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Abstract

Magnetic resonance imaging (MRI) is now a routine neuroimaging tool in the clinic. Throughout

all phases of stroke from acute to chronic, MRI plays an important role to diagnose, evaluate and

monitor the cerebral tissue undergoing stroke. This review provides a description of various MRI

methods and an overview of selected MRI studies, with an embolic stroke model of rat, performed

in the MRI laboratory of Department of Neurology, Henry Ford Hospital, Detroit, Michigan, US.
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Introduction

Stroke is a leading cause of major adult disability and mortality around the world[1].

Cerebral arterial thrombosis is the predominant cause of ischemia which accounts for

85~90% cases of stroke[2]. The primary limitation of thrombolytic treatment is the risk of

hemorrhagic transformation (HT) after receiving recombinant tissue plasminogen activator

(rtPA) when the treatment is administered beyond the therapeutic window. Currently, only a

small percentage of patients can receive rtPA, despite extending the treatment window from

3 to 4.5 h[3,4]. It is therefore important to develop alternate restorative therapies with a less

restrictive window that can be applied to the vast majority of stroke patients[5,6]. Thus,

advanced neuroimaging methodologies, to evaluate efficacy and risk of thrombolytic

treatment and monitor the effect of restorative treatment, are required in the development of

effective therapies for the management of stroke patients[7–9].

Magnetic resonance imaging (MRI) is now a routine neuroimaging tool in the clinic.

Throughout all phases of stroke from acute to chronic, MRI plays an important role to

diagnose, evaluate and monitor the cerebral tissue undergoing stroke. This review provides a

description of various MRI methods and an overview of selected MRI studies performed in

our laboratory on stroke in the rat[10].

MRI measurements were performed using a 7 T, 20 cm bore superconducting magnet

(Magnex Scientific, Abingdon, UK) interfaced to a Bruker console (Bruker Company,

Boston, MA, USA), with a 12 cm bore actively shielded gradient coil set capable of
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producing magnetic field gradients up to 200 mT/m. A birdcage radio-frequency (RF) coil

was used as the transmitter and a surface coil as the receiver. Stereotaxic ear bars were

utilized to minimize movement during the imaging procedure. During MRI measurements,

the anesthesia of rats was maintained using a gas mixture of nitrous oxide (69%), oxygen

(30%), and halothane (0.75~1.00%) or isoflorane (1.00~1.50%). Rectal temperature of rats

was kept at 37 °C ± 1.0 °C using a feedback controlled water bath. The right femoral artery

and vein of rats were cannulated with a PE-50 catheter for monitoring of blood pressure and

gases (pH, partial pressure of oxygen [PO2], carbon dioxide [PCO2]), and for drug

administration, when administered respectively.

All animal studies were performed in accordance with institutional guidelines for animal

research under a protocol approved by the Institutional Animal Care and Use Committee

(IACUC) of Henry Ford Hospital.

1 Magnetic Resonance Angiography (MRA)

MRA employs a three-dimension (3D) gradient echo imaging sequence with the first-order

flow compensation[11]. The acquisition matrix is set as 256×192×64 for fitting the field-of-

view (FOV) 32×32×16 mm3 in Coronal-Head-Foot orientation. Repetition time (TR) and

echo time (TE) are 50 ms and 4.5 ms, respectively. The 500 ms Gaussian RF pulse generates

a flip angle of approximately 40 degrees. The resultant MRA image is reconstructed by

maximum intensity projection (MIP) using 3D images.

