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Stellingen 

De mogelijke toxiciteit van albumine verklaart mede de negatieve correlatie tussen Co 
opname in de hersenen en de klinische verbetering bij patienten met een beroerte 
(Linde et al. (1996) Acta Neurochir [Suppl} 19: 15-20 en dit proe.fschrift) 

2 De ratio van de vroege bloedconcentratie NAA vs de late bloedconcentratie van NSE 
kan een goede indicator zijn van (ir)reversibele schade na ischemie in de hersenen (Dit 
proefschrift) 

3 Opheldering over het exacte opnamemechanisme van Co voegt weinig toe aan de 
klinische mogelijkheden van Co-isotopen voor neuro-imaging (Dit proefschrift) 

4 Co-isotopen visualiseren bij ischemie van de hersenen de penumbra (Dit proefschr{fi) 

5 Door geen gebruik te maken van HMP AO-SPECT ter stratificatie van patienten met 
een beroerte voorafgaand aan trombiolytische therapie wordt de waarde van deze 
therapie onderschat (Alexandrov et al. (1996) J Nucl Med 37: 1259-1262) 

6 Gezien de rol van voedsel in onze "Mac Donalds" maatschappij lijkt het streven naar 
preventie van hart en vaatziekten via dieetveranderingen bij voorbaat gedoemd te 
mislukken. 

7 Het laten verrichten van nucleair geneeskundig onderzoek door niet daarvoor 
opgeleide specialisten heeft veel weg van je TV laten repareren door een automonteur. 

8 Het ontbreken van zoiets als "altematieve automonteurs" impliceert de absurditeit van 
het bestaan van de "altematieve geneeskunde" 

9 Als je wilt winnen, maakt het niet uit tegen wie je loot (J.C. Cruijff) 
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General Introduction 

Stroke or Cerebrovascular Accident (CVA) may be considered one of the major causes 
of death, morbidity and physical impairment in industrialised countries 1

-
3
• A CVA is caused by 

occlusion or bleeding of one of the cerebral vessels, resulting in cerebral ischemia with 
eventually neuronal death. Stroke patients usually present with sudden clinical symptoms of 
paresis of one of the limbs, speech impainnent, partial blindness and sensory disturbances in 
certain parts of the body 4. 

A stroke may be of ischemic and haemorrhagic origin. The isc_hemic CV A is caused by 
an occlusion of one of the major cerebral arteries or small perforating vessels, which occurs in 
80% of all CV A cases5

• The duration of symptoms makes it possible to subdivide the ischemic 
type of CV A into four symptomatic categories: Transient Ischemic Attack (TIA), Reversible 
Ischemic Neurological Deficit (RIND), Stroke In Evolution (SIE) and Completed Stroke (CS). 
In the case of a TIA and RIND, the patient suffers from a reversible neurological deficit 
accompanied by complete neurological recovery. In the case of a TIA complete recovety occurs 
within 24 hours after onset of symptoms, while a RIND shows complete recovety in the first 
week. The SIE and CS are characterised by sudden onset and little clinical improvement, and in 
the case of SIE progressive decline in neuronal function is seen, as a result of extension of the 
infarction. Bleeding of one of the intra-cerebral or the sub-arachnoidal arteries causes the 
haemorrhagic type of CV A (which occurs in 20% of all cases)5. 

Nineteen percent of the pati�nts afflicted by stroke die within 30 days and subsequently 
mortality is 16- 18% per year. Of the survivors, 16% remains institutionalised, 30% requires 
assistance in self-care, and 70% suffers from impaired vocational capacity 1 -3. In western society 
an incidence of CV A between 150 and 250 per 100.000 inhabitants per year is seen. The 
incidence of CV A rises sharply with age, in particular over the age of 55 years up to an incidence 
of 2000 per 100.000 in the age group of 80 years 1 • Whilst CV A afflicts mostly the elderly 
population, one-third of stroke victims are 35 to 65 years old and this latter group will concern 
wage earners whose resulting disabilities can leave them unemployable. Extensive research is 
therefore being carried out into possible therapeutic interventions which may result in a better 
rate of survival. 

Pathophysiology 

In the first few hours after stroke, brain tissue in the core of infarction will become 
necrotic as the result of failure to maintain cellular metabolism, thus leading to a cascade of 
events eventually resulting in cellular necrosis6

-
9

• The area surrounding the core (penumbra) is 
characterised by compensated hemodynamic mechanisms, which maintain cellular function. In 
the first few weeks after stroke onset, this penumbra tissue may suffer progressive metabolic 
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derangement and become necrotic or it may recover to a substantial ·degree 10
·
15

_ Below a 
bloodflow of 10-I 2 ml/I 00g.min, the brain is incapable of maintaining sufficient energy levels 
(adenosine triphosphates (ATP)) for normal functioning, thus resulting in activation of several 
pathophysiological events. The failure to synthesise ATP threatens neuronal survival in three 
ways: I) stimulation of anaerobic glycolysis leading to intra- extra-cellular acidosis; 2) failure 
to maintain ion homeostasis over the cell membrane; 3) breakdown of cellular structures8·9. 
Figure I illustrates the primary effects of energy failure and depolarisation. 

Energy failure/ depolarisation 

Transmitter release 
and receptor activation 

i • • 

Lipolysis (DAGt _..PKCt) � Protein 
Phosforylation 

FF Ast, LPLs t 

Damage to Dysfunction of 
membrane structure receptors and 
and function ion channels 

Ca2
\ t 

l 
Proteolysis 

• 
Enzyme 
Conversion 

l 
Free radical 
formation 

Disaggregation 
of microtubuli 

Breakdown of 
cytoskeleton 

Inhibition of axonal 
transport, blebbing 

Figure I. Diagram illustrating the primal)' effects of depolarisation/receptor activation and the seconda,y 
effects of raised inlracel/11/ar Ca2 

1. The scheme suggests that the major adverse effects of a nonphysiologica/ 
rise in Ca2 · 1 encompass proteolysis, protein phospho,ylation, and lypolysis, the /alter involving/ormation of 
diaglycerides (DAG 's) and activation of protein kinase C (PKC). FFA= Free Fatty Acids; LPL= 
lysophosphpo/ipid. Adaptedfi'om Sies)o" 

Intra-cellular acidosis aggravates tissue damage in various ways, which include edema 
formation, inhibition of mitochondrial respiration, inhibition of lactate oxidation, and inhibition 
of H+ extrusion. Pre-ischemic hyperglycaemia is known to increase damage, probably due to 
enhanced production of lactic acid. Additionally, acidosis is thought to play a role in delayed 
damage by the generation of oxygen free radicals. These free radicals are formed during the cellular 
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metabolism of oxygen to water. It has been suggested for more than two decades that the formation 
of free radicals contributes to brain lesions in stroke 16-18

• Although free radicals are potentially toxic 
and unstable, having high-energy, they are also involved in physiological reactions that perform 
specific and important cellular duties (i.e. synthesis of prostaglandines and killing of bacteria by 
granulocytes). As protection against free radicals, cells possess an appropriate defence system. 
Several conditions such as hyperoxia and the anaerobic-aerobic transition following recirculation 
after ischemia give a rise in production of oxygen free radicals9

. An additional source of free 
radicals is presumed to come from activation of leukocytes. Leukocyte infiltration in the damaged 
brain tissue can be seen within several hours of an ischemic event, persists for 5 weeks, and then 
declines. Leukocytes are not only responsible for production of free radicals, but may also 
contribute to tissue damage by reducing perfusion, initiating thrombosis, and releasing proteinases 
and other cytotoxic substances20

•
21

• 

The uncontrolled leakage of ions across the cell membrane results in swelling ( oedema) 
and a persistent depolarisation of the membrane, accompanied by a release of the excitatory 
amino acids resulting in an additional influx of Calcium (Ca2+). The derangement of Ca2+ 

homeostasis [Ca2+]; in particular is considered a major pathogenic event and important for the 
progression of cell injury, figure 2. Influx of Ca2+ occurs by opening of Voltage-Sensitive 
Calcium Channels (VSCC) by Na+ and the receptor-operated Ca2

+ channels. Glutamate gates the 
latter group of Ca2+ channels. In this group, 3 subtypes of receptors are of special interest in 
cerebral ischemia: amino-3-hydroxy-5-methyl-4-isoazole propionic (AMP A), N-methyl-D
Aspartate (NMDA) and kainate (KA) linked Ca2+ channels. Increase of intra-cellular Ca2+ by 
influx from the extra-cellular compartment is one aspect of a perturbed Ca2+ homeostasis. Other 
factors, such as accelerated release of Ca2+ from intracellular stores, compromised sequestration, 
and reduced binding, cause an additional increase of cytosolic Ca2+ 6-9• 

In experimental studies, it has been reported that Ca2+ accumulation can be seen in and 
around the ischemic core from 4 hours until at least 2 months following an ischemic insu1t22

-
25

. 

For the resynthesis of macromolecules and macromolecular assemblies following their 
spontaneous and/or enzyme-catalysed degradation, high-energy phosphates are re-acquired. 
Therefore, loss of ATP leads to the breakdown of cellular structure. Moreover, since Ca2+ 

activates many of the degradation enzymes involved, the breakdown of structure is due not only 
to a loss of ATP but also to a rise of Caz+ concentration6

"
9
. 
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Introduction 

Diagram illuslraling presynaplic vollage-sensilive calcium channels (VSCCs) and poslsynaplic agonisl-operaled 
calcium channels (AOCCs). Presynaplically, VSCCs involved in transmiller release are assumed to be of the N type 
(N), which is not sensilive to calcium antagonisls. At the postsynaptic site, kainate/quisqualate-operated channels, 
K/Q (1), are assumed to allow Na' injhL¥ and thereby cause depolarisalion, while N-methyl-D-aspartate-operated 
channels, NMDA (2), are assumed to allow Calcium in/ha. The ionic shifts at the KIQ and NMDA-gated channels 
occur when the KIQ and NMDA receptors are aclivated by glutamate (Glu), respec/ively. When Na' enters the cell 
pos/synaptically, electroslatic forces are assumed to cause er infha among voltage-sensitive or agonist-operated 
anion channels. Na· and er entry is accompanied by osmolically obligated waler that can result in swelling of 
apical dendrites. On the central dendrite or cell-soma, VSCC of the L type (L) are assumed to allow ca2 · entry. 
Adaptedfrom BK Siesjb6• 

Cobalt 

Neuroimaging techniques such as Computed Tomography (CT), Magnetic Resonance 
Imaging (MRI), Positron Emission Tomography (PET) and Single Photon Emission Computed 
Tomography (SPECT) are most commonly used in the detection of stroke. CT and MRI mainly 
provide information about changes in anatomical structure, while PET and SPECT may give 
additional information about functional changes in blood flow, oxygen metabolism and blood 
volume. 

In experimental settings, 99mTcO4 and 201Tl have also been used to visualise stroke26
-
32

• It 
is suggested that the uptake mechanism of Tl depends on bloodflow, Blood-Brain-Barrier (BBB) 
breakdown and transmembrane transport into viable cells, proportional to Na/K ATPase activity30-

32. In the evaluation of brain tumours, 201Tl SPECT showed to be useful in the differentiation of 
recurrent tumour from radiation necrosis, in determining the degree of tumour malignancy, and in 
predicting overall prognosis. However, 201Tl also tend to accumulate in the area of inflammation 
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following radiation, and this decreases the overall accuracy of 201Tl brain-SPECT32 . Uptake of 
99mTcO4 in cerebral pathology is essentially due to a lesion of the BBB and to a lesser degree to a 
selective affinity of the pathologic tissue. Moreover, 99mTcO4 scintigrams in stroke are normal in 
the first week following the infarction26·30. 

In vitro studies showed remarkable similarities between the uptake of divalent Cobalt 
(Co2+) and Ca2+ in neuronal stimulation and damage. The Co-isotopes 55Co (T 1/, = 17 .5 hr) for 
PET and 57Co (T ½ = 270 days) for SPECT have suitable radiation characteristics for in vivo 
imaging allowing investigations of functional changes after stroke. A dosimetry study showed 
that according to the WHO recommendations for class II studies, 22.2 MBq (0.6 mCi) 55Co and 
14.8 MBq (0.4 mCi) 57Co may be used. The capability of 55Co2+ to visualise ischemic damage 
in stroke, irrespective of blood-brain-barrier integrity, has already been shown in a pilot 
study34•35. Experimental studies showed, that KA, AMPA, and NMDA activate Co-permeable 
ion channels in neurons, and possibly glia cells, within particular regions of the hippocampus. 
The Co-permeable channels are probably not voltage dependent Ca2+ channels, as several known 
voltage dependent Ca2+ blockers have no effect on the Excitatory Amino Acids (EAA)A-induced 
accumulation of Co36"38• 

Prevention and Therapy of Stroke 

Because of the huge socio-economic impact of stroke, direct costs per patient from first 
stroke to death are$ 30,000, major efforts have been made in understanding of the pathogenesis 
of stroke, and consequent possible therapeutic or preventive interventions. As risk-factors for 
stroke, two categories can be distinguished: the non-modifiable and modifiable risk factors, table 
1. Age, gender, race, ethnicity and heredity have been identified as nonmodifiable risk factors of 
stroke. Age is the single most important risk factor for stroke. For each successive IO years after 
age 55, the stroke rate more than doubles in both men and women. An increased incidence in 
stroke has been noted in some families, which may be due to genetic factors. Hypertension is 
considered to be the most powerful, prevalent, and treatable risk factor for stroke. Meta-analysis 
showed a 42% reduction in stroke incidence with treatment, although the average blood pressure 
reduction was only 6mmHg. Other important modifiable risk factors are cardiac disease, cigarette 
smoking, sickle cell disease, Transient Ischemic Attacks, and asymptomatic carotid stenosis 1

• 

Experimental studies have shown that long-term administration of the Ca2+ antagonist 
Nimodipine produced notable prevention of neocortical stroke. Moreover beneficial effects are 
reported with the free radical scavengers Deprenyl and starvation which possibly causes a 
diminished hyperglycaemic response after hypoxia39"4 1. In order to study the effect of possible 
therapeutic strategies, different animal stroke models may be used. Among these models, the 
following types can be distinguished: I) transient complete global ischemia, 2) transient 
incomplete global ischemia, 3) permanent incomplete global ischemia, 4) transient incomplete 
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focal ischemia, 5) permanent incomplete focal ischemia. All models induce an ischemic event 
using surgical procedures 42•43 . 

To study the effect of prophylactic 
treatments, the spontaneously hypertensive 
stroke-prone (SHR-SP) rat strain can be 
used4 1 .44 • This model has proved to be a 
valuable model in the study of hypertension and 
stroke. At approximately the age of 43-52 
weeks, depending on strain, these rats spontane
ously develop cerebral haemorrhages and 
infarcts, which are mainly located in the 
boundaries of the flow region of the middle 
cerebral artery. As a consequence, the lifespan 
of SHR-SP rats is considerably shortened. 
Although animal models help us to understand 
the pathogenesis of stroke, it must be 
emphasised that confidence placed in the 
efficacy of therapeutic effects in one particular 
stroke model does not justify the assumption of 
clinical relevance to human disease45•46• In 
addition to the SHR-SP rats a modified Levine 
stroke model is used in this thesis. The essential 

Risk Factors for First lschemic Stroke 

Modifiable risk factors 
Hypertension 
Cardiac disease 
Atrial fibrilatio 
Infective endocarditis 
Mitra! stenosis 
Myocardial infarction 
Cigarette smoking 
Sickle cell disease 
Transient ischemic attacks 
Asymptomatic carotid stenosis 

Potential modifiable 
Diabetes Mell itus 
Hyperhomocysteinemia 
Left ventricular hyperthrophy 

Nonmodifiable 
Age 
Gender 
Hereditary/family factors 
Race/ethnicity 
Geographic location 

Table I. Main riskfactorsforjirst ischemic 
stroke 

characteristics of the modified Levine model are, that one carotid artery is occluded for a 
maximum of 20 minutes and, over that period, the rat is actively ventilated with a gas mixture 
containing nitrogen and a low oxygen content ( 1 0%). The major advantages of this model are the 
relative simplicity of the surgical intervention and the ischemic/hypoxic procedure, the 
reproducibility of the damaged area, and the fact that the clinically relevant area of the middle 
cerebral artery is affected39•40. 

The target of therapeutic interventions in stroke should logically be ischemic tissue 
(penumbra) which can respond to treatment and is not irreversibly injured47"50. Thus far, in stroke 
patients, only the NIH rTPA study (intravenous thrombolytic therapy) has demonstrated 
improved functional outcome 3 months after onset, but there was no documented evidence that 
this improvement was related to the reduction of ischemic lesion volume in the treated group47•52. 

In both permanent and temporary occlusion animal stroke models, some neuroprotective 
interventions, such as competitive and non-competitive NMDA antagonists, glycine antagonists, 
presynaptic modulators of excitatory amino acid release, polypeptide growth factors, and 
serotonin agonists, reduce infarct size. To date no evidence has been found that neuroprotective 
drugs are effective in either reducing the size of infarction or improving clinical outcome5 1 • 
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Only in lobeluzole (prevents the increase of extracellular glutamate and normalises excitability 
in the peri-infarct region) was a potential benefit demonstrated in a preliminary trial53. However, 
neuroprotective interventions may be viewed as potential primary therapies that could be given 
indepe1,1dent of or prior to thrombolytic therapies48. 

Biochemical markers of Stroke 

The extent and localisation of cerebral damage following stroke is routinely assessed by 
clinical presentation and by imaging technology, such as CT and MRI54 • A marker for cerebral 
damage, which can be estimated from venous blood samples, would be a great help in 
establishing the extent, reversibility and recovery of ischemic tissue. Particularly in a situation 
where a patient is not hospitalised, or where imaging techniques are not available, there may be 
a need for peripheral markers of cerebral ischemia. Cerebral neurons contain specific markers, 
that may leave the brain after irreversible damage, provided they can pass through the blood
brain-barrier, escape metabolism and that their levels in blood become sufficiently high to allow 
detection55·60. Several markers, such as intracellular enzymes, lactate, cyclic Adenosin Mono 
Phosphate (cAMP), Creatine Kinase BB (CK-BB) and brain-specific proteins (Neurone-Specific 
Eno lase (NSE) and S-100) have already been investigated as indicators of cerebral damage. 
While NSE and S- 100 show a maximum usually after the second day, other markers have mainly 
been studied in cerebro spinal fluid. Both NSE and S-100 showed a correlation between peak 
values and infarct volume60

·66
• 

N-acetyl aspartate (NAA), an aminoacid derivative, is localised specifically in neurons 
and after damage, its cerebral levels decrease rapidly as shown by tissue analysis in animals or 
by magnetic resonance-spectroscopy in stroke patients57•58•67. Because of its low molecular 
weight (only 0 . 1  kD) as compared to NSE, NAA may therefore rapidly become detectable in the 
circulation after stroke. In the present thesis, we intend to investigate NAA; NAA is more 
specific for neuronal tissue, and, being a small amino-acid we suspect it may diffuse more rapidly 
(within 24 hours) into the peripheral circulation55•67. 

Outline of the thesis 

This thesis is concerned with the subject of stroke with both animal experimentation and 
clinical investigation. There is a major emphasis on neuroimaging in stroke. Moreover, we have 
looked at possible prophylactic interventions and bio-chemical markers for stroke. The purpose 
of this thesis is to investigate a possible role for preventive interventions in stroke, to study 
biochemical markers for stroke, and the use of imaging techniques that may help to monitor 
stroke patients. 
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In Chapter 2 we compared the effect of different prophylactic treatments, 
Deprenyl (MAO-B inhibitor) Nimodipine (Ca2+ antagonist) and food deprivation, in the 
Spontaneous Hypertensive Rats Stroke Prone (SHR-SP) when these treatments are commenced 
in adulthood. In Chapter 3 a study is described to detect stroke using biochemical markers, 
possibly suitable for the use in general practise. Therefore, we investigated the possibility of N
Acetyl-Aspartate to serve as a peripheral marker in comparison with NSE. Part 2 of this thesis 
deals with different neuroimaging procedures in stroke, in which divalent Co-isotopes are 
compared with different isotopes for investigating the mechanism of uptake, and it seeks to 
establish the potential clinical role of Co-imaging. As an introduction to neuroimaging, Chapter 
4 describes the different techniques. It is suggested that Co2+ reflects Ca2+ mediated damage in 
stroke, and we therefore compared the uptake of Co2+ and Ca2+ in experimental stroke in an 
animal model, as is described in Chapter 5. In Chapter 6, we describe our findings in stroke 
patients in whom we compared Co with bloodflow, oxygen, blood volume PET and post
Gadolinium (Gd) T 1w-MRI. The additional PET data will provide us with information about 
functional changes after stroke, while the MRI provides data about anatomical structures and the 
integrity of the blood-brain-barrier. Since PET is rather expensive and not widely available 
technique, we investigated the possibilities of using SPECT with 57Co. The results of this study 
are described in Chapter 7. In addition in Chapter 8 we compared leukocyte infiltration into the 
ischemic brain using 99mTc-HMPAO labelled leukocytes with Co, since the postischemic influx 
of leukocytes is not only a pathophysiologic response to injury, but may also aggravate ischemic 
damage during reperfusion. The summary and conclusion of this thesis are given in English in 
Chapter 9 and in Dutch in Chapter 10. 
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Abstract 

The Spontaneously Hypertensive Stroke Prone Rat (SHR-SP) is an extensively documen
ted stroke model that may well serve to study the potential of prophylactic treatments. This study 
was designed to assess whether chronic food restriction or long-term treatment with the Ca2+ 

antagonist Nimodipine and the MAO-B inhibitor Deprenyl offers protection in the development 
of stroke in the SHR-SP rats. Forty male SHR-SP rats, at the age of34 weeks, were divided into 
4 different treatments groups: Control, Deprenyl, Food restriction and Nimodipine. During a 
period of 27 weeks the effects of the different treatments were measured on survival and blood 
pressure. In the Control and Deprenyl group 50% of the animals had died after 27 weeks, during 
which period blood pressure values remained unchanged. Animals treated with Nimodipine 
showed a significant increase in survival rate. In the group with food restricted animals 87,5% 
survived while blood pressure diminished significantly when compared with control animals. It 
is concluded that Deprenyl treatment does not exert any prophylactic effect in the development 
of stroke in our study. On the other hand Nimodipine treatment increased the survival rate 
compared to Control animals. Although food restriction was accompanied by a significantly 
lower blood pressure in the present study we did not see a significant increase in survival rate. 
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Introduction 

Essential hypertension is a major risk factor for stroke 1
• The spontaneously hypertensive 

stroke-prone (SHR-SP) rat strain 2, obtained by selective breeding of SHR rats, has proven to be 
a valuable model for the study of hypertension and stroke. Around the age of 43-52 weeks, 
depending on strain, these rats spontaneously develop cerebral haemorrhages and infarcts, which 
are mainly located in the boundaries of the flow region of the middle cerebral artery. As a 
consequence, the lifespan of SHR-SP rats is considerably shortened. For that reason SHR-SP rats 
are paiiicularly suitable to study the efficacy of prophylactic stroke treatments. 

In the cascade of cytotoxic events leading to neuronal death following cerebral ischemia, 
excessive calcium influx and the formation of free radicals and acidosis play a crucial role 3•4 . 

In earlier studies it was demonstrated that long-term chronic administration of the calcium 
antagonist Nimodipine yielded a prominent prevention of neocortical strokes in SHR-SP rats up 
to 56 weeks 3. This prophylactic drug effect was established without lowering the extremely high 
blood pressure and was therefore attributed to an effect of Nimodipine on the maintenance of the 
structural integrity of cerebral vasculature 5. 

