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Abstract

Purpose—To explore the capability of APT imaging in the detection of hemorrhagic and
ischemic strokes using preclinical rat models.

Methods—The rat intracerebral hemorrhage (ICH) model (n = 10) was induced by injecting
bacterial collagenase VII-S into the caudate nucleus, and the permanent ischemic stroke model (n
= 10) was induced by using a 4-0 nylon suture to occlude the origin of the middle cerebral artery.
APT-weighted MRI was acquired on a 4.7T animal imager and quantified using the magnetization
transfer-ratio asymmetry at 3.5 ppm from water.

Results—There was a consistently high APT-weighted MRI signal in hyperacute ICH during the
initial 12 hours after injection of collagenase, compared to the contralateral brain tissue. When
hemorrhagic and ischemic strokes were compared, the hyperacute ICH and cerebral ischemia
demonstrated opposite APT-weighted MRI contrasts, namely, hyperintense vs. hypointense
compared to the contralateral brain tissue, respectively. There was a stark contrast in APT-
weighted signal intensity between these two lesions.

Conclusion—APT-MRI could accurately detect hyperacute ICH and distinctly differentiate
hyperacute ICH from cerebral ischemia, thus opening up the possibility of introducing to the clinic
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a single MRI scan for the simultaneous visualization and separation of hemorrhagic and ischemic
strokes at the hyperacute stage.
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Introduction

Stroke is a leading cause of death and disability worldwide, and is responsible for
approximately five million deaths annually (1). There are two major types of stroke:
ischemic and hemorrhagic. Most strokes are ischemic and potentially treatable with
thrombolytic therapies that are typically given within hours of symptom onset (2, 3).
Hemorrhagic strokes, including intracerebral hemorrhage (ICH) and subarachnoid
hemorrhage, account for about 10-20% of all strokes and are associated with poorer
prognoses and higher mortality rates (4-6). The fundamental therapies for ischemic and
hemorrhagic strokes differ distinctly, and thrombolytic drugs, if administered in patients
with hemorrhagic stroke, would have catastrophic consequences. Since it is impossible to
determine whether symptoms are due to ischemia or hemorrhage, based on clinical
characteristics alone, accurate early detection of hemorrhagic strokes with neuroimaging is
crucial for all stroke patients (7, 8).

Head CT is currently the primary neuroimaging modality for the diagnosis of acute stroke in
the emergency room (9). The main diagnostic advantage of CT in the hyperacute phase (<12
hours) of stroke is its ability to detect or rule out hemorrhage. However, CT has a limited
sensitivity for the identification of early cerebral ischemia in the hyperacute stage. MRI is
increasingly being used for the diagnosis of acute strokes. Several studies have shown that
gradient-echo MRI sequences are as accurate as CT for the detection of acute hemorrhage,
and far superior to CT in the chronic stage (10-12). However, like CT, these gradient-echo
MRI sequences are not sensitive for the detection of early ischemia. In addition, diffusion-
weighted MRI has excellent capacity to demonstrate hyperacute ischemia (13-15), but it
does not seem to be specific for ischemic stroke. Currently, for safety reasons, both CT and
MRI are always obtained in many stroke centers in the initial evaluation of patients with
stroke. Ideally, patients would only undergo one imaging modality, MRI or CT, in order to
expedite treatment and minimize cost. If MRI is used rather than CT, MRI must be able to
reliably identify hemorrhagic strokes; moreover, a single MRI scan that can simultaneously
detect hemorrhagic strokes and ischemic strokes at the hyperacute stage is very desirable.

