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Assessment of Diffusion and Perfusion Deficits
in Patients with Small Subcortical Ischemia

Claudia A. Doege, Christian M. Kerskens, Berenice I. Romero, Peter Brunecker,
Jan Junge-Hiilsing, Wolfram von Pannwitz, Bianca Miiller, and Arno Villringer

BACKGROUND AND PURPOSE: Using perfusion- and diffusion-weighted MR imaging in
acute ischemic stroke of the middle cerebral artery (MCA), previous studies have shown a
typical pathophysiologic pattern that is characterized by a perfusion deficit larger than the
diffusion lesion (mismatch), with the final lesion usually comprising the initial diffusion lesion
(core) plus parts of the initial mismatch area. Little is known about underlying pathophysiology
in small ischemic stroke. In this study, we used perfusion- and diffusion-weighted MR imaging
to investigate the underlying pathophysiology of small subcortical ischemia.

METHODS: Six consecutive patients (age range, 42-76 years) with small subcortical ischemia
were examined by using a 1.5-T MR system 2-5, 22-55, and 144-392 hours after the onset of
symptoms. T2-weighted, diffusion-weighted imaging at b = 0 s/mm’ and b = 1000 s/mm?, and
bolus-track perfusion-weighted imaging were performed. Lesion sizes were determined on the basis
of T2-weighted findings as well as those of apparent diffusion coefficient (ADC) maps and CBF.

RESULTS: In every patient, the initial CBF lesion was smaller than the initial ADC lesion.
Both the CBF lesion and the ADC lesion increased in size from first to second examination. In
all instances, however, the CBF lesion remained smaller than the ADC lesion. The CBF lesion
observed during the acute phase and the one seen on the following days were both smaller than
the final T2 lesion.

CONCLUSION: Our data suggest that in contrast to previous findings in MCA ischemia in
small subcortical infarcts tissue damage may spread beyond the area of the initial perfusion
disturbance. In light of the small number of patients, further studies will have to address the

relevance of this observation.

Pathophysiologic events in acute ischemic stroke are
extremely heterogeneous among patients. Further-
more, in each patient, pronounced pathophysiologic
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changes occur during the first hours and days after
the onset of cerebral ischemia. Knowledge about
these events would be important for tailoring therapy
(eg, thrombolysis) to the individual patient. One way
to obtain this information in individual subjects is
with perfusion- and diffusion-weighted MR imaging.
Both perfusion- and diffusion-weighted imaging allow
for a very sensitive detection of acute ischemic stroke
within the first hours after the onset of symptoms.
Whereas perfusion-weighted imaging allows for a de-
lineation of the perfusion disturbance, signal intensity
increases at diffusion-weighted imaging, correspond-
ing to a decrease of the apparent diffusion coefficient
(ADC), are generally thought to reflect cytotoxic
edema (1-4).

In patients in whom arterial occlusion persists at
the time of examination, the area of perfusion distur-
bance is usually larger than the area of reduced ADC
(“mismatch”). The lesion detected at diffusion-
weighted imaging has been discussed as the core of
the ischemic area, indicating tissue with a high prob-
ability to become infarcted, although reversible diffu-
sion lesions have been reported (5), and in animal



1356 DOEGE

studies, the outer rim of the diffusion lesion has been
described as part of the penumbra (6). The area of
decreased ADC may further enlarge, and in most
cases this occurs within the mismatch area (7-10).
Hence, it was suggested that the mismatch region may
include the ischemic penumbra (11), although the
terms “mismatch” as an operational definition com-
paring two MR imaging parameters and “penumbra”
do not necessarily coincide. In patients in whom
reperfusion has occurred, the diffusion-weighted le-
sion was either of the same size or larger than the
perfusion-weighted lesion and usually no further le-
sion enlargement was observed at diffusion-weighted
imaging (8).

These rather typical observations of underlying
pathophysiology in ischemic stroke are derived from
studies in which most patients had territorial infarc-
tion usually affecting the middle cerebral artery
(MCA) or its major branches. The situation in these
cases is characterized by potentially significant collat-
eral circulation due to meningeal collaterals or col-
lateral circulation within the circle of Willis.

