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In this study, we sought to investigate if brain tissue affected by
ischemia can accommodate areas of activation related to restoration of
brain function following ischemic stroke. In two patients perfusion
imaging (PI) and diffusion weighted imaging (DWI) obtained in the
acute phase after stroke was coregistered with BOLD imaging of brain
functions acquired when profound recovery had occurred. Both
patients suffered from thrombembolic brain infarction due to dis-
section of the internal carotid artery (ICA) characterized by a severe
PI-DWI mismatch in the acute stage of stroke. Following ICA
recanalization and clinical recovery BOLD imaging showed task-
specific activation adjacent to the infarct lesion within the former PI-
DWI mismatch area. The data in these two stroke patients provide
evidence that brain tissue at risk of infarction as shown by the PI-DWI
mismatch can survive and, thereby, constitute the major site under-
lying post-ischemic recovery.

© 2004 Elsevier Inc. All rights reserved.
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Introduction

In industrialized nations, ischemic stroke is the most common
cause of permanent disability and need of care. Acute focal
cerebral ischemia resulting either directly from blood vessel
occlusion (occlusive stroke) or indirectly from impaired hemody-
namic conditions (hemodynamic stroke) leads to energy failure and
finally to brain damage. Focal ischemia is often characterized by
the presence of a core with the blood flow below the ischemic
threshold, and a surrounding area, often called penumbra, with
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compromised blood supply (Baron, 2002; Grohn and Kauppinen,
2001).

Over the past few years, there has been a marked increase in the
use of diffusion weighted magnetic resonance (MR) imaging
(DWI) and perfusion magnetic resonance imaging (PI) in the
assessment of patients with acute ischemic stroke (Rother et al.,
2002; Schellinger et al., 2003). These imaging techniques are
powerful methods for identifying the location and extent of early
cerebral ischemia and provide important pathogenetic information
about cerebral ischemia.

The technical aspects of DWI and PI have been extensively
reviewed (Baird and Warach, 1998; Beauchamp et al., 1998). In
short, DWI measures the relative motion of water protons in brain
tissue. During ischemia, there is decreased water proton move-
ment. The exact etiology of this restriction is uncertain, but the
leading hypothesis is that water moves from the less restricted
extracellular to the more restricted intracellular environment. This
reduced water proton motion results in reduced attenuation of DWI
signals allowing an infarct to be identified with optimal contrast.
The degree of water proton restriction can be measured quantita-
tively using the apparent diffusion coefficient (Calamante et al.,
1999; Schlaug et al., 1997). PI allows the representation of still
vital “tissue at risk” of infarction (Neumann-Haefelin et al., 1999;
Wittsack et al., 2002). PI measures the relative flow of blood
passing through the brain. This can be accomplished using an
intravenously injected contrast agent. Exogenous contrast agents
have the advantage of superior tissue contrast compared with
endogenous techniques, allowing easier delineation of perfusion
abnormalities. Model independent measurements of brain tissue
perfusion are those of the time-to-peak (TTP), in contrast to the
regional cerebral blood flow (rCBF) which requires parametric data
computation in relation to an arterial input function (Ostergaard et
al., 1996a,b).

It has been shown that lesion evolution of the infarct core is
dynamic during the first months after stroke (Beaulieu et al.,
1999; Ritzl et al., 2004). In contrast, the periinfarct brain area in
which perfusion is low may survive and is supposed to have the
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capacity to regain functionality. But the intriguing question is
whether this area of impaired perfusion which is at risk of
infarction, the so-called PI-DWI mismatch area, is viable to
allow for post stroke recovery (Guadagno et al., 2003). If this is
the case, it should be possible to activate this area using
activation paradigms dedicated to the residential brain function.
Blood oxygen level dependent (BOLD) imaging in functional
magnetic resonance imaging can identify activated neural
populations (Logothetis et al., 2001) and has been used for this
purpose also in post-stroke recovery (Cramer et al., 1997;
Johansen-Berg et al., 2002a; Marshall et al., 2000).

