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Review

Translational perspectives on perfusion—diffusion mismatch in ischemic stroke

Bruce C. V. Campbell' and I. Mhairi Macrae?*

Magnetic resonance imaging has tremendous potential to illu-
minate ischemic stroke pathophysiology and guide rational
treatment decisions. Clinical applications to date have been
largely limited to trials. However, recent analyses of the major
clinical studies have led to refinements in selection criteria and
improved understanding of the potential implications for the
risk vs. benefit of thrombolytic therapy. In parallel, preclinical
studies have provided complementary information on the evo-
lution of stroke that is difficult to obtain in humans due to the
requirement for continuous or repeated imaging and patho-
logical verification. We review the clinical and preclinical
advances that have led to perfusion—diffusion mismatch being
applied in phase 3 randomized trials and, potentially, future
routine clinical practice.

Key words: diffusion imaging, MRI, penumbra, perfusion imaging, stroke,
thrombolytic therapy

Magnetic Resonance Imaging (MRI) imaging of
acute ischemic stroke in current clinical practice

Although a few centers now have MRI scanners in the emergency
department or can access MRI rapidly for acute stroke patients, the
clinical application of MRI for acute stroke treatment decision
making has to date been fairly limited. The theoretical rationale for
advanced imaging in acute ischemic stroke is to estimate the extent
of potentially salvageable tissue in the ‘penumbra’ vs. the volume of
‘ischemic core’. Penumbra is a concept defined in the 1970s (1) of
hypoperfused and functionally impaired brain that can regain
normal function if rapidly reperfused but otherwise has a high risk
of progressing to infarction. Penumbra is the conceptual basis of
all reperfusion therapies, and its existence is made possible by
collateral flow via alternative blood flow routes, predominantly
through the circle of Willis or leptomeningeal anastomoses (2).
Ischemic core is defined as tissue that has been irreversibly
damaged and will progress to infarction regardless of whether it is
reperfused (3). Positron emission tomography (PET) has been
used to identify these tissue states in vivo (4), and the hope for
perfusion—diffusion MRI has been to provide more accessible
estimates of ischemic core and penumbra in clinical practice.
Currently, the only proven reperfusion therapy is intravenous
tissue plasminogen activator (tPA) administered within 4-5h
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of stroke onset in patients selected using clinical criteria and
noncontrast CT to exclude hemorrhage. Existing data using this
approach suggest minimal benefit beyond 4-5h (5). However,
studies such as DEFUSE (6), EPITHET (7), and DEFUSE-2 (8)
have demonstrated the potential for selecting patients who may
benefit from reperfusion therapies beyond the current 4-5 h time-
frame. The concept of perfusion—diffusion mismatch selection is
now being tested in phase 3 trials such as EXTEND (9) and
ECASS4-EXTEND. Some centers have been using extended time
window MRI-based mismatch selection in clinical practice and
have reported safety and clinical outcomes comparable with stan-
dard sub-4-5 h tPA patients in uncontrolled case series (10). This
section of the review will address recent refinements in mismatch
theory that are relevant to its clinical application.

