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Hyperoxia-induced AR;: MRI biomarker of irreversible ischemic
damage in acute stroke
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Purpose: Accurate and reliable measurement of irreversibly damaged area is an important diagnostic
task in acute stroke, particularly for helping development of neuroprotective treatment. This study was
performed to validate hyperoxia-induced AR; (hyperO,AR;) as a useful imaging biomarker for

identifying irreversible ischemic damage in stroke.

Materials and Methods: In cross-sectional experiment (12 rats, transient occlusion of middle-
cerebral artery), hyperO,AR;, apparent diffusion coefficient (ADC), "*F-fluorodeoxyglucose uptake
on positron emission tomography, cerebral blood flow and cerebral blood volumes were measured 2.5,
4.5, and 6.5 hours after stroke initiation. They were compared among infarct area, non-infarct
ischemia and non-ischemic area on the criteria of histology and ADC. The levels of hyperO,AR; and
ADC were voxel-wisely measured from the infarct core to the non-ischemic area. In longitudinal
experiment (n=9), time-dependent changes of hyperO>AR; and ADC were analyzed at 3, 6, and 24

hours after initiation of transient stroke.

Results: In cross sectional study, hyperO.AR; increased exclusively in infarct area at all time points.
In contrast, ADC gradually decreased from non-ischemic to infarct areas, and the other parameters did
not show consistent patterns. HyperO-AR; showed a sharp decline from the core to the border of
infarct areas and a plateaued level in non-infarct areas. Most voxels in infarct area showed
hyperO2AR1 > 0.04 s-1. There was no noticeable difference of ADC at the border between infarct and

non-infarct areas. In longitudinal study, hyperO.AR; was not reverted to normal level once having



gone higher than 0.04 s-1, and the area with hyperO,AR; higher than 0.04 s-1 continuously increased

over time. ADC in infarct area showed inconsistent temporal changes in each rat.

Conclusion: HyperO;AR; can be used as an accurate and reliable biomarker for identifying

irreversible ischemic damage in stroke.
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Currently, early restoration of blood flow to non-infarct ischemic area is the optimal
treatment option to rescue brain tissue at risk of irreversible damage following acute stroke.
However, a considerable number of stroke patients suffer from neurological deterioration
after successful vascular recanalization, even without hemorrhagic transformation '. These
undesirable results imply that progressive neuronal damage still occurs after successful
reperfusion of salvageable tissue. Therefore, efficient neuroprotection is necessary to inhibit
the catastrophic process that leads to irreversible ischemic damage .

Despite the high demand for neuroprotection in stroke, no FDA-approved treatment
method is yet available. With this being the situation, the use of relevant biomarkers to
accurately monitor the effect of neuroprotective treatment has been drawing attention as an
important strategy to improve the success rate in translational research °. In particular,
tracking whether the area undergoing irreversible damage increases over time or not will be
useful to assess the effect of neuroprotection. Therefore, with the advantage of allowing
repeated and quantitative data acquisitions in both preclinical and clinical settings, imaging
parameters to distinguish irreversible from reversible damage are promising biomarker
candidates in the development of neuroprotective treatments.

Although a number of imaging techniques have been used to identify reversible and
irreversible damage in acute stroke, they present limitations for tracing the fate of ischemic
tissue after sufficient restoration of perfusion. The apparent diffusion coefficient (ADC)
calculated from diffusion-weighted imaging (DWI) is often renormalized during the

aggravation of ischemic injury after recanalization * °

. Blood oxygen-level dependent
imaging to measure tissue oxygenation status is challenged by its vulnerability to factors
other than oxygen level per se (i.e., the concentration of deoxyhemoglobin), and by the
complexity in converting its signal to oxygen concentration °. Although positron emission
tomography (PET) can provide crucial information on cerebral metabolism, it is not suitable
for repeated examinations because of the radiation hazard and the low clinical availability of
stroke-specific radiotracers such as °O,, H,'30, and "' C-flumazenil ™.

