespure of 300
mmHg was reported. The dry environment and air used for infahe artery
may had resulted in an extreme volume change. Chuong and [Buiegperi-
mented on rabbit aortas, cutting the artery open into a mgciar segment and
compressing it (Fig. 4) while measuring the amount of liggitruded from it (as-
sumed to be the volume-change of the tissue). The compildégditir four aorta
specimens was estimated in the range.6f01.26% per 10 kPa of compression

stress, in the range of-030 kPa. The maximum change in volume in the results
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Figure 3:Schematic drawing of the test system shown in [19].

presented was about 3%, for 30 kPa of compression stressydésnd to 225
mmHg). The effect of the arterial volume-change was reploibebe negligible
and unaffect the computation of stresses. It was not megdiomowever, if the
evaporation of water from the glass slip was taken into act;@parameter which
may influence the results, even in small quantities. In aadihe small number
of specimens presented is problematic for definitive caiochs. Furthermore,
the volume-change not associated with water extrusion wasiacussed, mak-
ing the assumption that the change in volume was solely septed by the liquid
extruded from the tissue during uniaxial compression. #$® possible that due
to the slicing of the artery a non representative amountpiidi was extruded.
Girerd et. al [10] used ultrasonic techniques to measunegwetchanged on sam-
ples of human mammary and radial arteries under physiadbgiessure (175
mmHg). The inner diameter and wall thickness were measstenlying incon-
sistent results. Although the results imply a change of %15 the artery wall
area, the authors concluded that no significant change glprigssurization oc-

curred and the artery volume is conserved. The small amduested specimens
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Figure 4: Schematic drawing of the system presented in [5]. The sy$ternompressing the
arteries (left) and a magnification of the glass slip durixggegiment (right). Tissue was loaded by

a compressive force applied on the glass cover slip.

and the large diversity in the results shown makes it difficubur opinion to con-
clusively reach any conclusion. Ultrasound methods wege alilized in a later
study by Boutouyrie et al. [2]. The researchers performedvno measurements
of the cross-section area of human carotid artery wallsy Teported a decrease
of 4.7 % in the cross-sectional area of healthy carotids.

Two similar studies by Faury et al. [9] and Chesler et al. [¢¢d transillu-
mination, measuring the wall thickness change in mice iadan-vivo and in-
vitro. Both studies reported a change of roughly-180% in tissue volume in
the physiological pressure spectrum. It is likely that tightcompressibility lev-
els measured were partly due to the transillumination tegtes, and the large
measurement-error reported at low pressures in [9].

Recently, Di Puccio et al. [6] presented a test system basdteoprinciple
shown in [3], in an attempt to recreate physiological caond# for an accurate

determination of arterial compressibility, see Fig.5. Tdw rig was comprised of



a transparent PMMA tube filled with saline containing therakeed specimen,
which was connected at both ends to sealed tubes. The inheneof the artery
and tubing was separated entirely from the rest of the PMM tudefining the
outer volume. The inner volume was pressurized with an gohasty syringe to
a pressure of up to.OMPa, causing the tested specimen to inflate and thus push-
ing the saline in the outer volume through a horizontal ¢ayil The degree of
volume-change in the tissue was measured by comparing tberdraf removed
saline to the amount of saline pumped into the artery. A dromercury was
inserted to the tubing from the syringe to the inner volureeyisg as a marker to
indicate the inner volume-change. In [6] only two experitseam porcine arteries
were reported: one specimen showed a change of up to 6% imeolhile the
other~ 20%.
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Figure 5:Schematic drawing of the system in [6]. The specimen is a#fié PMMA tube filled

with saline, surrounded by saline.

A summary of tested arteries and compressibility rangertedas provided
in Table 1. One may observe that different species and diftearteries were
considered, that it is unclear whether several specimenstaken from the same

subject and that statistical means of analysis of the i&ithissing. In addition
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in most cases the experimental protocol and experimentaisesire not provided.
These drawbacks suggest that any conclusions on the cosiipligsof arterial
walls may be misleading, and a precise device together witilough testing
protocol, a careful selection of arteries and statisticellysis is required for a
definitive evaluation of the artery’s compressibility. Weyide therefore a de-
tailed description of the experimental system and all messundertaken to as-
sure the precise measurements as well as the detailed repeal protocol used

to assess precisely the relative volume change.

2. Methods

A new experimental device was designed and constructed lmasg6]. The
artery wall’'s volume-change is of orders of micro-litersr#fore the experimental
device had to be sensitive and well calibrated. The lumemdairtery was water
filled at increased pressure that resulted in deformatich®fartery and the ex-
trusion of water surrounding it through a small-diametdretuThe difference in
the volume of the extruded water and the volume insertedtirg@rtery’s lumen

was the change of the artery’s wall volume.