To investigate the question if activation-related BOLD activity
occurs in the PI-DWI mismatch region, we studied two patients
with territorial infarction of the middle cerebral artery (MCA)
caused by dissection of the internal carotid artery dissection (ICA).
The most common mechanism of stroke complicating ICA
dissection is embolization of thrombi from the intimal flap, not a
hemodynamic type of infarction (Benninger et al., 2004). We used
multimodal MR imaging as mentioned above to merge the
available functional information describing the effects of ischemic
stroke and recovery. Specifically, the goals of this study were (1) to
find out whether the PI-DWI mismatch region can accommodate
functional BOLD activation areas related to post-stroke recovery
and (2) to test if this holds after thrombembolic MCA infarction for
different modalities such as motor and language recovery.

Materials and methods
Subjects

Two right-handed female patients participated in the study.
Handedness was assessed with the “Edinburgh Handedness
Inventory” (Oldfield, 1971). Both patients had an infarction in
the MCA territory ensuing ICA dissection. Informed consent was
obtained from each subject before the experiments started, which
were approved by the Ethics committee of the Heinrich-Heine-
University Diisseldorf.

History and clinical presentations

Patient 1. A 38-year-old woman presented to our stroke unit after
an episode of right-sided neck pain, a subacute onset of a left facial
palsy and a transient right monocular blindness 1 to 2 weeks before
admission. On admission she presented with a full-blown stroke
syndrome including left facial palsy, a deviation of her tongue to
the left, hypogeusia, speech arrest, and a left predominantly distal
arm paresis with complete loss of individual finger movements. No
grip force could be elicited with the left hand. Somatosensory
sensation was normal. The NIH Stroke Scale (NIHSS) and Rankin
scores were 7 and 3, respectively. Beside a history of migraine
since 2 years, there were no risk factors for ischemic stroke or
connective disorders associated with ICA dissection.

MRI revealed a completed territorial infarction of the right
MCA consistent with an embolic stroke (see below). Arterial
angiography showed an occlusion of the right ICA 3 cm above the
bifurcation due arterial dissection. Intracranially, there was a
retrograde filling of the distal ICA via the right ophthalmic artery
and of the right MCA via cross-filling from the right posterior
communicating artery.

The patient was anticoagulated with heparin and thereafter
orally with warfarin. The left arm function as well as the left facial

palsy, left tongue paresis, and hypogeusia recovered markedly. The
patient was transferred to a rehabilitation unit. There she received a
4-week course of intense neurorchabilitation including dedicated
hand function training which included training of fractionated
movements of individual fingers as described in detail elsewhere
(Butefisch et al., 1995). Four weeks after stroke, the patient had
regained normal hand and individual finger movements. The pinch
grip assessed by 60 trials paced at 1 Hz frequency had increased in
strength (prior: 49.2 Nm; after: 110.7 Nm). The time required to
perform the motor tasks in the Jebsen test (Jebsen et al., 1970) had
virtually normalized (prior 189.2%; after: 117.9%; time related to
the mean time for normal subjects in that age group). Duplex
sonography showed complete recanalization of the ICA. At that
stage, she was subjected to fMRI scanning.

Patient 2. A 53-year-old native German woman with remitting
predominantly sensory symptoms on her right side lasting no more
than some seconds and one episode of sensory symptoms in
combination with speech arrest for 5 min was admitted to our
hospital. She reported a history of a previous trauma while skiing 2
weeks prior. Intermittently she experienced intense neck pain on
the right side, tinnitus and headache. There were no risk factors for
ischemic stroke, connective disorders nor a family history of
cerebral artery dissection.

MRI demonstrated an acute frontal territorial infarction of the
MCA consistent with an embolic stroke (see below). The
patient’s neurological status continued to fluctuate, although
anticoagulation was started with the platelet glycoprotein receptor
antagonist tirofiban and low molecular weight heparin treatment
as detailed previously (Junghans et al., 2001). Despite this
treatment, the patient’s neurological status deteriorated further.
The next day, the patient presented with a facial palsy on the
right, buccofacial apraxia and a severe expressive aphasia. The
NIH Stroke Scale (NIHSS) and Rankin scores were 7 and 3,
respectively. On neuropsychological examination were problems
in her divided attention and verbal working memory, but normal
selective attention, digit span and verbal short and long-term
memory. Mild signs of apraxia were shown for the left hand and
there was a moderate dyscalculia. The clinical deterioration was
paralleled by lesion progression in MRI (see below). Extracranial
Doppler and MR angiography confirmed the clinical suspicion of
an ICA dissection including the cervical and intracranial seg-
ments. Transcranial Doppler showed reduced flow in the left
MCA.