Hyperoxia-induced AR; (hyperO;AR;) has been acknowledged as a feasible

magnetic resonance imaging (MRI) biomarker for measuring the tissue oxygen level &',



Theoretically, this parameter is based on the oxygen-driven acceleration of longitudinal
relaxation (quantified by increased Ri): the difference in R; between hyperoxic and
normoxic breathing (i.e., hyperO,AR) indicates the amount of oxygen accumulation during
hyperoxic respiration, and therefore demonstrates the status of oxygen delivery and the
consumption by tissue. Recently, Suh et al ' showed that hyperO,AR; significantly increased
in infarct areas, and a criterion of hyperO,AR; (0.05 s™') dichotomized the distribution
patterns of cell swelling, vasogenic edema, and glucose metabolism in 24 hour (H) transient
stroke models. From these results, the authors suggested that the tissue oxygenation status
quantified by hyperO,AR; can classify ischemic damage into reversible and irreversible
stages in acute stroke.

Under the concept that accurate measurement of irreversibly damaged areas
provides critical information about the trajectory of post-reperfusion stroke evolution, we
designed this study to validate the potential of hyperO,AR; to identify irreversible damage in
a transient-stroke rat model. We performed a cross-sectional study acquiring imaging at
various time points after the onset of transient stroke to evaluate whether hyperO,AR; could
accurately indicate areas with histological cell death. Thereafter, in a longitudinal study, we
attempted to verify whether hyperO,AR; could indicate the irreversibility of ischemic
damage and traced the change in hyperO,AR; after restoration of perfusion. On the basis of
this systematic validation, we finally discuss the value of hyperO.AR; for monitoring the
effectiveness of neuroprotective treatments for inhibiting progressive ischemic damage under

restored perfusion in acute stroke.

AFAS 2 By

All experimental protocols including the animal care and experimental procedures
in this study were approved by the Institutional Animal Care and Use Committee of X.X.
(blinded for peer review). Twenty-one adult male Wistar rats (weight, 280 to 300 g) were
randomly allocated to cross-sectional (n = 12) or longitudinal (n = 9) experiments.

The study design is graphically summarized in Fig. 1.
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Fig. 1.
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A graphical illustration of the procedures performed in this study. We conducted a
cross-sectional study and a longitudinal study to determine optimal imaging
biomarker after transient middle cerebral artery (MCA) occlusion in rat models. In
the cross-sectional study, diffusion-weighted image and apparent diffusion
coefficient map, hyperO,AR;, cerebral blood flow, and cerebral blood volume on
MRI and '®F-FDG PET image were obtained across three time points (2.5, 4.5, and
6.5 hours after MCA occlusion), and values from those image parameters were
compared among infarct, non-infarct ischemia, and non-ischemic areas.
Consequently, we performed voxel-wise analysis from infarct core to non-ischemic
area to identify the cut-off value to dichotomize infarct and ischemic area, and to
correlate these area with histologic infarct area. In the longitudinal study, serial
evaluation of apparent diffusion coefficient map and hyperO,AR; at 3, 6, and 24
hours after transient MCA occlusion was performed to evaluate temporal changes of
infarct and ischemia, and to assess the irreversibility of MRI-defined infarct and

ischemic area.



Transient Stroke Model

The rats were anaesthetized with 1.5% isoflurane in 70% N,O/30% O, (flow rate,
1.0 Vmin), and the right middle cerebral artery (MCA) was then occluded using the
intraluminal filament technique, as previously described '%. In brief, the common carotid
artery and the proximal pterygopalatine artery were ligated using 4-0 silk suture. Thereafter,
the superior thyroid and occipital branches of the external carotid artery were transected.
Finally, a silicon rubber-coated 5-0 nylon monofilament (tip diameter, 0.31 £ 0.02 mm) was
advanced 17 to 18 mm to the bifurcation along the internal carotid artery to occlude the
MCA. After 60 min of MCA occlusion, the filament was carefully withdrawn to induce

vascular re-canalization.