Amide proton transfer (APT) imaging (16), a type of chemical exchange saturation transfer
(CEST) MRI (17-20), is a potentially important molecular MRI method that can generate
contrast based on tissue pH (16) or concentrations of endogenous mobile proteins and
peptides (21-23). Technically, APT imaging is based on a change in bulk water intensity due
to chemical exchange with magnetically labeled backbone amide protons of endogenous
mobile proteins and peptides (16). Thus, specific molecular information can be obtained
indirectly through the bulk water signal used for clinical imaging. Previous studies in
animals and in humans have demonstrated that APT imaging is capable of early detection of
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an ischemic lesion (24-28), reflecting local tissue pH reduction even before a diffusion
abnormality (24). Such pH reductions are manifested as a low APT-weighted (APTw) signal.
In contrast, we hypothesized that hyperacute hemorrhage, containing abundant mobile
proteins and peptides, would demonstrate a high APTw signal, and thus, be detectable by
APT imaging. In this study, we explored the capabilities of APT imaging for the diagnosis
of stroke at the molecular level, using rat models with hyperacute ICH and cerebral
ischemia. This novel, non-invasive APT imaging method, which can easily indentify
hemorrhage from ischemia at the hyperacute stage, has the potential to significantly improve
stroke patient care.

ICH Model Preparation

Experiments were approved by the Johns Hopkins Animal Care and Use Committee.
Following anesthesia with pentobarbital (65 mg/kg, i.p.), Sprague Dawley rats (male;
300-325 g; n = 10) were placed in a stereotactic frame. A midline scalp incision was made,
and a burr hole was drilled in the left side of the skull (0.9 mm anterior and 3.0 lateral to
bregma). To induce hemorrhage, rats were injected with bacterial collagenase VI1I-S (0.75 U
in 1 pL saline, Sigma) unilaterally at a steady rate (0.1 pl/min, KD Scientific) into the
caudate putamen through the burr hole to a depth of 5.5 mm (29-31). After injection, the
needle was left in place for an additional 10 min to prevent any reflux. After removal of the
needle, the incision was closed using a 5-0 nylon suture.

Ischemia Model Preparation

Sprague Dawley rats (male; 300-325 g; n = 10) were anesthetized initially with 5%
isoflurane and maintained with 1.5-2% isoflurane in oxygen-enriched air with spontaneous
ventilation. Transient focal cerebral ischemia was induced by occlusion of the left middle
cerebral artery (MCA) with the intraluminal filament technique. A 4-0 suture (Covidien,
Mansfield, MA) with round tip and silicon coating was inserted from the left external carotid
artery into the internal carotid artery, and it reached the circle of Willis to occlude the origin
of the middle cerebral artery.

MRI Experiments

We acquired MRI data using a 4.7T horizontal bore animal imager (Bruker Biospin,
Billerica, MA) with an actively decoupled cross-coil setup (a 70-mm body coil for
radiofrequency transmission and a 25-mm surface coil for signal reception) (Supporting
Methods). First, high-resolution To-weighted (T,w) imaging with a fast spin-echo sequence
(echo train length = 8; repetition time (TR) = 3 s; echo time (TE) = 64 ms; slice thickness
1.5 mm; number of averages (NA) = 2) was acquired in both the horizontal plane (5 slices;
matrix = 256 x 192; field of view = 42 x 32 mm?2) and the coronal plane (7 slices; matrix =
192 x 192; field of view = 32 x 32 mm?).

Then, several quantitative MRI parameters were acquired, including T, (TR =3 s; TE =30,
40, 50, 60, 70, 80, and 90 ms; NA = 4), T4 (inversion recovery; pre-delay = 3 s; TE = 30 ms;
inversion recovery time = 0.05, 0.3, 0.6, 1.8, 2.5, and 3.5 s; NA = 4), isotropic apparent
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diffusion constant or ADC (TR =3 s; TE = 80 ms; b-values = 0, 166.7, 333.3, 500, 666.7,
833.3, and 1,000 ss/mm?2; NA = 8), blood flow (arterial spin labeling or ASL (32): 3-s
labeling at a distance of 20 mm away from the imaging slice; TR = 6 s; TE = 28.6 ms), and
APT (frequency-labeling offsets of £3.5 ppm; TR = 10 s; TE = 30 ms; saturation power =
1.3 uT; saturation time = 4 s; NA = 16). A control image in the absence of radiofrequency
saturation was also acquired for APT imaging signal intensity normalization. To reduce the
effect of B field inhomogeneity on APT imaging, high-order, localized slab shimming
(thickness 10.5 mm) was performed around the lesion. In addition, prior to the APT data
acquisition, a magnetization transfer spectrum with a low saturation power (0.5 uT) and a
narrow offset range (-0.6 to 0.6 ppm, interval 0.05 ppm) was acquired on the same APT
slice. The magnetization transfer-spectrum center frequency was determined on the scanner
and used to adjust the scanner transmitter frequency. Single-shot, spin-echo, echo-planar
imaging was used for all quantitative MRI data acquisition (matrix = 64 x 64; field of view =
32 x 32 mm?; single-slice; slice thickness = 1.5 mm). The image slice was overlapped with
one of the coronal T,w images, and all quantitative MRI sequences had the same geometry
and location.

