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Background: Subarachnoid hemorrhage (SAH) is one of the most devastating cerebrovascular disorders. We report on the di-
agnostic value of three-dimensional (3-D) maximum intensity projection (MIP) reconstruction of T2*-weighted
magnetic resonance images (MRI), processed using graphical user interface-based software, to aid in the ac-
curate grading of endovascular-perforation-induced SAH in a mouse model.

Material/Methods: A total of 30 mice were subjected to SAH by endovascular perforation; three (10%) were scored as grade 0,
six (20%) as grade 1, six (20%) as grade 2, eight (27%) as grade 3, and seven (23%) as grade 4 according to
T2*-weighted coronal slices. In comparison, none of mice were scored as grade 0, eight (27%) as grade 1, five
(17%) as grade 2, nine (30%) as grade 3, and eight (27%) as grade 4 based on subsequent evaluation using
reconstructed 3-D MIP images.

Results: Mice scored as grade 0 (10%; no visible SAH) on T2*-coronal images were categorized as grades 1 (thin/localized
SAH) and 3 (thick/diffuse SAH) according to 3-D MIP images. Grades based on T2* 3-D MIP images were more
closely correlated with conventional SAH score (?=0.59; P<0.0001) and neurological score (r?=0.25; P=0.005)
than those based on T2*-coronal slices (r*=0.46; P<0.0001 for conventional score and r’=0.15; P=0.035 for neu-
rological score).

Conclusions: These results suggest that 3-D MIP images generated from T2*-weighted MRI data may be useful for the sim-
ple and precise grading of SAH severity in mice to overcome the weakness of the current MRI-based SAH grad-
ing system.

MeSH Keywords: Image Processing, Computer-Assisted ¢ Magnetic Resonance Imaging ¢ Mice, C57BL/6 ¢
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Background

Aneurysmal subarachnoid hemorrhage (SAH) is one of the
most striking and devastating stroke subtypes in humans [1,2].
In addition to clinical trials aimed at improving outcomes af-
ter SAH [3-5] , extensive laboratory studies have investigat-
ed the pathophysiological mechanisms using rodent models.
Experimental SAH is usually established by endovascular per-
foration, in which an artery of the circle of Willis is perforat-
ed using an intraluminal filament [6]. Although this method is
considered to provide the best physiological imitation of SAH
after aneurysmal rupture in humans, there are currently no
useful grading systems for categorizing the severity of SAH in
experimental animals on the basis of subarachnoid blood in
an in vivo setting. Most studies using the endovascular per-
foration model in rodents confirmed the severity of SAH an-
atomically by post-mortem exploration of the subarachnoid
clot in the extracted brain [7-9], and/or functionally by neu-
rological examination [6,10,11].

A more practical grading system based on magnetic resonance
imaging (MRI) has recently been proposed in a mouse model of
SAH, using T2* gradient-echo (GRE) imaging, without the need
for animal euthanasia [12]. Clinically, T2*-weighted sequenc-
es are used to depict paramagnetic deoxyhemoglobin, met-
hemoglobin, or hemosiderin in small lesions and tissues [13].
Pathologic conditions that can be visualized by hypointense
signals with these sequences include acute SAH and suscepti-
bility vessel sign in acute stroke [13,14]. Although MRI grading
based on T2*-weighted imaging correlates with convention-
al SAH grading in rodents in terms of severity and neurologi-
cal score, there remain some difficulties in identifying the SAH
clot in two-dimensional (2-D) slices in brain MRI.

In the present study, we introduced a method using three-di-
mensional (3-D) maximum intensity projection (MIP) recon-
struction of T2*-weighted magnetic resonance (MR) images,
processed using graphical user interface (GUI)-based software,
to aid in the accurate grading of SAH severity in a mouse mod-
el. The MIP tool enables manipulation of 3-D renderings of the
imaging data, thus allowing easy detection of SAH in mice.

Material and Methods

All experimental protocols in this study were reviewed and ap-
proved by the Institutional Animal Care and Use Committee
in accordance with the Guidelines for Animal Experimentation
at the Research Institute for Brain and Blood Vessels-AKITA.
Male C57BL/6N mice weighing 21-26 g purchased from Charles
River Laboratories Japan (Kanagawa, Japan) were housed in
groups of 5 animals per cage (28x42x20 cm). Mice were main-
tained at 24+1°C in an air-conditioned environment with a
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12-h light/dark cycle and received a standard rodent diet and
water ad libitum.

