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Imaging Cerebral Arteries Tortuosity and
Velocities by Transcranial Doppler
Ultrasound Is a Reliable Assessment of
Brain Aneurysm in Mouse Models
Héloïse Lebas, PhD; Alexandre Boutigny, MD,#; Clémence Maupu, MS,#; Jonas Salfati, BS; Cyrille Orset, PhD;
Mikael Mazighi, MD, PhD; Philippe Bonnin, MD, PhD; Yacine Boulaftali, PhD

BACKGROUND: During the past few decades, several pathophysiological processes contributing to intracranial aneurysm (IA)
rupture have been identified, including irregular IA shape, altered hemodynamic stress within the IA, and vessel wall inflammation.
The use of preclinical models of IA and imaging tools is paramount to better understand the underlying disease mechanisms.

METHODS: We used 2 established mouse models of IA, and we analyzed the progression of the IA by magnetic resonance
imaging, transcranial Doppler, and histology.

RESULTS: In both models of IA, we observed, by transcranial Doppler, a significant decrease of the blood velocities and wall shear
stress of the internal carotid arteries. We also observed the formation of tortuous arteries in both models that were correlated
with the presence of an aneurysm as confirmed by magnetic resonance imaging and histology. A high grade of tortuosity is
associated with a significant decrease of the mean blood flow velocities and a greater artery dilation.

CONCLUSIONS: Transcranial Doppler is a robust and convenient imaging method to evaluate the progression of IA. Detection of
decreased blood flow velocities and increased tortuosity can be used as reliable indicators of IA.
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I ntracranial aneurysms (IAs) are pathological focal
dilatations of intracranial arteries mainly located on
the circle of Willis. Their rupture, occurring in 6 per

100 000 persons, has severe consequences includ-
ing death in 27% to 44% of patients.1 Risk factors
contributing to the formation of IA include hyperten-
sion, smoking, family history of IA, head trauma, or
female sex.1 During the past decade, several patho-
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physiological processes involved in the development
and rupture of IAs have been identified, such as inflam-
mation or altered hemodynamic characteristics. Abnor-
mal blood flow plays a key role in IA development
and localization, commonly found at arterial bifurcations
where excessive hemodynamic stresses are exerted on
arterial walls.2 There is a close relationship between
wall shear stress (WSS), endothelial dysfunction, and
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downstream inflammation.3 WSS, defined as the fric-
tional force tangent to vessel wall induced by blood flow,
is an important hemodynamic parameter. High and low
WSS play a role in the formation and progression of
IA.4 In particular, high shear stress has been reported
to modify the local expression of several other genes
that contribute to IA formation, including matrix metal-
loproteinases and tissue inhibitors of matrix metallopro-
teinases, within the aneurysm wall.5 In patients, hemo-
dynamic parameters are mainly studied by computa-
tional fluid dynamics calculated on high resolution data
sets such as 3-dimensional digital subtraction angiog-
raphy. Recently, computational fluid dynamics on high-
resolution 9.4T magnetic resonance imaging (MRI) data
sets has been performed to image the circle of Willis
in mice.6 However, this high-field MRI is not readily
available in preclinical research. Existing mouse mod-
els for IA require a tedious histological analysis to study
pathophysiological mechanisms involved in aneurysm
formation.7–9 Therefore, there is a need for a convenient
and reliable imaging technique to study IA formation
and hemodynamic alteration in intracranial arteries of
mice. In this study, we used transcranial Doppler (TCD)
imaging to evaluate IA formation and progression by
monitoring arterial tortuosity and blood flow velocities
in intracranial arteries of 2 well-known mouse models
of IA.

METHODS
The data that support the findings of this study are
available from the corresponding author on reasonable
request.

Mice
C57BL6 mice were bred and housed in our local con-
ventional animal facility. All experiments were performed
in accordance with French ethical laws (agreement
number animal protocol n°3962) and conformed to the
Animal Research: Reporting of In Vivo Experiments 2.0
guidelines. All animals were maintained under standard
conditions and kept on a 12-hour light/dark cycle with
food and water given ad libitum (maximum 5 animals
per cage).