Finally, T1-weighted (T;w) images (TR = 700 ms; TE = 10 ms; NA = 10) and T, “weighted
(T, w) images (TR = 700 ms; TE = 10 ms; NA = 10) were acquired with the same geometry
and location as the Tow images.

Image Analysis

Data processing procedures were performed by Interactive Data Language (IDL, version 7;
Exelis Visual Information Solutions, Inc., Boulder, CO). The images were interpolated to
384 x 384. The Tq map, T, map, and ADC map were fitted using the following equations: |
= A+ Bexp (-Tl/T1) (where A and B are two other fitting parameters in addition to T4), | =
lg exp (-TE/T,), and | = Iy exp (-b ADC), respectively. The cerebral blood flow (CBF) map
was reconstructed from images with and without labeling, using previously described
methods (32). The APTw images were calculated based on the magnetization transfer ratio
(MTR) asymmetry at +3.5 ppm with respect to the water signal (16): MTRasym(3.5 ppm) =
Ssat(-3.5 ppm)/Sq - Ssat(+3.5 ppm)/Sg, where Sg;; and Sy are the signal intensities with and
without selective radiofrequency irradiation, respectively. The obtained images were
interpolated to 384 x 384, thresholded based on the Sy image, and displayed using a window
of -6% to 6%. For the quantitative analysis, we used the signal abnormalities on ADC maps
as a basis for defining regions of interest. We used contralateral normal-appearing, relatively
homogenous brain tissue for comparison. Ventricles and perilesional edema were excluded.

Statistical Analysis

The average APTw imaging intensities for the ICH, cerebral ischemia, and the
corresponding contralateral brain tissue were calculated for each group, and the results were
represented as mean + standard deviation. We calculated the APTw MRI contrasts between
the ICH and the contralateral brain tissue, as well as between the ischemia and the
contralateral brain tissue. A paired t-test was used to determine whether these contrasts were
significant. Moreover, a one-way analysis of variance test, followed by the Turkey test, was
used to compare the differences in APTw intensities for the ICH and cerebral ischemia. 95%
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confidence intervals were calculated for the mean contrasts. The level of significance was set
at P<0.05.

Results

Hyperacute ICH Can Be Detected by APT Imaging

We first explored the radiographic features of hyperacute ICH in a rat model, using APT and
several routine (T,w, To"w, and T;w) MRI sequences. Tow MRI, acquired on the 4.7T
animal imager, revealed that all rats (n = 10) developed a hemorrhagic lesion in the brain
(Supporting Fig. S1). The hematoma expanded steadily and reached its maximum size (3-5
mm in diameter) at six hours post-injection. On routine T,w, To"w, and Tyw images (Fig. 1),
the ICH was hypointense with respect to the contralateral brain tissue during the initial hours
after the injection of collagenase and became heterogeneous (hypointense to hyperintense) at
12 hours after the injection of collagenase. Scattered foci of isointensity to slight
hyperintensity could be seen on Tow images during the initial hours post-injection, and a rim
of hypointensity could be observed on Tow and T{w images at 12 hours post-injection. The
T,"w images demonstrated a larger lesion, but this apparent increase in size is due to the
susceptibility effect between tissue and blood. The appearance of the ICH on routine MRI
sequences changed over time and varied between cases (33, 34), which greatly complicates
the diagnosis of ICH in the clinic.