This pathophysiologic constellation, however, may
not necessarily apply to all types of ischemic stroke.
Different brain areas are characterized by variable
anatomic organization of collateral arterial supply
and the susceptibility of cerebral tissue to ischemia
differs among the various anatomic brain regions.
Therefore, it is not justified to assume that the un-
derlying pathophysiology always follows the same
“rules,” but rather studies on different types of isch-
emic stroke are warranted. In the present study, by
using perfusion-, diffusion-, and T2-weighted imag-
ing, we investigated perfusion and subsequent infarc-
tion patterns in six consecutive patients with ischemic
stroke in a small subcortical artery, either the anterior
choroidal artery (AChA) or small lenticulostriate
branches of the MCA.

Methods

Patients

Since April 1998, we prospectively recruited patients with
acute ischemic stroke (<6 hours after symptom onset) for
perfusion- and diffusion-weighted studies. For this study, we
sought patients with ischemia in the AChA territory, which we
operationally defined as described below. Between April 1998
and October 2000, eight such patients were admitted to our
hospital within 6 hours after the onset of symptoms. Of these
patients, one refused to participate in the study, and in another
case, initial MR imaging was performed but no follow-up study
could be performed. The remaining six patients (three female,
three male; mean age, 63 years; age range, 42-76 years) were
included in this study. MR imaging examinations took place
2-5, 22-55, and 144-392 hours after the onset of symptoms.

Our operational definition of the AChA territory followed
Damasio’s template of cerebral vascular territories (12) and the
classificiation of subcortical infarction as given by Donnan et al
(13). As inclusion criteria, we required the posterior limb of the
internal capsule and the medial globus pallidus to be affected.
It should be noted, however, that, whereas we saw involvement
of medioposterior parts of the lentiform nucleus in all patients,
in some of the patients it was difficult to separate involvement
of medial globus pallidus versus posterior putamen, the latter
being part of the lenticulostriate territory.
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Furthermore, it is controversial whether the paraventricular
corona radiata belongs to the AChA as well. On the one hand,
the study by Mohr et al (14) suggested that it does not belong
to the AChA territory, but, on the other hand, work by other
authors (15, 16) indicate that it is frequently involved in AChA
infarcts. Because of this controversy, our operational definition
of AChA infarcts (see above) did not require the paraventricu-
lar corona radiata to be involved. It is interesting, however, that
we found it to be affected in all of our patients. In addition to
the lesion sites discussed above, which were affected in all
patients, in three patients the medial temporal lobe and in one
patient the posterior thalamus were also part of the ischemic
lesion. These are areas that have been described as variably
belonging to the AChA territory in previous studies (14, 17).

In view of the controversies about the AChA territory and
the lack of angiographic confirmation in our study, in this
report we refer to the infarcts as small subcortical ischemia
(and not AChA infarcts). Figure 1 demonstrates the anatomic
distribution of the infarct in one of our patients (patient 1, 392
hours after the onset of symptoms).

MR Imaging Measurements

MR imaging measurements were performed on a 1.5-T
Vision MR imager (Siemens Medical Systems, Erlangen, Ger-
many). For T2-weighted imaging, a multi-echo turbo spin-echo
sequence (TR/TE, 2900/15, 75, and 135; matrix, 256 X 256;
field of view, 240 mm; section thickness, 6 mm; intersection
gap, 0.6 mm) was employed. Spin-echo diffusion-weighted
echo-planar imaging (4657/118; matrix, 128 X 128; field of
view, 240 mm; section thickness, 6 mm; intersection gap, 0.6
mm; diffusion gradients in three orthogonal directions) was
performed by using two different b values (0 s/mm? and 1000
s/mm?). Twenty transverse sections in diffusion- and T2-
weighted imaging had the same section location in the same
plane in anteroposterior commissure orientation.

Perfusion-weighted imaging was performed acutely and sub-
acutely by using T2*-weighted echo-planar sequences (1000/54;
matrix, 128 X 128; field of view, 240 mm; section thickness, 6
mm; intersection gap, 0.6 mm). Six transverse sections always
covered the infarcted area and had the same section location in
the same plane in anteroposterior commissure orientation,
corresponding to sections in diffusion-weighted imaging.
Twenty milliliters of Magnevist (gadopentetate dimeglumine;
Schering, Berlin, Germany) followed by 20 mL saline were
injected intravenously at a rate of 4 mL/s by using a power
injector (Spectris; Medrad). Data acquisition started at the
beginning of the contrast agent injection with a temporal res-
olution of 1 second and was continued for 60 seconds.

