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Abstract

Prolongation of the T2 relaxation time, an increase in T2-weighted signal intensity (T2-SI), and a decrease in the apparent diffusion
coefficient (ADC) calculated from diffusion-weighted images (DWI) on magnetic resonance imaging (MRI) are conventional indica-
tors of the vasogenic (interstitial) or cytotoxic (cellular) cerebral edema that develops after ischemic stroke. However, these parameters
obtained on stroke imaging have not given us a precise threshold at which we can determine the viability or vulnerability of the tissue,
allowing us to decide on an intervention that will help reversible tissue in the acute phase. Here, we introduce a new indicator—the
essential diffusion coefficient or EDC, calculated from the T2-SI and ADC—that permits detection of irreversible brain damage after
induction of experimental, focal cerebral ischemia. Our three-vessel occlusion (3-VO) method (Yang et al. Eur Neurol 71:4-18, 2014)
was applied to investigate early changes on 7-T MRI. In the 3-VO model, which targets only a part of the cortex, animals seldom die at
least within 24 h. The T2-SI and the ADC value were monitored, starting at 60 min after reperfusion, and every 30—60 min, for 10 h
after the induction of focal ischemia. The region of interest (ROI) was set in each of the following: (1) the ischemic core (the dead zone);
(2) the medial border area (the dying/dead mixed zone, including the ischemic penumbra); (3) the lateral border area (the surviving zone
after the ischemic stress, where the rCBF is above the threshold for death); and (4) The intact area (outside the ischemic zone). The
diagnosis was made by histological analysis performed 24 h after reperfusion. Significant increases in the T2-SI were observed, in ROI-
1 at 1 h, in ROI-2 at 2.5 h, and in ROI-3 at 4 h post-reperfusion (1.10, 1.11, or 1.11; > 1.10, respectively, p <0.001). Significant
reductions in the ADC were also observed in ROI-1, ROI-2, and ROI-3, at 1 h post-reperfusion (0.55, 0.52, or 0.58; <0.60,
respectively, p < 0.001), indicating that both types of cerebral edema develop simultaneously in the acute phase. In the EDC analysis,
from 5.0 h post-reperfusion, the value in the dying/dead zone (ROI-1 and ROI-2) was consistently reduced to < 50%, showing repeated,
significant differences from the value in the surviving zone (ROI-3). A reduction in the EDC to below 50% indicated irreversible tissue
damage, with transformation to cerebral infarction. We could detect a sign of cerebral infarction (initial necrosis-like irreversible lesion)
as early as 5.25 h after the onset of ischemia. Although the biological time that depends on the body weight must be different between
mice and humans, the earliest irreversible tissue damage or tissue destruction (to have achieved the risk of hemorrhagic transformation)
that progressed after invisible or silent cell death in the ultra-acute phase, seems to occur at a similar time point.
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Introduction

The detection of an early, irreversible change in brain tissue after
ischemic stress is extremely important in the acute phase, as with
this information, we can intervene more safely to increase the
perfusion pressure in the affected region before cerebral infarc-
tion occurs. However, recent advances in noninvasive stroke
imaging have not provided a satisfactory threshold parameter that
permits this distinction [1-3]. Among the multiple modalities
utilized in the clinical setting, magnetic resonance imaging
(MRI) measures changes in the condition of protons in the water
molecules that generate cerebral edema, changes that are modi-
fied as the integrity of the ischemic lesion deteriorates. MRI is
more sensitive than computed tomography (CT) and helps us to
detect earlier changes after the insult of focal ischemia.

Formation of cerebral edema, an increase in the net uptake of
cations and water into brain tissue, is initiated when neuronal
cells are still alive as an active response to the ischemic stress,
well before breakdown of the blood-brain barrier (BBB) occurs
[4]. The T2-weighted image (T2-WT) obtained using a spin-echo
pulse sequence relies on the transverse relaxation of the net mag-
netization vector, which demonstrates differences in regional T2-
relaxation time. The accumulation of free water (extravasation) in
the interstitial brain tissue, which is referred to as vasogenic
edema, can be detected by an elevated T2-weighted signal inten-
sity (T2-SI), which appears as a bright areca on T2-WIL.

Since areas with elevated T2-SI at 24 h after the onset of
stroke match the lesions of cerebral infarction, and it is known
that the anatomical size of the infarcted lesion usually does not
increase between 24 and 72 h [5, 6], “elevated de-novo T2-SI at
24 h ischemia” has been used to diagnose the location and size of
a newly completed cerebral infarction. However, the size of a
lesion with increased T2-SI expands progressively over the initial
4 days after onset [7-9]. Therefore, the monitoring of T2-SI
beyond 24 h has been considered to illustrate not a lesion with
irreversible tissue damage, but the size of the area of vasogenic
edema that expands beyond an infarcted lesion [10, 11].

In terms of the earliest development of vasogenic edema after
the onset of an ischemic stroke, T2-SI monitoring cannot detect
any abnormality earlier than 2 to 3 h after thread-induced focal
ischemia [12, 13]. On the other hand, diffusion-weighted imag-
ing (DWI), which exploits the random motion of water mole-
cules corresponding to a narrowing of the interstitial space, a
decrease in the fraction occupied by the extracellular space, cel-
lular swelling, or blebbing, is more sensitive in the detection of
early cellular or intra-cellular changes than is T2-SI [7, 14-16].
Elevated intensities on DWI after the occlusion of the middle
cerebral artery (MCA) have been found to match the areas with
cytotoxic (or cellular) edema, which can be induced by ischemia,

hypoxia, or anoxia (energy failure in neural cells) in the brain
[17]. Cytotoxic (or cellular) edema can also be detected by char-
acteristic changes that include loss of ATP following the distur-
bance of energy metabolism, an imbalance in transmembrane
ionic gradients [12, 18, 19], and alterations in the electric imped-
ance [20]. Although limited to ex-vivo models, monitoring with
iontophoresis (the iontophoretic electrode insertion method) can
also detect an ionic abnormality that occurs during cytotoxic (or
cellular) edema [21]. In this regard, an MRI scan can detect the
deficit of free water perfusion [12, 13, 18, 22] (restriction in the
diffusion capacity) of the interstitial free water non-invasively
[12, 14, 15, 23], during the process of cellular swelling.

