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18 QUANTITATIVE PERFUSION AND DIFFUSION IMAGING
%g Diffusion-weighted magnetic resonance imaging (MRI) has become an established method for
21 noninvasive evaluation of cerebral ischemia in both humans and animal models. Although the
7 biophysical mechanism(s) underlying apparent diffusion coefficient (ADC) reduction in
23 ischemic tissue remains poorly understood (1-4), diffusion-weighted imaging (DWI) (1) is
24 widely recognized for its ability to noninvasively detect ischemic brain injury within minutes
5 after its onset, whereas other conventional imaging techniques [such as T,-, T,-weighted MRI,
2% Computed Tomography (CT)] fail to detect such injury for at least several hours (1). Brain
97 tissues with perfusion deficits below a critical threshold level [e.g., a cerebral blood flow (CBF)
08 value of ~20 mL/100 g/min in rat or gerbil brain] (5,6) experience metabolic energy failure,
29 membrane depolarization, and subsequent cellular swelling (cytotoxic edema). These changes
30 precipitate a reduction in the ADC of brain water that is manifested as a hyperintense region on
31 a DWI (1). Perfusion-weighted imaging (PWI) evaluates blood flow in the microcirulation of
3 the brain and can be performed with either a bolus contrast technique or an arterial spin label-
33 ing technique (7,8). The latter approach provides relatively higher sensitivity and allows
34 repeated measures for increased spatial resolution, but is less widely used because it is rela-
35 tively more difficult to perform. During the first few hours after stroke onset (i.e., the acute
36 phase), the anatomic region encompassed by the DWI abnormality is typically smaller than the
37 volume of the perfusion deficit, but it usually expands and eventually coincides with the PWI
38 volume (6,9). The difference in the regions of the PWI and DWI abnormality during the acute
39 phase of stroke has been termed the “perfusion—diffusion” mismatch (PWI/DWI mismatch),
40 and it was suggested that this region of mismatch approximates potentially salvageéable ischemic
41 tissue or the ischemic penumbra (10).
40 In humans, a “perfusion—diffusion mismatch” has been widely observed and it persists for
43 many hours after stroke onset (10). Although the precise imaging identification of the ischemic
44 penumbra requires correlation with regions of disturbed energy metabolism [as rigorously
45 investigated on animal models (11-13)], such correlation is generally not possible in humans.
46 Therefore, identification of the ischemic penumbra and viability thresholds have been operation-
47 ally defined based on DWI, PWI, and other equivalent imaging modalities (14-16). The transition
48 from potentially reversible to irreversible ischemic injury is a complex process that is highly
49 dependent on the duration and severity of ischemia, and as such different subsets of the ischemic
50 penumbra could have variable outcomes. Re-establishing tissue perfusion and /or administering
51 neuroprotective drugs in a timely fashion could be expected to salvage some portions of the
52 ischemic penumbra (17,18). For example, clinical trials have demonstrated the benefits of throm-
53 bolytic therapy using recombinant tissue plasminogen activator (-PA) within three hours after
54 the onset of ischemia and the clinical benefit was associated with smaller late infarcts on CT (18).
55 It is therefore plausible to presume that early intravenous +-PA use likely salvages a portion of
56 the ischemic penumbra, and preliminary studies support this hypothesis. To potentially help to
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57 expand the time window for thrombolytic therapy, it will be important to have the means to
58 identify the “tissue signature” and “clock window” of ischemic tissues in order to achieve the
59 maximum benefit and to avoid devastating, intraparenchymal hemorrhage (17). Using DWI/
60 PWI to identify potential candidates for i.v. or intra-arterial (i.a.) thrombolysis, especially beyond
61 the currently approved three-hour time window should provide a mechanism to enhance patient
62 selection that could lead to a greater chance for therapeutic benefit. Preliminary open-label stud-
63 ies support this hypothesis as patients treated with thrombolytic therapy beyond three hours,
64 who have a PWI/DWI mismatch, appear to have a reasonably favorable outcome that may even
65 exceed the benefits observed without penumbral imaging, during the three-hour window (19).
66 Similar observations of a PWI/DWI mismatch in animal stroke models have been limited
67 and the temporal evolution of the mismatch on a pixel-by-pixel basis in animal models has yet
68 to be systematically investigated. Animal models in which focal ischemia can be reproducibly
69 studied under controlled conditions are important for identifying and predicting the severity of
70 ischemic injury and for evaluating the efficacy of therapeutic interventions. Characterizing the
71 natural history and predictive value of the PWI/DWI mismatch in animal stroke models is,
72 particularly, important because the PWI/DWI mismatch is being used as an indicator of
73 “ischemic penumbra” in the clinical trial setting. In animal studies, the PWI/DWI mismatch
74 approach could be used to determine the potential therapeutic window for interventions, and
75 to assess the effects of interventions on different components of the ischemic region. Itis highly
76 likely that each type of animal stroke model has a different temporal profile for the evolution of
77 the ischemic penumbra and, therefore, the potential for therapeutic intervention. It is even
78 possible that the same model may vary among different laboratories related to subtle differ-
79 ences in technique. Therefore, investigating the PWI/DWI mismatch in different models and
80 locations should prove highly valuable for better characterizing stroke models.

