
BRAIN SPECT WITH TL-201 DDC

INIS-mf — 1 1 3 6 1



BRAIN SPECT WITH TL-201 DDC



BRAIN SPECT WITH TL-201 DDC

ACADEMISCH PROEFSCHRIFT

ter verkrijging van de graad van doctor

aan de Universiteit van Amsterdam,

op gezag van de Rector Magnificus
Prof, dr S.K. Thoden van Velzen,

in het openbaar te verdedigen in de Aula der Universiteit
(Oude Lutherse Kerk, ingang Singel 411, hoek Spui),

op donderdag 21 april 1988 te 13.30 uur

door

Johan Frederik de Brume

geboren te 's Gravenhage

AMSTERDAM 1988



Promotor : Prof, dr J.B. van der Schoot
Copromotor : Dr E.A. van Royen



To my parents
Joey, Joost and Duco



The publication of this thesis was financially supported by:

The Netherlands Heart Foundation
CIL, BV, Mallinckrodt
General Electric Medical Systems

Printed in the Netherlands
Rodopi B.V., Amsterdam
ISBN: 90-900-2127-2



Contents

Chapter 1: Introduction 1

Chapter 2: Current methods in neuroimaging and cerebral blood
flow measurements 5

2.1. Angiography and digital subtraction angiography 5
2.2. Duplex sonography 7
2.3. Technetium-99m pertechnetate brainscintigraphy 8
2.4. Regional cerebral blood flow measurements with

Xenon-133 8
2.5. Computed tomography and Xenon-enhanced

computed tomography 9
2.6. Nuclear magnetic resonance imaging 13
2.7. Positron emission tomography 15
2.8. Single-photon emission computed tomography 16
2.9. Regional cerebral blood flow imaging and blood-

brain barrier 25
2.10. Cerebral blood flow tracers for SPECT 27
2.11. Possible applications of SPECT brain studies 32

Chapter 3: Functional brain imaging with 1-123 amphetamine
First experience in the Netherlands 53

Chapter 4: Thallium-201 diethyldithiocarbamate 69

4.1. Introduction 69
4.2. Pharmacology 70

4.2.1. Sodium diethyldithiocarbamate 70
4.2.2.Thallium-201 diethyldithiocarbamate 70

4.3. Toxicology and adverse reactions 71
4.3.1.Sodium diethyldithiocarbamate 71
4.3.2.Thallium-201 diethyldithiocarbamate 72

4.4. Absorbed radiation dose 72



Chapter 5: An autoradiographic evaluation of Thallium-201
diethyldithiocarbamate in rabbit brain 77

Chapter 6: Thallium-201 diethyldithiocarbamate: An alternative
to Iodine-123 n-isopropyl-p-iodoamphetamine 87

Chapter 7: Cerebral blood flow imaging with Thallium-201 diethyl-
dithiocarbamate SPECT 99

Chapter 8: Thallium-201 diethyldithiocarbamate SPECT imaging
in acute stroke 113

Chapter 9: Uptake of Thallium-201 diethyldithiocarbamate in

brain tumours 125

Chapter 10: Conclusions and discussion 137

summary 141

samenvatting 144

acknowledgements 148



Chapter 1

Introduction

The superposition of structures or activity distribution on respecitvely, a
radiographical and a sinctigraphical image, is an undesirable consequence
of these two-dimensional imaging methods. In radiology this problem was
recognized very early, and already in the nineteen-twenties tomography
was developed by several independent investigators. Among others,
Ziedses des Plantes' used a method of blurring everything situated outside
a plane of interest by moving the X-ray tube and film in an opposite
direction during exposure. Although this method is presently referred to as
conventional tomography, it is still a useful procedure in daily radiology
practice. A second "tomographic" technique, called body-section radio-
graphy, was used to obtain images of the transversal plane of the body2.
The X-ray tube remained stationary, while patient and film moved
circulary. Another early radiographic method is serioscopy3. Using only a
few exposures made from different angles on multiple films which are piled
on top of each other, it is possible to view an infinite series of parallel
planes in succession. The same principles, but modified, were suggested for
scintigraphic images by Kuhl in 19634.

