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A novel voxel-wise lesion segmentation
technique on 3.0-T diffusion MRI of
hyperacute focal cerebral ischemia
at 1 h after permanent MCAO in rats

Chi-Hoon Choi1,*, Kyung Sik Yi1,*, Sang-Rae Lee2,*,
Youngjeon Lee2, Chang-Yeop Jeon2, Jinwoo Hwang3,
Chulhyun Lee4, Sung Sik Choi5, Hong Jun Lee5 and
Sang-Hoon Cha1,6

Abstract

To assess hyperacute focal cerebral ischemia in rats on 3.0-Tesla diffusion-weighted imaging (DWI), we developed a novel

voxel-wise lesion segmentation technique that overcomes intra- and inter-subject variation in apparent diffusion coef-

ficient (ADC) distribution. Our novel technique involves the following: (1) intensity normalization including determin-

ation of the optimal type of region of interest (ROI) and its intra- and inter-subject validation, (2) verification of focal

cerebral ischemic lesions at 1 h with gross and high-magnification light microscopy of hematoxylin-eosin (H&E) pathology,

(3) voxel-wise segmentation on ADC with various thresholds, and (4) calculation of dice indices (DIs) to compare focal

cerebral ischemic lesions at 1 h defined by ADC and matching H&E pathology. The best coefficient of variation was the

mode of the left hemisphere after normalization using whole left hemispheric ROI, which showed lower intra-

(2.54� 0.72%) and inter-subject (2.67� 0.70%) values than the original. Focal ischemic lesion at 1 h after middle cerebral

artery occlusion (MCAO) was confirmed on both gross and microscopic H&E pathology. The 83 relative threshold of

normalized ADC showed the highest mean DI (DI¼ 0.820� 0.075). We could evaluate hyperacute ischemic lesions at

1 h more reliably on 3-Tesla DWI in rat brains.
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Introduction

Themiddle cerebral artery occlusion (MCAO) rat model
is the most widely used animal model for investigating
the pathophysiological mechanisms that underlie human
brain injury after ischemic stroke and for developing
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effective therapeutic approaches to the disease.1,2

Diffusion-weighted imaging (DWI) of magnetic reson-
ance imaging (MRI) can identify ischemic lesions with
cytotoxic edema from very early on after MCAO, espe-
ciallywithin the first 5–10min after arterial occlusion.3 In
addition, DWI can be used to visualize the location and
volume of ischemic lesions and provide a temporal evo-
lution of focal cerebral ischemia in the rat brain.2–4

Several quantitative DWI studies have used dedi-
cated, small-bore, high Tesla (T) MRI scanners with
strong gradient coils for evaluating small animals with
experimental stroke; however, 3.0-T clinical MRI scan-
ners can provide comparable spatial resolution with the
use of small animal coils.4–6 However, the use of 3.0-T
MRI scanners in quantitative DWI studies has some dis-
advantages, such as a prolonged scan time and
scanner-dependent variation.7,8 The apparent diffusion
coefficient (ADC) values of normal brain tissue and
ischemic lesions in various animals have wide ranges,
overlap, vary greatly over time and show inter-subject
variation.7,8 The situation becomes complicated because
ADC values in hyperacute (earlier than 2–3 h) focal cere-
bral ischemia have very wide ranges and overlap those of
the normal brain. Additionally, time-consuming spatial
resolution is needed to assess rat brain infarctionwith 3T
magnet, resulting in the decrease of SNR and the exacer-
bation of the situation. Therefore, to assess hyperacute
focal cerebral ischemia in rats, multiple ADC maps
should be normalized to overcome the substantial vari-
ations, but signal intensity normalization has rarely been
attempted using T1- or T2-weighted imaging maps.9,10

This may be because ipsilateral focal lesions make nor-
malization difficult, and complicated techniques should
be required such as adjusting or matching histograms.11