Fig. 1 shows that rtPA and 7E3 F(ab′)2, a platelet glycoprotein (GP) IIb/IIIa receptor (GPIIb/

IIIa) inhibitor, worked together to increase the efficiency of dissolving the embolus[12]. The

MRA images demonstrated that right middle cerebral artery (MCA) was continuously

occluded at 1 h, 24 h and 48 h after embolization in a control rat treated with rtPA alone

(A1)~(A3). For the representative rat treated with combination of rtPA and 7E3 F(ab′)2, the

MCA was occluded at 1 h and recanalized by 24 h after the onset of ischemia, as indicated

by the MRA images (B1)~(B3). By 24 h after embolization, half the animals from the

treated group (n=12) and two animals from the control group (n=10) had patent right

branches of the MCA, the remaining animals (50% of treated group and 80% of control

group) had occluded right MCA branches. No significant change was found in the MRA

images from 24 h to 48 h for each group, e.g. Fig. 1A3 for occluded right MCA and Fig.

1B3 for patent right MCA at 48 h.

2 Arterial Spin Labeling (ASL)

The ASL technique is used for quantifying blood flow in cerebral tissue[13]. The adiabatic

inversion of arterial water protons in the continuous ASL (cASL) sequence is accomplished

via an axial gradient of ±0.3 kHz/mm[14], and a continuous wave (CW) RF pulse with power

of approximately 0.3 kHz at a frequency offset of ±6 kHz. The CW RF pulse is hyperbolic

secant shaped with 1 second duration and is employed as an adiabatic fast passage RF pulse,

followed by a spin echo imaging sequence with TR/TE = 1 050 ms/ 20 ms. The labeling slab

center is 2 cm upstream from the center of the imaging slice. To minimize the effects of

magnetization transfer, only one central slice (0 offset, 1 mm slice thickness) is measured. In

order to remove the asymmetry of gradient in the axial direction, an image average is
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applied by switching around the gradient polarities. FOV is 32 mm×32 mm, matrix 64×64.

The average number is 4. The cerebral blood flow (CBF) map (f-value) is calculated

according to the ASL measurement[13].

CBF maps acquired using ASL from a rat subjected to embolic MCA occlusion and which

received rtPA along with 7E3 F(ab′)2 are shown in Fig. 2. The rat exhibited low CBF in the

ipsilateral hemisphere at 1 h after embolic stroke onset [Fig. 2(a)]. However, the 48 h CBF

map showed an elevated cerebral perfusion of the ipsilateral cortex [Fig. 2(b)], since the

right MCA was recanalized by 24 h after embolization in this combination treated rat.

Measurement of microvascular patency, perfused by fluorescein isothiocyanate (FITC)

dextran prior to euthanizing the animal at 48 h after stroke, indicated that combined rtPA

and 7E3 F(ab′)2 therapy improved microvascular patency in the ipsilateral hemisphere of rat

brain. As illustrated in Fig. 2(c), the cortical tissue of ipsilateral hemisphere exhibited bright

microvessels because of microvessel fluorescence. The ipsilateral striatal tissue was

darkened without any bright microvessels because of low blood perfusion, i.e. low

fluorescence. Contralateral cortex and striatal tissue presented bright microvessels because

of its normal blood perfusion [Fig. 2(d)]. CBF maps measured by spin labeling MRI

matched the fluorescent immunohistochemical perfusion images in the rat at 48 h after

stroke.

Combining MRA with CBF, we can analyze the secondary thrombosis after thrombolytic

treatment of ischemic stroke. Atorvastatin (Lipitor®, Pfizer), a second- generation inhibitor

of HMG-CoA (3-hydroxy-3-methylglutaryl-coenzyme A) reductase, reduces platelet

activation. Thus, like 7E3 F(ab′)2 suppressing the aggregation of platelets, the beneficial

effects of atorvastatin on coagulation inhibited secondary thrombosis downstream of the

original thrombus and improved cerebral microvascular patency, as shown in Fig. 3. MRA

images showed that right MCA was occluded at 2 h and recanalized at 24 h post

embolization in both rats. However, in the saline treated rat, the CBF obtained at 24 h post

stroke remained low in the ischemic territory of MCA. In contrast, the CBF at 24 h after

stroke was elevated in the territory of right MCA in the rat treated at 4 h post stroke with

rtPA and atorvastatin, which suggested that the effects of atorvastatin on coagulation and

fibrinolysis inhibited secondary thrombosis and improved cerebral microvascular

patency[12,15].