On obtained APTw images (Fig. 1), the ICH was consistently hyperintense (compared to the
contralateral normal brain tissue) at all hyperacute time points. In hyperacute hemorrhage,
the hematoma subsequent to vessel rupture consists of a collection of red blood cells (which
are rich in hemoglobin), white blood cells, platelet clumps, and protein-rich serum (9).
Therefore, the APTw hyperintensity observed in hyperacute ICH should reflect the presence
of abundant mobile proteins and peptides and the gradual accumulation of blood in the
growing lesion. Notably, our data showed that APTw hyperintensity is the characteristic
feature of hyperacute ICH, unique from many conventional MRI sequences. The use of APT
MRI has the potential to accurately identify ICH in the hyperacute stage at the molecular
level.

Hyperacute ICH and Cerebral Ischemia Can Be Differentiated by APT Imaging

We further assessed the radiographic features of an ischemic stroke model in rats (n = 10),
using the same MRI protocol as that for the ICH model. This permanent ischemic stroke
model was created by inserting a 4-0 nylon suture into the lumen of the internal carotid
artery to occlude the origin of the middle cerebral artery. The result (Supporting Fig. S2)
agrees with the notion that decreased pH in the ischemic brain (about 0.5 units (35)) leads to
decreased exchange rates for amide protons, and thus, the decreased APTw MRI signal
(about 2% (36)).

To demonstrate the value of APT imaging in detecting both hyperacute ICH and cerebral
ischemia, we compared the multi-parametric MRI features of these two pathologies in rat
models, using Ty, Ty, isotropic ADC, CBF, and APTw sequences. In all cases of ICH, T,
maps showed heterogeneous, but primarily hypointense signal in the lesions, and T maps
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showed heterogeneous, but primarily hyperintense signal in the lesions, compared to the
contralateral brain tissue (Fig. 2). However, as expected, both T, and T; maps were not
sensitive enough to detect early ischemia at one and six hours post-occlusion. In hyperacute
cerebral ischemia, the mismatch between diffusion and perfusion abnormalities is typically
used to discover the salvageable penumbra and predict tissue outcome (13-15). However,
neither ADC nor CBF maps were very specific for ICH and ischemia, demonstrating
primary hypointensities in both types of lesions, except for some hyperintense ADC signal
inside the ICH. Notably, APTw images showed a quite different APTw MRI appearance in
ICH (hyperintense compared to the contralateral brain tissue) and cerebral ischemia
(hypointense compared to the contralateral brain tissue); thus, a stark APTw contrast in
signal intensity can be observed between these two pathologies.

The superior value of APT MRI in distinguishing intracranial hemorrhage from cerebral
ischemia was also demonstrated in a rat with both subdural hemorrhage and cerebral
ischemia (Fig. 3), in which completely opposite APTw MRI signals were apparent
(hyperintensity vs. hypointensity compared to the contralateral brain tissue, respectively).

Histologic evaluation (Supporting Methods) was performed to confirm the APTw MRI
findings in rat models of hyperacute ICH and cerebral ischemia (Fig. 4). We acquired brain
samples at 12 hours post-injection/occlusion, and selected coronal brain sections at the level
of MR images for Cresyl violet staining (Nissl staining). Low-magnification histology
images clearly showed the injured regions, which were consistent with MRI results. High-
magnification histology images revealed a lack of Cresyl violet-stained positive cells in both
the hemorrhagic and ischemic lesions, indicating a marked neuronal loss in the damaged
areas; moreover, needle- or star-shaped hemoglobin crystals and broken red blood cells were
obviously observed in the core of the ICH lesion, which could be the histopathologic basis
of the opposite APTw MRI signals in hyperacute ICH and cerebral ischemia. Unlike the
subarachnoid hemorrhage (Fig. 3), the edge of the ICH was actually mixed blood (APTw
hyperintensity) and some brain tissue (APTw hypointensity). Therefore, the APTw signal
appeared as a continuation at the edge of the lesion due to the different tissue contamination.