Although both types of cerebral edema elevate DWI signals,
the individual pathophysiology was believed to be differentiated
by calculating the apparent diffusion coefficient (ADC), which
has a good sensitivity and specificity in the detection of cytotoxic
edema, when the lesion was more than 24(12) hours and less
than 10 days old, before the anatomical breakdown of the cell/
membrane architecture [8]. The ADC value, determined by the
extent of tissue cellularity and the presence of an intact cell mem-
brane, represents the magnitude of water-molecule diffusion.
Cytotoxic edema produces a shrinkage of extracellular spaces
due to redistribution of extracellular water into more diffusion-
restricted intra-cellular compartments, resulting in a decrease in
the mean diffusion capacity of free water and reducing the ADC
value [12, 24, 25]. However, alteration in the ADC value is not
an indicator of irreversible tissue damage [3], or of pure cytotoxic
edema in the acute phase of ischemic stroke.

Brain tissue with a perfusion pressure below the threshold to
induce electrical silence on EEG according to the occurrence of
neural depolarizations, but above the threshold to induce energy
failure, is termed the ischemic penumbra [1, 2]. Neurons in this
location can survive only when an effective intervention is intro-
duced within a critical period. The neocortex, supplied by multi-
ple feeding arteries accompanied by rich vascular anastomoses
(collaterals), which comprise the vascular reserve (the region
resistant against ischemic stresses), is a typical location of the
ischemic penumbra. In contrast, the basal ganglia, supplied by
perforating end arteries, easily encounter the condition of most
severe ischemia, i.e., there is no perfusion phenomenon.

In this study, we used the three-vessel occlusion (3-VO) meth-
od, a well-established technique in our laboratory [26-28], to
study the development of cerebral edema, in relation to the des-
tiny of individual brain regions with different ischemic levels that
develop around the ischemic core. The 3-VO method can reduce
regional cerebral blood flow (rCBF) to below 30% in the neo-
cortex, and removal of the clips produces adequate reperfusion,
via luxury cortical collaterals, overall achieving consistent repro-
ducibility and homogenous volume development in infarcted
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lesions [27]. Because of the relatively small “infarct variation
coefficient IVC)” value, 15%, in this model, there is no need
to exclude animals (according to an outcome where there has
been no infarcted lesion) after the induction of ischemia [26,
27]. However, the exclusion of animals is inevitable in the 1-
or 2-VO models.

The animal models that mimic ischemic stroke are designed
or expected to induce a critical, but still treatable, zone: the is-
chemic penumbra, between the upper, 30%, and lower thresh-
olds, 10%, in the rCBF, and any neuroprotective intervention
should be initiated within the limits of viability of the neurons
in this area [1, 29]. In the model used worldwide at present, the
intra-luminal thread insertion (ITT) model [30, 31], a thread (for-
eign body) is inserted into the artery with the intention of occlud-
ing the orifice of the MCA with or without the occlusion of the
anterior cerebral artery (ACA) in a blind manner, but it is known
that the procedure fails to induce ischemia in 13% of cases, and
the mortality rate is 20% in the initial 24 h (overall, 33% animal
exclusion only in the acute phase), when SD rats were used [32].
When C57BL/6 mice were used, the mortality rate was 67%
within 24 h, and the mean survival time was only 14 h after
60-min ITI-occlusion [33]. It has been also reported that 60-
min [TI-occlusion exhibited more than 80% mortality within
24 h in C57BL6 mice, probably because of the developmental
characteristics on the posterior communicating artery, indicating
the difficulty in the induction of cerebral infarction limited in the
MCA territory, and evaluating various interventions [34].

In the ITI model, regarding the mechanism of induction of
ischemia, treatment with the potent anti-coagulant heparin im-
proved reduced rCBF during and after thread insertion and also
reduced the size of the infarcted lesion. In other words [35], blood
clot formation triggered around the foreign body (intra-arterial
thread with a negatively charged surface activates the coagulation
system) is involved in the reduction of rCBF and the induction of
ischemia in the ITI model. In contrast, heparin did not reduce the
lesion size in our 3-VO model with a direct clip occlusion of the
part of MCA-1 crossing over the lateral edge of the olfactory
tract, not affecting perforating arteries arising from the proximal
MCA [36]. The ineffectiveness of heparin in reducing infarcted
lesion volumes in the 3-VO model indicated that the method
does not involve irregular and uncontrollable clot formation that
causes heterogeneity in the depth of ischemia and the magnitude
of reperfusion levels, both of which are accompanied by large
IVCs. Importantly, a small craniectomy is not invasive but the
prolonged insersion/removal of a thread (foreign body) into/from
the artery, in the aspect of the mortality related to the develop-
ment of thrombosis or multiple embolisms [33, 34]. Because of
the minimum risk of animal death after the induction of focal
ischemia, the 3-VO model has been used in search of a
neuroprotectant [36—40].

The purpose of this study was to find a threshold on MRI that
might reveal the irreversible damage or destruction of tissue,
allowing us to introduce an acute intervention, salvage the living
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tissue at risk, and improve the condition of patients with acute
ischemic stroke. We monitored the appearance of cerebral edema
on MRI, T2-SI (the parameter for vasogenic edema), and ADC
(the parameter for “cytotoxic edema”), in areas covering differ-
ent levels of ischemia, including the surviving zone surrounding
the infarcting (already dead and destructing) region, the dying/
dead border zone (the ischemic penumbra), and the dead zone
(the ischemic core), based on the histological outcome assessed
at 24 h after reperfusion.

