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Abstract
Past studies have elucidated the crucial role of macrophage-

mediated inflammation in the growth of intracranial aneurysms

(IAs), but the contributions of hemodynamics are unclear. Consider-

ing the size of the arteries, we induced de novo aneurysms at the

bifurcations created by end-to-side anastomoses with the bilateral

common carotid arteries in rats. Sequential morphological data of in-

duced aneurysms were acquired by magnetic resonance angiogra-

phy. Computational fluid dynamics analyses and macrophage

imaging by ferumoxytol were performed. Using this model, we

found that de novo saccular aneurysms with a median size of 3.2 mm

were induced in 20/45 (44%) of animals. These aneurysms mim-

icked human IAs both in morphology and pathology. We detected

the focal growth of induced aneurysms between the 10th and 17th

day after the anastomosis. The regional maps of hemodynamic

parameters demonstrated the area exposed to low wall shear stress

(WSS) and high oscillatory shear index (OSI) colocalized with the

regions of growth. WSS values were significantly lower in the grow-

ing regions than in ones without growth. Macrophage imaging

showed colocalization of macrophage infiltration with the growing

regions. This experimental model demonstrates the potential contri-

bution of low WSS and high OSI to the macrophage-mediated

growth of saccular aneurysms.

Key Words: Animal model, Computational fluid dynamics,

Growth, Intracranial aneurysm, Macrophage.

INTRODUCTION
Aneurysms are vascular diseases characterized by out-

ward bulging in various sizes of arteries (e.g. the aorta, intra-
cranial arteries, and visceral arteries) (1–3). Management of
these aneurysms is clinically important because of the high
morbidity and mortality associated with aneurysmal bleeds
(4). For the management of intracranial aneurysms (IAs), the
development of diagnostic tools to distinguish rupture-prone
IAs among stable ones has been a central goal for the field.
The understanding of mechanisms underlying the growth of
IAs is relevant because estimated rupture rates are high in en-
larging human IAs (5, 6).

Experimental studies using animal models have eluci-
dated the crucial role of nuclear factor-kappa B (NF-jB)-me-
diated chronic inflammation in the growth of IAs (7, 8).
Furthermore, infiltrating macrophages have been highlighted
as a major type of cells regulating the chronic inflammation in
IAs (9, 10). Meanwhile, recent studies by computational fluid
dynamics (CFD) analyses of human IAs have revealed the cor-
relation of some hemodynamic parameters with initiation or
rupture of IAs (11). The precise contribution of hemodynam-
ics to the macrophage-mediated growth of aneurysms, how-
ever, remains to be elucidated.

Unfortunately, the diameters of intracranial arteries in
established animal models are too small (�100 mm) to be visu-
alized in detail by radiological modalities, such as magnetic
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resonance angiography (MRA). Analyses of the hemodynamic
forces imposed on lesions have thus been limited in these
models (12). In this study, we established an aneurysm model
at the common carotid artery (CCA) in rats because the diame-
ter of this artery is �10 times larger (�1 mm) than that of in-
tracranial arteries and thereby sufficiently large for CFD
analyses. We examined potential hemodynamic factors regu-
lating the growth and their association with macrophage infil-
tration in these lesions.

MATERIALS AND METHODS
The animal experiments complied with the National In-

stitute of Health’s Guide for the Care and Use of Laboratory
Animals and the Animal Research Reporting In Vivo Experi-
ments (ARRIVE) guidelines. The Institutional Animal Care
and Use Committee of our institutions approved the protocol.

Rat Aneurysm Model
Seven-week-old male Sprague-Dawley rats were pur-

chased from Japan SLC (Shizuoka, Japan). Rats were main-
tained on a light/dark cycle of 12 hour/12 hour and had free
access to chow and water. A total of 63 animals was subjected
to the present aneurysm model (Fig. 1A). Under general anes-
thesia by intraperitoneal injection of pentobarbital sodium
(50 mg/kg) and inhalation of isoflurane (1.5%–2.0%), the left
CCA was cut in the proximal portion and moved to the right
side. The left CCA was then anastomosed to the right CCA in
an end-to-side fashion to create a bifurcation with a 10-0 nylon
suture (Fig. 1A, B). Increase in hemodynamic stress due to
hypervolemia was also induced by salt overloading and liga-
tion of the left renal artery. Blood pressure was measured by

the tail-cuff method preoperatively and on the 10th day after
the aneurysm induction. Immediately after the surgical manip-
ulations, animals were fed the chow containing 8% sodium
chloride and 0.12% 3-aminopropionitrile (Tokyo Chemical In-
dustry, Tokyo, Japan), an inhibitor of lysyl oxidase that cata-
lyzes the cross-linking of collagen and elastin. Sham
operations were performed in 6 rats as follows: A linear inci-
sion (2 mm) and sutures were performed at the anterior wall of
the bilateral CCAs with a combination of the administration of
3-aminopropionitrile, salt overloading, and ligation of the left
renal artery as described above.