After stabilization, the patient was effectively anticoagulated
orally using warfarin. The patient was subjected to intensive neuro-
rehabilitation. During a few weeks of training, she recovered to
such a degree that she was able to continue her profession as
gynecologist. Three weeks and 6 months after the infarction, she
underwent a fMRI study. After 6 months, her neurological
examination was normal. In neuropsychological testing, she also
was normal apart from mild word finding problems. Specifically,
she was able to complete the syntactic speech paradigm flawlessly.
Doppler sonography demonstrated complete recanalization of the
left ICA. Thus warfarin was discontinued, and aspirin treatment
was initiated.

MRI scanner

All measurements were performed on a Siemens Magnetom
Vision Plus 1.5 T MRI scanner (Erlangen, Germany) with a
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standard radio frequency head coil for signal transmission and
reception.

DWI scanning sequences

Diffusion-weighted MR imaging was performed immediately
after admission of the patients using a single shot echo planar
imaging sequence with two diffusion weighted » values of 0 and
1000 s/mm?. For b = 1000 s/mm? we used diffusion weighting in
three directions in space: in readout, phase encoding and slice
selection direction. The imaging parameters were a echo time TE
of 100 ms, 20 axial slices with 5 mm thickness, 1.5 mm interslice
gap, a 96 x 128 matrix, 240 mm field of view and a total imaging
time of 26 s.

PI scanning sequences

The measurement of perfusion imaging was performed directly
after DWI scanning with serial T2*-weighted single shot echo-
planar sequences, with imaging of 12 slices 50 times every 1.6 s.
The parameters were a TE of 54 ms, 12 slices with 5 mm thickness,
a 1.5-mm interslice gap, a 128 X 128 matrix, and 240 mm field of
view. At the time of the fourth dynamic scan, a 15-ml bolus of
gadolinium contrast agent (gadopentate dimeglumine, Magnevist,
Schering, Berlin, Germany) was injected at a rate of 5 ml/s and was
immediately followed by 15 ml of sodium chloride that was
injected at the same rate.

Analysis of DWI and PI

All data resulting from DWI and PI scanning were transferred to
a personal computer running the operating system Windows 2000.
The following work steps were performed using the image
processing software stroketool (http://www.digitalimagesolutions.
de). By averaging, the images obtained with the three diffusion-
weighted directions with a b-value of 1000 s/mm? trace
diffusion-weighted images were calculated. Additionally, maps
of the apparent diffusion coefficient (ADC) were produced from
DWI using the » = 0 s/mm?” and the b = 1000 s/mm? trace DW
image with the well-known exponential relationship S(b) = So *
e“® " APO From perfusion imaging data, time-to-peak (TTP)
parameter maps and maps of the regional cerebral blood flow
(rCBF) were calculated. The signal intensity of rCBF was
converted into concentrations values using the logarithmic
relation ¢(¢) o —In[S(¢)/So]/TE, where c¢(#) is the concentration
of contrast agent at time 7, S(¢) is the signal intensity at time ¢,
So is the precontrast signal intensity. rCBF calculations were
performed using a singular value decomposition algorithm for
the deconvolution of the interactive manually defined arterial
input function with each tissue voxel concentration time curve.
The rCBF maps were normalized to 22 ml/100 g/min in the
white matter of the non-affected hemisphere (Ostergaard et al.,
1996b; Seitz and Roland, 1992b). This was justified since the
rCBF in white matter is robust as compared with that in gray
matter both under physiological and ischemic conditions as
determined with positron emission tomography (Hakim et al.,
1987; Lenzi et al., 1982; Ostergaard et al., 1996a; Seitz and
Roland, 1992b).