3 T1–, T2– and diffusion-weighted imaging (T1WI, T2WI and DWI)

Cerebral tissue undergoes time-dependent heterogeneous histopathological changes after

stroke[16]. The longitudinal and transverse relaxation time constants T1, T2 and the apparent

diffusion coefficient of water (ADCw) of cerebral tissue exhibit different temporal profiles in

ischemic brain[17]. ADCw, derived from DWI, declines acutely after onset of ischemia, when

cytotoxic edema of the ischemic cerebral tissue is triggered by energy failure[18]. With the

cell membrane of ischemic tissue breakdown, ADCw becomes elevated after the acute phase

of ischemia when vasogenic edema occurs. Pseudo-normalization of ADCw may appear.

Cytotoxic edema can not be detected by T1WI and T2WI[19]. A delayed T2 increase may

identify vasogenic edema, while T1 is increased after tissue destruction, edema or

inflammation[20,21].
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MRI maps of ADCw, T1 and T2 obtained at 2 h, 24 h and 48 h post ischemia from a rat

subjected to embolic stroke, are demonstrated in Fig. 4. On these images, T1 and T2 maps

failed to detect ischemic lesions at 2 h after onset of stroke; while ADCw map identified the

infarction by 2 h post ischemia. However, areas with pseudo-normalization ADCw values

were present on the 24 h and 48 h images.

Thus, individual ADCw, T1 or T2, can not coincidentally characterize ischemic brain tissue

from acute to chronic. But, they may provide complementary information. Accordingly, a

multiparametric (multispectral) nature of MRI data (ADCw, T1 and T2) for tissue

characterization may be possible to determine the histopathological stage of stroke more

accurately than using any single MRI parameter. Iterative self-organizing data analysis

technique algorithm (ISODATA), an objective unsupervised segmentation algorithm to

minimize the need for human interaction and bias, incorporates multiparametric MRI images

in an iterative, multistep process that assigns the input data into a set of clusters[22,23]. By

inputing ADCw, T1 and T2 maps, ISODATA deduces a theme map of signature, which

represents the Euclidean distances between clusters[24,25]. In experimental studies, the

signature is normalized by assigning white matter as 1 and cerebro-spinal fluid (CSF) in

ventricles as 100, which quantitatively provides a single map to characterize cerebral tissue

from acute to chronic phases of stroke.

ISODATA theme maps, as shown in Fig. 5, detected temporal profiles of ischemic lesion

size, location and severity using colorful signatures at 2, 6, 24 and 48 h after onset of stroke

in a control rat treated with saline at 4 h after embolization (upper row), and a treated rat

received combination treatment of rtPA and 7E3 F(ab′)2 at 4 h post stroke (lower row),

respectively. Comparing the theme maps of the animals, the increased rates of the mean

values of signature and ischemic lesion size were apparently reduced in the combination

treated rat starting from 24 h after stroke. These ischemic lesions identified by ISODATA

matched the results on histological H&E stained sections (right column) obtained at 48 h

post stroke.

The enlargement of brain ventricles is consistently documented after stroke, and may

provide an objective, sensitive and quantitative measure of neuropathological change. It may

also provide a common in vivo marker of the severity of clinical impairment associated with

stroke. Ventricular enlargement is presumed to reflect atrophy of surrounding brain regions

in human and animals. T2WI can measure ventricular volume, and has been employed to

monitor the dynamic expansion of ventricles after stroke to evaluate the therapeutic benefits

of restorative treatment of stroke in animals[26].

4 Magnetization Transfer (MT)

Magnetization transfer exchange takes place between macromolecular and water protons.

The macromolecular spins have a much broader absorption line shape than the liquid water

spins, making them as much as 1 million times more sensitive to an appropriately placed

off-resonance irradiation[27]. The preferential saturation of the macromolecular spins can be

transferred to the liquid water spins via dipolar coupling and chemical exchange. The
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longitudinal relaxation time constant T1 for the two pools of spins under exchange reach an

equilibrium value, T1sat, during sufficient off-resonance irradiation.