IA Induction
IAs were induced as described by Nuki et al and Hosaka
et al in 8- to 10-week-old C57BL6 mice.7,9 Control ani-
mals (8- to 10-week-old C57BL6 mice) received no sur-
gical procedure or hypertension induction. We previ-
ously assessed the arterial tortuosity, blood flow veloc-
ity, and arterial diameter in control mice and mice sub-
jected to chronic hypertension induced by a subcuta-

Nonstandard Acronyms and Abbreviations
ACA anterior cerebral artery
IA intracranial aneurysm
ICA internal carotid artery
mBFVel mean blood flow velocity
TCD transcranial Doppler
WSS wall shear stress

CLINICAL PERSPECTIVE

• Transcranial Doppler is a fast, robust, and
noninvasive novel imaging modality to monitor
intracranial aneurysm formation and develop-
ment in mouse models. Transcranial Doppler
reveals arterial tortuosity and measures hemo-
dynamic alterations, key features of intracranial
aneurysm pathophysiology.

• Until now, hemodynamic alterations, a main
feature of human intracranial aneurysms, are
poorly studied in mouse models because of
technical limits. Here, we provide a new imag-
ing method to quantify hemodynamic param-
eters such as the mean blood flow velocity
and wall shear stress, which allow us to moni-
tor the development of intracranial aneurysms.
Our work may contribute significantly to how
the field can study the underlying mechanisms
of this disease.

neous implantation of an osmotic pump (ALZET 2004)
filled with angiotensin II (1000 ng/kg per minute), and
no difference was observed.

Briefly, in the Hosaka et al model, chronic hyper-
tension is induced via right renal artery and left com-
mon carotid artery ligations in deeply anesthetized
female mice (n=23). One week later, stereotaxic injec-
tion (coordinates: 1.2 rostral, 0.7 lateral, 6 mm deep)
of elastase (1 U/mL diluted in 10 μL of saline
solution) was performed, followed by subcutaneous
implantation of an osmotic pump (ALZET 2004) filled
with angiotensin II (1000 ng/kg per minute). In addi-
tion, β-aminopropionitrile was delivered in drinking
water (0.12%, Sigma–Aldrich) throughout the model
(Figure 1A). Control mice were 8- to 10-week-old
C57BL6 female mice (n=7).

The Nuki et al model consists of a stereotaxic injec-
tion in the right basal cistern (coordinates: 2.5 posterior,
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FIGURE 1. General overview of IA models. Schematic time course of the Hosaka et al (A) and Nuki et al (B) models. TCD imaging and MRI
are performed once a week, and the surgical procedure is detailed in the Methods section. Survival curve of mice subjected to the Hosaka et al
(n=23) (C) or Nuki et al (n=14) (D) model. IA indicates intracranial aneurysm; MRI, magnetic resonance imaging; and TCD, transcranial Doppler.

2.5 lateral, 6 mm deep) of 2.5 μL of elastase (35 mU
diluted in saline solution) in deeply anesthetized male
animals (n=14), followed by subcutaneous implanta-
tion of an osmotic pump (ALZET 2004) filled with
angiotensin II (600 ng/kg per minute, Sigma–Aldrich)
(Figure 1B). Control mice were 8- to 10-week-old male
C57BL6 mice (n=13).

For each model, MRI was performed the day follow-
ing elastase injection to exclude animals exhibiting an
intracranial hemorrhage attributed to the surgical proce-
dure. Once a week, each animal was scanned by MRI,
and intracranial blood flow velocity was assessed by
TCD. Animals were observed daily to monitor humane
end point manifestation defined as weight loss (2 g in
24 hours) or onset of neurologic symptoms attributed
to IA rupture.

For the Hosaka et al model, 4 mice were excluded
after the elastase injection as a result of intracranial

hemorrhage the day following the surgery, 5 mice were
excluded during the course of the model as a result
of thoracic or abdominal hemorrhage, 7 were eutha-
nized because of humane end point manifestation, and
7 reached the end of the protocol (Supporting Infor-
mation Figure S1). In the Nuki et al model, 1 mouse
was excluded after the elastase injection because of
intracranial hemorrhage the day following the surgery, 6
mice were euthanized as a result of humane end point
manifestation, and 7 reached the end of the protocol
(Supporting Information Figure S2).

Because of the variability observed in in vivo experi-
ments and a survival rate of 30% and 50%, respectively,
for the models by Hosaka et al and Nuki et al, a group
size of ≈15 to 20 animals per model was determined by
power analysis (2-sided, 2-sample t test, power=0.8,
α=0.5, standard deviation ≈3) as optimal for
determining statistical significance. Because no drug
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was tested in this study, no randomization protocol was
established. However, mice were anonymized through-
out the study, particularly during MRI and ultrasound
Doppler imaging, and analysis.