The ischemic areas were identified as follows: a large region of
interest in the non-affected hemisphere served as reference region.
The critically hypoperfused ischemic area was outlined semi-

automatically in the TTP-maps at a threshold of 4 s, since a TTP
delay of 4 s signifies the functionally impaired brain area which is
at risk of infarction (Neumann-Haefelin et al., 1999; Wittsack et al.,
2002). Similarly, the manifest infarct lesion was defined in the
DWTI images at a threshold of 20% higher pixel intensity than the
mean of the large reference region in the non-affected hemisphere
(Neumann-Haefelin et al., 1999; Wittsack et al., 2002). The regions
of interest bordered by the TTP-delay of 4 s and by the 20% image
intensity in the DWI images were superimposed onto the rCBF
maps to estimate the mean rCBF for the two subcompartments of
the infarcts.

BOLD scanning sequences

Functional magnetic resonance imaging (fMRI) measurements
were performed after recovery of the patients using standard echo-
planar imaging (EPI). The following EPI sequences were used: TR
4's, TE 66 ms, flip angle 90°, voxel size 3 x 3 X 4.4 mm®. Thirty
consecutive slices oriented parallel to the AC-PC plane and
covering the whole brain were acquired. In addition, a volumetric
3D Gradient Echo data set was recorded in each patient.

Experimental protocol

Visual stimuli were projected with a LCD projector (NEC
MultiSync MT1050) onto a translucent screen attached in front of
the head coil. The stimuli were developed with the VSG2/5 system
(Cambridge Research System, Rochester). Subject’s eye move-
ments were monitored during scanning using an eye tracker system
(Cambridge Research System) and were subsequently analyzed
with the software package Matlab 6.1 (Mathworks, Inc.) for
accurate fixation. In the motor paradigm the electromyogramm was
recorded from the first dorsal interosseus (FDI) muscle of either
hand using surface electrodes during MR scanning to control
movement performance. The sampling rate of eye movement and
electromyogramm was 500 Hz.

Motor paradigm

During fMRI scanning the patient performed a finger sequence
using her affected hand. The finger sequence was performed with
thumb opposing the fifth, the third, the fourth and the second
finger. For pacing, a flashing letter at 1 Hz frequency was
generated. The activation condition was interleaved with a fixation
condition consisting of a white cross on a grey background
(baseline). We used a block design with these two conditions, each
condition lasted 7 scans (28 s) for a total of 10 cycles. The task was
acquired with continuous scanning for 9 min. During MR-
scanning, the electromyogram was recorded from the first dorsal
interosseus muscle on both hands to assess compliance with the
task and unilateral movements as demonstrated in detail elsewhere
(Seitz et al., in press).

Syntactic speech production paradigm

German verb forms were presented visually for 1250 ms and
had to be transformed in past or past perfect and inserted into a
neutral sentence frame, which was presented for 1000 ms before
the verb. The subject was instructed to repeat silently the complete
sentence including the inflected verb (Sach et al., 2004).

Stimulus: “Gestern...er” (1000 ms)...blank (500 ms)
“schlafen” (1250 ms). “Yesterday he” (1000 ms) blank (500 ms)
“sleep” (1250 ms).
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Response: “Gestern schlief er” (1000 ms). “Yesterday he slept”
(1000 ms).

As control condition, we used a fixation cross which had to be
looked at. Each block lasted 8 scans (32 s) for a total of 16 cycles
in the activation and control condition. The order of the conditions
was pseudo-randomized. This paradigm as well as the motor
paradigm were evaluated in 12 healthy subjects and the activated
areas were determined as reference.

Image data analysis

Imaging data were analyzed using BrainVoyager 2000 software
package (Brain Innovation, Maastricht, The Netherlands). The 2D
slice time-course data were registered with the 3D Gradient Echo
data sets from the same session. The MR slice position parameters of
the T2*-weighted measurements (number of slices: 30, slice
thickness: 4 mm, gap thickness: 0.4 mm, sag-cor-trans-orientation)
and parameters of the T1-weighted scanner 3D Gradient Echo
measurement (number of sagittal partitions: 180, resolution: 1 X 1 X
1 mm?, sag-cor-trans-orientation) were used for coregistration.