An imaging variant of the Look-Locker (L-L) technique[28] is employed to quickly acquire

dynamic images for fitting T1 map. L-L sequence acquires a set of images that recover with

a time constant T1* from inversion toward a steady-state magnetization. T1* is related to T1,

as well as to the tip-angle of the readout and the repetition time[12,29–31].

MT experiment employs two off-resonance CW saturation RF pulses inserted into the Look-

Locker sequence, with the first inserted immediately prior to the inversion pulse and lasting

4.5 s and the second, 40 ms long, inserted after the signal acquisition. The offset frequency

of saturation pulses is 8 kHz and the rotational frequency of B1 field is 0.5 kHz. Inversion of

the longitudinal magnetization is accomplished using a non-selective hyperbolic secant

adiabatic pulse of 8 ms duration. During a single phase-encoding step, 32 small-tip-angle

gradient-echo images (TE of 2.2 ms) for every slice are acquired at 80 ms intervals after

each inversion. The total recovery time is 11 s. With this sequence, a slice of T1sat map is

obtained within 12 min (32×32 mm2 FOV, 128×64 matrix, 2 mm slice thickness).

Employing T1sat [Fig. 6(a)] and ADCw [Fig. 6(b)] maps acquired at 2 h post stroke, a two-

dimension (2D) cluster plot [Fig. 6(c)] of images, from a rat administered with rtPA and 7E3

F(ab′)2 at 4 h after onset of embolic stroke, predicted hemorrhage after ischemia. Using the

combined conditions, 658 ms<T1sat<807 ms and ADCw<6.0×10−4 s/mm2 [red frame in Fig.

6(c)], the cluster was transposed back onto the ADCw map [Fig. 6(b)]. The cluster predicted

three primary regions [red spots in Fig.6(b)] reflecting gross HT, which was verified in the

histological section of rat brain at 48 h after onset of embolic MCAo [Fig. 6(d)][32].

5 DCE-MRI and DSC-MRI

Dynamic contrast enhanced MRI (DCE-MRI) generally focuses on the T1 changes of tissue

due to leakage after injection of contrast agent, e.g. Gd-DTPA. In contrast, dynamic

susceptibility contrast MRI (DSC-MRI) primarily trace the T2* changes of tissue containing

blood vessels during the first pass of the injected contrast agent bolus. Thus, DSC-MRI

produces perfusion parameters, such as CBV (cerebral blood volume), CBF, MTT (mean

transit time) and TTP (time to peak). And DCE-MRI derives permeability parameters, such

as blood-to-brain transfer constant, Ki, and blood volume of leakage, Vp. Recently, a dual-

echo technique has been developed to simultaneously obtain both perfusion and

permeability parameters via acquiring a short TE echo and a relative longer TE echo, which

trace changes of T1 and T2*, respectively[33]. Since it needs high temporal resolution to

repeat sequence for dynamically tracing the changes of T1 and T2*, echo-planar imaging

(EPI), or other fast imaging techniques, are commonly employed. As a result, image quality

of the derived perfusion and permeability parameter maps is limited.

Using L-L T1 measurement, DCE-MRI procedure includes an L-L baseline scan, a bolus of

0.2 mmol/kg Gd-DTPA injection via a femoral vein, and then continuous ten L-L scans of

post-contrast acquisition. With the L-L sequence, a set of five slices of T1 maps (32×32 mm2

FOV, 128×64 matrix, 2 mm slice thickness) is obtained in 2.5 min. Inversion of the

longitudinal magnetization is accomplished using a non-selective hyperbolic secant
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adiabatic pulse of 8 ms duration. During a single phase-encoding step, 24 small-tip-angle

gradient-echo images (TE of 2.2 ms) for each slice are acquired at 50 ms intervals after each

adiabatic inversion, and 5 different slice images are continuously acquired within the 50 ms

interval. The total recovery time is 2 s. All ten dynamic sets of T1 maps are obtained in 25

min with an interval of 3 s between any two temporal sets of T1 maps[34].

