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Biomechanical Characterization of Intracranial Aneurysm Wall: A Multiscale

Study

Francesco Signorelli1,2, Cyril Pailler-Mattei6,7, Benjamin Gory8, Pierre Larquet7, Philip Robinson3, Roberto Vargiolu6,

Hassan Zahouani6, Paul-Emile Labeyrie4, Jacques Guyotat2, Isabelle Pelissou-Guyotat2, Julien Berthiller5,

Francis Turjman4

- OBJECTIVE: Aneurysm wall biomechanics are not yet an 
integral part of aneurysm rupture risk evaluation. We aimed 
to develop a new technique describing the biomechanical 
properties of aneurysm wall and correlating them to 
rupture status.

- METHODS: Aneurysm wall samples collected during 
surgery were submitted before and after freezing to tensile 
tests or as fresh samples to indentation tests. The lateral 
stiffness or the Young’s modulus of the different samples 
was determined as a function of the mechanical test used. 
The impact of freezing on biomechanical properties was 
evaluated. The correlation of clinical and radiologic data 
with the biomechanical profile of the aneurysm samples 
was investigated. Two-photon microscopy was used to 
study collagen fiber organization.

- RESULTS: Sixteen aneurysm samples (11 unruptured and 
5 ruptured) were included. Freezing decreased tissue 
stiffness. No significant difference was found between 
ruptured and unruptured aneurysm wall samples regarding 
demographic characteristics, ethnicity, smoking status, 
arterial hypertension, site, size and shape of the aneurysm, 
PHASES score, mechanical profile, or overall Young’s 
modulus. Indentation tests found that the rupture occurred 
in a restricted area of increased elastic capacity and 
unruptured areas had increased stiffness. Two-photon 
microscopy found disruption of the collagen fiber 
network in rupture zones.

- CONCLUSIONS: The indentation test of fresh aneurysm 
wall samples described the heterogeneity of biomechan-
ical properties of the tissue and found increased elastic 
capacity in the rupture zone and increased stiffness in the 
remainder of the aneurysm. This study could be a basis for 
further research aimed at building a biomechanical-based 
model of aneurysm rupture risk.

INTRODUCTION

P rognosis of aneurysmal rupture remains dismal, notwith-

standing continuous progress in its medical and surgical

management1-4 and preventing this event is desirable.

However, clinicians and patients are often confronted with the

dilemma as to whether or not to treat unruptured intracranial

aneurysms (UIAs) because individualized prediction of rupture

risk is not certain and the risks associated with treatment remain

high.5-8

The methods currently used to predict risk of rupture are based

essentially on demographics, clinical data, and aneurysm location

and morphology.2,5,8 However, as the aneurysm wall ruptures

when the transmural pressure exceeds its tensile strength,9,10 a

method of predicting the risk of rupture based on the evaluation of

the mechanical properties of the aneurysm wall could prove more

reliable. There have been attempts4,11,12 to address this (e.g.,

studies using computational fluid dynamics set out to find a

correlation between hemodynamic factors [wall shear stress, wall
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shear stress gradient, oscillatory shear index, intra-aneurysmal

flow patterns] and structural changes of aneurysm wall predis-

posing to rupture). However, most studies4,11,12 are retrospective,

did not consider wall pulsatility, did not measure patient-specific

flow rates, and there is conflicting evidence about what should be

considered a precursor to rupture. In addition, accurate data

regarding the structural and biomechanical alterations of the

aneurysm wall inducing its rupture is still lacking. Current tech-

niques to evaluate aneurysm wall biomechanics are based on

tensile testing.10,13 These techniques test aneurysm wall samples

after freezing, owing to logistic difficulties of testing fresh

samples,10 which may alter biological tissue biomechanics, but

this has yet to be formally investigated and is the subject of the

present report. In addition, tensile testing estimates the

biomechanical properties of the aneurysm as a whole or with a

low or unspecified spatial resolution,10,13 whereas clinical evi-

dence suggests that alterations of aneurysm wall at the rupture site

is generally confined to a restricted zone of the fundus.14 Thus, a

local technique for studying the biomechanical properties of the

aneurysm wall ex vivo with a high spatial resolution, considering

the anisotropy and heterogeneity of the aneurysm wall structure,

was developed and is reported herein.