MRI, "*F-FDG PET and histology parameters
Detailed information about the imaging sequence and measurement method of

imaging parameters is presented in Table 1.



Table 1. The MR Imaging parameters

T2-weighted Diffusion- Dynamic R map
imaging weighted susceptibility
imaging contrast-enhanced
imaging
Sequence Fast-spin Spin-echo EPI  Gradient-echo Relaxation-
echo sequence EPI sequence enhancement
sequence with variable
repetition time
sequence
TR/TE (ms)  4000/33 3000/18.7 1000/16 TR = 600, 900,
1500, 2500,
4000, and
7000;
TE =12.15
Other Rare factor= b value (s/mm?) Flip angle =35° Rare factor = 4
parameters 8 = 0 and 800
Field of view 28 x28 mm 28 x 28 mm 28 x 28 mm 28 x 28 mm
Matrix size 96 x96 96 x96 96 x96 64 x 64
Slicenumber 16 16 16 16
Slice I mm I mm I mm I mm
thickness

Note.— EPI = echo planar imaging



MRI data were acquired using a 7.0 T Bruker pre-clinical MRI scanner
(PharmaScan 70/16, Brucker BioSpin GmbH, Germany). Rats were positioned on a custom-
made cradle and anesthetized with 1.5% to 2.0% isoflurane inhalation through a mask. A
body temperature of 37°C was maintained using a temperature-controlled water blanket. The
tail vein and femoral artery were cannulated with polyethylene catheters for MR contrast
agent injection and blood sampling, respectively. MRI data included T2-weighted image
(ToWI), ADC images from DWI, and hyperO,AR; from R; mapping, and cerebral blood flow
(CBF) and volume (CBV) from dynamic susceptibility contrast imaging, respectively.

E-FDG PET was obtained before MRI using nanoScanPET/MRI system (1T,
Mediso, Hungary). Continuing to keep the rat warm, 6.5£1.0 MBq in 0.2 mL of FDG was
administered via the tail vein under anesthesia (1.5% isoflurane in 100% O, gas). Static PET
images were acquired for 20 min in a 1-5 coincident in a single field of view. PET images
were reconstructed by Tera-Tomo 3D in full detector mode. Three-dimensional volume of
interest analysis of the reconstructed images was performed using the InterView Fusion
software package (Mediso, Hungary) and applying standard uptake value (SUV) analysis.

Light microscopy histologic examination was performed on mid-coronal sections of
brain. Each brain section was stained with hematoxylin and eosin (H&E) and 0.25% cresyl
violet for Nissl staining.

Image parameters were quantified using the Analysis of Functional Neurolmages
(AFNI, National Institute of Health, Bethesda, MD, USA) program and Image] (National
Institute of Health). Using the T,WI as a reference frame, all parameter maps were co-
registered and interpolated to achieve the same voxel geometry. For image-histology
correlation, the slices of MRI and PET were selected and registered to corresponding

digitized histological map.

Cross-sectional experiment

MRI and PET were performed at three time points of 2.5 H, 4.5 H, and 6.5 H
following the initiation of transient stroke. Immediately after the imaging experiments,
histological examinations were performed. We chose animals showing apparent infarction on

histological map, and four rats were finally included for image analysis at each time point,
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respectively.

The ipsilateral hemisphere was categorized into three areas based on the
conjunction of incorporated histological and ADC information. Histological findings were
used to determine the viability status of given cells. Cells were identified as being dead by
cell body shrinkage, darkly stained pyknotic nuclei, and intensely-stained red eosinophilic
cytoplasms in H&E staining as well as by a loss of Nissl substance in Nissl staining ' '*.
Ipsilateral-to-contralateral ratio (ICR) of ADC less than 0.95 indicated ischemic cell damage
as described in previous studies ''. These criteria of cell death or damage then classified the
ipsilateral hemisphere into three areas: infarct area (cell death), non-infarct ischemic area
(cell damage without cell death), and non-ischemic area (no cell death or damage). Image
parameters were compared among regions-of-interest (ROIs) drawn in the three areas.

