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Identifying and utilizing the

ischemic penumbra

ABSTRACT

The penumbral concept is defined as different areas within the ischemic region evolve into irre-
versible brain injury over time and that this evolution is most critically linked to the severity of the
decline in cerebral blood flow (CBF). The ischemic penumbra was initially defined as a region of
reduced CBF with absent spontaneous or induced electrical potentials that still maintained
jonic homeostasis and transmembrane electrical potentials. The reduction of CBF levels to
between 10 and 15 mL/100 g/min and approximately 25 mL/100 g/min are likely to identify
penumbral tissue, and the ischemic core of irreversible ischemic tissue has a CBF value below
the lower threshold. The role of identifying this critically deprived brain tissue from CBF in
triaging patients for endovascular ischemic therapy is evolving. In this review we focus on the
basic science of the penumbral concept and identification using various imaging modalities
(PET, MRI, and CT) in animal models and human studies. Another article in this supplement
addresses the clinical implication and the current understanding and application of this con-
cept into clinical practice of endovascular ischemic stroke therapy. Neurology® 2012;79
(Suppl 1):S79-S85

GLOSSARY

ADC = apparent diffusion coefficient; CBF = cerebral blood flow; CBV = cerebral blood volume; CMRO, = cerebral meta-
bolic rate of oxygen; DEFUSE = Diffusion and Perfusion Imaging Evaluation For Understanding Stroke Evolution; DIAS Il =
Desmoteplase in Acute Ischemic Stroke Trial; DWI = diffusion-weighted MRI; EPITHET = Echoplanar Imaging Thrombolytic
Evaluation Trial; MTT = mean transit time; OEF = rate of oxygen extraction; PWI = perfusion-weighted MRI; Tyhax = time to
maximum concentration; tPA = tissue plasminogen activator.

The concept of the ischemic penumbra was initially proposed by Astrup et al.! and represented an important
milestone for understanding the temporal and spatial evolution of focal ischemic brain injury. The penumbral
concept suggests that different areas within the ischemic region evolve into irreversible brain injury over time
and that this evolution is most critically linked to the severity of decline in cerebral blood flow (CBF). The
ischemic penumbra was initially defined as a region of reduced CBF with absent spontaneous or induced
electrical potentials that still maintained ionic homeostasis and transmembrane electrical potentials. This
narrow definition has evolved, and 2 subsequent definitions should be focused upon. Hossmann? character-
ized the ischemic penumbra as “a region of constrained blood supply in which energy metabolism is pre-
served.” In an accompanying editorial, Ginsberg and Pulsinelli* modified this definition, suggesting that
energy metabolism might be intermittently compromised within the ischemic penumbra. If the ischemic
penumbra is characterized by these approaches, then a reduction of CBF to levels between a lower threshold
of 10-15 mL/100 g/min and an upper threshold of approximately 25 mL/100 g/min is likely to identify
penumbral tissue. The ischemic core of infarcted tissue has a CBF value below the lower threshold. The
upper threshold for CBF decline approximates that level associated with the development of neurologic
deficits and is substantially less severe than the CBF decline associated with loss of electrical activity, as
proposed by the original ischemic penumbra concept.

The pathophysiologic relationship of CBF decline and metabolic activity in ischemic tissue is important
but not easy to relate to the neurologic status of stroke patients. A simple but meaningful definition of the
ischemic penumbra for both clinicians and clinical trialists was originally proposed by Hakim* and states that
the ischemic penumbra is ischemic tissue that is “potentially reversible” with a timely intervention. This
concept was expanded by relating the potential for reversibility to how such ischemic tissue might be charac-
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terized by imaging and then treated.’ If reducing in-
farct size to improve functional outcome is the goal
of acute stroke therapy and the ischemic penumbra is
that portion of the ischemic injury that can poten-
tially be reversed, then identifying it and mapping its
evolution is of obvious importance.