Diffusion imaging

Diffusion imaging is immensely powerful as a diagnostic tool in
suspected stroke. It becomes abnormal within minutes of stroke
onset (11) and has far greater sensitivity and specificity than any
other current modality (12). Diffusion imaging is the key param-
eter to estimate irreversibly injured tissue in perfusion—diffusion
mismatch or, for that matter, MRA-diffusion (13) or clinical-
diffusion mismatch (14,15). The extent and location of the base-
line diffusion lesion may be at least as important to clinical
outcome after reperfusion as the volume of mismatch (16-18).
Patients with large baseline diffusion-weighted imaging (DWI)
lesions very rarely achieve a favorable clinical outcome, regardless
of the success of reperfusion attempts. Indeed, these patients may
be at greater risk of harm from reperfusion — the concept of
‘malignant’ or ‘futile’ profile (6). Current mismatch definitions
include a maximum DWT lesion volume (e.g. <70 ml) in addition
to the mismatch ratio and absolute volume of mismatch (8,9).
Considerable literature has evolved around the question of
whether diffusion lesion reversal is a relevant clinical phenomenon
(19). Much of this was confounded by inadequate attention to in-
farct atrophy, temporary postreperfusion reversal, and the milder
spectrum of gliotic changes on follow-up Fluid Attenuated Inver-
sion Recovery (FLAIR) imaging. Although the cytotoxic edema
represented by diffusion restriction may be theoretically reversible
(20), in clinical practice diffusion lesion reversal is rare. This has
been studied predominantly beyond three-hours from onset when
most stroke MRI is performed (21,22). One recent study that
included 114 patients with pretreatment diffusion MR obtained
<3 h from stroke onset found that 17% had reversal of >10 ml and
>10% of the baseline lesion volume when reassessed at 24 h (23).
Another similar sized but less quantitative study found predomi-
nantly temporary reversal in some cases on post-thrombolysis
DWTI with return of the lesion on FLAIR at seven-days (22). Tem-
porary reversal is more common immediately after reperfusion,
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although the time—course in humans is not well characterized (24).
This is analogous to work in rats where 30 min of middle cerebral
artery (MCA) occlusion lead to a diffusion lesion that completely
vanished after reperfusion but later returned (25). In the same
study, 10 min of MCA occlusion lead to a diffusion lesion that
permanently disappeared. Histologically, however, there was neu-
ronal loss indicating that the tissue salvage was incomplete. This
incomplete tissue salvage in regions of normal FLAIR appearance,
traditionally regarded as outside the infarct, has also been identi-
fied in man with reduced flumazenil binding using PET (26) and
reduced magnetization transfer ratio using MRI (27). Thus, the
common binary approach to defining irreversible injury using
imaging, although pragmatic, is somewhat simplistic.

The best technique to measure diffusion lesion volume remains
controversial. Single apparent diffusion coefficient (ADC) thresh-
olds have been proposed but require significant postprocessing to
achieve reasonable sensitivity while maintaining specificity as
there is considerable overlap in the distribution of ADC values
between injured and normal brain (28). The optimal ADC thresh-
old may also vary with time from stroke onset (29). Although
milder decreases in ADC are observed at the periphery of the
lesion, these seem not to be salvaged in many cases, even with
rapid reperfusion (24). For the purposes of automated segmen-
tation, a combination of absolute ADC and relative B1000 inten-
sity provides a reasonable approximation (30). However, for the
greatest accuracy in research studies, we currently favor manual
outlining of the ‘maximal visual extent’ of B1000 abnormality
using careful windowing (24,31).

Perfusion imaging (PI) and the extent of
ischemic penumbra

The survival of ischemic penumbra depends on the quality of
collateral flow available to bypass an arterial occlusion. Collateral
flow can occur via the circle of Willis or via leptomeningeal anas-
tomoses between anterior cerebral artery (ACA), posterior cere-
bral artery (PCA) and the MCA. In laboratory animals, cerebral
blood flow thresholds have been derived that have a time-
dependent association with tissue viability (32). Studies using
PET in a limited number of human patients with a variable degree
of stroke acuity have suggested that similar relative thresholds,
corresponding to a penumbra range of cerebral blood flow (CBF)
~17-22 ml/100 g/min, apply in man (33-35). Given the practical
limitations of PET for clinical use, MRI dynamic susceptibility-
weighted contrast PI has been applied.

Interestingly, delay-based parameters such as Tmax and TTP
(time to peak of the deconvolved tissue residue function and raw
concentration-time curve, respectively) have seemed more robust
predictors of infarct risk than the relative CBF measures provided
by MRI (36,37). Increased TTP and Tmax reflect the delay and
dispersion incurred by flow travelling through collateral path-
ways. Simplistically, the longer the delay, the further the blood had
to travel down the collateral vessels and the greater the risk of flow
becoming inadequate to sustain tissue viability (38).