2.1. The experimental device

Typically arteries having an outer diameter of 8 mm and a length of about
20 mm were considered. The initial tissue volume of a spetiai¢his size was
roughly 20QuL (micro liter). To obtain an internal pressure of about 30@iHgy
it was required to pump approximately 300 of liquid into the artery’s lumen.
Thetest chamber (see Fig. 6) was a PMMA tube, with an internal diameter of 32
mm, sealed at both ends by rigid plastic caps. System’s coenis were manu-

factured from materials that do not deform under minor presssexperienced in
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Table 1: Summary of experimental data from past studies.

Publication Year Animal Artery # Spec. Vo AV N Method Notes
(uL) %
Lawton [17] 1954 Canine Aorta NS 1000 Negligible Extensiests
Carew et al. [3] 1968 Canine Various 31 42@933 Negligible Static inflation test
Tickner & Sacks [19] 1967 Human Various 9 NS Upto35%  X-ray swraments  Usage of air
Canine Thoratic aorta 2
Femoral artery 2
Dobrin & Rovick [7] 1967 Canine Carotid NS NS Negligible  Xyrmeasurements
Chuong & Fung [5] 1984 Rabbit Thoratic aorta 4 .41 539 Negligible Strip compression
Girerd et al. [10] 1992 Human Mammary, Radial 6 ~ 323 (forlcmlength) Negligible US measurements inconsistent
Faury et al. [9] 1999 Mouse Various 14 NS 13 8% Transillumination
Boutouyrieetal.[2] 2001 Human Carotid 15 16%for 1 cm length) 47+2.7% US measurements
Chesler et al. [4] 2004 Mouse Left pulmonary 12 ~0.3 15—-20% Transillumination
Di Puccio et al. [6] 2012 Swine Renal artery 2 .38 2513 6—20%  Dynamic inflation test

NS - not specified. US - ultrasound



experiments, and did not react with any physiologic liqaidrough the center of
each cap a hollow small diameter metallic tube was insedgedpsing the main
part of the pressurized volum&. One cap was perforated at two locations by
medical needles, that were connected to plastic tubes eTiexxlles were used to
fill the test chamber with water and to allow the exit of air blgs trapped inside

the test chamber.

Artery PMMA  Metallic Hollow

Outlet to T Vv
ext
Specimen ~ Chamber Tube

Measurement
Tube

Plastic Caps

/

Vi Catheter
- \
Filling Inlet ¥
V Chamber V P

Figure 6: A schematic figure of the testing device.

The artery specimen was tied to the metal hollow tubes ieddrom either
side of the test chamber, using surgical thread, and wasketidor any leak-
age prior to the experiment (by inflating it with blue medipgment (Methylene
blue) so to make sure no leakage is visible) as shown in Fig{liep). The long
metallic tubes (extruded from the un-perforated cap) ctwald been moved, so
that the specimen was easily secured to both tubes beforasits@aled in the
test chamber and the outer volume isolated. After the spatiwas securely
tied it was ready so that pressureVip could had been monitored (comprising
of the artery lumen and inner volumes of the metal tubes). éssure sensor
was inserted by a catheter through the long tube into theatitsaly. To the short

metallic tube a syringe pump was connected that insertemtexbiwate,, in-
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flating the artery. One of the needles perforating the cajer ditling the test
chamber, was used as the exit for the extruded water fromMidAtube (see
Figure 7(Bottom). The extruded water went into a horizotiteal transparent tube
having an inner diameter of.8mm, so that the volume of the extruded water
Vex could had been measured by monitoring the movement of theseridce
of the water. This allowed for a clear sensitive observatinod did not add er-
rors by capillary forces. The open end and horizontal plaggrof the thin tube
maintained a constant pressure in the test chamber, sodtgtiogpressure could

not had been accumulated. It is important to emphasize liegptessure in the

Vi, Pumping
Inlet

Figure 7: The experimental system while the artery specimen is atth¢fop), and after the

chamber is filled with water and volume-pressure experinsgmerformed (Bottom).

chamber surrounding the artery is unchanged as a resuleahtieased pres-
sure in artery’s lumen (the chamber is open through the measant tube). The
transparent chamber allowed one to monitor the specimanglakperiment, to
ensure there were no leaks from the artery lumen and thatr owulables formed

in the chambeNanmber- TO release any dissolved gases from the water, boiled
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water at room temperature was used. The colored water wapgalimto the in-
ner volume to allow the identification of any leaks. A NE-10@@grammable
single syringe pump by New Era Pump Systems, Inc. togethéravi milliliter
glass syringe were used to pump the colored water into thex WMalume. This al-
lowed to pump a minimum amount ofil. at a time. The accuracy of the amount
of liquid inserted by the syringe pump was checked by weigldistilled water
extruded from the syringe using analytical scales, with asueement error of
0.1 milligram (0.1uL). The volume of water extruded from the chamber’s volume
was measured. Eaghl was equivalent to 795 mm of liquid in the transparent
tube (factor found experimentally by using the device with@ specimen). The
inner pressure was measured by a catheter pressure sedsoBarartMap moni-
tor made by VOLCANO, with a @8mmwire, providing a pressure measurement
in the range of -39- 399 mmHg and an accuracy #f3%. The setup of the testing

device and all its components are shown in Fig. 8.