It was not until 1973, with the introduction of computed tomography,
that modern computers could be used for tomography in radiology (CT),
nuclear medicine (PET and SPECT) and NMR, applying already existing
mathematical concepts of image reconstruction. The introduction of CT
brought a revolution to neuroimaging: it led to a substantial decrease of
invasive methods such as pneumoencephalography and angiography. The
diagnosis of brain disease can now be established at an earlier stage than
before the CT era. But CT did not revolutionize medicine, nor did it much
influence the final outcome of many neurologic diseases. Although a
confident diagnosis of brain tumour now can be made at an early stage, it is
not likely that mortality has been dramatically influenced by CT. The
better prognosis of primary brain tumours today, is also influenced by
other factors, for instance the more advanced surgical technique5. Also,
the impact of CT on the final outcome of stroke will probably be
regrettably low. Unlike ischaemic events in cardiology, imaging proce-
dures do not considerably influence the clinical management of the patient



suffering from acute stroke, apart from the differentiation haemorrhagic
or non-haemorrhagic when anticoagulant therapy is considered. Acute
medical intervention is just beginning to be introduced in clinical
neurology. In dementia and epilepsy CT has no positive diagnostic value,
although it may be helpful to exclude other organic brain diseases.

One of the important credits of CT is that it has stimulated a rapid
development of functional tomographic imaging (PET, SPECT and
possibly NMR). Looking at function, rather than at morphology, will not
revolutionize medicine either, but it may become helpful to study the
pathogenesis of neurological diseases and be especially of value to measure
the effect of medical intervention.

SPECT is often referred to as being "the poor man's" PET, suggesting a
difference in the cost. This is evident in the purchase as well as in the
operation of the systems. But this was not, nor is it now, the most
important difference. SPECT suffered from a lack of sufficient radio-
pharmaceuticals for regional cerebral blood flow (rCBF) imaging, and still
no metabolic tracer has been developed for SPECT. Several years ago
Iodine-123 amphetamine (1-123 IMP) was the only rCBF tracer for
SPECT, available once or twice a week. At present, with the advent of
Thallium-201 DDC and Technetium-99m HMPAO, rCBF imaging with
SPECT is possible 24 hours a day, thus enabling the study of acute
ischaemic disease in neurology.

The use of Thallium-201 DDC as a rCBF tracer for SPECT was
proposed by Arno Vyth6, a pharmacologist of the Academic Medical
Center in Amsterdam. The initial experiments in vitro and in rats
suggested that Thallium-201 DDC had the potential to become a rCBF
tracer.

Several questions were formulated and used as a guide for the animal and
human studies presented in this thesis.
1. What are the uptake kinetics of Thallium-201 DDC in several organs of
interest in the rabbit, and how do these relate to the known rCBF tracer for
SPECT, Iodine-123 IMP?
2. Is there sufficient accumulation and retention of Thallium-201 DDC
within the rabbit brain, and how are these parameters related to those of
the known rCBF tracer for SPECT, Iodine-123 IMP?
3. Does the activity distribution within the rabbit brain following
Thallium-201 DDC injection represent regional cerebral blood flow? Does
the initial distribution persist for at least 30 min, in order to enable imaging
with SPECT?
4. What are the uptake kinetics of Thallium-201 DDC in the human
brain? Does it have a fixed distribution for a prolonged time?



5. Is Thallium-201 DDC SPECT able to detect areas of decreased regional
cerebral blcod flow in patients with acute ischaemic disease? If so, how do
these areas relate to CT-findings?

In chapter 2 the current neuroimaging methods are discussed briefly with
special attention to computed tomography in a broad sense (CT, PET,
SPECT and NMR). In the first year of this study, during the animal
experiments with Thallium-201 DDC, experience was obtained with
SPECT using 1-123 IMP in collaboration with the Dutch IMP work-
group. The results of this study are presented in chapter 3. The properties
of DDC and Thallium-201 DDC and the results of animal and human
studies with Thallium-201 DDC are presented in chapters 4-9. In the last
chapter the formulated questions about Thallium-201 DDC will be
answered.
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Chapter 2

Current methods in neuroimaging and cerebral blood
flow measurements

2.1. Angiography and digital subtraction angiography

The number of indications for catheter angiography has decreased since
the introduction of computerized tomography (CT). In many instances
angiography is still employed as a modality in the work-up of patients with
brain disease especially when surgery is needed. Angiography is performed
in the case of subarachnoid bleeding which has already been detected with
CT, to determine the localisation and configuration of aneurysms1. In
patients with primary brain tumours, solitary metastases and vascular
malformations who are to be operated on, angiography is often performed
to evaluate the blood supply12. Occasionally angiography is needed in the
differential diagnosis of intensively contrast enhancing masses on CT
(meningioma, pituitary adenoma, aneurysm)1. In addition, in suspected
arteritis angiography can reveal the extent of the disease1. Angiography
cr.n be of importance when information is needed about plaques, stenosis
and occlusions of the carotid and vertebral arteries in patients with
transient ischaemic attacks (TIA's) and stroke1'3. Collateral pathways of
blood flow can be accurately delineated.