Several studies have shown the beneficial effects of treatment with free radical scavengers 
in acute or global cerebral ischemia models 4•6 . Part of the free radicals could be formed by 
monamine oxidase type B (MAO-B), which may explain the neuroprotective action in stroke 
models of the MAO-B inhibitor Deprenyl 7. A third mode of neuroprotection in stroke has been 
provided by starvation, which possibly is caused by a diminished hyperglycaemic response after 
hypoxia 8•

9
. Thus far, clinical therapeutic interventions after stroke were shown to be of limited 

value and therefore it appears an appropriate strategy to study the effectiveness of different 
prophylactic approaches in the development of hypertension and stroke. In normotensive rodents 
both a chronic food restriction regimen and long term treatment with Deprenyl were shown to 
extend the lifespan 10• 1 1 , while Nimodipine, Deprenyl and fasting exhibit neuroprotective effects 
in experimental stroke models 3•4•8•9. The present comparative study was designed to establish 
whether long-term prophylactic treatments such as food restriction, Deprenyl and Nimodipine 
offer protective effects in SHR-SP rats, which was assessed by the average lifespan. 

Materials and Methods 

Animals and treatment 
Fotiy male Spontaneously Hypetiensive Stroke Prone Rats (SHR-SP, breeder M0llegaard 

Sc0nev0d, Denmark) were used. Animals were housed in groups of 6 or 4 animals. At the age 
of 34 weeks animals were divided into 5 groups and individual housed. 1) Onset-control group 
(n=4); 2) a Control group (n=I 2) that had free access to water and standard lab chow; 
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3) a Deprenyl group (n= I 0) which received food and water ad libitum and an oral dose L
Deprenyl 5 mg/kg daily. Treatment with Deprenyl was performed by adding the drug to the 
drinking water. Drug concentration in the drinking water was adjusted weekly to ensure exposure 
to the established dose ofDeprenyl being within a 90- 1 1 1  % range of the target dose6; 4) a Food 
restriction group (n=8) which received 60 % of the normal food intake with Vitamin 
supplements to the normal value. The volume of this food was no1malized to the volume of food 
in the control group with ingestible cellulose to prevent a compensational increase in food intake; 
5) the Nimodipine group (n=6). Water and food were supplied ad libitum, while the latter 
contained 860 ppm Nimodipine (Bayer AG, Leverkusen, Germany). The drug treatments and 
food deprivation regimen were carried out for a period of27 weeks (from 34-61 weeks). During 
the testing period body weight was weekly recorded. 

At ages of 32, 36, 37, 40, 44, 48, 52, 57 and 6 1  weeks systolic blood pressure (SBP) was 
measured in all animals. The SBP measurement was carried out under light ether anesthesia with 
the tail-cuff method using a photoelectric sensor unit to detect arterial pulse visualised on an 
oscilloscope. The pressure in the cuff placed around the base of the tail was gradually elevated 
till the disappearance of pulsation. During gradual decreasing of the pressure the SBP was read 
on a manometer at the moment of the reappearance of pulses expressed in mmHg. 

The animals were checked daily on hyperirritability, hemiplegia, apathy and motor 
disturbance. Brain weight (excluding olfactory bulb and lower medulla) and appearance of stroke 
and brain edema was assessed in the Onset-control group after 34 weeks and at the age 61 weeks 
for the surviving animals in the Control, Deprenyl, Food restriction and Nimodipine groups. To 

visualise cell damage in the surviving animals a silverstaining was performed as described 
previously 1 2• Blood glucose levels in the four groups were measured at 32 weeks and 1 4  days 
after initiation of the treatment. The protocol was approved ofby the local committee supervising 
animal experimentation at the Faculty of Medicine of the University of Groningen. 

Data Analysis 
Investigators were blinded to the procedures during blood pressure measurements, 

weighing and analysis of the histology. Data shown are presented as means ± SEM. Blood 
pressure value and weight at the different time points were statistically evaluated using one-way 
analysis of variance (ANOV A), which in case of significant group differences, was followed by 
a post hoc Bonferroni test. To establish the effect of the different treatment strategies in time and 
the interaction of time and treatment on blood pressure we used a RM-ANOVA evaluated by a 
F-test. Survival data were statistically evaluated using Kaplan-Meier survival analysis and to test 
the equality of the survival distributions for the different groups we used the Log-Rank test. 
Differences were defined as significant when p<0.05. 
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Results 

General condition 
During the entire treatment period bodyweight did not significantly differ between the 

Nimodipine, Deprenyl and Control animals. Not surprisingly the animals in the Food restriction 
group showed from week 36 a significantly lower bodyweight (till 8 1  % of the weight at 32 
weeks) when compared with the 3 other groups, figure 1 .  The animals in the control, Deprenyl 
and Nimodipine group continued growing during the testing period. The blood glucose levels as 
measured at 32 weeks and 14  days after onset of the treatment showed no significant differences 
between the groups (table I). At termination of the experiments at the age of 6 1  weeks the brains 
of the surviving animals did not reveal signs of infarction or edema. Even the silverstaining 
revealed no damaged brain areas in the surviving animals in any of the groups as an indication 
for cerebral ischemia/hypoxia. 

Week 32 Week 36 

Group Glucose n Glucose n 

Control 6.99 ± 0.296 11 7.85 ± 0.399 10 

Deprenyl 7.82 ± 0.402 10 7.93 ± 0.5 7 

Food restriction 7.41 ± 0.426 6 7.71 ± 0.572 4 

Nirnodipine 7.39 ± 0.336 6 7.63 ± 0.668 5 

Table I: blood glucose levels (11111101 ±SEM) and number of animals (n) in each group, at week 32 and 36, 
the difference between groups and week are not significant (ANOVA on ranks p=0.629) 
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Figure I: Changes in bodyweight mean ±SEM, during the 
testing period • Indicates time point ji-0111 where the weight in 
the food restriction group differs significantly (p<O. 05) with 
Control group. 
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Blood pressure 
Figures 2a and 2b show the changes in blood pressure in each group during the whole 

observation period. Food restriction in our study showed at 36 weeks a temporary but significant 

(p <0.05) rise in blood pressure (266.0 rnmHg ±1 8.0 vs 167.2 mmHg ±1 8.7, in controls) (fig 2a). 
In the Deprenyl and Nimodipine treated animals such an effect was absent in this early period 
(fig 2b). A significant (p <0.00 1 )  lowering effect of treatment in time on the blood pressure was 
seen in the food restricted group when compared with the control group. 
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Figure 2a and 2b: Changes in the blood pressure mean ±SEM, in the different treatment groups, with the number 
of animals at each ti111e point. * Indicates significant difference (p<0.05) co111pared with Control group. 

Survival 
During the 30 weeks of this study none of the Nimodipine treated animals died and 

subsequently revealed a significantly higher survival rate when compared to the Control group 
(p<0.05). In the control, Deprenyl treated animals and food restricted group respectively 50%, 
50% and 1 2.5% of the animals died. All the animals that had died displayed neurological 
symptoms of stroke, such as hyperirritability, hemiplegia, apathy and motor disturbance, and 
most likely died due to the consequences of stroke. Figure 3 shows the survival rate in the 
different groups during the experiment. 

Figure 3: Survival rate in the different treat111ent groups with the 
significance levels co111pared to Control animals {*p <0.05) 
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Discussion 

The present investigation demonstrates that Nimodipine treatment has a protective effect 
in the development of stroke and extended the survival values in SHR-SP rats, whereas Deprenyl 
treatment has no influence on the survival rate. These results confirm an earlier study 3 in which 
chronic administration of the calcium antagonist Nimodipine prevented the development of 
strokes in SHR-SP rats up to 56 weeks without lowering blood pressure. This prophylactic effect 
was attributed to a beneficial effect ofNimodipine on cerebral vasculature 5• 

Deprenyl is known to prevent neurotoxic events and the production of free radicals by 
inhibiting MAO-B 7

•
1 3

. Moreover, this compound potentiates the removal of free radicals by 
increasing the activity of the scavenger enzymes super oxide dismutase and catalase 7• The 
damaging effect of free radicals, which are formed during and shortly after ischemic episodes was 
subject to exclusive investigations. Several studies have shown that free radical scavengers 
protect against ischemia-induced damage and for that reason are thought to be effective in the 
treatment of cell damage in the central nervous system after stroke 4•6• 14• Knollema et al. showed 
a protective effect in hypoxia/ischemia of a 1 4-day L-Deprenyl pretreatment (2 or 10 mg/kg/dd 
i.p.) 4, which may be due to an enhanced free radical scavenger capacity of Deprenyl .  In the 
present study a dose of 5 mg/kg p.o. was used, which corresponds to the ED50 for the selective 
cerebral MAO-B inhibitor after oral administration in the rat 6. Apart from the neuroprotective 
effect in cerebral ischemia, Deprenyl treatment is also claimed to increase the life-expectancy in 
rodents and patients suffering from Parkinson disease 7

•
1 3

• However, conflicting data are 
published concerning the safety of long-term Deprenyl use in Parkinson Disease 14• 1 5• One recent 
clinical study showed a significantly higher mortality in patients treated with a combination of 
Levodopa and Deprenyl (5 mg p.o. 2 dd) 1 4. MAO inhibitors are known to give a rise in blood 
pressure. Deprenyl is the only MAO-B inhibitor for which this effect has not been described 16 • 

Food restriction is generally known to increase life expectancy and to retard the occur
rence of age-associated processes such as nephropathy, cardiomyopathy and neoplasia 11•19

, The 
present study shows the prophylactic effect of food restriction on the development of 
hypertension when food restriction is started at adult age. The lowering effect on blood pressure 
of food restriction did not result in a significant increase in survival in our study, although this 
may be largely due to the small sample size. The initial rise in systolic blood pressure in the first 
2 weeks in this study may be the result of a stress effect of food deprivation, which has not been 
reported before. Other studies have described a decrease in blood pressure after food restriction 
in SHR rats. In these studies food restriction was performed for a sh01t period (4 days) or for a 
longer period up to 8 weeks in young animals 20-25

. To our knowledge the present study is the first 
to describe the effect of food restriction on l ifespan and blood pressure in SHR-SP rats when 
given for a period of27 weeks. The lowering of blood pressure we find is unlikely due to a lower 
salt intake in the food restricted animals 1 1 • Stroke in the SHR-SP rats is hypothesised to be the 
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result of an enhanced vulnerability of the vasculature for pressure load caused by an altered 
vascular metabolism and physical damage of the high blood pressure to the vessel wall 2. To what 
extent the changes in metabolism play a role in the increased survival is not clear from the 
present study, although the results indicate that changes in blood pressure are independent of the 
blood glucose levels since these levels do not change after the start of food restriction. 

In conclusion, Nimodipine completely prevented the occurrence of stroke during the 
treatment period, which confinns such findings from a previous study 3. Chronic food restriction 
on the other hand had a profound beneficial impact on hypertension by decreasing blood pressure 
in SHR-SP rats. These results suggest that food restriction has a prophylactic effect even when 
it is started in adult rats. The lack of significance between food restriction and an increased 
survival rate will be largely due to the small sample size of the present study, therefore a similar 
study in a larger setting will reveal more about the potential of food restriction in preventing 
stroke. 
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Abstract. 

After stroke, brain specific proteins (including neurone-specific enolase, NSE) leak into 
the blood. The question addressed here was whether N-Acetyl-Aspartate (NAA, an amino acid 
derivative localised in cerebral neurons) could also serve as a peripheral marker of ischemic 
damage. The serum levels ofNAA were determined in the blood of stroke patients, related to 
clinical outcome, volume of infarction and to serum NSE. Blood samples of 19 patients (7 
female, 1 2  male, mean age of 73, range 56-88y) were collected during the first 4 days after stroke 
and NSE (radio-immunoassay) and/or NAA (gaschromatography/mass spectrometry) were 
analysed. Clinical outcome was assessed with the Glasgow Outcome Score (GOS) and volume 
of infarction was calculated with Computed Tomography (CT). Control values of NAA were 
determined in 9 female and 8 male volunteers (mean age 47.4; range 28-73y). 

Control levels of serum NAA were 0.25±0.06 µmol/1. There was a highly significant 
increase (up to 3 fold) of serum NAA (p<0.0001 )  within the first 24h and at 72h after stroke. The 
mean levels of serum NAA over 4 days correlated (p<0.05) with the volume of infarction only 
in stroke patients with a bad recovery (GOS<S). Serum NAA at 24h and NSE at 72h correlated 
negatively, suggesting an inverse relationship between NAA and the irreversibil ity of damage 
following cerebral ischemia. The present data suggest that serum NAA is an early peripheral 
marker of neurones compromised by brain ischemia, and that the ratio of NAA to a protein 
marker may serve as an index of irreversibility. 
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Introduction 

The aminoacid derivative N-acetyl aspartate (NAA) is localised specifically in neurons, 
and its cerebral levels decrease rapidly after damage, as shown by post mortem analysis of 
animals or by magnetic resonance spectroscopy in stroke patients 1 -5 • NAA is released into the 
extracellular compat1ment of the brain following (reversible) ischemia as shown in microdialysis 
studies6

•
7

. The rate of disappearance of NAA from the ischemic brain exceeds that of 
metabolism8

•
9

. Because of its low molecular weight ( only 0 . 1  kD), NAA may become detectable 
in the circulation shortly after stroke. Attempts to detect NAA in the blood using 
HPLC/fluorometric methods were unsuccessful 1°, but a recently developed stable isotope dilution 
gaschromatography/mass spectrometry (GC/MS) method met the required sensitivity 8•1 1

• To our 
knowledge serum levels of NAA in the adult have not been published yet. 

Specific proteins of the brain may also leak to the blood circulation after damage1 2- 16, 
provided that they pass the brain-blood barrier and escape intra- and extra-cerebral catabolism. 
Neurone-specific enolase (NSE, an isoenzyme of the glycolytic enzyme enolase, EC 4.2. 1. 1 1 ,  
consisting of 2 g units; M W  78kD) is released into the cerebrospinal fluid and to some extent into 
the blood circulation after stroke 13

•
14

•
17-23• A significant -albeit weak- correlation between infarct 

size and serum NSE has been reported14
•

16
• 

In the present study we investigate serum levels of NAA of controls and of patients 
shortly after stroke. We compare the serum levels of NAA with those of NSE, with an index of 
the extent of brain damage (estimated with CT) and with symptomatology (Glasgow Outcome 
Scale, GOS). 

Materials and methods 

Patients 
All 1 9  patients (7 female, 12 male, mean age of 73 years, range 56-88) suffered from a 

thrombo-embolic stroke and were admitted within 24h after onset of symptoms. Patients 1 -9 
were admitted to the neurological ward of the University Hospital Groningen, The Netherlands. 
Blood sera of patients 1 0- 19  were chosen from a previous study in which they were analysed for 
NSE 14

; in addition serum NAA was assayed. CT was made within 4 days after admission. 
Patients were excluded from the study if there were signs of cerebral haemorrhage at CT. NAA 
was determined at the earliest time point after admission to the hospital (t=O), usually within 6h 
after stroke onset, and 12, 24, 36, 48 and 72h after admission. All blood samples were 
immediately centrifuged and serum was stored at -20 °C until the analysis of NAA. Serum NAA 
of 1 7  healthy volunteers (9 female, 8 male, mean age of 47.4y; range 28-73y) served as control. 
Serum NSE of stroke patients was assayed in samples collected at admission (within 24 h after 
stroke onset) and at the following 4 days. The clinical course was described with the GOS, a 
simple and reliable scale for assessing the different degrees of disability following cerebral 
damage 3 months after admission. GOS scores are defined as follows: 1 ,  death; 2, vegetative 
state; 3, severe disability; 4, moderate disability (but independent); and 5, good recovery24

• 

Quantitative CT, NAA and NSE 
The volume of infarction (expressed in ml) was measured by summing the areas of 

infarction on each CT scan slice and multiplying this by the total thickness through which the 
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affected tissue extended. This was realised using software on the CT scanner or Quanti-met an 
image analyse system (Leica, Cambridge, UK) 14•25 • The thus quantified stroke volume is shown 
in table 1 .  Only non-haemolysed blood samples were used for chemical analysis. NSE levels 
were determined by a radio-immunoassay as described25. Intra-assay variation was 1 2.6% at 1 3 ;  
6.7 % at 30 and 1 1 .0% at 50 µg/L. Inter-assay variation was 8% at 1 0  and 1 4% at 80 µg/L. 
NAA was assayed using a modification of a stable isotope dilution GC/MS technique, which has 
previously been applied to amnion fluid, cerebrospinal fluid, blood and urine for the pre-natal 
diagnosis of Canavan disease 1 1 • Briefly: to 1 ml of serum 3 nrnol D3-NAA was added as an 
internal standard. To the samples, 30µL HCl (6Mol/L, to pH < 2) was added, saturated with NaCl 
and extracted 3 times with 3 ml of a 2-propanol/ethylacetate mixture (I 0/90 v/v). The combined 
organic solvent layers are evaporated to dryness under nitrogen at 50 C. The residue was 
derivatised with 500µ1 2-propanol/l 0 µI HCL at 1 20 °C. After evaporation, 1 00 µI ethylacetate 
was added and one µI (equivalent with 50 µL serum) was applied to the GC/MS system, operated 
in the positive chemical ionisation mode. The MS is set to monitor the fragments m/z 260 for the 
isopropyl derivative ofNAA and m/z 263 for the isopropyl derivative of the internal standard 
D3-NAA. Intra-assay variability was 1 1  % (n=5) and the inter-assay variation was 3% (n= l 0). 

Statistical analysis 
Differences between NAA serum levels in stroke patients and control persons were 

analysed using the one way analysis of variance on ranks. Correlation between the mean values 
of serum NAA or NSE per patient and infarct volume were calculated with the parametric 
Pearson product moment correlation. The relations between GOS scores, NAA and NSE levels 
were expressed as the non-parametric Spearman rank correlation coefficient. The difference in 
NAA levels at the various time points were determined with the Friedman repeated measures 
analysis of variance on ranks. Serum values are given as mean ± standard error of the mean 
(SEM) in µmol/L. P-values less than 0.05 were considered significant. 

Results 

NAA and NSE. 
Table 1 shows the clinical data, the concentrations of serum NAA and NSE and the volume 

of infarction of all the patients. Volume of infarction could not be calculated in patient 1 ,  3 and 6, 
due to the fact that at the time of CT scan, the density values of the infarcted region could not be 
distinguished from those of healthy brain tissue (fogging effect). In control individuals the serum 
NAA levels were 0.25±0.06 µmol/1; there was no significant correlation with age (r=0.2, p=0.6). 
Serum levels ofNAA were significantly higher in all stroke patients at t=0, t= 1 2, t=24, t=48 and 
t=72h (p< 0.0001) .  At 36h we found a non-significant tendency of a decline in NAA. The combined 
time courses of the 9 Groningen patients and the 1 0  Belfast patients and controls are shown in 
figure 1 .  The NSE data of patients 1 0- 1 9  (shown in figure 2) differ significantly from those of the 
control subjects. To investigate differences in the time courses ofNAA and NSE, the correlation 
between NAA and NSE values in the same and subsequent samples was determined; there was no 
significant correlation (p<0.3). There was, to our surprise, a significant negative correlation between 
NAA at 24h and NSE at 72h (r=-0.7, p<0.05, fig.3). Apparently, when more NAA was found in 
serum shortly after stroke, less NSE diffuses from the brain at later times. 
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Patient Sex/age,y Infarct GOS Max/Mean NSE 

2 
3 
4 
5 
6 
7 
8 
9 
1 0  
1 1  
1 2  
1 3  
1 4  
1 5  
1 6  
1 7  
1 8  
1 9  

M/88 
M/65 
M/72 
M/73 
F/75 
F/75 
M/7 1 
F/87 
M/58 
F/83 
M/56 
Ml 

M/73 
F/66 
F/82 
F/7 1 
M/8 1 
M/72 
M/67 

volume Score NAA µg/L 
(ml) µmol/L 

f 
1 32.8 
f 5 
57.3 5 
1 73.8 3 
f 3 
1 06.0 4 
1 52.9 3 
26.3 5 
1 32.4 3 
90.2 3 
1 45.4 
1 09.9 4 
1 32.8 4 
1 3 8.3 
1 1 9.4 4 
1 84.7 3 
254.4 
238 . 1  

0.58/0.49 
0.39/0.3 1 
0.39/0.36 
0.67/0.63 
1 .33/0.56 
0.32/0.30 
0.33/0.28 
0.55/0.48 
0.96/0.75 
0.43/0.36 
0.32/0.28 
0.59/0.55 
0.49/0.40 
0.48/0.46 
0.49/0.43 
0.58/0.5 
0.7/0.44 
0.83/0.39 
0.95/0.76 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
8.68 
8.95 
1 2. 8  
8.45 
1 5 .43 
23.53 
1 1 .67 
1 2.62 
1 1 . 1 8  
6.23 

NAA and volume of infarction 

Sernm NAA and NSE in stroke 

Table I:  Patient 
characteristics, max and 
mean NAA concentration, 
mean NSE concentration, 
Glasgow Outcome Score and 
the volume of infarction of all 
patients. In patient 1 ,3 ,6 no 
volume of infarction could be 
calculated due to fogging 
effect (!). In patient 1-9 from 
the Groningen group no NSE 
was calculated (nd). 

Figure 4 shows the mean NAA values plotted against volume of infarction; no significant 
correlation emerged. Neither was there a significant correlation between NAA at any time-point 
and the infarct volume. Ifwe removed the data of the 2 patients with good recovery (GOS > 4, 
clear boxes), a significant correlation between mean NAA and infarct volume (p<0.05) in the 
remaining group of patients was found. These results suggest that NAA is released not only from 
itTeversible lesions, but also after reversible brain damage. 

Discussion 
The extent and localisation of cerebral damage following stroke is routinely assessed by 

clinical presentation and by imaging (CT and Magnetic Resonance Imaging)27
. Stroke does not 

necessarily lead to hospitalisation, since little therapeutic benefit can often be offered. In such 
cases and for research purposes e.g. to assess the efficacy of neuroprotective or neuro-restorative 
treatments, a peripheral index for reversible and irreversible brain damage is of interest. The 
present study shows a rise in serum levels of NAA of stroke patients that is particularly 
significant shortly after admission; such levels may be related to NSE and are correlated to the 
size of brain lesions only in irreversibly affected patients. 
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Figure I: Time course of serum NAA following stroke 
(at t=O) of all 19 patients (II) and the mean NAA levels 
in our control group (dolled line). Given are mean 
value ± SEM. Except/or t=36h all patient values are 
significantly {p<0.0001) higher when compared with 
the control values. 
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Figure 3. Mean NAA and mean NSE values of the same samples 
from the patients of the Belfast group (II) and from subsequent 
samples (0, NAA =24 and NSE=72, r=-0. 7 and p<0.05). 
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Figure 2: Time course of serum NSE of the JO patients 
from the Belfast group (II) and values of controls. Given 

are mean ± SEM. At eve,y time point the patients' levels 
are higher than control levels (p< 0.01). 
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Figure 4: Mean NAA and Infarct Volume all patients 
(a +□). ■ Patients with a GOS scores <5 and □ 

patients with a GOS score 5. Infarct volume correlated 
significantly (p<0.05, r= 0.67) with mean NAA levels 
in patients with a GOS <5. 



Sernm NAA and NSE in stroke 

To our knowledge, peripheral NAA has not been studied in stroke. Instead, NAA is used 
as a marker for the inborn error Canavan disease and its concentration in serum, urine, 
cerebrospinal fluid or amnion fluid is regarded essential as a diagnostic tool 1 1 • The content of 
NAA in serum of young or aged individuals appears to differ; the observed levels in the present 
study in relatively old subjects are significantly lower compared to those in children, as 
reported 1 1 • This may be related to differences in the presumed central origin of NAA or in 
peripheral kinetics. In children, the origin ofNAA is likely to be predominantly peripherally, 
whereas in aged persons both origins are possible. 