A key area of interest has been to distinguish tissue destined for
infarction in the absence of reperfusion (one method of defining
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the ‘ischemic penumbra’) from that which will survive indefi-
nitely even in the absence of reperfusion (so-called ‘benign
oligemia’). It has become clear that tissue experiencing mild
degrees of perfusion delay (e.g. <4s) at the periphery of the
perfusion lesion almost never proceeds to infarction. Even with
severe delays (e.g. Tmax >10s) the risk of infarction without
reperfusion is only around 70% (38). Multiple lines of evidence
from PET correlation (37), xenon—CT correlation (39), and
follow-up studies in patients without reperfusion (40,41) have
suggested a delay of >4-6 s as the best threshold to define the
tissue most likely to be at risk in an average patient (Fig. 1).

Precisely predicting the final infarct in an individual patient
from a single snapshot of perfusion is probably impossible as
stroke is a dynamic process with shifts in clot location and fluc-
tuations in collateral flow (42). However, thresholding the perfu-
sion lesion to exclude mild peripheral regions has been a
significant advance in improving the relationship of mismatch
volume with clinical response to reperfusion. A Tmax >6 s perfu-
sion threshold was used in DEFUSE 2 (8), which confirmed the
benefits of reperfusion in patients with mismatch beyond 4-5 h
and is also employed in the ongoing EXTEND trial (9).

Defining mismatch

Early definitions of perfusion—diffusion mismatch used a mis-
match ratio >1-2, which was an arbitrary choice based on the
minimum visually evident difference in volume of two spheres.
This criterion was combined with a minimum mismatch volume
of 10 ml to avoid classifying ‘mismatch’ in very small lesions in the
DEFUSE (6) and EPITHET (7) studies. Both studies used a gen-
erous definition of the perfusion lesion (Tmax >2 s), which lead to
relatively high proportions of patients with mismatch (86% in
EPITHET). Subsequent analyses emphasized the strong relation-
ship of more stringent perfusion thresholds and/or higher mis-
match ratios with improved response to reperfusion (41-44). As
discussed above, the use of a Tmax >6 s threshold has been sup-
ported by PET and EPITHET-DEFUSE pooled sub-analyses. The
recently published DEFUSE 2 study used a mismatch ratio >1-8,
absolute mismatch volume >15 ml, and baseline DWI lesion
volume <70 ml to define ‘target mismatch’ in patients about to
undergo open label intra-arterial reperfusion therapy. Target mis-
match patients had significantly better clinical and radiological
outcomes if reperfusion was achieved compared with those in
whom reperfusion therapy failed. The degree of reperfusion in
these patients was directly related to the rate of good clinical
outcome. In contrast, patients without target mismatch demon-
strated no difference in outcome between reperfusion and non-
reperfusion groups (8). The ongoing EXTEND randomized trial
of tPA/placebo is using similar criteria (mismatch ratio >1-2, mis-
match volume >10 ml, and DWI lesion volume <70 ml) to select
patients 4-5-9 h after stroke onset or with wake-up onset stroke
who may benefit from reperfusion (9). The importance of more
selective mismatch definitions was recently highlighted in second-
ary analysis of the DIAS trial, which used visual assessment of
perfusion—diffusion mismatch to select patients for thrombolysis
with desmoteplase. This lead to the inclusion of many patients
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Fig. 1 Example of perfusion MRI in an acute ischemic stroke patient. Time to Peak (TTP) map generated by manufacturer’s software demonstrates a clear
abnormality in the right middle cerebral artery territory. However, without thresholding it is difficult to distinguish ‘benign oligemia’ from tissue at risk of
infarction. The Tmax map (RAPID, Stanford University) quantifies the perfusion delay. Use of a Tmax >6 s threshold reduces the overestimation of tissue
at risk, as seen when compared to the day 30 FLAIR in this patient who did not receive reperfusion therapy. MRI: Magnetic resonance imaging.

with small lesions, and the primary analysis was negative.
However, reanalysis requiring mismatch of >60 ml demonstrated
clear benefits of desmoteplase on clinical outcome (45).