After the earlier characterizations of the penum-
bra, refined definitions were proposed that focused
on the molecular consequences of the CBF reduction
in this region. A large number of cellular effects occur
in penumbral tissue, including a reduction of protein
synthesis with preservation of adenosine triphos-
phate synthesis, the induction of acidosis, the release
of excitotoxic neurotransmitters, and increases in the
levels of nitric oxide, interleukin-1, transforming
growth factor-1 3, tumor necrosis factor—a, vascular
endothelial growth factor, brain-derived neu-
rotrophic factor, and hypoxia inducible factor.®
Other molecules such as matrix metalloproteinases
and NMDA-signaling molecules may have a dual
role, mediating ischemic injury shortly after it is ini-
tiated but enhancing recovery mechanisms at later
time points.” Recent proteomic data demonstrated
upregulation of proteins involved with antiapoptotic,
anti-inflammatory, and mitochondrial heat shock ac-
tivity in cell cultures exposed to ischemic condi-
tions.® This enhanced understanding of the cellular
and molecular consequences associated with the pen-
umbra could provide targets for the development of
novel therapies. In addition to these advances con-
cerning the cellular and molecular consequences of
penumbral levels of CBF decline, involvement of the
entire neurovascular unit and not just neurons
within the penumbral region has gained acceptance
and should also be considered in future therapy
development.?

Initial imaging studies of the ischemic penumbra
in both animal stroke models and humans were per-
formed with PET by a few investigators. PET allows
researchers to evaluate in vivo the relationship be-
tween CBF and such metabolic parameters as the ce-
rebral metabolic rate of oxygen (CMRO,) and the
rate of oxygen extraction (OEF) by brain tissue.!* In
normal brain, CBF and CMRO, have a linearly pro-
portional relationship, and OEF is similar all over the
brain. Four PET patterns are observed with focal
brain ischemia.!! The first pattern is an increase in
cerebral blood volume (CBV) to maintain CBF in
response to physiologic conditions or demands (au-
toregulation). The second pattern is an increase of
OEF in response to a reduction of CBF so that
CMRO, is maintained, and this pattern defines oli-
gemia. The third PET pattern is an increase of OEF
in brain regions with reduced CBF and CMRO, to

try to maintain tissue metabolism as much as possi-
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ble, and this pattern defines ischemic tissue with pen-
umbral characteristics. The fourth pattern is very low
CBF and CMRO, levels with poor OEF, and this
pattern represents irreversible ischemic injury or the
infarct core. In both cats and baboons subjected to
experimental focal ischemia and serial MRI studies,
evolution of the ischemic lesion from a penumbral
pattern to an infarct pattern occurred.'?!* PET stud-
ies in stroke patients have yielded valuable informa-
tion about the location and temporal evolution of the
ischemic penumbra.’® These studies have identified
penumbral ischemic tissue many hours after stroke
onset and suggest that that the time window for po-
tentially effective therapy may be quite long in some
patients.

Another PET approach for the potential identifi-
cation of the ischemic penumbra is to use ligands
that preferentially bind to penumbral tissue and not
to irreversibly injured tissue. Two such ligands are
"'C flumazenil and '®F-fluoromisonidazole. Both li-
gands bind preferentially to hypoxic but potentially
viable ischemic tissue, and preliminary studies sug-
gest they can be used to distinguish the ischemic pen-
umbra and core.”!® The problem with both PET
metabolic and ligand imaging is the limited availabil-
ity of PET scanners for routine clinical use and the
time-consuming nature of the studies to be per-
formed. PET will remain a useful research tool but
will not be useful for clinical trials and patient care.

Diffusion-weighted imaging (DWI) and perfusion-
weighted MRI (PWI) are widely available MRI modal-
ities that provide valuable information about the tissue
characteristics of focal brain ischemia and flow in the
microcirculation.” Abnormalities of the apparent diffu-
sion coefficient (ADC) in ischemic brain regions on
DWI and tissue perfusion on PW1 are detectable within
minutes after the onset of ischemia in animal stroke
models and in most stroke patients when they are ini-
tially imaged. This information is of obvious benefit for
stroke diagnosis and localization, but it may also pro-
vide insights into the existence and size of potentially
reversible ischemic tissue. It was initially proposed that
ischemic brain regions with reduced perfusion on PWI
and hyperintensity on DWI represented regions of in-
farction and that regions with abnormal perfusion that
were normal on DWI represented the penumbra.'®
This so-called DWI-PW1I mismatch is clinically useful
but only approximates the distinction between infarct
core and penumbra (figure 1). Part of the PWT abnor-
mality represents oligemic tissue where the severity of
CBF decline is relatively mild, and this tissue will not
become irreversibly injured.!” Conversely, portions of
the DWI abnormality with relatively modest ADC de-
clines can be reversed with timely reperfusion, as has

been demonstrated in both experimental stroke models
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[ Figure 1 Diffusion/perfusion MRI ]