The idea of investigating NAA as a peripheral marker of brain damage originates from 
MR-spectroscopy studies showing that NAA is a major component of brain tissue (in the mMol 
range). Decreases in NAA have generally been interpreted as an indication of neuronal damage. 
Considering the high concentration ofNAA in the healthy brain and the decrease in the brain 
levels ofNAA in several brain pathologies, including stroke, trauma and tumours 1-3,5,27-29, we 
considered it possible, that NAA serves as a suitable marker of brain damage. Indeed, a 
significant -albeit weak- correlation of the mean NAA levels with volume of infarction was seen 
in the severe cases, indicating that the total loss ofNAA reflects neuronal damage. In addition 
to NAA (present study) and NSE 14

•
1 6

•
2 1

, other peripheral markers of brain damage have been 
proposed. Accordingly, serum levels of S l 00 (a relatively small protein of glial origin, MW 2 1  
kDa) and creatine kinase (CK-BB) have been found to increase following stroke 1 2

•
1 5

•
1 6

•
2 1

• 

Advantages of NAA over these markers could be its confinement to neurones, and its small 
molecular size. Stronger correlation between brain pathology and serum markers may emerge if 
the absolute amount of the marker leaving the brain is known. Better estimations can be based 
on the determination of the peripheral kinetics of the marker in the individual patient. Major ad
vantages ofNAA over the protein markers explored thus far are, that a representative tracer (e.g. 
D-labelled NAA) is available for intravenous application, that it can easily be analysed with MS 
and it can be administered to human without toxicological and immunological complications. 
The emphasis here was on stroke, but other types of damage, including brain trauma, may also 
exhibit increased serum NAA. 

Since NAA is an amino acid derivative, it may diffuse more rapidly into the peripheral 
circulation than NSE. Several findings support such a suggestion. Shortly after admission and 
at 48 h, but not at 36 h, the increase in serum NAA was significant. This time course may be an 
artefact to be attributed to the large variation of a relatively small sample size, but could be 
related to a biphasic pattern of neuronal damage and death (reversible versus irreversible and/or 
acute versus delayed) as well. The highest levels of serum NAA were found in the earlier 
samples, whereas NSE levels had a tendency to increase after 4 days after the onset of stroke. 
There was a negative correlation between the serum levels ofNAA at 24h and NSE at 72h. If 
NAA and NSE had a common cerebral origin a positive correlation was expected, according to 
the scenario that the irreversibly damaged neurones would first release NAA and, then after 
subsequent disintegration of the cellular outer-membrane, the intracellular proteins. An 
alternative scenario is, that NAA already leaks from the brain-cells during the initial depolarisati
on phase (as shown in rats)6,30, thereby escaping catabolism, and reaches the blood compartment. 
This explanation corroborates the observation that the highest levels ofNAA were seen in two 
patients with the best outcome (GOS = 5). The relatively high serum NAA levels in these patients 
suggest that NAA may be released from reversibly affected neurones. This idea is in line with 
observations showing reversible decreases of brain analysed in vivo with MRS27 and in 
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microdialysis experiments in rats6
• In severe cerebral ischemia, when intracellular enzymes are 

released, proportionally more NAA is catabolised, so less NAA reaches the circulation. A 
consequence of these assumptions is, that the ratio of serum NAA (at day 1 )/ and serum NSE (at 
day 5) may serve as an index of irreversibility of an ischemic lesion. If this is indeed the case, 
such ratios allow assessment of the potential therapeutic value of experimental post-stroke 
interventions already within the first week after stroke. 

Acknowledgement: This work was supported by a grant (GGN 22.274 1 )  from the Dutch 
Technology Foundation (STW), a grant from (92.305) the Netherlands Heart Foundation and by 
UCB Pharmaceutical Company, Brussels, Belgium. RTC was funded by the Northern Ireland 
Chest, Heart and Stroke Association. We wish to thank Dr. M. Watt, J. Winder J, S. McKinstry 
and Prof. K.D. Buchanan for providing information from their study "Serum Neurone-Specific 
Enolase as an Indicator of Stroke Volume." 

30 



Serum NAA and NSE in stroke 

References 

Bruhn H, Frahm J, Gungell ML, Merboldt KD, Hanicke W, Sauter R. Cerebral metabolism in man after 
acute stroke: new observations using localized proton NMR Spectroscopy. Magn Res Med 1 989;9: 126- 1 3 1 .  

2 Gideon P, Sperling B, Arlien-S0borg, Olsen TS, Henriksen 0. Long-term fol low-up of cerebral infarction 
patients with proton magnetic resonance spectroscopy. Stroke I 994;25:967-973. 

3 Graham GD, Blamire AM, Howseman AM, Rothman DL, Fayad PB, Brass LM. Proton magnetic resonance 
spectroscopy of cerebral lactate and other metabolites in stroke patients. Stroke 1 992;23:333-340. 

4 Jaarsma D, Veenma-van der Duin L, Korf J. N-acetylaspartate and N-acetylaspartylglutamate levels in 
Alzheimer's disease post mortem brain tissue. J Neurol Sci 1 994; 1 27:2230-2233 .  

5 PetroffOAC, Graham GD, Blamire AM, Al-Rayess M, Rothman DL, Fayad PB. Spectroscopic imaging 
of stroke in humans: histopathology correlates of spectral changes. Neurology 1 992;42: 1 349- 1 354. 

6 Sager TN, Fink-Jensen A, Hansen AJ. Transient Elevation of Interstitial N-Acetylaspartate in Reversible 
G lobal Brain lschemia. J .  Neurochem I 997; 68:675-682. 

7 Urenjak J, Obrenovitch TP, Richards DA, Wil l iams SR, Symon L. Is N-acetylaspartate involved in 
neurotransmission? A microdialysis study. In Monitoring molecules in Neuroscience. 355-357. Eds 
Rollema H, Westerink B, Drijfhout WJ. University Center for Pharmacy, Groningen, The Netherlands, 
1 99 1 .  

8 M iyake M, Kakimoto Y, Sorimachi M. A gas chromatographic method for the determination of 
N-acetyl-L-aspartic acid, N-acetyl-a-aspartylglutamic acid and b-citryl-L-glutamic acid and their 
distributions in the brain and other organs of various species of animals. J Neurochem 1 98 1 ;36:804-8 1 0. 

9 Sager TN, Laursen H, Hansen AJ. ( 1 995) Changes in N-acetyl-aspartate content during focal and global 
brain ischemia of the rat. J Cereb Blood Flow Metab 1 995; 1 5 :639-646. 

1 0  Korf J, Veenma-van der Duin L ,  Venema K ,  Wolf J .H .  Automated pre-column fluorescence labelling by 
carbodiimide activation ofN-acetylaspartate and N-acetylaspartylglutamate applied to an HPLC brain tissue 
analysis. Analyt Biochem 1 99 1 ;  1 96:350-355. 

1 1  Jakobs C, ten Brink HJ, Langelaar S.A, Zee T, Stel laard F, Macek M. Stable isotope dilution analysis of 
N-acetylaspartic acid in CSF, blood, urine and amniotic fluid: accurate postnatal d iagnosis and the prenatal 
d iagnosis of Canavan disease. J l nher Metabol Dis 1 99 1 ;  1 4:653-660. 

1 2  Bell R.D, Alexander G M ,  Nguyen T, Albin M S .  ( 1 986) Quantification o f  cerebral infarct size by creatine 
kinase BB isoenzyme. Stroke I 986; 1 7:254-260. 

1 3  Blennow K, Wallin A, Ekman R Neuron specific enolase i n  cerebrospinal fluid: a biochemical marker for 
neuronal degradation in dementia disorders? J NeuralTransmission I 994;(P-D Sect) 8: 1 83- 1 9 1 .  

1 4  Cunningham RT, Watt M, Winder J, McKinstry S ,  Lawson JT, Johnston CF. Serum Neurone Specific 
Enolase as an indicator of stroke volume. Eur J Clin Invest 1 996;26:298-303. 

1 5  Usui A ,  Kato K, Murase M, Hotta T, Tanaka M ,  Takeuchi E .  Neural tissue-related proteins (NSE, G ,  
28-kDa calbindin-D, S I  00b and CK-BB) in serum and cerebrospinal fluid after cardiac arrest. J Neurol Sci 
1 994; 1 23 :  1 34- 1 39. 

1 6  Fassbender K, Schmidt R ,  Schreiner A ,  Fatar M, Muehlhauser F ,  Daffertshofer M, Hennerici M. Leakage 
of brain-originated proteins in peripheral blood: temporal profile and diagnostic value in early ischemic 
stroke. J Neurol Sci 1 997; 148: 1 0 1 - 1 05. 

1 7  Cunningham RT, Young IS, Winder J ,  O'Kane MJ, McKinstry S ,  Johnston CF. Serum neuron specific 
enolase (NSE) levels as an indicator of neuronal damage in patients with cerebral infarction. Eur J Clin 
Invest 1 99 1  ;2 1 :497-500. 

1 8  Hardemark HG, Persson L ,  Bolander HG, Hi l lered L, Olsson Y ,  Pahlman S .  Neuron-specific enolase i s  a 
marker of cerebral ischemia and infarct size in rat cerebrospinal fluid. Stroke 1 988; 1 9: 1 1 40-1 1 44. 

19  Jacobi C ,  Reiber H.  Clinical relevance of  increased neuron-specific enolase concentration in  cerebrospinal 
fluid. Clin Chim Acta 1 988; 1 77:49-54. 

20 Kaiser E, Kuzmits R, Pregant P, Burghuber 0, Worofa W. Clinical biochemistry of neuron specific enolase. 
Clin Chim Acta 1 989; I 83 : 1 3-32. 

2 1  Persson L ,  Hardemark H-G, Gustafsson J ,  Rundstrom G ,  Mendel-Hartvig lb, Esscher Th. S- 1 00 protein and 
neuron-specific enolase in cerebrospinal fluid and serum: markers of cell damage in human central nervous 
system. Stroke 1 987; 1 8: 9 1 1 -9 1 8. 

3 1  



Cha /er 3 

22 Schaarschmidt H, Prange HM, Reiber H. Neuron-specific enolase concentration in blood as a prognostic 
parameter in cerebrovascular diseases. Stroke I 994;25:558-565. 

23 Steinberg R, Gueniau C, Scarna H, Keller A, Worcel M, Pujol JF. Experimental brain ischemia: 
neuron-specific enolase level in cerebrospinal fluid as an index of neuronal damage. J Neurochem 
1 984;43: 1 9-24. 

24 Jennett B, Bond M. Assessment of outcome after severe brain damage. Lancet 1 975; I :480-484. 
25 Cunningham RT, Johnston CF, Irvine GB, Mclrath EM, McNeill A, Buchanan KO. Development of a 

radioassay for neurone specific enolase (NSE) and its application in the study of patients receiving 
intrahepatic arterial streptozotocin and floxuridine. Clin Chim Acta 1 990; 1 89:275-286. 

26 Stevens H, Jansen HML, De Reuck J, Korf J. Imaging of stroke. In Clinical pharmacology of cerebral 
ischemia. 3 1 -4 1 .  Eds. GJ ter Horst and J Korf. Humana Press, 1 997. 

27 De Stefano N, Rooney WO, Arnold DL. Reversible decrease in N-acetylaspartate after acute brain injury. 
Magn Res Med 1 995;34:72 1 -727. 

28 Tsai G, Coyle JT. N-acetylaspartate in neuropsychiatric disorders. Prog Neurobiol I 995;46:53 1 -540. 
29 Cousins JP. Clinical MR spectroscopy: Fundamentals, current applications, and future potential. AJR 

1 995; I 64: 1 337- 1 347. 
30 Taylor DL, Davies SEC, Obrenovitch TP, Doheny MH, Patsalos PN, Clark JB, Symon L. Investigation into 

the role ofN-acetylaspartate in cerebral osmoregulation. J Neurochem I 995;65:275-28 1 .  

32 



Chapter 4 

Imaging of Stroke 

H .  Stevens, H.M.L. Jansen*, J. De Reuck*, and J. Korf 

Department of B iological Psychiatry, University Hospital Groningen, The Netherlands 
* Department of Neurology, University Hospital Gent, Belgium 

In Clinical pharmacology of cerebral ischemia. 3 1 -4 1 .  Eds. G.J. ter Horst and J. Korf. 
Humana Press, 1 997 

33 



Cha /er 4 

Introduction 

In vivo demonstration of stroke related pathological processes has evolved from 
scintigraphical and angiographical techniques to computer assisted tomographic technologies. 
Today, Computed Tomography (CT) and Magnetic Resonance Imaging (MRI) are widely 
available 1

-
5

. CT is mainly used to distinguish between hemorrhagic and nonhemorrhagic 
pathology in the acute phase of stroke6. Both MRI and CT visualise morphological changes in 
the brain; MRI, however, has a far better spatial resolution and allows visualisation of other 
aspects of the pathology as well. To detect functional changes in both the normal and the 
pathological brain, additional procedures can be used such as visualisation of regional cerebral 
blood flow with Positron Emission Tomography (PET) or Single Photon Emission Computed 
Tomography (SPECT). Both hypoperfusion of the core of the infarcted brain area and the 
penumbra and hyperperfusion in more peripherally located brain regions (luxury perfusion) can 
readily be shown 7- 1 8. PET has the advantages of a higher resolution and absolute quantitative 
information on flow and metabolism of brain pathology compared to SPECT, but SPECT is 
cheaper and more accessible. 

The merging of PET and MRI not only supports the previous anatomical (CT and MRI) 
technologies, but offers additional functional possibilities as well. Both MR- and PET- based 
technologies are still rapidly developing with applications in the clinical and experimental stroke 
research. In this chapter, we will present some recent developments and applications of imaging 
techniques in stroke. The usefulness of these technologies to visualise pathological changes 
during the development of ischemic stroke will be considered. 

Time course of cerebral ischemia 

The possibility to distinguish between reversibly and irreversibly damaged tissue 
(penumbra vs core of the infarct) is of main clinical interest, as reversibility could allow 
(potential) therapeutic interventions. It is not our purpose to describe the course of stroke patho
logy in detail, since other reviews deal with that subject more intensively. However, it is 
important to emphasise the major phases of the development of ischemia to infarction as they 
could eventually be distinguished by the various neuroimaging techniques. 

Stroke is most often caused by arterial stenosis or obstruction owing to a 
(thrombo)embolic process with temporary or permanent obstruction of blood flow in the down 
stream territory. In the initial phase, there is a decrease in blood flow in a well-defined brain area, 
in which the lack of energy supply causes immediate (in experimental animals within minutes) 
depolarisation of nerve cells and presumably of other cells as well. Such depolarisations can be 
compensated for a few minutes by anaerobic glycolysis, but because the energy reserves of the 
brain are limited, most cells will soon become depolarised, and irreversibly damaged, leading to 
cell death if blood flow remains impaired. During this process of cell death, the ion gradient over 
the cellular membrane disappears and water enters into the cell, so the extra-cellular space, 
comprising approximately 20-25% of the normal human brain, is diminished by 50%. In the 
tissue surrounding the death core, blood flow may remain insufficient to maintain normal 
function, but cells are still polarised, because energy supply is sufficient to maintain ion gradient 
over the membrane; subsequently the extra-cellular space remains nom1al. Part of the energy 
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Figure I Time course of metabolic and infla111mato1y processes after stroke in the core (Fig. IA) and the surround
ing brain tissue (Fig. I 8). 

required to maintain membranous gradients is anaerobic of origin, and lactate may become an 
important energy substrate for neurons. These events are considered to occur within the first 12h 
post-stroke with the predominant features being hypoperfusion and cellular edema. 

As soon as the damage has become irreversible, inflammatory processes start, such as the 
activation of the microglia cells and leucocyte infiltration 1 9-25• The activation ofmicroglia is an 
early event after (any) brain damage. Microglia comprise 5-12% of the cells in the brain and are 
considered as resident macrophages. These cells can be activated, and start producing nitric 
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oxide, excitatory amino-acids, proteases and cytokines. Microglia can also change from an 
activated state to a phagocytic state and start to remove cellular debris. Soon after the infarction, 
an infiltration of T-lymphocytes is also seen in both the infarcted and the surrounding regions. 
T-cell infiltration may precede microglia activation as has recently been shown in a 
photochemical stroke model 20• Such infiltration mostly occurs when cellular adhesion molecules 
(such as ICAM-1) are expressed upon stimulation with cytokines (interferon-y, interleukin-I and 
tumour necrosis factor-a) and by opening of the blood-brain barrier (BBB). 

Inflammatory events take place in the core of the infarct but extend further into the 
penumbra regions. The role of these processes is unclear in the pathogenesis of stroke. The 
inflammatory response is maximal after 1-3 weeks and approximately 6 weeks after stroke onset, 
the response starts to decline to normality 24• In this case, the core of the infarct becomes partially 
cystic, and the extra-cellular space is increased. Permanent degenerative changes such as loss of 
specific neurons and other cells may have occurred, while concomitant compensory changes, 
including regenerative processes, may be still underway. Neuroimaging can be a tool to visualise 
these time dependent changes. The potency to visualise these aspects of pathology is highly 
dependent upon the imaging modality. The time course of major events following stroke is 
shown in figure 1. 

CT 

CT scanning is an accurate diagnostic tool in patients with cerebrovascular diseases. CT 
is especially used in the acute phase of stroke to differentiate between hemorrhagic and non
hemorraghic events 6•26. Within the first 8-12 hours, the majority of non-hemorrhagic infarcts 
escape CT demonstration because the density values of these infarcts correspond, at this time, 
with those of normal brain tissue. Larger infarcts can sometimes be suspected in the earlier phase 
by the presence of brain swelling. Demarcation of the infarct begins between 8-24 hours and 
becomes definite in relation to the particular vascular territories after 2-3 days. After 3-5 days it 
becomes possible to visualise contrast enhancement in the infarction, starting at the margin of 
the infarcted area and extending during the next 1-2 weeks. This enhancement of contrast in the 
infarcted zone is owing to hyperemia and is particularly important at 10-20 days after stroke, as 
CT examination made at that time may not reveal the infarct zone without contrast. At this time 
the density values that are measured in the infarcted region (with reparative processes, edema, 
and increased perfusion) correspond to those of healthy brain tissue (fogging effect). 

MRI 

MRI has already proven to be of great practical value in diagnosing stroke, using T1 , T2 
- images and T 1-images after intravenous injection of contrast (gadolinium). MRI visualises body 
tissue using a static and oscillating magnetic field that excite protons. When the oscillating 
magnetic field is stopped, excited protons relax and induce a radio frequency in a receiver coil. 
The signal intensity is reconstructed on grey scale images on which the different body tissues can 
be recognised 27•28. With MRI, cerebral ischemia can be visualised earlier than with CT. Because 
of its better resolution, lacunar infarcts, territorial infarcts of the posterior fossa, especially of the 
brainstem, are more frequently demonstrated by MRI than by CT. Old hemorrhages, and infarcts 
with a hemorrhagic component, can be diagnosed because of the characteristic signal behavior 
of the iron ions in the hemosiderin deposits in the infarct. The integrity of the BBB can be 
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showed by contrast enhancement in brain areas where the BBB is disrupted. In stroke, it appears 
that both intact and disrupted BBB can be seen. In the initial phase, the BBB is often intact, 
whereas after several days or weeks, when the damage and debris is maximal, the BBB becomes 
disrupted 1 • 1 "5•29 . At this time, lymphocyte infiltration is also maximal. 

More recent and advanced technologies based on MRI, like Magnetic Resonance 
Spectroscopy (MRS) and diffusion and perfusion MRI can partially support the previous 
anatomical (CT and MRI) technologies and offer additional functional possibilities as well. MRS 
can measure noninvasively metabolites such as N-acetylaspartate (NAA) and lactate in the human 
brain during normal and pathologic conditions such as after stroke. The NAA is almost 
exclusively located in neurons and is widely used as a neuronal marker in MRS studies of brain 
infarction 1 5•30-39. Several (partial serial) studies, with MRS in patients with stroke show a 
reduced NAA level and an increased level of lactate within the infarcted area during the acute 
stage of stroke. During the chronic stage, a remarkably reduced level of NAA in large middle 
cerebral artery infarctions and, in some studies, elevated levels of lactate (up to 23 months) are 
found 1 3•40• Presence of lactate in the acute stage of brain infarction probably reflects the degree 
of ischemia. In the chronic stage, lactate may be produced by inflammatory and phagocytic cells 
and by glia cells that metabolise glucose mainly to lactate even under normoxic conditions 1 3• 14• 
Magnetic resonance spectroscopy could be used in the future for the demonstration of 
biochemical markers in the early stage of stroke to provide guidance in prognosis and treatment 
planning. Diffusion and perfusion MR have been used in clinical and experimental stroke 
studies 1 2 • Whereas T 1 and T2 weighed MRI is usually not very sensitive to visualise early events, 
both diffusion and perfusion MRI have more potential in this regard. Diffusion MR visualises 
changes in the diffusion characteristics of interstitial water, apparent diffusion coefficients 
(ADC,v)4 1

• Changes in ADCw are seen within minutes after onset of stroke, concomitant with 
shrinkage of the extra-cellular space, as determined by whole tissue impedance measurements. 
Since change in ADCw is one of the earliest changes seen after cession of bloodflow, it is 
possible to visualise ischemic brain tissue within I hour after stroke onset 42 . 

Welch et al. ( 1 995) histopathologically rated tissue changes according to the results 
obtained in the rat with a MCA-stroke-model with T2 and ADCw 4 1 . Whereas T2 values began to 
increase after about 1 6  hours poststroke, the ADCw had already decreased during that previous 
period. After 24 hours, the changes in both parameters were increased and followed each other 
closely. The changes are illustrated in figure 2. 

Regional cerebral bloodflow (CBF) can be assessed with MR angiography (based on the 
difference between excitation and recording of MRI, as excited blood moves out of the imaging 
plane); on clearance studies MRI detectable tracers are used (using MRI-detectable tracers and 
A-V differences); on bolus track imaging (measuring transit time of a paramagnetic substance, 
such as Gd-DPT A); or on MRI based on blood oxygenation-level-dependent imaging (functional 
MRI). Functional MRI is used to estimate regional CBF and metabolism making use of different 
signal behaviour of oxidised hemoglobine and deoxyhemoglobine. Functional MRI is especially 
used for nonpathological brain studies. In pathological conditions when tissue oxygen is 
decreased or absent, the possible changes in deoxyhemoglobine can be masked and not well 
predicted or related to rCBF. Under ischemic conditions, the bolus track imaging is best suited. 
Bolus track perfusion has been used experimentally in a few studies to identify brain regional 
hypoperfusion 43• 
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Figure 2. Changes of T2 and Apparent Diffusion Coefficient of water in the core of an ischemic infarct, as 
derived from an experimental animal stroke model. The figure is reconstructed fi'om data of Welch et al. 
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PET 

Radiolabelled markers (positron emitters) enable us to get a better view of the metabolism 
of the brain in both normal circumstances and pathological states. The most common radiolabels 
for stroke in PET are 1 502, H2

1 5O, C 1 5O2 and C 1 5O 7
•
10

•
1 7

•
44 • With both H2 15O and C 15O2 the 

regional cerebral bloodflow (rCBF) can be measured. C 15O can be used to visualise bloodvolume 
(CBV); regional cerebral metabolic rate for oxygen, (rCRMO2) and Oxygen Extraction Fraction 
(OEF) can be measured with 1 502 and 1 1F-deoxyglucose is used to study regional cerebral 
metabolic rate for glucose (rCRMg10). Besides these labels, today divalent 55

Co is used as calcium 
analogue to visualise ischemic lesions in experimental studies 1 6•45•46

• 

Bloodflow and oxygenmetabolism 

Both H2 1 5O and C 15O2 can be used to quantify the degree of ischemia after stroke in the 
core of infarction and in the border zone. During the acute phase of stroke (up to 4 days), 
irreversible damage has taken place in the infarcted core that is characterised by a rCBF below 
12 ml/I 00g/min and with a rCMRO2 of 1,5 ml/I 00g/min. Compared with the contralateral mirror 
region, this is respectively below 45% and 65%. CMRglu and OEF are reduced compared to the 
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contralateral mirror region, whereas CBV remains unchanged. During the first two weeks after 
onset of symptoms CMRO2, CMRg1u, CBV and OEF do not change significantly while flow 
increases slightly in the core of infarct 7·9 . This slight increase in flow does not affect the 
metabolic state of the necrotic tissue as indicated by the reduced OEF. In the border zone of 
ischemia there may still be viable tissue that can be subdivided into tissue with a reduced rCBF 
( 1 2- 1 8  ml/l 00g/min), tissue with increased OEF (misery perfusion) and tissue with high rCBF 
and low rCMRO2 (luxury perfusion) 7·8. Studies in stroke patients showed that tissue with a rCBF 
between 1 2- 1 8  ml/l 00g/min in the acute phase, the rCBF, CMRO2 and rCMRg1u decrease during 
the first week turning this tissue into infarction. Misery perfusion is seen in 45-57% of cases 
studied in the first 4 days after stroke and is accompanied by a slightly decreased rCMRO2 and 
CMRglu , whereas CBF is slightly reduced. During the following 2 weeks, with a few exceptions, 
this tissue will deteriorate into necrotic tissue when the rCMRO2 declines and the bloodflow 
stays the same 7·8. Luxury perfusion in the ischemic area is characterised by initially high CBF 
and low CMRO2• In a study of22 patients, the role of differences in perfusion in the acute phase 
and the clinical outcome was studied 47. This study proved that patients with hyperperfusion in 
the peri-infarct area fared slightly better after I year than patients without hyperperfusion in the 
peri-infarct area. This viable peri-infarct tissue may form a substrate for potential therapeutics 
of ischemic stroke, but the therapeutic routines usually applied today cannot yet prevent all the 
metabolic derangement and progression to necrosis of this viable peri-infarct tissue. 

