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EDITORIAL REVIEW

The Cerebral Ischemic Penumbra

Antoine M. Hakim

When neuronal activity is suppressed by ischemia of suffi-
cient severity, maintained for a long enough period of time,
permanent clinical deficit can be accompanied by radiographic
signs of cerebral infarction and histological evidence of isch-
emic damage. Recent work suggests that this is not an all-or-
none event. Between the most densely ischemic region and the
more normally perfused brain, an intermediate zone exists
where blood flow is reduced to a level that interrupts neuronal
functionand the consequent electrical activities such as somato-
sensory evoked potentials (SEP) and electroencephalography
(EEQG), yet permits maintenance of membrane pumps and pres-
ervation of ion gradients."? This area is referred to as the
ischemic penumbra. This intermediate zone has two character-
istics that explain its potential clinical importance: 1) the inter-
ruption of clinical and electrical function that characterizes this
zone is fundamentally reversible, but 2) the reversibility is
time-limited.

This description of the penumbra suggests that complete
understanding of its properties and its potentially successful
management may minimize the clinical deficit resulting from an
acute cerebral infarct.

CHARACTERISTICS OF THE ISCHEMIC PENUMBRA

The primary definition of the ischemic penumbraiis electrical.
It is the para-ischemic zone which loses electrical excitability,
as measured by EEG and SEP, but maintains the membrane
potential of the neurons within it. At a practical level, however,
this definition is unwieldy. If the study of the penumbra eventu-
ally is to benefit the patient, EEG and SEP measurements
which suffer from imprecise localization and time constraints
must be replaced by metabolic measurements that can be evalu-
ated rapidly and precisely.

Perfusion, metabolism and time limits of the penumbra

Table 1 summarizes the salient points of our present under-
standing of the characteristics of the penumbra as they differ
from both normal and severely ischemic brains. Evidence from
several laboratories has contributed to the knowledge of the
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Table 1: Some Characteristics of the Ischemic Penumbra*

Severe

Ischemia Penumbra Normal
CBF, ml/100g/min <12 12-18 >18
CMRO,, pmol/100g/min < 60 60-80 110
CMRGic, pmol/100g/min 12 17+ 25
pH <6.6 6.7 7.0
K*, mM 60-100 4-10 4
SSEP abolished reversible preserved

attenuation
Histology infarction neuronal normal
dropout

*The values given are approximate and are intended toapply inthe acute
phase of ischemia in human patients. Some of the information is ob-
tained through extrapolation from animal data.

Abbreviations: CBF, cerebral blood flow; CMRO,, cerebral metabolic
rate for oxygen; CMRGle, cerebral metabolic rate for glucose; K*
extracellular potassium concentration: SSEP, somatosensory evoked
potential.

*May be considerably higher very acutely.

perfusion limits within which the penumbra exists. In baboons
with the middle cerebral artery (MCA) occluded, Symon and
his colleagues showed that cerebral blood flow (CBF) above 18
ml 100g/min sustained normal SEP while CBF below 12 led to
histologically evident infarction.?# For CBF values between
these limits, interruption of electrical function was reversible.’
Subsequent work has not changed these limits substantially.®’

Little effort has been directed at defining the metabolic state
of the penumbra zone, probably because animal experiments
do not easily permit several physiological variables to be deter-
mined simultaneously. However, Nedergaard and colleagues®
showed increased glucose utilization in brain regions adjacent
to an infarct, the increase persisting for only 6 hours after MCA
occlusion.® This phenomenon was likely a consequence of the
increase in extracellular K* noted in the penumbra region.
Astrup et al® showed that the blood flow threshold for massive
release of K* from cells was lower than the threshold for
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hypoxic hyperpolarization and loss of excitability (‘‘electrical
failure’’), with rises of K* concentration to 10 mM being
noted in the penumbra. Potassium concentration changes of
this magnitude can induce calcium ion movements,'® which
may in the medium term contribute to irreversible damage of
the penumbra zone.

The time limits within which the penumbra is functionally
reversible have also been investigated. Marcoux et al'' showed
that selective necrosis of grey matter occurs if CBF does not
rise above 5-15 ml/100g/min for 1-3 hours. Rosner and Heiss'?
showed that the duration of neuronal viability depended on the
magnitude of perfusion within the CBF range that defines the
penumbra. Thus, judged by electrophysiological criteria, neu-
rons within a region perfused at 5 ml/100g/min remained viable
for 30 minutes, and this viability increased to S0 minutes when
cerebral perfusion was doubled. Usingcats, Carteretal'* showed
that the direct cortical response (DCR) was attenuated at a CBF
of 23.7 ml/100g/min and obliterated at 8.7 ml/100g/min. The
duration of ischemia after which DCR was unlikely to recover
was approximately 30 minutes for a CBF of 5 ml/100g/min, 60
minutes for a CBF of 10 ml/100g/min, 90 minutes for a CBF of
15 ml/100g/min and more than 2 hours for a CBF of 17 ml/100g/min.
Thus, despite the attenuation of the electrical response and the
presumably consequent clinical deficit, it is safe to conclude
that the reversibility of function may be maintained for several
hours when CBF is near the upper limit of the penumbra range.