With the mean values measured from ROI study, the boundary between infarction
and non-infarction could not be clearly identified. Thus, to achieve a cut-off value to enhance
the precision in delineating the border between the two areas, we performed a voxel-scaled
continuous measurement of hyperO-AR; and ADC. In each rat, we drew a line from the
infarct center to the periventricular non-ischemic region on images co-registered to the
histologic map. Every line was drawn to cross the three areas proportionally identical: 60%
of the total length of each line crossed the infarct area; 20% crossed the non-infarct ischemic
area; and the remaining 20% crossed non-ischemic area. Then the value of hyperO.AR; and
ADC in the voxels along the line were measured. In addition, the correlation was performed
between the image parameters measured on the lines.

Finally, to validate whether the hyperO,AR| locate the infarct area, we assessed the
spatial correlation between the hyperO-AR; and histological feature. The area of infarction
indicated by hyperO.AR; was measured and then its ratio in the area of ipsilateral
hemisphere was calculated. On the histological map, the area ratio of cell death lesion in the
ipsilateral hemisphere was also estimated. Thereafter, the correlation between the two ratios

was estimated.

Longitudinal experiment



The classification of ischemic injury at a certain time point in cross-sectional
experiment does not necessarily inform the possibility of reversibility or irreversibility of
affected brain. Moreover, as the ischemic burden may be inconsistent in terms of the velocity
of progression to infarction, the comparison of image parameters across the time points is
limited. Thus, we performed a longitudinal study to measure time-dependent changes of
hyperO,AR; to demonstrate the trajectory of progression of a cerebral tissue after transient
ischemic attack.

The hyperO,AR; and ADC were repeatedly measured at 3H, 6H and 24H, following
stroke onset, and histological examinations were performed promptly after the 24-hour
imaging study. The correlation between the hyperO,AR, and histology at 24 H was evaluated
to validate the ability of hyperO,AR; to locate the infarct area throughout the entire stage of
acute stroke.

On MRI obtained at 24H, the ipsilateral hemisphere was divided into infarct, non-
infarct ischemic and non-ischemic areas by hyperO,AR; and ADC criteria by referring to the
results in cross-sectional experiment. Thereafter, the status of each area at 3H and 6H was re-
classified by the same criteria. For example, the infarct area on 24H MRI was subdivided
into infarct, non-infarct ischemic and non-ischemic areas at 3H and 6H.

When the infarct was noted at 3H or 6H according to the criteria of hyperO.AR;,
the time-dependent change of hyperO,AR; in the initial infarct area was analyzed for
evaluating the ability of hyperO,AR; to indicate the irreversible damage. The change of ADC

was also analyzed.

Statistical Analysis

The ANOVA test was used to compare each value among the three areas. Linear
regression analysis and Spearman correlation was used to evaluate the correlations between
oxygen induced AR;and ADC, CBV, CBF, and "*F-FDG uptake. A P value of < 0.05 was

considered statistically significant.
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Cross-sectional Study
Increase in hyperO:4R; exclusively in the infarct area

Fig. 2 shows the values of each of the imaging parameters measured in the infarct
area, non-infarct ischemic area, and non-ischemic area at the three time points. In
comparison with the other parameters, hyperO.AR; showed a distinctive pattern in terms of
discrimination of the infarct area, with increased values occurring exclusively in the infarct
area (P < 0.015 compared with non-infarct ischemic and non-ischemic areas). This pattern
was consistently observed at all three time points. By contrast, the ADC values demonstrated
a pattern of stepwise decrease from the non-ischemic to infarct areas at all time points
(P=0.145 at 2.5 H; P < 0.007 at 4.5 and 6.5 H). These results suggest that hyperO,AR; may
be indicative of cell viability, and that the ADC may provide information on the degree of
ischemic severity.