METHODS

Population

All patients who underwent surgery for an intracranial aneurysm

between December 2013 and March 2014 were prospectively

identified. Only those having provided written informed consent

were included. Patients whose aneurysm wall sample was too

small (<5 mm in the major axis) to be placed between the grips of

the traction device (that were set to a start distance of 3 mm,

corresponding to the initial, minimal, distance between the 2

fastenings necessary for the tensile test) or, for the indentation

test, <2 mm2 and examined after 18 hours of sampling, were

excluded. The 18-hour threshold was chosen, as in our opinion, it

represented the best compromise between technical constraints

entailed by our biomechanical analysis, that required �12 hours,

and risk of artifacts associated with tissue lysis, which is present

after 24 hours.15 This study was approved by the local ethics

committee.

Clinical and Radiologic Data Collection
For each patient included we prospectively collected data

regarding demographics (sex, ethnic origin, age), acquired risk

factors for rupture (cigarette smoking, alcohol consumption,

arterial hypertension), familial aneurysms, ruptured versus

unruptured status, aneurysm size and shape (regular vs. irregular),

site, and previous history of aneurysmal subarachnoid hemor-

rhage. PHASES score5 was calculated by a neurosurgeon familiar

with the evaluation of patients with aneurysmal subarachnoid

hemorrhage. All aneurysm features were determined by a

neuroradiologist blinded to the ruptured/unruptured state on a

preoperative brain digital subtraction angiography.

Sampling and Preparation of Aneurysmal Wall Samples
After surgical clipping, the aneurysm wall was collected by cutting 
it as much as possible parallel and inferior to the equator of the

aneurysm, aiming at including the fundus as well as the region

next to the neck. The part of the aneurysm proximal to the clip

was marked with methylene blue to match the intraoperative

photos of the aneurysm with the images of the aneurysm during

the biomechanical tests and 2-photon microscopy before and after

freezing. Each aneurysm sample was immersed in 0.9% saline

solution immediately after sampling, stored in an insulated cooler,

and analyzed within 18 hours of sampling. Two types of investi-

gation were performed—an indentation test to obtain a mechan-

ical cartography of the aneurysm wall, and a uniaxial tensile test to

evaluate the effects of freezing (performed before and after

freezing). For the latter, the freezing procedure consisted of

placing aneurysm wall samples directly in a freezer, after a

protecting treatment for 20 minutes at þ4�C with 15% dime-

thylsulfoxide, where they reached the temperature of �80�C in 2

hours.10,15 The frozen samples were stored for a minimum 1

month, then thawed (þ40�C water bath for 10 minutes then

maintained at þ4�C until completely thawed) for no longer than

24 hours before biomechanical testing.10,15 All samples (fresh and

frozen) were placed at room temperature (þ24�C) for 30 minutes

before biomechanical testing. Unloaded wall thickness was

measured at 5 positions on each sample using microcalipers and

averaged.13

Mechanical Properties of Aneurysm Wall

Each sample was submitted to tensile or indentation tests in its

entirety. The lateral stiffness or the Young’s modulus of the

different samples were determined as function of the mechanical

test used. All mechanical tests were performed at room temper-

ature (24�C).

Uniaxial Tensile Test. The uniaxial tensile test consists in recording 
the elongation (strain) of the sample tested as a function of the 
force applied. This method is commonly used to estimate the 
strength of the aneurysm wall to mechanical deformation.10,13,15 