2.2. Calibration of the experimental device

Several verification procedures were performed to ens@radhuracy of the

experimental observations:

e Leakage in the experimental device was checked by insesidter into the
experimental chamber at a pressure of 250 mmHg without &mnyartNo

leaks were present.

e The inserted fluid volume (by syringe pump with a glass syg)ngas ver-
ified by an analytical scale. The measurement error was hessQ1uL,
(less than (6% of the volume for a pressure of 100 mmHg in the smallest

specimens). No influence of pressure on the accuracy of #ested fluid
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Figure 8: Photograph of the testing system components.

was observed. Also increasing the outer pressure (comgettie outlet to

a tube filled with water at different heights) had no effectlomresults.

The measurement accuracy of the volume of water driven byyhage
into the artery was determined by connecting the syringectlyr to the
measurement tube, bypassing the test chamber. A relatib@ @b mm per
1 uL pumped by the syringe was found. Thus the error of the owtpluime

is1mm orﬁgsuL, since we use a millimetric scale in experiments.

The pressure measurement by the catheter sensor was vieyitednecting
the closed system to a long tube, filled with water and opem#tktair. The

pressure was reset to zero and the tube was then elevaté@tertdiheights.
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Given the height, hydrostatic pressure in the closed systascalculated

and compared to the sensor measurement havint mmHg error.

e The experimental device may be susceptible to temperahaege result-
ing in volume change. To prevent this problem, the device isakted
from the environment by styrofoam to maintain a constanpienature, and
experiments were performed within a very short time-frai@e.to be fur-
ther on the safe-side, during this time-frame the tempegatuthe lab was

unchanged.

e Artery volume was measured at the end of each experimeniyasg no ir-
reversible change during the experiment. Average walktiess was mea-
sured under a glass slide by a height indicator, and the cudeea was
computed by photograph analysis after the artery was fiadtem a mm-
scale. The error of the height indicator wa®D mm, and the error in the
area measurement was less than 2%. These errors accuntolaedtal

error of up tor 5% in the tissue volume calculation.

e Control experiments were performed on incompressible latbber tubes
of several sizes to verify volume change. These were peddraxactly as
the experiments on the arteries. Since rubber volume’sgghaknown to
be negligible at these pressures, any measured changaumealas con-
tributed as inaccuracies of the testing device. Resulte wsed as a cali-
bration for the volume-change measured in the artery wedl ,edaboration

in section 3.

e It was noticed that immediately after each volume dose wssriad, the

pressure had a peak value and thereafter slowly and contshudecreased.
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This phenomenon did not occur in rubber specimens. Thexetbe phe-
nomena was attributed to the relaxation of the arterial \Wiallavoid errors,
the pressure was measured immediately after each dose twaguiced,

measuring the peak pressure value.

2.3. Experiment protocol

Porcine femoral, saphenous and one carotid arteries wénacted from fe-
male pigs sacrificed for medical research not associatdtthgtvascular system.
Prior to excision, heparan sulfate was given to the sedatieashto prevent blood
clots in the arteries. The excised specimens were keptimessblution at 2- 4°
C for at most 24 hours. The arteries were skeletonized (ativedissue removed
around the arteries), cut to an appropriate length withdutdating branches and
attached to the metallic tubes by surgical thread. Colora@mwas then inserted
into the lumen to remove trapped air and to check for leaksirfbseasing the
inner pressure to a value 8200 mmHg). If leakage was detected the artery was
discarded, otherwise the test chamber was carefully seaddilled with clear
water, while allowing air bubbles to be pushed out.