For a rat with microscopic hemorrhage after ischemic stroke, Ki [Fig. 7(a)] and Vp [Fig.

7(b)] maps, obtained at 24 h post embolization, identified hemorrhagic regions compared to

the 48 h histological H&E stained picture [Fig. 7(c)], where microscopic hemorrhage was

shown in its magnified picture of 20× [Fig. 7(d)]. Microscopic hemorrhage was defined as

blood evident only by microscopy, rather than the naked eye. During ischemia, breakdown

of basal lamina with loss of astrocyte and endothelial cell contact subsequently increases

permeability of Gd-DTPA molecule and cells (e.g. erythrocytes) [35,36]. A marked reduction

in the basal lamina is present in regions of hemorrhage during focal ischemia[37]. This result

indicated that DCE-MRI with Gd-DTPA was sensitive to blood-brain barrier (BBB)

disruption. In addition, T1WI images acquired pre- [Fig. 7(e)] and post-injection [Fig. 7(f)]

of Gd-DTPA at 24 h after embolic MCAo show contrast enhancement, which indicated

BBB disruption. However, contrast enhanced T1WI did not provide quantitative

permeability parameters.

6 Susceptibility weighted imaging (SWI) and T2*–weighted imaging (T2*WI)

Since deoxyhemoglobin, hemoglobin without bound oxygen molecules, is paramagnetic,

lower level of blood oxygenation in venous vessels induces a difference in magnetic

susceptibility between the blood and the surrounding extra-vascular tissue[38]. Choosing a

TE, depending on main magnetic strength, to make anti-parallel phases between signals

from blood and extra-vascular tissue in a voxel, the resultant signal is maximumally

cancelled and then susceptibility weighted. Therefore, SWI is also referred to as BOLD

(blood-oxygen-level dependent) venographic imaging. As in MRA, SWI also employs a 3D

gradient echo imaging sequence with the full velocity compensation. But, instead of MIP,

SWI creates minimum intensity projection (mIP). Specially, SWI combines both magnitude

and phase images[39,40]. The filtered phase image is created as a mask, and magnitude image

is then multiplied by this mask to increase the contrast in the magnitude image for objects,

such as veins[41,42]. Based on the same mechanism, SWI is also sensitive to detect other

objects with low magnitude and phase values, for example, iron, cells labeled with SPIO

(superparamagnetic iron oxide) particles (feridex®, Bayer), and hemorrhage.

Local magnetic field inhomogeneity, induced e.g., by veins, SPIO labeled-cells or

hemorrhage, causes relaxation process of protons modified and is characterized by T2*

(gradient echo) relaxation. Like SWI, thus, T2*WI may detect these objects in brain

tissue[43].

During angiogenesis after stroke, existing cerebral vessels expand and sprout. The BBB of

newly-generated vessels during angiogenesis is not mature. These areas of permeable BBB

can be detected by T2*WI, as well as SWI, with hypointensity on T2* map or SWI image, as

shown in panels (a), (b) of Fig. 8, respectively. Matched with hypointensity curve on T2*
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map and SWI image, the warped histological endothelial barrier antigen (EBA) stained

image [Fig. 8(c)] exhibited a line, where blood vessels were apparently enriched and were

much clearer in the 10x microscope enlarged picture [Fig. 8(d)]. The warped histological

image [Fig. 8(c)] was from the original EBA stained image [Fig. 8(e)], and T2 map [Fig.

8(f)] was a referring image in warping procedure.