Magnetic Resonance Imaging
MRI images were acquired in a blinded manner on
a Pharmascan 7T/12 cm system using surface coils
(Brucker, Germany). During acquisition, anesthesia of
thermoregulated mice was maintained using isoflurane
1.5%. T2∗-weighted sequences were acquired using
a fast, low-angle shot sequence and used to detect
intracranial hemorrhage in hyposignal. A 3-dimensional
T1-weighted sequence was performed to visualize IA
as an abnormal dilation of intracranial arteries.

Transcranial Ultrasound Doppler
A blinded operator performed ultrasound measure-
ments on thermoregulated mice under isoflurane anes-
thesia (1.0%) using an echocardiograph (ACUSON
SEQUOIA, Siemens, Erlangen, Germany) equipped
with a 14.5-MHz linear transducer. The transducer was
placed at the back of the head and neck allowing a
horizontal cross-sectional view of the base of the skull.
The color-coded Doppler then drew the circle of Willis
(the pulsed repetition frequency was set to 7813 Hz).
The Doppler sample of the pulsed Doppler was placed
successively in the left and right internal carotid arteries
(ICAs) in the left and right anterior and posterior cerebral
arteries and then in the basilar trunk for Doppler veloc-
ity waveform recordings (Doppler sample wide was set
to 0.5 mm, and the pulsed repetition frequency was set
between 12 500 and 15 625 Hz). Spectral analysis of
the Doppler velocity waveforms was recorded at dif-
ferent time points in each model of IA. Time-averaged,
spatial-averaged mean blood flow velocities (mBFVels)
were then measured after Doppler beam longitudinal
axis of the artery angle correction (every time <±10°
angle correction was used with the cross-sectional
view used to perform blood flow recordings in all stud-
ied arteries). Heart rates were recorded to ensure the
absence of cardiorespiratory depression during mBFVel
acquisitions. The mBFVel measurements were previ-
ously investigated in control mice at basal states for
intraobserver repeatability. Two series of measurements
separated by a 10-minute interval were recorded in
10 mice. The repeatability coefficient (RC) was calcu-
lated based on ISO 5725 that is, according to the for-
mula RC2=�Di2/n, where Di is the relative (positive or
negative) difference within each pair of measurements,
and n is the sample. The intraobserver repeatability
coefficient values were 0.3, 0.4, 0.4, and 0.4 cm/s for

ICA, anterior cerebral artery (ACA), posterior cerebral
artery, and basilar trunk, respectively, largely inferior to
the differences exhibited between the different values
recorded at the different time points. Differences were
then considered significant.

Histology
Each mouse was deeply anesthetized and transcar-
dially perfused with saline (25 mL) followed by 20 mL of
fixative solution (0.5% zinc chloride, 0.5% zinc acetate
in 0.1 M Tris base buffer containing 0.05% calcium
acetate, pH 7.4). Brains were postfixed with zinc fix-
ative solution (48 hours, 4°C) and paraffin embedded,
and microtome transversal sections (10 μm) were col-
lected and stained with orcein to visualize the arterial
elastic lamina.

Analysis
All analyses and TCD image grading were performed
in a blinded manner. TCD image grade scale is based
on apparent tortuosity of the circle of Willis arteries:
grade 0 indicates normal appearing arteries compared
with healthy animals (and retrograde blood flow in left
ICA and ACA in the Hosaka et al model), grade 1 indi-
cates slight tortuosity (1 curvature), grade 2 indicates
pronounced tortuosity (3 curvatures), and grade 3 indi-
cates advanced tortuosity (4 curvatures and more). The
4 grades were identified in the Hosaka et al model, but
only grades 0 and 1 were observed in the Nuki et al
model.

WSS was calculated according to the formula
WSS=μ×((8×mBFVel)/D) in dynes/cm2,10 where μ is
dynamic blood viscosity (0.04 g/cm per s) and D is the
diameter of the vessel measured on MRI 3-dimensional
T1-weighted images.11

Statistical Analysis
Results are represented as mean±95% CI. Data and
statistical processing were performed with GraphPad
Prism 7 software. We assessed all data distribution
through the D’Agostino and Pearson normality test.
For parametric analysis, differences between multiple
groups were analyzed by 1-way ANOVA followed by
a Tukey’s multiple comparison test. For nonparamet-
ric data, statistical significance across groups defined
by 1 factor was performed using the Kruskal–Wallis
test followed by a nonparametric t test (Mann–Whitney
test). The level of statistical significance was set at
P<0.05. Unless indicated, nonparametric tests were
used. To assess correlations, the Spearman correlation
was calculated.
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RESULTS
To study the usefulness of TCD imaging in the detection
of brain aneurysms, we employed 2 mouse models of
cerebral aneurysm described in the literature, respec-
tively, referred to as the models by Hosaka et al and
Nuki et al.7,9