The aneurysm samples were inserted between 2 specific fasten-ings 
(3 � 3 � 5 mm), which firmly clamped the aneurysm to avoid the 
sample microsliding during the tensile tests. The initial dis-tance 
between the 2 fastenings was 3 mm. All along the uniaxial tensile 
test, the aneurysms were continuously irrigated with saline to avoid 
dehydration, which could affect the reproducibility of the 
mechanical measurements. The uniaxial test was carried out in 
controlled displacement mode. The x-displacement (distance 
between the 2 fastenings induced by the displacement table from 
the initial position of the 2 fastenings) was obtained from the 
displacement table (PI-629-1CD, National Instrument, Austin, 
Texas, USA) and controlled by a displacement sensor (Figure 1A). 
The uniaxial tensile tests were performed for a constant 
displacement (relative stretch of the aneurysm sample induced by 
the displacement table between the 2 fastenings) of 1 mm and a 
constant tensile velocity of 0.5 mm/s to minimize the viscoelastic 
behavior, more precisely the stress relaxation, or creep, of the 
sample during the tensile test.1 A controlled prestress (10 mN) was 
applied on each aneurysm sample to obtain the same initial 
conditions before uniaxial tensile test. The uniaxial tensile test 
allows for the evaluation of the average mechanical parameters of 
the aneurysm sample in the x-direction, such as the lateral 
stiffness, kx. The latter is the
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slope of the linear part of the tensile curve (Figure 1B), defined as:

kx ¼ DFx
Dx
, where DFx is the variation of the tensile force and Dx is

the variation of the lateral displacement in the linear part of the

curve. Also, the characteristic time, defined as the ratio between

the length of the nonlinear zone and the tensile speed, which

corresponds to the time necessary for the biological sample to

reach the linear mechanical behavior (linear zone), was

calculated before and after freezing.

The tension applied to each aneurysm sample was always below

the critical load, defined as the load beyond which the material

could undergo plastic deformation, to avoid permanent defor-

mation and alteration.

Indentation Test. A light load indentation device, previously

described in the literature,16 was developed to study the

mechanical properties of the biological tissues (Figure 2A).

The indentation test consists of recording the penetration

depth, dy, of a rigid indenter as a function of applied normal load,

Fy, during loading/unloading experiments. A representative

indentation curve for an aneurysm sample is reported in

Figure 2B. The indentation tests were performed in controlled

displacement mode. The y-displacement is obtained by the

displacement table (PI-629-1CD, National Instrument) and

controlled by a displacement sensor. The maximum y-displacement

during the loading/unloading cycle can reach 500 mm with a spatial

resolution of 1 mm. The experimental device offers a wide range of

indenting velocities from 1e100 mm/s. The experimental tests were

performed for constant applied normal load Fy ¼ 1 mN and

constant indentation speed V ¼ 10 mm/s. A spherical steel

indenter was used (radius of curvature, R ¼ 0.5 mm). The

aneurysm samples were embedded into an inert natural polymer

gel (alginate) for testing. The indentation tests were performed in

total immersion in saline to maintain the humidity of the

aneurysm samples constant and to avoid the adhesion effect

between the probe and the biological tissue.17 The indentation

test allows the determination of the reduced Young’s modulus

ðE*yÞ of the aneurysm wall in the y-direction, from the

measurement of the normal contact stiffness in the y-direction

(ky), which is the slope of the initial portion of the unloading

curve (Figure 2B).18 The contact geometry between the indenter

and the material was considered for the calculation of the

Young’s modulus: the nature of the contact geometry was

integrated into the calculation of the normal projected contact

area between the aneurysm and the indenter using Hertzian

Figure 1. (A) Schematic representation of the uniaxial

tensile test used to evaluate the aneurysm mechanical

properties in the x-direction. (B) Representation of an

aneurysm tensile curve obtained before freezing.

Figure 2. (A) Schematic representation of the

indentation device used to evaluate the aneurysm

mechanical properties in the y-direction. (B)

Characteristic indentation curve obtained for the

aneurysm wall.
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theory. For a bulk material in contact with an axisymmetric rigid

indenter, the normal stiffness is related to the E*y by19: E*y ¼
ffiffiffi

p
p

2

ky
ffiffi

A
p , where A is the normal projected contact area (in the y-

direction) between the aneurysm and the indenter.18 The

polymeric substrate effect was considered estimating the

aneurysm E*y.
16 Indentation was plotted as a force-displacement

curve.20,21 Stress-strain curves could not be reliably used for

indentation test mainly because it was extremely difficult to esti-

mate precisely the strain applied to the material by the indenter and

because the real contact area between the indenter and the material,

which depends on the contact geometry, mechanical behavior of

the material, and adhesion forces between the indenter and the

material was difficult to estimate.