To evaluate focal cerebral ischemic lesions on MRI,
complex automatic or semi-automatic segmentation
techniques are available, such as a multi-parametrical
regression model, three-dimensional (3D) histograms
of multi-modality imaging, and techniques based on
tissue classifications;12–15 however, these techniques are
not commonly used because of their limitations in
acquiring perfusion maps or other time-consuming
structural images in hyperacute studies. Threshold-
derived pixel or voxel-wise segmentation based on
ADC intensity is most commonly used.12,16,17 This tech-
nique uses a cut-off value of the ADC threshold (also
known as the viable threshold, 530 (�10�6mm2/
s)),12,18–20 which has been verified by pathologic correl-
ation studies using tetrazolium chloride (TTC) staining.
The cut-off value of the ADC threshold of 530 reflects
post-ischemic alterations after 12 to 24 h.12,21,22 Other
pathologic staining can show hyperacute ischemic
damage in rat brains at 2–4 h after MCAO.22,23

Especially for the hyperacute focal ischemic lesion on
DWI (ADC map) very early after MCAO (within 1 h),

a novel segmentation technique may be needed that has
been validated by pathologic evidence. The present study
observed that ischemicMCAterritories in rats at 1 hafter
MCAO showed pallor areas on hematoxylin and eosin
(H&E)-stained pathology, and we identified a valid,
viable threshold that was correlated with H&E-stained
pathology. Such a threshold has rarely been reported in
previous work at this earlier hyperacute stage.

Here, we present a novel voxel-wise lesion segmenta-
tion technique for the assessment of hyperacute focal
cerebral ischemia in rats at 1 h after MCAO on 3.0-T
DWI, which was verified by gross and high-magnification
light-microscopic examination of H&E pathology.

Materials and methods

Experimental animals and MCAO

This studywas approvedby the institutional reviewboard
for the care and use of animals. The data reporting is in
compliance with the ARRIVE guidelines (www.nc3rs.
org.uk/arriveguidelines). All housing conditions and
experimental procedures were in accordance with the
guidelines established by the Korea Research Institute
of Bioscience and Biotechnology Institutional Animal
Care and approved by the Korea Research Institute of
Bioscience and Biotechnology Animal Care Committee.

Thirty-three Sprague-Dawley rats weighing between
290 and 350 g (eight weeks of age, healthy males, housed
in pairs under standard conditions with a 12-h light/12-h
dark cycle and ad libitum access to A04-10 pelleted diet
and filtered tap water) were subjected to right MCAO
using the intraluminal filament technique proposed by
Koizumi et al.1 Anesthesia was induced by a 400-mL
intramuscular injection of a 3:1 mixture of xylazine
(Rompun�; Bayer, Leverkusen, Germany) and tileta-
mine and zolazepam (Zoletil�; Virbac, Carros, France)
prior to surgery and MRI. We monitored physiological
variables (respiration rate, heart rate, body temperature)
during the surgical procedure and MR scanning. The
respiratory rates were 65–82/min in 31 rats; two animals
with extremely slow respiratory rate (20/min) expired
during MRI (exclusion 1 in Figure 1).

Each operation was performed with the rat on a
heating pad. The right common carotid artery (CCA)
was exposed through a midline incision of approxi-
mately 3 cm with the rat in the supine position. The
right CCA, external carotid artery, and pterygopalatine
artery were ligated sequentially with 4–0 sutures, and a
4–0 silicon-coated nylon filament (diameter of the distal
5-mm segment was between 0.35 to 0.40mm) was intro-
duced into the distal CCA and advanced to block
the bifurcation of the internal carotid artery (ICA) pre-
venting from the collateral blood flow from the contra-
lateral side through the circle of Willis.
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MRI data acquisition and patterns
of MCA territorial infarction

A 3T MRI system (Philips Healthcare, Best, The
Netherlands) with a 5-cm inner diameter animal coil
and a 4-channel phased array design (Chenguang
Medical Technology, China) were used to image the

brains of 31 rats. A schematic overview of the study
design with post-hoc exclusions is shown in Figure 1(A).