The top row of images shows a diffusion lesion in white on multiple levels; the bottom row
shows the corresponding perfusion lesions at these levels.

and stroke patients undergoing both IV and intra-
arterial thrombolytic therapy.*?! An important variable
in the identification of the DWI-PWI mismatch is how
the 2 regions of abnormality are identified. DWT lesion
identification is relatively straightforward as a region of
hyperintensity corresponding to reduced ADC values.
Characterizing the PWI region of abnormality is more
problematic because it is dependent upon what thresh-
old is used to define hypoperfused tissue.?? Currently,
there is no well-validated, widely agreed upon threshold
to define PWI abnormality, and proposals have been
made to use maps of time to peak, mean transit time
(MTT), and time to maximum concentration (T’ ) to
define PWI hypoperfusion. Validation of the most ap-
propriate and precise PWI identification of hypoper-
fused tissue remains to be established. Currently, the
MTT and T, approaches are most widely used, and
despite precise validation they allow clinicians to rea-
sonably identify obvious mismatches between abnormal
PWI regions and DWI hyperintense regions.

In experimental stroke studies the natural history
and effects of treatment on the evolution of the
DWI-PWI mismatch were evaluated. In experi-
ments using validated thresholds to identify the dif-
fusion and perfusion lesion volumes, the evolution of
the mismatch in the rat suture occlusion and embolic
stroke models demonstrated a larger and more persis-
tent mismatch in the embolic model.?* This suggests
that the embolic model is closer to the pathophysiol-
ogy of human stroke than the suture model and has

more potentially salvageable ischemic tissue that
might be amenable to treatment for a longer time
period. Treatment experiments demonstrated that
granulocyte colony stimulating factor initiated 1
hour after stroke onset in the permanent occlusion
suture model halted the enlargement of the DWI,
maintaining the DWI-PWI mismatch for many
hours, and reduced the extent of histologically con-
firmed infarction at 24 hours.?* In the embolic rat
stroke model, high-flow normobaric hyperoxia also
stopped the enlargement of the DWI lesion, and
when combined with IV tissue plasminogen activator
(tPA) at 3 hours after stroke onset, it allowed this
therapy to significantly reduce infarct volume at 24
hours in comparison with a control group (room air
and tPA at 3 hours).? Characterizing penumbral tis-
sue by using absolute ADC values and quantitative
CBF measurements with arterial spin-labeling PW1I
appears to be more precise than the relatively simplis-
tic approach with bolus contrast PWI. As this PWI
technique becomes available for human stroke imag-
ing, a similar approach to more precise penumbral
identification will likely evolve.

Perfusion CT is the second imaging modality that
is being used to identify an approximation of the
penumbra in patients with acute ischemic stroke.
Perfusion CT images are acquired on ultrafast CT
scanners by rapid repetitive scanning after the injec-
tion of iodinated contrast material. With a signal
washout curve generated by bolus-contrast perfusion
CT scanning, semiquantitative CBV and CBV maps
can be generated.?® As ischemia becomes more se-
vere, CBV collapses, so with perfusion CT the isch-
emic core is identified as a region with a markedly
reduced CBV. CBF or MTT maps demonstrate isch-
emic regions with values below a defined threshold as
abnormally perfused brain regions. The ischemic
penumbra is operationally defined as the region of
CBF or MTT abnormality with CBV values above
the threshold of collapse (figure 2).27?® The use of
perfusion CT is currently hampered by several fac-
tors, as compared with DWI-PW1I. These factors are
limited coverage of the ischemic brain (only 2-4
slices for most scanners, although whole brain cover-
age is now available on newer models), less reliably
identified thresholds for identifying CBF/MTT and
CBV abnormalities, and very little animal modeling
work with this imaging technology. A major advan-
tage of perfusion CT is the more widespread avail-
ability and access in comparison with MRI. A study
with a modest sample size did demonstrate compara-
ble identification of target patients for treatment de-
cisions in the 3- to 9-hour time window with
perfusion CT as compared with DWI-PWI, but this

finding will need to be confirmed in many more pa-
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[ Figure 2 CT angiogram (left) and perfusion CT (right)