Method
The Animal

For the induction and development of cerebral infarction, we
used 12-week-old, male C57BL/6J mouse (CLEA-Japan,
Tokyo, Japan), weighing 26 g. The protocol was designed in
accordance with the guidelines and regulations issued by the
Animal Care and Use Committee of the National Cerebral and
Cardiovascular Center in Japan (Approval ID: 17022). Every
effort is made to minimize the number of animals used and their
suffering. All mice are allowed food and water ad libitum before
and after induction of ischemia.

Induction of Temporary Focal Ischemia

Temporary focal ischemia was induced as described in detail
elsewhere, where multiple photographic images and a download-
able video image of the surgical procedure are included [26].
Using micro-surgical techniques with many improvements in
the model evolved over multiple generations, we were able to
avoid any blood loss during the operation, acute death of the
animal, and the “no-infarcted lesion” phenomenon.

Briefly, under anesthesia with halothane, the left common
carotid artery (CCA) was occluded using a clip proximal to the
carotid bifurcation, which can reduce vascular reserve in the
territory of the left external carotid artery and minimize blood
loss in the following operation that involves manipulation of the
left side of the head. Through a linear, horizontal incision be-
tween the outer corner of the eye and the ear, the left temporal
muscle was exposed. The fascia of the muscle was cut along the
ventral edge of the zygomatico-orbital branch of the facial nerve
to avoid postoperative peripheral nerve palsy. The muscle bun-
dles under the fascia were cut horizontally with operative view-
ing, and the surface of the zygomatic bone was exposed. The
capsule of the temporomandibular joint and the temporomandib-
ular articulation of the sphenomandibular ligament (seen under
the right edge of the zygomatic arch) was cut/opened. After
removing the zygomatic arch, the left mandible was ventrally
retracted, which opened the left mandibular joint, and exposed
the left temporal cranial bone. After opening a one-millimeter
diameter burr hole at the location of the nerve impression
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generated by the exit zone of the trigeminal nerve, located rostral
to the foramen ovale (at the bottom of the operative view), the
MCA trunk was cauterized/occluded permanently using a bipo-
lar-coagulator, at the exact location of the lateral edge of the
olfactory tract. Clip occlusion of the right CCA, proximal to
the carotid bifurcation, completed the 3-VO procedure. Fifteen
minutes after the induction of focal ischemia, the CCA clips in
the neck were removed to allow reperfusion in the MCA territory
through the rich collaterals.

The QR code, used to access the whole
operative procedure described above, contained in a 10-min
movie (published in [26]).

MRI Scan

MRI scans were performed using a 7-T horizontal bore imaging
system (BioSpec 70/30 USR; Bruker BioSpin, Ettlingen,
Germany), equipped with a gradient system capable of a maxi-
mum gradient amplitude of 669 mT/m and a slew rate of 7989 T/
m/s. Radiofrequency transmission was performed using a vol-
ume coil with an 86-mm inner diameter. Signals were detected
using a four-channel receive-only phased-array surface coil.
During the scan, the mouse was anesthetized using isoflurane
(3.0% for induction and 1.5-2.0% for maintenance) in room air
at 1.0 L/min mixed with O, at 0.5 L/min. The animal was placed
in a prone position, and the head was fixed with a custom-
designed head holder inside the magnet. Body temperature was
monitored by a rectal thermometer and maintained using a warm
water bed and warm air. The heart rate and the respiratory rate
were continuously monitored during the repeated scans.

The T2-WIs were acquired using rapid acquisition with relax-
ation enhancement (RARE) sequences with the following pa-
rameters: RARE factor, 8; repetition time (TR)/echo time (TE),
2500/35.14 ms; number of averages, 2; matrix size, 200 x 200;
field of view (FOV), 2.0 x 2.0 cm?; in-plane spatial resolution,
100 x 100 umz; slice thickness, 1.0 mm; gapless; number of
slices, 20; and scan time, 2 min 5 s.

The DWI images were acquired using spin-echo echo planar
imaging (EPI) sequences with the following parameters: two
shot; TR/TE, 10000/28.38 ms; number of averages, 1; matrix
size, 100 x 100; FOV, 2.0 x 2.0 ¢m?; in-plane spatial resolution,
200 x 200 umz; slice thickness, 1.0 mm; gapless; number of
slices, 20; b value, 1000 s/mm?; 30 directions; and scan time,
11 min 40 s. In the DWI, the generalized auto-calibrating partial-
ly parallel acquisition (GRAPPA) technique was used with an
acceleration factor of 2. The ADC values were calculated on a
pixel-by-pixel basis using ParaVison 5.1 (Bruker BioSpin) and
then displayed as a parametric map that reflects the degree of

diffusion of water molecules through different tissues. Using a
dedicated workstation, ADC maps were recorded so that we
could select regions of interest (ROIs) on the ADC-map [10, 11].

The MRI scan was started 60 min after the onset of reperfu-
sion, and was repeated every 30 or 60 min for a total of 9 h. Data
were analyzed using ImageJ (a Java image processing program
inspired by the NIH, USA).

Analysis of the T2-Weighted Signal Intensity
and the ADC Value on the MRI Images

The ROIs were set with the following definitions:

ROI-1. The ischemic core; the dead and destructing zone,
selected from the histological outcome; completely dead
tissue at 24 h post-reperfusion.

ROI-2. The medial border zone including the ischemic
penumbra; the dying/dead intermediate zone, selected
from the histological outcome; the mixture of surviving
and dead tissue at 24 h post-reperfusion.