To take advantage of the high spatial resolution of the technique

and to obtain a detailed mechanical mapping of the aneurysmal

wall, the surface of each sample was divided in squares of 1 mm2,

which for all samples corresponded to the approximate dimension

of the aneurysm rupture zone, defined as the region of the

aneurysm wall that under operating microscope magnification

showed a thrombus very adherent to its exoluminal surface.14

A mean E*y was thus calculated for each 1-mm2 zone and recor-

ded. In addition, each ruptured or unruptured aneurysm sample

was assigned to 1 of 3 groups of different mechanical profile,

defined as a function of their average reduced Young’s modulus

value ðE*y meanÞ, expressed by: 1
n

Pn
i¼ 1E

*
yi, where n is the total

number of measurements on the aneurysm wall sample and E*yi is

the ith value of the measured Young’s modulus: rigid profile:

E*y mean � 120 kPa; intermediate profile: 80 kPa � E*y mean < 120

kPa; elastic profile: E*y mean < 80 kPa.

Statistics

Categorical variables were expressed as number (n) and percent-

age and quantitative variables were expressed as median with first

and third quartiles (Q1-Q3). Due to the small sample size, cate-

gorical variables were compared using Fisher’s exact test and

Wilcoxon nonparametric test was applied to compare the E*y mean

of the rupture zone with the one of the intact zones of ruptured

aneurysms and the E*y mean of intact regions of UIA and ruptured

intracranial aneurysms (RIAs). Statistical tests were bilateral and

the level of significance was set to 5% (P < 0.05). Statistical

analyses were conducted using SAS version 9.3 (SAS Institute Inc.,

Cary, North Carolina, USA).

Two-Photon Microscopy

Two-photon microscopy (TPM), a 3-dimensional fluorescence 
microscopic technique based on 2-photon excitation of

fluorophores,22 is a powerful method to study the 3-dimensional

distribution of molecules deep inside living tissue. In the pre-

sent study, TPM was used to observe collagen fibers (excitation

wavelength used 800 nm within the fresh aneurysm wall samples

and intrinsic contrasts such as the second harmonic generation).

RESULTS

Patient and Aneurysm Characteristics
Between December 2013 and March 2014, 27 aneurysms from 27

patients were surgically repaired. Four aneurysms were excluded

for reason of sample size, and a further 7 were excluded because

the aneurysm was not tested within 18 hours of collection. A total

of 16 samples of aneurysm wall were included (11 UIAs and 5

RIAs).

Impact of Freezing on Biomechanical Properties of Aneurysm 
Wall

Three UIA wall samples were analyzed by tensile tests (Table 1). 
The small number of samples allowed only relative comparison 
of lateral stiffness values and graphic comparison of the curves 
corresponding to their biomechanical properties before and after 
freezing.

The mechanical behavior of the aneurysm samples was always

in the linear zone, confirming that the load applied did not alter

their elastic properties. Tensile tests found a 2.6- to 4.9-fold

decrease of aneurysm wall stiffness after freezing (Table 1).

Also, the characteristic time significantly decreased after

freezing (Figure 3A). Before freezing the mean (standard

deviation) characteristic time for the 3 samples was 1.36 (�0.05)

seconds, whereas it was 0.48 (�0.05) seconds after freezing.

TPM examination of UIAs after freezing showed a loss and

disruption of collagen fiber architecture at the luminal side

compared with fresh samples (Figure 3B and C).

Biomechanical Properties of Fresh Aneurysmal Wall Samples 
Thirteen samples (8 unruptured and 5 ruptured) were analyzed by 
indentation tests (Table 2).