The MRI parameters were as follows: b values,
0 and 1000; field of view, 50� 50mm; matrix
size, 128� 128; repetition time/echo time, 4000/60;
number of excitations, 32; voxel resolution,
0.39� 0.39� 2mm. Immediately after each DWI scan,

Figure 1. Schematic overview of our study. A: Axial DWI was repeated every 10 min until 55 min post-occlusion in 16 animals for

which MCAO was classified as complete MCA territorial infarction (complete MCAinfarction*) involving the entire MCA territory. The

MRI scan was ceased for 15 rats in which whole MCA territorial infarction was not maintained on three consecutive initial DWIs

(incomplete MCAinfarction). Within the category complete MCAinfarction, sustained MCAinfarctiony was observed in eight animals, which

was defined as the maintenance of the ADC abnormal lesion involving the whole right MCA territory over five consecutive axial scans.

Non-sustained MCAinfarctionz was defined as non-maintenance of the lesion. Additional coronal MR scans of the sustained MCAinfarction

group were obtained immediately following for pathological correlation. The four steps of the novel segmentation technique (left-hand

black box) and post-hoc exclusions (bottom) are briefly described. B: Representative images of incomplete MCAinfarction (a), non-

sustained MCAinfarction (b), and sustained MCAinfarction (c).
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the ADC values were calculated using the standard
equation

ADC ¼ ln S0=S1ð Þ= b1� b0ð Þ

S0 and S1 are the two DWI signals at b ¼ 0ð

and 1000; b0 ¼ 0, and b1 ¼ 1000Þ

The axial DWI was acquired at 15min after MCAO
and every 10min thereafter until 55min. DWIs were
interpreted by visual inspection with the consensus of
three neuroradiologists (SHC, CHC, and KSY).
Sustained MCA territorial infarction (MCAinfarction)
was defined when the ADC abnormal lesion involving
whole right MCA territory was detected on the
first MR scan and maintained during five consecutive
axial scans. We declared non-sustained MCAinfarction if
the lesion changed over the consecutive MRIs.
When the ADC abnormal lesion did not involve
whole right MCA territory (on the first three
consecutive MRI scans, the lesion was classified
as incomplete MCAinfarction), further MR scanning
was stopped. Among 31 rats, 8 were classified as sus-
tained MCAinfarction, 8 non-sustained MCAinfarction,
and 15 incomplete MCAinfarction (Figure 1).

Additionally, coronal DWIs (slice thickness, 2mm)
of eight animals in the sustained MCAinfarction were
obtained to compare with the matching pathological
results (H&E stain) for the verification of our novel
segmentation technique. In total, 120 axial and 8 cor-
onal diffusion MR images were included from the
31 rats, and 14 of 134 axial scans from 8 rats were
excluded due to MR artifact (exclusion 2 in Figure 1).
All data sets from MRI were transferred to a worksta-
tion (Intel Carework How-4100, i7 quad core CPU,
Ubuntu 12.04 LTS) and converted to the 3D-NIFTI
(Neuroimaging Informatics Technology Initiative)
format using dcm2niigui (MRIcron, http://www.
mccauslandcenter.sc.edu/mricro/mricron/).

H&E pathology at 1 hour after MCAO

Immediately after the final MRI data acquisition under
anesthesia, eight rats were sacrificed by trans-cardiac
perfusion with ice-cold heparinized saline after with-
drawing the intraluminal suture, followed by perfusion
with 10% neutral buffered formalin (NBF). The brains
were harvested and immersed in NBF for post-fixation.
The brains were subsequently sectioned coronally into
2-mm-thick slices using a rodent brain matrix for com-
parison with the coronal DW images. Blocks were
embedded in paraffin, and 6-mm-thick sections from
each block were stained with H&E. The pathologic spe-
cimen from animal 16 was irreversibly damaged during
the staining procedure and excluded (exclusion 3 in
Figure 1(A)).

For comparison with the coronal DW images (using
Dice indices (DIs)24,25), the H&E pathology data were
converted to 3D-NIFT format as follows (Figure 2): (1)
The H&E-stained slides from seven animals were cap-
tured using a digital scanner (Epson Perfection V33,
Indonesia, 600 dpi) (Figure 2(A-1)). (2) All the images
captured were aligned, stacked and transformed into
2D-DICOM (Digital Imaging and Communications in
Medicine) format (32-bit gray scale using ImageJ soft-
ware (http://imagej.nih.gov/ij/)) and into 3D NIFTI
format by dcm2niigui (Figure 2(A-2)).

