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ABSTRACT

Ischemic stroke is caused by interruption or significant impairment of 
blood supply to the brain, which leads to a cascade of metabolic and molecular 
alterations resulting in functional disturbance and morphological damage. 
The changes in regional cerebral blood flow and in regional metabolism 
can be assessed by radionuclide imaging, especially single photon emission 
tomography (SPECT) and positron emission tomography (PET). SPECT and PET 
have broadened our understanding of flow and metabolic thresholds critical 
for maintenance of brain function and morphology: PET was essential in the 
transfer of the concept of the penumbra to clinical stroke and thereby had 
a great impact on developing treatment strategies. Receptor-ligands can be 
applied as early markers of irreversible neuronal damage and can predict the 
size of the final infarcts, which is important for decisions of invasive therapy 
in large (“malignant”) infarction. With SPECT and PET the reserve capacity of 
blood supply can be tested in obstructive arteriosclerosis, which is essential for 
planning interventions. The effect of a stroke on surrounding and contralateral 
primarily not-affected tissue can be investigated helping to understand 
symptoms caused by disturbance in functional networks. Activation studies 
are useful to demonstrate alternative pathways to compensate for lesions 
and to test the effect of rehabilitative therapy. Radioisotope studies help 
to detect neuroinflammation and its effect on extension of tissue damage. 
Despite the limitations of broad clinical application of radionuclide imaging, 
this technology has a great impact on research in cerebrovascular diseases 
and still has various applications in the management of stroke. In this short 
review the contributions of PET- and SPECT-studies to the understanding of the 
pathophysiology of ischemic stroke are described.
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Introduction
The energy demands of the nervous tissue are very high and 

therefore sufficient blood supply to the brain must be maintained 
consistently. A normal adult male’s brain containing approx. 130 
billion neurons (21.5 billion in the neocortex)1 comprises only 2 
% of total body mass, yet consumes at rest approximately 20 % of 
the body’s total basal oxygen consumption supplied by 16 % of the 
cardiac blood output. The brain’s oxygen consumption is almost 
entirely for the oxidative metabolism of glucose, which in normal 
physiological conditions is the almost exclusive substrate for the 
brain’s energy metabolism. Energy metabolism by functional 
activation is due mostly to stimulation of the Na+K+-ATPase activity 
to restore the ionic gradients across the cell membrane and the 
membrane potentials that were degraded by the spike activity and 
is rather high compared to the demand of neuronal cell bodies2. 
Overall, 87 % of the total energy consumed is required by signalling, 
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mainly action potential propagation and postsynaptic 
ion fluxes, and only 13 % is expended in maintaining 
membrane resting potential3.

Circulatory disturbances and insufficient blood supply 
trigger a complex deleterious cascade of biochemical and 
molecular events finally leading to ischemic cell death 
(review in Hossmann 20094). The result - ischemic stroke 
- is a major health burden for society: in 2000 there were 
15.3 million strokes world-wide, 5.5 million resulted in 
death5. But cerebrovascular disease CVD accounts not only 
for 10 % of all deaths; it is the leading cause of disability in 
patients surviving the insult6. Radionuclide imaging detects 
the pathophysiological changes occurring in ischemic 
stroke and therefore may help in treatment decisions and 
may guide the development of new therapeutic strategies.

Detection of the ischemic lesion
Localization and extension of lesions as a result of 

defects in blood supply can be assessed by SPECT studies of 
perfusion and by PET studies of flow and / or metabolism. 
Both techniques have been shown to be more sensitive than 
x-ray computed tomography (CT) for detecting both the 
presence and extent of infarction7,8. In the first 8 hours after 
stroke SPECT was positive in 90% and sensitivities of 61 to 
74% and specificities of 88 to 98% were reported9. Early 
PET studies already showed discrepancies between flow 
and glucose uptake in ischemic areas suggesting anaerobic 
glycolysis10 and with determination of oxygen extraction 
fraction (OEF) permitted to follow the development of 
infarction within 48 h after the ictus11. Increased perfusion 
was observed during this period despite irreversible 
tissue damage, which was termed “luxury perfusion” 12; 
in later stages relative hyperemia can be observed in the 
core as well as in the surrounding of infarcts. Transient 
ischemic attacks (TIAs) can be differentiated from ischemic 
strokes within 6 h of symptoms onset in SPECT by count 
rate densities of 70% compared to the contralateral 
side (perfusion in stroke tissue 35–60% of contralateral 
values)13 and in PET by significantly decreased CBF but 
increased OEF in affected regions14.