There were 6 women (46.1%) and the median age (Q1-Q3) was

46 years (range, 40e56 years); 38.5% of patients were current

smokers and 69.2% were medically treated for arterial hyperten-

sion. Most aneurysms (6/13, 4 unruptured and 2 ruptured) were

located at the middle cerebral artery bifurcation, 4 of 13 (2

unruptured and 2 ruptured) at the anterior communicating artery

complex, 2 of 13 (1 ruptured and 1 unruptured), at the M1 segment

of the middle cerebral artery, and 1 at internal carotid artery

ID Age (Years) Sex Smoker Status PHASES Score Site Size (mm) kx (N/m) Before Freezing kx (N/m) After Freezing

1 33 M Yes U 8 MCA 18 1785 365

2 45 F No U 8 MCA 18 2130 595

3 40 M Yes U 13 MCA 25 2190 825

kx, average lateral stiffness; M, male; U, unruptured; MCA, middle cerebral artery bifurcation; F, female.
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bifurcation (unruptured). Eight aneurysms (5 unruptured and 3

ruptured) had irregular shape and 5 (3 unruptured and 2 ruptured)

had regular shape. The median size (Q1-Q3) of the 13 aneurysms in

the major axis was 10 mm (range, 7e15 mm). It was 10.5 mm

(range, 7.5e16.5 mm) for unruptured and 8 mm (range, 5e11 mm)

for ruptured aneurysms. The median length (major axis) of the

aneurysm samples was 10 mm, and their median width (calculated

as the largest sample dimension perpendicular to the major axis)

was 2 mm. Wall thickness was not homogeneous. Its median

value (Q1-Q3) was 515 mm (273.5e614 mm). Median (Q1-Q3)

PHASES score was 9 (range, 6e10) for UIAs and 6 (range, 5e8) for

RIAs. The most frequent mechanical profile was elastic (46.2%; 4

unruptured and 2 ruptured), followed by rigid (30.8%; 2 unrup-

tured and 2 ruptured), and intermediate (23.1%; 2 unruptured and

1 ruptured; Table 3). There was no significant difference between

UIA and RIA wall samples with regard to demographics, ethnicity,

smoking status, arterial hypertension, site, size and shape of the

aneurysm, PHASES score, mechanical profile, or overall E*y mean

(Table 3). Overall, 333 1-mm2 zones were examined by indenta-

tion tests, 205 for UIAs and 128 for RIAs. The mapping of the E*y
for each sample was visualized by a color-coded map that repre-

sents aneurysm wall mechanical heterogeneity (Figure 4A and B).

In all 5 samples of RIAs the rupture zone corresponded to one

square of the superposed grid, whereas the intact region

corresponded to a mean 24.6 squares (range, 18e42 squares).

The E*y mean was significantly higher in the intact regions of RIA

(119.8 kPa) compared witho the rupture zone (57.6 kPa; P<

0.0001). We also compared the E*y mean of intact zones of UIAs and

RIAs and found that the intact zones of UIAs had a statistically

significant higher elastic capacity (108.1 kPa vs. 119.8 kPa; P ¼
0.02). Two-photon microscopy examination of wall samples of

RIAs showed fragmentation, rarefaction, and loss of network

organization of collagen fibers at the rupture zone on the luminal

side (Figure 4C and D).

DISCUSSION

The present study found that the indentation test of fresh aneu-

rysm wall samples reliably described the heterogeneity of biome-

chanical properties of the tissue, demonstrating that rupture

occurred in a restricted area of increased elastic capacity.

In preliminary tests it was found that freezing decreased aneu-

rysmwall stiffness, as indicated by the decreased characteristic time

of frozen aneurysm wall samples compared with fresh ones.

Considering that the characteristic time is the time needed for most

collagen fibers to be orientated in the tensile direction and that it is

strongly associated with the length and number of collagen fibers

per volume unit,13 loss and disruption of collagen fiber architecture

after freezing, as found by 2-photon microscopy, may account for

the loss of stiffness after freezing. Thus, the evaluation of patient-

specific biomechanical properties of the aneurysm wall is more

reliable if performed on fresh tissue samples.

Contrary to what was reported by other investigators who used

tensile tests,10 no significant difference of biomechanical

properties of the whole sample was found between RIAs and

UIAs in indentation tests. In the present study, this finding

could be related to the use of fresh samples, which did not

exhibit the fragmentation and disorganization of collagen fibers

we found to be associated with freezing. However, the objective

of our study was not to correlate the overall biomechanical

properties of aneurysm samples with the ruptured or unruptured

status, which could be the object of further research. We

Figure 3. (A) Tensile curves for 3 unruptured aneurysm

wall samples before and after freezing. Frontal sections

of 1 of these aneurysm wall specimens acquired with

2-photon microscopy before (B) and after (C) freezing.