ROI-3. The lateral border zone surrounding the infarcting
(destructing) region; a surviving zone selected from the
outcome; viable, lateral to the ischemic penumbra.
ROI-4. The intact zone without direct ischemic stress, at
least during the 3-VO.

The measurement of T2-SI and ADC value was performed at
five locations set in each ROI (Fig. 1). Each T2-SI or each ADC
value was normalized by the corresponding contralateral area
(non-ischemic location in the right hemisphere), which was
expressed as the ratio of ipsilateral to contralateral values.

Identification of Infarct Lesions and Evaluation
of the Tissue Damage

Under deep anesthesia and intra-arterial perfusion using
phosphate-buffered saline (PBS) with heparin at 24 h after the
induction of ischemia/reperfusion, the blood component (includ-
ing red cells) in the cerebral vasculature was completely re-
moved. The forebrain was cut coronally from the frontal tip into
1-mm thick slices, and each slice was immersed in a 2% solution
of 2,3,5-triphenyltetrazolium chloride (TTC), before measure-
ment of the size of the infarcted lesion [41].

The slice with the largest lesion was selected to analyze the
relation between the parameters on MRI and the outcome of the
tissue, in which the infarcted zone (necrotic tissue without living
cells: white, non-stained area), non-infarcted zone (intact tissue,
staining red), or the border zone (with a mixture of living and
necrotic cells, and a pinkish stain), was defined.

On the TTC stain at 24 h, the density was analyzed using
Imagel, at five locations (the same with MRI analysis) in each
ROI. The density, normalized by the corresponding contralateral
area (non-ischemic location in the right hemisphere), was
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Fig. 1 The location of each ROL Left: The result of a TTC stain on a
brain section. Right: T2-weighted image of the section selected on the
left. Four ROIs were set in the left cortex (the reference was set in the
corresponding right cortex) as shown on the left. ROI-1, ischemic core,
where cells are dead; the dead zone. ROI-2, medial border zone including

expressed as the ratio of ipsilateral to contralateral values (as the
asymmetry or the final survivability index).

The Essential Diffusion Coefficient (EDC) Calculated
from the ADC Value and the T2-Weighted Signal
Intensity

The EDC was calculated by subtracting the increment in T2-SI
ratio (> 1.0) from the ADC ratio, aiming to remove the effect of
the simultaneous development of vasogenic edema,
counteracting and diluting the vasogenic edema-derived eleva-
tion in the ADC.

[ADC ratio]—([T2-SI ratio]—1.0)
[ADC ratio]

(T2—SI ratio > 1.0)

Fbe = { (T2—SI ratio<1.0)

Statistical Analysis

All data are presented as the means + SD. Several general linear
model procedures including multivariate repeated measures and
one-way or two-way ANOVA were applied to compare the var-
iance within the different parameters at the same time point. The
difference was considered significant at a threshold of p < 0.05.

Result

The Vital Signs of the Mouse During Surgery or MRI
Scans

The respiratory rate, heart rate retrieved from the electrocar-
diogram (ECG), and the core temperature of the body (deep
rectal temperature) were regulated within the physiological
range during the 3-VO surgery for 30 min and the subsequent
10 h MRI scans (data not shown).

@ Springer

the ischemic penumbra, where some cells are dying or dead; the mixed
zone of dying/dead. ROI-3, lateral border zone excluding the ischemic
penumbra; the surviving zone. ROI-4, intact zone, the area without ische-
mic stress; the non-ischemic zone

Detection of Infarcted Lesion and the Cerebral Edema
Index

The infarcted lesion volume calculated from the coronal
slices, corrected by an edema index of 1.04 measured at
24 h post-reperfusion, was 24.1 mm>. The size was within
the normal range after 3-VO performed without multiple
MRI scans [26]. The edema index was calculated as the left
hemispheric volume divided by the right hemispheric volume,
as an indicator of cerebral edema developed in the left hemi-
sphere, which was also in the normal range after the 3-VO
[26], confirming that the effect of multiple MRI scans could
be disregarded in development and extension of the ischemic
lesion.

The TTC Stain Index

Individual densities of the TTC stain at different ROIs are
shown in Fig. 2a. The ischemic core (ROI-1), the ischemic
penumbra (ROI-2), and the survived (lateral border) zone
(ROI-3) showed significant reductions compared to the corre-
sponding contralateral area (control). The reduction levels in
ROI-2 was significantly stronger than ROI-3, but significantly
weaker than ROI-1, indicating that the death ratio (the final
survivability index) of the tissue in each ROI related to ische-
mia was confirmed to represent the individual significance.

The T2-SI Ratio

Alterations in the T2-SI ratio after ischemia/reperfusion dur-
ing the observation period are shown in Fig. 2b. At 1-2 h post-
reperfusion, the T2-SI achieved significant differences in the
surviving (lateral border) zone alone, with no significant dif-
ferences in the dying (penumbra or core) zone; increasing
from 1.10 to 1.67, compared to the corresponding contralater-
al area (control). From 2.5 to 3.0 h post-reperfusion, the
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Fig. 2 a The densities measured in each ROI after the TTC stain at 24 h
post-reperfusion. The density in each ROI was significantly different,
indicating that the individual ROIs possessed a quantitatively different
survivability of the tissue with a different destiny. Alterations in the T2-SI
ratio (T2-SI) after focal ischemia/reperfusion. b The T2-SI increased rap-
idly after induction of ischemia/reperfusion in every ischemic zone (ROI-
1, ROI-2, ROI-3). An increase in the T2-SI in the surviving zone,
interpreted as benign vasogenic edema, achieved a significant increase,
at1,1.5,2, and 3.5 h and thereafter, compared to the contralateral control.
The T2-SI in the medial border zone (including the ischemic penumbra)

significant increase in the T2-SI disappeared transiently, but
again appeared at 3.5 h post-reperfusion and thereafter. In the
initial 2-h reperfusion period, the T2-SI in the surviving zone
alone achieved a significant difference compared to the corre-
sponding contralateral control.