To distinguish angiogenesis from HT, dynamic observations for temporal profiles and

additional MRI measurements for complementary information are required[44]. Hemorrhage

generally occurs within the ischemic core, where the ischemia is the most severe; and

angiogenesis primarily occurs along ischemic boundary zone. Most BBB damage in the

embolic model of rat usually occurs prior to 48 h post stroke[45,46], while angiogenesis can

be detected by MRI starting around two weeks after stroke. Fig. 9 exhibits T2* evidence of

angiogenesis in a representative sildenafil treated rat at 2 weeks(2 w) [Fig. 9(a), red arrow]

and HT in a control rat at 1 w [Fig. 9(c)] after stroke, respectively. These T2* maps could

not distinguish angiogenesis from HT by themselves, regardless of shapes and locations of

the hypointensity regions. However, The Ki maps, from the same rats as the T2* maps,

showed the different temporal patterns. Regional Ki was normal at 1 day(1 d) and increased

at 2 w after stroke in the sildenafil treated rat [Fig. 9(b)]. Conversely, regional Ki was

elevated early, a sign of BBB disruption, at 1 d and became “normal” at 1 w post stroke in

the control rat [Fig. 9(d)]. These typical Ki evolution patterns, as complementary

measurements, are helpful to distinguish angiogenesis from HT in brain after ischemia.

Using dynamic pattern, SWI can track SPIO particles labeled cells in studies of stroke with

cell treatment[47]. As shown in Fig. 10, no intracisternally injected cells were found in the

axial images of SWI obtained pre- [Fig. 10(a)] and 1 day(1 d) post-injection [Fig. 10(b)] of

labeled cells. However, hypointensity spots in the image of SWI acquired 2 d after injection

[Fig. 10(c)] appeared, indicating the arrival of SPIO particles labeled cells. With more cells

gathering, the hypointensity area increased one more day after injection, and detected by

SWI [Fig. 10(d)]. Therapeutic effects of cell transplantation can be evaluated after stroke in

rat by combining SWI and ISODATA[48].

7 Diffusion tensor imaging (DTI) and Diffusion spectrum imaging (DSI)

DTI of MRI provides a means for delineating the anatomic connectivity of white matter

(WM) pathways and can be used to detect pathologic tract disruption based on the

movement of water. Water in WM moves more freely in the direction parallel to the tract

than perpendicular to it, since axonal membranes and myelin restrict motion transverse to

the tract. This diffusional directionality is known as fractional anisotropy (FA) and is

directly correlated with histological markers of myelination. Furthermore, increased FA

appears to correlate with WM tract integrity, while reduced FA is correlated with functional

deficits[49–52].

In a representative sildenafil treated rat (see Fig. 11), FA map acquired 6 weeks(6 w) after

stroke revealed axonal remodeling with elevated FA values (red arrow). DTI acquisition

included one baseline of b=0 and six images of b=900 s/mm2 at independent directions of

diffusion gradients along XZ, –XZ, YZ, Y–Z, XY and –XY. Two 10 ms (δ) gradient pulses
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separated 18 ms (Δ) on either side of the refocusing 180 degrees RF pulse were in sequence

with TR of 1 500 ms and TE of 40 ms. The total time needed for DTI images with two

averages was approximately 45 min. DTI fiber tracking at 6 w after stroke indicated

reorganized high density (10.36 per voxel) and long fibers (8.82 mm) along ischemic

boundary, which coincided with the increased FA value area. Histological picture of

Bielschowsky’s silver and Luxol fast blue (BLFB) stains for myelinated axons verified the

DTI findings (red arrows), and axonal fibers were clear in the magnified picture (40x). In

contrast, DTI demonstrated weakly elevated FA values, sparse (3.62 per voxel) and short

fibers (2.62 mm) along the ischemic boundary in a control rat treated with saline. As in the

treated rat, histological pictures were coincident with DTI images in the control rat[53].