Images were acquired on the luminal side at the same

region of the aneurysm fundus, 10 mm below the

surface, and shows a loss and disruption of collagen

fibers after freezing. Scale bars, 50 mm.
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developed a new technique based on indentation for exploring the

biomechanical heterogeneity of the aneurysm wall, finding a wide

variation of stiffness for different areas of a given aneurysm.

Current techniques that apply tension stress only measure the

average behavior of the tissue and apply a hyperelastic model

with supraphysiologic mechanical solicitations.10,13,23 In addi-

tion, the sample size of our study and that of other

investigators10,13,23 is a limiting factor for tensile test, which does

not allow a reliable biaxial assay. Therefore these techniques are

inadequate to describe the heterogeneity of the stiffness of the

aneurysm wall that depends on its viscoelastic properties,24 and do

not accurately characterize UIAs and RIAs. This is the first study

that applies the indentation technique to obtain a map of the

Young’s modulus of intracranial aneurysm wall, its spatial

resolution being of 1 mm, much more than the tensile test,

which extracts an average value for the whole sample.10,16,25 In

the present study, rupture zones had a lower Young’s modulus,

thus an increased elastic capacity, than unruptured zones. This

finding indicates a difference in the biomechanical properties

between RIAs and UIAs at the millimetric scale, yet they have the

same biomechanical profile if taken as a whole.

Table 2. Characteristics of 13 Patients and Aneurysms 
Analyzed by Indentation Tests

n (%) Median (Q1-Q3) Range

Age (years) 13 46 (40e56) 33e60

Female sex 6 (46.1)

Ethnicity

Caucasian 11 (84.6)

Asiatic 1 (7.7)

North African 1 (7.7)

Height (cm) 13 170 (165e178) 149e190

Weight (kg) 13 75 (56e88) 45e100

Cigarette smoke 5 (38.5)

Hypertension 9 (69.2)

Aneurysm site

ACoA 4 (30.8)

MCA bifurcation 6 (46.1)

M1 2 (15.4)

ICA 1 (7.7)

Aneurysm status

Ruptured 8 (61.5)

Unruptured 5 (38.5)

Aneurysm shape

Regular 5 (38.5)

Irregular 8 (61.5)

Aneurysm size (mm) 13 10 (7e15) 4e25

Phases score 13 8 (5e9) 4e13

Wall profile

Rigid 4 (30.8)

Intermediate 3 (23.1)

Elastic 6 (46.2)

Min, minimum; Max, maximum; ACoA, anterior communicating artery; MCA, middle ce-

rebral artery; ICA, internal carotid artery.

Table 3. Comparison of Features Between 8 Unruptured and 5 
Ruptured Intracranial Aneurysms Whose Sample Was Analyzed 
by Indentation Tests

UIAs (n [ 8) RIAs (n [ 5) P Value

Age (years) 49.5 (40.0e58.0) 46 (40e50) 0.51*

Sex 0.99y

Females 4 (50.0) 2 (40.0)

Males 4 (50.0) 3 (60.0)

Height (cm) 171.0 (160.0e181.5) 170 (170e170) 0.72*

Weight (kg) 74 (53e90) 77 (60e80) 0.51*

Smoking status (current) 0.56y

No 4 (50.0) 4 (80.0)

Yes 4 (50.0) 1 (20.0)

Hypertension 0.99y

No 2 (25.0) 2 (40.0)

Yes 6 (75.0) 3 (60.0)

Site 0.99y

ACoA 2 (25.0) 2 (40.0)

MCA bifurcation 4 (50.0) 2 (40.0)

M1 1 (12.5) 1 (20.0)

ICA 1 (12.5) 0 (0.0)

Shape 0.99y

Regular 3 (37.5) 2 (40.0)

Irregular 5 (62.5) 3 (60.0)

Size (mm) 10.5 (7.5e16.5) 8 (5e11) 0.51*

Phases score 9 (6e10) 6 (5e8) 0.23*

Profile 0.99y

Rigid 2 (25.0) 2 (40.0)

Intermediate 2 (25.0) 1 (20.0)

Elastic 4 (50.0) 2 (40.0)

Overall E *y 95.0 (75.0e137.5) 102.9 (77.7e123.7) 0.71*

Data presented are either n (%) or median (Q1-Q3).