IA Imaging by TCD and MRI in the Mouse
Model by Hosaka et al
In control mice, an anterograde cerebral blood flow
(in red on TCD images) originating from the left and
right ICA mainly supply the left and right ACA, respec-
tively (Figure 2A). A retrograde blood flow (appearing in
blue on TCD images) originating from both the ICA and
the basilar trunk supplies the bilateral posterior cere-
bral arteries (Figure 2A). All arteries analyzed by MRI
presented with a straight shape and a homogeneous
diameter. Moreover, analysis of the histological staining
showed an intense and continuous orcein staining of
the elastic lamina.

In mice subjected to the Hosaka et al model, 1 day
after left common carotid artery ligation, we observed
by TCD the rerouting of the cerebral blood flow in the
circle of Willis. The left ICA and ACA were supplied
via a retrograde blood flow originating from the ante-
rior azygos cerebral artery (equivalent to the anterior
communicant artery in human) (Figure 2A, grade 0).
This ligation was associated with a stereotaxic elastase
injection in hypertensive mice and led to the develop-
ment of intracranial arterial tortuosity on the right ICA
and ACA observed in both TCD and MRI (Figure 2A;
grades 1, 2, and 3, yellow arrows). Furthermore, this
tortuosity was associated with IA formation character-
ized by elastic lamina disruption and degradation and
artery dilation (Figure 2A; grades 2 and 3). Six days
before elastase injection and hypertension induction
(day −6), all mice were scored as grade 0 and as
early as day −1, 75% of mice presented a grade 1
tortuosity (Figure 2B). From days 6 to 20 (following
elastase injection and hypertension induction), mice
presenting a grade 2 tortuosity increased from 46% to
57%, and grade 3 tortuosity increased from 6% to 28%
(Figure 2B). By day 21, 76.9% of animals developed an
IA and 38% survived (Figure 1C).

As a result of the left ICA ligation, a marked increase
of the mBFVel in the right ICA was measured after the
surgery in grade 0 compared with control mice, from
13.5±0.8 cm/s to 22.4±1.6 cm/s (P<0.01; Figure 3A).
Increased mBFVel was maintained in grade 1 mice
(24.1±1.3 cm/s), but significantly decreased in grades
2 and 3 mice compared with grades 0 and 1 mice
(18.6±1.3 cm/s; P<0.05; Figure 3A). Moreover, the cor-
relation between the mBFVel and the right ICA diame-

FIGURE 2. Increased arterial tortuosity detected by TCD
imaging and confirmed by MRI uncover intracranial aneurysm
formation. Schematic representation of intracranial arteries. Repre-
sentative TCD and T1-weighted MRI images of control and grades
0, 1, 2, and 3 mice subjected to the models by Hosaka et al (A)
and Nuki et al (C) and the corresponding representative orcein stain-
ing of the right ICA (deep purple, elastic lamina; scale bar: 100 μm).
Arrowheads indicate abnormal curvatures. Percentage of apparent
tortuous arteries, on TCD images, within the circle of Willis during the
course of the Hosaka et al model (B) and Nuki et al model (D). ACA
indicates anterior cerebral artery; BT, basilar trunk; D, day; ICA, inter-
nal carotid artery; MRI, magnetic resonance imaging; PCA, posterior
cerebral artery; and TCD, transcranial Doppler.

ter measured by MRI showed a significant correlation
(R2, 0.405; P=0.0013; Figure 3C). Mice with a high tor-
tuosity grade (grades 2 and 3, orange dots) presented
with a more severe artery dilation and mBFVel decrease
than grade 1 (blue dots) and grade 0 mice (gray dots).
Because of the increased mBFVel induced by the left
common carotid artery ligation, the WSS significantly
increased in the right ICA of grade 0 mice compared
with control mice (control, 158.1±8.4 dynes/cm2;
grade 0, 241.5±12.5 dynes/cm2; P<0.001; Figure 3E).
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FIGURE 3. Hemodynamic parameters are altered in highly
tortuous intracranial arteries in the Hosaka et al model. A and
B, Measurements of the mBFVel in the rICA or rACA by transcra-
nial Doppler of control mice (n=7) and mice subjected to the Hosaka
et al model (n=23). C and D, Correlation between the mBFVel and
rICA or rACA diameter measured by magnetic resonance imaging
(gray, grade 0; blue, grade 1; orange, grades 2/3). E and F, Calcu-
lated WSS in the rICA or rACA of control mice and mice subjected
to the Hosaka et al model according to their tortuosity grade. Data
are represented as mean±95% CI. Kruskal–Wallis test followed by
Mann–Whitney test has been used except for (A), where a 1 ANOVA
followed by Tukey’s posttest was carried out. ∗P<0.05, ∗∗P<0.01,
∗∗∗P<0.001, and ∗∗∗∗P<0.0001. mBFVel indicatesmean blood flow
velocity; rACA, right anterior cerebral artery; rICA, right internal carotid
artery; and WSS, wall shear stress.