In most indications, both intra-and extracranially, conventional angio-
graphy can be replaced by intra-arterial digital subtraction angiography
(I ADS A)4-5. This method has several important advantages2-4-5'6:
1. reduction of examination time
2. less contrast material needed
3. reduction of film cost
4. on-line subtraction.
5. helpful during interventions such as embolization and percutaneous

transluminal angioplasty
Disadvantages of IADSA compared to conventional angiography are
1. single plane imaging,
2. decreased spatial resolution5

3. poor image quality in restless patients.



Although most of the presently used DSA equipment (5!22 matrix) has a
limited spatial resolution relative to conventional screen film systems,
cerebral angiography by IADSA is quite comparable to the conventional
technique. The contrast sensitivity of the DSA system enables the
detection of small amounts of contrast as seen in very small vessels7.
Spatial resolution, as measured j o m lead-bar test pattern images, can be
improved by 70% or more using a 10242 matrix. Kelly et al described their
initial experiences with the 10242 matrix7. The 10242 matrix combined with
a 9-inch image intensifier (II) mode showed details not always seen on the
9-inch II when a 5122 matrix was used, however in no case the basic
diagnosis was missed with the 5122 matrix. The DSA system is used as an
adjunct to the conventional angiography equipment.

Imaging starts before contrast administration and this information is
digitized and stored as "mask" in memory 1. After contrast administration
imagss are made (1-4/sec) and stored in memory 2. The "mask" is
subtracted from each contrast-containing image and displayed on a
monitor. Postprocessing (employing another "mask" or pixel shift) can be
used to correct for patient movement.

Instead of the use of selective arterial catheterisation of the vessels,
digital subtraction angiography can also be used when the contrast
medium is administered intravenously (IVDSA). Large amounts of
contrast medium are needed (40 cc/serie). Several limitations of IVDSA
are mentioned in literature: low arterial contrast in patients with diminish-
ed cardiac output, superimposing of elongated arteries; and artifacts
originating from movements of the larynx27-8-9. IVDSA cannot be used for
accurate imaging of the intracranial vascular structures2-10.

Is there a place for IVDSA in evaluating the brachiocephalic vessels?
Despite the limitations mentioned, the lower invasiveness (compared to
conventional angiography) and the possibility of an out-door basis made
IVDSA popular for screening and evaluating patients with suspected
diseaseof the brachiocephalic vessels7-8-9. Several reports"-12-13 comparing
IVDSA and duplex sonography in assessing carotid atherosclerosis
indicate that both techniques correspond closely to each other. This is
based on the frequency of technically inadequate examinations and on the
estimation of the severity of the disease. Because duplex sonography does
not require contrast injection1213 and is cheaper and quicker to perform13,
it therefore may be the screening method of choice in patients with
suspected cerebrovascular disease. In case of an inadequate duplex study
an IVDSA can be performed for additional information13; for example in
case of a high bifurcation11. IVDSA is also better able to demonstrate the
origin of the brachiocephalic vessels12. When a carotid endarteriectomy is
indicated a conventional angiography (or IADSA) can be performed,



although an adequate IVDSA study can be sufficient in moderate or severe
disease as suggested by Glover et al".

2.2. Duplex sonography

Atherosclerotic disease of the carotid bifurcation is correlated with the
occurrence of TIA's and stroke1-2. Several non-invasive methods are used
to detect stenosis of the internal carotid artery or bifurcation. Indirect
techniques, such as ocular-pneumoplethysmography3-4-5, peri-orbital
Doppler studies67 and direct Doppler investigation8 of the carotid artery
will detect only haemodynamic significant stenosis9, while smaller plaques
are missed1.