An alternative approach to mismatch (46) was used in the
recently published MR-RESCUE study (47). The investigators
developed a complex multiparametric equation including DWI,
ADC and several perfusion parameters to estimate the tissue likely
to have already suffered irreversible injury at baseline. This
method was based on the belief that DWT lesion reversal is an
important issue. ‘Mismatch’ was defined using a volume of
multiparametric-derived ‘irreversible injury’ <90 ml and <70% of
perfusion lesion volume defined by Tmax >4 s. This selection
approach did not lead to a positive trial result although the intra-
arterial device intervention tested had limited efficacy in inducing
recanalization and reperfusion. Patients with ‘mismatch’ did have
better outcome in the presence of recanalization (assessed rather
late at seven-days) but a similar trend was observed in nonmis-
match patients, the reasons for which remain unclear (48).

Mismatch and vessel occlusion
Although mismatch can be considered in isolation, the ‘dual

target’ combination of mismatch and major vessel occlusion has
been proposed as a more powerful way to identify patients who

will respond favorably to reperfusion. This is especially pertinent
in trials, where power to detect a difference in good functional
outcome with reperfusion may be greatest in patients with the
severe baseline clinical deficits generally associated with major
vessel occlusion. However, intravenous lytic agents are less effec-
tive in patients with major vessel occlusion, and this may coun-
terbalance the benefits of dual target selection. Vessel occlusion is
particularly relevant to intra-arterial clot retrieval therapies that
are generally confined to the larger vessels. Mismatch has been
argued to be less relevant in this context with the combination of
vessel occlusion and small baseline DWI lesion proposed as
simpler and equally useful in predicting response to therapy. In
reality, the treatment decisions with either approach are usually
concordant. However, mismatch is a more generalizable concept
that may assist decision making when the baseline DWI lesion is
moderately large and in patients without major vessel occlusion.
Perfusion data may also provide extra information on treatment
risk (49-52) and perhaps the probability of infarct expansion in
the absence of reperfusion (38).

This review has not discussed CT perfusion, but this debate
becomes irrelevant when CT is used as the same perfusion data
are used to estimate both ischemic core and penumbra volumes
and, in many cases, reconstruct dynamic angiography to assess
vessel occlusion.
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One significant pitfall of current mismatch approaches is that
clinical response to reperfusion depends not only on the absolute
mismatch volume but on the functional significance or ‘elo-
quence’ of the affected region. The dichotomous approach to
mismatch, while necessary for clinical trials, is also somewhat
arbitrary and masks a spectrum of pathophysiology. Incorporat-
ing qualitative spatial and functional information will be a key
step in the translation of mismatch from enriching trial popula-
tions to guiding routine treatment for individual stroke patients.
Ideally, the volume and functional role of the mismatch zone vs.
the baseline DWT lesion would be weighed against an individual-
ized assessment of hemorrhage risk.

MRI imaging of acute ischemic stroke: preclinical
studies in rodents

Small animal MRI scanners, typically 7 tesla or higher magnetic
field strength, are increasingly used to study the ischemic brain in
animal stroke models [reviewed by Planas (53)]. Sequences used
for routine clinical MRI, and more recent research techniques,
have been set up on small animal scanners to facilitate ‘bench to
bedside’ and ‘bedside to bench’ translational research. For
example, T>-weighted imaging for identification and quantitation
of final infarct, DWI for acute ischemic injury, PI for perfusion
deficit, diffusion tensor imaging for damage to white matter, T,
imaging with contrast for blood brain barrier breakdown, and
blood oxygen level dependent (BOLD) functional MRI for loss/
return of function. As in clinical research, diffusion and PI are
combined to generate PI/DWI mismatch for identification of
potentially salvageable penumbral tissue.