A preconditioning protocol was then followed by determgihe amount of
inlet water ¥in 30anmHg) that produced 300 mmHg pressure within the lumen, and
repeatedly pumping it in and out until peak pressure in coutsee cycles re-
mained constant. Following preconditioning, incremerits @nth ofVi, 30ammHg
were inserted at a pumping rate of Zﬁg) Immediately after each dose, the pres-
sure and the water level in the measurement tube were retobi#oting water
volume pumped into the artery M, and the volume extruded from the test cham-
ber byVe, the tissue volume-change calculated W&s= Vi, — Vex and relative

volume-change wa%% [%] whereVy is the initial volume of the examined spec-
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imen. Each experiment was repeated 3-4 times. Photogrdhgypical artery

during experiment is shown in Fig. 9. Following the expernineach artery was

el h»w

Low Medium

Figure 9: A typical artery during experiment under low, mediand high inflation pressures.

placed on a a millimetric grid, and measured by photograplyars. Edges of the
artery outside the securing strings were trimmed, and theisen was cut along
its length. A micro slide was placed on the flattened arteny pimotographed.
Wall thickness was measured by a height indicator (the fexeeted by the height
indicator is minor and applied over the entire artery’s acef so it did not influ-
ence the measured thickness). Volume was determined bgiadesall thickness.
An example of the photographs is presented in Fig. 10.

Pressure measurements started at 0 mmHg. However andlyssutis was
performed starting at 50 mmHg which is considered the loveit bf a physio-
logical value (normal porcine blood pressurexis80/130 mmHg [11, 1].). Be-
cause the femoral and saphenous arteries are consideatigelgl large blood
vessels, and since the normal blood pressure in these laggelg isc 80/130
mmHg, then the physiological pressures we consider vagggden~ 50 mmHg
and~ 250— 300 mmHg representing an intense activity. These are théits
considered in our experiments. Relative volume-changeoabsilated in rela-
tion to the volume at a pressure ®f50 mmHg (the exact value varied between

experiments).
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Figure 10: Photos foYy determination of a typical artery. a - The entire specimen. iith
the edges cut (right), and a cross-sectional picture of éheowved edges (left). ¢ - Spread out
to measure the area. The blue color of the tissue is a restitteafnethylene blue used in our

experiments.

2.4. Fpecimens

Twelve specimens were collected, mostly harvested fromgsegment start-
ing at the external iliac, through the femoral bifurcatioranding at the saphe-
nous, see Table 2.

Rubber specimens made of two different materials, diffelemgths and sev-
eral diameters were considered as summarized in Table 3eEne of dimensions
that were as close as possible to the artery segments andigexte¢o identify the
“system’s overall bias from incompressibility”. Since hdy is stiffer than arter-
ies, smaller volume doses were used for same levels of altprassure. There-

fore rubber tubes longer than the typical lengths of artpgcsnens were tested,
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Table 2: Summary of the arteries (all female porcine).

No. Artery L Do WT Vo  Weight Age
mm mm mm mm Kg  Mo.
1 Femoral 11 3.0 036 356 32 3
2 Saphenous 195 20 0.36 456 84 6
3 Femoral 18 3.7 043 894 30 3
4  Saphenous 145 25 0.62 584 65 6
5 Saphenous 11 19 0.76 54.3 65 6
6 Saphenous 27 25 051 757 80 8
7 Femoral 10 50 052 728 60 6
8 Femoral 225 55 0.61 219.6 75 8
9 Femoral 9 51 05 675 N/A N/A
10 Saphenous 11 19 041 26.7 N/A N/A
11 Carotid 18 4.0 059 116.8 47 4
12 Femoral 16 6.0 0.69 2098 169 N/A

resulting in larger values of initial volume.

2.5. Data analysis

All data was statistically analyzed by SPSS version 21 (SBS5 New york,

USA). The influence of pressure on relative change in voluras analyzed by

a multivariate analysis (linear regression) with logaritb pressure and logarith-

mic relative change in volume, with a restricted maximunelitvood (REML)

estimation. We considered artery initial volume, lengthllsthickness and outer

diameter as influencing parameters. The model accountediusters created by

an artery. The clustered structure of the data had to be atetdor due to cor-
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Table 3: Summary of the control specimens.
Spec. No. Material Length ® WT Volume

mm mm mm mm

i Silicone-Rubber 52 50 0.9 602.8
ii Latex Rubber 169 3.7 0.995 1402.6
i Latex Rubber 338 3.7 0.995 2805.1

v Latex Rubber 670 3.7 0.995 5560.5
% Latex Rubber 205 56 097 2917
Vi Latex Rubber 41 56 0.97 5835
vii Latex Rubber 94 56 0.97 1337.7

relation assumed between observations belonging to oesyaBpecification of
a clustered structure in the regression model yielded arased statistical esti-
mation. The model used in this analysis was linear with robtzsdard errors. A
95% confidence interval level was set for all tests, with aajue< 0.05 consid-

ered significant.