55Co-PET in visualising cerebral ischemia 

Since massive Calcium influx takes place during ischemia 45-47, Cobalt as a calcium 
analogue has been postulated to be a suitable isotope for visualising this mechanism. Animal 
experiments have already shown that Cobalt acts like a Calcium analogue in kainic acid lesions 
in the brain 45 . Therefore, divalent 55Co has been used to visualise cerebral ischemia. Jansen et 
al. studied 6 patients with a middle cerebral artery stroke with 55Co-PET in the first two weeks 
after onset of symptoms 16. This study showed Co-uptake in the infarcted area of the brain 
independently of the integrity of the BBB integrity and a positive correlation with clinical 
prognosis as defined on the Orgogozo scale. Figure 3 shows a picture of a patient with a middle 
cerebral artery stroke in which in the first week after onset of symptoms Co-PET was made in 
combination with 1502, C 1 5O2 and C 15O PET-scan and MRI. In this study, it showed that Co
uptake in the acute phase of stroke mainly takes place in the penumbra region and in the later 
phase, in patients with major stroke, in the infarcted area 47. The Cobalt showed to have a partial 
overlap with CBF and Gd-DTP A of the MRI 47. 

SPECT 

Most clinical applications of SPECT concern regional CBF measurement with tracers 
such as Iodine- 1 23-isopropyl iodocamphetamine (IA), Technetium-99m hexamethyl-propyl
eneamine oxime (99"'TcHMPAO) or 1 33Xe 48-50. The IA is not useful, since a considerable 
redistribution of the tracer invalidates the tracer in stroke 49-5 1 ; so not only the infarct but also the 
surrounding tissue are similarly radioactive. For clinical routine, 99"'Tc-HMP AO is the most 
suitable tracer in SPECT for visualising CBF 1 1 ·50. In the acute stroke, SPECT is very accurate 
for visualisation of the extent of the hypoperfusion in stroke (with high sensitivity). Generally, 
over 90% of stroke patients exhibit detectable perfusion deficits. A few days after stroke-onset 
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Figure 3. PET-scans of a patient with an MCA infarction in the parietal occipital right cerebral cortex made 4 days 

after onset of the symptoms. Left upper scan: 55Co, right upper scan: C15O1, left bottom: 1501, right bottom: GdMRI. 

Figure 4. Co-SPECT of patient with an MCA infarction in the right hemisphere, made 12 days after onset of 

symptoms. 
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(e.g., after 5 days) luxury perfusion may occur and mask hypoperfusion in the infarct area. 
There is uncertainty if SPECT scans made within the first 1 2  hrs after stroke can predict clinical 
outcome. Leucocyte infiltration has been shown both with In-oxime and Tc-HMPAO labelled 
leucocytes 21 • In general, SPECT can positive after major strokes, most significantly after 2 
weeks. For the detection of inflammation, recent developments may lead to significant 
improvements 46. Thallium 201 SPECT has mainly been used to detect malignancies of the brain, 
but more recently it has been shown that with this technique stroke can be detected, presumably 
in a later phase only 29• The uptake may be related to the breakdown of the blood brain barrier 
and may reflect K+uptake or exchange in degenerative neuronal tissue. Similar to PET, Cobalt 
has been explored as a tracer for SPECT in stroke 46

•
52

, using 57Co as a Calcium analogue (Fig. 
4). In SPECT, the role of Cobalt accumulation during the inflammatory reaction after stroke is 
now studied using Co-SPECT in comparison with 99Tc-HMP AO labelled leucocyte SPECT. 
Results indicate that Co-uptake and leucocyte accumulation tend to concur in the infarction 46

. 

The disadvantages of SPECT compared with PET diminish since it is possible in SPECT to 
quantify flow in terms of absolute perfusion values and the new generation of SPECT cameras 
show almost the same spatial resolution as PET. 

Acknowledgements: Part of the work described is supported by the Netherlands Heart Foundation 
and the Dutch Technology Foundation. 

4 1  



Cha fer 4 

References 

Bogousslavsky J, Fox AJ, Barnett HJM, Hachinski VC, Vinitski S et al. Clinico-topographic correlation 
of small vertebro-basilar infarct using magnetic resonance imaging, Stroke 1 986; 1 7: 929. 

2 Brant-Zawadzki M, Solomon,M, Newton TH, Weinstein P, Schmidley, J, et al. Basic principles of magnetic 
resonance imaging in cerebral ischemia and initial clinical experience, Neuroradiology 1 985;27: 5 1 7. 

3 Ramadan NM, Deveshwar R, Levine,SR, Magnetic resonance and clinical cerebrovascular disease. An 
update. Stroke 1 989;20: 1 279- 1 283. 

4 Ross MA, B i ller J, Adams HP jr, Dunn V. Magnetic resonance imaging in Wallenberg's lateral medul lary 
syndrome. Stroke 1 986; 1 7 :542. 

5 Rothrock JF, Lyden PD, Hesselink JR, Brown JJ, Healy ME. Brain magnetic resonance imaging in the 
evaluation of lacunar stroke. Stroke 1 987; 1 8 :78 1 .  

6 Koudstaal PJ, Van Gijn J, Lodder J, Frenken CWGM, Vermeulen M, Fqmke CL, H ijdra A, Bulens C. 
Transient ischemic attacks with and without a relevant infarct on computed tomographic scans cannot be 
distinguished c linically, Arch Neurol 1 99 1 ;48:9 1 6-920. 

7 Heiss W-D, Herholz K. Assessment of pathophysiology of stroke by positron emission tomography, Eur 
J Nucl Med 1 994;2 l :455-465. 

8 Heiss, W-D, Huber, M, Fink, G.R, Herholz K, Pietrzyk U, Wagner R, Wienhard,K. Progressive 
derangement of periinfarct viable tissue in ischemic stroke, J Cereb Blood Flow Metab 1 992; 1 2: 1 93-20 I .  

9 Heiss, W-D, Fink G.R, Huber M, Herholz K. Positron emission tomography imaging and the therapeutic 
window, Stroke Suppl I ,  1 993;24:150-153. 

I O  Heiss, W-D, Emunds H-G, Herholz K .  Cerebral glucose metabolism as a predictor o f  rehabilitation after 
ischemic stroke, Stroke 1 993;2 1 :  1 784- 1 788. 

I I Holman BL, Devous MD. Functional brain SPECT: The emergence ofa powerful clinical method, J Nucl 
Med 33 I 992;33: I 888- 1 904. 

1 2  Hossmann K-A, Hoehn-Berlage M. Diffusion and perfusion MR imaging o f  cerebral ischemia, Cerebrov 
Brain Metab Rev 1 995;7: 1 87-2 1 7 . 

1 3  Houkin K ,  Kamada K ,  Kamiyama H ,  Iwasaki Y ,  Abe H ,  Kashiwaba T .  Longitudinal changes i n  proton 
magnetic resonance spectroscopy in cerebral infarction, Stroke 1 993 ;24: 1 3 1 6- 1 32 1 .  

1 4  Hugg JW, Duijn JH, Matson GB, Maudsley AA, Tsuruda JS, Gelinas DF, Weiner MW. Elevated lactate 
and alkalosis in chronic human brain infarction observed by 1H and 3 1P MR spectroscopic imaging, J Cereb 
B lood Flow Metab 1 992; 1 2 :724-744. 

1 5  Husted CA, Duijn JH, Matson GB, Maudsley AA, Weiner, MW. Molar quantitation of i n  vivo proton 
metabolites in human brain with 3D magnetic resonance spectroscopic imaging, Magn Res !mag 
1 994 ; 1 2 :66 1 -667. 

1 6  Jansen HML, Pruim J ,  Van der V liet AM, Paans AMJ, Hew,JM, Franssen EJF, De Jong BM, 
Kosterink,JGW, Haaxma R, Korf, J. Visualization of damage brain tissue after ischemic stroke with 55Co 
positron emission tomography. J Nucl Med 1 994;35: 456-460. 

1 7  Powers WJ, Grubb RL, Darriet D ,  Raichle M.E. Cerebral blood flow and cerebral metabolic rate ofoxygen 
requirements for cerebral function and viability in humans, J Cerebr Blood Flow Metab 1 985;5 :600-608. 

1 8  Wise RJS, Bernardi S, Frackowiak SJ, Legg NJ, Jones T. Serial observations on the pathophysiology of 
acute stroke, the transition from ischaemia to infarction as reflected in regional oxygen extraction. Brain 
1 983; I 06: 1 97-222. 

1 9  Fassbender K, Meissner R, Motsch L, Kischka U, Grau A ,  Hennerici M .  Circulating selectin- and 
immunoglobul in-type adhesion molecules in acute ischemic stroke, Stroke 1 995;26: 1 36 1 - 1 364. 

20 Jander S, Kraemer M, Schroeter M, Witte OW, Stoll G. Lymphocyt ic infiltration and expression of 
intercellular adhesion molecule- I in photochemically induced ischemia of the rat cortex. J Cerebr Blood 
Flow Metab 1 995; 1 5 :42-5 1 .  

2 1  Kao Ch, Wang PY, Wang YL, Chang L, Wang SJ, Yeh SH. A new prognostic index - leucocyte infi ltration 
- in human cerebral infarcts by 99Tc"'-HMPAO-labelled white blood cell brain SPECT. Nucl Med Comm 
1 99 1 ;  12 :  1 007- 1 0 12 .  

22 Kochanek PM, Hal lenbeck JM. Polymorphonuclear leukocytes and monocytes/macrophages in the 
pathogenesis of cerebral ischemia and stroke, Stroke 1 992;23: 1 367- 1 379. 

23 Silvestrini M, Pietroiusti A, Magrini A, Matteis M, Carta S, Bernardi G, Galante A. Leukocyte aggregation 
in patients with a previous cerebral ischemic event, Stroke I 994;25: I 390-1 392. 

42 



Imaging o[Stroke 

24 Wang PY, Kao CH, Mui MY, Wang SJ. Leukocyte infiltration in acute hemispheric ischemic stroke. Stroke 
I 993;24:236-240. 

25 Wood PL. Microglia as a unique cellular target in the treatment of stroke: Potential neurotoxic mediators 
produced by activated microglia, Neurol Res 1 995; 1 7 :242-248. 

26 Hacke W, Hennerici M, Gelmers HJ, Kramer G. (Eds.), Cerebral lschemia, Springer Verlag, Berlin 
Heidelberg, 1 99 1 .  

27 Bushong SC. Magnetic Resonance Imaging Physical and B iological Principles, The C.V. Mosby Company, 
St. Louis, 1 988:84- 1 05 .  

28 Kent DL, Larson EB. Magnetic resonance imaging of the brain and spine, is clinical efficacy established 
after the first decade? Ann Intern Med 1 988; 1 08:402-424. 

29 Bernat I, Toth G, Kovacs L. Tumour-like thallium-201 accumulation in brain infarcts, an unexpected finding 
on single-photon emission tomography, Eur J Nucl Med 1 994;2 I :  I 9 1 - 1 95. 

30 Duijn JH, Matson GB, Maudsley AA, Hugg JW, Weiner MW. Human brain infarction: proton MR 
spectroscopy, Radiology 1 992; 1 83 :7 1 1 -7 1 8. 

3 1  Felber SR, LuefG, Aichner F. 1 -H-Localized magnetic resonance spectroscopy: preliminary observations 
in transients ischemic attacks, J Neural Sci enc 1 992; I 08:35-38. 

32 Felber SR, Aichner FT, Sauter R, Gerstenbrand F. Combined magnetic resonance imaging and proton 
magnetic resonance spectroscopy of patients with acute stroke. Stroke 1 992;23: 1 1 06- 1 1 1 0. 

33 Fenstermacher MJ, Narayana PA. Serial proton magnetic resonance spectroscopy of ischemic brain injury 
in humans, Invest Radio I 1 990;9: I 034- 1 039. 

34 Ford CC, Griffey RH, Matwiyoff NA, Rosenberg GA. Multivoxel 1H-MRS of stroke, Neurology 
1 992;42: 1 408- 1 4 1 2. 

35 Gideon P, Henriksen 0, Sperling B, Christiansen P, Olsen TS, Jorgensen HS, Arlien-Soborg P. Early time 
course ofN-acetyl-aspartate, creatine and phosphocreatine, and compounds containing choline in the brain 
after acute stroke: a proton magnetic resonance spectroscopy study, Stroke 1 992;23: 1 566- 1 572. 

36 Graham GD, Blamire AM, Howseman AM, Rothman DL, Fayad PB, Brass LM, PetroffOAC, Shulman,RG, 
Prichard JW. Proton magnetic resonance spectroscopy of cerebral lactate and other metabolites in stroke 
patients, Stroke 1 992;23 :333-340. 

37 Henriksen 0, Gideon P, Sperling B, Olsen TS, Jorgensen HS, Arlien-Soborg P. Cerebral lactate production 
and blood flow in patients with acute stroke, Magn Reson Imaging I 992;2:5 1 1 -5 1 7. 

38 PetroffOAC, Graham GD, Blamire AM, Al-Rayess M, Rothman DL, Fayad PB, Brass LM, Shulman RG, 
Prichard JW. Spectroscopic imaging of stroke in humans: Histopathology correlates of spectral changes, 
Neurology 1 992;42: 1 349- 1 354. 

39 Sappey-Marinier D, Calabrese G, Hetherington HP, Fisher SH, Deicken R, Van Dyke C, Fein G, Weiner 
MW. Proton magnetic resonance spectroscopy of human brain: applications to normal white matter, chronic 
infarction, and MRI white matter hyperintensities, Magn Reson Med l 992;26:3 1 3-3 1 7. 

40 Gideon P, Sperling B, Arlien-Soborg P, Olsen TS, Henriksen 0. Long-term follow-up of cerebral infarction 
patients with proton magnetic resonance spectroscopy. Stroke I 994;25:967-973. 

4 1  Welch KMA, Windham J ,  Knight RA, Vijaya N ,  Hugg JW, Jacobs M ,  Peck D ,  Booker P ,  Dereski MO, 
Levine SR. A model to predict the histopathology of human stroke using diffusion and T2-weighted 
magnetic resonance imaging, Stroke 1 995;26: 1 983- 1 989. 

42 Warach S, Chien D, Li W, Ronthal M, Edelman RR. Fast magnetic resonance diffusion-weighted imaging 
of acute human stroke, Neurology 1 992;42: 1 7 1 7- 1 723. 

43 Wittlich F, Kohno K, Mies G, Norris DG, Hoehn-Berlage M. Quantitative measurement of regional blood 
flow with gadolinium diethylenetriaminepentaacetate bolus track NMR imaging in cerebral infarcts in rats: 
validation with the iodo[ 1 4C)antipyrine technique, Proc Natl Acad Sci USA 1 995;92: 1 846-1 850. 

44 Weiller C. Recovery from motor stroke: human positron emission tomography studies, Cerebrovasc Dis 
1 995;5 :282-29 1 .  

45 Gramsbergen JBP, Veenma-van der Duin L, Loopuijt LD, Paans AMJ, Vaalburg W, Korf J. Imaging of the 
degeneration of neurons and their processes in rat or cat brain by 45CaCl2 autoradiography or 55CoCl2 

positron emission tomography, J. Neurochem. 1 988;50: 1 798- 1 807. 
46 Stevens H, Yd Wiele Ch, De Reuck J, Jansen HML, Dierckx RA, Korf J. Co57 and Tc99-m HM PAO labeled 

leucocytes SPECT in visual izing cerebral ischemia. J ofNeurol 1996; 243 suppl 2, S I 07. 
47 Stevens H, Jansen HML, De Reuck J, Lemmerling M, Srijckmans K, Goedhals P, Lemahieu I ,  de Jong BM, 

Willemsen ATM, Korf J. 55Co-PET in stroke: relation to cerebral blootlow, oxygen metabolism and 
gadolineum MRI. Proceedings, Acta Neural Belgica 1 997;97: 1 72- 1 77. 

43 



Cha /er 4 

48 Buell U, Stimer H, Braun H, Kreiten K,  Ferber! A .  SPECT with 99rnTc-HMPAO and 99mTc-pertechnetate 
to assess regional cerebral blood flow (rCBF) and blood volume (rCBV). Pre l iminary results in 
cerebrovascular disease and interictal epi lepsy, Nuclear Medicine Communications l 987;8:5 1 9-524. 

49 Gupta S, Bushnell DL, Mlcoch A, Eastman G, Barnes WE, Fisher SG. Utility of late N-lsopropyl-p-(lodine-
1 23)-lodoamphetamine brain distribution in predicting outcome following cerebral infarction, Stroke 
1 99 1  ;22: 1 5 1 2- 1 5 1 8. 

50 Moretti JL, Caglar M, Weinmann P. Cerebral perfusion imaging tracers for SPECT: which one to choose. 
J Nucl Med 1 995;36: 359-363. 

5 1  Datz FL, Morton KA. New radiopharmaceuticals for detecting infection, Investigative Radiology 
l 993;28:356-365. 

52 Stevens H, Knollema S, Piers DA, Akkermans G,  Venema L, Kool W, De Jager AEJ, Korf J .  57Co2+ as a 
SPECT tracer in visualizing ischaemic infarcts. J ofNeurol, 1 996; 243 suppl 2, S I  05. 

44 



Chapter 5 

60Co and 45Ca autoradiography in cerebral ischemia in the 

rat 

H. Stevens, W. Krop- van Gastel and J. Korf 

Department of Biological Psychiatry, University Hospital Groningen, the Netherlands 

Submitted for publication 

45 



Cha fer 5 

Abstract 

Calcium-influx is considered to trigger detrimental processes prior to occurrence of 
irreversible neuronal damage. Co and Co-isotopes (57Co in SPECT and 55Co in PET) have been 
proposed as a Calcium (Ca2"') analogue that visualises Ca mediated changes in cerebro. In the 
present study we compare the uptake of divalent 45Ca and 6°Co in cerebral ischemia using 
autoradiography in an experimental stroke model in the rat ( 1 5  minutes of hypoxia with 
simultaneously unilateral carotid artery occlusion). At the second or ninth day 1 00 mCi 45CaCL2 or 
60 mCi 6°CoCL2 was administrated intravenously. The following day the animals were killed by 

decapitation under light ether anaesthesia. For autoradiography coronal sections, 20-30 µm, were 
cut from the frozen brains. The pattern of uptake of 45Ca and 6°Co was virtually identical . 
Significantly higher uptake of 45Ca and 6°Co was measured at both time points in the cortex, 
hipocampus CAI region, dentate gyrus, caudate putamen of the striatum, thalamus ventral pat1, 
substantia nigra pars reticulata and corpus geniculatum in the affected side when compared with 
the contralateral hemisphere. In conclusion the present investigations support the idea that divalent 
Co-isotopes may serve as clinically useful Ca-analogue in nuclear medicine. 
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Introduction 

60Co and -1;Ca autoradiography in cerebral ischemia in the rat 

Visualisation of pathofysiological changes after stroke by means of imaging techniques is 
considered of major interest for understanding the pathogenesis of stroke. Both Positron Emission 
Tomography (PET) and Single Photon Emission Computed Tomography (SPECT) proved to be 
valuable tools for stroke research 1 • Following an ischemic insult the influx of Calcium (Ca2J is 
considered a major pathogenic event in cerebral ischernia. The cellular accumulation of Ca has been 
attributed both to a passive influx due to a shortage of ATP following ischemia resulting in a 
disappearance of the membrane potential and to glutamate-receptor linked cation channels2 . 
Accumulation of Ca is seen in and around the ischemic core from 4 hours until at least 2 months 
following an ischemic insult3.4 . An isotope, which visualises Ca2+ metabolism, would be of great 
clinical interest in nuclear medicine for investigating Ca mediated damage in stroke and 
development of potential therapeutic strategies. Various divalent Co-isotopes (57Co in SPECT and 
55

Co in PET) have been used clinically and exp�rimental in an attempt to visualise Ca mediated 
processes in vivo. Accordingly, pilot studies with Co-imaging have been performed in cerebral 
ischemia, multiple sclerosis, brain trauma and tumours 1•5•6. In the present in vivo study we 
compared the uptake of 45Ca- and 6°Co after cerebral ischemia in the rat, using 45Ca- and 6°Co
autoradiography. 

Materials and Methods 

Animals and surge,y 
The local committee supervising animal experimentation at the Faculty of Medicine of the 

University of Groningen approved of the protocol. Eighteen adult male Wistar rats (Centraal 
Proefdieren Lab), weighing 250 to 290 g with ad libitum access to food and water were used for 
the study. The animals were anaesthetised with a mixture of70% N20 30% 02 and halothane, and 
the left femoral artery was exposed and cannulated for continuous blood pressure monitoring 
(Hewlett-Packard pressure transducer). The left carotid artery was exposed, the rats were intubated, 

connected to a ventilator, and stabilised during ten minutes with a mixture 30% 02 and 70% N20 

(infant ventilator MK2, Loosco ). A 1 5-minute hypoxia/ischernia period was induced by occlusion 

of the left carotid arte1y and a reduction of the 02-content in the gasmixture to 1 0%, followed by 
a 1 5  minute of normoxia (30% 02/70% N20). During surge1y body temperature was maintained 
between 36.5°C and 37.5°C with a heating pad. 

-1
5Ca and 6°Co autoradiography 

The tracers (specific activity 0.6 Ci/mmol and 5 .7 Ci/mmol of 45CaCh and 6°CoCh 
respectively, Amersham, UK) were administrated intravenously at the second or ninth day after 
surgery. At the second day three animals received 100 mCi 45CaCh and five animals received 
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60 mCi 6°CoCh. At day nine another four and six animals received 100 mCi 45CaCh or 60 mCi 
6°CoCh respectively. The next day after administration the animals were killed by decapitation 
under light ether anaesthesia. Blood-brain barrier (BBB) integrity was assessed with i.v. 2% Evans 
Blue in 6°CoCh treated rats. Brains were rapidly removed from the skull, immediately frozen on 
dry ice and stored at -80°C. Coronal sections, 20-30 µm, were cut in a c1yostat at - 14°C. The brain 
slices were thaw-mounted onto gelatine\chromalum glass-coated slides and dried for 24h at room 
temperature in the presence of silica gel. Autoradiographs were made by exposing the dried sections 
to Kodak Hyperfilm B-max for 4 or 8 weeks, and developed in D 19 (Kodak). To check for BBB 
opening the tissue was macroscopically observed for Evans Blue staining. 