F-FDG uptake, CBF, and CBV did not show consistent differences between the
three areas across the three time points. '*F-FDG uptake was higher in the infarct area than in
the other areas at 2.5 H, but this finding was not observed at 4.5 and 6.5 H. Likewise, a
difference in CBF was observed only at the time point of 2.5 H (P=0.072), when the CBF
value was slightly lower in the infarct area than in the others. CBV did not show any
distinctive patterns of note across the time points and areas. The lack of significant between-
area differences in the CBF and CBV levels at 4.5 and 6.5 H indicated that the blood supply
was restored and evenly distributed across all areas after the transient occlusion of the MCA.
Given inconsistent patterns or differences across the time points, the three parameters of '*F-
FDG, CBF, and CBV were considered to be inadequate for use as reproducible biomarkers

for assessment of the degree of ischemic injury.



Fig. 2. Imaging biomarker values according to infarct or ischemic areas.
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time points after transient middle cerebral artery occlusion in the cross-sectional study. Box-

and-whisker plots show the values of hyperO.AR;, ADC, BE-FDG uptake, CBF, and CBV in

three areas of different degrees of infarct and ischemic change. HyperO,AR; shows an

increase in values exclusively in the infarct area. This finding was consistent over the three

time points. ADC values demonstrated a significant difference between the infarct and

ischemic area, as well as between the ischemic and non-ischemic area at 4.5 and 6.5 H. '*F-

FDG uptake, CBF, and CBV demonstrated no differences in values across the three areas at

the time points of 4.5 and 6.5 H, whereas a higher standardized uptake value and lower CBF

value was transiently seen in the infarct area at 2.5 H. The asterisks indicate the significant

differences between groups.
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Voxel-wise analysis of hyperO:AR; and ADC

Based on the ROI experiments, hyperO,AR; and ADC were chosen as the imaging
parameters worthy of further investigation for their ability to discriminate areas of
irreversible ischemic damage from areas of reversible damage.

HyperO,AR; and ADC showed different distributions. HyperO,AR; showed a sharp
decline in the voxel values moving from the core to the border of the infarct areas, whereas
there was no change within the non-infarct areas (Fig. 3a). HyperO,AR; was greater than
0.04 s in most of the voxels included in the infarct area, and less than 0.04 s in the voxels
in the non-infarct areas. There was no notable difference in hyperO,AR; between the non-
infarct ischemic and non-ischemic areas. However, a gradual increase in ADC values from
the infarct core to the periphery was observed, without a pronounced difference at the border
between the infarct and non-infarct ischemic areas (Fig. 3b). Thus, it was difficult to assign a
clear ADC cut-off value that would allow clear definition of the border between the infarct
and non-infarct areas.

The correlation between hyperO,AR; and ADC showed a dichotomized pattern, as
shown in Figure 3c. In the voxels with hyperO,AR; less than 0.04 s, most of which were
identified in the non-infarcted and non-ischemic areas, hyperO.AR; and ADC showed a
strong negative correlation. By contrast, the voxels with hyperO.AR; greater than 0.04 s,
which were observed mostly in the infarct area, showed plateaued ADC values, regardless of
the hyperO,AR, values measured. This dichotomized distribution was consistently observed
at all time points after stroke onset. The negative correlation between the two parameters
demonstrated that cell edema gradually progressed because of continual energy failure, while
the plateaued correlation reflects the fact that brain tissue with hyperO,AR; above 0.04 s™'
was maintained under the highest degree of cellular edema or restricted cytoplasmic
movement. Therefore, we presume that a hyperO,AR; of 0.04 s™' could potentially indicate

that ischemic cells have reached a state of complete membrane failure in acute stroke.
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Fig. 3. Continuous voxel-wise analysis of hyperO,AR; and ADC values
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Correspondence between the areas with hyperOAR; higher than 0.04 s’ and the
histologically identified infarct areas

The area of hyperO,AR; higher than 0.04 s showed a strong positive correlation
with that of histological cell death (r = 0.823; P < 0.001) (Fig 4.). On visual inspection, the
area of hyperO>AR; higher than 0.04 s spatially corresponded with the histologically
determined cell-death areas. Consequently, hyperO,AR; was regarded as an accurate

indicator of the location of the histological infarct area.
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Fig. 4. Correlation between histologic infarct and hyperO,AR; greater than 0.04 s™
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Longitudinal measurement of hyperO:AR; and ADC in the transient stroke model