Data Analysis

Perfusion- and diffusion-weighted data were postprocessed
with algorithms developed by the authors by using IDL 5.0
software (Research Systems Inc., Boulder, CO). Pixel-based
calculation of mean transit time (MTT) was performed by
using the normalized first moment of the logarithmic signal
intensity time course (18, 19). The “zeroeth” moment of the
logarithmic signal intensity time course is proportional to ce-
rebral blood volume (CBV) (20). Using this approach, only
relative CBV values can be determined; CBF values deter-
mined as the ratio of CBV to MTT are also relative values.
ADC was calculated for each direction of diffusion-weighted
imaging and added to obtain the trace.

Three independent, blinded observers (C.A.D., CM.K,,
B.I.LR.) determined lesion volumes by using the software pro-
gram NIH Image (National Institutes of Health, Bethesda,
MD). To overcome the limitations of the frequently used man-
ual determination of lesion size, a standardized method for
quantitative volumetric studies was employed. First, for each
lesion observed on CBF maps, ADC maps, and T2-weighted
images that were contralateral mirror regions of interest were
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manually generated as control regions. On the basis of the
mean signal intensity of this control region, a threshold was set
for definition of the ischemic lesion on the affected side.

Two thresholds were employed for determination of the
CBF lesion volume, 54.3% (1) and 75% (2). The 54.3% thresh-
old was derived from a recent positron emission tomography
(PET) study that had determined the upper and lower CBF
limits of the ischemic penumbra to be at 54.3% and 22.0% of
CBF of the contralateral site (in that study, these values rep-
resented the negative and positive 95% prediction limits for
subsequent infarction, respectively [21]). To detect potentially
minor perfusion disturbances, we chose a second threshold at
75% (25% perfusion reduction), which determined all regions
with any measurable decrease of CBF.

The threshold for increased intensity on T2-weighted images
was set at the mean signal intensity of the control region on
T2-weighted images +2 SD and for decreased ADC at the
mean ADC of the control region—2 SD. The threshold ADC
values for a decreased ADC obtained with this method were
within the range of data from animal (22-25) as well as human
(26) studies. Both thresholds resulted in lesion sizes similar
than those obtained by manual delineation of the pathologic
areas. Both values also are conservative, because they seem
more likely to underestimate than to overestimate the “true”
lesion size. The lesion volumes as given in the Table represent
the mean values * SD resulting from individual measurements
of the three observers.
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Fic 1. Patient 1. Whole lesion, as as-
sessed by T2-weighted imaging at the third
examination, 392 hours after the onset of
symptoms. This demonstrates the typical
lesion location in our patients, in all cases
affecting the posterior limb of the internal
capsule and the medial globus pallidus. In
addition, the corona radiata is involved.

Results

For each subject, lesion volumes determined from
CBF maps, ADC maps, and T2-weighted images are
given in the Table. In each subject, the size of the
CBF lesion (at both thresholds) at the first examina-
tion was smaller than the size of the ADC lesion (P <
.005 at the threshold of 54.3%, P < .006 at the
threshold of 75% [paired ¢ test]). The latter was larger
than the acute T2 lesion in all subjects (P < .010
[paired # test]); however, it was smaller than the final
T2 lesion (P < .022 [paired ¢ test]), except for in
patient 1, in whom both had approximately the same
size.

During the second examination, the size of the
CBF lesions (at both thresholds) had increased in all
subjects (P < .038 at the threshold of 54.3%, P < .060
at the threshold of 75% [paired ¢ test]); however, the
CBF lesions were still smaller than the ADC lesions
(P < .001 at the threshold of 54.3%, P < .001 at the
threshold of 75% |[paired ¢ test]), which had also
increased in size in all subjects (P < .002 [paired ¢
test]).