Duplex sonography gives anatomic as well as functional information on
carotid arteries and blood flow. If a high resolution real time transducer
(7-10 MHz) is combined with a 3-4.5 MHz pulsed Doppler transducer, the
extracranial vascular structures can be evaluated12-910. Identification of
morphology and composition of the plaque may be possible. Highly
reflective areas presumably represent fibrous or fibrocalcific plaques,
whereas sonolucent or heterogenious areas may represent haemorrhage,
ulceration or necrosis10-1 u 2 . It is suggested that the presence of intraplaque
haemorrhage plays an etiologic role in the development of embolism"12.
The possibility of detecting ulceration is still under discussion10. Per-
centage stenosis in the transversal plane can be determined '-\ Using the
Doppler shift signal, spectral analysis can be performed. Haemodynamic
data (for example flow in cm/sec) are calculated by the computer
throughout the cardiac cycle. Disease is recognized by an increase of the
maximum flow velocity at a stenotic area and spectral broadening caused
by poststenotic turbulent flow instead of the normal laminar flow. A
review by Cardullo of 16 published studies, in which a total of 2168
arteriograms were correlated with duplex sonography revealed a sen-
sitivity of 95% and specificity of 73% for the detection of stenosis by the
latter technique9. Not only in symptomatic, but also in asymptomatic
patients, haemodynamic significant lesions can be detected and followed
in the course of time. The combination with other non-invasive tests like
ocular-pneumoplethysmography and peri-orbital Doppler studies is
suggested14-15.

Recently, a 2 MHz pulsed wave Doppler transducer had been used
transcranially or transorbitally for blood flow velocity measurements of
the major arteries of the base of the brain16-17'18.
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2.3. Technetium-99m pertechnetate brain scintigraphy

In the work-up of a patient with a suspected brain lesion nowadays there is
virtually no indication for "classical" brain scintigraphy using a gamma
camera. The introduction of computerized tomography (CT) made brain
scintigraphy superfluous because of the better anatomic detail provided by
CT.

Before the CT era, brain scintigraphy was the only non-invasive
technique for imaging tumours, vascular malformations and infarctions1-2.
The radiopharmaceuticals used for this type of scintigraphy accumulate in
tumours and in areas with an altered blood-brain barrier (BBB). The latter
makes it possible to detect infarcts several days or weeks after the event in
analogy to contrast enhanced CT. Technetium-99m pertechnetate and
Technetium-99m glucoheptonate have been most commonly used in this
respect. A disadvantage of Tc-99m pertechnetate compared to Tc-99m
glucoheptonate is its uptake in choroid plexus, thyroid and salivary glands,
which has to be blocked by giving perchlorate prior to the study2.

In most instances the radiopharmaceutical is administered (IV) while
the patient's head is positioned under the gamma camera in order to obtain
serial imaging of the cerebral circulation (dynamic brain scintigraphy). It is
possible to calculate left/right ratios of kinetic parameters obtained with
dynamic brain scintigraphy, in order to determine areas with hypo- or
hyperperfusion. Static planar images (in different positions) or tomo-
graphic images are made 3 hours after the injection in different positions
for optimal visualisation of pathological activity. As stated before, brain
scintigraphy has been almost totally replaced by CT.

2.4. Regional cerebral blood flow measurements with Xenon-133

Although originally not an imaging method, rCBF measurement with
radioactive noble gas is discussed briefly in this chapter because it has
historical importance and because Xenon-133 is presently used as a rCBF
tracer for SPECT (see chapter 2:10). The quantification of rCBF started in
1945 with the work of Kety and Schmidt1-2. They employed N ,0 to
calculate mean hemispheric blood flow. After inhalation the concentration
of N2O was measured from samples of carotid artery and jugular vein when
saturation had been reached.

For rCBF measurements, Lassen (1961) used Krypton-85 which was
introduced directly in the internal carotid artery23. The clearance of
Krypton-85 from the brain was measured by a scintillation detector. Later
on Xenon-133 has been proposed instead of Krypton-852-4. Both Krypton
and Xenon diffuse freely across the BBB. At present Xenon-133 is used by



inhalation or intravenous injection while the clearance from the brain is
measured by multiple external detectors, placed closely to the skull. The
clearance curve of each detector is used for rCBF calculation (in
ml/min/100 gram) of the underlying brain area and is compared to the
contralateral side. A two-compartment model is used for analysis of the
measured values. The gray matter (first compartment) shows a higher
washout because of the higher flow than the white matter (second
compartment). Part of the clearance curve of the second compartment is
caused by extracercbral tissue as skull, skin and mouth25. In addition a
stochastic method can be used in which the slope and the surface of the
area under the clearance curve are calculated in order to measure blood
flow25. The introduction of a more simple method which determines the
initial slope index (I.S.I.), has been of clinical importance6. The I.S.I, is
calculated from the slope of the 2 to 3 min interval of the clearance curve2.