However, we observed that the higher the mice were
graded for their arterial tortuosity, the lower their calcu-
lated WSS was (grade 1, 169±17.4 dynes/cm2; grades
2 and 3, 117.4±9.7 dynes/cm2; P<0.05; Figure 3E).

Similarly, in the right ACA, where arterial tortuos-
ity is observed (Figure 2A; grades 2 and 3), mBFVel
increased in grades 0 and 1 mice compared with
control mice (control, 8.5±0.8 cm/s versus grade
0, 29.8±2.7 cm/s and grade 1, 30.7±1.4 cm/s
[P<0.01 and P<0.001, respectively]) and was signif-
icantly decreased in grades 2 and 3 mice compared
with lower grades (grades 2 and 3, 21.5±1.9 cm/s;

P<0.01; Figure 3B). As for the right ICA, there was a
significant correlation between the mBFVel and the right
ACA diameter (R2 = 0.343; P=0.0029; Figure 3D), and
the calculatedWSS significantly decreased as the tortu-
osity grade increased (grade 0, 518±38.9 dynes/cm2;
grade 1, 271.2±28.8 dynes/cm2; grades 2 and 3,
161.4±14 dynes/cm2; P<0.01; Figure 3F).

IA Imaging by TCD and MRI in the Mouse
Model by Nuki et al
In mice subjected to the Nuki et al model, stereo-
taxic elastase injection in conjunction with angiotensin-
II induced hypertension led to the development of ICA
tortuosity, as determined by TCD imaging and con-
firmed through MRI (Figure 2C, yellow arrows). This
apparent tortuosity was associated with altered vessel
wall integrity characterized by elastic lamina degrada-
tion and arterial dilation (Figure 2C, grade 1 orcein stain-
ing). From days 6 to 13, mice presenting with grade 1
tortuosity increased from 50% to 62.5% (Figure 2D). At
the conclusion of the Nuki et al protocol, 66% of animals
developed an IA and 53% survived (Figure 1D).

In the right ICA, the mBFVel was significantly
decreased in grade 0 mice compared with control
mice (13.1±0.8 cm/s versus 18±0.6 cm/s; P<0.01;
Figure 4A). The mBFVel was further reduced in grade
1 mice (presenting with arterial tortuosity on TCD and
MRI images) compared with control and grade 0 mice
(grade 1, 8.9±0.8 cm/s; P<0.01; Figure 4A). In addi-
tion, there was a significant correlation between the
right ICA mBFVel and its diameter, as measured by MRI
(R2, 0.472; P=0.006; Figure 4C). As in the Hosaka et
al model, we observed that mice with arterial tortuos-
ity (grade 1, orange dots) present with more severe
artery dilation and decreased mBFVel than grade 0
(blue dots) and control mice (gray dots) (Figure 4C).
Furthermore, the calculated WSS was significantly
decreased in grades 0 and 1 mice compared with
controls (grade 0, 110.6±4.3 dynes/cm2; and grade
1, 83.5±8.7 dynes/cm2 versus control, 206.3±16.7
dynes/cm2 [P<0.01 and P<0.001, respectively]) and
was significantly further decreased in grade 1 mice
compared with grade 0 mice (Figure 4E).