DATA OBTAINED FROM POSITRON EMISSION TOMOGRAPHY

Positron emission tomography (PET) studies have the advan-
tage that they yield multiple physiological variables of the
human brain non-invasively and practically simultaneously.
Determinations of CBF and CMRO, in the entire brain can now
be completed in one hour and have improved our understand-
ing of the ischemic penumbra significantly.

A transient ischemic attack (TIA) is the clinical expression of
reversible ischemia. Powers etal' studied 7 patients with TIAs
and showed that minimal flow and energy requirements for
ischemia that does not result in infarction were a CBF of 22
ml/100g/min and a CMRO, of 65 pmol/100g/min. An elevation
of the fraction of oxygen extracted by the brain and an increase
of cerebral blood volume was also noted, the latter likely due to
dilatation of precapillary resistance vessels. This finding, asso-
ciated with the increased cerebral glucose utilization already
referred to, confirms Cremer’s suggestion that localized regula-
tory links exist between blood flow, capillary surface area and
glucose transport in response to metabolic demand.!?

The alternative to the study of patients with TIA’s is the
investigation of cerebral infarction in the acute phase. At the
Montreal Neurological Institute, we studied stroke patients
twice, first within 24-48 hours, and again 7 days after the stroke.
These studies (unpublished observations) allow us to show that
a region with CBF values characteristic of penumbra on the
first scan will lower its metabolic rate for oxygen during the
following days, terminating with values indistinguishable from
the severely ischemic zone. Thus, PET studies recognize an
area consistent with penumbra whose function deteriorates
over time but that may be the target of therapeutic intervention.
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ADDITIONAL DATA NEEDED

If the penumbra concept is to be useful both to therapy and to
our understanding of the ischemic process, then it must be
examined on the basis of the following questions:

1) How predictable is the course of the metabolic and histological
responses seen after a stroke, particularly in the penumbra
zone? The metabolic and perfusion thresholds for infarction,
both in terms of levels and duration, must be known more
precisely, and the still active debate over the histological appear-
ance of this region must be resolved.'®'"

2) What role does hyperemia play in deciding the fate of the
penumbra? We have shown by PET that cerebral infarcts which
spontaneously reperfuse soon after a stroke are smaller,'® but it
is not clear whether this trend is mediated only through the
influence of reperfusion on the course of the penumbra.

3) What events contribute to the metabolic ‘‘decline’” of a
penumbra zone towards infarction? If this is not only a conse-
quence of depth and duration of ischemia, what role do calcium
orotherions play init? What is the role of H* ion homeostasis?
The binding properties of the calcium channels are influenced
by their physiological environment.'®*® What is their role in
determining the fate of the penumbra?

These questions are now being addressed by PET studies of
the human brain and the data correlated with the clinical and
radiographic consequences of stroke.

THERAPEUTIC POSSIBILITIES USING THE CONCEPT OF PENUMBRA

Over the past few years, we have learned from two expen-
sive multicenter trials in ischemia (the EC-IC bypass study?'
and the trial of prostacyclin in stroke??) that therapeutic efforts
intended solely to reperfuse ischemic cerebral regions are unlikely
to succeed. Other agents that are presumed to attenuate the
clinical responses to cerebral ischemia must be critically evalu-
ated but, in my opinion, only after preliminary evaluation by
PET has shown that they indeed yield the expected physiologi-
cal responses. It is useful to remember that PET studies of the
metabolic and perfusion effects of EC-IC bypass?* and prostacyclin
administration,?* performed on far smaller patient populations,
predicted the clinical findings. More logically, however, the
PET evaluation should precede the enrollment of hundreds of
patients into a trial. Presently available drugs with therapeutic
potential that are undergoing PET-based trials include calcium
channel blockers and N-methyl-D-aspartate receptor antago-
nists (MK-801). Others will likely be designed as our under-
standing of the ischemic penumbra improves.

In conclusion, the concept of an ischemic penumbra is an
excellent defence against the nihilistic approach towards stroke
therapy but its full potential will be realized only with an invest-
ment of time and funds in new research.