SPECT findings correlated with the severity of 
neurological deficits and clinical outcome: early severe 
hypoperfusion predicted poor outcome, especially when 
the volume of perfusion deficit was considered, better than 
neurological deficit scores and correlated to infarct size 
on late CTs (review in15). Overall, SPECT had a significant 
added predictive value to neurological scores, although 
it was not as reliable as PET, by which a classification of 
patients according to patterns of perfusion and oxygen 
consumption changes within 5–8 h of stroke onset 
predicted good or poor outcome and indicated critical 
states of ischemia amenable to therapy16.

The concept of the ischemic penumbra and 
identification by imaging

Experimental work on the ischemic flow thresholds 
of brain tissue demonstrated the existence of two critical 
levels of decreased perfusion: first, a level representing 
the flow threshold for reversible functional failure 
(functional threshold); second, a lower threshold below 
which irreversible membrane failure and morphological 
damage occur. The range of perfusion values between 
those limits was called the “ischemic penumbra,”17 which 
was characterized by the potential for functional recovery 
without morphological damage, provided that local blood 
flow can be reestablished at a sufficient level. Whereas 
neuronal function is impaired immediately when blood 
flow drops below the threshold, the development of 
irreversible morphological damage is time dependent. 
This interaction of severity and duration of ischemia in the 
development of irreversible cell damage was established in 
simultaneous recordings of cortical neuronal activity and 
local blood flow18. These results complement the concept 
of ischemic penumbra: the potential for postischemic 
recovery of functionally impaired cells is determined not 
only by the level of residual flow in the ischemic phase but 
also by the duration of the flow disturbance. 

Early PET studies in stroke have identified various 
tissue compartments within a brain territory compromised 
by ischemia19-22. Tissue with regional cerebral blood flow 
(rCBF) < 12 ml/100 g/min or regional metabolic rate for 
oxygen (rCMRO2) < 65 µmol/100 g/min at the time of 
measurement (usually several hours after stroke) was 
found to be infarcted on late CTs. Relatively preserved 
CMRO2 was an indicator of maintained neuronal integrity 
in regions with CBF reduced to 12 – 22 ml/100g/min. This 
pattern, coined misery perfusion20 served as a definition 
of the penumbra that is characterised as the area of an 
increased oxygen extraction fraction (up to >80 % from the 
normal value of approximately 40 %). PET studies allow 
the classification of three regions within the disturbed 
vascular territory: the core of ischemia with a flow <12 
ml/100 g/min usually showing a transition into necrosis; 
a penumbra region with a flow between 12 and 22 ml/100 
g/min of still viable tissue but with uncertain chances 
for infarction or recovery; and a hypoperfused area (>22 
ml/100 g/min) not primarily damaged by the lack of blood 
supply. The extent of the penumbra and its conversion into 
infarction is a dynamic process, and irreversible damage 
spreads from the core of ischemia to its border. This can be 
followed directly with advanced PET equipment, by which 
changes in the physiologic variables were studied after 
occlusion of the middle cerebral artery (MCA) in baboons 
and cats (review in23-25). 
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Non-invasive imaging of the penumbra
Measurement of blood flow values and determination 

of oxygen extraction fraction by 15O-PET require arterial 
blood sampling. A marker of neuronal integrity is needed 
that can identify irreversibly damaged tissue irrespective 
of the time elapsed since the vascular attack, which also 
does not require arterial blood sampling. The central 
benzodiazepine receptor ligand flumazenil (FMZ) binds 
to the GABA receptor abundant in the cerebral cortex. 
These receptors are sensitive to ischemic damage and can 
therefore identify early neuronal loss. With this tracer the 
pathophysiological changes early after ischemic stroke 
could be accurately specified: 55 % of the volume of the 
final infarct had FMZ uptake indicative of infarction in the 
first hours after stroke; 21 % of the final infarct had flow 
below 14 ml/100 g/min, but FMZ uptake above the critical 
value, thereby indicating penumbra tissue23. 