When comparing the size of the CBF lesions during
the first and second examination with the size of the
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Summary of lesion volumes for CBF (thresholds of 54.3% and 75%), ADC, and T2-weighted imaging

AJNR

: 24, August 2003

CBF CBF
Age/Sex Time (h) (54.3%) (75%) ADC T2
1 42/F 4 62 =35 116 + 23 1914 = 121 1489 + 140
55 1055 = 40 1461 = 23 2562 + 54 2734 + 17
392 - - 426 27 1929 + 137
2 66/F 5 95 = 32 506 = 32 1427 + 92 364 + 51
29 162 + 23 603 + 23 1756 = 155 842 + 36
321 - - 1368 * 106 1910 + 54
3 76/F 5 158 = 26 169 = 40 510 15 205 * 46
2 405 = 40 509 = 40 1197 = 176 559 + 37
209 - - 1364 + 159 2174 + 96
4 64/M 3 201 = 35 386 = 35 889 + 151 441+ 52
28 348 = 23 542 = 35 1616 = 47 1678 = 60
148 - - 2754 + 109 2987 + 27
5 60/M 5 518 + 35 1105 = 35 2564 + 27 1118 =+ 63
24 882 = 23 1322 = 23 3049 + 23 2862 * 41
144 - - 2645 + 236 3312+ 27
6 1M 2 423 = 23 1076 + 35 2101 + 75 741 + 54
29 896 * 13 1686 = 35 3288 + 58 2877 + 41
220 - - 2521 + 27 4342 + 44

Note.—Lesion volumes are given in mm® (Mean = SD from measurements by three independent observers).

Fic 2. CBF maps (top, relative CBF units,
threshold 75% of contralateral side) and
ADC maps (bottom) are given for patient 6
at 2 hours and 29 hours after symptom
onset, respectively. Right, the correspond-
ing T2-weighted image obtained at the final
examination after 220 hours. The CBF le-
sion (arrow) increases in size from first to
second examination. At both time points,
the CBF lesion is smaller than the ADC
lesion (arrow) and smaller than the final T2
lesion.

T2 lesion determined at the final examination, the
CBF lesions (at both thresholds) were always smaller
than the final T2 lesion in each subject (threshold of
54.3%: P < .001 at first examination, P < .002 at
second examination, [paired ¢ test]; threshold of 75%:
P < .001 at first examination, P < .003 at second
examination [paired ¢ test]) .

At the second examination in four patients (2, 3, 5,
6), the ADC lesion was larger than the T2 lesion. In
patient 4, no significant difference in lesion size was
observed, whereas in patient 1 the ADC lesion was
smaller than the T2 lesion. The CBF lesion at the
second examination was smaller than the T2 lesion
(P < .008 at the threshold of 54.3%, P < .015 at the
threshold of 75% [paired ¢ test]) in all subjects except
patient 3, in whom both lesions were approximately
the same size.

The mean ADC values within the lesion at the first

examination were 5.4 + 0.4 X 10~* mm?/s and at the
second examination 5.3 + 0.5 X 10~ * mm?/s (mean +
SD). In all patients, no significant change in ADC
values was observed between the first and the second
examination. Normal values for ADC were between
8.1 and 10.3 X 10~* mm?/s, in agreement with previ-
ously reported values (eg, by Ulug et al [27]).

The main points are illustrated in Figures 2, 3, and
4. Figure 2 gives CBF and ADC maps and the corre-
sponding final T2-weighted image obtained in patient
6. Figure 3 displays perfusion and ADC maps ob-
tained in patient 1.

Figure 4 illustrates the main points of this article by
giving ratios (mean across all patients) between key
variables. The CBF lesion—-ADC lesion ratio is given
for the first and the second examination (first and
third column). The ratios are smaller than unity, il-
lustrating that at both time points the CBF lesion is
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smaller than the ADC lesion. The second and fourth
ratios, CBF lesion-T2 lesion, are also clearly below
unity, illustrating the point that the final T2 lesion is
larger than the CBF lesion at first, as well as second,
examination.

Discussion

In this study on patients with acute small subcorti-
cal ischemia, we report the following main findings: in
the first hours after stroke onset, the perfusion deficit
was smaller than the area of decreased ADC (1);
during the days that follow, both the perfusion and
ADC lesion increased in size, the perfusion deficit
being always smaller than the ADC lesion (2); the
final lesion (judged from the T2 lesion at the last
examination) was larger than the area of CBF reduc-
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Fic 3. A, ADC, CBF (relative CBF units,
threshold 75% of contralateral side), MTT,
and CBV maps 4 hours after onset of
symptoms, for patient 1. None of the three
different types of perfusion maps (MTT,
CBF, CBV) showed any pathologic
changes (on adjacent sections, however,
small areas of altered perfusion were de-
tected in this patient), whereas in the ADC
map an ischemic area (arrow) was seen. B,
ADC, CBF (relative CBF units, threshold
75% of contralateral side), MTT, and CBV
maps 55 hours after onset of symptoms,
for patient 1. The three different types of
perfusion maps indicate an area of altered
perfusion (arrows) smaller than the ADC
lesion (arrow) at the same time point.

tion in the acute phase as well as at the follow-up
examination (3).