Data Analysis 
Semi-quantitative analysis of 6°Co- and 45Ca-uptake was performed in all animals using 

Quanti-met, an image analyse system (Leica, Cambridge, UK) which measures the mean grey in 
any given area (ranging from 0=black to 255=white ). Regions of interest (ROI) were drawn in 
damaged tissue observed in the cortex, hippocampus CAI region, dentate gyms, caudate putamen 
of the striatum, thalamus ventral part, substantia nigra and corpus geniculatum. Mirror ROI were 
drawn in the same region in the contralateral hemisphere An inverse quotient was calculated of 
the mean grey in a ROI in the affected region versus the mean grey in the non-affected side, 
defined as the uptake index. The difference in the mean grey in the affected and the non-affected 
side in each animal was statistically evaluated by a paired t-test. The possible differences in the 
uptake ratios between the different group were analysed by One Way Analysis of variance 
(ANOV A) or ANOV A on ranks and in case of significant differences followed by respectively 
post hoc Student-Newman-Keuls test or Dunn's Method. We analysed differences between the 
uptake 45Ca and 6°Co at the same time or between one isotope at different time points. 
Differences were defined as significant when p<0.05. 

Results 

In all animals a significantly (p<0.05) higher uptake of radioactivity was seen in the various 
regions of the affected hemisphere. Representative 45Ca and 6°Co autoradiographs are shown in 
figure 2. At day 3 (figure 2a-f), the most intensive of either tracer was found in the cortex, 
hippocampus CAI region, dentate gyms, caudate-putamen, thalamus, substantia nigra, pars 
reticulata and corpus geniculatum. After 10  days (figure 2g-l) accumulation of radioactivity was 
found in the same regions. Figure 1 shows the different uptake ratios for each region. Significant 
differences in uptake ratios were found between 45Ca and 6°Co in the hippocampus at day ten and 
in the thalamus at both time-points between 45Ca and 6°Co. In one animal of each group, in which 
45Ca was administrated, no 45Ca accumulation in the dentate gyrus was seen. In the groups of 
animals in which 60Co was administrated 3 and 5 animals (respectively at 3 and 10 days) showed 
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Figure 2 Representative autoradiographs with ./5Ca (a-c and g-i) and 60Co (d-f and j-l) showing similar uptake patterns 
of both isotopes. I a-f show uptake patterns 3 days after stroke; I g-1 show uptake patterns IO days after stroke 

no uptake of60Co in the dentate gyrus. Evans Blue staining was only seen after substantial damage 
and mainly in the cortex, caudate-putamen and hippocampus (CAI region). Such selectively 
staining of Evans Blue seen in the most affected main regions indicates that a part of the 
administrated 6°Co and presumably also 45Ca accumulates i1Tespective of BBB integrity. 

Discussion 

In general the present study demonstrates a high similarity between the uptake of divalent 
6°Co and 45Ca in experimental stroke. Our findings are in line with in vitro studies showing similar 
uptake mechanisms of divalent Co and Ca in neuronal stimulation and damage 5•7 . Other animal 
studies showed that accumulation of Ca c01Telated with damage and is time dependent3·4 . Therefore, 
we studied the uptake of the tracers at two different time points: two and nine days after ischemia, 
to see whether uptake patterns of the tracers in the acute phase are different from those in the 
delayed phase. The most notable differences between 45Ca and 6°Co uptake were seen in the 
thalamus and the hippocampus ( only at day 9), indicating that 6°Co is less sensitive to these lesions 
than 45Ca. Except a difference in contrast between 45Ca and 6°Co, the differences may be 
contributed to the extracellular localisation of Ca-deposits. Such deposits of Ca, possibly due to Ca
carbonate, imply not necessarily a similar accumulation of more soluble carbonates of divalent Co 8. 
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In line with this idea is the fact that no Co2+ accumulation is seen in the bone either9 . 

During the first few hours after stroke brain tissue in the core of infarction turns into 
necrosis as result of a failure to maintain cellular metabolism leading to a cascade of events with 
eventually cellular necrosis 1. The zone surrounding the core is characterised by compensated 
hemodynamic mechanisms to maintain cellular function (penumbra). In the first few weeks after 
stroke onset this penumbra tissue will suffer progressive metabolic derangement and tum into 
necrosis. The degree of recovery depends for a great part on the fate of the penumbra 1°. Although, 
Ca accumulation is considered to indicate neuronal damage after stroke in in vivo experiments'-3, 
recent investigations in a traumatic brain injury model showed, that only a part of the radio-active 
Ca seen in the infarcted tissue can be attributed to cellular influx while another part is the result of 
BBB opening and binding to albumin 1 1 . The accumulation seen in the early phase after stroke may 
therefore be more related to Ca-influx in ischemic neurones whereas in a later phase uptake of Ca 
might be more related to accumulation in glia or an extracellular compartment since the neurons 
vulnerable for ischemia will already have disappeared. In addition, an inflammatory response may 
also be recognised by 45Ca-utoradiography, since Ca-influx is increased in activated leukocytes 12• 

In a SPECT study we already showed a similarity between divalent 57Co and 99mTc-HMPAO 
labelled leukocytes in stroke patients 13• Moreover, divalent Co showed in an experimental study 
to have high affinity for lymphocytes 14. Preliminary analysis of a recent study by our group, in 
which 55Co-PET was compared with bloodflow and oxygen consumption, showed that 55

Co 

mainly accumulated in damaged cerebral tissue characterised by diminished oxygen consumption 
and preserved bloodflow, indicating that a minimum of perfusion is needed to deliver the tracer 

at the sight of infarction. 
Thus far, in stroke patie�ts, only the NIH rTP A study (intravenous trombolytic therapy) 

demonstrated improved functional outcome. Although, the exact role of Co accumulation after 
stroke is still not clear, the present investigations are promising. In clinical settings there may be 
a role for Co-imaging after thrombolytic therapies to establish the extent of cerebral damage and 
to monitor the therapeutic effect. Moreover, Co isotopes have suitable radiation characteristics 
for clinical use9 . Especially, the long half live of 57Co (270 days) makes it possible to 
administrate the isotope in the acute phase while scanning can be performed days later [ 1, 13]. 

In conclusion the present investigations show high similarity between the uptake of 6°Co 
and 45Ca in cerebral ischemia and therefore support the idea that divalent Co-isotopes may serve 
as clinically useful Ca-analogues in nuclear medicine. 
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Abstract 

Background: Several studies have shown the feasibility of divalent Cobalt-isotopes (55Co 
and 57Co) in imaging of neuronal damage in stroke, multiple scleroses, cerebral tumours and 
traumatic brain injury. These studies indicated that Co-isotopes allow visualisation of brain 
pathology related to inflammatory processes, reactive gliosis and cell death and may serve as a 
parameter of Calcium (Ca2+) mediated damage. In order to compare the uptake of 55Co with 
pathophysiological changes after stroke, we compared 55Co-PET with functional parameters such 
as regional cerebral blood flow (rCBF) using C 1 5O2, regional oxygen metabolism (rCMRO2) 
using 1 502 , regional cerebral bloodvolume (rCBV) using C 1 5O and post-Gadolinium (Gd) T 1w
MRI to assess the permeability of the blood-brain-barrier (BBB). Patients and Methods: Sixteen 
patients ( 10 female; 6 male) aged 43 to 84 (mean 69) years with first ever, as shown by CT or 
MRI, were examined with 55Co-PET and C 1 5O2-, 1 502- and C 15O-PET in one single session, in 
a period varying from 0-30 days after stroke-onset. Regions of infarction on C 15O2- and 15O2-PET 
(defined by rCMRO2 < 65% or rCBF < 45% of the contralateral value) were subsequently 
superimposed on the 55Co-PET-scan. Clinical status was established using the Orgogozo stroke 
scale, which was assessed both at day 1 and at discharge (at least 6 weeks after day 1). Results: 
55Co accumulation was seen in eight out of sixteen patients, and occurred in areas showing a 
diminished oxygen metabolism, partially independent from blood flow, and was located mainly 
outside the extent of the infarction or luxury perfusion on post-Gd T 1w-MRI. Statistical analysis 
showed a negative correlation between the Orgogozo score at discharge and the Cobalt 
Enhancement Ratio (CER). Conclusion: Divalent 55Co appears to visualise specific 
pathophysiological processes in cerebral ischemia, characterised by diminished oxygen 
consumption and a preserved flow, which correlate negatively with clinical scores. 
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Introduction 

Stroke following an occlusion of one of the major cerebral arteries is a major cause of 
death in western societies. In addition it also leads to major functional impairment in surviving 
patients. Visualising the various pathophysiological changes after stroke, therefore, is of major 
concern in the understanding of the pathophysiology of stroke and as a consequent the therapeutic 
possibilities. In the past, most Positron Emission Tomography (PET) studies in stroke aimed to 
visualise changes in blood flow and energy metabolism, which grossly determine the fate of brain 
tissue after ischemia, as revealed by C 15O2 or H2

15O and 1502 respectively. 1•6 In addition to a 
decline in blood flow and oxygen consumption, several other factors, such as inflammatory 
response, free radicals and excitatory amino acids, are thought to play an important role in the 
neuronal decay after cerebral ischemia.7•8 Calcium (Ca2J -influx plays a pivotal role in the final 
common path of neuronal death pathogenesis, since detrimental Ca mediated processes are 
activated prior to occurrence of (ir)reversible neuronal damage. The cellular accumulation of 
Ca2+ can be attributed both to a passive influx due to a shortage of ATP following ischemia 
resulting in a disappearance of the membrane potential, and to glutamate-receptor linked cation 
channels9

- 1 1 . Ca2+ accumulation has been reported in and around the ischemic core from between 
4 hours to 2 months following an ischemic insult 12- 14• In experimental stroke models, it has been 
shown that therapeutic interventions aimed to decrease Ca-influx in neurons are effective in 
preventing neuronal decay, although the clinical efficacy is controversial 10. In vitro studies 
already showed remarkable similarities between the uptake of divalent Cobalt (Co) and Ca in 
neuronal stimulation and damage. Moreover we showed in cerebral ischemia, using an 
experimental stroke model, high similarities between the uptake of 6°Co and 45Ca which support 
the idea of using divalent Co-isotopes as clinically useful Ca-analogues in nuclear medicine 1 5- 1 7. 

Several PET- and SPECT-studies have already demonstrated that divalent Co isotopes 
(55Co in PET and 57Co in SPECT) allow visualisation of brain pathology related to inflammatory 
processes, reactive gliosis and cell death 18-25• In order to study the possible significance of 55Co
uptake in ischemically affected brain tissue; it is necessary to compare 55Co-uptake with other 
functional imaging modalities. In the present study, we compare semi-quantitatively and 
qualitatively the pattern of 55Co-uptake with changes in blood flow, oxygen metabolism, 
bloodvolume and blood-brain-barrier (BBB) breakdown as established by C 15Oi-, 1 502-, C 15O
PET and post-Gadolinium (Gd) T 1w-MRI respectively in middle cerebral artery (mca) stroke 
patients in the initial weeks after stroke onset. Additionally, the various parameters are correlated 
with clinical scores identifying neurological impairment (Orgogozo score). 

Methods 

Patients 
Over a four-month period, we investigated 1 6  patients ( 10 female, 6 male, and age 43-84, 

mean 69 years, with a diagnosis of stroke admitted to the Department of Neurology of the 
University Hospital Gent. Excluded from the study were patients with cerebral haemorrhage or 
tumour in cerebro, disabling previous stroke, pregnancy or clipped aneurysm in cerebro. 
Informed consent for the study was obtained whenever possible from the patient, or he next of 
kin. The study was approved of by the Medical Ethics Committee of the University Hospital 
Gent, Belgium. Patients were clinically scored from day 1 in accordance with the Orgogozo scale 
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and at discharge in accordance with the Orgogozo score. At discharge (at least 60 days after 
stroke-onset), all patients were considered to be clinically stable and had not demonstrated 
increased improvement over previous 1 4  days. The Orgogozo mca stroke-scale is used to assess 
neurological impairment on a score from O (death) to 1 00 (no neurological impairment).28 The 
absolute neurological improvement (mca.imp) is defined as the positive difference between the 
Orgogozo score at discharge (mca.dis) and the Orgogozo score at day 1 (mca.adm). 

Imaging protocol 
The stroke area was assessed by MRI using a Siemens Magneton 63S with a 1 .5  T 

superconducting magnet. Transverse 5-mm thick slices with a 20% gap were taken parallel to the 
orbitomeatal line. Both T l-weighted (T 1w) (TR/TE 840/1 4) and T2cweighted (T2w) (TR/TE 
2370/20-80) images were made, followed by enhanced T 1w (TR/TE 800/22) images after 
administering 0 . 1  mmol/kg Gadolinium-DTP A (Gd) (Magnevist, Schering) intravenously. The 
total MRI scan time did not exceed 30 min. The time from onset of stroke to MRI examination 
depended upon the accessibility of the scanner. MRI scans were reported upon by the same 
neuro-radiologist who had no prior knowledge of the clinical data or 55Co-PET examination. 

PET-scan was performed using a Siemens ECAT-951 /31  positron camera. Contiguous 
scans were made parallel to the orbitomeatal line, and image-reconstruction of3.375-mm thick 
planes was performed using standard ECAT-software (CTI, Knoxville, USA). Before making the 
emission scans, a transmission scan was performed with an external 68Gef8Ga-ring source in 
order to measure photon attenuation and to correct subsequent emission scans. 55Co-PET was 
performed in a dynamic mode (8 frames of 5 minutes), 20 ± 4 hr after intravenous administration 
of 0.6 mCi sterile 55CoCh (produced by the Cyclotron Unit of the University of Gent). For 
measuring rCBF, C 1 5O2 was inhaled by the patient at a rate of 0.7 Gbq/min. After 1 0  min of 
equilibration, the radioactivity in the head was scanned for 300 sec. In order to measure rCMRO2, 
1 502 was inhaled at a rate of 1 ,5 Gbq/min. and after an equilibration period of 1 0  min, the scan 
time was extended to 400 s. In order to measure CBV, C 1 5O was inhaled by the patient at a rate 
of 0. 7 Gbq/min. After 10  min of equilibration, the radioactivity in the head was scanned for 300 
sec. 

Data analysis 
55Co-PET- and MRI-images were evaluated independently. Both morphological damage 

(MRI), and functional changes (metabolism - 1 502; rCBF - C 1 5O2; bloodvolume - C 1 5O) were 
assessed. PET-images were evaluated qualitatively by two observers unaware of clinical status 
and MRI-data. The area of infarction was defined quantitatively on rCMRO2- or rCBF-images 
as less than 65% and 45% respectively of the contralateral value in homologue regions30• These 
infarction contours were outlined using an automated contour detection for each plane displaying 
the infarct. Subsequently, the Regions of lnterest (ROI's) showing the area of infarction on the 
rCMRO2- or rCBF-images were superimposed on the 55Co-scan to define the localisation of 
55Co-uptake in relation to the infarcted brain tissue. Since all PET-scans in a patient were 
acquired in the same session and, therefore in the same position, it was admissible to overlay the 
different PET-images. 

In order to define and delineate a relative measure for the 55Co-uptake, we used an 
arbitrarily chosen percentage of the mean 55Co-uptake in the relevant transaxial plane, selected 
by visual assessment of the infarction contour. Using this percentage of the mean 55Co-uptake, 
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iso-activity ROI's were calculated on all transaxial 55Co-PET planes that displayed increased 
uptake in the vicinity of the infarct. Subsequently, for each ROI a mirror ROI was defined in the 
contralateral hemisphere; ROI-area and uptake were assessed in combination with the quotient 
ROI vs mirror ROI. Data were combined over all relevant planes in order to obtain the mean 
uptake of 55Co both in the infarction and in the corresponding volume in the contralateral 
hemisphere. Cobalt Enhancement Ratio (CER) was defined as the ratio of ipsilateral and 
contralateral values. In the case of absence of 55Co-accumulation, ROI's including the mca
territory in four sequential planes were used to establish the ratio of Cobalt in the affected mca
territory. 

Merging ofC 1502-PET and MRI data was carried out using the SPM-software package. 
By using a combination of a blood flow-PET data-file and a T 1w-MRI, this application of the 
realignment-program according to Friston will result in matching of the T 1w-MRI and the C 1 50r 
PET-image3 1

• Since the blood flow scan and the 55Co-scan were acquired in a simultaneous 
session, this merging resulted in an overlay of 55Co-PET and post-Gd T 1w-MRI image. 

Statistical analysis 
The possible relation between CER and the Orgogozo scores was statistically evaluated 

using the Pearson Product Moment Correlation. Correlation was defined as significant when 
p<0.05. Agreement statistics (Kappa) were perfom1ed in order to investigate the agreement 
between the functional changes as defined in our qualitative analysis and MRI data. Kappa 
measures the agreement between evaluations of two raters who both are rating the same object. 
A value of l indicates perfect agreement. A value of O indicates chance agreement. 

Results 

Tables I and 2 summarise the clinical and PET-data of all patients, whilst table 3 shows 
the data of the qualitative analysis. Initial agreement was complete among both observers in the 
qualitative analysis of the PET-data. All sixteen included patients showed infarction in the mca
territory. Eleven patients suffered from a disabling stroke without complete recovery (Orgogozo 
at discharge :,;J 00) and five from a minor stroke resulting in little if any neurological impairment 
(Orgogozo at day one = 1 00). At day one, ten out of eleven patients without complete recovery 
showed an Orgogozo score < 75, while one of them suffered from a progressive stroke. 

Eight out of sixteen patients in our study showed enhanced 55Co-uptake in the affected 
mca-te1Titory. Of these eight patients, five suffered from a major stroke (Orgogozo at day one < 
75), one from a progressive stroke, one from a minor infarct (Orgogozo at day one = 1 00) and 
one from a Transient Ischerriic Attack (TIA). In the group of patients without 55Co-uptake, three 
patients suffered from a minor stroke, and five from a stroke resulting in major neurological 
impairment (Orgogozo 70). 

55Co-uptake in relation to rCBF, rCMRO2 and rCBV 
Patients 3, 6 and 7 with a 55Co positive scan showed cerebral blood flow of less then 45% 

of the mean blood flow in the contralateral hemisphere. After superposition of the ROI's 
including the area of infarction, it appeared that 55Co accumulated mainly outside the area of 
compromised blood flow, perinfarct zone (fig l a,b), and did not coincide with increased blood 
flow. In one patient (6) only was radioactivity seen in the infarcted region alone. 
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The scans of patients 3 and 5-8 showed an area of diminished oxygen consumption 
(<65% of the mean oxygen consumption in the contralateral hemisphere). Superposition of 55Co
PET and the infarction contour of the oxygen scan revealed that 55

Co accumulated mainly in the 
area of infarction, although the pattern of 55Co-uptake was not homogenous throughout the 
infarcted region, showing preferential localisation at the periphery of the infarct (figure l c,d). The 
three patients showing 55Co-positive scans and no abnormality on the blood flow and oxygen 
scan all suffered from infarcts initially with little neurological deficit, representing small 
subcortical infarcts as confirmed by MRI. 

Eight patients showed cobalt negative scan while they were clinically suspect for a 
cerebral infarct. In three out of eight patients (9, 1 2  and 14  ), an area of infarction could be seen 
on the blood flow scan. In two of them this was confirmed on the oxygen scan, and in the third 
case no oxygen scan was performed. Since in patient 9 and 1 2  55

Co was administered within 24 
hours of stroke onset and reperfusion is seen mainly after 24 hours, the lack of 55Co-uptake may 
be caused by diminished blood flow, suggesting that a minimum of blood flow is required for 
transport of 55

Co to the ischemic area. 
The remaining five patients all showed little neurological impairment at discharge 

(Orgogozo > 90) and, showed no abnormalities on any of the PET-scans (in patient 1 3  no 
rCMRO2 was performed and in patient 1 6  no rCBF and rCMRO2 scan were performed). 
The rCBV images showed that in none of the sixteen patients (in one case the scan was not 
performed) was enhanced 55

Co accumulation coincidental with an increase of bloodvolume. 

55Co- Gd-MRI 
The post-Gd T 1w-MRI was acquired from five days before up to fifteen days after PET 

investigations. All patients revealing 55Co-uptake at the 55Co-PET-images also showed Gd
accumulation. Comparison of both modalities using superposition of the ROI including the area 
of Gd-uptake demonstrated, that the 55Co-PET region is located mainly outside the infarction 
area or luxury perfusion on post-Gd T 1w-MR1. This is illustrated in fig l e,f. These findings 
suggest that 55Co-uptake was increased irrespective of the integrity of the blood-brain. The 
peripheral uptake of 55

Co as seen in fig. 1 and 2, appeared to take place peripheral to the brain, 
as merging of the images showed. 

Statistical analysis 
Initially, no significant correlation was found between the CER in the sixteen mca-stroke 

patients and the differing Orgogozo scores. Our data suggest that Cobalt accumulation visualise 
neuronal damage, (as established by the clinical scores), and that a minimum of blood flow is 
necessary to deliver the tracer to infarction site. This hypothesis is confirmed by statistical 
analysis ( excluding the two patients in which 55

Co was administered within 24 hours after stroke 
onset) showing a significant negative correlation between the CER of the remaining 14 patients 
and both Orgogozo scores (figure 2, CER vs Orgogozo at admission, r"'.'-0.5, p<0.05 and CER 
vs Orgogozo score at discharge, r=-0.7, p<0,0 1 ). 

Using Kappa agreement statistics, no association was found between the results of the 
qualitative analysis of the PET- and MRI-data. On calculating the association between the 
different PET modalities, only a significant (kappa = 1.0, p<0.05) association was found between 
blood flow and oxygen PET. 
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Sex/ 55CoC)z Mca. Mca. rCBF* RCMRO2* MRI* CER 
Age,y at day Adm dis 
f/43 5 100 100 0 0 1.7 

M/63 9 100 100 0 Nd 3.9 

f/79 15 20 20 + + 3 3 4.6 

f/76 14 95 60 0 0 2.1 

M/65 3 45 85 0 + 3 3 4.0 

f/80 22 25 25 + 3 + 2 3 4.8 

M/75 16 25 25 + + 3 3 3.5 

f/66 75 80 0 + 3 3 2.6 

M/54 <I 20 25 + + 1.0 

M/71 12 45 90 0.9 

f/67 21 70 90 0.9 

f/71 <I 30 40 + Nd 0.9 

f/62 13 100 100 Nd 1.0 

f/73 3 45 70 + + 0.9 

M/84 2 100 100 0.9 

f/80 I 8 100 100 Nd Nd 0.9 

Clinical-and PET-data of all patients with; day of55CoCl2 administration, Orgogozo scores at admission and 
discharge (mca.adm and mca.dis}, Barthel index at discharge (Barthel dis) 
*Presence of infarction (presence (+), absence (-)) as defined on rCMROr or rCBF-images, as less than 
respectively 65% and 45% of the contralateral value, and post-Gd T 1w-MRI 
(0) = Co-positive, no infarct 
(I) = Co accumulated outside the infarct 
(2) = Co accumulated inside the infarct 
(3) = Co accumulated as well inside as outside the infarct 
CER: Cobalt f;_nhancement B_atio (quotient of the mean average Co-uptake in arbitra1y units in the infarction 
vs. the non-affected brain) 
In patient (9-/6) CER was determined using the 111ca-territo1y in 4 sequential planes. 