The CT angiogram shows occlusion of the middle cerebral artery and the perfusion CT scan shows a large mismatch be-
tween the mean transit time lesion (green) and the cerebral blood volume lesion (red).

tients at multiple sites.”” When some of the current
problems with perfusion CT are solved and compa-
rability to DWI-PWI for penumbral approximation
is confirmed, practical considerations suggest that it
will become the most commonly used imaging tool
for penumbral approximation.

The potential utility of penumbral imaging for
the selection of stroke patients to treat beyond the
current 3-hour window of IV tPA is emerging from
case series and early clinical trials. Two European
case series of stroke patients with a DWI-PWI mis-
match treated with IV between 3 and 6 hours after
stroke onset demonstrated a favorable 90-day out-
come rate comparable to that for patients treated in
the 0- to 3-hour time window who were screened
only with a noncontrast CT scan.’*3! These case se-
ries did not have a control group of mismatch pa-
tients who did not undergo IV tPA treatment. In the
Diffusion and Perfusion Imaging Evaluation For
Understanding Stroke Evolution (DEFUSE) study,
patients were treated with IV tPA in the 3- to 6-hour
window, and all patients were studied with a com-
prehensive MRI battery that included DWI and
PWI.32 A mismatch was not required for inclusion,
but the primary hypothesis of this modestly sized ex-
ploratory study was that mismatch patients would
respond better to therapy than non-mismatch pa-
tients. PW1I abnormalities were identified by a T,
delay of >2 seconds, and a greater than 20% mis-
match of the PWI and DWI lesion volumes at base-
line was observed in 37 (54%) of 68 patients. Early
reperfusion occurred in 49% of patients in whom it
could be determined. This early reperfusion in mis-
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match patients was associated with a favorable out-
come, defined as a modified Rankin Scale score of
0-2 in 56% of patients, whereas only 19% of mis-
match patients without reperfusion achieved this
outcome. Some mismatch patients had a “malignant
mismatch pattern,” defined as a large (>100 mL)
baseline DWI lesion or a PWI lesion >100 mL with
a very long, 8-second delay of T .. Such a malig-
nant pattern was observed infrequently but was asso-
ciated with a low rate of favorable outcome and a
50% risk of fatal intracerebral hemorrhage. In non-
mismatch patients, absence of early reperfusion was
associated with a higher rate of favorable outcome
than with early reperfusion. Of those whose reperfusion
was successful, non-mismatch patients had a less favor-
able outcome than mismatch patients. The number of
each of these types of scenarios was quite small.
Another modestly sized study, the Echoplanar Imag-
ing Thrombolytic Evaluation Trial (EPITHET), ran-
domized patients to IV tPA or vehicle in the 3- to
6-hour time window and included baseline MRI as-
sessment but not a requirement of mismatch for in-
clusion.?® A T, delay of >2 seconds was also used
to define PWI abnormalities, as in DEFUSE, but in
this study 86% of the 101 patients had a 20% or
greater mismatch of baseline PWI and DWI vol-
umes. The primary outcome measure of the study
that was prespecified was infarct growth, assessed
by the geometric mean relative growth; this was 1.24
in the (PA group and 1.78 in the placebo group (p =
0.24). When ischemic lesion growth was dichoto-
mized into growth or no growth between baseline
and day 90, 23% more of the tPA group had no
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growth, barely missing statistical significance. Reper-
fusion of more than 90% of the initial PWI lesion
was observed in 56% of the tPA patients and 26% of
the placebo patients (» = 0.01). Dichotomization of
the modified Rankin Scale scores, at 0—1 vs 2—6,
yielded 15% more tPA patients who achieved a fa-
vorable outcome (p = 0.153), but if the dichotomi-
zation was 0—2 vs 3—6, then the difference was only
5%. A malignant mismatch pattern was not associ-
ated with an increased risk for bleeding. Recently, a
pooled analysis of the DEFUSE and EPITHET data-
sets was performed, using the same automated imag-
ing analysis program, RAPID, for both and the same
threshold for defining the PWI lesion, a T, delay
of >6 seconds. In this combined analysis, target mis-
match patients whose reperfusion was successful had
an OR of 5.6 for a 90-day favorable outcome, as
compared with such patients whose reperfusion was
not successful. In non-mismatch patients, reperfu-
sion was not observed to improve the chances for a
favorable outcome.?