REFERENCES

1. Symon L. The relationship between CBF, evoked potentials and
the clinical features in cerebral ischemia. Acta Neurol Scand
1980; Suppl 78, 62: 175-190.

2. Astrup J. Energy-requiring cell functions in the ischemic brain. J
Neurosurg 1982; 56: 482-297.

3. Symon L, Lassen NA, Astrup J. Thresholds of ischemia in brain
cortex. Adv Exp Med Biol 1977; 94: 775-82.


https://doi.org/10.1017/S0317167100037355

LE JOURNAL CANADIEN DES SCIENCES NEUROLOGIQUES

. Astrup J, Siesjo, Symon L. Thresholds in cerebral ischemia —

The ischemic penumbra. Stroke 1981; 12: 723-725.

. Heiss W-D, Hayakawa T, Walz AG. Cortical neuronal function

during ischemia. Arch Neurol 1976; 33: 813-820.

. Morawetz RB, DeGirolami U, Ojemann RG, et al. Cerebral blood

flow determined by hydrogen clearance during middle cerebral
artery occlusion in unanesthetized monkeys. Stroke 1978; 9:
143-149.

. Jones TH, Morawetz RB, Crowell RM, et al. Thresholds of focal

cerebral ischemia in awake monkeys. J Neurosurg 1981; 54:
773-782.

. Nedergaard M, Gjedde A, Diemer NH. Focal ischemia of the rat

brain: Autoradiographic determination of cerebral glucose utili-
zation, glucose content, and blood flow. J Cereb Blood Flow
and Metab 1986; 6: 414-424.

. Astrup J, Symon L, Branston NM, et al. Cortical evoked potential

and extracellular K* and H* at critical levels of brain ischemia.
Stroke 1977; 8: 51-57.

. Peters T. Calcium in physiological and pathological ceil function.

Eur Neurol 1986; 25 (Suppl 1): 27-44.

. Marcoux FW, Morawetz RB, Crowell RM, et al. Differential regional

vulnerability in transient focal cerebral ischemia. Stroke 1982;
13: 339-346.

. Rosner G, Heiss W-D. Survival of cortical neurons as a function

of residual flow and duration of ischemia. J Cereb Blood Flow
and Metab 1983; 3 (Suppl 1): S393-394.

. Carter LP, Yamagata S, Erspamer R. Time limits of reversible

cortical ischemia. Neurosurgery 1983; 12: 620-623.

. Powers WJ, Grubb RL, Raichle ME. Physiological responses to

focalcerebralischemiainhumans. AnnNeurol 1984; 16: 546-552.

Volume 14, No. 4 — November 1987

https://doi.org/10.1017/50317167100037355 Published online by Cambridge University Press

15.

16.

20.

21.

22.

23.

24.

Cremer JE, Cunningham VJ, Seville MP. Relationships between
extraction and metabolism of glucose, blood flow, and tissue
blood volume in regions of rat brain. J Cereb Blood Flow and
Metab 1983; 3: 291-302.

Nedergaard M, Vorstrup S, Astrup J. Cell density in the border
zone around old small human brain infarcts. Stroke 1986; 17:
1129-1137.

. Miles G, Auer LM, Ebhardt G, et al. Flow and neuronal density of

tissue surrounding chronic infarction. Stroke 1983; 14: 22-27.

. Hakim AM, Pokrupa RP, Villaneuva J, et al. The effect of sponta-

neous reperfusion on metabolic function in early human cerebral
infarcts. Ann Neurol 1987; 21: 279-289.

. Wagner JA, Reynolds 1J, Weisman HF, et al. Calcium antagonist

receptors in cardiomyopathic hamster: Selective increases in
heart, muscle, brain. Science 1986; 232: 515-518.

Hochachka PW. Defense strategies against hypoxia and hypo-
thermia. Science 1986; 231: 234-241.

The EC/IC Bypass Study Group. Failure of extracranial-intracranial
arterial bypass to reduce the risk of ischemic stroke. N Engl )
Med 1985; 313: 1191-1200.

Hsu CY, Faught RE, Jr, Furlan AJ, et al. Intravenous prostacyclin
in acute nonhemorrhagic stroke: A placebo-controlled double-
blind trial. Stroke 1987; 18(2): 352-358.

Leblanc R, Tyler J, Mohr G, et al. Hemodynamic and metabolic
effects of cerebral revascularization. J Neurosurgery 1987; 66:
529-535.

Pokrupa R, Hakim AM, Villaneuva J, et al. Clinical study of
prostacyclin infusion after acute ischemic stroke. Can J Neurol
Sci 1986; 13: 188.

559


https://doi.org/10.1017/S0317167100037355