These findings are strikingly different from what
has been reported in many studies in which diffusion-
and perfusion-weighted imaging were used (the latter
based on either MTT or CBF maps) and which mainly
included patients with territorial infarcts in the MCA
territory (7, 8, 28, 29). The main difference is that, in
previous studies, the final lesion developed inside the
area of the initial perfusion reduction, whereas our
findings suggest that the lesion may spread beyond the
initial perfusion disturbance. Before drawing such a
conclusion, however, the issue of validity of our mea-
surement is important. Could it be that we either
underestimated the true size of the CBF lesion or
overestimated the true size of the ADC lesion? After
having performed preliminary manual determinations
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Fic 4. Each column in this figure indi- i Q-
cates the ratio (mean across all patients) of
two lesion sizes. CBF lesion volumes are
given at the threshold of 75%. The first and 1.0
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second columns (black) give the ratios
CBF, to ADC, and CBF, to T2,. The CBF
lesion at first examination is smaller than 0.8
the ADC lesion at the same time point (P < .
.006, paired t test) as well as the final T2
lesion (P < .001, paired t test) as indicated
by the ratio below unity. The third and
fourth column (blue) give the ratios of the
CBF lesion at the second time point to the
ADC lesion at the same time point as well
to the final T2 lesion. The ratio below unity
indicates that the CBF lesion in the sub-
acute phase is smaller than the ADC lesion
at the same time point and the final T2
lesion (P < .001, P < .003, paired t test).

CBF,/ADC,

of lesions sizes, we attempted to measure lesion sizes
as objectively as possible, in particular avoiding any
underestimation of the CBF lesion and any overesti-
mation of the ADC and T2 lesion sizes.

To determine the size of the ADC lesion, we com-
pared values with the contralateral side and set a
threshold at the mean —2 SD. We are aware that the
definition of a standard deviation does not necessarily
imply physiologic or pathophysiologic relevance of
the chosen threshold. In particular, it seems entirely
possible that higher values (closer to the mean) may
also be pathologic. Therefore, it may very well be that
our lesion size is an underestimate of the truly af-
fected brain region. If one assumes that the contralat-
eral ADC values reflects the condition of the affected
area before stroke onset, then at least 95% of the
pixels have “decreased” ADC values (ie, a possible
underestimation of the lesion would be on the order
of 5%, at the most). Because the difference in lesion
size on CBF maps compared with that of ADC maps
far exceeds this percentage, we feel that we safely can
assume that the ADC lesion is larger than the CBF
lesion (in fact the ratio of CBF lesion [threshold of
75%] to the ADC lesion at the first examination was
0.35 = 0.16 [mean = SD]). A similar conclusion can
be made for the lesion sizes determined on the basis
of T2-weighted findings: the threshold of (contralat-
eral) mean + 2 SD does not guarantee pathophysio-
logic relevance (ie, increases in signal intensity below
this threshold may also signify a pathologic findings
for similar reasons similar to those attributable to
ADC lesions); however, this threshold most likely
results in an underestimation of the true lesion size.

Regarding the CBF lesion, we chose two thresh-
olds: one at 54.3% and one at 75%. The 54.3%
threshold was derived from a recent PET study that
had determined the upper and lower CBF limits of
the ischemic penumbra to be at 54.3% and 22.0% of
CBF of the contralateral site (in that study, these
values represented the negative and positive 95%
prediction limits for subsequent infarction, respec-
tively) (21). We are aware of the difficulties in quan-
tifying bolus-track MR imaging data and that these