Because the diameter of the parent artery is �1 mm, we
defined the onset of saccular aneurysms in this model as an
outward bulging, reaching>1 mm in the largest dimension.

Histological Analysis and
Immunohistochemistry

For histological analyses, animals were transcardially
perfused with 4% paraformaldehyde solution after their death
by intraperitoneal administration of a lethal dose of pentobar-
bital sodium (200 mg/kg). The CCA bifurcation with the in-
duced aneurysm lesion was then harvested and 4-lm-thick
paraffin sections were prepared.

Histopathological examinations were done using Elastic
van Gieson staining. Immunohistochemical analyses were per-
formed as previously described (8). Briefly, at the indicated
period after surgical manipulation, 4-lm-thick paraffin sec-
tions were prepared from dissected aneurysm lesions and sur-
rounding arterial walls, as described above. After blocking
with 3% donkey serum (Jackson ImmunoResearch, West
Grove, PA), slices were incubated with primary antibodies fol-
lowed by incubation with secondary antibodies conjugated

A B

C

S
iz

e
 o

f 
A

n
e
u
ry

s
m

s
  
(m

m
)

0

2

4

6

8

10

0 1 2

D

Common carotid artery

Right Left

B
if
u

rc
a

ti
o

n

Trachea

FIGURE 1. Present aneurysm model in rats. (A) Schematic representation of surgical procedures. The bar indicated by an
arrowhead in the left panel shows the site where the left common carotid artery (CCA) is cut. (B) The macroscopic image of the
surgically created CCA bifurcation. (C) Representative MR angiographies of the CCA bifurcation with (right) or without (left) an
aneurysm lesion. Scale bar: 1 mm. (D) The size (n¼17) of induced aneurysms at the surgically created CCA bifurcation.
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with a fluorescence dye (Jackson ImmunoResearch). Finally,
fluorescent images were acquired on a confocal fluorescence
microscope system (FV1000, Olympus, Tokyo, Japan). To
quantitate the presence of inflammatory cells and the expres-
sion of molecules examined, the cell counts per mm2 or per-
centage of area positive for staining was assessed by setting a
region of interest of 300 lm2 in the area where positive signals
were most abundantly observed.

The following primary antibodies were used: Mouse
monoclonal anti-a-smooth muscle actin antibody (Sigma-Al-
drich, St. Louis, MO, clone 1A4, 1:200), rabbit monoclonal
anti-CD31 antibody (Abcam, Cambridge, UK, clone
EPR17259, 1:2000), mouse monoclonal anti-CD68 antibody
(Abcam, clone ED1, 1:50), mouse monoclonal anti-NF-jB,
p65 subunit, active form, antibody (MERCK, Darmstadt, Ger-
many, clone 12H11, 1:100), rabbit polyclonal anti-inducible
nitric oxide synthase antibody (Abcam, ab15323, 1:100), rab-
bit polyclonal anti-matrix metalloproteinase 9 antibody
(Abcam, ab38898, 1:100), and rabbit polyclonal anti-
myeloperoxidase antibody (Abcam, ab9535, 1:100).

MRI Experiments
A 7-T preclinical scanner (BioSpec 70/20 USR; Bruker

BioSpin MRI, Ettlingen, Germany) was used. Morphological
information was acquired by 3D time-of-flight MRA (3D
TOF-MRA) (Supplementary Data Fig. S1). A cardiac-gated
two-dimensional phase-contrast MRI (PC-MRI) was done to
estimate temporal changes in blood flow volume at the right
CCA proximal to the bifurcation during a cardiac cycle (Sup-
plementary Data Fig. S2A–C) (13). A distribution ratio of
blood flow volume at the distal to the bifurcation was deter-
mined by noncardiac-gated three-dimensional PC-MRI (Sup-
plementary Data Fig. S2D, E and Supplementary Data
Materials and Methods).