Table 2.Radiological data and clinical symptoms (page 60) 

Table 3. Data of the qualitatively analysis (page 61) 
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9 0 Sex/ CT Clinical M RI M RI-scan t:, 

A0e, at da 
F/43 Hypodense zone Relapsing speach disturbance, facilalis Hemorrhagic infarct in corono radiata with luxury perfusion 20 °' 

Corona radiata right pareses left and pareses left leg 
m/63 Normal Relapsing facialis pareses (TIA) Lacunair infarct with luxury perfusion 1 3  

f/79 Hyperdense zone mca Hemiplegia right Large mca infarct left with edema and hemorrhagia 23 
left 

f/76 Old infarct at capsula Hemiparesis left Hemorrhagic infarct right with luxury perfusion at semi- 1 5  
interna right ovale centre and crux posterior of the internal capsula 

m/65 Infarction right Hemiparesis left Watershed infarct parieto-occipital with luxury perfusion 1 0  
hemisphere 

f/80 Infarction right Hemiparesis left Large hemorhagic mca-infarct right, with luxury perfusion 1 7  
hemisphere 

m/75 No infarct Hemiparesis right Hemorhagic infarct left mca area and posterior (watershed) 28 
with luxury perfusion 

f/65 Lacunair infarct Hemiparesis left_ ami and facial is paresis Multiple small ischemic lesions , no recent infarct or luxury 9 
claustrum right left eerfusion 

m/54 Edema left hemisphere Hemiparesis right Massive mca infarction left 2 

m/71 No infarction Hemiparesis right day I progression to Infarction in left lenticulostriatal area with luxury perfusion 1 5  
hemiparalysis 

f/67 No infarction Paralysis of right arm and facial is paresis Infarction in left Ienticulostriatal area with signs of luxury 23 
right perfusion 

f/7 1  Hypodense area tempo- Hemiparesis left Massive mca infarction right with luxuryperfusion 4 
parietal right with 

f/62 Infarction TIA 's left a carotis interal area Nd 
paraventriculair 

f/73 Small lacune in basal Right hemiparesis Infarction in left lenticulostriatal area with an hemorhagic 6 
ganglia component with edema 

m/84 Nd TIA with temporary hemiparesis left Lacunar infarction thalamus right 9 

f/80 No infartcion Hemiparesis right Ischemic lesions peri- cortical . -ventricular and in basal 1 5  
ganglia 



Pat Sex/ Scan Cobalt RCBF RCMRO2 CBV 
Age. at da 
F/43 5 Frontal right t Frontal right t Frontal right t Frontal right t 

2 m/63 9 Parietal right t Normal Nd Frontal right t 

3 f/79 1 5  Frontal left t Fronto-parietal left .j, Fronto-parietal left .j, Normal 

4 f/76 14  Basal ganglia Normal Normal Normal 
right t 

5 m/65 3 Parietal right t Parietal right t Parietal right .j, Normal 

6 f/80 22 Parieto-temporal Parieto-temporal right .j, Partieto-temporal right .j, Normal 
right t 

7 m/75 1 6  Parietal left t Parietal left .J, Parieto-temporal left .j, Normal 

8 f/65 Parietal right t Temporal right .J, Temporal right .j, Frontal right .j, 

9 rn/54 < I  Normal Front-parieto-temporal left .j, Front-parieto-temporal left .j, Temporal left t 

1 0  m/7 1 1 2  Normal Diffuse .J, Diffuse .j, Normal 

I I  f/67  2 1  Normal Fronto-parietal leftt .J, Fronto-parietal left .j, Fronto-parietal left .j, 

1 2  f/7 1 <I  Normal Parietal right .J, Nd Tempo-parietal right t 

1 3  f/62 1 3  Normal Normal Nd Normal 
�. 

1 4  f/73 3 Normal Fronto-parietal left .j, Fronto-parietal left .j, Normal �-

1 5  m/84 2 Normal Normal Normal Normal :s' 

°' 1 6  f/80 1 8  Normal Nd Nd Nd 
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Fig. I (a-f) Representative cases of55Co-PET-images in mca-stroke patients in comparison with rCBF (a,b: 
patient 6), rCMRO2 ( l c,d: patient 3) and post-Gd T1w-MRI ( l ej- patient 7), showing the uptake of Co in the 
infarct and peri-infarct zone. 
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Discussion 

In the present PET-study, we investigated the pattern of 55Co-uptake in brain tissue 
suffering from ischemia in 1 6  mca-stroke patients in the first few weeks after their stroke-onset. 
The uptake of 55

Co was compared with the area of infarction as outlined by the functional 
parameter rCBF and rCMRO2• In addition, we compared our PET findings with disruption of the 
blood brain barrier as established by Gd-MRI. 

Major observation was that accumulation of 55Co is seen in the core of infarction and the 
peri-infarct zone, and is partially independent of blood flow it coincides mainly with the pattern 
of diminished oxygen consumption. This stroke affected is characterised by ( delayed) neuronal 
death, leukocyte infiltration, and neovascularisation. 

Additionally, the present investigations show that 55Co-uptake visualises specific 
processes, which differ from the pathological changes as seen on rCBF and rCMRO2 images, 
when confirmed by our qualitative analysis. Surprisingly, only half of the patients with infarcts 
showed 55Co-uptake in the brain. Possible mechanisms responsible for the uptake of 55

Co have 
been suggested: 1 )  55

Co acts in vivo in the same way as a Calcium analogue and therefore there 
is an uptake by infarcted neurons as well as ischemically affected neurons surrounding the 
ischemic core 1 5• 17 • Recent investigations by our group, using the modified levine stroke model 
in the rat, showed marked similarity in the cerebral distribution of intravenously administered 
45Ca and 6°Co in experimental stroke32 . However, a minimum blood flow appeared to be 
necessary to deliver 55

Co to the ischemic area as indicated by the lack of uptake in patients in 
which the cobalt is administered within 24 hours after stroke onset and the mainly peri-infarct 
accumulation of 55Co. Additionally, an inflammatory response may also be recognised by 55Co
uptake, since leukocyte activation can be accompanied by an influx of calcium33•34 . The 
preferential accumulation of 55Co in our study (that is, peripheral to the ischemic core) therefore 
confirms an earlier 57Co-SPECT study in which uptake of 57Co was compared with uptake of 
99111Tc-HMPAO labelled leukocytes, showing an coincidence of both patterns of uptake.26 2) 
Disruption of the blood brain barrier. Recent studies showed, that when albumin enters the 
normal brain, there is a proportional increase of calcium due to albumin binding. When the tissue 
is damaged, an additional increase of calcium without relation to albumin is seen.35•36 Apparently, 
since 55

Co shows similar protein binding to calcium, at least part of the 55Co-uptake seen in our 
study is due to a disruption of the BBB. 

Since it was not within the scope of the present study to describe changes in blood flow 
and oxygen consumption in cerebral ischemia, and only arterialized samples were obtained, we 
used the semi-quantitative definition of infarction, rCBF<45% and rCMRO2<65% compared 
with the contralateral side as described by Baron et al.30 The small extension of some lesions and 
a possible inaccuracy of our semi-quantitative method may account for the fact that in patients 
( 1 ,  2, 4, 1 0  and 1 1 ) no infarct was seen on the blood flow and oxygen scan. The difference in 
infarction size, as seen on the blood flow and oxygen scan, may be due to reperfusion of ischemic 
tissue, which occurs shortly after stroke3 . Using the infarction contour as outlined by oxygen 
metabolism will therefore provide us with a more accurate estimate of the extent of metabolic 
affected tissue. 

In spite of the small sample size, statistical analysis of the 55Co-uptake, as established by 
the CER, and clinical scores revealed significant negative correlation between CER and both 
Orgogozo scores, in patients in which 55

Co was administered within 24 hours after stroke onset. 
These results confirm an earlier 57Co-SPECT study.26·38 The ambivalent, albeit significant, 
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negative correlation between CER and the Orgogozo scores indicates that 55Co-uptake is mainly 
seen in patients with slight improvement, thus indicating pathological processes accompanying 
by the decline in neuronal functions. The different uptake mechanisms as mentioned earlier may 
possibly contribute to the ambivalent cotTelation. 

In conclusion, the present investigations show the divalent Co-isotope 55
Co to be a 

marker for cerebral ischemia. Cobalt appears to visualise specific pathophysiological processes 
in cerebral ischemia, which are characterised by hypoxia and a preserved flow, and are 
independent of the BBB breakdown as seen on Gd-MRI. The correlation with clinical scores 
indicates that 55

Co visualises the processes accompanied by a decline in neuronal function. 

Acknowledgement: This work was supported by a grant (GGN 22.274 1 )  from the Dutch Technol
ogy Foundation (STW), a grant from (92.305 and 96.015) the Netherlands Heart Foundation and 
by UCB Pharmaceutical Company, Brussels, Belgium. 
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Abstract 

In PET-studies we have shown the usefulness of Co radionuclides to visualise and quantify 
ischemic damage in stroke. In the present study we explored 57Co2+ as a SPECT-tracer. Uptake of 
radioactivity was estimated by using a Cobalt Enhancement Ratio (CER) defined as the ratio of 
Cobalt-uptake in the affected region versus a similar volume at the non-affected contralateral side. 
The clinical status was assessed with the Orgogozo stroke score at the iime of scanning and at 6 
weeks after admission. Nineteen patients {I I men, 8 women) with a middle cerebral at1e1y stroke 
were examined with 57Co2+-SPECT, 0-30 days after stroke-onset. Our investigations show enhanced 
Co-uptake in the infarcted brain tissue in patients with a major stroke and little clinical 
improvement. There was a significant negative correlation between CER and the Orgogozo score 
at the time of scanning and discharge. The present results suggest that 57Co-SPECT is suitable to 
determine the extent of (possibly Ca-mediated) damage in stroke and in the assessment of (potential 
therapeutic) interventions. 
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Introduction 

Imaging of stroke in the acute phase is most often performed by means of Computed 
Tomography (CT), both to confirm diagnosis and to exclude other brain pathology. In addition, 
complementary imaging techniques, such as Magnetic Resonance Imaging (MRI), Single Photon 
Emission CT (SPECT) and Positron Emission Tomography (PET) and recently diffusion MRI have 
been used, revealing morphological changes, regional cerebral blood flow (rCBF) and metabolism 
of the (peri-) infarct tissue or oedema 1 • In the first few hours after stroke, brain tissue in the core 
of infarction will turn into necrosis as the result of a failure to maintain cellular metabolism, leading 
to a cascade of events with eventually cellular death 2-4. The zone stmounding the core (penumbra) 
is characterised by compensated hemodynamic mechanisms to maintain cellular function. In the 
first few weeks after stroke onset, the penumbra may suffer progressive metabolic derangement and 
turn into necrosis 5- 10• Calcium (Ca2J plays a crucial role in the ischemic cascade leading to brain 
infarction 2-4. Ca2+ influx has been seen in and around the ischemic core from 4 hours until at least 
2 months following an ischemic insult 1 1- 1 3 _ In vitro experiments have shown that Ca2+ accumulates 
in the (ir)reversibly damaged neuronal body and in the degenerating axons 14- 17_ The cellular 
accumulation of Ca2+ can be attributed both to a passive influx due to a shortage of ATP following 
ischemia resulting in a disappearance of the membrane potential and to glutamate-receptor linked 
cation channels 2-4. Divalent ions of 55Co and 57Co, being PET and SPECT ligands respectively, 
have been proposed to mimic Ca-influx in ischemically or neurotoxically damaged nerve tissue. 
Various PET studies have already shown that 55

Co is suitable to visualise damage in stroke, 
traumatic brain injury, brain tumours and multiple scleroses 1 8-26. Recently, we have compared 
regional 55

Co accumulation with blood flow and oxygen metabolism and BBB integrity (assessed 
with Gd-MRI). It appeared that Co visualises specific pathophysiological processes in cerebral 
ischemia that were characterised by hypoxia and a preserved perfusion but not related to the BBB 
breakdown 26. 55Co-PET has the potential to visualise endangered penwnbra tissue, which may be 
suitable for therapeutic interventions. More studies, however, are necessary to explore such a 
potential. Therefore, we consider 57Co-SPECT allowing routine application due to its more general 
availability and practical usefulness especially in acute stroke, although it has a lower sensitivity 
compared to PET. Dosimetty of both 55

Co (PET) and 57Co (SPECT) has recently been published 19• 
The aims of the present study were to investigate whether divalent 57Co as a SPECT-tracer 

has the same potential as 55Co in PET to visualise stroke and if so whether there is a relation 
between Co-uptake and the course of the symptomatology. We studied prospectively 1 9  patients 
presenting with a Middle Cerebral Atie1y (MCA) stroke. MCA stroke was chosen because of its 
relatively homogenous clinical presentation and high prevalence in stroke patients. Clinical status · 
was scored with the Orgogozo scale. 

Methods 

Patients 
Nineteen patients with clinical signs of mca-stroke admitted to the Department Neurology 

of the University Hospital Groningen, The Netherlands or the University Hospital Gent, Belgium, 
were selected for this 57Co-SPECT study. The study was approved by the Medical Ethics 
Committees of both University Hospitals and was conducted according to the principles of Good 
Clinical Practice. Inclusion criteria were stable clinical signs ofmca-stroke on admission, age over 
1 8  years and written informed consent. Patients with disabling previous stroke, serious other 
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disorders or deterioration in the course of mca-stroke were excluded. These 19 patients ( 1 1  men, 
8 women) age 23 to 80 (mean 62) years formed a homogeneous group with respect to the diagnosis 
of mca-stroke, but differed regarding the time-interval between stroke-onset and SPECT 
examination (5-30 days). Localisation of the stroke was assessed by CT or MRJ. All patients 
demonstrated a distinct neurological deficit appropriate to the site of mca-stroke ranging from mild 
paresis to hemiplegia. The mca stroke-scale according to Orgogozo was used to assess neurological 
deficits. This stroke scale evaluates level of consciousness, verbal communication, eye-movement, 
power in arm, hand, leg and foot, and facial paresis on a score from O (death) to 100 (complete 
recover/7• Scoring was performed on day of scanning ( ost 1 ) and discharge, at least 60 days after 
stroke-onset ( ost2), when patients showed no further improvement for at least 14 days. Scoring on 
the day of scanning was chosen, since not all the patients were hospitalised immediate after stroke 
onset. 

Spect-protoco/ and data analysis 
SPECT-examination was performed 24 hours after iv-administration of0.4 mCi 57CoCh 

(Amersham, UK). The time-window of 24 hours was chosen because of the pharmacokinetic 
characteristics of Co-isotopes and for reasons of logistics. At the University Hospital Groningen 
a double-headed rotating garnrnacamera (MultiSpect 2, Siemens) equipped with low energy high
resolution collimators was used for data acquisition. During 40 minutes, sixty-four 60-second 
images were acquired on a 64x64-pixel matrix. A Butterworth filter with a cut-off frequency of0.45 
fNy, 6 order was used. At the University Hospital Gent, a double headed Elscint garnmacamera was 
used for data acquisition. Data were acquired in a 128xl 28 matrix through a 360° rotation at an 
angular interval of 6°. Frame time was 30 sec. Filtering was performed using Butterworth filter 
with a cut-off frequency of 0.50 fNy, 13 order. Subsequently, images were reoriented in the 
orbitomeatal plane, using externally applied point sources. 

In each study, oblique, coronal and sagittal slices were obtained. No attenuation correction 
was applied. For each mca-stroke patient, we analysed sequential oblique slices that were located 
in a 8 cm thick brain section displaying the actual cerebrovascular accident. In each slice, a region 
of interest (ROI) was drawn manually at the site of enhanced Co-uptake, which coincided with the 
site of infarction as confirmed by CT scan or MRI. For each ROI in the stroke area, an identical 
contralateral ROI was defined (mirror-ROI). The total number of the counts in each ROI was scored 
as the average Co-uptake in the affected hemisphere. The Cobalt Enhancement Ratio (CER) was 
defined as the ratio of Co-uptake in the ROis of the affected hemisphere and that of the contralateral 
RO Is. In case of no apparent signs of Co-accumulation, a ROI according to the mca-territory in four 
sequential planes was used to calculate the CER. The possible relation between CER and the 
Orgogozo scores was evaluated using the Pearson Product Moment correlation, which was 
significant when p<0.05. 

Results 

Table 1 summarises the clinical and Co-SPECT data. Patient 1 9  was admitted with a slight 
neurological deficit. At day five, 1 2  hours after administration of 0.4 mCi 57CoCh, this patient 
suffered from a second stroke resulting in hemiplegia left. In the following two weeks, 3 serial scans 
were performed at day 0, 4 and 1 1, respectively. These scans did not reveal a clear Co-uptake in the 
infarcted region except at day 4, when a slight increase in CER was noticed. The lack of Co-uptake 
in this patient may be due to the pharmacokinetic characteristics of Co as there is a strong decline 
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in the plasma concentration during the first 12 hours. The remaining 18 patients were divided into 
3 groups based on the size of the infarction and the neurological symptoms: 1) patients with major 
stroke and little clinical improvement; 2) patients with a minor stroke and almost complete recovery 
and 3) patients with a major stroke showing a major improvement. 

Patient Age m/f Interval ost1 ost2 ost1- ost2 CER 
da s 

47 m 12  40 45 5 2.3 

23 3.3 

2 72 m 10 20 35 15  3.1 

3 65 m 14  35 40 5 1 .6 

4 70 20 30 40 1 0  1 .6 

5 80 14  25 25 0 2.6 

6 74 m 5 45 45 0 1 ,8 
legend of Table I: Interval: 

7 23 7 80 1 00 20 2.3 time between onset of stroke 
and acquisition oj 

29 2.1 Co-SPECT 

8 48 f 16 85 1 00 1 5  1 .2* ost 1: neurological status as 
measured by mca-sca/e 

9 75 f 7 95 1 00 5 1 .5* (0-100) at time of -

10  63 1 1  65 80 15  1 .4* 
Co-SP ECT scanning 
os/1: neurological status as 

1 1  44 5 100 1 00 0 1 .0* measured by a mca-scale 
(0-100) on discharge 

12  68 m 30 1 00 1 00 0 1 .0* ost,-os/1: clinical 

1 3  75 m 30 80 65 -1 5 0.9* improvement defined as the 
(positive) difference between 

14  65 9 75 80 5 1 .0* the mca-score on time oj 

1 5  64 m 1 5  70 90 20 1 . 1  * 
scanning 
CER: [;_obalt Enhancement 

1 6  59 m 1 5  70 85 1 5  1 . 1 *  !J.atio (quotient of the mean 

average Co-uptake in 
17 71 m 19  45 90 45 0.9* arbitra,y units affected 

18 64 1 1  45 85 40 1 .6 
brain vs. the non-affected 

m 
brain) 

19  46 m 5(0) 30 35 5 1 . 1  * * These RO/s were 
determined using the 

9(4) 1 .8* mca-territo1y in 4 sequential 

16 1 1  1 .3* planes. 
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Group L Six patients with a major neurologic deficit scored at time of scanning ost 1 <45. 
The clinical improvement according to the Orgogozo score in this group was <15. In all cases, the 
SPECT scan revealed an enhanced Co-uptake in the infarcted region ( 1.6 <CER <3.1, mean 2.9). 
Comparing the location of Co-uptake with the location of infarct at CT, the Co mainly accumulated 
in the periphery of the infarcted area (fig. l a). 

Group .ft Nine out of ten patients with a minor neurologic deficit (ost 1>65) and good 
recovery showed no focal Co-uptake at the site of the cerebrovasacular accident. The CER ranged 
between 0.9 and 1.5, mean CER=l .  l .  One patient (7) presented with a minor motor function 
disturbance (ost 1 =80), but with a hemi-sensory deficit. The CT-scan in this patient did not 
demonstrate an area of infarction at admission and after one week, while the Co-SPECT images at 
day 8 showed a major hot spot of Co-uptake in the right parietal lobe (fig. 1 b ). The localisation of 
Co was in good accordance with the clinical presentation of the stroke and was confirmed on MRI 
at 6 months. 

Group :fr Two patients, 17 and 18, both presented with a major stroke (ost 1=45), but also 
showed major neurological improvement ( ost 1-osti>40). At the Co-SPECT scan of patient 18, a 
focal spot of Co-uptake could be seen in the affected cerebral tissue, CER = 1.6. The other patient, 
17, showed no asymmetry in the Co-uptake; the CER in the mca-region was 0.9. 

Figure I a+b: A representative SPECTscan and CT (pat 2) showing the peripheral uptake of Co when compared with stroke 
area as outlined on CT. SPECTand CT are resp made 10 and 4 days after stroke onset. 
Figure l c+d: SPECTand CTscan of patient 7 showing a major spot of Cobalt-uptake while the CT is negative. SPECTand 
CT are resp made 7 and I days after stroke onset. 
Figure 2: serial scans of patients l (a+b) and 7 (c+d) at re�p. I and 10 days and I and 21 days after Cobalt 
administration 
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In patients I and 7, a second SPECT scan was obtained, I O  days and 2 1  days after the initial 
Co administration, respectively (figure 2). In both patients enhanced uptake persisted at the 
appropriate site, (CER of 3 .3 and 2 . 1  ). 

Statistical analysis 
Statistical analysis performed with data of patients 1 - 1 8  showed a significant negative 

correlation between both Orgogozo scores at time of scanning and discharge with the CER, i=-0.6 
(p<0,05) (fig. 3). Since in patient 1 9  Co was administered before the development of the major 
stroke he was excluded for further statistical analysis. 

100 0 • 

• • 

• •  

80 . . • 
. 

0 
• 

N . . 

g, 80 
0 

0 . 

40 

20 

0,5 1,0 

Discussion 

• 
• 

. 

. 0 
• 
. 

. 

1,5 2,0 

CER 

. 

. 

• 
. 

0 

2,5 3,0 3,5 

Figure 3: CER plolled againsl /he Orgogozo 
score at time of scanning (i!J) and discharge (v). 

The present study demonstrates enhanced Co-uptake in the infarcted brain tissue in patients 
with a major stroke and little clinical improvement when compared to a similar volume at the 
contralateral side. In nine out of ten patients presenting with slight neurological impairment, the 
main focus of increased Co-uptake was seen in the vicinity of the area of infarction. Of this group, 
patient 7 showed enhanced Co-uptake with a minor neurological deficit according to the Orgogozo 
scale, although she suffered from a major hemi-sensory deficit. Therefore, the Orgogozo scale may 
underestimate the extent of brain tissue affected by stroke in this case. One (patient 17) out of two 
patients showing moderate to major improvement did not show enhanced uptake, whereas the other 
patient ( 1 8) showed a slightly increased CER ( 1 .6). Despite the heterogeneity of our group 
( concerning the time interval) significant albeit weak negative correlations were found between the 
uptake of 57 Co and the Orgogozo scores at the time of scanning and discharge. Such correlations 
were also found in a recent study with 55Co-PET in stroke patients 22, and suggest that the visualised 
brain pathophysiology is related to neurological improvement. 

In patients with focal Co-uptake the CER varied between 1 .6 and 3. I ,  whereas without Co
uptake in patients these values varied between 0.9 and 1 .5 .  The tendency of the CER to be higher 
then I in the affected mca-region could be explained by a slight but diffuse Co-uptake. The intensity 
of the Co spot as measured with CER will depend on several factors: I )  low counts/pixel in the 
control area of Co-uptake as compared to background results in a CER with a wider range in case 
there is positive spot, 2) incomplete symmetry of the brain, due to positioning or atrophy, and 3) 
a presumed time dependent pathophysiological profile of Co-uptake in ischemic brain tissue. 
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So far PET and SPECT are mainly used to provide information about blood flow, 
metabolism and bloodvolume in stroke patients. Based on these parameters, the brain tissue affected 
by stroke can be divided into infarcted tissue and penumbra, viable tissue suffering from ischemia 
5·'°. During the first few weeks after stroke the penumbra tissue may become necrotic and the 
degree of its recovery determines the clinical improvement of stroke patients 8. Except for the 
decline in blood flow, several other factors, like inflammatory response, free radicals and excitatory 
amino acids 2•3•28.34, are thought to play an important role in the neuronal decay and the fate of the 
penumbra after cerebral ischemia. Ca-influx has a pivotal role, since detrimental Ca mediated 
processes are activated before irreversible neuronal damage emerges 24. So far Ca accumulation 
in experimental stroke models has been found till two months after stroke onset 1 2

. Earlier study 
with 55Co-PET showed the possibility to visualise ischemic brain damage 2 1 •22• Co-accumulation 
was seen independent of BBB-integrity as established on Gd-MRI. To what extent Co-uptake really 
visualises Ca-mediated processes, and therefore resembles identical molecular uptake mechanisms, 
has to be proven; although the cerebral uptake of intravenously administered radioactive Ca and Co 
in neuronal damage show high similarity 1 8• Recent investigations by Nilsson et al. showed, that 
a part of the Ca accumulation can be attributed to accumulation of protein bound Ca due to BBB 
breakdown 35. Moreover, in addition Ca may accumulate in activated leukocytes 36·37. A 
pharmacokinetics study of 55Co and 57Co showed that 12% of the divalent Co is in a free form; the 
remaining is bound to leukocytes or plasma proteins 19• As Co has also a high affinity to become 
protein bound, brain uptake of Co may thus reflect the opening of the BBB for serum protein at 
least in part. The variability and the time dependency of these mechanisms may explain the weak 
correlation between CER and neurological impairment. 