81 The application of DWI and PWI in stroke animal models has a long history and helped to
82 guide their application in human stroke (20). DWI was used to characterize the temporal and
83 spatial evolution of experimental ischemic injury. It was also used as an in vivo assessment tool

84 for both reperfusion and neuroprotective therapy, providing invaluable information about the
85 location and characteristics of ischemic tissue responses to a variety of therapeutic interventions
86 (21). PWI has also been applied to the study of ischemic lesion development and its response to
87 therapy, primarily reperfusion, in several different types of animal stroke models (22). It is
88 particularly useful for evaluating the effect of i.v. or i.a. thrombolysis on the brain’s microcircula-
89 tion. These animal DWI and PWI studies have helped to lead the way for the application of these
90 MRI techniques in human stroke studies and trials. Little experimental work has been performed

91 using the PWI/DWI mismatch in animal stroke models to approximate the ischemic penumbra
92 and to characterize the effects of treatment on this tissue.
93 Over the past few years, we and others have developed and applied high-resolution quan-

94 titative perfusion and diffusion imaging protocols in rat stroke models. Figure 1A shows a repre- F1
95 sentative high-resolution quantitative perfusion and diffusion maps obtained at approximately
96 30 minutes postischemic occlusion in Sprague-Dawley rats. The anatomic area defined by ADC
97 reduction is initially smaller than the area of CBF reduction. The perfusion—diffusion mismatch
98 is clearly delineated. The areas defined by ADC reduction expand over time and eventually
29 coincides with the area defined by PWI abnormality, if left untreated. The temporal evolution of
100  the permanent and transient (60 minutes) cerebral ischemia is shown in Figure 1B. The lesion
101 volumes were defined based on ADC and CBF viability thresholds validated previously by our
102 laboratory (23). As would be expected, in the permanent occlusion group, the perfusion-defined
103  lesion volume remained relatively constant over time. The diffusion imaging-defined lesion
104  volume was initially small and grew over time to match the perfusion-defined lesion volume.
105  The ADC- and CBF-defined lesion volumes at 180 minutes after stroke onset were similar to the
106  histologically defined triphenyltetrazolium chloride (TTC) infarct volume at 24 hours.

107 In an experiment using Sprague-Dawley rats, reperfusion at 60 minutes immediately
108  reduced the CBF- and ADC-defined lesion volumes. However, the ADC-defined lesion volume
109  grew slightly over time after reperfusion and the infarct volume at 24 hours was slightly larger
110 than the DWI-defined lesion volume at 180 minutes, probably a result of delayed cell death or
111 secondary injury in reperfused tissue. Both the ADC-defined lesion volume at 180 minutes and
112 TTCinfarct volume at 24 hours were significantly smaller than those observed with permanent
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}gg FIGURE 1 (A) Representative apparent diffusion coefficient (ADC) and cerebral blood flow (CBF) maps from one