Details of the novel segmentation technique and
its validation

For processing, we used the Oxford Centre for
Functional Magnetic Resonance Imaging of the Brain
software library (FSL) (http://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/,v5.0) and the Analysis of Functional NeuroI
mages software package (http://afni.nimh.nih.gov/afni/
). Statistical analysis was performed using version 18.0 of
SPSS for Windows (SPSS, Inc., Chicago, Illinois, USA).

Our novel lesion segmentation technique was devel-
oped with the following steps (black box in Figure
1(A)): (1) intensity normalization, including determin-
ation of the optimal type of region of interest (ROI) and
its intra- and inter-subject validation; (2) verification of
focal cerebral ischemic lesions with gross and high-mag-
nification light microscopy of (�400) H&E pathology;
(3) voxel-wise segmentation on ADC with various
thresholds; and (4) calculation of DIs comparing focal
cerebral ischemic lesions defined by ADC and matching
H&E pathology to determine the optimal threshold.

ADC intensity normalization

All voxel intensity values in an animal were normalized
to the percentage of the mode of the whole left hemi-
sphere in the most valid region of interest (ROI).
We quantified the matching ability of histogram
peaks using the coefficient of variation (%) (¼100�
STD/mean) of the mode of the left hemispheres
(CoVLt.Hemi).

Determination of the optimal ROI for normalization. We cal-
culated the modes using four different ROIs (Figure 3):
(1) whole-field ROI including all the image area, (2) lar-
gest circular ROI in the left hemisphere bymanual draw-
ing (CSF & parenchymal boundary excluded), (3) ROI
including the whole left hemisphere (by manual drawing
at the left hemisphere, which was referenced to the inter-
hemispheric fissure excluding the anterior olfactory
brain and cerebellum), and (4) ROI including the whole
left hemisphere with removal of background noise
and CSF (with masking using a binarized time
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minimum-intensitymap among the time series). The nor-
malized ADCs (ADCnormalized) were calculated using the
following equation (computed by 3dcalc of AFNI)

ADCnormalized %ð Þ ¼ 100�ADCoriginal=mode
�
ADCoriginal ¼ original ADC, mode

¼ most frequent intensity value of ADCÞ

Briefly, 120 axial scans were normalized to the
percentages of the modes of 4 different ROIs. After
normalization, we compared the mean of CoVLeft hemi

(n¼ 120) in the 31 rats to determine the most optimal
ROI (one-way ANOVA, p< 0.01).

Intra- and inter-subjective validation of normalization using the

optimal ROI. Sixteen rats (80 left hemispheres) that

Figure 2. Digitalization of the hematoxylin-eosin (H&E) pathologic slide and co-registration onto matching coronal ADC map images

in representative animal 5; H&E pallor in the gross pathology slide (A-1) was more evident in the digitalized image (converted to 3D-

NIFTI format via 32-bit gray DICOM) (A-2). H&E pallor ROI on the digital pathology was manually defined as the red-line area (A-3).

Coronal ADC map image (B-1: ADCoriginal) was selected as a reference, and the ROI on the digital H&E pathology was co-registered

onto the ADC map image (A-4) and binarized (A-5). The hyper-intense area (* in A-4) appeared only after co-registration. ADCoriginal

(B-1) was normalized (B-2: ADCnormalized). Then, we segmented the focal ischemic lesion ROIs of coronal DWI (in seven of the eight

rats) with gradually differing thresholds (80–86 relative thresholds (THRrelative) of ADCnormalized and 500–560 absolute thresholds

(THRabsolute) of ADCoriginal) and binarized them (B-3 and B-4).
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underwent five consecutive DWIs were chosen to valid-
ate normalization using the optimal ROI. Compared
were the CoVLeft hemi across five time points in each
animal (intra-subject) and across eight different animals
at each time point (inter-subject) (paired t-test, p< 0.01).

Gross and microscopic H&E pathology of focal
cerebral ischemia at 1 hour after MCAO

In all seven animals, at 1 h afterMCAO, sustained ische-
mic lesions in the MCA territories (sustained
MCAinfarction) were observed on the coronal ADC
maps (Figure 2(B-1)), as well as the corresponding
H&E pallor areas on gross pathologic slides
(Figure 2(A-2)). High-magnification (�400) light
microscopy investigations were performed to study the
morphology of the damaged brain tissue cells.22,23,26,27

Each H&E pallor area on 3D-NIFTI format was manu-
ally segmented based on the consensus of two neurora-
diologists (CHC and KSY) using MRIcro (http://www.
mccauslandcenter.sc.edu/crnl/mricro) (Figure 2(A-3)).