Quantitative Comparison of MRI Signal Intensities

We finally quantitatively analyzed the APTw image intensities for hyperacute ICH and
cerebral ischemia in rat models and their longitudinal changes at the hyperacute stage (Fig.
5a). In the case of ICH, the average APTw MRI signal intensities at 1, 2, 6, and 12 hours
after the injection of collagenase were all significantly higher in the lesions than in
contralateral brain areas (all #<0.001; 7= 10), and the average APTw MRI contrasts
between the ICH and the contralateral brain tissue were 3.3% (95% confidence interval,
2.7% to 3.9%), 3.9% (2.8% to 5.1%), 3.3% (2.3 to 4.4%), and 3.8% (3.0% to 4.6%),
respectively. In cerebral ischemia, the average APTw MRI signal intensities at 1, 2, 6, and 12
hours after occlusion of the middle cerebral artery were all significantly lower in the lesions
than in the contralateral brain areas (all < 0.001; 7= 10). The corresponding average
APTw MRI contrasts between the ischemic lesion and contralateral brain tissue, at these
time points, were -2.3% (95% confidence interval, -2.9% to -1.7%), -2.4% (-2.8% to -2.1%),
-2.5% (-2.9% to -2.0%), and -3.1% (-3.3% to -2.8%), respectively. A further comparison
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between the hyperacute ICH and cerebral ischemia showed that APTw MRI signal
intensities were significantly higher in ICH than in ischemia at the time points tested at the
hyperacute stage (all £< 0.001; n=10). The average APTw MRI contrasts between these
two pathologies were 5.5% (95% confidence interval, 3.8% to 7.2%), 6.2% (4.7% to 7.8%),
6.6% (4.8% to 8.5%), and 7.3% (5.0% to 9.5%) at 1, 2, 6, and 12 hours, respectively, post-
injection/occlusion. Compared with routine MRI sequences (Supporting Fig. S3), APTw
MRI signals may provide the most reliable non-invasive imaging biomarker with which to
identify ICH and ischemia at the hyperacute stage.

APTw MRI intensity histograms for hyperacute ICH and cerebral ischemia were also
compared to reveal the inhomogeneities of these lesions (Fig. 5b). These histograms were
calculated in the same regions of interest as the average APTw intensities in Fig. 4a.
Compared to the ischemic lesions, the ICH showed a wider distribution, reflecting a larger
APTw intensity inhomogeneity. The ICH histograms demonstrated a slight shift to the right
with increasing time. Both lesions increased in size with time. Notably, the histograms for
hyperacute ICH and cerebral ischemia demonstrated negligible overlap at all time points,
suggesting a distinct contrast in signal intensity between these two pathologies.

Discussion

We have evaluated the ability to use the APTw MRI signal of endogenous mobile proteins
and peptides as an imaging biomarker to identify hemorrhage, a crucial first step in the
clinical stroke exam that is often performed by CT (9). Based on this preclinical study,
hyperacute ICH was consistently hyperintense relative to contralateral normal brain tissue on
APTw images. Notably, hyperacute ICH and ischemia (including perihematomal ischemia
(37, 38)) demonstrated opposite APTw MRI signals (hyperintense vs. hypointense relative to
contralateral normal brain tissue, respectively), which is never possible by any other MRI
methods.

Theoretically, the APT effect in tissue is primarily related to the mobile amide proton
content and the amide proton exchange rate (a parameter that depends on tissue pH), and is
concurrent with the effects of direct water saturation (spillover) and semi-solid
magnetization transfer (16). When the MTR asymmetry analysis is used to remove these
concurrent effects, the quantified APTw signal intensity is more or less contaminated by the
upfield nuclear Overhauser enhancement (NOE) effect (39). Therefore, care should be taken
when interpreting MTR asymmetry-based APTw signal intensities. A better data acquisition
or processing approach for isolating the APT signal from various concurrent saturation
effects is currently an interesting research topic (40-44). However, our recent studies show
that the downfield APT effect is generally the major contributor to the APTw image contrast
in a brain lesion relative to the normal brain tissue at any saturation power (45, 46). Further,
whether the APT effect in tissue is related to the water T4 and the water content is currently
still under debate (47). However, as described previously (16), the increasing water T is
often associated with the higher water content in many brain diseases (48); thus, the effects
of these two changes on APT imaging may most be canceled out. In this study, APTw
hyperintensity in hyperacute ICH was primarily attributable to the presence of abundant
erythrocytes and other plasma proteins and peptides in the newly formed hematoma. In
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addition, a higher pH in the hematoma (~0.2 pH units) relative to brain tissue may further
increase the APTw contrast, although extra validation experiments are required. APTw
hyperintensities in blood have previously been observed in pure blood experiments (49) and
in many brain lesions (21, 50). In contrast, APTw hypointensity in ischemic stroke was
primarily attributable to tissue acidosis following impaired aerobic metabolism. It is
important to point out that hematomas usually seen in patients are much larger (51), which
would favorably increase the APT-MRI detection sensitivity due to less tissue
contamination. Therefore, APT imaging, which can simultaneously and accurately detect
hyperacute ICH and cerebral ischemia, would be an ideal neuroimaging modality for
assessing patients with acute stroke in the clinic.