animal at 30 minutes postocclusion. The grayscale bar indicates ADG ranges from 0 to 0.001 mm?/sec and CBF ranges
139 from 0 to 2 mL/g/min. (B) Temporal progression of ADC- and CBF-defined lesion volumes of permanent (n = 6) and
140 transient (60 minutes, n = 6) occlusion determined by using the group-average viability thresholds 57% and 30%
141 reduction for CBF and ADG thresholds, respectively. Histological triphenyltetrazolium chloride infarction volumes are
142 also displayed. Source: From Ref. 17.
143
144 occlusion, supporting the concept that early reperfusion will salvage a portion of the ischemic
145 region.
146 We had also investigated the dynamic evolution of ischemic injury in a different rat strain,
147 Wistar rats, which are known to have better collateral blood flow (24). In the Wistar rats that
148 underwent permanent occlusion, a significant mismatch of PWI to DWI volume was observed
149 up to 90 minutes after middle cerebral artery occlusion (MCAO) (25). At this time point, in the
150 Sprague-Dawley group, the mismatch volume was no longer statistically significant. The
151 experiments were performed under identical conditions so that the only difference was the rat
152 strain employed and appear to demonstrate that the strain of rats used in an experiment can
153 influence the dynamics of penumbral evolution. These studies together demonstrate how DWI
154 and PWI can be used to follow the evolution of ischemic injury, the PWI/DWI mismatch region,
155 and the effects of mechanical reperfusion on in vivo tissue injury and how differences in experi-
156 mental conditions can be used to follow the evolution of the PWI/DWI mismatch.
157
125 AUTOMATED CLUSTER ANALYSIS
160 Most of the analysis of stroke data were carried out using a volumetric approach and involved
161 the use of a region-of-interest (ROI) analysis. Although ROI analysis is helpful in simplifying a
162 complex analysis problem, these contain tissues with different ADC and CBF characteristics,
163 thereby inadvertently mixing the characteristics that one is trying to resolve and oversimplifying
164 the complex task of assessing tissue viability. The complex temporal and spatial evolution of
165 focal cerebral ischemia has recently prompted the use of various combinations of MR parameters
166 and more sophisticated analysis methods (26-31) for performing multiparametric segmentation
167 on a pixel-by-pixel basis to predict stroke outcome. These methods could significantly enhance
168 the use of MRI for accurate diagnosis and prognosis of stroke. One of the most well-known
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169  multiparametric segmentation approaches is the iterative self-organizing data analysis technique
170 (ISODATA). Jacobs et al. (27) employed the ISODATA technique to analyze T, T,, and DWI
171  stroke data in both animals (26) and humans, during the subacute phase where T, and T, were
172 informative. Wu et al. (30} used generalized linear model algorithms to analyze DWI and PWI
173 data to predict tissue outcome in human stroke patients scanned within 12 hours of symptom
174  onset. Essentially, all of the studies, mentioned earlier, focused on the subacute stage when the
175  DWI-defined ischemic lesions had essentially stopped evolving. Furthermore, qualitative PWI
176  and DWI were often used due to time constraint and/or technical limitations in the MRI data
177 acquisition. Cluster analysis of quantitative perfusion and diffusion imaging could potentially
178  yield a finer discrimination of tissue status based on their intrinsic diffusion and perfusion
179 characteristics during the acute phase.