In the dying/dead mixed (medial border) zone, the T2-SI sig-
nificantly and temporarily increased from 2.5 to 3.0 h post-
reperfusion; with values of 1.11 and 1.16 respectively, compared

6 8 10
Hours

achieved a significant increase at 2.5 h and thereafter, while the T2-SI in
the ischemic core, interpreted as malignant vasogenic edema, achieved a
significant increase at 4 h post-reperfusion. ¢ Comparisons between the
zone with irreversible tissue damage (including cellular death at 24 h
post-reperfusion) and the zone without irreversible tissue damage (no
death at 24 h post-reperfusion). There was no significant difference in
the T2-SI, except at 3.5 h post-reperfusion, when vasogenic edema was
more severe in the surviving zone. p <0.001 vs. contralateral control
(one-way ANOVA)

to the contralateral control. In the dead (ischemic core) zone, the
T2-SI was significantly increased at 4 h post-reperfusion, with a
value of 1.11 compared to the control, which lasted throughout
the following observation period.

The T2-SI in the non-ischemic intact zone gradually in-
creased, achieving a significant difference of 1.11 at 9 h post-
reperfusion, compared to the control.
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In Fig. 2c, the differences in the T2-SI are compared between
the surviving zone, lateral border area, and the dying/dead zone,
the mean value of ischemic core and penumbra. During the initial
2-h reperfusion period, the increase in the T2-SI was relatively
greater in the surviving zone than in the dying/dead zone, but the
tendency was reversed at the end of observation (during 8-10 h
post-reperfusion). At every time point, there were no significant
differences between the surviving and dying/dead zones with
respect to T2-SI after reperfusion, excepting at 3.5 h when cyto-
toxic edema entered the secondary increase phase (as shown in
the following EDC analysis).

The ADC Ratio

Alterations in the ADC ratio during the observation period are
shown in Fig. 3a. The ADC decreased both in the dying/dead
and surviving zone, at every time point, with at least two peak
reductions at 1 and 5 h post-reperfusion. The pattern of alteration
in the dying/dead and surviving zones was similar during the
observation period, during which a more marked reduction was
seen in the dying/dead zone at 2 h post-reperfusion and thereafter.

The ADCs in the intact area were significantly decreased,
0.87 at 1.5 h, 0.93 at 4 h, and 0.91 at 7 h post-reperfusion,
respectively, compared to the control, demonstrating that cyto-
toxic (cellular) edema may spread to the non-ischemic intact area
intermittently.

In Fig. 3b, the differences in the ADC were compared be-
tween the surviving and dying/dead zone. The reduction in the
ADC was greater in the dying/dead zone for temporary periods,

a —ae— |schemic core

ADC

—0O— Medial border (penumbra)

—o— Lateral border (surviving zone)

o —=&— Intact area (no ischemia)
S 1.0 A

©

2

©

Sos-

C

(o]

?

L

T 06 -

2

o

7]

o

0.4 -
(0] 2 4 6 8 10

Fig. 3 Alterations in ADC values after focal ischemia/reperfusion. a The
ADC values were significantly reduced in every zone (ROI-1, ROI-2,
ROI-3) in the ultra-acute phase and 1 h post-reperfusion; this lasted
throughout the observation period. The reduction was severe at 1 and
5 h post-reperfusion, but diminished at 3- and 9 h post-reperfusion. b
Comparisons between the zone with irreversible tissue damage (including
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at2.5,3.5,4,5, 6,7, and 8 h post-reperfusion. The reduction after
reperfusion returned to a moderate level; > 70% of the control, in
the later reperfusion phase during the observation.

The EDC Calculated from the ADC Value
and the T2-Weighted Signal Intensity

The alterations in the EDC ratio during the observation
period are shown in Fig. 4a. The EDC decreased both
in the dying/dead and surviving zone, compared to the
corresponding control, at almost every observation time,
with at least two peak reductions at 1 and 5 h.

At 1 h post-reperfusion, a severe reduction of under
50% was observed only in the surviving zone. In con-
trast, at 5 h post-reperfusion and thereafter, a similar
severe reduction below 50% was observed only in the
dying/dead zone. During the observation period, the re-
duction levels in the EDC were stronger in the dying/
dead zone, apart from during the ultra-acute phase be-
tween 1.0 and 1.5 h post-reperfusion.

In Fig. 4b, the EDC ratios are compared in the surviving
and dying/dead zones. The reduction in the EDC was signif-
icantly and consistently greater in the dying/dead zone, at 2.5,
5,6,7,9,and 10 h post-reperfusion. The rate of reduction after
reperfusion did not return to a moderate level of more than
70% of the control in the EDC analysis, which was in contrast
to the gradually diminishing (improving) pattern in the ADC
analysis.

—— Intact area
—o— Lateral border area (surviving zone)
—v— Core&Penumbra (dying/dead zone)

ADC

1.1 4

1.0 4

0.9 -

0.8 1

0.7 -

0.6 1

Ipsilateral-to-contralateral ratio

0.5 -

0.4 T T T T T
0 2 4 6 8 10
Hours

cellular death at 24 h post-reperfusion) and the zone without irreversible
tissue damage (no death at 24 h post-reperfusion). There are significant
differences between the two zones, from 2.5 to 8 h post-reperfusion, when
cytotoxic edema was more severe in the dying zone. At the end of the
observation period, the significant difference disappeared. p <0.001 vs.
contralateral control (one-way ANOVA)
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Fig. 4 Alterations in EDC ratios after focal ischemia/reperfusion. a The
EDC in the dying/dead zone (the ischemic core and the medial border
zone) decreased to less than 50% at 1 h, or 5 h post-reperfusion. The
reduction was severe at 1, 5, and 10 h post-reperfusion, but diminished
at 3 h post-reperfusion. b Comparisons between the different outcomes