There are both benefits and limitations associated with imaging
stroke in animal models. One major benefit is the ability to track
the evolution of damage and loss of penumbra by serially scan-
ning over the first hours poststroke. Additionally, animals can
undergo longitudinal study with multiple scanning sessions to
track the consequences of a particular intervention over a number
of weeks poststroke, and this can be combined with behavioral
assessment of functional outcome. The major limitation is that
during scanning, animals are anesthetized so that the head can be
secured to limit movement. Therefore, the one important differ-
ence between clinical and preclinical stroke research is the need
for anesthesia during stroke surgery and imaging. Anesthetics are
known to influence blood pressure, respiration (and blood gases),
cerebral blood flow, brain metabolism and function, and body
temperature (54). Physiological monitoring and artificial respira-
tion with regular blood gas analysis during prolonged scanning
sessions (e.g. 26 h) enables physiology to be maintained within
normal limits and the influence these parameters have on pen-
umbra to be controlled.

Ischemic stroke models targeting the MCA have been estab-
lished in a range of animals including gyrencephalic species such
as the cat (55), miniature pig (56), and baboon (57). However,
most imaging studies are carried out on rats, exposed to middle
cerebral artery occlusion (MCAO). Imaging is also possible in
mice (58) and is increasingly being used to phenotype transgenic
mice (59-61).

B. C. V. Campbell and I. M. Macrae

Stroke is most commonly induced immediately prior to
imaging but can be induced during the scanning session by
occluding the MCA remotely (62,63). Penumbra is identified as
tissue within the perfusion deficit, which has yet to show abnor-
mality on diffusion scans (perfusion/diffusion mismatch). In the
rodent stroke literature, ADC maps are generated from the diffu-
sion data to obtain quantitative images of the diffusion coeffi-
cient. ADC and perfusion thresholds are then applied to define
the borders of the diffusion abnormality and perfusion deficit,
respectively. Relatively few groups have established ADC and per-
fusion thresholds (Table 1), with most rodent mismatch studies
using one of these published thresholds (Table 2). However, it is
important for groups to establish in-house thresholds specific to
rat strain and time-point(s) being investigated as the ADC thresh-
old has been shown to change with time from stroke onset (Li
et al. (66), Table 1) and perfusion thresholds in one rat strain may
not be applicable in other strains (Reid et al. (69), Table 1).

Data from published rodent mismatch studies are building up
knowledge on the amount of penumbral tissue available for
rescue in different rodent stroke models, including those with
stroke-related comorbidity. A number of serial studies have also
provided information on the evolution of damage and loss of
penumbra in the acute period following stroke in the rat
(Table 2).

Diffusion imaging and the acute diffusion lesion

Hyperintensity is already visible between 0 and 10 min after onset
of ischemia on DWI scans when strokes are induced within the
scanner. The intensity and size of the lesion gradually increases
thereafter [0-6 h (62,63)]. The ADC threshold is calculated for a
given time-point poststroke (usually three- to four-hours), with
reference to the final (edema corrected) infarct size. For example,
0-543 x 10~ mm?/s or 83-5% of the contralateral hemisphere
(excluding ventricles) at three-hour poststroke (65). In the studies
that have derived in-house ADC thresholds, there is generally
good agreement across strains and stroke models (Table 1).
However, the rate of growth of the ADC-defined lesion is more
variable and may depend on the strain of rat and the level of
collateral supply to MCA territory, the size of the lesion on early
scans, and the level of control of physiological variables (e.g.
blood pressure, blood gases, and body temperature).

Pl and the perfusion deficit

Most preclinical acute stroke imaging studies now employ arterial
spin labeling (ASL), which does not require contrast agent injec-
tion and provides a direct assessment of CBF (Table 2) rather than
the delay-based parameters, Tmax and TTP, used clinically. Per-
fusion deficits are defined using a similar threshold approach. A
flow threshold is applied that represents the acute CBF or perfu-
sion value that defines a tissue volume equal to final (edema
corrected) infarct. The majority of studies that have defined a flow
threshold have employed ASL (Table 1). Data are more variable
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than for ADC values (e.g. see range of contralateral CBF values,
Table 1) and consequently there is a wider spread in published
flow thresholds.