Assessments of Regions Presenting Focal
Growth

A total of 10 aneurysm lesions were subjected to se-
quential MRA examination. MRA examinations on the 5th,
10th, 17th, and 30th days after the surgery were planned in 7
aneurysm lesions to disclose the time course of the develop-
ment and growth of induced aneurysms. In the other 3 lesions,
MRA examinations on the 12th and 14–15th days after the sur-
gery were performed for macrophage imaging described in the
following section.

Regions showing focal growth in induced aneurysms
were determined by comparing MRA data obtained at 2 differ-
ent time points between the 10th and 17th day after surgical
manipulation. We validated the growing regions by overlaying
the 2 images three-dimensionally according to the methods
previously reported (14). Briefly, the regions of aneurysms
and the bilateral CCAs were extracted by thresholding the im-
age intensity and removing unnecessary regions. Then, image
registration was performed on the images of the 2 different
time points. For visualization, surface data were created and
overlaid (14). The surface area of each aneurysm lesion was
divided into 2 regions: A stable region and a growing one. The

region where the 2 MRA overlapped each other was defined
as the stable one and the other as a growing one (Supplemen-
tary Data Materials and Methods).

Macrophage Imaging by Ferumoxytol
Macrophage imaging by iron-containing nanoparticles,

ferumoxytol (Feraheme, AMAG Pharmaceuticals, Waltham,
MA) was performed in 3 aneurysm lesions (15, 16). After
detecting aneurysm lesions on the 12th day after the surgery, a
bolus of ferumoxytol (50 mg/kg) was administered intrave-
nously. At 48–72 hours after the administration of ferumoxy-
tol, MRI experiments of 3D TOF-MRA and T2*W imaging
were performed to detect morphological changes from the pre-
vious MRA and the uptake of ferumoxytol in the lesions. The
T2*W image acquired here depicts the distribution of feru-
moxytol as hypointense areas. To clarify the area where the
ferumoxytol accumulates, we overlaid the MRA image on the
T2*W image (Supplementary Data Materials and Methods).

After the MRI experiments, rats were killed, and sec-
tions were prepared as described above. Berlin blue staining
was performed to visualize iron deposition derived from feru-
moxytol according to manufacturer instructions (Berlin Blue
Staining Set, Wako Pure Chemical Corporation, Osaka,
Japan).

CFD Analysis
Information on intraluminal surfaces of the artery was

obtained from MRA with a commercially available imaging
software AMIRA ver. 5.4.2 (Thermo Fisher Scientific, Wal-
tham, MA). Blood was assumed to be an incompressible New-
tonian fluid with a density of 1.06 � 103 kg/m3 and dynamic
viscosity of 4.0 � 10�3 Pa s. Unsteady hemodynamics was
simulated with the commercial CFD program (scFLOW
v2020, Cradle Co, Tokyo, Japan). A flow rate at the inlet mea-
sured by cardiac-gated two-dimensional PC-MRI was used. A
flow distribution ratio in each outlet was estimated by
noncardiac-gated three-dimensional PC-MRI, if available, or
otherwise, according to Murray’s law (17). The following he-
modynamic parameters were analyzed: Time-averaged wall
shear stress (TAWSS) (18), WSS at peak systole (WSSsys),
WSS at end-diastole (WSSdia), oscillatory shear index (OSI)
(19), and time-averaged WSS divergence (TAWSSD) (20).

In each aneurysm lesion, the distributions of these
parameters on regional maps were qualitatively compared be-
tween growing region and stable regions. The spatial average
of these parameters over the growing region, the stable region,
and the parent artery in each aneurysm were calculated and
quantitatively compared (Supplementary Data Materials and
Methods).

Statistics
Continuous variables are presented as the median and

interquartile range. Differences between 2 groups were exam-
ined using the nonparametric Wilcoxon rank-sum test. Non-
parametric multiple comparisons were conducted using the
Steel-Dwass test. Statistical comparisons for repeated mea-
surement data were performed by repeated measures analysis
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of variance. A scatter diagram with linear regression lines
were presented to investigate the correlation between TAWSS
and OSI. A p value <0.05 was defined as statistically signifi-
cant. All statistical analyses were performed with JMP soft-
ware, version 14.0 (SAS Institute, Cary, NC).