3. Results

Two of the arteries (arteries 1 and 10) were excluded fromresults and
analysis due to several problems detailed in Appendix B. dditeon, all data
points over 300 mmHg were omitted so to maintain data onlig@ythysiological
range. The excluded data is nevertheless presented in ggraedix. The results
from the remaining artery experiments are shown in Fig. 1fie points in the
graph are the averages for each specimen whereas the rdtg @gugiven in

Appendix B. Arteries of larger initial volume show less vmia-change. For
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the physiological normal pressure rarrges0— 200 mmHg the relative volume-

change isc 2— 6%.

14

12 e D

P [mmHg]

Figure 11:Relative volume-change for arteries. Data points are gesrfor each artery. The solid

lines are evaluated by (3).

Experimental data for rubber specimens is shown in Fig. @&(the different

scale compared to Fig. 11).

3.1. Satistical analysis

Among all relations that were analyzed statistically a iFluiear dependance
was found between the logarithm of the relative volume-gledm% to the log-
arithm of the pressurnP and volume of the specimeig. The following rela-
tionship was determined:

AV AV
Inv—:a~InP+b-Vo+c = V—:Pa-exp(b~vo)~exp(c) (3)
0 0

21



25
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Figure 12: Relative volume-change for rubber specimenga paints are averages for each rubber

specimen. The solid lines are evaluated by (3).

Table 4: Parameter estimates from statistical analysesarferies, R - rubber specimens.

Parameter Estimate Std. Err. <p
Ca -6.798 0.464 0.000
ba -0.008 0.002 0.001
aa 1.714 0.086 0.000
CrR -4.086 0.954 0.000
br —~5.66x10% 1.18x10* 0.005
aRr 0.781 0.178 0.000

wherea, b, c are the determined constants by statistical analysis,agle Z. The
experimental data together wiv /\jp vis P relations by (3) are presented in Figs.
11 and 12).
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The dependency of the relative volume-change on outer deansetery wall-
thickness and length was also investigated statisticdilyas found that these
parameters have no influence on the relative volume-change < 0.05).

Since rubber tubes are assumed to be incompressible, theo@pressibility
detected by the experimental device for them is associatexderimental errors.
Thus, we may subtract the measured volume-change of thertidires from the

volume change of the arteries, so to eliminate any sourckedsaf volume change:

AV
Vo= P . exp(ba - Vo) - exp(ca) — PR - exp(br - Vo) - exp(cr) (4)
0
We plot% vis P according to (4) in Fig. 13. Notice that the difference betwe

arteries is because of the total volume of the tissue. Sontleeoarger arteries
show a negative volume-change in the low pressure regimis.ig an artifact of
(4) that will be addressed in Section 4.

Of course that in reality, one does not have access to themneobf the artery
but to its diameter. In Appendix A we provide a similar stitisl analysis where

we consideD? as one of the independent variables instead of the initiaiwe.

4. Discussion

A high-precision experimental system has been developaddasure the
compressibility of arteries at physiological pressureseliinary experiments
on nine porcine arteries were performed until all precisgsues and problems
were addressed and corrected - these were not accurateheanddhave been
discarded (relative volume change in these experiments&atvely high and
similar to the values reported in [6]). After the experinargystem has been fi-

nalized and calibrated, twelve more porcine arteries westt, out of which two
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Figure 13:Corrected relative volume-change in arteries calculaye@h

were discarded and the other ten analyzed.

Statistical analysis of the test measurements concludeatteriesare com-
pressible. A relative compressibility of 2 - 6% in the physiologicainge &
50— 200 mmHg) was evident. Phenomenological and semi-phenaioginal
constitutive models that aim at representing the arteral have to address the
compressibility, because a slight relative volume-chaagthe reported range
can cause large changes in the circumferential stresgg} i the arterial wall.
The assumption of incompressibility in artery simulatistherefore invalid and
should be re-evaluated. Extracting the bulk modulus atelyréor porcine arter-
ies from the results obtained from our work was impossibleahbse the internal
diameter of the artery in the inflated state could not have lbeeasured to a sat-

isfactory accuracy. Advanced ultrasound techniques ilinttroduced in future
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experiments to allow the measurement of the artery’s ialediameter with suf-
ficient accuracy to allow the computation of the bulk modwdud its relation to
the shear modulus.

The statistical analysis indicated that artery’s voluMg {s a significant pa-
rameter correlated to the relative volume change (besifleswse the pressure
which is the most significant parameter). Other parameiteitga(ly considered in
our statistical analysis) showed a less significant commetd the relative volume
change. A statistical model with more that one parametedtexsin non signifi-
cant results probably becalggis related already tDg, artery wall thickness and
L.