By referring to the results of cross-sectional experiment, the ipsilateral hemisphere
was classified into infarct, non-infarct ischemic, and non-ischemic areas using the following
criteria: infarct area = hyperO,AR; > 0.04 s™'; non-infarct ischemia = hyperO,AR; < 0.04 s™
and an ADC ICR of < 0.95; and non-ischemic areas = hyperO,AR; < 0.04 s’ and an ADC
ICR > 0.95.

Fig. 5. shows the proportions of infarct, non-infarct ischemic, and non-ischemic
areas in the ipsilateral hemisphere at 3, 6, and 24 H after stroke onset. All rats demonstrated
expansion of the infarct area over time, while the proportional area of non-ischemia
decreased over time in all rats. These data demonstrate that infarction progressed after
vascular recanalization, and that a normal ADC level in the early stage of stroke did not
necessarily indicate exemption from ischemic damage.

Although expansion of infarction was consistently observed in all rats, the onset
time of the infarction varied across the rats, being initially observed at 3, 6, or 24 H. The
initial occurrence time of infarction did not necessarily provide information on the infarct

volume at 24 H. This result implies that infarction may occur at any stage of acute stroke.
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Fig. 5. The proportions of infarct, non-infarct ischemic, and non-ischemic areas at 3, 6, and

24 hours after stroke onset
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The proportions of infarct, non-infarct ischemic, and non-ischemic areas at 3, 6, and 24
hours after stroke onset in nine rats. Infarct areas irreversibly increased over time, while

early-stage non-ischemic areas progressed to infarct and non-infarct ischemic areas.
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Irreversibility of the area with HyperO,AR; higher than 0.04 s’

In six rats, the area with hyperO.AR; values higher than 0.04 s’ at 3 or 6 H
continued to increase until 24 H, demonstrating progression of metabolic dysfunction.
Moreover, no voxel within these areas demonstrated a decrease in hyperO,AR; to a level
below 0.04 s over the time (Fig. 6a). Along with the finding of an increasing area with
hyperO>AR; > 0.04 s over time, this unidirectional temporal change in hyperO.AR;
supports the use of hyperO,AR; values higher than 0.04 s as an indicator of irreversible

damage.

Inconsistent temporal change in ADC within the infarct area

Temporal changes in ADC were assessed in each rat in the longitudinal study. The
ADC values in the infarct area on the 24 H MRI showed inconsistent changes between 3 and
24 H in each rat (Fig. 6b). This finding indicates that ADC is not suitable as a parameter to

assess the status of ischemic damage in infarct areas.
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Fig. 6.
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Progression and irreversibility of the infarct area identified by hyperO,AR;> 0.04 s. a. In

six rats that demonstrated hyperO.AR; > 0.04 s at 3 hours, the values of hyperO,AR;

increased. b. The areas defined as infarct on 24 hour MRI showed inconsistent ADC values

over the three time points.
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Temporal change in the ipsilateral hemisphere under ischemia

Fig. 7. shows the proportions of infarct, non-infarct ischemia, and non-ischemia areas at 3
and 6 H within the areas of infarct, non-infarct ischemia, and non-ischemia defined at 24 H.
In all rats, a significant portion of the area identified as infarct at 24 H was previously in the
state of non-infarct ischemia or non-ischemia at 3 and 6 H. Similarly, a meaningful portion
of the area identified as non-infarct ischemia at 24 H was non-ischemic at 3 and 6 H. These
data suggest that progressive neuronal damage occurs after vascular recanalization, and that
a normal ADC level does not necessarily indicate immunity from ischemic damage in the