Other neuroimaging techniques like CT, MRI and blood flow-PET and -SPECT have been 
performed to detect stroke 1 •3843. In these studies, CT and MRI showed to be effective mainly in the 
diagnosis of stroke, while hypoperfusion in the 24 hours after stroke as measured with SPECT has 
prognostic value 39•40. However, SPECT studies performed over 24 hours after stroke onset showed 
a poor predictive value of SPECT compared with the clinical scores 40. Several other isotopes like 
99mTc04 and 20 1Tl have also been used in visualising stroke 4 145• The uptake mechanism for Tl is 
suggested to depend on blood flow, BBB breakdown and transmembrane transport into viable cells 
proportional to Na/K ATPase concentration 44•

45. In the evaluation of brain tumours, 201Tl SPECT 
showed a high sensitivity but a low specificity since 201Tl also tend to accumulate in the area of 
inflammation and necrosis following radiation, which decreases the overall accuracy of 20 1Tl 
brain-SPECT 46• Uptake of99mTc04 in cerebral pathology is essentially due to a lesion of the BBB 
and to a lesser degree to an affinity of the pathologic tissue. Moreover, 99"'Tc04 scintigrams in 
stroke are normal in the first week following infarction 4043• 

The serial scanning as performed in this study until 2 1  days after injection of 57CoCb 
shows, that there is little if any backdiffusion of Co between the peripheral circulation and 
cerebrospinal fluid, despite a very low blood concentration of Co after 24 hours 16• Such a tissue 
fixation of Co and its acceptable radiation burden makes 57Co suitable for administration in the 
acute phase and scanning in the subacute phase. 
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In conclusion, 57Co showed to be a suitable SPECT-isotope for visualising ischemic brain 
pathology in patients with mild to severe ischemic stroke. Its low radiation burden, stable binding 
and its long half-life may allow administration in the acute phase and imaging later when the patient 
is clinically stable. Comparing Co-SPECT with other functional imaging modalities will reveal 
more about the pathophysiological meaning of such images and their relation to recovery following 
an ischemic insult. 
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Abstract 

Introduction: Previous studies have shown the usefulness of divalent Co isotopes to vis
ualise cerebral damage following stroke. The site of accumulation of divalent Co is as yet unk
nown but may partially be explained by neuronal influx, analogous to that of Calcium. 
Additionally, uptake may be due to infiltrating leukocytes or protein bound Co. The aims of the 
presented study are I )  to compare the respective results of 57Co-SPECT with leukocyte SPECT 
and 2) to compare the SPECT findings with clinical outcome as scored by the Orgogozo scale. 
Patients and Methods: Ten patients with a CT-scan positive for middle cerebral artery infarcts 
were included in the study (3 women, 7 men; mean age 70). Leukocyte- and 57Co-SPECT 
(interval 2-4 days) were made with a double headed gamma camera, following the injection of 
1 0- 1 5  mCi of 99"'Tc-HMPAO labelled leukocytes and 0.4 mCi 57Co, respectively. Scans were 
performed within 5-30 days after onset of the first symptoms. Regions of interest (ROI) 
containing the area of infarction in the slices displaying enhanced radioactivity or the mca region 
in 4 successive slices were defined for calculating enhancement ratios. The Leukocyte- and 
Cobalt Enhancement Ratio (LER and CER, respectively) were defined as the quotient of 
radioactivity in the ROI and an identical contralateral ROI. The mca stroke-scale according to 
Orgogozo was used to assess neurological deficits at time of scanning and discharge. Results: 
57Co and 99mTc-HMPAO showed concurring uptake in the infarcted brain area in 5 patients; the 
quantitative uptake in the infarcted brain area of the two tracers correlated significantly (p<0.05). 
Both the LER as the CER correlated significantly (p<0.05) with the Orgogozo score at time of 
scanning. Only LER correlated significantly (p<0.05) with the Orgogozo score at discharge. 
Discussion: The concurring uptake of Co and leukocytes in the peri-infarct tissue suggests that 
57Co may for a part visualise an inflammatory response, or processes concomitant to this 
response. Therefore, considering, its rather low radiation burden, its long-half live (270 days) and 
its simple preparation, divalent 57Co may be convenient for establishing a parameter for 
inflammation and clinical prognosis after stroke. 

80 



57 Co and 99"'Tc-HMPAO labelled leukocytes in stroke 

Introduction 

Leukocyte infiltration into the ischemic brain tissue has been demonstrated in clinical 
SPECT studies 14 and in experimental stroke models 5•6. After stroke leukocytes accumulate 
mainly in the hypoperfused rim surrounding the core of infarction. This postischemic influx of 
leukocytes is not only a pathophysiologic response to injury, but may aggravate ischemic damage 
during reperfusion as well by obstruction of capillaries, initiating thrombosis and by releasing 
cytotoxic products including free radicals 1·1 1 • Calcium (Ca) is thought to play an important role 
in both the necrotic damage of ischemic brain tissue and in inflammatory responses following 
stroke 1 2- 16• Both in vivo and in vitro experiments have shown that Ca accumulates in the 
(ir)reversibly damaged nerve cell body and in degenerating axons 14• 1 1•2 1 • To visualise calcium 
mediated damage the divalent Cobalt isotopes, 55Co in Positron Emission Tomography (PET) 
and 57Co in Single Photon Emission Tomography (SPECT), have been proposed previously. 
Several investigations have already shown the usefulness of these Co isotopes to visualise stroke, 
traumatic brain injury, brain tumours and multiple sclerosis 3•22·21• The cellular site of 
accumulation of radioactivity is, as yet, not known. Therefore the aims of the presented study are: 
1 )  to compare the respective results of 57Co-SPECT with leukocyte SPECT and 2) to compare 
the severity and the time course of the impairment following stroke as assessed with the 
Orgogozo scale 28 with either SPECT imaging method. 

Patients and methods 

Patients 
Ten patients with a middle cerebral artery (mca)-territory ischemic infarction admitted 

to the neurological department were selected for 57Co and 99mTc-HMPAO labelled leukocyte
SPECT study. This study was approved by the Medical Ethics Committee of the University 
Hospital of Gent, Belgium and was conducted according to the principles of Good Clinical Prac
tice. Inclusion criteria were stable clinical signs of mca-infarction, age over 1 8  years and written 
informed consent. Site of infarction was confirmed by CT. Patients with a disabling previous 
stroke, serious other disorders or deterioration in the course of mca-stroke were excluded. The 
10 patients (7 men; 3 women) age 58 to 80 (mean of70) years formed a homogeneous group with 
respect to the diagnosis of mca-infarction, but differed regarding the time-interval between 
stroke-onset and SPECT examinations (5-30 days). The mca stroke-scale according to Orgogozo 
28 was used to assess neurological deficits. This mca-scale evaluates level of consciousness, 
verbal communication, eye-movement, power in arm, hand, leg and foot, and facial paresis on 
a score ranging from O (death) to J OO (complete recovery). Scoring was performed on day of 
scanning and discharge (at least 60 days after stroke-onset), when patients were clinically stable, 
and had demonstrated no further improvement for at least 1 4  days. 

99111Tc-HMPAO labelled leukocyte and 57Co-SPECT 
Autologous leukocytes were isolated and labelled with 99mTc-HMPAO (Ceretec\ Amers

ham UK using a previously described method 29). For incubation, a dose of 1 0- 1 5  mCi 99mTc
HMP AO was used. Four hours following the injection of 99mTc-HMPAO-labelled leukocytes, 
SPECT was performed using a double-headed gamma camera (Elscint, Haifa, Israel) equipped 
with low energy high resolution collimators. Data were acquired in a 128xl28 matrix through 
a 360° rotation at an angular interval of 6°. Frame time was 30 sec. Filtering was performed using 
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a Butterworth filter with a cut-off frequency of 0.50 fNy l 3 order. Subsequently, images were 
reoriented in the orbitomeatal plane, using externally applied point sources. Oblique, coronal and 
sagittal slices were obtained in each study. In each of the 3 planes, 1 6  images were obtained. 1 -3 
days later, 0.4 mCi 57CoC'2 (Arnersham, UK) was administered intravenously and 24 hours later, 
57Co-SPECT was performed using the same double-headed gamma-camera equipped with high 
resolution low energy collimators. Filtering was performed using a Butterworth filter with a cut
off frequency of0.50 fNyl 3  order. Reconstruction and reorientation was performed in an identical 
way as for 99"'Tc-HMP AO labelled leukocyte SPECT. 

Data-analysis 
For each mca-stroke patient sequential oblique SPECT-slices that were located in a 8 cm 

thick brain section displaying the actual infarction were analysed visually. In those patients 
showing positive 57Co or 99"'Tc-HMPAO labelled leukocyte accumulation, a region of interest 
(ROI) outlining the infarction-area was defined in each slice according to the location on CT 
scan. For each ROI in the infarcted area, an identical contralateral ROI was defined (mirror-ROI). 
The average 57Co and 99"'Tc-HMPAO labelled leukocyte uptake in all ROis was assessed. Data 
were combined to obtain the area as well as the labelled-leukocyte- and Co-content of each ROI. 
The 99"'Tc-HMP AO labelled leukocyte - (LER) and Cobalt Enhancement Ratio (CER) were 
defined as the quotient of radioactivity in the ROI vs mirror-ROI. In the patients showing no 
visually depictable 57Co and 99"'Tc-HMPAO labelled leukocytes accumulation, semicircular ROis 
encompassing the right and left middle cerebral artery territory in 4 successive slices were drawn 
with a manual cursor. Subsequently, using the infarcted site as a reference, hypothetical LER and 
CER were determined, allowing estimation of the normal variation in right to left ( or vice versa) 
asymmetry. The possible relation between CER or LER and the Orgogozo scores was statistically 
evaluated using the non-parametric Spearman's rank Correlation. Multiple regression analysis 
was performed to evaluate the relation between time interval ofLER or CER, Orgogozo-score 
at the time of  the SPECT studies and the time interval. Correlations were defined as significant 
when p<0.05. 

Results 

From the patients included in our study 5 patients suffered from a minor neurologic 
deficit (Orgogozo>70) and showed no enhanced Co-uptake (0.96<CER<l .05) or leukocyte 
infiltration (0.70<LER< l .03) in the affected mca region. One patient suffered from cerebral 
ischemia with a large initial neurological deficit who revealed progressive improvement as shown 
by an increase in Orgogozo score and showed no enhanced Co-uptake (CER=0.92) or leukocyte 
infiltration (LER=l .05) in the affected mca region. In the 4 patients presenting a major stroke 
(Orgogozo score 25-45) showing minor improvement, CER varied from 1 .58-2.60 whereas the 
LER varied from 1 .80-5.25. The uptake of the 57Co and leukocytes tends to concur (Figures IA 
and B). There was a significant correlation between CER and LER, as shown in figure 2 (1=0.65). 
The only notable exception was patient 4, having a high accumulation of Co relative to that of 
the labelled leukocytes. 

Analysis of the Orgogozo scores at time of scanning and discharge with the LER revealed 
for both a significantly negative correlation coefficient (r= -0.8, p<0.05, Figure 3). Comparing 
CER and the Orgogozo scores at time of scanning and discharge showed only a significant 
negative correlation between Orgogozo score at time of scanning and CER (r=-0.7 p<0.05, fig.3). 
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Patient age mlf interval ost 1 ost2 ost1 -ost2 CER LER 

(days) 

68 m 30 1 00 1 00 0 0.96 0.70 

2 7 1  m 1 9  45 90 45 0.92 1 .05 

3 70 f 20 30 40 1 0  1 .58 2.07 

4 80 f 1 4  25 25 0 2.60 2.00 

5 75 m 30 80 65 - 1 5  0.92 1 .03 

6 64 m 1 1  45 85 40 1 .60 1 .80 

7 65 f 9 75 80 5 1 .04 0.93 

8 64 m 1 5  70 90 20 1 .05 0.84 

9 59 m 1 5  70 85 1 5  1 . 1 0  1 .37 

1 0  74 m 5 45 45 0 1 .78 5.25 

Table I. Patient characteristics, Orgogozo scores and the 99"'Tc-HMPAO labelled leukocyte SPECT and 57Co-
SPECTdata. 
legend a/Table l :  
interval: lime between onset of infarction and acq11isition of99"'Tc-HMPAO labelled leukocytes SPECT 
OSI( neurological stat11s as 111eas11red by mca-scale (0-100) at lime ofCo-SPECT scanning 
OS/1: neurological stat11s as measured by a mca-scale (0-100) on discharge 
os/0-os/1: clinical improvement defined as the (positive) difference between the mca-score on day oj 

scanning and discharge 
CER: [;_obalt f;nhancement B_atio (quotient of the mean average Co-uptake in arbilraty units in the 

infarction vs. the non-affected brain) 
LER: !,_eukocyte !;;_nhancement B_alio (quotient of the mean average leukocyte uptake in arbi11·a1J' 

units in the infarction vs. the non-affected brain) 

Discussion 

The present study shows the concurrent accumulation of 57Co2+ and 99mTc-HMPAO
labelled leukocytes in the ischemic area of cerebral infarcts. It is assumed most often that 
leukocytes accumulate in the most severe infarcts 14 which is corroborated by the present results. 
The 5 patients without clear-cut accumulated radioactivity had only slight neurological impair
ment, whereas the patients with the highest leukocyte infiltration suffered from a major stroke 
and showed little improvement. Our previous studies with 55Co-PET show that the radiotracer 
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Figure I A and B: Brain 
SPECT scans of patient 
I 0, showing 99111-Tc
HMPA O labelled 
leukocytes (bollom) or 
57Co (uppe1). 

Figure 2: Relationship between 
uptake of leukocytes and Co in 
10 stroke patients with mild to 
severe cerebral damage. The 
correlation coeffecienl between 
CER (Co enhancement ratio) and 
LER (leukocyte enhancement 
ratio) was 0. 74 and significant 
(p<0.05). 
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Figure 3: Relationship between the Orgogozo score at lime of scanning (ostl), jig. 3a, and at discharge 
(ost2),fig 3b, and the relative uptake of lymphocytes (LER o) and 57Co (CER□). Analysis of the Orgozozo 
scores and enhancement ratios showed the followinf!. correlations: ost 1-LER (r=-0.8, p<O. 05), ost2-LER 
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(presumably) accumulates in the perifocal tissue, surrounding the ischemic focus, which is the 
same tissue exhibiting inflammatory response and that is primarily infiltrated by leukocytes 22•23• 
The pattern of accumulation of 99"'Tc-HMPAO-labelled leukocytes was similar to that reported 
by Wang and coworkers 4 and others 1 •2 . These investigations showed that leukocyte infiltration 
is a dynamic process that persists for 5 weeks and then declines. The wide variance in LER (0. 70-
5.25) which is seen in our study (with 1 0  patients) will be mainly due to the dynamic process of 
leukocytes accumulation. Since most leukocyte infiltration is found in the first week after stroke, 
a high level of LER will also be found in the same time window. The uptake of both isotopes 
correlated with the actual neurological state as established by Orgogozo score, indicating to 
visualise neuronal damage reflecting functional impairment. Only LER correlated with the 
Orgogogozo score at time of discharge suggesting that leucocyte accumulation may not favour 
clinical improvement. 

Co was initially proposed to reflect Ca-influx in ischemically or neurotoxically affected 
nerve tissue 1 7• 1 9•2 1 •22• Indeed, the cerebral uptake of intravenously administered radioactive Ca 
and Co show high similarities in their localisation in damaged tissue 1 7. It has become clear, that 
the observed radioactivity cannot entirely be attributed to the diffusion of the free cations, but 
also for at least a part to protein-bound Ca (and perhaps Co) 1 8•20• If this is also the case in the 
present study, then Co-SPECT visualises the opening of the blood brain barrier towards serum 
proteins, including albumin. In in vitro experiments the neuroprotective capacity of serum in 
glutamate intoxicated neurons has been shown 30• If such mechanism may also occur in vivo, then 
Co-SPECT or Co-PET may provide information about severity of the infarct and on the 
protective potential in stroke. In addition, the concurring uptake of Co and leukocytes in the peri
infarct tissue may indicate that 57Co (and 55Co) enables the visualisation of inflammatory 
responses or processes concomitant with such responses. Especially, since activation of 
leukocytes is accompanied by Ca-uptake the accumulation of exogenous Ca in ischemic brain 
tissue may also be attributed to infiltrating leukocytes. Considering the rather low radiation 
burden 25, its long half live (270 days) and its cheap and simple preparation 57Co can be 
considered as a suitable isotope for establishing inflammatory response and clinical prognosis 
after stroke. The clinical value of Co-SPECT and Co-PET has to be assessed by comparison with 
other recent developed imaging tools in stroke 3•29•3 1 •32 • 

In conclusion, our investigation suggests that both 99"'Tc-HMPAO labelled leukocyte and 
57Co SPECT visualise a pathophysiologic response in postischemic brain tissue characterised by 
a inflammatory reaction and changes that are accompanied with unfavourable clinical prognosis. 
Since, the results of both imaging techniques tend to concur and because of the relatively time 
consuming 99111Tc-HMPAO leukocyte labelling procedure and the low radiation burden (5mSv), 
57Co must be considered as an alternative for clinical application. 

Acknowledgement: This work was supported by a grant (GGN 22.2741) from the Dutch Technol
ogy Foundation (STW) and a grant from (92.305) the Netherlands Heart Foundation. 
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Summary and Conclusions 

The Cerebrovascular Accident (CV A) still remains a significant cause of morbidity and 
mortality. A CVA is caused by occlusion or bleeding of one of the cerebral vessels. Following 
a CVA the patient usually presents with sudden clinical symptoms of paresis of one of the limbs, 
speech impairment, partial blindness or feelings of numbness in certain parts of the body. Until 
now few therapeutic strategies have been available for except stabilisation of the patient and 
provision of nursing. Considering the huge socio-economic impact of the CV A (incidence of 150 
to 250 per I 00,000 inhabitants per year and direct costs per patient from first stroke to death of 
$ 30,000) extensive research has been carried out to develop therapeutic strategies. To the present 
time, only thrombolytic therapy with r-TPA has been shown to be successful in certain patient 
groups. Several risk factors have been identified in the pathogenesis of stroke. Among these, 
hypertension is considered the most important treatable factor. 

The purpose of the present thesis was to investigate the possible role of preventive 
interventions in stroke and to study biochemical markers for stroke and imaging techniques, 
which may help to monitor stroke patients. 

In chapter 2, we describe the effect of three different prophylactic treatments (Deprenyl, 
Nimodipine and food restriction) on survival and blood pressure in the Spontaneous 
Hypertensive Rat-Stroke Prone (SHR-SP). The SHR-SP rat stain is chosen since it was shown 
to be a valuable model for the study of prophylactic interventions in hypertension and stroke. 
Around the age of 43-52 weeks, depending on strain, these rats spontaneously develop and 
infarcts cerebral haemorrhages, which are mainly located in the territory of the flow region of the 
middle cerebral artery. As a consequence, the lifespan of SHR-SP rats is considerably sh011ened. 
The different prophylactic treatments were all initiated in adulthood, and only food restriction 
showed a significant lowering effect on blood pressure. Nimodipine completely inhibited the 
occurrence of stroke over the treatment period of 27 weeks. Our results suggest a possible role 
for dietary interventions in the treatment of hypertension. 

Stroke is mainly diagnosed on clinical presentation and Computed Tomography (CT) 
findings. A biochemical marker for ischemic damage, which can be determined by peripheral 
venous blood samples in the early phase after stroke, would be of great importance in assessing 
the efficacy of neuroprotective or neuro-restorative treatments, and monitoring of stroke patients. 
In chapter 3, we describe our findings with NAA as a marker for cerebral damage, and we 
compare the levels of N-Acetyl Aspartate (NAA) with Neuron Specific Enolase (NSE) at 
different time points. These investigations show that the highest levels of serum NAA were found 
mainly in the early phase after stroke. Moreover, the levels of NAA correlated to the size of the 
brain lesions only in disabled patients. However, the highest levels of NAA were found in 
patients with reversible damage, which may indicate that in severe ischemia a pai1 of the NAA 
is catabolised before reaching the peripheral circulation. Such an assumption would imply that 
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a ratio of early NAA and for example NSE at day 4 allows assessment of the potential therapeutic 
value of experimental post-stroke interventions, within the first week after stroke. 

To investigate in vivo functional changes in the brain, Positron Emission Tomography 
(PET) and Single Photon Emission Computed Tomography (SPECT) were used. The capability 
of PET and SPECT to visualise functional changes with, potentially, an unlimited variety of 
different tracers is unique, when compared with CT and Magnetic Resonance Imaging (MRI) 
which mainly give morphological information. The clinical relevance of the various imaging 
techniques is described in chapter 4. 

In the pathogenesis of stroke, the influx of Ca2+ is still considered as a major pathogenetic 
event, eventually leading to cellular necrosis. Most of the neuroprotective treatments that are 
developed therefore now aim to decrease the cellular influx of Ca2+. Visualising changes in Ca 
metabolism would, therefore, be of great clinical importance in understanding the pathogenesis 
of stroke. Since there are no suitable Ca isotopes for in vivo imaging, we propose divalent 57Co 
and 55

Co for visualising cerebral ischemia. Co-isotopes have already been investigated 
extensively in animal experiments, and been shown to act like a Ca in neuronal damage and 
activation. A recent pilot study has already shown the efficacy of 55Co-PET in the visualisation 

of ischemic damage in clinical settings. In chapter 5 an experimental study is described, 
comparing the uptake of divalent 45Ca and 6°Co in cerebral ischemia, using an animal stroke 
model. This study showed a remarkably similar distribution of both isotopes at day 3 and 1 0  after 
an ischemic event, which took place mostly independently of the blood-brain-barrier (BBB) 
integrity. The results of this study support the idea that divalent Co-isotopes may serve as a 
clinically useful Ca-analogue in nuclear medicine. 

1n chapter 6 we set out our findings of the extent to which divalent 55
Co visualises cerebral 

ischemia in clinical practise, and we compared the uptake of 55
Co with blood flow, oxygen 

metabolism and gadolinium-MRI in 1 6  patients. In a time frame from stroke onset to day 22, we 
showed that 55

Co uptake could be visualised. In the early phase of stroke it could be postulated 
that the uptake may be more related to neuronal influx, while in a later phase, activation and 
infiltration of leukocytes and an extra cellular compartment may be responsible for the uptake. 
Moreover, these investigations showed that 55

Co visualises specific pathophysiological processes 
in cerebral ischemia, which are characterised by hypoxia and a preserved flow, and are 

independent of the BBB breakdown as seen with post-Gd T 1w-MRI. It was also demonstrated 

that the clinical scores correlated with the uptake of 55Co, serving as an indication of a parameter 
for neuronal damage. 

Since the results of the previous chapters indicate that Co-isotopes may be a parameter 
for ischemic damage, and PET is still an expensive and not widely available technique, we 
investigated the possibilities of divalent 57Co being used as a SPECT isotope in cerebral 
ischemia. The results of this investigation showed that 57Co is a feasible isotope for the 
visualisation of ischemic damage. Moreover, it showed that its low radiation burden, stable 
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binding, and its long half-life may allow administration in the acute phase, and later imaging when 
the patient is clinically stable, chapter 7. In one patient, enhanced uptake could be seen until 2 1  
days after administration of the Co-isotope. 

After stroke, leukocyte infiltration in the damaged brain tissue can be seen within 12 
hours after an ischemic event, persists for 5 weeks and then declines. This postischemic influx 
of leukocytes is not only a pathophysiologic response to injury, but may aggravate ischemic 
damage during reperfusion by obstruction of capillaries as well as by initiating thrombosis and 
by releasing cytotoxic products including free radicals. This response can be characterised by an 
additional influx of Ca and probably Co. We therefore looked for possible coincidental evidence 
of both isotopes after ischemia. The results of this study showed that both 99"'Tc-HMP AO 
labelled leukocyte and 57Co SPECT visualise a pathophysiologic response in postischemic brain 
tissue, characterised by an inflammatory reaction and changes that are accompanied with 
unfavourable clinical prognosis, chapter 8. 