Figures 11 and 13 show that smaller arteries (with a smégledemonstrate
a significant higher relative volume-change compared tdatger arteries. This
phenomena may be related to the tissue properties (proatibbied by the artery’s
dimension). It was anticipated that in larger diametemase higher hoop (or cir-
cumferential) stresses would be obtained for the samenialtgressure. As a
result, deformation is larger and the volume-change wasipated to be larger.
This effect was noticed in rubber tubes but not in artery spens. A more thor-
ough analysis taking into consideration wall thickness mntérnal diameter is
planned to further investigate this issue.

Rubber is considered incompressible since its bulk modkiligssignificantly
larger than the shear modulus. For the relatively low pressaf our experiments
it is reasonable to assume that no measurable volume-cladnhe rubber is
obtained. We therefore attribute any measured relativewetchange in the rub-
ber specimens to experimental errors resulting from in@ies not considered

(indeed the “relative volume changes” in these tubes wasfgigntly lower com-
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pared to the arteries). We thus subtracted the predictativelolume-change in
rubber tubes from the relative volume change of the art¢eggation (4)). As a
result, for two of the arteries a very small negative volurhenge was obtained
at the low pressure range, which is clearly an artifact theay be discarded.

Compared to past studies on the topic, the experimentatelegported here
and the followed protocol allowed an accurate determinadiothe relative vol-
ume change in arteries. The statistical analysis subatadtithe evidence of
small, but not negligible relative volume-change in agerat physiological pres-
sures. Hyperelastic constitutive models that are fredyersied in the literature
assuming incompressibility of arteries should probablydwsited and predicted
stresses re-examined.

Several limitations are associated with the current stajlyl.he arteries were
immersed in water and inflated by water instead of a physicébdiquid as
Krebs solution [16]. Nevertheless, one additional experitrwas performed us-
ing Krebs solution that showed same results as with wateknig)volume change
in the artery wall as a result of diffusion of liquids in andtaif the artery wall
could not have been measured by the presented experimentaédc) The in-
ner diameter of the arteries could not have been measuretdafiation by our
experimental device. Thus/u could not be quantified. d) Peak pressures are ob-
served immediately after the quantum process in which wedloiceVi,, into the
artery. Because we only contM}, we could not control the rate of change of pres-
sure. The rate of pressure change in most experiments was 2B0mmHg/sec
which is a bit slower than the physiological one which is abémmHg/sec.
Future improvements of the experimental system will caosrsdifferent pressure

rates.
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Having demonstrated that the experimental device is precid small changes
(but yet not negligible) in volume do occur in arteries, ylanumber of experi-
ments is planned using the device to enable the computatibie onaterial prop-
erties including bulk modulus of a variety of arteries, thodetter estimate the

stress state that develops in artery walls.
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Appendix A. Statistical analysis with the diameter as the dpendent variable

In addition to the analysis presented in Section 3, we exaththe depen-
dence of the specimens’ volume change on the internal peeasd the initial
diameter D, instead of the volume. This is because in realistic situetine outer
diameter is available but not the volume of the artery. Sehatatistical analyses
were performed. Significant statistical measures werdmdday considering the

square of the initial diametebf):

|nf/—V:d-|nP+e-D2+f = f/—va“-exp(e-Dzwexp(f) (A.1)
0 0

whered, e, f were determined by statistical analysis, see Table A.5. ¢ ol
Table A.5:Parameter estimated by statistical analyses - dependeri2$, &\ - arteries, R - rubber

specimens.

Parameter Estimate Std. Err. <p

fa -6.973  0.493  0.000
ea -0.035 0.011 0.014
da 1.695  0.086 0.000
fr -7.688  1.046  0.000
er 0.115 Q021 0.003
dr 0.769  0.178 0.000

the test results according to the current estimation isgotesl in Fig. A.14. Fig.
A.15 shows the rubber results with same estimation. Noliagit this case the

difference between specimens dependes of the initial dexme
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Figure A.14: Artery experimental data with the alternative estimatiafcalated by (A.1). The
difference between approximations shown in solid linesaisdal on the initial diameter of each

specimen.

Similarly to Section 3 we subtract the volume change of tiieun tubes from

that of the arteries:

AV

Vo P9 - exp(ea- Vo) - exp( fa) — P* - exp(er- Vo) - exp( fr) (A-2)
0

We plot - vis P according to (A.2) in Fig. A.16.