A drawback of the clearance method is that superficial areas with
substantial ischaemia may be missed due to cross talk from deeper areas
with normal rCBF7. According to Lassen this "look-through phenom-
enon" can effectively be avoided with a tomographic approach using a
special device8. An advantage of simple rCBF measurement with the
Xenon-133 clearance method is the mobility of most devices. It may be
used for example in the operating theatre or intensive care unit, if the
precautions for working with radioactive material have been taken care of.

2.5. Computed tomography and Xenon-enhanced computed tomography

Within a few years after the initial reports of Hounsfield1 and Ambrose2 in
1973 computed tomography (CT) obtained a dominant role in neuro-
radiology, making Tc-99m brain scintigraphy almost superfluous. For the
first time, intracranial soft tissues could be directly visualized and even
gray and white matter were seen separately although the differences in
attenuation are very small. CT is not only successfully used in neuro-
radiology, but has also found wide application in the radiological
investigations of other parts of the body.

A collimated fan-like X-ray beam is transmitted through only one slice
of the body. At the opposite side of the body, a detector registers the
intensity profile of the non-attenuated part of the X-ray beam. Both the
X-ray tube and the detector are rotating around the body, in order to
sample a great number of intensity profiles from 'different angles of the
slice. CT scanners of the fourth generation use only a rotating tube and a
stationary ring of detectors. From these intensity profiles transversal
images are calculated by a computer employing a mathematical method
called filtered backprojection. Each picture element (pixel) represents a
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volume element (voxel) containing the numerical value of average
attenuation (=Hounsfield units) across the entire slice34-5-6. These units
are converted into a gray scale and displayed as an image. By moving the
table with the patient step by step through the system, multiple transversal
slices of the brain or other parts of the body can be obtained.

In neuroradiology CT is in most instances the examination of first
choice in patients with suspected brain disease e.g. infarction, bleeding,
tumour and vascular malformation. In severe trauma patients CT is very
useful to evaluate fractures, haemorrhage and oedema. CT can be used as a
screening method in patients with epilepsy, cephalea and dementia to
exclude morphologic causes.

The injection of contrast medium visualizes lesions not seen on the
non-enhanced study, or helps to determine the nature of an already visible,
but not conclusive abnormality. Contrast material enhances only normal
or abnormal vascular structures because it does not pass the intact BBB. In
case of infarctions (BBB break down) or brain tumours (BBB absent)
contrast medium accumulation outside the vessels can be present4-5.
Contrast enhancement also occurs in other lesions e.g.: infection, abcess
and multiple sclerosis7.

The aspect of ischaemic lesions on CT will be discussed in more detail
since it is pertinent to the study of ischaemic brain disease by SPECT.
Although CT offers only morphologic information, more from the image
can be derived than merely the statement: "it is zn infarction". Four items
are of interest:
a. localisation
b. density
c. mass effect
d. contrast-enhancement
Ad a. The localisation of the infarct may give information on the cause.
For instance, infarction at the borderline of the vascular territory of 2
cerebral arteries is mostly caused by a decreased perfusion pressure, so
called watershed or borderzone infarctions4-8. A decreased perfusion
pressure can originate from a low cardiac output, stenosis, occlusion or
arteriovenous shunting of the cervical vessels4-8. Other infarctions are of
thrombotic origin. This can be local, from an atherosclerotic diseased
carotid artery or from the heart4. Small deep cerebral infarctions are
associated with hypertension and cerebral atherosclerosis9.
Ad b. A hyperdense lesion, visualized with a non-enhanced CT in a
patient with an ischaemic attack represents haemorrhage in the infarcted
area. This is of clinical importance if therapy with anticoagulants is
considered. However, a hypodense lesion is a more frequent finding.
According to Bories et al10, the density of the affected brain area starts to
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decrease 24 hours after the onset of stroke, although this may be earlier in
some instances. Inoue et al" found a hypodense CT lesion in 11 out of 23
cases (48%), studied during the first 24 hours. This is comparable with our
own findings; 50% (8 out of 16) of the CT scans were positive when
hypodensity of the lesion was used as the criterion (see chapter 8). Valk
reported a hypodense lesion in 10% during the first 24 hours4. Difference in
the CT equipment used, being of a former generation, is probably the
reason for this lower frequency. Inoue found no scans positive between 0-3
hours after the event''. From our own experience the earliest time at which
a CT study became positive was 2.5 hours after the initial event. The
hypodensity is poorly defined and barely visible in the beginning, but
becomes more prominent during the first few days and is well-defined after
the tenth day in a large majority of cases10. During the second and third
week the hypodense area may diminish or disappear completely. This is
called the "fogging effect"1012. This period correlates with the resorption
stage of the infarct. Phagocytosis of the necrotic tissue has started and
oedema is not longer present'2. According to Becker et al this is confirmed
by the lack of mass effect at this point12. In addition, the disappearance of
the oedema itself may result in this "fogging effect". Beyond this period the
infarcted area will become hypodense again. This correlates with the
conversion of phagocytized material into neutral fat12. Finally the area
may become cystic and isodense with cerebrospinal fluid10-12.