Functional images were realigned to correct for head movements
between scans. Preprocessing of the volume time courses included
Gaussian spatial (FWHM = 4 mm) and temporal (FWHM = 6 s)
smoothing as well as the removal of linear trends. With a Gaussian
model of the hemodynamic response to generate idealized response
functions, which were used as regressors in a multiple regression
model, we contrasted the events for the different conditions. All
activation areas beyond a voxel level threshold of P < 0.01
exceeding clusters of 20 activated voxels were considered signifi-
cant. The stereotaxic coordinates of the center of gravity of the
functional clusters were determined.

Coregistration of the PI, DWI, and BOLD data

Coregistration of TTP, DWI, and BOLD data included inter-
polation of PI data set to the same matrix size of 256 X 256 X 256
and rotation and translation of slices of the PI and DWI data sets to
the same orientation as the BOLD-data using MR position

parameters (alignment) and the BrainVoyager 2000 software
package (Brain Innovation). In a final step, the PI and DWI
regions and the BOLD activation data were overlaid onto the
corresponding sections of the 3D Gradient Echo data. This is
illustrated in Fig. 1.

Results

Patient 1 was admitted to our hospital 2 weeks after first
occurrence of neurological deficits. At that time, she presented
with a completed right hemispheric stroke. MR imaging showed a
large TTP lesion of 122.1 ml extending from the level of the basal
ganglia dorsally to the hand area of the pre- and postcentral gyrus
(Fig. 2A). The DWI lesion was clearly developed being 34.2 ml in
volume. Consequently, there was a marked PI-DWI mismatch
region (Fig. 3). Within the TTP-DWI mismatch region the rCBF
(51 ml/100 g/min) even exceeded the rCBF in the non-affected
hemisphere (44 ml/100 g/min). Fig. 2A shows that the rCBF was
augmented in the cortical ribbon in the abnormal TTP-area as
compared with the non-affected contralesional hemisphere. This
signified a post-ischemic hyperperfusion resulting from arteriolar
dilatation that may occur without harm for the brain tissue in the
subacute phase after stroke (Kidwell et al., 2001; Marchal et al.,
1999). Note that this patient experienced the persistent neuro-
logical abnormalities before admission to our hospital. Four weeks
later, the MR-lesion in the T2-weighted MR image was approx-
imately as large as the DWI lesion in the initial stage (Fig. 2B). The
patient performed sequential finger movements with the recovered
hand at 1 Hz according to the visual pacing stimulus. We found
BOLD activity in the former PI-DWI mismatch region (Fig. 3).
This activity was localized in the motor and premotor cortex
adjacent to the DWI-lesion but clearly within the TTP-lesion. In
addition, there was activation of the SMA at the cerebral midline.

Patient 2 was admitted straight after onset of aphasia. A MRI
performed within 4 h after acute ischemic stroke onset showed a
large TTP lesion with a severely depressed rCBF (Fig. 4A). The
TTP lesion amounted to 51.1 ml, in contrast to a relatively small

Fig. 1. Coregistration of multimodal MRI data showing the overlay of PI, DWI, and BOLD onto 3D Gradient Echo data. Note that the TTP and DWI maps are
not thresholded. Data of patient 1. Right in the image corresponds to left in the patient.
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Fig. 2. (A) TTP-map with a scale of seconds and rCBF map with a scale of
ml/100 g/min in the acute stage of stroke in patient 1. (B) The infarct lesion
in T2 MR-images obtained 4 weeks after stroke at the time of the activation
study. Note the lesion extending over the entire right middle frontal cortex.
Right in the image corresponds to left in the patient.

DWI lesion of 8.5 ml. Thus, in this patient, we observed a large PI—
DWI mismatch region which is outlined in Fig. 5. The rCBF was
reduced within the TTP-DWI mismatch region to 28 ml/100 g/min
compared to the normal rCBF (52 ml/100 g/min) in the non-
affected hemisphere (Fig. 4A). The ischemic lesion was located in
the left middle and inferior frontal gyrus including Broca’s region
and extended dorsally up to the pre- and postcentral gyrus. Three

weeks later, when the patient was still only hardly able to speak,
we did not detect any BOLD activity inside the involved Broca’s
region using the syntactic speech paradigm. Six months after
intensive rehabilitative training, when the patient was fluent again,
we observed that the damaged region as evident in T2-weighted
MR images involved Broca’s area extending dorsally into the
frontal white matter (Fig. 4B). The lesion appeared somewhat
larger than the initial DWI region due to secondary progression of
infarction but was still markedly smaller than the initial TTP lesion.
At pretesting using 32 speech test stimuli, which were not identical
as those during MR scanning, the patient made two flection errors
with regard to irregular verbs. During the externally paced
syntactic speech production, we detected functional activation of
the Broca region inside the former PI-DWI mismatch volume
adjacent to the DWI lesion (Fig. 5). In addition, there was a
bilateral activation of Broca’s region, which was not seen in the
healthy control subjects.