aftermath of the onset of acute stroke.
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Proportions of infarct, non-infarct ischemia, and non-ischemia at 3 and 6 hours after stroke
onset within the areas defined as infarct, non-infarct ischemia, and non-ischemia at 24 hours.
Significant proportions of the infarct area identified at 24 hours were identified as non-
infarct ischemia and non-ischemia at the previous time points, suggesting progressive
neuronal loss after vascular recanalization. By contrast, some portions showing ischemic

changes at 3 and 6 hours had normalized at 24 hours.
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In our cross-sectional experiment, hyperO,AR; showed an increase at various time
points exclusively in the areas that showed histological cell death, displaying notable
differences at the borders between cell-death areas and other areas. Our experiments
subsequently showed that the area with hyperO,AR; higher than 0.04 s™ was very similar to
the area showing cell death on histological analysis. In the longitudinal experiment,
hyperO,AR; did not revert to a normal level once it had gone above 0.04 s™', and the area
with hyperO,AR; of 0.04 s' and above showed a continuous increase over the 24 H
following stroke. The results of our cross-sectional and longitudinal experiments
complement and support each other to demonstrate that hyperO,AR; higher than 0.04 s™ is a
reliable indicator of irreversible ischemic damage in stroke.

The hyperO-AR; value is determined by the balance between oxygen delivery and
consumption in tissue. When the blood supply is restored to ischemic brain (i.e.,
ischemia/reperfusion injury) and the partial or full normalization of vascular oxygen delivery
occurs, cellular oxygen utilization for energy production remains hypoactivated. This
condition leads to an accumulation of unconsumed oxygen during hyperoxic respiration,
which consequently increases the hyperO,AR; (i.e., the difference in R; between hyperoxic
and normoxic respiration). Therefore, hyperO,AR; elevation in transient ischemic brain is an
MRI phenotype reflecting impaired oxygen metabolism.

As mitochondria consume oxygen for energy production, the hyperO,AR;
quantification of unconsumed oxygen indicates the degree of mitochondrial dysfunction.
Studies show that various harmful processes in mitochondria, such as altered bioenergenetics,
disorganized structural architecture, and aberrant biochemical dynamics, have a pivotal role
in neuronal death in stroke "°. Mitochondrial damage leads not only to depletion of energy
production, but also to overproduction of reactive oxygen species. In addition to collapse of
electrophysiological homeostasis due to a lack of energy, reactive oxygen species induce a
number of pathological processes that cause neuronal death, such as caspase activation, the
release of inflammatory mediators, and oxidative damage to the cell '*'7. Therefore, our

criteria of 0.04 s' or higher hyperO.AR;, which showed a close correlation between
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histological cell death and failure of renormalization, indicate irreversible neuronal death
triggered by mitochondrial dysfunction in stroke.

In our longitudinal study, extended irreversible ischemic damage (hyperO.AR; >
0.04 s™') was observed, even after the restoration of perfusion (ICR of CBF > 0.95). This
suggests that successful intravenous thrombolysis or mechanical thrombectomy in patients
with acute stroke may not prevent undesirable clinical outcomes '®. Despite a high success
rate of early vascular recanalization (higher than 80%), more than half of patients fail to
acquire functional independence %

A number of pharmacological agents have been developed for the neuroprotection
of patients with stroke '*'. However, clinical trials of neuroprotective treatments have failed
to translate preclinical effects into clinically meaningful outcomes . Determination of the
causes of the current barriers against the development of neuroprotective treatments has
resulted in the demand for adequate biomarkers to bridge the gap between preclinical and
clinical studies. At the same time, the adequacy of the biomarkers currently used for outcome
evaluation has been put into question **. For example, parameters used in clinical assessment,
such as the National Institute of Heath Stroke Scale, Barthel Index, and Rankin Scale, cannot
be adequately applied to preclinical studies. This inadequacy is also true for imaging
biomarkers, as their ability to test the effects of neuroprotective treatment has not been fully
verified.