RESULTS

Incidence and Size of Induced Aneurysms
No sham-operated animals developed aneurysms (n¼ 6,

Supplementary Data Fig. S3A, B). At one month after surgical
manipulations, de novo saccular aneurysms at the surgically
created CCA bifurcation were induced (Fig. 1C and Supple-
mentary Data Fig. S3C). These results indicated that the path-
ogenesis of aneurysms induced in the present model
presumably depends on the morphology of the artery (i.e. the
bifurcation site) and hemodynamic force loaded there. Periop-
erative mortality rate (death within one week after the manipu-
lation) was 28.6% (18/63 animals). A remaining 45 animals
were included in the present analysis. The incidence of aneur-
ysms was 44% (20/45 animals). Among the 20 aneurysm
lesions, morphological data by MRA were available in 17.
The median size of them was 3.2 mm (interquartile range, 2.4–
4.3 mm, n¼ 17) (Fig. 1D). Systolic blood pressure of animals
with (n¼ 5) or without (n¼ 8) aneurysms was similar (Sup-
plementary Data Fig. S4).

Histological Similarities to Human IAs in the
Present Model

Immunofluorescent staining of CD31 and a a-smooth
muscle actin demonstrated the presence of 3 layers of arterial
walls (i.e. the intima, the media, and the adventitia) (Fig. 2A),
confirming the induction of true aneurysms. In past studies,
the disruption of the internal elastic lamina and the presence
of degenerative or proliferative changes in the media have
been considered the hallmarks of human IAs (21–23). Elastic
van Gieson staining revealed that induced aneurysms mim-
icked human IAs (Fig. 2B, C). Additionally, the infiltration of
CD68-positive macrophages and the activation of NF-jB,
which mediates the growth of IAs (7–10, 22, 23), could be ob-
served (Fig. 2D, E and Supplementary Data Fig. S5). Inducible
nitric oxide synthase was induced in the media of aneurysmal
walls, as in human IAs (Fig. 2F) (24). The quantitative assess-
ment demonstrated that the infiltration of CD68-positive cells,
the activation of NF-jB, and the expression of inducible nitric
oxide synthase were more abundant in induced aneurysms
(n¼ 5) than in the bifurcation site without aneurysms (n¼ 5)
(Supplementary Data Fig. S6).

Growth of Induced Aneurysms
There were significant increases in the blood flow vol-

ume at peak-systole and mean in a cardiac cycle through the
right CCA between the 5th and 30th day postoperatively
(n¼ 8, Fig. 3A). Induced aneurysms rapidly enlarged between
the 5th and 10th day, and subsequently gradually enlarged as
assessed by 3D TOF-MRA (n¼ 7, Fig. 3B).

Rupture of Induced Aneurysms
Sudden death due to aneurysmal rupture was observed

in some animals. The rupture mostly occurred between the
10th and 15th day after the surgery. The cumulative rupture
rate during the first 30 days was 38.9% (7/18 animals)
(Fig. 3C). Elastic van Gieson staining revealed thin arterial
walls around the rupture point (Fig. 3D). The immunohisto-
chemical examination also confirmed the degenerative
changes including disorganized alignment in the medial
smooth muscle layers and the accumulation of CD68-positive
macrophages near the rupture point (Fig. 3E). In past studies,
myeloperoxidase-positive cells, mainly neutrophils (25), and
the expression of matrix metalloproteinase 9 have been shown
to be involved in the process leading to rupture of human IAs
(26, 27). In the present model, myeloperoxidase-positive cells
infiltrated in the ruptured lesions and expressed matrix metal-
loproteinase 9 (Fig. 3F). The quantitative assessment revealed
that the density of myeloperoxidase-positive cells and matrix
metalloproteinase 9 expressing cells were both increased in
ruptured aneurysms than in unruptured ones (Supplementary
Data Fig. S7). The size of the aneurysms was similar between
ruptured and unruptured aneurysms (Supplementary Data
Fig. S7).