Each segmented lesion ROI was downscaled and co-
registered onto the ADC maps (Figure 2(A-4) using
FLIRT (FMRIB’s Linear Image Registration Tool,
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FLIRT) and then
binarized (Figure 2(A-5) for a 3D correlation study of
the pathology and in vivo DWI.28

Voxel-wise segmentation of focal cerebral ischemia
at 1 hour after MCAO on DWI: Relative thresholding
vs absolute thresholding

The ADCoriginal (Figure 2(B-1)) was normalized to
ADCnormalized (Figure 2(B-2)). Next, we segmented
the focal ischemic lesion ROIs of coronal DWI
(in seven of the eight rats) with gradually differing
thresholds (80–86 relative thresholds (THRrelative)
of ADCnormalized and 500–560 absolute thresholds
(THRabsolute) of ADCoriginal and binarized them
(Figure 2(B-3, 4)). THRrelative was visually investigated
after segmentation with thresholds of 65 to 90, and then
the range was narrowed to 80 to 86.

Figure 3. Four types of ROIs on a representative ADC map (animal 1) and comparison of the mean of CoVLeft hemi in the 120 scans.

An original axial ADC image at 15 min (A) showed background noise and CSF. Four different ROIs (B–E) were superimposed:

(B)whole-field ROI; (C) largest circular ROI in the left hemisphere by manual drawing, CSF and parenchymal boundary excluded; (D)

ROI including the whole left hemisphere with background noise and CSF; and (E) ROI including the whole left hemisphere without

background noise and CSF. The bar graph shows that normalization with the whole left hemispheric ROI yielded the best result

regardless of the removal of background noise and CSF.
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Calculation of DIs and determination of the optimal
segmentation threshold

To determine the most valid threshold, each segmented
lesion was binarized, and the spatial overlaps between the
segmented lesions on DWI and matching H&E pathology
were compared using the DI. The DI is a statistic used to
assess the similarity of two samples.24,25 In each of seven
experimental animals, we used it to compare the spatial
overlap similarity between the segmented DWI lesion
(80–86 THRrelative and 500–560 THRabsolute) and the
abnormal H&E pallor area using the following formula

DICE index ðDIÞ ¼ 2� A \ Bj j= Aj j:þ Bj j

A: H&E pallor area, B: Segmented DWI lesion

Aj j, Bj j, and A \ Bj j were also binarized, and DIs were
calculated by fslmaths and fslstats within FSL. The first
and the last coronal scans of each coronal volume were
excluded to avoid a partial volume error. Each of the
relative and absolute thresholding values with the best
DIs were statistically tested (paired t-test, n¼ 7, p< 0.01).

Results

Intensity normalization: Determination of the optimal
type of ROI and its validation

Among the four ROIs, the CoVLeft hemi of the whole left
hemispheric ROI was the best (4.31%); however, there

was no significant difference regardless of whether
background noise and CSF were removed (n¼ 120,
axial scans) (Figure 3). ADCnormalized showed lower
CoVLeft hemi across the time series within each animal
(intra-subject, 2.54� 0.72%) and across different ani-
mals within each time point (inter-subject, 2.67�
0.70%) than ADCoriginal (intra-subject, 5.60� 1.28%;
inter-subject, 6.74� 0.56%) (n¼ 80, p< 0.01)
(Figure 4). These results indicate that our technique
rescaled the original ADC histogram to realign the
peaks.

High-magnification light microscopy of the H&E
pallor area

Seven animals (7/8) that sustained MCAinfarction within
1 h after MCAO evidently showed pallor area on H&E-
stained gross pathology (Figure 5). High-magnification
(�400) light microscopy demonstrated many pyknotic
nuclei and vacuolated cytoplasms in the H&E pallor
areas, and we could differentiate areas of ischemic
damage from normal the brain tissue (Figure 6).