Decreased mBFVel in the right ACA was also
observed in grade 0 and grade 1 mice compared with
control mice (grade 0, 9.1±0.7 cm/s and grade 1,
7.3±0.7 cm/s versus control, 11.9±0.8 cm/s [P<0.05
and P<0.001, respectively]; Figure 4B). Interestingly, in
agreement with the absence of apparent tortuosity on
the right ACA on TCD and MRI images, no difference
of mBFVel was observed between grades 0 and 1 mice
(Figure 4B). MRI and TCD data showed no correlation
between the mBFVel and the arterial diameter for the
right ACA (R2, 0.110; P=0.09; Figure 4D). In addition,
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FIGURE 4. Hemodynamic parameters are altered in tortuous
intracranial arteries in the Nuki et al model. A andB, Comparison
of the mBFVel, measured by transcranial Doppler, in the rICA or rACA
of control mice (n=12) and mice subjected to the Nuki et al model (n=
14) according to their tortuosity grade. C and D, Correlation between
mBFVel and rICA or rACA diameter measured bymagnetic resonance
imaging (gray, control; blue, grade 0; orange, grade 1). E and F, Cal-
culated WSS in the rICA or rACA of control mice and mice subjected
to the Nuki et al model according to tortuosity grade. Data are rep-
resented as mean±95% CI. Kruskal–Wallis test followed by a Mann–
Whitney test has been used. ∗P<0.05, ∗∗P<0.01, ∗∗∗P<0.001, and
∗∗∗∗P<0.0001. mBFVel indicates mean blood flow velocity; rACA,
right anterior cerebral artery; rICA, right internal carotid artery; and
WSS, wall shear stress.

there was no difference between the calculated WSS
of grade 0 and grade 1 mice (respectively, 132.8±9
dynes/cm2 and 103.4±11.6 dynes/cm2; Figure 4F).

DISCUSSION
The gold standard to image brain aneurysms in preclin-
ical models is based on MRI followed by histological
analysis to confirm IA formation in animal models. MRI
imaging is expensive, time consuming, and not read-
ily available. In addition, it requires specific postproce-
dure imaging software to visualize the brain vasculature.

Here, we use the ultrasound imaging as a novel method
to longitudinally study IA formation in mice.

Doppler ultrasound imaging is a widely used
technique to monitor vessel blood flow in different
aneurysm animal models, namely, thoracic and abdom-
inal aneurysms, as reviewed in Ito et al.12 To our knowl-
edge, our study is the first to describe the use of TCD in
brain aneurysms. There are several models of IA used in
large animals (pigs, dogs, and rabbits) or small animals
(rodents). In mice, there are 3 main models: (1) the Mori-
moto et al model, which describes aneurysm formation
at the site of the ACA and olfactory artery bifurcation
(the main limitations of this model are the time frame of
aneurysm formation [>4 months] and their very small
size [arterial wall protrusion of a few micrometers]); (2)
the Nuki et al model based on a stereotaxic elastase
injection in hypertensive mice that allows for the study
of IA formation; and (3) the Hosaka et al model, which is
a combination of the 2 aforementioned models, includ-
ing the ligation of the left common carotid and the right
renal arteries before the elastase injection in hyperten-
sive mice. This model allows the study of the aneurysm
formation and rupture.

In the models by Nuki et al and Hosaka et al,
we demonstrate that the presence of arterial tortuos-
ity is significantly correlated with the presence of an
aneurysm, as confirmed by MRI and histological anal-
yses. We also demonstrate that a high grade of tor-
tuosity is associated with a significant decrease in the
mBFVels of the ICAs and increased arterial dilation. In
light of our findings, it is tempting to speculate whether
that tortuosity could be a proxy for aneurysm growth
and/or rupture. In the Hosaka et al model, we observed
that the appearance of tortuosity precedes the injection
of elastase, whereas in the Nuki et al model, tortuosity
and aneurysm appear simultaneously. In both models,
IA always appears after elastase injection and after the
appearance of tortuosity. Based on our experience, tor-
tuosity requires the induction of hypertension and/or β-
aminopropionitrile (BAPN) administration. It is only after
the injection of elastase that we observed dilation of
the artery. Accordingly, patients with high ICA tortuosity
present with IA.13,14 Moreover, patients with high arterial
tortuosity display lowerWSS, which can promotematrix
metalloproteinase activation, weakening of the arterial
wall,15 and leukocyte infiltration.16 Clinical and exper-
imental studies strongly suggest that mechanical fac-
tors such as blood pressure, blood flow, axial tension,
and structural changes in the vessel wall play impor-
tant roles in the development of arterial tortuosity.17

In addition, computational studies have shown that
luminal shear stress and wall stress are altered
in tortuous arteries.18,19 Nevertheless, the molecu-
lar mechanisms governing arterial tortuosity remain
unknown.
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High shear stress has been clearly shown to con-
tribute to cerebral aneurysm formation.4,20 However,
there is still a debate about whether high shear stress
or low shear stress contributes to the rupture. The
high shear stress hypothesis states that the increase
of WSS triggers endothelial dysfunction, vascular wall
remodeling, and degeneration.4,20 Similarly, low shear
stress can contribute to the accumulation of blood
cells (red blood cells, platelets, and leukocytes) at the
site of an aneurysm, leading to the weakening of the
aneurysm wall and the rupture.4,20 Experimental com-
putational fluid dynamics analysis shows that the WSS
is lower in the aneurysm region compared with the ves-
sel region, suggesting that high shear stress initiates
the aneurysm formation and the low shear stress rather
facilitates the growth and subsequently the rupture of
the aneurysm.21 In line with these observations, our
data show that at the site of an aneurysm with high tor-
tuosity grade, the WSS is significantly lower compared
with an aneurysm with low tortuosity grade.