Discussion

The T2-SI extracted from T2-WTI has been recognized as a mark-
er for an infarcted lesion or vasogenic edema [42] whether re-
versible or irreversible; the ADC calculated from DWTI is a mark-
er for an infarcted lesion or cytotoxic edema [18, 24], which may
also be either reversible or irreversible. DWI is used worldwide
in a clinical setting for the detection of the earliest ischemic
changes in the acute phase of the patients undergoing ischemic
stroke. Importantly, however, DWI is always affected by the
development of vasogenic edema as well as cytotoxic edema—
the phenomenon is termed “T2 shine through” (DWI increases
with the development of vasogenic edema, not necessarily from
the development of cytotoxic edema). That is, increased DWI
detected in the acute phase does not always represent increased
water inside the cells, but represents increased interstitial water,
or the presence of extravasation of water.

On the DWI/ADC analysis, the development of cytotoxic
edema causes an increase in DWI as well as a decline in the
ADC value, while the development of vasogenic edema
(increased extracellular water that prolongs T2 relaxation time
and enhances T2-SI) causes an elevation (normalization or
masking) of the reduced ADC. Because of the presence of this
controversial phenomenon, “the apparent degree” of cytotoxic
edema estimated from reduced ADC values is less than “the
essential degree™ that would be present if there was simultaneous
development of vasogenic edema. In other words, the detection
of a significant reduction in the ADC value precisely indicates
the presence of an excessive amount of cytotoxic edema that
surpasses the vasogenic edema.

b EDC

—— Intact area
—o— Lateral border area (suviving zone)
—v— Core & Penumbra (dying/dead zone)

1.0 T 1

0.8 1

0.6 |

0.4 -

Ipsilateral-to-contralateral ratio

®

0.2 T T T T .
0 2 4 6 8 10
Hours

(cellular death or survival at 24 h post-reperfusion). There were
significant differences between the zones, at multiple time points, when
cytotoxic edema was more severe in the dying/dead zone. The significant
difference persisted until the end of the observation period. p <0.001 vs.
contralateral control (one-way ANOVA)

In the paradigm of focal ischemia without induced reperfu-
sion, Minematsu et al., using an ITT model with 2.0-T MRI in rats
[43], reported that T2-SI did not alter after 30 min of ischemia,
but significantly increased after 3 h of ischemia. Later, Chen et al.,
using a photothrombotic occlusion technique for the proximal
MCA with 1.5-T MRI in rats, reported a significant increase in
T2-SI at 3 h of ischemia, which reached a maximum at 12 h of
ischemia [44]. In their study, the ADC value in the same region
showed a consistent decrease during the first 12 h, but not cyto-
toxic edema, appeared significantly in the acute phase (<24 h)
after permanent focal ischemia.

In the paradigm of focal ischemia with induced reperfusion,
Pham et al., using the ITI model with 17.6 (ultra-high)-T MRI in
mice, reported T2-SI at “the ischemic region” did not alter at 2 h
post-reperfusion after 1 h ischemia, but increased at 24 h post-
reperfusion. In their study, the ADC values at the same region
decreased significantly with twin peak reductions, observed at 2
and 24 h post-reperfusion [45, 46], indicating that cytotoxic ede-
ma, but not vasogenic edema, appeared significantly in the acute
phase (< 24 h) after temporary focal ischemia.

In the results described above that used the ITI model, the
T2-SI analysis detected the earliest development of vasogenic
edema with permanent ischemia at 3 h, while the ADC anal-
ysis detected the earliest development of cytotoxic edema, at
2 h post-reperfusion after 1 h ischemia. In other words, neither
type of edema appeared earlier than 3 h after the induction of
ischemia.

Accordingly, it has been believed that the appearance of
cytotoxic edema (primarily appearing after reperfusion) and
vasogenic edema (primarily appearing after permanent
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ischemia) do not overlap, at least in the acute phase of ische-
mic stroke, the critical time when a medical intervention
aimed at increasing regional reperfusion pressure may rescue
the brain at risk. It might have been speculated that early
development of cytotoxic edema suppresses interstitial spaces
mechanically and prevents the development of vasogenic ede-
ma, at least in the acute phase. The diluting/erasing effect of
the vasogenic edema on the appearance of cytotoxic edema in
the ADC value has thus been ignored in the research field as
well as in the hospital (at diagnosis).

Since the reperfusion phenomenon, if defined as an early or
delayed recovery in the absolute rCBF from critical to non-
critical level, is not limited in the paradigm of temporary focal
ischemia, but observed in permanent focal ischemia [47], in-
duced reperfusion is considered to enhance the development of
cytotoxic edema in the ischemic brain. In the ITI model with
reperfusion, however, the intra-arterial thread (foreign body)
can induce blood clot formation, and clot-derived cerebral em-
bolization can interfere with reperfusion, so if there is any signif-
icant reduction in the ADC value (cellular edema) in the ultra-
acute phase, this might be diminished by the clot [48]. In this
context, induced luxury reperfusion in the 3-VO model [27],
without the clot formation that should prevent reperfusion levels
at least to some extent, can act as an enhancer of morphological
and pathological changes after ischemia, including the develop-
ment of reversible (regulatory) or irreversible (malignant/non-
regulatory) cellular edema, in addition to rescue the brain at risk
effectively.