CBF,/T2,

CBF,/ADC,

CBF,/T2,

values do not completely correspond to CBF values
obtained in PET studies. It is interesting that a recent
literature overview comparing CBF values derived
from PET versus those from MR imaging studies
revealed overall a good agreement (30-35). We be-
lieve that, even if there are some errors when relating
MR imaging and PET values, it is still justified to
assume a similar order of magnitude as a threshold.
As an additional safety margin, we also used another
threshold of 75% (25% perfusion reduction), which
includes very minor CBF disturbances that suppos-
edly should not be associated with any subsequent
damage. We believe that the thresholds we have cho-
sen safely give an outer border of relevant perfusion
disturbance and thus, if anything, overestimate the
true size of the CBF lesion. We are aware of potential
partial volume effects at the border of the small le-
sions; however, the safety margins illustrated above
should exclude any significant influence of such par-
tial volume effects.

Considering that our definition of the diffusion
lesion represents an underestimation of the true dif-
fusion lesion and that our definition of the perfusion
lesion attempts to represent an overestimation of the
true perfusion lesion, it seems safe to make the main
point of our study, that the initial perfusion lesion is
smaller than the initial diffusion lesion.

Furthermore, our main conclusion, that ischemic
damage spreads beyond the initial area of ischemia,
does not even depend on the comparison between the
diffusion and perfusion lesion. Let us assume any size
comparison between diffusion and perfusion lesions
is not valid, and let us furthermore assume that there
is a sensitivity problem with small lesions with perfu-
sion-weighted imaging. What remains is the compar-
ison between subsequent perfusion- and diffusion-
weighted examinations. The initially small perfusion
lesion becomes larger in all subjects, and the diffusion
lesion also becomes larger in all subjects. Thus, even
if the size comparison between perfusion and diffu-
sion lesions were not correct, it seems reasonable to
conclude that the ischemic lesion becomes larger in
the interval from the first to the second examination.
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Because our methodology was identical during the
first and second examinations, it seems difficult to
evoke any methodologic interpretation of this finding.
If we now consider studies of large MCA infarction, it
is well described that the ADC lesion can become
larger between the first and second examination;
however, it is not typical that the perfusion lesion
becomes larger.

The question remains whether the lesions in our
study are simply too small to accurately determine
lesion sizes, because there have been reports in the
literature based on the relatively poor sensitivity of
CT perfusion imaging to detect small lesions (36).
Faced with such small lesions, we did everything to
account for subjective influences. Thus, we used an
objective threshold (discussed above), and lesion sizes
were independently determined by three blinded in-
vestigators. The variability of their measurements is
expressed in the standard deviations given in the
Table. Although there clearly is some variation be-
tween observers, these variations are small compared
with the differences in lesion sizes from which we
draw the major conclusions in this report. The fact
that in all six subjects the increase in both CBF lesion
and ADC lesion size from the first to the second
measurement is clearly depicted in the measured vol-
umes may serve as an indirect confirmation of the
sensitivity of our measurements of these small lesion
volumes. Our pathophysiologic conclusions mainly
depend on these comparisons that indicate lesion
growth after the first examination. The increase in
lesion size within one technique (CBF map and ADC
map) will most likely not be affected by further im-
provements in the precision of the measurements.

In our study, we have employed the diffusion and
perfusion imaging approach that is common to most
MR imaging studies in acute stroke. Future work on
this issue should be able to further improve on the
precision of perfusion and diffusion measurements by
taking advantage of higher field strengths, diffusion
tensor imaging (37), and differentiation of fast and
slow diffusion tensors (38).

We believe that, even considering potential sources
of errors in our measurements, the main findings of
this study are valid. What, then, could this mean in
terms of underlying pathophysiology?

As outlined above, in MCA ischemia, usually a
mismatch (perfusion > diffusion) is observed, and
when the pathophysiologic pattern of a diffusion le-
sion larger than the perfusion lesion is seen, this is
interpreted as a sign of early reperfusion. Thus, the
question arises whether early (quick) reperfusion
would be consistent with our findings. Because the
involved vessels (AChA, lenticulostriate branches)
are too small to be clearly evaluated by MR angiog-
raphy, we cannot answer this question definitively.
We believe that our finding of an increase in perfu-
sion size between day 1 and day 2 is an argument
against early reperfusion. Studies in which early
reperfusion (after thrombolysis) has been monitored
have consistently reported a subsequent decrease in
the size of the perfusion lesion (39, 40). Furthermore,
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considering the analogy to MCA ischemia in which it
is known that the rate of early reperfusion is on the
order of 30% (41), it would seem an unlikely coinci-
dence that all six patients had quick reperfusion.
However, whether reperfusion occurred at later time
points (slow or prolonged reperfusion) cannot be
excluded on the basis of our data.