180 Our lab recently implemented a modified ISODATA technique with some improved figures
181  (32). Figure 2 shows the results of the modified ISODATA analysis in a stroke rat. In contrast to F2
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Magnetic Resonance Imaging Assessment of the Ischemic Penumbra in Experimental Stroke 181
225 the normal left hemisphere that exhibited a single cluster, the right ischemic hemisphere showed
226 three distinct clusters at 30 minutes, namely: the normal (blue), core (red), and mismatch cluster
227 (green). At 180 minutes, the scatterplots showed that the mismatch had largely disappeared.
228 Different pixel clusters resolved on the scatterplots were mapped onto the image spaces.
229 Mismatch was located peripheral to the ischemic core. The ischemic “core” volumes grew and
230 the “mismatch” volumes decreased as ischemia progressed. The ISODATA-derived lesion vol-
231 umes showed excellent slice-by-slice correspondence with the TTC infarct volumes. A correla-
232 tion analysis was performed between the ISODATA-derived lesion volumes and TTC infarct
233 volumes for each animal, at each time point postocclusion. The correlation coefficients with
234 respect to the unity line for 30, 60, 90, 120, and 180 minutes postischemia were 0.62, 0.74, 0.83,
235 0.94, 0.99, respectively. These results demonstrated that the automated cluster analysis yielded
236 objective classification of different ischemic tissue types.
237
%gg PREDICTING ISCHEMIC TISSUE FATES
240 In addition to ischemic tissue characterization, MRI data obtained early after stroke onset also
241 offers the unique opportunity to statistically predict ischemic tissue fate. Welch et al. (27) used g2
242 a threshold-based analysis and demonstrated that the combination of T, and ADC data
243 provided improved prediction of infarction relative to either parameter alone, in subacute
244 stroke in humans. Wu et al. (30) reported the eloquent use of a generalized linear model to
245 predict stroke outcomes based on DWI, PWI, and T, data in humans. Lesions were defined
246 using a threshold-based method to generate the training set. However, this approach appears
247 less intuitive as the contribution of various parameters is difficult to assess. We developed and
248 validated a simple and intuitive statistical algorithm for predicting ischemic tissue fate after
249 acute ischemic stroke in a well-characterized rat stroke (permanent suture occlusion) model
250 (32). Quantitative high-resolution perfusion and diffusion imaging were obtained. A modified
251 ISODATA cluster analysis (as opposed to a threshold-based analysis) was used to classify
252 tissue types. Prediction of tissue infarct was made for overall tissue fate as well as for individ-
253 ual ISODATA-defined pixel clusters (such as normal tissue, ischemic “penumbra,” and
254 ischemic core) by comparing the in vivo MRI data to TTC-confirmed infarction at 24 hours.
255 Probability profiles were derived. Prediction using ADC data alone, CBE data alone, and
256 CBF + ADC data were compared and correlated with endpoint imaging and histology. The
257 resultant prediction maps were not used to identify tissue infarction but to predict risk of
258 future infarction. Performance measures of the prediction, such as sensitivity, specificity, and
259 receiver operating characteristic, were also evaluated.
260 "Two-dimensional probability of infarct (P,) contour plots based on the combined ADC + CBF
261 data at different time points postischemia were computed (Fig. 3A). Pixels with low ADC and low ¥3
262 CBF showed high P.. The “mismatch” zone, in which the ADC was normal or near normal but the
263 CBF was reduced, dynamically evolved and showed a nonzero P} (>20%). The Pp, contour plot
264 showed two modes at 30 minutes postischemia and a single mode at subsequent time points. As
265 ischemia progressed, the P; contour plots became sharper with the highest probability density
266 remained relatively time invariant (ADC ~ 0.42 x 10 mm?/sec and CBF ~ 0 mL/g/min).
267 Probability maps of risk of subsequent infarction were computed on a separate group of
268 animals. Figure 3B shows the probability maps of future infarction based on the 30-minute
269 ADC, CBF, and ADC + CBF data from one animal. For comparison, ADC and CBF maps at 30
270 and 180 minutes, ISODATA analysis of the 180-minute data, and 24-hour TTC histology are also
271 displayed. Prediction made with ADC data alone underestimated infarct volume, whereas pre-
272 dictions made with CBF data alone overestimated infarct volume. With the combined ADC + CBF
273 data, most of the mismatch pixels (circular ROI in the inset) were predicted correctly to go into
274 infarct (i.e., correlated with histology and ISODATA results), whereas with ADC data alone, the
275 mismatch was incorrecily predicted not to go into infarct. Furthermore, with the combined
276 ADC + CBF information, most of the “normal” pixels in the right hemisphere (rectangular ROI
277 in the inset) was predicted to remain normal with significantly higher certainty (P; ~ 0), whereas
278  with CBF data alone, most of the “normal” pixels were incorrectly predicted to have substantial
279 nonzero probability of going into infarct. Predicted infarct volumes based on the ADC + CBF
280 data showed the best correspondence with the ISODATA maps and the 24-hour TTC infarct