FA is able to monitor well-reorganized white matter recovery after treatment of stroke in

rats. However, FA may be unable to detect white matter reorganization when the fiber

branches and fiber bundles cross, and FA merely expresses an overall lower value because

of the assumption of a Gaussian diffusion inherent to the tensor model. Solving the

orientation distribution function (ODF), which is used to describe the directionality of

multimodal diffusion in regions with complex fiber architecture, permits more accurate

detection of crossing fibers. This calculation involves a complex set of Q-space analysis, as

generally termed as DSI. Q-ball is one b-value shell DSI with a higher resolution angular

distribution[54], and diffusional kurtosis imaging (DKI) acquires multiple b-value shells but

with less directions than Q-ball does to quantitatively measure the degree to which the

diffusion displacement probability distribution deviates from a Gaussian form[55]. The

apparent kurtosis coefficient (AKC) derived from DKI is superior to FA in the detection of

white matter reorganization with prominent crossing axons[56]. However, solving the ODF

requires high angular resolution MRI data. The more directions the MRI scan contains, the

more accurate the produced ODF is, and the more time the MRI scan takes. Thus, very high

angular resolution DSI is rarely employed for in vivo studies.

Q-ball was performed ex vivo using the same sequence as DTI, with b=900 s/mm2 at 128

directions and one baseline. DTI-based DKI was performed ex vivo with b=500, 1 000, 1

500, 2 000 and 2 500 s/mm2 at 29 directions. Using 4 averages, Q-ball and DKI took 27 and

31 h, respectively. For example, panels in Fig. 12 show results of an ex vivo experiment of

rat. FA failed to detect crossing fibers with low values [Fig. 12(a)], while AKC did identify

the crossing fibers with elevated values [Fig. 12(b), arrows]. Q-ball data [Fig. 12(c)]

demonstrated crossing fibers in that region [Fig. 12(d)]. BLFB staining image [Fig. 12(e)]

histologically confirmed the findings of AKC; fibers of axons along the lesion boundary

were evident in the magnification panel [Fig. 12(f)].

In summary, we provide a table (Table 1) to list required scan time for various MRI

sequences we have employed in our studies. MRI has provided multiple dynamic parameters

to characterize changes of cerebral tissue with or without insult. And MRI has the potential

to provide more parameters. Some of the parameters can be obtained using current MRI

sequences. For instance, pH map can be deduced using magnetization transfer sequence by

changing the frequency of off-resonance irradiation exactly to 3.5 ppm (for proton of –

NH)[57,58]. With nano-particles of SPIO as contrast agent, a series of vascular parameters

can be derived using T2WI and T2*WI[59]. In addition, combination of T2WI and T2*WI
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sequences can produce oxygen extract factor of cerebral tissue[60]. MRI is an active field of

investigation, and will likely provide additional powerful means to further investigation of

stroke and neural injury.
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Fig. 1.
Right MCA was continuously occluded at 1 h (A1), 24 h (A2) and 48 h (A3) after

embolization in a control rat treated with rtPA alone. In a rat treated with combination of

rtPA and 7E3 F(ab′)2, the right MCA was occluded at 1 h (B1), but recanalized by 24 h (B2,

B3) after the onset of ischemia
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Fig. 2.
CBF was low in the ipsilateral hemispheres at 1 h after stroke onset (a). The CBF map

obtained at 48 h after stroke showed an elevated cerebral perfusion of the ipsilateral cortex

(b). The ipsilateral cortical or striatal tissue exhibited bright or dark microvessels (c),

because of high or low blood perfusion, respectively. Contralateral cortex and striatal tissue

presented bright microvessels because of its normal blood perfusion (d)
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Fig. 3.
Right MCA was occluded at 2 h and recanalized at 24 h post embolization in both rats

(arrows in MRA). The CBF at 24 h post stroke of saline treated rat remained low in the

ischemic territory of MCA. In contrast, the 24 h CBF was elevated in the territory of right

MCA in the rat administrated at 4 h post stroke with rtPA and atorvastatin
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Fig. 4.
From an embolic stroke rat, ADCw, T1 and T2 maps were obtained at 2 h, 24 h and 48 h post

ischemia. On these maps, T1 and T2 maps failed to detect ischemic lesions at 2 h after onset

of stroke; while ADCw map identified the infarction by 2 h post ischemia. However, areas

with pseudo-normalization values exhibited on 24 h and 48 h ADCw maps
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Fig. 5.
Theme maps of ISODATA detected size, location and severity of the ischemic tissue at 2, 6,