In the majority of rodent studies, the volume of perfusion
deficit remains relatively constant over the first four- to six-hours
following stroke, with reductions in the mismatch volume reflect-
ing increases in the volume of the ADC lesion (68,72,75,76).
However, in some studies, the perfusion deficit also increases over
time (69,70,77), which could point to a failure of collateral flow.
These studies used spontaneously hypertensive stroke-prone,
Wistar Kyoto and Sprague Dawley rats. In situations where the
perfusion deficit and DWTI lesion grow at a similar rate, this could
give the false impression of survival of penumbral tissue as overall
mismatch volume would not change with time.

Penumbra and perfusion/diffusion mismatch

Preclinically, penumbra volume can be assessed using at least
three different methods:

e by simply subtracting the ADC-derived lesion volume from
the perfusion deficit volume at each time-point (volumetric
perfusion—diffusion mismatch with no anatomical coregistration,
most common);

e slice-by-slice delineation of ADC-derived lesion, perfusion
deficit, and mismatch area using coregistration software (e.g.
Image J, U. S. National Institutes of Health, Bethesda, Maryland,
USA) or voxel-based analysis (e.g. Matlab Mathworks, Natick,
Massachusetts, USA); and

e retrospective assessment of penumbra by subtracting the ADC
lesion volume at a given time-point from the final edema-
corrected infarct.

The size and location of penumbra varies according to the thresh-
olds applied and also which of the three approaches is employed
(69). All published studies using these methods have detected a
measureable mismatch volume at early time-points, within the
range presented in Table 2 and which generally reduces in size
over time. Mismatch volume and its rate of loss vary across dif-
ferent normotensive rat strains (Table 2), with studies on rats
with comorbidity (e.g. hypertension) reporting smaller mismatch
volumes (69,71,77). Therefore, available techniques provide the
means to quantify how much penumbral tissue is available for
tissue salvage and to investigate the potential for therapies to save
or extend penumbra life span. However, direct comparison of
mismatch volume between studies is hampered by a lack of stan-
dardization in the rostro-caudal extent of MCA territory covered
by the scans (see Table 2).

Type and depth of anesthesia can influence the temporal
change in the ADC lesion and perfusion deficit and therefore the
assessment of penumbra from DWI/PI or ADC/PI mismatch.
Instances can arise preclinically where mismatch volume is main-
tained (e.g. over a period of four-hours or longer) without inter-
vention. For example, where the ADC lesion volume does not
increase with time (possibly due to tight control of physiological
variables under anesthesia and/or enhanced oxygenation of ven-
tilation gases), or when the size of the perfusion deficit increases
at a similar rate to ADC lesion growth. In permanent MCAO
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models, the volume of hypoperfused tissue, detected acutely, can
exceed the final (edema corrected) infarct at 24 h, making thresh-
old setting problematic. One explanation for this may be that the
increase in blood pressure, on withdrawal of anesthesia, causes an
increase in CBF within the ischemic hemisphere such that the
volume of perfusion deficit is reduced and, consequently, more
tissue survives. Therefore, the potential for anesthesia to influence
penumbra size is not inconsiderable and should be taken into
account when interpreting results.

Summary

A number of preclinical centers are now equipped for rodent MRI
research on the ischemic penumbra. What is needed now is for a
consensus to be reached and the optimum protocols for generat-
ing and processing mismatch data standardized across all centers.
Then preclinical MRI will provide a powerful platform to research
the penumbra and test novel therapeutic strategies for tissue
salvage or to prolong its life span, which hopefully will translate to
the clinic. Physiological stability under anesthesia will be key to
interpretation of results and reproducibility of findings across
sites. Clinical application of perfusion—diffusion mismatch has
already entered practice in some centers. However, studies thus far
have had mixed success in demonstrating treatment effects in
patients selected using various mismatch paradigms. As with pre-
clinical work, much has been learned from these experiences
about the importance of thresholding perfusion lesions and stan-
dardizing processing and interpretation. The current generation
of clinical trials in progress provides hope for a future in which
patient treatment can be individualized on the basis of patho-
physiology, illuminated by imaging.
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