Ad c. The mass effect which is seen on the CT image in patients suffering
from recent stroke may be seen before or at the same time when a
hypodense lesion becomes apparent10. Obliteration of the sulci in the area
overlying the infarct or even compression of the ventricles and midline
displacement characterize the mass effect10. This mass effect is caused by
augmentation of the brain volume due to oedema or vascular en-
gorgement13. The latter results from an increased blood volume caused by
paralysis of the vascular wall which goes along with ischaemia and injury
of the brain and does not lead to hypodensity13.

Brain oedema was originally subdivided in two categories: vasogenic
and cytotoxic oedema. In addition, interstitial and ischaemic oedema were
defined later on1415. Oedema is characterized by a decreased density on
CT. The features of the different types of oedema will be discussed briefly
because they result in different CT patterns which may help to identify the
underlying pathology14'15.

Vasogenic oedema: the white matter is especially vulnerable to this type,
which explains the "finger-like" appearance on CT. Vasogenic oedema
can accompany primary and metastatic brain tumours, abcesses and
haematomas.

Ischaemic oedema: a decreased density is found, both affecting gray and
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white matter. Beside cerebral infarctions, this form of oedema is also seen
in cases of severe head trauma with contusion.

Cytotoxic oedema: while in the two previous types of oedema the
swelling of the brain tissue is caused by an increased volume of the
extracellular space; in cytotoxic oedema there is a swelling of the individual
glial and neuronal cells in white and gray matter. This form is seen in
anoxia and brain death, but can also accompany arterial occlusion.

Interstitial oedema: due to the movement of cerebrospinal fluid across
the ventricular wall in cases of obstructive hydrocephalus, oedema
develops in the periventricular white matter.

Ad d. In the second and third week after onset of stroke, contrast-
enhancement of the infarcted area is most prominent4. This is also the
period during which the "fogging effect" is observed12. The mechanism of
contrast enhancement is not clearly understood. Probably various factors
are at work. It is generally accepted that the enhancement is mainly caused
by extravasation of the contrast410". Alteration of the BBB and neo-
vascularisation (without a BBB) may be involved4-1011. The contribution
of intravascular components such as hyperperfusion, early draining veins
and luxurious perfusion are probably of minor importance41011.

According to Pullicino and Kendall, the timing, density or pattern of
enhancement bears no relation to the clinical outcome of stroke patients16.
The final outcome of a patient in whom the infarcted area enhances on the
CT image after contrast medium injection is significantly poorer than of a
patient without enhancement16-17. It has been suggested that the extra-
vasation of contrast material may have a deleterious effect on potentially
viable neural tissue17. Therefore the routine use of contrast material is not
advised because in most cases its administration is not necessary for
diagnosis or clinical management.