A total of 37 mice were used at 9 weeks of age. Microsurgery
to induce SAH was performed in 9-week-old mice using asep-
tic procedures, as described previously [6]. Briefly, mice were
premedicated with butorphanol (5 mg/kg, subcutaneous) and
anesthetized with isoflurane (2% induction in 2.0 L/min; 1.5%
maintenance in 1.0 L/min of 50% O, in air) via a facemask.
MRI-compatible, non-invasive tail-cuff plethysmography blood
pressure, heart rate, arterial oxygen saturation, and rectal tem-
perature sensors were attached in the supine position. Each
mouse was placed on a servo-controlled heating blanket and
body temperature was monitored via a rectal temperature
probe and maintained at 36+1°C. The anesthetic concentra-
tions of isoflurane were titrated within the range of 1.1-1.9%.
A 5-0 (0.1-mm diameter) blunted nylon monofilament suture
was used for vessel perforation. A midline incision was made
in the neck to expose the carotid bifurcation, and then as long
a segment of the external carotid artery (ECA) as possible was
isolated. The ECA was ligated, coagulated, and cut and a mini
clip was placed at the proximal part of the ECA. A small arte-
riotomy was performed on the distal part of the ECA stump
using a 27-G needle tip, and the filament was gently pushed
10-13 mm forward until resistance was felt at the bifurcation
of the terminal internal carotid artery and proximal portion of
the middle cerebral artery, followed by a further 1-2 mm ad-
vancement to perforate the vessel. After achieving hemostasis
from the vessels and surrounding tissue, the skin was closed
with a 6-0 blue polypropylene monofilament suture. Mice were
administered warm, sterile isotonic fluids subcutaneously at
3-5% of body weight prior to and at the end of surgery. The
body weights of each animal were recorded daily, and mice
without normal daily water consumption within 24 h of re-
covery from anesthesia received a 1.5-2 mL of warm 5% w/v
dextrose solution subcutaneously.

All MR data were acquired under isoflurane anesthesia within
24 h after SAH induction, using a 4.7 Tesla Varian MRI scan-
ner (Varian Inc., Palo Alto, CA, USA) equipped with a 12-cm
internal diameter gradient coil and a 72-mm internal diam-
eter cylindrical probehead. Whole-brain MRI was performed
to ensure correct head positioning with acquisition of T2*
GRE sequences (long repetition time/short echo time/flip an-
gle=20 ms/10 ms/20°) with a field of view of 20x20x20 mm,
matrix size of 128x128x128 mm, and 25 coronal slices (0.5-mm
thick), as described previously [12]. An MIP was then generat-
ed from a 3-D reconstruction of the T2*-weighted slices using
a free GUI-based analysis tool to support DICOM image con-
version into NIfTI format (MRIcron [15]).

We categorized the mice into five grades according to the
thickness of the SAH clot and the presence of intraventricular
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Figure 1. Examples of SAH grades based on 3-D MIP images reconstructed from T2*-weighted MRI slices in mice. Grade 1
(minimal/localized SAH with no IVH) (A); grade 2 (minimal/localized SAH with IVH) (B); grade 3 (thick/diffuse SAH with no
IVH) (C); and grade 4 (thick/diffuse SAH with IVH) (D). Upper left, upper right, and lower images in each panel show axial,
coronal, and sagittal sections, respectively. Arrows indicate superficial and/or basal SAH clot, and arrowheads indicate IVH.
L — left; R — right; A — anterior; P — posterior.

hemorrhage (IVH) [12] detected by coronal slices and by recon-
structed 3-D MIP images of T2*-weighted sequence. Grade 0=no
visible SAH or IVH; grade 1=minimal/localized SAH with no IVH;
grade 2=minimal/localized SAH with IVH; grade 3=thick/dif-
fuse SAH (hematoma 0.5 mm thick visible in >2 slices of T2*-
weighted images) with no IVH; and grade 4=thick/diffuse SAH
with IVH. Image interpretation was initially performed with T2*-
weighted coronal slices for the initial score, followed by 3-D MIP
display for the final score. After completion of data acquisition,
the SAH grades were examined by two investigators (KS and KN)
to avoid bias and to examine the reproducibility of the grading
system, and the final decision for data analysis was made by TM.

Neurological scores of 3—-18 in single-increment steps (high-
er scores indicate greater function) were evaluated at 24 h
after SAH by a single, blinded observer (TM), as described

previously [11]. After completion of the experiment, mice were
euthanized by an overdose of pentobarbital (200 mg/kg, in-
traperitoneal) and the brains were examined to assess the se-
verity of SAH using a conventional grading system [10]. The
animals were assigned a total score ranging from 0 to 18 by
summing the scores from all six segments in the basal brain.