Voxel-wise segmentation and DI calculation to
determine the optimal threshold

Among the THRrelative DIs, the mean obtained with a
threshold of 83 (DI¼ 0.820� 0.075) was best.

530 THRabsolute (�10�6 mm2/s) had the best DI
(0.810� 0.074) among the absolute thresholding ADC
values (Supplementary Table). The segmented lesion
with 83 THRrelative was more congruous with H&E

Figure 4. Bar graphs showing the validation results of the normalization procedure using the whole left hemispheric ROI in 80 left

hemispheres of 16 rats. ADCnormalized with (*) or without the removal of background noise and CSF (y) showed significantly lower

CoVLeft hemi than did ADCoriginal across the time series within each animal (a, intra-subjective) and across different animals within each

time (b, inter-subjective) (paired t-test, p< 0.01).

Choi et al. 1377



pathology than when using 530 THRabsolute (paired
t-test, p< 0.05) (Figure 7).

Discussion

We normalized multiple ADC maps to reduce intra-
and inter-subject variations and segmented abnormal
hyperacute ADC lesions using the absolute and relative
thresholds, which were validated by H&E pathology.

Intensity normalization of ADC map images
on 3-T DW-MRI

Our ADC data showed intra- and inter-subject vari-
ation in the absence of normalization (Figure 5),
which is consistent with previous reports.7,8 Sasaki
et al.7 reported a 4 to 9% variation depending on the
MRI machines, vendors, field strengths, and other fac-
tors. In small animal research, these scanner-dependent
variations could be exacerbated with 3.0-T clinical MRI
machines. To the author’s knowledge, intensity

normalization of the ADC map images, particularly
in cases of focal ischemic lesions in a rat brain, has
been rarely attempted, possibly because ipsilateral
focal lesions make intensity normalization difficult.
Other techniques, such as Gaussian or Z-score normal-
ization,29 rescale and adjust histogram widths; how-
ever, ADCs already had aligned histogram widths.
The mean value normalization, which used the mean
of contralateral ROIs, could also be changed depending
on the means across multiple scans. Recently, Robben
et al.11 normalized ADC maps in stroke patients using
the voxel-wise, cross-subject, histogram equalization
technique. The concept of this technique was partly in
line with our study; however, they constrained the
thresholding out of voxels higher than 90% of the
entire histogram, which may have produced errors in
our data (due to variations of extreme value).

To assess the focal cerebral infarction spatiotempo-
rally, we used the mode value of the non-lesional
contralateral left hemisphere as the novel reference
to normalize and aligned the histogram peaks

Figure 5. Representative ADC images and matching digitalized images of gross H&E pathology after converting to 3D-NIFTI format.

In seven animals at 1 h after permanent MCAO, diffusion restrictive lesions and corresponding pallor areas were clearly demonstrated

in the whole right MCA territories. Artificial boundaries in the digitized H&E slides were made by automatic segmentation processing

from the background.
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(Supplementary Figure). Our normalization method
was validated step-wise and could significantly down-
size the CoVLt.Hemi (Figure 4).

Determination of the optimal ROI

Our data showed that the mode in the whole left hemi-
sphere with the removal of background noise and
CSF signal yielded the best results. We normalized
ADC maps with the modes of four different ROIs
(Figure 4) and attempted to determine which ROI
type was the most valid to compute the correct mode.
Entire images may be contaminated by background
noise, and a small contralateral ROI may not be repre-
sentative of an entire brain region.

Digitalization of H&E pathology

We converted digital pictures of the pathological stu-
dies to 3D NIFTI format for the pathologic correlation
of abnormal ADC lesions. 3D pathologic correlation
using deformable transformation was reported, which

provided a 1- to 2-mm level of accuracy in prostatic
cancer.28 The 3D pathology correlation was made by
creating a counterpart within the same reference space
between digital pictures of slides and anatomical images
contrary to their affine registration. We used rigid regis-
tration to avoid affecting the true space. H&E pallor
areas were manually defined in the digitalized 3D H&E
pathology by the consensus of two radiologists, and
reliability was independently reanalyzed by two obser-
vers blinded to seven cases in random fashion.
Calculated intra- and inter-rater intraclass correlation
coefficients were all above 0.9.