UIAs, unruptured intracranial aneurysms; RIAs, ruptured intracranial aneurysms; ACoA,

anterior communicating artery; MCA, middle cerebral artery; ICA, internal carotid

artery; E *
y , mean Young’s modulus.

*Wilcoxon non-parametric test.

yFisher exact test.
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Neither compression (i.e., indentation test) nor tension loading

(i.e., tensile test) are physiologic, also because the sample is not

tested in its natural milieu. In addition, both tests give a relative

measure of mechanical behavior that depends on the conditions of

the test. Nonetheless, an indentation test might be better suited to

study the local biomechanical properties of the aneurysm wall

than a tensile test, because the former allows an estimation of

biomechanical properties with a higher spatial resolution. Its

importance is illustrated by the alternating zones of high and low

elastic capacity, which were found by the indentation test and

concords with the heterogeneity of aneurysm walls observed

during surgery, with stiff, sometimes calcified, areas intermingled

with pulsatile, often thin-walled zones.14 In addition, we observed

a higher elastic capacity of UIAs compared with the unruptured

zones of RIAs. We speculate that an increased stiffness in

nonruptured areas of RIAs could promote a local loss of elastic

capacity by creep relaxation in a restricted area where

hemodynamic stress is transmitted without the cushioning effect

of the rest of the aneurysm.26 Thus, according to our results, it

seems that decreasing of the Young’s modulus takes place in a

restricted area of the aneurysm where rupture occurs. Our

results are in line with computational fluid dynamics findings

that confirm the heterogeneity of wall shear stress on aneurysm

wall.12,26,27 These investigators12,26 found lower wall shear stress

values at the rupture zone compared with the rest of the aneurysm

wall, with a positive correlation between low wall shear stress and

reduced thickness of the aneurysm wall. Based on this positive

correlation, they12,26 hypothesized that wall shear stress reduction

may cause depletion of endothelial cells and fragmentation of

external elastic membrane and media, through the expression of

Figure 4. (A) Photograph of a ruptured aneurysm

sample, luminal side. (B) Cartography of Young’s

modulus of the same sample, expressed by a

color-coded map. Young’s modulus is lowest at the blue

zones and highest at the red ones, which correspond to

the most rigid part of the aneurysm. Black circle

indicates the aneurysm fundus; A marks its geometric

center; B indicates the rupture zone; C indicates a

calcification adjacent to the neck, comprised between D

and E. Two-photon microscopy of the same aneurysm

sample at the unruptured (C) and ruptured (D) zone,

luminal side. Scale bar, 50 mm. kPa, kilopascal.
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endothelin-1 and nitric oxide synthase. Fragmentation, rarefac-

tion, and loss of network organization of external elastic lamina

collagen fibers were observed at the rupture zone by microscopy.

This finding provides a link between ultrastructural alterations and

modifications of the biomechanical properties at the rupture zone.

The main limitations of the study are the selection bias

(aneurysms for whom surgery was preferred to endovascular

treatment, specimens of <2 mm2, specimens examined within

18 hours of sampling) and that the results are not directly appli-

cable to clinical practice because they come from an after treat-

ment analysis. However, the study provides new insights into

aneurysm biomechanical properties that could be used in the

future as end-points for the assessment of UIA rupture risk. Phase-

contrast magnetic resonance imaging-based elastography allows

for the noninvasive evaluation of Young’s modulus of human

arteries.28 This magnetic resonance imaging technique could be

applied to the noninvasive evaluation of biomechanical

properties of aneurysm wall after validation by the indentation

technique as soon as phase-contrast magnetic resonance

imaging-based elastography spatial resolution is improved.28

CONCLUSIONS

The original application of the indentation technique of fresh

aneurysmal wall samples found increased elastic capacity in the

rupture zone and increased stiffness in the rest of the aneurysm.

This finding could be the basis of further research aimed at

building a biomechanical-based model of aneurysm rupture risk.
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