MR studies using diffusion and perfusion imaging 
might provide a differentiation between the core and 
the penumbra: the early diffusion weighted imaging 
(DWI) lesion might define the ischemic core and adjacent 
critically hypoperfused tissue might be identified with 
perfusion-weighted imaging (PWI)26. Therefore, brain 
regions with hypoperfusion assessed by PWI but without 
restricted diffusion (PWI / DWI mismatch) were assumed 
to represent the penumbra. This surrogate definition of the 
penumbra has several uncertainties27: 

Several studies were performed in order to validate 
mismatch as a surrogate of penumbra on PET-derived 
discrimination of irreversibly damaged, critically perfused 
“at risk” and oligemic “not at risk” tissue. The studies 
demonstrated that the DWI lesion predicts more or less 
the finally infarcted tissue28, but contains up to 25 % false 
positive, i.e. surviving tissue. The inaccuracy in defining 
the penumbra with PW/DWI mismatch is mainly related 
to PW data acquisition, which is a complex process, and 
the parameters used to estimate perfusion are variable 
and somewhat arbitrary. As a consequence, perfusion 
lesion size differs markedly depending on the parameters 
calculated29 and usually is overestimated. Time to peak 
delays of 4 and 6 sec reliably identified hypoperfused and 
excluded normoperfused tissue but overestimated the 
volume of critically perfused but salvageable tissue, i.e. 
the penumbra30: The mismatch volume in PW / DWI as 
conventionally calculated therefore does not reliably reflect 
misery perfusion, i.e. the penumbra as defined by PET. 

Detection of hypoxic tissue
Markers of hypoxic tissue were also tested with 

respect to their capacity to identify penumbral tissue. 
The nitroimidazole derivative misonidazole, labeled with 
18fluor (FMISO), was first used by Yeh et al 199431 to image 
cerebral ischemia in humans and revealed increased uptake 

surrounding a zone of absent activity. This zone of high 
activity had disappeared when imaging was performed 
during the chronic phase, indicating that the hypoxic 
tissue had either infarcted or recovered. This pattern and 
time course was confirmed in a larger study32. Tissue with 
increased FMISO uptake was generally distributed over the 
periphery of the infarct, identified on the coregistered late 
CT, but extended into normal tissue adjacent to the infarct 
in a few cases. The amount of hypoxic tissue detected by 
FMISO declined as a function of time after stroke onset. The 
proportions of hypoxic tissue that infarcted or survived 
varied between patients. Within 6 hours of stroke onset 
about 90% of the FMISO positive region is included in the 
final infarct but this percentage is reduced later on33. Volume 
of initially affected tissue and initial severity of neurologic 
deficits as well as proportion of initially affected tissue 
progressing to infarction and neurological deterioration 
during the first week after stroke are correlated34. As high 
FMISO uptake in these areas fulfills the definition of the 
penumbra, topography of FMISO trapping was used to 
generate a so called “penumbragram”35. 

PET as a surrogate marker for treatment efficiency

The effect of the only approved conservative therapy 
for acute ischemic stroke was established also in imaging 
studies, in which reperfusion to penumbral tissue was 
followed by improvement in neurological deficits: 
Reperfusion was significantly increased in rtPA treated 
patients compared to controls36. The volume of tissue 
salvaged by reperfusion was established in a study in 
which CBF, as determined by H2

15O-PET within 3 hours of 
stroke onset, was compared with the volume of infarction 
determined on MRI 3 weeks after the ictus37. The percentage 
of initially critically ischemic voxels (i.e. with a flow below 
the threshold of 12 ml/100 g/min) that became reperfused 
at almost normal levels clearly predicted the degree of 
clinical improvement achieved within 3 weeks. Overall, 
only 22.7 % of the grey matter that was initially perfused at 
rates below the conventional threshold of critical ischemia 
became necrotic after thrombolytic therapy in this small 
sample of 12 patients. This means, that a considerable 
portion of the critically hypoperfused tissue was probably 
salvaged by the reperfusion therapy. Another PET study 
in 11 patients38 indicated that hypoperfused tissue could 
benefit from reperfusion only as long as cortical flumazenil 
binding was not reduced to or below 3.4 times the mean 
uptake in white matter. This marker of neuronal integrity 
can therefore serve as an indicator for irreversibly damaged 
tissue that is not amenable to treatment. 

PET for prediction of “malignant infarction”
Malignant brain infarcts develop in about 10 % of 

patients with ischemic stroke in the middle cerebral artery 
(MCA) territory. Invasive treatment strategies, especially 
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decompressive hemicraniectomy might improve mortality 
and morbidity of these patients39. The selection of patients 
who can benefit and the determination of the best time 
for these interventions however are still controversial and 
require a better assessment of the extent of irreversible 
ischemic damage. 