Discussion

The new finding of this study is that BOLD activation related to
recovered brain function occurred within the former area of
ischemia. Since we were able to study only two patients in this
fashion, we consider the results preliminary. Nevertheless, the
superimposition of the PI, DWI, and BOLD data showed that in
both patients there was peri-lesional activation adjacent to the
infarct lesion and clearly within the PI-DWI mismatch region of
the acute stage. Note, that the PI lesion was determined by a 4-s
TTP delay which signifies the functionally impaired ischemic brain
tissue which is at risk of infarction (Neumann-Haefelin et al., 1999;
Wittsack et al., 2002). Note that the TTP delay affected gray and
white matter structures identically, while the changes in CBF

Fig. 3. Coregistration of the TTP-DWI-mismatch region and the BOLD
activation related to finger movement sequences performed with the
affected hand (P < 0.01) in patient 1. The TTP-lesion >4 s is outlined in
blue, the DWI-lesion is outlined in green. Right in the image corresponds to
left in the patient.
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Fig. 4. (A) TTP-map with a scale of seconds and rCBF map with a scale of
ml/100 g/min in the acute stage of stroke in patient 2. (B) The infarct lesion
in T2 MR-images obtained 6 months after stroke at the time of the
activation study. Note the lesion extending over the entire left inferior
frontal cortex. Right in the image corresponds to left in the patient.

affected gray matter almost exclusively (Figs. 2 and 4). As
expected, patient 2 showed a rCBF decrease in the area of TTP-
delay. In contrast, in patient 1 there was a hyperflow due to
vasodilatation and an increase in rCBV. This was probably caused
by previous manifestation of the infarct possibly up to some 7 days
before MR scanning as described recently (Kidwell et al., 2001).
This unorthodox association of increased rCBF in delayed TTP
highlights the fact that TTP and rCBF represent different

physiological variables. Since in both of our patients, perfusion
was restored due to ICA recanalization after anticoagulation, at
least part of the brain tissue with a TTP-delay could be rescued
from infarction as reported earlier (Junghans et al., 2002). Thus,
our data highlight the impact of the perilesional tissue in the
affected hemisphere for post-stroke recovery as also suggested by
animal experiments (Liu and Rouiller, 1999; Nudo et al., 1996;
Xerri et al., 1998).

Our results have become possible only by intermodal coregis-
tration of different MRI data sets. Imaging of tissue perfusion and
of diffusion in the acute phase of stroke revealed that both of our
patients suffered from thrombembolic infarction in the MCA
territory. Specifically, there were focal DWI-lesions that were
exceeded by a large area of ischemia as evident from the TTP-maps
leading of a prominent PI-DWI-mismatch area. Undoubtedly, the
large spatial extent of the perfusion abnormality can be explained
by impaired perfusion due to ICA occlusion (Neumann-Haefelin et
al., 2000). Nevertheless, the perfusion abnormality identified by
the TTP area thresholded at 4 s signified the neurological deficit
related to acute ischemia (Neumann-Haefelin et al., 1999; Tong et
al., 1998; Wittsack et al., 2002). Notably, both patients recovered
clinically which could be related to recanalization of the ICA. The
DWTI lesions predicted the manifest infarcts as shown in the follow-
up MR images obtained after the acute phase of stroke when the
patient had recovered virtually completely. There is ample
evidence in the literature suggesting that the location and extent
of a manifest infarct determine the neurological deficit and the
capacity of the brain to recover (Binkofski et al., 1996; Lovblad et
al., 1997; Ritzl et al., 2004).