volumes.
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304 FIGU_R!E 3 Profiles of probability of infarct and probabili?y dens:ity of inflarct as a funptjon of (A) apparent diffusion
305 coefficient (ADC) + cerebral blood flow (CBF) at different time points postischemia (training Group A, n=6). Blue~-red
color bar indicates the probability ranging from 0% to 100% in steps of 10%. Probability density profiles were normal-
306 ized from 0% to 100%. Probability maps of risk of future infarction determined based on the 30-minutes ADC data
307  alone, CBF data alone, and ADG+CBF data from a representative animal (experimental Group B). Multislice images are
308 displayed from left to right as posterior to anterior slices. Also shown are the 30-minute ADG and CBF maps, 180-minute
309  ADC maps, iterative self-organizing data analysis technique analysis at 180 minutes, and 24-hour triphenyltetrazolium
310 thoride staining. Hypointensitiqs in the ADC and'(')BF maps indicatq regions of reduced ADC and GBF values, respec-
311 tively. Red—yel.low cqlor bar indicates the pro'bablllty. of infarct ranging from 0% to 100% in ste;ps of 1.0%. The inset
shows prediction using ADG alone underestimated infarct volume whereas CBF alone overestimated infarct volume
312 [circular region-of-interest (ROI)]. Prediction using ADC+CBF showed “normal” tissues having a high degree of certainty
313 of not going into infarct (low probability, rectangular ROI) relative ADC or CBF alone.
314
315
316 Receiver-operating-characteristic (ROC) curves were used to evaluate the accuracy of the
317  predictions made by using ADC alone, CBF alone, and ADC + CBF (Fig. 4A). Predictions made F4
318  using ADC + CBF data showed slightly higher sensitivity and specificity than those using ADC
319  alone or CBF alone. At the optimal operating points, combined ADC + CBF predicted tissue
320  infarction with 86 4% sensitivity and 89 + 6% specificity.
321 Although performance measures of overall tissue fate prediction made with ADC+CBE,
322  generally, showed improvement over those made with ADC or CBF alone, the improvement
323  was surprisingly small. This is because the performance measures based on the prediction of
324  overall tissue fate have a poor dynamic range (i.e., good performance is clustered at the very
325  high percentage of sensitivity and specificity) and are dominated by the fate of the “core” pixels.
326 A partial area index was helpful because it samples specific region of under the ROC curve
327  region with a larger dynamic range. However, the choice of the ranges over which the area is
328 integrated is subjective and such ranges could depend on diseases and/or disease stages. The
329  combined automated tissue classification and statistical prediction proposed herein are impor-
330 tant because it allowed the performance measures of individual tissue types to be assessed,
331  avoiding the aforementioned drawbacks. Indeed, performance analysis confirmed that the poor
332  dynamic ranges of the ROC curves were dominated by the fate of the already infarcted pixels.
333  Performance measures of individual tissue types should provide a more sensitive and
334  appropriate assessment of the prediction accuracy compared to those of the overall tissue fates.
335  Figure 4B shows the prediction of individual tissue types. Modified ISODATA clustering was
336 used to resolve “normal,” “mismatch,” and “core” pixels and probability of infarct were
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363 All standard deviation error bars were <0.05 and are not displayed for clarity.