H&E pathology of focal cerebral ischemia at 1 hour
after MCAO

The H&E pallor area showed many pyknotic nuclei and
vacuolated cytoplasms on high-magnification (�400)
light-microscopic views (Figure 6). To the best of our
knowledge, we are the first to report that the area of
H&E pallor corresponds to DWI MR at 1 h after
stroke, and no previous studies have verified

Figure 6. Gross and high-magnification light-microscopic findings of H&E pathology 1 h after MCAO (representative animal 5). The

H&E-stained slide clearly demonstrated a pallor area corresponding to the right MCA territorial ischemic lesion (A). (B) The high-

magnification (�400) image of the area outlined in red in (A) shows different cellular morphology of both the damaged (arrows) and

normal regions (asterisks). (C)High-magnification images (�400) of ischemic regions (A and C in (A)) and contralateral non-ischemic

areas (B and D in (A)). Note the many pyknotic nuclei (arrows) and vacuolated cytoplasms (arrows) in the H&E pallor area ((B) and

(C) A, C).
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hyperacute infarction at 1 h post MCAO using neuroi-
maging techniques.

H&E- or TTC-stained focal ischemic lesions in
MCAO rats have been commonly used as a gold stand-
ard.21,22 While TTC staining reflected post-ischemic
alterations after 12 to 24 h,21,22 H&E staining is well
known to show both early and late (3–4 h to seven
days) pathology.30,31 Slight H&E pallor in caudoputa-
men or patchy pallor in MCA territory had been
reported after 30min of MCAO in Wistar rats.32

Despite the early hyperacute findings indicating that
H&E was imperfect,31 H&E pallor areas corresponded
very well to DWI lesions at 1 h after MCAO in our
study because we selected the eight animals using pro-
spective DW-MRIs. They had sustained MCAinfarction

for 55min with diffusion–perfusion matched condi-
tions.33 Nissl and MAP2 (microtubule-associated pro-
tein 2) stains may have helped demonstrate this,31 but
these were not included in this study.

ADC reversibility and its pathologic findings have
been reported.34 However, we excluded diffusion
penumbrae and selected infarction cases. Thus, we con-
sistently observed the diffusion lesions and the corres-
ponding H&E pallor in all seven animals. Considering
those results, we intentionally attempted to select eight
animals with sustained MCAinfarction over five prospect-
ive repeated DWIs. We regarded final abnormal diffu-
sion lesion at 55min after MCAO as irreversible
infarction.27,35

The rate of sustained MCAinfarction was low (8/34,
24%), and a relatively high number of incomplete
MCA infarctions may indicate the volatility of the
method used by our study; additionally, prospective
DW-MRIs were necessary to select the sustained
group.36,37 Moreover, incomplete MCAinfarction sug-
gested partial occlusions and non-sustained
MCAinfarction suggested reperfusion of the MCA per-
haps due to movement of the filament or collateral
flows;36 however, their histopathologic diagnoses were
not pursued in the present study. This can be achieved
by staining techniques such as amino-cupric silver
stain38 or electron microscopy,39 which could show
hyperacute infarction at 1 h post MCAO. Comparison
of those techniques and further pathological investiga-
tions is warranted.

Dice index

To test the similarity between the segmentation results
and the pathological study, we used DIs, which are
known by several other names, including the Sørensen
index or Dice’s coefficient;24,25 ‘‘similarity coefficient’’,
‘‘index’’, and other variations are also used. The DIs is
applied in many brain segmentation studies as a measure
for the correctly classified lesion area relative to the total
area of the reference and the area of the segmented image.

Because a large number of voxels were used in this
study for testing the 3D voxel-wise assessment,

Figure 7. Results of DI calculation to determine the optimal threshold for the segmentation. The mean DI with 83 THRrelative and 530

THRabsolute (DI¼ 0.820� 0.075, 0.810� 0.074) was the best mean DI. Focal cerebral ischemic lesion of ADC map at 1 h post MCAO

segmented with 83 THRrelative was more congruous with H&E pathology than when using 530 THRabsolute (*p< 0.01, paired t-test).
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we chose DIs to address spatial overlap and 3D config-
uration rather than classification accuracy (ROC ana-
lysis) or pixel numbers (mutual information).40

DI values of the similarity of the segmentation results
at various thresholds are provided in Supplementary
Table. Notably, the first and last coronal scans of every
volume were excluded in the DIs comparison to avoid
errors caused by the distortion of pathology in our study.