32



e i
o i .
1 1
B LI I
a wvi —i-eval.
i R % 7777777777777777777 P—%
3 S -
i N . +
05 _—— + 7-
= =
| = e —— T e A E—
o L — o8 g Toire | @ ey - : 0 |
50 100 150 i . |
P [mmHe]

Figure A.15:Rubber experimental data with the alternative volume chasggimation calculated
by (A.1). The solid lines represent the approximationsiceahat some solid lines are correct for
more than one estimation - this is because some rubber spesiwere of the same diameter but

had different lengths.
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Figure A.16:Alternative corrected relative volume-change in artecesulated by (A.2).
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Appendix B. Experiment Data

Appendix B.1. Excluded arteries

Experiments were conducted on twelve arteries after theraxpntal device
was thoroughly checked for accuracy. Two arteries werelpno@itic and were
excluded from the statistical analysis. The first excludeerg (spec. no. 1) was
the first experiment we performed in the improved testingiaevand the test
protocol was not finalized. The experiment was not repeaiae than once and
there is a possibility that a leak was present and was nottete The second
excluded artery (spec. no. 10) was strangely deformedjrigad difficulty in
determining the accurate initial volume of this specimen.a&esult the volume-
change calculated was extreme. In Fig. B.17 we show a phdtedhe excluded
artery (spec. no. 10). The results from both of excluded exy@nts are shown in

the next subsection, along with the raw data of all experimen

Figure B.17: Photo of spec. no. 10 during experiment. Thpealodthe outer surface is suspicious

and led us to exclude the measurements of this specimen.

Appendix B.2. Raw data

In the following section we present the original calculatetbme-change as
measured during performed experiments. Tables B.6-B.fall diee numerical

data for all experiments.
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Table B.6: Artery results for spec. no. 1

Test#| Vin Ve Pin

uL  puL  mmHg

AV
Vo

%

0 0 36

1 20 17.27 134

40 3231 382

0
7.66
21.57

Table B.7: Artery results for spec. no. 2

Test #

Vin Ve Pin
uL  uL  mmHg

AV
Vo

%

0 0 53

5 3.34 116
10 6.69 214
15 10.03 346

0
3.63
7.26
10.9(

35



Table B.8: Artery results for spec. no. 3

Test# | Vin Ve Pn
uL  puL  mmHg %
0 0 52 0
1 20 18.94 91 1.18
40 37.88 159 2.37
60 55.71 250  4.8(
0 0 49 0
2 20 18.94 87 1.18
40 37.88 146 2.37
60 56.27 246 4.17
0 0 52 0
3 20 19.50 90 0.56
40 39.00 157 1.17
60 57.38 253 2.93
0 0 59 0
20 19.50 99 0.56
4 40 38.44 163 1.74
60 56.82 246 3.55
80 75.77 383  4.73
53 0
91.75 0.87
Average 156.25 1.90
248.75 3.86
383 4.73
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Table B.9: Artery results for spec. no. 4

Test# | Vin Vet P %

uL uL  mmHg %

0 0 95 0

1 5 167 176 5.70
10 334 264  11.39
15 6.13 342  15.18

0 0 68 0

2 5 167 143 5.70
10 390 233 10.44
15 6.13 324  15.18

0 0 96 0

3 5 223 134 4.74
10 5.57 226 7.58
15 836 334  11.3%

0 0 63 0

4 5 390 126 1.88
10 6.13 210 6.63
15 8.64 318  10.89

0 0 79 0

5 5 334 126 2.84
10 6.13 232 6.63
15 891 329 10.47

0 0 84 0

6 5 334 142 2.84
10 6.13 225 6.63
15 891 318 10.47

80.83 0
37
Average 141.17 3.95
231.67 8.22

327.50 12.24




Table B.10: Artery results for spec. no. 5

Test# | Vin Vet P %
uL uL  mmHg %

0 0 112 0
1 5 056 240 8.18
10 251 371 18.79

0 0 127 0
2 5 056 248 8.18
10 223 383 14.3(

0 0 112 0

3 5 1.95 235 5.61
10 3.62 361 11.74
117 0
Average 241 7.32
371.67 13.28
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Table B.11: Artery results for spec. no. 6

AV

Test# | Vin Ve Pin Yo
uL  uL  mmHg %
0 0 44 0
5 279 88 2.92
10 6.13 142 511
1 15 8.36 203 8.77
20 11.14 266 11.7(
25 15.04 324 13.1%
30 1894 359 14.6(
0 0 66 0
5 279 117 2.92
10 5.57 182 5.85
2 15 8.36 239 8.77
20 11.14 302 11.7(
25 1448 349  13.8%
0 0 67 0
5 279 115 2.92
10 6.13 174 511
3 15 8.91 248 8.04
20 1226 321 10.22
25 15.04 365 13.1%
44 0
73.67 0.97
124.67 3.65
Average 186.33 6.58
251 9.50
315.67 11.69
39 357.67 13.88




Table B.12: Artery results for spec. no.