In 34 patients with ischemic changes of > 50 % of 
the MCA territory in early cerebral CT scans PET was 
performed with 11C-FMZ to assess CBF and irreversible 
neuronal damage. Thereafter, probes for microdialysis and 
for measurement of intercranial pressure and tissue oxygen 
pressure were placed into the ipsilateral frontal lobe40. PET 
measurements within 24 hours after stroke showed larger 
volumes of ischemic core (mean, 144.5 versus 62.2 cm3) 
and larger volumes of irreversible neuronal damage (157.9 
versus 47.0 cm3) in patients with malignant course (ie, 
edema formation with midline shift) than in patients with 
benign course. Mean cerebral blood flow values within the 
ischemic core were significantly lower and the volume of 
the ischemic penumbra was smaller in the malignant than 
in the benign group. In patients with malignant course, 
cerebral perfusion pressure dropped to <50 to 60 mm Hg 
22 to 72 hours (mean, 52.0 hours) after onset of symptoms; 
subsequently, PtO2 dropped and glutamate increased, 
indicating secondary ischemia. 

Microglia activation as an indicator of inflammation
Microglia constitutes up to 10% of the total cell 

population of the brain. As resident macrophages of the 
central nervous system, microglia phagocytose cellular 
debris, present foreign antigens, and are sensors of 
pathological events including ischemia41. Microglia changes 
from a resting to an activated state in response to central 
nervous system insults that stimulate them to function as 
phagocytes. Several radioligands have been developed to 
image the activation of microglia in experimental models 
and in various diseases of the central nervous system42. 

Many histological studies have documented the presence 
of activated microglia in the ischemic brain after stroke in 
humans. Abundant reactive microglia/macrophages have 
been found in the ischemic core within 1 to 2 days after 
ischemic infarction. Over time, they extended from the 
ischemic core into the peri-infarct zones43,44. In several 
imaging studies increased binding of the mitochondrial 
benzodiazepine receptor antagonist 11C-PK11195 was 
observed around the outer border of ischemic lesions 
after several days, but also in areas distant from the lesion 
(review in 42). Increased tracer binding was also detected in 
the thalamus ipsilateral to the stroke and in the subcortical 
white matter tracts. Using diffusion tensor imaging-based 
definitions of the pyramidal tract, a prospective controlled 
study45 demonstrated that microglia activation occurs 
along the pyramidal tract anterograde to the lesion only 

in those patients with acute subcortical stroke, where 
the pyramidal tract was affected. These anterograde tract 
portions will undergo Wallerian degeneration in the weeks 
and months after stroke. 

Hemodynamic and Metabolic Reserve
Patients with arterial occlusive disease are protected 

against ischemic episodes to a certain extent by 
compensatory mechanisms, which help to prevent 
ischemia when perfusion pressure drops. This condition, 
studied by PET using 15O-labelled tracers46 in patients 
with uni- or bilateral carotid artery disease, is indicated by 
regional vasodilatation manifesting itself as a focal increase 
in cerebral blood volume (CBV) in the supply territory of 
the occluded artery. Since a critical CBV distinguishing 
occluded from patent arterial territories could not be 
defined, the ratio of CBF to CBV was used as an indicator of 
local perfusion pressure. By calculating CBF / CBV (normal 
value 10), territories of patent carotids, of unilateral 
occlusion, of occlusion with contralateral stenoses, and 
of bilateral occlusions could be discriminated. Therefore, 
this ratio representing the reciprocal of the local mean 
vascular transit time is a measure of the perfusion reserve: 
the lower its value (from a normal value of 10 down 
to 5.5), the lower the flow velocity and the longer the 
residence time. The lowest ratios were found in patients 
with symptoms suggestive of a hemodynamic rather than a 
thrombotic component to their ischemia, in which maximal 
vasodilatation and low regional perfusion pressure may 
be expected. When the perfusion reserve is exhausted 
(i.e. at maximal vasodilatation), any further decrease in 
arterial input pressure produces a proportional decrease 
in both CBF and the CBF / CBV ratio. In this condition of 
hemodynamic decompensation, the brain must draw upon 
the oxygen-carriage reserve to prevent energy failure and 
loss of function, as evidenced by an increase in the OER, 
from the normal value of 40% to up to 85%46-48. On the 
basis of such PET measurements, it is therefore possible to 
discriminate patients with impaired hemodynamics only, 
as well as to quantify the impairment of perfusion reserve, 
using the CBF / CBV ratio.