The CEST mechanism has opened a new avenue of molecular MRI research. MRI based on
CEST has been widely used to detect various low-concentration biomolecules (52-57) and
tissue physico-chemical properties (pH and even temperature) that influence the exchange
rate (16, 58). Among potentially important CEST applications, APT imaging works well on
standard 3T clinical MRI scanners (27, 28, 59) and 4.7T animal MRI imagers (as showed in
the current study), while several other techniques that utilize relatively fast exchanging
protons require ultra-high magnetic fields (>7T) to achieve the slow-to-intermediate
exchange requirement for CEST imaging. Based on the time-interleaved, parallel
radiofrequency transmission approach, it has become possible to perform whole-brain APT
imaging in a few minutes on 3T MRI scanners (60). Therefore, the findings obtained in this
study can readily be translated to the clinic, which could significantly improve stroke patient
care by initiating an optimal neuroimaging exam.

Finally, we would like to point out one limitation to this study. The effect of B field
inhomogeneity on APT imaging is a major concern, particularly on humans or under
ultrahigh By fields (>7T). When the asymmetry analysis is used, the poor B field
homogeneity may result in a change of a few percentage points in the asymmetry data. There
are two possibilities, one of which is the By inhomogeneity inside the slices, and the other of
which is the uniform By shift of all voxels. In this study, only slab shimming around the
image slice and adjustment of the scanner transmitter frequency (Fg) were performed prior
to APT data acquisition. Thus, the in-plane By inhomogeneity artifacts may exist in the
obtained APTw images, especially at the hematoma edges and near interfaces, where relative
large B changes may happen. However, it is interesting that the Bg-correected (voxel-by-
voxel) and Fg-corrected (with the scanner transmitter frequency adjustment, used in this
study) APTw signal intensities were always quite similar, even in the ICH lesions
(Supporting Fig. S4). Although the APTw images and quantitative analysis results obtained
in this study are reasonably correct, our recent protocol of acquiring three frequencies
around +3.5 ppm and multiple acquisitions should be utilized (61), and the corrections for
the remaining By artifacts on a voxel-by-voxel basis should generally be performed in the
future study.

Conclusion

A crucial first step in the clinical stroke exam is to determine whether the stroke is ischemic
or hemorrhagic. In this study, we applied the novel APT-MRI approach to ICH and cerebral
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ischemia models in rats at 4.7T. The data showed that there was a consistently high APT-
weighted MRI signal in hyperacute ICH, compared to the contralateral brain tissue. Thus,
one could reliably detect hyperacute ICH by APT-weighted MRI. When hemorrhagic and
ischemic strokes were compared, the hyperacute ICH and cerebral ischemia demonstrated
opposite APT-weighted MRI contrasts, namely, hyperintense vs. hypointense compared to
contralateral brain tissue, respectively. There was a stark contrast in APT-weighted signal
intensity between these two lesions. Thus, one could accurately differentiate hyperacute ICH
from cerebral ischemia by APT-weighted MRI. The use of APT MRI has the potential to
introduce a totally new molecular neuroimaging approach to the clinic for the accurate
simultaneous detection and separation of hemorrhagic and ischemic strokes at the
hyperacute stage.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Representative routine and APTw MR images of hyperacute ICH in rats. Tow images

demonstrated a well-circumscribed mass of hypointensity (with scattered foci of isointensity
to slight hyperintensity) relative to the contralateral brain tissue during the initial 1-6 hours
after the injection of collagenase. The lesion became heterogeneous (hypointense to
hyperintense, with a rim of hypointensity) at 12 hours after the injection of collagenase.