In conclusion, we found that the results of the studies concerning neuroimaging show a 
remarkable similarity between Ca and divalent Co isotopes and therefore, Co isotopes may serve 
as a parameter of ischemic damage and possibly as a prognostic index. Moreover we showed a 
relation between Co uptake and the inflammatory response after ischemia. 

Future investigations in longitudinal groups with rather homogenous patients may be 
helpful to investigate further the role of Co-accumulation post stroke and its presumable clinical 
value. The clinical role for Co-imaging may be in the field of stratification of stroke patients in 
which Co-imaging determines ischemic damage (inflammatory response) after stroke. In 
particular it may be of interest to investigate the uptake of 57Co in stroke patients who receive 
thrombolytic therapy, since there will be sufficient perfusion to deliver the tracer to the affected 
area. 
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Samenvatting en Conclusies 

Het Cerebrovasculair accident (CV A) is nog steeds een veel voorkomende oorzaak van 
ziekte en sterfte in de westerse gemeenschap, 150 tot 250 gevallen per 100.000 inwoners per jaar. 
Een CV A, of ook wel beroerte genoemd, wordt veroorzaakt door een afsluiting ofbloeding van 
een van de hersenvaten. Een patient die een CV A heeft gehad vertoont meestal plotselinge 
klinische symptomen als verlamming van een van de ledematen, spraakmoeilijkheden, 
(gedeeltelijke) blindheid of een doof gevoel in bepaalde delen van het lichaam. Tot op heden zijn 
er slechts weinig therapiemogelijkheden, behalve bet stabiliseren en verplegen van de patient. 
Gezien de enorme sociaal-economische impact van CV A, directe kosten van $ 30.000 per patient 
vanafhet eerste infarct tot aan het moment van overlijden, wordt er uitgebreid onderzoek gedaan 
met als doel de ontwikkeling van therapieen. Alleen de trombiolytische therapie met r-TP A 
(zorgt ervoor dat de afsluiting verdwijnt) is in bepaalde groepen patienten succesvol gebleken. 
Voor het ontstaan van een beroerte kunnen verschillende risicofactoren worden aangewezen. De 
belangrijkste behandelbare factor daarvan is een verhoogde bloeddruk. 

Het doel van bet onderzoek beschreven in dit proefschrift is: 1 )  het vaststellen van de rol 
van verschillende preventieve interventies in een herseninfarct, 2) bet vaststellen van de rol van 
biochemische markers voor diagnostiek van herseninfarcten en 3) bestuderen van nieuwe 
technieken voor het afbeelden van herseninfarcten. 

In hoofdstuk 2 wordt bet effect beschreven van drie verschillende preventieve 
behandelingen (Deprenyl, Nimodipine en voedselbeperking) op de overleving en bloeddruk van 
de SHR-SP rat. Deze dieren hebben een verhoogde bloeddruk waardoor ze op de leeftijd van 
ongeveer 43-52 weken, afhankelijk van de stam, spontaan hersenbloedingen en infarcten 
ontwikkelen, die vooral plaatsvinden in bet gebied van de middelste cerebrale arterie. Van de 
SHR-SP rat is aangetoond dat bet een waardevol model is voor het bestuderen van preventieve 
interventies bij verhoogde bloeddruk en herseninfarct. De verschillende preventieve 
behandelingen werden gegeven gedurende een periode van 27 weken en begonnen wanneer de 
rat volwassen was (34 weken). Dieren die werden behandeld met Nimodipine overleefden de 
gehele behandelperiode van 27 weken, terwij l de dieren die werden behandeld met 
voedselbeperking een significant verlagend effect I ieten zien op de bloeddruk. Deze resultaten 
wijzen op een mogelijke rol voor preventies op bet gebied van voedsel bij behandeling van hoge 
bloeddruk. 

De diagnose herseninfarct wordt meestal gesteld naar aanleiding van klinische 
symptomen en de bevindingen op Computed Tomography CT. Een biochemische marker voor 
ischemische schade, welke bepaald kan worden uit perifeer veneus bloed vlak na een infarct, zou 
van groot belang kunnen zijn bij het bepalen van de effectiviteit van zenuwbeschermende of 
zenuwherstellende behandelingen, en bij het monitoren van patienten met een infarct. 

In hoofdstuk 3 beschrijven we onze bevindingen met het gebruik N-Acetyl-Aspartate 
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(NAA) als marker voor hersenbeschadiging, en vergelijken we de concentratie van NAA in bloed 
met de concentratie van Neuron Specific Enolase (NSE, een ander veel gebruikte marker voor 
hersenschade) op verschillende tijdstippen na het ontstaan van een infarct. Deze studie liet zien, 
dat de grootste hoeveelheden NAA voomamelijk direct na een infarct warden aangetroffen. 
Bovendien correleerde de concentratie van NAA met de grootte van het herseninfarct zoals 
gezien op CT bij patienten die niet geheel herstelden. Opvallend genoeg werden ook hoge 
concentraties NAA aangetroffen bij patienten zonder blijvende schade, hetgeen er op zou kunnen 
wijzen dat bij zware ischemie een dee! van de NAA wordt gecataboliseerd voordat het de perifere 
circulatie bereikt. Een dergelijke veronderstelling zou inhouden, dat een ratio van vroege NAA 
en bijvoorbeeld NSE op dag 4 het mogelijk maakt de potentiele therapeutische waarde van 
experimentele post-infarct interventies binnen de eerste week na het infarct te bepalen. 

Om in vivo functionele veranderingen in de hersenen te onderzoeken wordt gebruik 
gemaakt van Positron Emissie Tomografie (PET) en Single Photon Emissie Computed 
Tomography (SPECT). PET en SPECT bieden de unieke mogelijkheid om functionele 
veranderingen zichtbaar te maken met een in potentie onbeperkt aantal tracers. Ter vergelijking: 
CT en Magenetic Resonance Imaging (MRI) verschaffen met name morfologische informatie. 

De klinische relevantie van de verschillende afbeeldingtechnieken wordt in hoofdstuk 4 
beschreven. 

De cellulaire influx van Ca2+ wordt nog steeds gezien als een van de belangrijkste 
pathognomische gebeurtenissen bij het ontstaan van een infarct, welke uiteindelijk leidt tot het 
afsterven van hersencellen. Vele experimentele behandelingen richten zich daarom op het 
voorkomen van de influx van Ca2+ in de cellen. Het zichtbaar maken van veranderingen in Ca
metabolisme zou dan ook van grate klinische betekenis kunnen zijn voor het verkrijgen van 
inzicht in het ontstaan van infarcten. Aangezien er geen geschikte Ca isotopen zijn voor PET en 
SPECT, stellen we voor divalente 57Co en 55Co te gebruiken om hersenischemie in beeld te 
brengen. Co isotopen zijn reeds uitgebreid dierexperimenteel onderzocht, en blijken zich als Ca2+ 

te kunnen gedragen in zenuwbeschadiging en het activeren van zenuwen. Recentelijk bleek uit 
een pilot-studie reeds de doeltreffendheid van 55Co-PET bij het in beeld brengen van ischemie 
in een klinisch kader. In hoofdstuk 5 wordt een dierexperimentele studie beschreven, waarin 
opname van divalent 45Ca en 6°Co bij hersenischemie wordt vergeleken door middel van een 
infarctmodel. Deze studie toont een opmerkelijk  gelijke distributie van beide isotopen op de 
derde en tiende dag na ischemie, die voomamelijk onafhankelijk van het intact zijn van de bloed

hersenbarriere (BBB) plaatsvindt. De resultaten van deze studie ondersteunen het idee dat 
divalente Co-isotopen kunnen dienen als een klinisch bruikbare Ca-analoog in de nucleaire 
geneeskunde. 

In hoofdstuk 6 warden onze bevindingen uit de klinische praktijk uiteengezet over de 
mate waarin 55Co hersenischmie zichtbaar maakt, en we vergeleken de opname van 55Co met 
bloeddoorstroming, zuurstofmetabolisme en post-Gd T 1w-MRI in 1 6  patienten. In de periode 
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vanafhet begin van het infarct tot 22 dagen daarna, zagen we een opnarne van 55
Co in en rondom 

het gei'nfarceerde weefsel. In een vroege fase van het infarct kan verondersteld worden <lat deze 
opname meer verband houdt met opname in neuronen, terwijl in een latere fase activering en 
infiltratie van leucocyten en een extra-cellulair compartiment mogelijk  verantwoordelijk zijn  
voor de  opname. Bovendien blijkt uit <lit onderzoek, <lat 55Co specifieke pathofysiologische 
processen in hersenischemie zichtbaar maakt, die gekenmerkt worden door hypoxie met een 
redelijke doorbloeding, en die niet afhankelijk zijn van het in stand zijn van de BBB zoals we 
hebben gezien bij gadolinium - MRI. Tevens is gebleken <lat de klinische scores, die dienen als 
een indicatie voor een parameter voor hersenschade, correleerden met de opname van 55Co. 

Aangezien de resultaten in voorgaande hoofdstukken aangeven <lat de opname van 
divalent Co-isotopen een parameter voor ischemische schade kan zijn, en PET nog steeds een 

<lure en niet alom beschikbare techniek is, onderzochten we de mogelijkheden van het gebruik 
van divalent 57Co als een SPECT-isotoop in hersenischemie, hoofdstuk 7. Uit de resultaten van 
<lit onderzoek bleek, <lat 57Co een geschikte isotoop is voor het zichtbaar maken van ischemische 
schade. Bovendien bleek, <lat de lage stralingsbelasting, stabiele binding en de lange halfwaarde 
tijd toediening in de acute fase mogelijk maakt, terwij l de opnarnes later kunnen worden 
vervaardigd als de patient klinisch meer stabiel is. In een patient werd zelfs een verhoogde opnarne 
vastgesteld tot 2 1  dagen na toediening van de Co-isotoop. 

Ongeveer 1 2  uur na het ontstaan van een infarct kan infiltratie van leucocyten worden 
gezien in en rondom het ischemische weefsel, <lit infiltraat kan dan tot 5 weken daarna blijven 
bestaan. Deze post-ischemische infiltratie van leucocyten is niet alleen een patho-fysiologische 
reactie op verwonding, maar kan ook ischemische schade verergeren gedurende reperfusie door 
obstructie van capillairen, activatie van stolling, en het vrijkomen van cytotoxische 
producten waaronder vrije radicalen. Deze reactie wordt gekenmerkt door een extra influx van Ca 
en daardoor waarschijnlijk Co. We zochten daarom naar een mogelijk overeenkomst tussen de 
opnarne van beide isotopen na ischemie. Daartoe hebben we de opname van 99"'Tc-HMPAO 
gelabelde leukocyten vergeleken met de opname van 57Co in de eerste weken na een infarct, 

hoofdstuk 8. Uit de resultaten van deze studie bleek, <lat zowel een 99"'Tc-HMPAO gelabelde 
leukocyt als 57Co SPECT een pathfysiologische reactie zichtbaar maken in post-ischemisch 
hersenweefsel, gekenmerkt door een geprikkelde reactie en veranderingen die gepaard gaan met 
ongunstige klinische prognoses. 

Concluderend kunnen we stellen, <lat uit de resultaten van de neuroimaging studies een 
opvallende gelijkenis tussen Ca2

•- en divalente Co-isotopen blijkt, zodat Co-isotopen kunnen 
dienen als een parameter voor ischemische schade en mogelijk als een prognostische index. 
Bovendien toonden we een relatie aan tussen opname van Co en de ontstekingsreactie na 
ischemie. 

Toekomstig onderzoek in longitudinale groepen bestaande uit meer homogene patienten 
kan nuttig zijn in een verdere bestudering van de rol van Co-opname na een infarct en zijn 
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vermoede klinische waarde. De klinische rol van Co-imaging zou dan kunnen liggen op het 
gebied van stratificatie van infarctpatienten, waarbij Co-imaging de ischemische schade bepaalt 
(ontstekingsreactie) na een infarct. In het bijzonder kan onderzoek van de opname van 57Co in 
patienten met een infarct die een trombolytische therapie krijgen interessant zijn, aangezien de 
doorbloeding voldoende zal zijn hersteld om de tracer in het aangetaste gebied te krijgen. 

97 



Nawoord 

Met veel plezier wil ik tenslotte op deze plaats de mensen bedanken met wiens hulp dit 
proefschrift tot stand is gekomen. 

Prof. dr. Jaap Korf, Jaap, behalve je inspirerende werking Ue eigen woorden), hebben je 
pragmatische en open kijk op onderzoek mijn onderzoekstijd op jouw afdeling tot een zeer 
leerzame periode gemaakt. Ik wil je bedanken voor de plezierige samenwerking. 

Prof. dr. Jacques De Reuck bedank ik voor de mogelijkheid om een gedeelte van mijn 
promotie-onderzoek in Gent uit te voeren, en de begeleiding die hij daarbij heeft gegeven. 

Prof. dr. Rudi A. Dierckx wil ik bedanken voor het mogelijk maken van het verrichten 
van aanvullend onderzoek in Gent, en voor de enthousiaste begeleiding die er toe heeft bij 
gedragen dat ik nu de opleiding tot nucleair geneeskundige volg. 

Hugo Jansen, de afgelopen jaren heb ik graag met je samengewerkt. Hopelijk kunnen we 
dit in de toekomst in een bourgondisch kader voortzetten. 

Alie collega's van de afdeling Biologische Psychiatrie bedank ik voor hun medewerking, 
Lammy en Willy in het bijzonder. Siert wil ik graag bedanken voor zijn hulp bij de SPECT 
studies. 

Dr. Bert A. Piers bedank ik voor het begeleiden van het SPECT onderzoek in Groningen. 
Van de afdeling Neurologie dank ik dr. Aieko de Jager, Bauke de Jong, Baii Oosterink 

en Cobi Bolwijn voor de leuke samenwerking. 
Antoon Willemsen, wat jij met computers kan doen blijft voor mij nog steeds een raadsel. 
De !eden van de promotiecommissie bedank ik voor de snelle beoordeling van dit 

proefschrift. 
Joan Bruggink, heel erg bedankt voor het maken van de tekeningen voor mijn 

proefschrift. 
Martin en Geralt, ik ben erg blij dat jullie mijn paranimfen hebben willen zijn. 
Mijn ouders bedank ik voor hun steun en de mogelijkheden die ze me hebben gegeven 

om dit te bereiken. 
Simone, aan jou ben ik de meeste dank verschuldigd, met name voor je 

onvoorwaardelijke steun en vertrouwen. 

98 



List of Publications 

Full papers: 

Stokke! MPM, Stevens H, Taphoom MJP, van Rijk PP. Differentiation between recurrent brain 
tumor and cerebral necrosis: the value of 201TI SPECT vs 18FDG using a dual head coincidence 
camera. (Submitted for publication) 

Jansen HML, Decoo D, Veenma-vd Duin L, Willemsen ATM, Paans AMJ, Stevens H, Achten 
E, Strijckmans K, De Bruyne J, Hemelsoet D, Minderhoud JM, De Reuck J, Korf J. Quantative 
assessment of PET-MRI lesion pathology in MS using 55-Cobalt. (Submitted for publication) 

De Reuck J, Stevens H, Jansen HML, Kepepns J, Strickmans K, Goethals P, Lemahieu I, 
Santens P, Korf J. Cobalt-55 Positron Emission Tomography of ipsilateral thalamic and crossed 
cerebellar hypometabolism after supratentorial ischemic stroke. (Cerebrovscular diseases 
accepted) 

Stevens H, Krop- van Gastel W, Korf J. 6°Co and 45Ca autradiography in cerebral ischemia in 
the rat brain. (Submitted for publication) 

Stevens H, Jansen HML, Willemsen ATM, Lemmerling M, De Reuck J, Korf J. 55Co-PET in 
cerebral ischemia in relation to bloodflow, oxygen metabolism and bloodvolume and MRI. 
(Submitted for publication) 

De Reuck J, Stevens H, Jansen HML, Keppenss J, Strijckmanss K, Goethals P, Lemahieu, 
Santens P, Korf J. The significanse of Cobalt-55 Positron Emission Tomography in ischeamic 
stroke. (Submitted for publication) 

Stevens H, Jakobs C, de Jager AEJ, Cunningham RT, Korf J. N-Acetyl-Aspartate (NAA) and 
Neuron Specifik Enolase (NSE) as a peripheral markers for cerebral damage (a comparitive 
study). (Submitted for publication) 

Stevens H, Van der Wiele Ch, Jansen HML, De Reuck J, Dierckx RA, Korf J. A SPECT-study 
to compare 57Cobalt and 99mTc-HMPAO labeled leucocytes in visualising ischemic infarcts. 
(Journal of Nuclear Medicine, 1998 ; 39: 495-498) 

Stevens H, Knollema S, Van der Wiele Ch, Jansen HML, de Jager AEJ, Piers DA, De Reuck J, 
Dierckx RA, Korf J. 57Cobalt as a SPECT-tracer in visualising ischemic infarcts and it's relation 
to clinical outcome. (Nuclear Medicine Communications, in press) 

Stevens H, Knollema S, De Jong GI, Korf J, Luiten PGM. Differential effects of chronic food 
restriction, Deprenyl and Nimodipine on life expectancy and blood pressure of spontaneously 
hypertensive stroke prone rats. (Neurobiology of Aging, in press) 

Stevens H, Jansen HML, De Reuck J, Lemmerling M, Srijckmans K, Goedhals P, Lemahieu I, 
de Jong BM, Willemsen ATM, Korf J. 55Co-PET in stroke: relation to cerebral blooflow, oxygen 
metabolism and gadolineum MRI. Proceedings, Acta Neurologica Belgica 1 997; 97: 1 72- 1 77 

99 



Stevens H, Jansen HML, De Reuck J, Korf J. Imaging of stroke. In Clinical pharmacology of 
cerebral ischemia. 3 1 -4 1 .  Eds. G .J. ter Horst and J. Korf, Humana Press, 1 997. 

Jansen HML, Stevens H, Joosten AAJ, Knollema S, Piers DA, de Jager AEJ, Minderhoud JM, 
Korf J. 57-Cobalt: a SPECT tracer for local brain damage. In: SPECT in Clinical Neurology, 
467-47 1 .  Eds. DeDeyn PP, Dierckx RA, Alavi A, Pickut BA, London: John Libbey, 1 997. 

Plotz FB, Stevens H, Okken A, Barn bang Oetomo S. Distribution of a second dose of exogenous 
surfactant in rabbits with severe respiratory failure Pediatric Research, 1 995; 37 :  476-48 1 .  

Visser GHA, Mulder EJH, Stevens H ,  Verweij R. Heart rate variation during fetal behavioural 
states I and 2. Early Human Development, 1 993 Sep;34( 1 -2): 2 1 -8. 

Abstracts 

Stevens H, Jansen HML, Lemmerling M, de Jong BM, Willemsen ATM, De Reuck J, Korf J. 
55Co-PET in cerebral ischemia in relation to bloodflow, oxygen metabol;ism and Gd_MRI. 
European Journal ofNuclear Medicine, 1 997; 24 (8): 9 1 5  40. 1 

Stevens H, Vd Wiele Ch, De Reuck J, Jansen HML, Dierckx RA, Korf J. A SPECT-study to 
compare Cobalt-57 Technetium-99m-HMPAO labeled leucocytes in visualizing ischemic 
infarcts. Journal of Nuclear Medicine, 1 997; 38 suppl :278P. 

Stevens H, V.d. Wiele Ch, Knollema S, De Reuck J, Piers DA, de Jager AEJ, Dierckx RA, Korf 
J. 57Co-SPECT as imaging modality in ischemic infarcts and relation to clinical outcome. 
Tijdschrift voor Nucleaire Geneeskunde, 1 996; 1 8 : 1 72. 

Stevens H, Vd Wiele Ch, De Reuck J, Jansen HML, Dierckx RA, Korf J. 57Co and 99Tc-m 
HMP AO labeled leucocytes SPECT in visualizing cerebral ischemia. European Journal of 
Nuclear Medicine, 1 996; 23 : 1 200 PMo674. 

Stevens H, Knollema S, Piers DA, Akkerman G, Venema L, Kool W, de Jager AEJ, Korf J. 
57Co2+ as a SPECT tracer in visualizing ischaemic infarcts. Journal ofNeurochemistry, 1 996; 
66 suppl 2: S69B. 

Stevens H, Jakobs C, Venema L, de Jager AEJ, Korf J. N-Acetyl-aspartate as aperipheral marker 
for cerebral damage. Journal ofNeurochemistry, 1 996; 66 suppl 2, S69C. 

Stevens H, Knollema S, Piers DA, Akkerman G, Venema L, Kool W, de Jager AEJ, Korf J. 
57Co2+ as a SPECT tracer in visualizing ischaemic infarcts. Journal of Neurology, 1996; 243 
suppl 2, S l 05. 

Stevens H, Vd Wiele Ch, De Reuck J, Jansen HML, Dierckx RA, Korf J.  57Co and 99Tc-m 
HMPAO labeled leucocytes SPECT in visualizing cerebral ischemia. Journal of Neurology, 996; 
243 suppl 2, S I 07.  



Stevens H, Jakobs C, Venema L, de Jager AEJ, Korf J. N-Acetyl-aspartate as aperipheral marker 
for cerebral damage. Journal of Neurology, 1996; 243 suppl 2, S I  O I .  

Jansen HML, Stevens H, Crevits L, Dierckx RA ,  Korf J ,  Minderhoud JM, De Reuck J. The 
application of Cobalt as a Ca-analogue in nuclear neurology. Clin Neural Neurosurg 1996; 98: 
3 19 (abstract no. 8). 

Stevens H, Johnson LH, Abassi S, Bhutani VK. Development of an automated noninvasive 
technique to measure expired ethane & pentane in preterm infants Pedeatric Research, 1994 
April; 35(4-2): 32 1A. 

10 1 



Curriculum Vitae 

Henk Stevens werd geboren op 25 mei 1967 te Roden. Na de middelbare schoolopleiding 
is hij in 1 987 gestart met de studie Geneeskunde aan de Rijksuniversiteit Groningen. Gedurende 
zijn studie is hij werkzaam geweest als student-assistent bij de vakgroep anatomie en als tutor 
voor eerste jaars geneeskunde studenten. In april 1 992 werd het doctoraal examen behaald en in 
februari 1995 het arts-examen. Tijdens zijn studie is hij, door toekenning van de PENN-prijs, een 
half jaar werkzaam geweest als onderzoeksmedewerker op de afdeling Newborn Pediatrics (Dr. 
Lois H. Johnson) van het Pennsylvania Hospital, University of Pennsylvania, Philadelphia, USA. 
Van februari 1 995 tot maart 1997 is hij werkzaam geweest als arts-onderzoeker bij de vakgroep 
Biologische Psychiatrie (Prof. dr. J. Korf) van het Academisch Ziekenhuis Groningen. Gedurende 
deze periode is hij tevens 6 maanden werkzaam geweest als arts-onderzoeker op de afdelingen 
Neurologie en Nucleaire Geneeskunde (Prof. dr. J. de Reuck en Prof. dr. R.A. Dierckx) van het 
Universitair Ziekenhuis Gent, Belgie. Vanaf maart 1997 is hij werkzaam als arts-assistent op de 
afdeling Nucleaire Geneeskunde van het Academisch Ziekenhuis Utrecht alwaar hij per maart 
1998 de opleiding volgt tot nucleair geneeskundige (opleider Dr. P.P. van Rijk). In het kader van 
zijn opleiding tot nucleair geneeskundige is hij sinds maart 1 998 werkzaam als assistent interne 
geneeskunde in het Eemland Ziekenhuis te Amersfoort ( opleider: dr. A. van de Wiel), waarna 
hij de opleiding tot nucleair geneeskundige verder zal vervolgen in het Academisch Ziekenhuis 
Utrecht . 

102 


	stevens kaft
	H.Stevens stellingen
	stevens 0
	stevens 5
	stevens 20
	stevens 35
	steve 50
	ste 65
	ste 81
	ste 97