In mice as well as in humans, alteration of blood
flow velocities plays a key role in the modulating arte-
rial diameter.22 Previous studies have shown that an
increase in blood velocities induces an outward phys-
iological adaptation of the vascular wall.23 In the Mori-
moto et al model,8 induced by arterial ligation in non-
hypertensive mice, small vascular protrusions charac-
terized by some fragmentations of the internal elas-
tic lamina are formed in several months, which may
reflect a slow remodeling process. To the contrary, in
the models by Nuki et al and Hosaka et al,7,9 the arte-
rial wall degradation induced by the elastase and hyper-
tension contribute to the accelerated dilation and the
formation of tortuous aneurysms, highlighting a patho-
logical outward remodeling rather than a growth of the
arterial wall. Lower blood flow velocities and WSS, as
observed in both models, have been shown to induce
the expression of proinflammatory molecules24 and the
release of vasoactive molecules by endothelial cells and
smooth muscle cells.22,25 The recruitment of leukocytes
to the diseased artery and altered vascular tone are key
components in the outward remodeling.7,26

We contend that TCD may represent a promis-
ing new imaging technique for IA in animal models,
however, limitations exist. Indeed, TCD imaging fails
to detect IA located on circle of Willis branches, such
as the middle cerebral artery, despite the IA presence
confirmed through MRI and histology. Moreover, arte-
rial diameter cannot be accurately measured on TCD
images as the spatial resolution of the TCD modi-
fies the apparent artery diameter. By TCD imaging,
we can detect aneurysms because of the measure
of decreased blood flow velocity (ranging from 12 to
19 cm/s for the right ICA in the Hosaka et al model),
which was significantly correlated with the increased

diameter measured by MRI (ranging from 0.35 to
0.60 mm for the right ICA in the Hosaka et al model).
Nevertheless, a feature of the technique is that we can-
not detect the early phase of an aneurysm by TCD as
it has been described by electron microscopy in the
Morimoto et al model.8

Our work shows, for the first time, the advantage
of TCD as a complementary method to image and fol-
low the progression of brain aneurysms in preclinical
models. Our findings provide a rationale for assess-
ing the tortuosity and the drop of the intracranial blood
flow velocity to predict IA severity in mice. The TCD
imaging method can be used to study pathophysio-
logical mechanisms leading to aneurysm formation and
progression.

ARTICLE INFORMATION
Received April 21, 2022; Accepted October 28, 2022

Affiliations
INSERM U1148, Laboratory for Vascular Translational Science, Université de
Paris and Université Sorbonne Paris Nord, Paris, France (H.L., A.B., C.M., J.S.,
M.M., P.B., Y.B.); Service de Physiologie Clinique Explorations Fonctionnelles,
AP-HP, Hôpital Lariboisière–F Widal, Paris, France (A.B., P.B.); UMR-S U1237
“Physiopathology and Imaging of Neurological Disorders,”, Centre CYCERON,
Caen, France (C.O.); Département de Neuroradiologie Interventionnelle de la
Fondation Rothschild et Département de Neurologie, Hôpital Lariboisière, Paris,
France (M.M.)

Acknowledgments
We thank David S. Paul for editing the manuscript.

Lebas, Boutigny, Maupu, Salfati, and Bonnin performed the experiments;
Lebas conducted data analysis; Lebas, Bonnin, and Boulaftali designed the
research, interpreted the data, and wrote the article; Orset provided guidance
in the set-up of the animals models; Mazighi contributed to the interpretation of
the magnetic resonance imaging and provided feedback on the animal models.
All authors provided critical comments and edited the manuscript.

Sources of Funding
This work was funded by a predoctoral fellowship from the Doctorate School,
Hématologie–Oncogenèse–Biothérapies ED 561 (to Maupu), by European
Research Council grant 759880 (to Boulaftali), and by French National Research
Agency ANR-19-CE14-0028-03 (to Bonnin). The purchase of the Ultrasound
Doppler (Acuson Sequoia–Siemens) was funded by grant ANR-18-RHUS-0001
(recherche hospitalo-universitaire (RHU) Booster [to Mazighi]).