T2WI, DWI, and perfusion imaging have been widely used to measure areas with
reversible or irreversible damage in both preclinical and clinical trials **°. However, the
origins of the signals on T2-weighted imaging (water content), DWI (diffusivity of water
protons), and perfusion imaging (delivery of contrast material) do not provide information on
cell viability, and accurate cut-off values to distinguish reversible and irreversible damage
have not been identified for these MRI methods. Furthermore, perfusion imaging has a
significant limitation in terms of reliability, as perfusion-related parameters vary according to
the calculation algorithm and the location used to extract the arterial input function ** %",

In response to these limitations, we attempted to systemically validate the relevance,
accuracy, and reliability of hyperO,AR; for identifying regions with irreversible damage, and

found the following; (a) Measurements at various time points showed the time-consistency
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of hyperO,AR; for identifying irreversible damage. (b) Voxel-wise analysis allowed the
establishment of criteria to delineate the border between infarct and non-infarct areas. (c)
The areas with histological cell death and hyperO,AR; higher than 0.04 s™ were found to be
very similar to each other. (d) Longitudinal study showed a non-exceptional and continuous
increase in hyperO,AR; over time in the cell death area. We suggest that these findings
validate the efficacy and reliability of hyperO,AR; higher than 0.04 s for assessing the
effects of neuroprotective treatments.

The present study demonstrated that the ADC is not an adequate marker to identify
irreversible ischemic damage; because of the gradual procession from non-ischemia to
infarct, it was difficult to assign a cut-oftf ADC value to delineate the infarct area. Moreover,
as noted in our longitudinal study, the ADC level in the infarct core alters because of various
conditions other than cytotoxic edema, such as cellular lysis, hemorrhagic transformation,
and early vasogenic edema **. Despite these limitations, as the ADC is particularly useful for
assessing ischemic damage, we recommend the combined implementation of ADC and
hyperO»AR; (decreased ADC and hyperO,AR; lower than 0.04 s™) to provide more accurate
and reliable information for identifying non-infarct ischemia. Using these criteria,
improvement from non-infarct ischemia to non-ischemia can be identified, as in the case of
spontaneous improvement shown in this study.

To apply hyperO,AR; in clinical circumstances, it is necessary to address several
potential challenges. First, it has been reported that long duration (usually > 60 minute)
hyperbaric oxygen therapy presents a risk of harmful effects ***. That is, administration of
100% O for several minutes during the measuring of R; value could result in oxygen
toxicity. In regard to this concern, it would be fair to suggest that the application of
hyperO,AR; involves no such risk, as hyperoxic normobaric respiration during the
hyperO,AR; measurement takes a short period of time and is unlikely to produce any
harmful effects. Nevertheless, to completely remove such a risk, a maximum measuring time
to guarantee safety needs to be established. The inevitable extension of examination time
because of our recommended acquisition of multiple parameters (hyperO,AR; in conjunction
with ADC or CBF) is another important point of concern, as it is critical to minimize the

scanning time for patients with acute stroke. In response to this potential drawback, we
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propose the application of ultrafast scanning techniques. Using the Look-Locker technique,
R maps of the whole human brain can be acquired within 2 minutes, with a spatial
resolution of 1.1 x 1.1 x4 mm® *'. Another faster MRI sequence is the ultrafast low-angle
RARE sequence, which has a temporal resolution allowing measurement of R; in the mouse
brain within 6 s *2. Moreover, as the R; relaxation time can be influenced by magnetic field
strength, the cutoff of hyperO,AR;>0.04 s™ determined in our study under 9.4 T MRI could
not be generally applied to 1.5 T or 3 T MRI For example, the cutoff of 0.05 s used in the
previous study was determined under 4.7 T MRI, thus it needs further refinement before the

application of clinical study.

a8

In summary, our cross-sectional experiment showed that hyperO,AR; higher than
0.04 s delineated the histological cell death area on MRI. Our longitudinal experiment then
validated the reliability of hyperO,AR; as an indicator of irreversible ischemic damage. In
conjunction with other traditional MRI parameters, hyperO.AR; could help measure the
severity of ischemic damage and monitor the effectiveness of neuroprotective treatment in

acute stroke.
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