Recovery of function after stroke depends on several pathoge-
netic factors including tissue reperfusion, resolution of perilesional
edema and plastic reorganization of brain circuits (Calautti and

Fig. 5. Coregistration of the TTP-DWI-mismatch region and the BOLD
activation related to syntactic speech production (P < 0.01) in patient 2. The
TTP-lesion >4 s is outlined in blue, the DWI-lesion is outlined in green.
Right in the image corresponds to left in the patient.



R. Kleiser et al. / Neurolmage 24 (2005) 515-523 521

Baron, 2003; Herholz and Heiss, 2000; Seitz et al., in press). The
majority of patients recover after stroke within 4 weeks (Binkofski
et al., 2001; Duncan et al., 1992; Kwakkel and Wagenaar, 2002).
This spontaneous recovery largely depends on restitution of the
residential representations of functions that were paralyzed by
acute ischemia (Chen et al., 2000; Furlan et al, 1996). The
relatively slow pace of recovery suggests the plastic processes in
the periinfarct penumbra underlying recovery (Binkofski and Seitz,
in press; Furlan et al., 1996). In contrast, rapid recanalization as in
the case of thrombolysis restores blood supply and leads to rapid
recurrence of function (Heiss et al., 1998; Kidwell et al., 2000;
Rother et al., 2002; Seitz et al., in press). In this situation, neural
populations should become activated in relation to recuperation of
function. Indeed, there is accumulating evidence that the perile-
sional tissue can become activated in patients who have recovered
from focal ischemia, showing that BOLD imaging is a suitable tool
to investigate the neural structures involved in post-ischemic
recovery (Binkofski and Seitz, in press). In the present study, we
were able to show that transient ischemia may not knock out the
neural apparatus subserving brain function entirely but rather may
allow for re-activation and, thus, clinical recovery.

Both of our patients suffered from thrombembolic brain
infarction. The infarcts developed secondary to dissection of the
ICA, which led to occlusion of the ICA. As is typical for ICA
dissection (Cohen et al., 2003; Schievink, 2001), both cases
presented with episodes of neurological deficits for a couple of
days before the infarct leading to hospitalization became manifest.
Furthermore, typical for ICA dissection, both of our patients
showed recanalization of the ICA during anticoagulation (Schie-
vink, 2001). In patient 1 with virtually normalized hand function,
the motor activation paradigm closely resembled that of healthy
volunteers subjected to this task (Seitz et al., 1998). In fact, the
activation areas included the motor cortex and premotor cortex and
the supplementary motor area which corresponded to earlier
findings in recovery from stroke and learning of motor sequences
(Cao et al., 1998; Cramer et al., 1997; Seitz and Roland, 1992a;
Seitz et al., 1998). In contrast, contralesional activity in premotor
may occur even in later stages of post-stroke recovery (Johansen-
Berg et al., 2002b; Seitz et al., 1998; Ward et al., 2003), although it
may vanish in complete spontaneous recovery (Binkofski and
Seitz, in press; Marshall et al., 2002). The language task in patient
2 who had recovered from motor aphasia completely at the time of
MR-scanning recruited left-hemispheric areas adjacent to the
infarct lesion with comprised Broca’s area. However, also right
hemispheric areas in homologue location to Broca’s area became
active. This corresponds to similar observations in previous reports
(Mimura et al., 1998; Warburton et al., 1999; Weiller et al., 1995).
The success of our patient to recruit anterior and posterior areas in
the affected left hemisphere accords with previous observations
that pointed to the important role of the affected hemisphere for
post-stroke recovery of language (Heiss et al., 1999; Warburton et
al., 1999).

Although this small sample study was not intended to
investigate the time courses of reperfusion and re-emergence of
brain function, the data presented here suggest that BOLD
activation occurring in the former area of acute ischemia adjacent
to the manifest infarct lesion is of critical importance for recovery
after stroke. That the activation areas adjacent to the infarct lesion
and thus within the former PI-DWI mismatch area as demonstrated
here were probably critical for recovery can be deduced from
transcranial magnetic stimulation studies in which the perilesional

cortex was found to be functionally relevant (Binkofski and Seitz,
in press; Binkofski et al., 1996; Marshall et al., 2000).
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