24 and 48 h after onset of stroke in rats. The upper row maps exhibited the quick increases

of ischemic lesion size and severity from 2 to 48 h in a control rat, treated with saline at 4 h

post stroke. For a rat received combination treatment of rtPA and 7E3 F(ab′)2 at 4 h post

stroke, the ISODATA theme maps, the lower row, presented a reduced increase rates of

ischemic lesion size and severity from 2 to 48 h after stroke. Ischemic lesions identified by

ISODATA matched the histological results (H&E stain, right column) obtained at 48 h post

stroke
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Fig. 6.
Employing T1sat (a) and ADCw (b) maps acquired at 2 h post stroke, a 2D cluster was plotted

(c). The overlay onto the ADCw map [(b), red spots] was the cluster with 658 ms< T1sat<807

ms and ADCw<6.0×10−4 s/mm2 [red frame in (c)]. This cluster [red spots in (b)] predicted

three primary regions for gross HT, which was verified in the histological H&E stained

section of rat brain at 48 h after onset of embolic MCAo (d)
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Fig. 7.
Ki (a) and Vp (b) maps, obtained at 24 h post embolization, exhibited elevated values at a

region where histological H&E stained section (c), obtained at 48 h after stroke, identified

the microscopic hemorrhage, which can be seen under microscopy with 20 times

magnification (d). Due to BBB disruption, T1WI images acquired pre- (e) and post-injection

(f) of Gd-DTPA at 24 h after MCAo showed contrast enhancement
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Fig. 8.
Both T2* map (a) and SWI image (b) detected angiogenesis in rat brain after stroke as

hypointensity area along ischemic boundary zone. Warped EBA stained image (c) exhibited

a line with enriched blood vessels (d), which matched with the hypointensity curve on T2*

and SWI images. The magnified picture (d) was from the original EBA stained image (e). T2

map (f) was a referred image in warping procedure

DING et al. Page 20

Bo Pu Xue Za Zhi. Author manuscript; available in PMC 2014 June 09.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 9.
T2* evidences of angiogenesis (a) and hemorrhage (c) after stroke could not be distinguished

by themselves, excluding shapes and locations. The Ki maps, from the same rats as T2*

maps, showed the different temporal patterns. Regional Ki was normal at 1 d and increased

at 2 w after stroke indicating angiogenesis (b). Conversely, regional Ki early elevated, a sign

BBB disruption, at 1 d and became “normal” at 1 w post stroke, indicating HT (d).

Combining complementary measurements would be helpful to distinguish angiogenesis

from HT in brain after ischemia
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Fig. 10.
No feridex labeled cells, intracisternally administrated 24 h after stroke, were found in the

axial SWI images of pre-injection (a) and 1 d post-injection (b). Hypointensity spot in SWI

image acquired 2 d after injection (c) appeared, indicating the arrival of the labeled cells.

The hypointensity area increased with more cells gathering (d)
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Fig. 11.
In a sildenafil treated rat, FA map acquired 6 w after stroke revealed axonal remodeling with

higher FA values (red arrow). DTI tracked reorganized high density and long fibers along

ischemic boundary, which coincided with the increased FA value area. BLFB staining

section verified the DTI findings (red arrows), axonal fibers were much clearer in the

magnified picture (40x). In a saline treated rat, DTI demonstrated weakly elevated FA

values, sparse and short fibers along ischemic boundary, and BLFB pictures were coincident

with DTI images
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Fig. 12.
In an ex vivo experiment of rat, FA map, with low values, failed to detect crossing fibers (a).

AKC identified the crossing fibers with elevated values [(b), arrows]. Q-ball image (c), with

the enlarged part (d), demonstrated fibers cross in that region. BLFB staining image (e)

coincided with AKC, fibers of axon along the lesion boundary were evident in the

magnification panel (f)
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