In studies that tried to find the threshold in some MRI param-
eter that can distinguish the destiny of brain tissue in various
regions—rteversible or irreversible—Hoehn-Berlage et al., used
a 4.7-T MRI system and a permanent focal ischemia (MCA
occlusion) model in rats. They reported that a reduction in
ADC below 80% of the contralateral control value at 7 h ische-
mia was irreversible (destined to be infarcted) [49]. On the other
hand, Sakoh et al., using their method to occlude the proximal
MCA for 2 h in pigs, demonstrated that ADC values decreased at
1 h post-reperfusion, i.e., 3 h after the induction of focal ischemia,
a finding which continued for at least another 5 h (till the end of
observation), with parallel reductions in the cerebral metabolic
rate of oxygen (CMRO,) [50]. They concluded that lesions with
an ADC value more than 80% of the contralateral control were
reversible, while < 75% signaled irreversibility, resembling our
results obtained in the ADC analysis.

In a multiple embolism (i.e., permanent multiple focal ische-
mia) model in rats [51], in the zone with the most severe focal
ischemia, the ADC value declined within the first 5-10 min after
stroke onset in the range to below 70%, lasting for the entire
observation period of 2.5 h. Kim et al. [32], using the ITI tech-
nique and 3.0-T MRI in rats, reported that a reduction of the
ADC to above 70% appeared after 30 min of ischemia but dis-
appeared after the following 30 min of reperfusion, indicating
reversibility in the range above 70%. Taken together, the
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threshold ADC value that distinguishes tissue reversibility from
irreversibility is relatively high in the literature, ranging between
70 and 80%.

In the present study, it was demonstrated for the first time that
cellular and vasogenic edema can appear together in the acute
phase. In the EDC analysis, in which the counteracting/diluting
effect of vasogenic edema on cytotoxic edema (appearing as an
erasing artifact in the evaluation of cytotoxic edema, beyond the
phenomenon, T2 shine through) was abolished by subtracting
the T2-SI, the increased part than 1.0, from the ADC ratio, the
cellular edema in the surviving zone showed the first peak reduc-
tion, < 50%, at 1 h post-reperfusion, and then the EDC increased
to >70% with loss of a significant difference compared to the
contralateral control at 3 h post-reperfusion. The EDC ratio in the
dying/dead zone; the average of the ischemic core and the medial
border zone, showed a secondary peak reduction down to less
than 50% at 5 h post-reperfusion, and the significant reduction
persisted till the end of the observation after then.

In the comparisons between the EDC ratios in the surviving
(ROI-3) and the dying/dead zone (ROI-1 and ROI-2 combined)
(Fig. 4b), there were significant differences between the two
zones at 5 h post-reperfusion and thereafter, indicating that an
EDC reduction below 50% after 5 h post-reperfusion, but not
around 1 h post-reperfusion, is an early indicator of regional
death. In contrast, there was no significant (and persisting) dif-
ference between the surviving and the dying/dead zone in the T2-
SI analysis, indicating that the T2-SI in the acute phase, at least
until 10 h, cannot be an indicator that distinguishes outcomes. In
humans, the acute intervention to trigger thrombolisis and induce
subsequent reperfusion has been allowed within 4.5 h after the
onset [52], indicating the earliest destruction of arterial walls to
cause hemorrhagic transformation could occur soon after the
time limit. Although "the biological time (the time in homeother-
mic animals during life)", known to depend on the body weight,
must be different between mice and humans [53, 54], the earliest
irreversible tissue damage or tissue destruction, i.e. the initial
necrosis (to have achieved the risk of hemorrhagic transforma-
tion) that progressed after invisible or silent cell death in the ultra-
acute phase, seems to occur at a similar time point.

In terms of the destruction of the blood-brain barrier (BBB)
that triggers the development of cerebral edema, a biphasic
disruption-phenomenon of BBB had been reported after 3-VO,
measured by the chronological alterations in the densities of ex-
travasated compliment factor; C3, in rats [55]. There was a grad-
ual and mild increase in the density (indicating no significant
disruption of the BBB) in the acute phase after the induction of
permanent focal ischemia, but after the induction of temporary
focal ischemia, a robust increase appeared at 30 min post-
reperfusion (indicating an immediate and significant disruption
of the BBB), which was followed by the secondary increase at
3 h post-reperfusion.

The dual-peak reductions (< 50%) in the EDC ratio currently
observed, along with the previous finding on the biphasic
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disruption-phenomenon of BBB post-reperfusion, indicate the
biphasic development of cellular edema post-reperfusion. We
postulate that the EDC range, < 50%, with the time factor <
1.5 h, reflects an increased risk of cell death (i.e., the presence
of a risk on the tissue destiny), and the EDC range, < 50%, with
the time factor > 1.5 h, reflects the histological transformation to
cerebral infarction (i.e., the early sign of tissue necrosis). As the
alterations in the ADC are reportedly delayed or not significant in
the paradigm of the acute permanent focal ischemia, the time
factor, > 1.5 h post-reperfusion, or even > 1.5 h post-ischemia
without the consideration of (or the information on) reperfusion,
is essential in making an EDC-based precise (errorless) diagnosis
on the tissue integrity (Fig. 5).

In terms of the physiological mechanism of cerebral edema,
spreading depression (SD) temporarily switches the fundamental
barrier function of cell membranes off, releasing intra-cellular
potassium, and exchanging it with extracellular calcium. In the
generation of cellular swelling (cytotoxic) [56, 57], SD sup-
presses energy metabolism and causes oxygen supply-demand
mismatch. Although SD that occurs under normal conditions is
safe for brain tissue, SD or clusters of SD occurring in the ische-
mic penumbra sometimes induce severe regional hypo-perfusion
[58], which results in death of the tissue in that area. SD that
spreads beyond the territory of ischemia is termed ““peri-infarct
depolarization” (PID) [59, 60]. SD shares influx of water into
neurons driven by the ionic changes across the cellular mem-
brane, which has been considered the principal mechanism of
the cytotoxic edema [61]. The cytotoxic edema detected in the
surviving zone can be generated not only by ischemic stress but
also by ischemia-induced PID. Interestingly, SD or PID can
spread into the subcortical tissues [62, 63], generating a transient
shuttling of SD between the tissues at different depths [63],
which indicates that cerebral edema can expand to including
deep brain regions beyond the ischemic lesion.