Hemodynamic Parameters Associated With
Focal Growth of Aneurysms

We assessed the growth of induced aneurysms using
morphological data at 2 different time points between the 10th
and 17th day after the induction. Among the 10 aneurysms
subjected to sequential MRA examinations, we identified fo-
cal growth in 5, growth in the whole lesion in 2, and no growth
in one. We could not evaluate growth in 2 aneurysms because
of death due to the rupture of the lesions (Fig. 3B). We, there-
fore, subjected the 5 aneurysms to the assessments of hemody-
namic parameters associated with the focal growth. Among
TAWSS, OSI, and TAWSSD, the areas exposed to low
TAWSS colocalized with the growing regions (Fig. 4A). The
regions exposed to high OSI colocalized with the growing
regions in 4 of the 5 (Supplementary Data Fig. S9). Quantita-
tive assessment revealed that TAWSS and WSSsys were sig-
nificantly lower in the growing regions than in the stable ones
or the parent arteries, whereas these were similar in the stable
ones and the parent arteries (Fig. 4B). At the baseline before
the aneurysm induction on the 5th day after the surgery,
WSSsys was significantly higher at the bifurcation site than the
parent artery (Supplementary Data Fig. S8). In a scatter dia-
gram investigating correlation between TAWSS and OSI, the
growing regions, the stable ones of aneurysm lesions, and the
parent arteries were distributed differently (Supplementary
Data Fig. S10). Furthermore, the low OSI characterized the
parent artery, whereas low WSS was characteristic of the
growing regions (Supplementary Data Fig. S10).

Macrophage Infiltration in Growing and Low
WSS-Loaded Regions

We performed macrophage imaging by ferumoxytol in
3 aneurysm lesions. The macrophage imaging revealed that
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FIGURE 2. The histopathological evaluation of induced aneurysms. (A) Representative images of immunofluorescent staining for
an endothelial cell marker, CD31 (green), a smooth muscle cell marker, a-smooth muscle actin (aSMA, red), nuclear staining by
DAPI (blue), and the merged image. Scale bar: 50 lm. (B, C) Elastic van Gieson staining demonstrating the disruption of the
internal elastic laminas (indicated by arrowheads in [B]) and thickening or thinning of the media (C). The magnified images
corresponding to the squares in the left panels are shown on the right. L, the left panel in the magnified images; R, the right panel
in the magnified images. Scale bar: 50lm. (D–F) Representative images of immunofluorescent staining for a macrophage marker,
CD68 (D) (green), activated NF-jB (E) (green), iNOS (F) (green), aSMA (red), nuclear staining by DAPI (blue), and the merged
images. The magnified images corresponding to the squares in the left panels are shown on the right. A further magnified image
corresponding to the white square in the right panel in (D) is also shown in the bottom right-hand corner of the same panel. The
arrowheads in (E) indicate the activation of NF-jB in the intima and inner layers of the media in the lesion. The arrowheads in (F)
indicate the induction of iNOS in the medial smooth muscle cell layers in the lesion. The arrows in (E, F) indicate the activation of
NF-jB or the expression of iNOS in the parent artery. The asterisks in (E, F) indicates the parent artery. Scale bar: 50lm.
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hypo-intense areas demonstrating macrophage infiltration
were specifically observed in the growing regions exposed to
low WSS and high OSI (Fig. 5A–C). Berlin blue staining and
immunofluorescent staining of the sections confirmed the ac-
cumulation of ferumoxytol-labeled CD68-positive macro-
phages in the same area (Fig. 5D–F).

DISCUSSION
We established a rat aneurysm model by surgically cre-

ating a bifurcation site at the CCA. The increase of blood flow
at the site of the bifurcation was induced by the combination
of sodium retention and flow alteration. Therefore, the concept
that high flow condition triggers expansive outward vessel

A

C

E F

D

B

FIGURE 3. Growth and rupture of induced aneurysms. (A) Sequential assessments of the blood flow volume at the right common
carotid artery proximal to the bifurcation measured by cardiac-gated two-dimensional phase contrast-MRI. Data represent the
mean 6 SEM (n¼8). Statistical analyses were done by repeated measurement analysis of variance. (B) The growth of induced
aneurysms assessed by 7-T MR angiography (n¼7). The growth curve of each aneurysm lesion is shown with dotted lines and their
mean 6 SEM with a continuous line. (C) The rupture rate of induced aneurysms (n¼18). (D) Representative histopathological
images by Elastic van Gieson staining of a ruptured aneurysm. The magnified images corresponding to the squares are shown on
the right. The asterisk in (D) indicates the point of rupture. Scale bar: 50lm. (E, F) Representative images of immunostaining for a
macrophage marker, CD68 (E) (green), a-smooth muscle actin (aSMA) (E) (red), myeloperoxidase (MPO) (F) (green), matrix
metalloproteinase 9 (MMP9) (F) (red), nuclear staining by DAPI (blue), and the merged images. The magnified image
corresponding to the square in (F) is shown on the right. The asterisks indicate the point of rupture. Scale bar: 50lm.
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remodeling was also applied in the present model (28). Using
this model, we could evaluate the morphology of induced
aneurysms by 7-T MRA. The morphological and histopatho-
logical findings of induced aneurysms mimicked those of hu-
man IAs. Additionally, immunohistochemical assessments
revealed close similarities regarding the inflammatory
responses between aneurysms in the present model and IAs.
Importantly, the growth curves of induced aneurysms were
similar among the animals investigated. Such homogeneity of