Deactivation of Remote Tissue (Diaschisis)
Even the earliest PET studies of ischemic brain 

lesions49 revealed reduction of metabolism and blood 
flow exceeding the extent of morphologically damaged 
tissue – a regular finding since then with other functional 
imaging modalities as well, such as SPECT. The most 
conspicuous effect was a reduction of CBF and metabolism 
in the contralateral cerebellum, called “crossed cerebellar 
diaschisis”50, occurring immediately after a stroke and 
persisting permanently in patients suffering from lesions 
involving the cortico-pontine-cerebellar pathways but is 
reversed by successful reperfusion therapy51. This CCD was 
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obviously due to some neuronally mediated effect, since a 
primary vascular cause could be excluded on account of the 
remote vascular territory. Further remote effects included 
reductions of CBF and metabolism in the ipsilateral cortex 
and basal ganglia. Clinical symptoms that are difficult to 
relate to the infarct proper can often be explained by remote 
effects, and the severity of the metabolic disorder appears 
to be inversely related to later functional recovery7. 

Complex activation studies

Regional cerebral metabolism and blood flow are 
dependent on the functional state of the brain tissue. A 
direct coupling of functional activity and focal blood flow 
could be demonstrated already by the 133 Xenon clearance 
method for measurement of regional cerebral blood flow52, 
by which two dimensional cortical activation patterns 
for various tasks including speech and memory could be 
obtained. With the advance of PET three-dimensional 
regional activation studies became feasible in healthy 
controls and in patients with various CNS disorders 
(review53). 

In the brain of healthy right-handers and the majority 
of left-handers language is a function of the left, dominant 
hemisphere. Language areas active in the dominant 
hemisphere (e.g. Broca’s Area) suppress activity in 
homologous areas of the non-dominant hemisphere 
(transcallosal inhibition). The existence of these inhibitory 
mechanisms has been deducted from imaging studies 
in patients with brain lesions and has directly been 
demonstrated in normal subjects using imaging-guided 
repetitive transcranial magnetic stimulation (rTMS)54. 
A unilateral and focal brain lesion (such as a stroke) to 
language areas of the dominant hemisphere does not only 
reduce activity in the affected hemisphere thus causing 
aphasia, but also releases activity in the unaffected 
hemisphere, via interruption of those transcallosal fibres 
(transcallosal disinhibition)55. This activity of brain regions 
in the non-dominant hemisphere in the first days and 
weeks after a stroke has repeatedly been demonstrated in 
sequential brain imaging studies56. In the following weeks 
and months of recovery brain activation shifts back to the 
dominant hemisphere. The extent of this backward shift to 
the dominant hemisphere varies from patient to patient 
and appears to be a major factor for successful recovery 
of language function57 in the acute and sub-acute phase. 
Results from a study in post-stroke aphasia shows that 
activity of the non-lesioned hemisphere is decreased by 
inhibitory rTMS. The shift of activation to the dominant 
hemisphere is related to an improvement in language 
function by speech therapy combined to inhibitory rTMS 
of the Broca homologous area of the non-dominant 
hemisphere58.

Future perspectives: Multimodal imaging 
With new technical developments for integration of 

different modalities – e.g. MRI and PET – the investigations 
of various parameters (morphology, metabolism, blood 
flow and perfusion, molecular activities) can be performed 
simultaneously. Combining the functional metabolic values 
provided by PET in the picomolar range with the fast high-
resolution information from MRI in the micromolar range 
has already widespread applications in experimental 
research59 and promising potential in humans60-62. The 
coregistration of various parameters improves quality 
of results: MR data are applied for correction for partial 
volume effects in small structures and dynamic information 
from MRI can be used for quantification of parametric 
values by PET.

Simultaneous multifunctional and multiparametric 
imaging might have a significant impact in stroke research: 
it guarantees exactly the same physiological state for 
comparative measurements of perfusion by PET and 
MRI; it permits differentiation of core and penumbra, 
demonstrates time-dependent growth of infarction and 
may be used to determine the optimal therapy for a certain 
time after the stroke; the vascular origin of the stroke can 
be detected by magnetic resonance angiography (MRA) 
and perfusion or oxy/deoxyhemoglobin (blood oxygen 
level dependent (BOLD) effect) changes can be related 
to the extent of oxygen deprivation (15O) and hypoxia 
(FMISO) and to changes in metabolic markers (FDG-
PET, magnetic resonance spectroscopy (MRS) for lactate, 
choline, N-acetylaspartate) – complimentary information 
important for therapeutic decisions. This high-resolution 
anatomic information is complemented by diffusion-based 
tractography, and can be related to activation or inhibition 
of neurotransmitter.
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