Statistical analysis was carried out using SigmaPlot version
13 (Systat Software Inc., CA, USA). Correlations between MRI
grade and conventional SAH severity score based on the eval-
uation of blood clots and neurological score were examined by
Spearman’s rank correlation tests. Non-parametric data were
compared using the Kruskal-Wallis test. The Cohen « (Kc) and
weighted « (Kw) values were calculated to examine reproduc-
ibility of the scale between the two investigators [16]. Values
of P<0.05 were considered statistically significant.
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Figure 2. Examples of a mouse SAH model in which the MRI-based diagnoses changed from grade 0 to 1 (A) and grade 2 to 4 (B) after
interpretation of 3-D MIP images reconstructed from T2*-weighted MRI slices. Arrows indicate superficial and/or basal SAH
clot.

Results

The mortality in this study was 19% (7/37) at 24 h after SAH
induction, which is in agreement with previously published
data[7,9,12,17]. Among the total of 30 mice, three (10%) were
scored as grade 0, six (20%) as grade 1, six (20%) as grade 2,
eight (27%) as grade 3, and seven (23%) as grade 4 for initial
evaluation using T2*-coronal slices. In contrast, eight (27%)
were scored as grade 1, five (17%) as grade 2, nine (30%) as
grade 3, and eight (27%) as grade 4 on final evaluation, assist-
ed by 3-D MIP images. Representative 3-D MIP images for SAH
grades 1-4 are shown in Figure 1A-1D, respectively. Assisted by
axial and sagittal T2*-weighted MIP images, SAH was predom-
inantly observed in the left cortical surface by sagittal section
and the basal cistern by axial section (Figure 1A, 1C), where
the terminal internal carotid artery was perforated. However,
IVH localized in the third and lateral ventricles was visualized
mainly by coronal slices (Figure 1B, 1D). Examples of SAH-
induced mice in which the diagnoses changed from grade 0
to 1 and grade 2 to 4 after interpretation of 3-D MIP images
are shown in Figure 2A, 2B, respectively. In these cases, basal
and superficial SAH clots were more effectively visualized by
para-sagittal plane images as compared to the images with-
in a single coronal slice.

There were significant correlations between MRI grade and
conventional SAH score (’=0.46; P<0.0001 for initial eval-
uation (Figure 3A) and r?=0.59; P<0.0001 for final evalua-
tion (Figure 3B)) and between MRI grade and neurological score
(r*=0.15; P=0.035 for initial evaluation (Figure 3C) and r?=0.25;
P=0.005 for final evaluation (Figure 3D)), with 3-D MIP-based
MRI interpretation demonstrating a stronger relationship. With
regard to interobserver variability, the Kw value for the thick-
ness of the subarachnoid clot and Kc value for the presence
of IVH in the lateral ventricle were 0.89 and 0.81, respective-
ly (for initial score) and 0.95 and 0.90, respectively (for final
score). Kw value for the MRI grading scale was 0.94. The sys-
tem was therefore considered to have excellent reproducibility.

Discussion

An MIP is a series of 2-D images generated from a 3-D render-
ing of MRI data by selecting the maximum value through the re-
construction seen by each 2-D pixel at each of several viewing
angles. Each angular view in an MIP thus has a unique viewing
angle that defines the 2-D projection plane. This technique is
useful for detecting small lesions in the lungs and mammary
glands in clinical practice. Interestingly, the proportion of mice
in the current study scored as grade 0 was reduced using 3-D
MIP, and they were assigned mainly to grades 1 and 3 on final
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Figure 3. Relationships between MRI grading (0-4) and conventional SAH score and neurological score on initial evaluation with
T2*-weighted coronal slices (A, €) and final evaluation with reconstructed 3-D MIP images (B, D). (+) in each bar indicates

mean value.

evaluation, suggesting that this method increased the preci-
sion in relation to the severity and localization of the SAH clot.

The MRI-based grading scale imitates the human SAH scale
using a computed tomography scan (e.g., modified Fisher
scale) [18]. Our results suggest that additional 3-D MIP stud-
ies exploring SAH and IVH may strengthen the relationships
of this grading system with both conventional SAH grade
and functional outcome scores compared with single evalua-
tion using T2*-weighted coronal slices alone. The easy-to-use
software used in the present study allows the integration of
T2*-weighted slice data into one image to provide more ac-
curate SAH grading. Although we used T2*-weighted images
to examine the severity and location of SAH based on recent
results [12,19], sequences such as fluid-attenuated inversion

recovery (FLAIR) and susceptibility-weighted images [20] war-
rant further investigation.

Conclusions

Our results provide the first evidence demonstrating the fea-
sibility of 3-D MIP images generated from GUI-based software
for the simple and precise SAH grading in a mouse model of
endovascular perforation technique to overcome the weakness
of the current MRI-based SAH grading system.
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