Disclosures
None.

Supplemental Materials
Supporting Information

REFERENCES

1. Etminan N, Chang HS, Hackenberg K, de Rooij NK, Vergouwen MDI,
Rinkel GJE, Algra A. Worldwide incidence of aneurysmal subarach-
noid hemorrhage according to region, time period, blood pressure,
and smoking prevalence in the population: a systematic review and
meta-analysis. JAMANeurol. 2019;76:588-597. https://doi.org/10.1001/
jamaneurol.2019.0006

2. Kondo S, Hashimoto N, Kikuchi H, Hazama F, Nagata I, Kataoka H.
Cerebral aneurysms arising at nonbranching sites. an experimental study.

Stroke Vasc Interv Neurol. 2023;3:e000476. DOI: 10.1161/SVIN.122.000476 8

https://doi.org/10.1001/jamaneurol.2019.0006
https://doi.org/10.1001/jamaneurol.2019.0006


Lebas et al Transcranial US Doppler and Mouse Brain Aneurysm

Stroke. 1997;28:398-403; discussion 403–404. https://doi.org/10.1161/
01.str.28.2.398

3. Nixon AM, Gunel M, Sumpio BE. The critical role of hemodynamics in the
development of cerebral vascular disease. J Neurosurg. 2010;112:1240-
1253. https://doi.org/10.3171/2009.10.JNS09759

4. Soldozy S, Norat P, Elsarrag M, Chatrath A, Costello JS, Sokolowski JD,
Tvrdik P, Kalani MYS, Park MS. The biophysical role of hemodynamics in
the pathogenesis of cerebral aneurysm formation and rupture. Neurosurg
Focus. 2019;47:E11. https://doi.org/10.3171/2019.4.FOCUS19232.

5. Kadirvel R, Ding YH, Dai D, Zakaria H, Robertson AM, Danielson MA,
Lewis DA, Cloft HJ, Kallmes DF. The influence of hemodynamic forces on
biomarkers in the walls of elastase-induced aneurysms in rabbits. Neu-
roradiology. 2007;49:1041-1053. https://doi.org/10.1007/s00234-007-
0295-0

6. Tutino VM, Rajabzadeh-Oghaz H, Chandra AR, Gutierrez LC, Schweser
F, Preda M, Chien A, Vakharia K, Ionita C, Siddiqui A, Kolega J. 9.4T
magnetic resonance imaging of the mouse circle of willis enables serial
characterization of flow-induced vascular remodeling by computational
fluid dynamics. Curr Neurovasc Res. 2018;15:312-325. https://doi.org/
10.2174/1567202616666181127165943

7. Hosaka K, Downes DP, Nowicki KW, Hoh BL. Modifiedmurine intracranial
aneurysm model: aneurysm formation and rupture by elastase and hyper-
tension. J Neurointerv Surg. 2014;6:474-479. https://doi.org/10.1136/
neurintsurg-2013-010788

8. Morimoto M, Miyamoto S, Mizoguchi A, Kume N, Kita T, Hashimoto
N. Mouse model of cerebral aneurysm: experimental induction by
renal hypertension and local hemodynamic changes. Stroke. 2002;
33:1911-1915. https://doi.org/10.1161/01.STR.0000021000.19637.
3D

9. Nuki Y, Tsou TL, Kurihara C, Kanematsu M, Kanematsu Y,
Hashimoto T. Elastase-induced intracranial aneurysms in hyperten-
sive mice. Hypertension. 2009;54:1337-1344. https://doi.org/10.1161/
HYPERTENSIONAHA.109.138297

10. Roux E, Bougaran P, Dufourcq P, Couffinhal T. Fluid shear stress sensing
by the endothelial layer. Front Physiol. 2020;11:861. https://doi.org/10.
3389/fphys.2020.00861

11. Greve JM, Les AS, Tang BT, Draney Blomme MT, Wilson NM, Dalman
RL, Pelc NJ, Taylor CA. Allometric scaling of wall shear stress frommice to
humans: quantification using cine phase-contrast MRI and computational
fluid dynamics. Am J Physiol Heart Circ Physiol. 2006;291:H1700-H1708.
https://doi.org/10.1152/ajpheart.00274.2006

12. Ito S, Lu HS, Daugherty A, Sawada H. Imaging techniques for aortic
aneurysms and dissections in mice: comparisons of ex vivo, in situ, and
ultrasound approaches. Biomolecules. 2022;12:339. https://doi.org/10.
3390/biom12020339
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