Desmoteplase, a thrombolytic agent derived from
bat saliva, was also evaluated in 2 small trials that
employed perfusion/diffusion MRI; a >20% mis-
match was required for inclusion. Desmoteplase
doses of 90 and 125 ug/kg were shown to safely in-
duce reperfusion, with a trend toward reducing in-
farct size and improving clinical outcome.?>3¢ A
larger trial of desmoteplase, the Desmoteplase In
Acute Ischemic Stroke Trial (DIAS II), studied these
2 doses vs placebo and demonstrated no clinical ben-
efic with either desmoteplase dose and an increase in
late mortality with the higher dose.?” In this study,
approximately two-thirds of patients were included
with a PWI-DWI mismatch >20%, and the other
one-third were included on the basis of a CBF-CBV
mismatch on perfusion CT.?¢ The trial did not eval-
uate reperfusion and had a clinical outcome at day 90
as the primary outcome assessment. Baseline stroke
severity was modest in both active treatment groups
and the placebo group; median NIH Stroke Score
scale was 9 in all groups, and no difference in clinical
outcome was seen at day 90. The higher-dose des-
moteplase group had a tendency toward a worse out-
come because of late mortality that was unlikely
secondary to treatment. An analysis combining only
the MRI-screened patients from DIAS IT with the
patients from the 2 smaller, earlier trials demon-
strated that the percentage of patients achieving a
modified Rankin Scale score of 0—2 was 13% higher
(almost statistically significant) with desmoteplase.?®

The data from the case series of patients selected
by MRI 3-6 hours after stroke onset, the 3- to
6-hour IV tPA alone DEFUSE study, the 3- to
6-hour comparison of IV tPA vs placebo in the

EPITHET study, and the 3 desmoteplase trials pro-
vide useful information for the design of future
beyond-3-hour reperfusion trials. It does appear that
selection of putative penumbra, as identified by
MRI, as a substantial DWI-PWI mismatch in pa-
tients with acute ischemic stroke can identify those
who are more likely to respond to reperfusion ther-
apy over an extended time window. The sample size
likely to be needed in phase II trials and in phase 111
trials to determine a beneficial clinical outcome will
be modest: likely, several hundred patients per dose
group, and certainly much less than would be needed
for a trial without penumbral imaging.?

The precise definition of the PWI abnormality

will require further validation, but a T, delay of

max
more than the currently used 2 seconds will likely be
necessary for more precise characterization of hy-
poperfused tissue destined for infarction. A mis-
match percentage of greater than 20% will
apparently be needed to identify a study population
most likely to respond to treatment. The imaging
and clinical inclusion/exclusion criteria will need to
be harmonized to insure that the baseline stroke se-
verity of patients randomized is not too mild, pre-
cluding a high rate of good outcomes in the placebo
group. In addition to using a DWI-PWI mismatch
approach in reperfusion-based clinical trials, such
methodology could be used in future neuroprotec-
tion trials to enhance recruitment of patients more
likely to respond to treatment, especially at delayed
time points.® Currently, perfusion CT is less ad-
vanced as a means for penumbral identification than
MRI-based penumbral identification. However, as
the thresholds of CBV and CBF needed to identify
the ischemic core and hypoperfused region at risk of
infarction become better characterized and the extent
of tissue imaged is expanded, perfusion CT will
evolve to a more widely used modality for penumbral

identification in clinical trials and practice.
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