the disease progression in the current model enables us to ana-
lyze the mechanisms regulating each step of the disease by
selecting periods after the induction. We could indeed effi-
ciently detect the focal growth of induced aneurysms and qual-
itatively identified low WSS and high OSI as hemodynamic
factors potentially facilitating the focal growth. Interestingly,
the quantitative assessment of these hemodynamic parameters
revealed that the values of WSS in stable regions were close to
those in the parent arteries, suggesting that the stable regions

A

B

FIGURE 4. Colocalization of growth and hemodynamic parameters in induced aneurysms. (A) Representative morphological
images and regional maps of CFD parameters in the corresponding case. Arrowheads indicate the growing regions in the
aneurysm lesion. TAWSS, time-averaged wall shear stress; OSI, oscillatory shear index; TAWSSD, time-averaged wall shear stress
divergence. (B) The quantitative comparisons of hemodynamic parameters between the growing, the stable regions of
aneurysm lesions, and the parent arteries. The values of hemodynamic parameters by spatial average were calculated in each
region. Data are shown in box-and-whisker plots (n¼5). Statistical analyses were done by the nonparametric Steel-Dwass test.
WSSsys, WSS at peak systole; WSSdia, WSS at end-diastole.
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FIGURE 5. Colocalization of growth, hemodynamic parameters, and macrophage infiltration in induced aneurysms. (A)
Representative images showing a growing region identified by comparing 2 sequentially acquired MR angiographies (MRA). (B)
Accumulation of macrophages demonstrated by macrophage imaging using ferumoxytol in the corresponding case. An axial
(left panel), a coronal (middle panel), and the both of the planes (right panel) by T2*images are shown. The arrowheads in (B)
indicate hypointense signals in the T2*images showing the accumulation of macrophages. (C) Regional maps of TAWSS and OSI
of the corresponding case. TAWSS, time-averaged wall shear stress; OSI, oscillatory shear index. (D) The axial plane of the T2*-
weighted image, time-of-flight MRA, and the merged image corresponding to those presented in (B). Arrowheads in the
merged image indicate hypo-intensity areas in the T2*-weighted image reflecting ferumoxytol accumulation. (E) Detection of
ferumoxytol-labeled macrophages visualized by Berlin blue staining using the specimen from the same animal shown in (A–D).
The magnified image corresponding to the squares is shown on the right. Scale bar: 50 lm. (F) Representative images of
immunofluorescent staining for a macrophage marker, CD68 (green), a-smooth muscle actin (aSMA) (red), nuclear staining by
DAPI (blue), and the merged image. Scale bar: 200 lm. The asterisks in (A–F) indicate the growing regions.
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were exposed to more physiological hemodynamic conditions
than the growing regions. Meanwhile, the WSS loaded at the
bifurcation site before the aneurysm formation was different
from that at the growing region of induced aneurysms. The
pathogenesis of the initiation and the focal growth of already-
formed aneurysms may thus be a different phenomenon. Fur-
thermore, macrophage imaging by ferumoxytol suggested that
the area showing macrophage infiltration colocalized with the
growing regions. These findings suggest that growth, hemody-
namic forces, and macrophage infiltration may mutually be re-
lated in the process of disease progression.