T, w images also demonstrated a well-circumscribed mass, hypointense during the initial
1-6 hours and heterogeneous (hypointense to hyperintense) at 12 hours. Tqw images showed
hypointensities in the lesion during the initial 1-6 hours and slight hyperintensities (with a
rim of hypointensity) at 12 hours. Notably, APTw images showed consistent hyperintensities
in the lesion (red open arrow) at these hyperacute time points.
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Fig. 2.
Comparison of multi-parametric MRI features of hyperacute ICH and cerebral ischemia. a:

ICH at one and six hours after the injection of collagenase (red open arrow). b: Cerebral
ischemia at one and six hours after occlusion of the middle cerebral artery (green solid
arrow). The display windows are T, (25 to 75 ms), T4 (1 to 2 sec), ADC (0.4 to 1.2x10° m%/
sec), blood flow (0 to 120 ml/100g/min), and APTw (-6% to 6% of the bulk water signal
intensity). ADC and CBF maps showed a primarily hypointense signal in both pathologies.
Areas of perfusion abnormality are larger than areas of diffusion abnormality. APTw MRI
showed hyperintensity in ICH (red open arrow), but hypointensity (green solid arrow) in
cerebral ischemia at both time points. Possible perihnematomal ischemia (APTw hypointense,
green thin arrow) was seen at six hours post-injection. APT MRI provided a stark image
contrast between ICH and cerebral ischemia at the hyperacute stage. Examples of regions of
interest for quantitative image analysis are shown with yellow dashed lines.
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Fig. 3.
Multi-parametric MRI features of subarachnoid hemorrhage (red open arrow) and cerebral

ischemia (green solid arrow) in a rat at one hour post MCAO. Subarachnoid hemorrhage was
induced by injury to the vessel when preparing the MCAO model. This rat was sacrificed
after MRI, and the subarachnoid hemorrhage was confirmed by the direct observation. The
display windows are T, (25 to 75 ms), T4 (1 to 2 sec), ADC (0.4 to 1.2x10"2 m%/sec), blood
flow (0 to 120 m1/100g/min), and APTw (-6% to 6% of the bulk water signal intensity).
APTw MRI demonstrated the starkest contrast between the hematoma and ischemia
(hyperintense or hypointense with respect to the contralateral tissue, respectively).
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Fig. 4.

Representative routine and APTw MR images of hyperacute ICH (a) and cerebral ischemia
(b) at 12 hours post-injection/occlusion and corresponding Cresyl violet-stained sections of
rat brains. APTw images showed hyperintensity (red open arrow) and hypointensity (green
solid arrow) in the hemorrhagic and ischemic lesions, respectively. The Cresyl violet-stained
brain sections indicated injured territories, as shown by APTw MRI. High-magnification
images showed a marked loss of Nissl staining (neuronal loss) in the injured cores.
Hemoglobin crystals (yellow thin arrow) were clearly visualized in the hemorrhagic lesion.
Scale bars: 3 mm (low-magnification images), 0.1 mm (high-magnification boundary
images), and 0.05 mm (high-magnification core images).
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Fig. 5.

anntitative analysis of APTw signal intensities (in percentage change of bulk water signal
intensity) of hyperacute ICH and cerebral ischemia in rat models at several time points post-
injection/occlusion (n = 10 each group). a: Comparison of average APTw signal intensities.
Hyperacute ICH (red bar) and cerebral ischemia (green bar) showed opposite APTw MRI
signals. With the saturation settings used in this study, the APTw signal in the contralateral
brain tissue (blue bar) was slightly negative. b: Histogram analysis of APTw signal
intensities. The histograms for these two pathologies demonstrated negligible overlaps at all
time points.
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