364

365

366 evaluated for individual tissue types. Prediction of infarct for each tissue type was made and
367 the results were as follows: (i) For the P, of the right-hemisphere normal cluster, combined
368 ADC + CBF data correctly showed low probability of infarct, whereas ADC data alone and CBF
369 data alone showed substantial probability of infarct. (ii) For the mismatch cluster, combined
370 ADC + CBF data correctly predicted the infarct probability, whereas ADC underestimated the
371 infarct probability and CBF overestimated the infarct probability. The dynamic ranges of sensi-
372 tivity and specificity of the prediction algorithm made for individual tissue types were larger
373 than those the prediction algorithm made for overall tissue fates. To the best of our knowledge,
374 this is the first statistical prediction of tissue infarction for individual ischemic tissue types.
375

g;g APPLICATIONS-TO-THERAPY

378 Based upon our observations for penumbral survival using the PWI/DWI mismatch temporal
379 profile, we predicted that initiation of therapy at 60 minutes after MCAO in the permanent
380 suture occlusion model could yield substantial tissue salvage with neuroprotection. Dimethyl
381 sulfoxide (DMSO) was evaluated and compared to a saline control group (33). A 33% solution
382 of DMSO or saline was initiated at 60 minutes and then infused for three hours for a total dose
383 of 1.5 g/kg of DMSO. Serial DWI and PWI studies were performed and demonstrated a large
384 initial region of PWI abnormality that persisted over time (Fig. 5). The DWI abnormal region F5
385 initially increased but when the DMSO infusion was started no further growth occurred over
386 the subsequent three hours and the TTC-confirmed infarct volume at 24 hours was reduced by
387 more than 40% in the DMSO group compared to the control group (P = 0.002). The absolute
388 ADC values in the PWI/DWI mismatch region were characterized in the DWSO-treated and
389 control groups. The ADC values progressively declined in the mismatch region over time in the
390 control group but declined only slightly in the DMSO group. This study demonstrates that
391 DMSO, initiated 60 minutes after MCAQ in this permanent occlusion model, was highly
392 protective and prevented the PWI/DWI mismatch region, probably representing the ischemic
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410
411 Ppenumbra from evolving into infarction. Folow-up benchtop studies with DMSO demon-

41p  strated that three-day survival with the same treatment paradigm maintained the protective
413  effect and that initiation of the therapy at two hours after MCAO did not demonstrate a
414  Significant effect on infarct volume reduction. Interestingly, the infarct volume observed in the
415 two-hour DMSO treatment group was almost identical to the DWI lesion volume observed at
416  twohours in the control group of the MRI experiment.

417 In a second preliminary MRI experiment using normobaric hyperoxia as the therapeutic
418 intervention, the initial results appear to be somewhat different. Prior studies with normobaric
419 hyperoxia suggested that this therapy is effective in reducing infarct size in temporary MCAO
4oq models but not with permanent occlusion (34). Additionally, normobaric hyperoxia was shown
4p1 toextend the time window for successful treatment with i.v. t-PA in a rat stroke model (35). We
477  Observed that normobaric hyperoxia, when initiated 30 minutes after initiation of permanent
423 MCAQ, dramatically reduced the expansion of the DWI-determined lesion volume during the
404  threehours of treatment without any effect on the PWI-lesion volume. However, after stopping
405  (reatment, the DWI lesion volume began to grow again within 30 minutes of cessation and the
406  TTC-determined infarct volume at 24 hours was almost the same as untreated animals. This
4p7  preliminary MRI experiment appears to also show that normobaric hyperoxia is effective in the
48 PWI/DWImismatch region but the effect is lost when treatment stops—a different pattern than
409  thatobserved with DMSO.

430

431  CONCLUSIONS

432
433  High-resolution quantitative perfusion and diffusion imaging offers a useful means to evaluate

434  ischemic brain injury. An automated ISODATA analysis of the ADC and CBF tissue characteristics
435 during the acute phase provides a powerful and unbiased means to characterize tissue fates in
43¢  ischemic brain injury, and to monitor therapeutic intervention. Combined with the probabilistic
437  prediction algorithm, risk of future infarction could be stafistically estimated. These advances are
438  expected to be useful for staging and monitoring the spatiotemporal dynamics of ischemic brain
439  Injury on a pixel-by-pixel basis as a function of therapeutic intervention in both animals and, even-
440  tually, humans. In treatment experiments, the mismatch-defined penumbra could be persistently
441  salvaged with DMSO and transiently prevented from evolving with normobaric hyperoxia.
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