Optimal segmentation threshold: 83 THRrelative vs
530 THRabsolute

The 530 THRabsolute was the most valuable among the
absolute thresholds without intensity normalization,
which was correlated with previous result.12,18–20

The 530 THRabsolute was validated by TTC staining
after 24 h of MCAO,12,18–20 and TTC has been used
in acute and hyperacute stroke assessment. However,
the threshold based on numerical volume correlation
with pathology12 and the ADC variations in signal
intensity7,8 on each diffusion MRI scan were too large
to be segmented en bloc. In our data, the absolute
thresholds with the best DI also varied according to
inter-subjectively (Supplementary Table).

The relative 83 THRrelative was more congruous with
H&E than when using the 530 THRabsolute. The 83 indi-
cates a 17% reduction relative to the mode of contra-
lateral hemispheres. The relative thresholds of 77 to
90% of the mean or two standard deviation (STD)
below at the counterpart ROI in the contra-lesional
hemisphere have been used.13,41,42 However, the mean
ADC also varied, and STDs widened under different
experimental conditions. We found the mode of contra-
lateral hemispheres to be superior, perhaps because the
mode was not influenced by the extreme ADC value
(noise or CSF).

Without normalization processing across multiple
scans, the 530 THRabsolute was the most valuable abso-
lute threshold in acute and hyperacute stroke assess-
ment. However, our 83 THRrelative will be more
beneficial if there are intra- and inter-subject variations
in the hyperacute stroke experiments. Further, since the
validity of our method is questionable in later time
points after the stroke, additional research is warranted
to justify the method.

Limitations and applicable implementations

Due to the limitation of scan time, the z-resolution of
the ADC maps (2mm in thickness) was low, unlike the
x- or y- resolutions. For the accurate spatial assessment
of cerebral lesions, iso-cubic voxels or 3D imaging is
needed; however, we had to trade z-axis resolution for
scan time limitations. This trade-off may represent a
confound for ischemic lesion segmentation because of

the inevitable partial volume artifacts and quantifica-
tion errors. Iso-voxel or 3D volume images should be
considered for further studies. The use of DICOM-
converted digital pathology is a well-accepted concept
in image processing, and we used rigid registration
to not affect the true space. However, quantitative
errors may have occurred when the H&E pathology
(high-resolution) was co-registered onto the coronal
DWI (low-resolution). Finally, only seven experimental
animals were used for the correlation analysis with H&E-
stained pathology. However, in all seven animals at 1h,
gross and 400� high-magnification light-microscopic
examination clearly showed evidence of ischemic
damage, which was consistent with the DWI findings.

With our novel method, experimental hyperacute
stroke can be reliably assessed at different locations
using the same model with a 3.0-T MRI machine or
different models if dedicated animal coils are available.
The development of large-animal stroke models has
been reported, which have several obvious advantages
over rodent models.43,44 Although larger brains can
provide greater neuroimaging resolution, intra- and
inter-subject variation in ADC intensity on DWI per-
sists. Our technique may help reduce such variation.
High-field animal magnets can allow the accurate
and reliable spatiotemporal assessment of experimen-
tal stroke due to the inherently high SNR, to overcome
inter-subject variations in ADC intensity on DWI.45–47

Thus, our method of intensity normalization and seg-
mentation using relative thresholds can be beneficial for
high-field MRI systems in assessing hyperacute experi-
mental stroke in animal models.

Conclusion

Our novel voxel-wise lesion segmentation technique for
hyperacute focal cerebral ischemia in rats on 3.0-T
DWI enables the reliable spatiotemporal evaluation of
ischemic lesions. If spatiotemporal assessment of hyper-
acute focal cerebral ischemia is attempted in different
experimental DWI settings, our step-wise procedure of
DWI post-processing and H&E pathology validation
can be applied as the most reproducible data analysis.
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