Fig. 5 Upper panels: alterations
in T2-WI. Lower panels:
alterations in ADC values. Right
panels: the TTC stain at 24 h post-
reperfusion with ROIs; 1 (ische-
mic core), 2 (medial border zone),
and 3 (lateral border zone)

1hr after
reperfusion

AR

x

As regards the molecular mechanism of cerebral edema, an
activated Na*/K* pump (stimulated Na*/K*-ATPase) causes ex-
cessive Na* influx and vasogenic edema, before breakdown of
the blood-brain barrier (BBB) [64]. A membrane protein distrib-
uted predominantly in the luminal membrane of the BBB, the
electroneutral Na*-K*-CI™ cotransporter (NKCC) [65], may par-
ticipate in the development of cytotoxic edema [66]. Unregulated
opening of nonselective cation (NCc,ap) channels after deple-
tion of ATP following ischemia can trigger cellular depolariza-
tion and cytotoxic edema [67]. Recently, upregulation of the
water-transporting protein in the plasma membrane, aquaporin
(AQP), which contributes to the water homeostasis in the body,
has been postulated in the (active) regulation of cerebral edema,
especially around peri-infarct border zones [68, 69].

As for the commonality of the present result among various
animals/neurons, the number of neurons targeted is estimated as
4.4 x 10° based on neuronal counting in the cortex [70], the
speed of 2-5 mm/min at which SD that rapidly changes intra-
cellular ionic/water condition spreads in the brain, i.e., the induc-
tion threshold for SD induced by various triggers, and the thresh-
old for death or survival of individual neurons during ischemia
are consistent among neurons in various animals [1, 2, 71-73].
When the relationship between the level of ischemia and the
response of neurons was focused, a reduction in rCBF below
15 to 18 ml/100 g/min causes immediate electro-physiologic
dysfunction of neurons (expressed as electrical silence or SD),
as observed by flattening of the EEG or abolition of somatosen-
sory evoked potentials in different animals including humans [1,
2]. Irrespective of species or regional differences, a reduction
below 15 ml/100 g/min, or < 30% rCBF of pre-ischemic control,
is necessary to generate an ischemic penumbra and ischemic
depolarization, while more severe ischemia, <6 ml/100 g/min,
or < 10% rCBEF, causes immediate depletion of ATP and imme-
diate neuronal death [1, 29, 74]. Thus, the response and

TZ

10hr TTC stain
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A

@ Springer



668

Mol Neurobiol (2019) 56:658-670

vulnerability of neurons, at least to an ischemic stress, does not
differ in individual neurons or animals, indicating that an EDC
threshold of 50%, as shown in the present study, has the potential
to distinguish reversible and irreversible (necrotic or infarcted)
tissue damage of brain tissue in the acute phase of human ische-
mic stroke.

Summary of the Results

*  Vasogenic edema (the significant level in the current anal-
ysis; T2-SI>110%) appeared at 1 h post-reperfusion in
the surviving zone (Fig. 2a).

*  Vasogenic edema (T2-SI> 110%) appeared at 2.5 h post-
reperfusion in the gradually dying zone (Fig. 2a).

*  Vasogenic edema (T2-SI>110%) appeared at 4 h post-
reperfusion in the rapidly dying zone (Fig. 2a).

*  Vasogenic edema (T2-SI> 110%) appeared at 9 h post-
reperfusion in the intact zone (Fig. 2a).

» Vasogenic edema in the dying zone was not significantly
different from the surviving zone, throughout the observa-
tion period (Fig. 2b).

* Cellular edema demonstrated by ADC (the severest level
in the current observation, < 60%) appeared at 1 h post-
reperfusion in every ischemic (surviving or dying) zone or
at 5 h post-reperfusion in the ischemic core (Fig. 3a).

* Cellular edema demonstrated by ADC was significantly
more severe in the dying zone compared to the surviving
zone, at 3 h, or from 3.5 to 8 h post-reperfusion (Fig. 3b).

* Cellular edema demonstrated by ADC (< 60%) was ob-
served at 1 h post-reperfusion in the surviving or dying zone
and at 5 h post-reperfusion in the dying zone (Fig. 3b).

* Cellular edema demonstrated by EDC (the severest level in
the ADC analysis, <60%) appeared from 1 to 3 h post-
reperfusion in every ischemic (surviving or dying) zone
and at 5 h post-reperfusion and thereafter in the dying zone
(Fig. 4a).

* Cellular edema demonstrated by EDC was significantly
more severe in the dying zone compared to the surviving
zone, at 2.5 and 5 h post-reperfusion, and thereafter (Fig. 4b).

* A reduction in EDC below 50% was suggested to be an
indicator of irreversible tissue damage (Fig. 4b), except in
the ultra-acute phase < 1.5 h post-reperfusion.

Conclusion

Using our original mouse 3-VO model, it was demonstrated
for the first time that vasogenic and cellular edema can appear
simultaneously in the acute phase after focal ischemia. The
MRI parameter, EDC, newly developed in the present study
to detect the essence of cellular edema, revealed the threshold
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for distinguishing reversible and irreversible (at least necrot-
ic or infarcted) damage of tissue. Persistent and severe (<
50%) reduction in EDC, detected 5.25 h after the onset of
ischemic stroke, was indicated to be an earliest appearance
on MRI of irreversible tissue damage or tissue destruction;
cerebral infarction.

In the comparisons between the EDC ratios in the surviving
and the dying/dead zone (Fig. 4b), there were significant dif-
ferences at 5 h post-reperfusion and thereafter, indicating that
an EDC reduction below 50%, excepting around the 1 h post-
reperfusion period, is an early indicator of cerebral infarction.
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