There have been several murine IA models established
thus far (29–32). Through a series of experiments using these
animal IA models, macrophage-mediated chronic inflamma-
tion has been identified as a cardinal driver of the initiation
and growth of IAs (8–10, 33). More recently, murine IA mod-
els that frequently develop aneurysmal subarachnoid hemor-
rhage have also been established, for example, by modifying
the pattern of arterial ligations and the sex used (31, 32); thus,
molecular mechanisms underlying ruptures can be investi-
gated. Interestingly, the rupture rate of the present model was
similar to those of already-established IA models (i.e. �30%–
50%), which may indicate the similarity in the pathogenesis
between them. However, because of the small size of intracra-
nial arteries, radiological assessments by MRA were techni-
cally difficult in these IA models. Several extracranial
aneurysm models have thus been developed because of their
size merit compared with intracranial models (34). However,
there have been few extracranial aneurysm models that could
induce de novo aneurysms and visualize the whole process of
morphological changes from the development by MRA. Fur-
thermore, macrophages infiltrating into lesions could also be
visualized by macrophage imaging in the present model. Con-
sequently, CFD analyses to clarify the hemodynamic parame-
ters related to the macrophage-mediated inflammation in
aneurysms have become more practical. Accordingly, our pre-
sent model broadens the application of animal models in the
research field.

The understanding of mechanisms underlying the
growth of IAs is clinically relevant because the rupture rate of
human IAs presenting growth is >10 times higher than that
for ones without growth (5, 6). However, in humans, the
growth of lesions during the follow-up period is infrequent,
that is, �5%–8% per year (5, 6), and the detection of the
growth is time-consuming. There are indeed only a few reports
analyzing the hemodynamic parameters related to the growth
of human IAs (35, 36). In the present model, we could qualita-
tively identify the colocalization of the hemodynamic condi-
tions of low WSS and presumably high OSI with the growing
regions. In in vitro experiment, chemoattractants for macro-
phages like monocyte chemoattractant protein-1 were induced
in endothelial cells exposed to low WSS and the concomitant
turbulent flow (37). Consistently, in this study, macrophage
infiltration into aneurysm lesions occurred around the area ex-
posed to the similar hemodynamic condition. Past studies
have suggested the facilitation of the growth of IAs via
macrophage-mediated chronic inflammation (8–10); for in-
stance, the administration of a dominant-negative form of
monocyte chemoattractant protein-1, 7-ND, suppressed the

growth of IAs in a rat model (10). Thus, macrophages accumu-
lated in lesions of the present model supposedly regulate the
focal growth via regulating the inflammatory response in situ.
These findings suggest that detecting these hemodynamic con-
ditions or macrophage infiltration into lesions could be
markers identifying unstable lesions and may thus be useful in
deciding indication of the treatment.

The present study suggests that exposure to low WSS
predisposed to the focal growth of saccular aneurysms. In this
regard, another arterial disease, atherosclerosis, has also been
considered to be promoted under low WSS (38). These 2 arte-
rial pathophysiologies may develop under similar hemody-
namic conditions in terms of WSS. However, one of the
hallmarks of atherosclerosis, neointimal hyperplasia, was not
observed in the growing regions of saccular aneurysms. These
facts may imply another hemodynamic factor other than low
WSS mediates the difference between these 2 vascular abnor-
malities. Hemodynamic factors discriminating between these
2 arterial diseases should be further clarified.

There are several limitations to the present study. First,
there are differences in the structure between intracranial ar-
teries and the CCA. For instance, the elastic lamina is mono-
layer in intracranial arteries, whereas it is multilayer in the
CCA. Such differences may influence the pathogenesis by af-
fecting the stiffness of arterial walls and the recruitment of in-
flammatory cells. Second, although the regions exposed to
high OSI qualitatively colocalized with the growing ones, the
quantitative analysis failed to detect a statistical difference in
the values of OSI between the stable and the growing regions.
We used OSI as an indicator of turbulent flow, but turbulent
flow includes various types of flow conditions other than lami-
nar flow. Indeed, there are several other parameters demon-
strating turbulent flow, such as the gradient oscillatory
number (39). Further investigations to identify a parameter
more accurately reflecting turbulent flow and most effectively
evoking cellular responses are necessary to answer these
questions.

In conclusion, we propose an extracranial aneurysm
model that visualizes sequential morphological changes of de
novo aneurysms by MRA. The CFD analysis using the present
aneurysm model suggests the colocalization of the areas ex-
posed to low WSS and high OSI with the growing regions of
aneurysm lesions. Macrophage imaging by ferumoxytol
shows the accumulation of macrophages in the growing
regions. These findings imply the potential contribution of
low WSS and high OSI to the macrophage-mediated growth
of saccular aneurysms. Therefore, this study provides further
support that the growth of saccular aneurysms is triggered by
specific hemodynamic stimulus promoting inflammatory
responses in aneurysm lesions.
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