Could the phenomenon be due to vasogenic edema
(eg, occurring during the time point of the second
examination)? The mean ADC values at the first and
the second examination, respectively, were 5.4 =+
0.4 X 107* mm%*s and 5.3 = 0.5 X 10~* mm?%s
(mean = SD) (ie, the mean ADC was decreased in
comparison to normal tissue at both time points).
Furthermore, parts of the ADC lesion at this time
point were negative on the T2-weighted images (ie, in
four of six patients, the T2 lesion was smaller than the
ADC lesion at this time point). This is not a typical
finding for vasogenic edema, although it does not
entirely exclude some contribution of vasogenic
edema.

Another explanation to our observation could be
that, for hitherto unknown reasons, an initially small
perfusion deficit may induce tissue damage that
spreads significantly beyond the initial perfusion le-
sion. Such a behavior differing from the known lesion
evolution in MCA ischemia may be due to a different
pathogenesis of small subcortical ischemia (eg, in the
AChA territory). Indeed, it is controversial whether
the pathogenesis of ischemia in the AChA territory is
special. It has been suggested that AChA infarction
usually results from small-vessel disease like lacunar
strokes and associated carotid artery stenosis, and
potential sources of cardiac emboli are rare and may
be coincidental (42). Hupperts et al (16) noted that
carotid stenosis was more frequent and a cardioem-
bolic source less frequent in AChA infarcts than in
other small deep infarcts, but both were less frequent
than in superficial infarcts. By contrast, Leys et al (43)
concluded that AChA infarcts were rarely related to
small-vessel disease and therefore require a complete
diagnostic workup. Therefore, no conclusive picture
has yet emerged to help explain the difference in
lesion evolution we observed.

Another potential explanation of our results may
be related to the small lesion size and especially to the
relatively poor collateral circulation. It is known that
tissue damage caused by cerebral ischemia leads to
the release of a number of cytotoxic substances such
as free radicals and other inflammatory signals (44).
When a large vessel is occluded, the area of tissue
damage is surrounded by a large area of less-pro-
nounced perfusion disturbance sustained by collateral
circulation. Hence, enlargement of the lesion at the
border of the ischemic tissue damage will usually
occur within an area of perfusion disturbance.
Whether in this case the dominant factor for the
lesion growth is the perfusion disturbance or the re-
lease of toxic substances at the border of the tissue
damage cannot be resolved; perhaps both factors play
a role. If, however, the inital perfusion disturbance is
confined to a very small area, and the perfusion in the
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immediate surrounding area is normal for small sub-
cortical infarcts, as our data suggest, then an increase
in lesion size may be due to only mechanisms related
to cytotoxic events at the border of the tissue damage.
It is interesting to note that, in our subjects, the
perfusion deficit also increased in size; however, this
occurred only after there was already a diffusion le-
sion (ie, possibly a vicious circle of cytotoxic mecha-
nisms at the lesion border induces secondary perfu-
sion disturbance). In this case, inhibition of such a
secondary spread of ischemic damage may be more
important than achievement of reperfusion. At
present, however, therapeutic consequences remain a
matter of speculation. In view of the small number of
patients of this initial investigation, further studies
with larger sample sizes and improved technology
such as diffusion tensor imaging are warranted to
address the relevance of this observation.

Conclusion

In this MR imaging study in six patients with acute
small subcortical stroke, we found a lesion pattern
that differed significantly from the one known for the
MCA territory. In MCA infarcts, the initial diffusion
lesion typically is smaller than the perfusion deficit
and the final infarct develops within the area of the
initial perfusion disturbance. In all of our patients
with small subcortical infarcts, however, already
within 5 hours after stroke onset the diffusion lesion
was larger than the perfusion lesion and the final
infarct developed into areas outside the initial perfu-
sion deficit. So far, the underlying pathophysiologic
mechanisms for these differences in lesion evolution
remain a matter of speculation. In view of the small
number of patients in our study, further work will be
needed to address the relevance of this observation.
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