Test# | Vin Ve«  Pn  §f

uL  puL  mmHg %

0 0 72 0
1 20 17.83 172 2.9
40 3510 351 6.73

0 0 59 0
2 20 18.38 139 2.27
40 3510 313 6.73

0 0 53 0
3 20 17.83 126 2.9
40 3510 290 6.73

0 0 49 0
4 20 17.83 117 2.9
40 3510 272 6.73

0 0 67 0
5 20 17.83 162  2.99
40 3454 357 7.5(

60 0
Average 143.20 2.83
371.60 6.89
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Table B.13: Artery results for spec. no. 8

Test# | Vin Ve Pn
uL uL mmHg %
0 0 63 0
50 49.03 92 0.44
1 100 97.49 127 1.14
150 145.40 175 2.09
200 193.31 253 3.04
250 240.67 345 4.25
0 0 70 0
50 49.03 101 0.44
2 100 96.94 139 1.4(
150 144.85 197 2.3%
200 192.20 282 3.55
0 0 56 0
3 50 47.91 85 0.95
100 95.26 117 2.16
0 0 49 0
50  48.47 82 0.7¢
4 100 97.49 116 1.14
150 146.52 156 1.59
200 195.54 229 2.03
250 243.45 333 2.98
0 0 63 0
50 49.03 95 0.44
5 100 98.61 130 0.63
150 147.08 176 1.33
200 194.99 267 2.28
250 221%.34 391 3.49
60.20 0
91 0.60
Average 125.80 1.29
176 1.84
257.75 2.73
356.33 3.57




Table B.14: Artery results for spec. no. 9

Test# | Vin Vet  Pin W
uL uL  mmHg %
0 0 52 0
20 19.50 75 0.74
1 40 37.88 117 3.14
60 56.27 193 5.53
80 74.09 335 8.75
0 0 52 0
20 18.94 76 1.57
2 40 37.88 121 3.14
60 55.71 205 6.36
80 7242 348 11.22
0 0 52 0
20 20.06 75 -0.08
3 40 38.44 119 231
60 56.82 202 4.70
80 74.09 344 8.75
52 0
75.33 0.74
Average 119 2.86
200 5.53
342.33 9.57

42



Table B.15: Artery results for spec. no. 10

Test# | Vin Vet  Pin "
uL uL  mmHg %
0 0 88 0
3 111 140 7.05
1 6 279 200 12.02
9 3.90 259 19.07
12 501 328 26.17
0 0 92 0
3 195 146 3.93
2 6 3.62 204 8.90
9 5.29 208 13.86
12 7.52 339 16.79
15 9.19 389 21.72
0 0 87 0
3 1.95 139 3.93
3 6 4.46 200 5.77
9 474 266 15.95
12 5.85 348 23.0d
15 7.52 400 27.97
89 0
141.67 4.97
Average 203 10.14
2625 17.51
338.33 20.96
3945 2484
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Table B.16: Artery results for spec. no. 11

Test# | Vin Ve Pn
ul  uL  mmHg %
0 0 49 0
15 13.93 76 0.97
1 30 27.30 121 2.31
45 40.11 202 4.19
60 53.48 334  5.58
0 0 44 0
15 13.93 69 0.97
2 30 27.86 111 1.84
45 41.23 187 3.23
60 54.04 308 5.1(
0 0 46 0
15 14.48 72 0.44
3 30 28.97 119 0.89
45 42.34 204  2.2§
60 54.60 338  4.63
46.33 0
7233 0.76
Average 117 1.68
197.67 3.23
326.67 5.10
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Table B.17: Artery results for spec. no. 12

Test# | Vin Ve Pin w
uL uL mmHg %
0 0 48 0
50 49.58 69 0.20
100 99.16 104 0.40Q
120 118.66 126 0.64
1 140 138.16 148 0.88
160 157.10 178 1.3§
180 176.60 212 1.62
200 19554 252 2.12
220 214.48 290 2.63
240 23398 337 2.87
0 0 58 0
20 20.06 66 -0.03
40  39.55 78 0.21
60 59.05 94 0.45
80 78.55 111 0.69
2 100 98.05 138 0.93
120 117.55 164 1.17
140 137.05 196 1.41
160 15599 235 1.91
180 17549 275 2.15
200 19443 322 2.6
0 0 53 0
20 19.50 61 0.24
40  39.55 71 0.21
60 59.61 84 0.19
80 79.11 101 0.43
3 100 98.61 122 0.64
120 118.11 148 0.90
140 137.60 177 1.14
160 157.10 212 1.3§
180 176.04 252 1.89
200 19499 303 2.39
220 21449 350 2.63
53 0
68.67 0.13
81 0.20
99.67 0.42
Average 119.67 0.66
144.67 0.90
173 1.23
206.67 1.47
45 246.33 1.97
289.33 2.39
336.33 2.72