Xenon-enhanced computed tomography
In addition to the purely morphologic information derived from the CT
images it is possible to use stable non-radioactive Xenon as a contrast
medium to enhance the CT image and calculate rCBF1822 For each slice
that will be investigated, two baseline scans are made. A one-way, semi-
closed delivery system is used for the inhalation of a subnarcotic
concentration of Xenon (30-35% )20. The concentration of Xenon in the
expired air is measured, because the end-tidal concentration is assumed to
be proportional to the arterial concentration20. After about 1.3 minutes of
Xenon inhalation several images are made for each level during a five
minute inhalation period. The baseline scans are averaged in order to
reduce noise levels, and substracted from the Xenon-enhanced scans,
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which upon blood flow images are obtained20. A mono-compartmental
equation according to Kety is solved for each voxel to derive the blood-
brain partition coefficient and rCBF20-23. The rCBF data are displayed in a
gray scale representing values in ml/min/100 gr.20-22.

One of the advantages of this technique of rCBF measurement is the
possibility of correlating rCBF and anatomy in the same slice. Regions of
interest for rCBF measurement can be drawn very accurately on the CT
images20-22. Another advantage is the widespread availability of CT
scanners20-21. A disadvantage of Xenon-enhanced CT is the high exposure
of a limited brain volume to radiation because of the repeated scanning on
one level (multiplane study with one baseline and two enhanced scans:
15-20 rads)19.

Although a subnarcotic concentration of Xenon is used, rCBF values
are probably affected by Xenon itself. Junck et al found a significant
increase of rCBF in rats, especially in the neocortical regions while using
40% Xenon23. An increase of rCBF was also found in baboons using 35%
Xenon24. No human data are available yet.

2.6. Nuclear magnetic resonance imaging

Although of recent clinical interest, the principle of nuclear magnetic
resonance (NMR) is not a recent discovery. It has already had widespread
use as an analytical method in chemistry and physics. The development of
large bore magnets with highly stable magnetic fields in conjunction with
computer image reconstruction has made it possible to reveal human
anatomy and biochemical and physiological changes in vivo1. In this
context the basic principles will be discussed only very briefly. For a more
comprehensive explanation of the basic principles one is referred to
references 2 and 3.

The NMR image which is displayed on the screen is reconstructed from
signals originating from atomic nuclei in the body. Every nucleus is build
up out of protons and neutrons. These protons and neutrons rotate around
their axes and cause, at an odd number, a rotation of the nucleus. Because
the nucleus is charged, the rotation generates a magnetic field. The axes of
all neighbouring nuclei are oriented at random. In most NMR studies the
hydrogen nucleus is studied. When placed in a strong magnetic field, the
axes of the hydrogen nuclei tend to line in a parallel ("up") or antiparallel
("down") direction with a preference for the parallel direction which is
coupled to a lower energy state. When a radiofrequency (RF) signal is
applied in a direction perpendicular to the long axis of the magnetic field
the nuclei may flip from the "up" to the "down" direction while they
absorb the RF energy. This is only possible when a special frequency is
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used which matches the so-called specific frequency of the nucleus
(Larmor frequency). When the radiofrequency signal is turned off, nuclei
will start to realign with the magnetic field. While returning to the lower
energy state of alignment they emit the absorbed RF energy in the form of a
specific radiofrequency signal. The resultant of all individual RF pulses
from back flipping nuclei is measured by a RF coil, which forms the basic
information for the NMR image. Up to now the NMR images for clinical
use have been obtained from signals of Hydrogen nuclei (H). Manipula-
tion of the RF signal and the application of spatial magnetic gradients
enable us to obtain 3-dimensional information on proton-density and
some of their binding characteristics within the molecular structure.
Special RF pulsing techniques have been developed to measure tomo-
graphically the so-called Tl value (spin-lattice relaxation time) which is a
time constant of the time it will take until all hydrogen nuclei are flipped
back to the parallel position. T2 is another characteristic value of the
received RF signal which is called spin-spin relaxation time and depends
on the magnetic interaction of the resonant nuclei within the molecular
structure. Tl is longer than T2 (in organ tissue). In fluid with low viscosity
Tl and T2 are close together. All types of different images may be
obtained. They can be purely dependent on one, or are based on a
combination of parameters.

The same organ, displayed with different parameters dominating, can
give a completely different impression and reveal different information.
For example, an image of the brain displayed as a proton-density image,
shows no difference between gray and white matter1. The proton
concentration of gray and white matter is the same. Because gray matter
contains 14% more H2O than white matter, a Tl dependent image shows
good contrast since the Tl value depends merely on the amount of water
present1.

Some aspects of NMR brain imaging will be discussed in the following.
One of the advantages of NMR over CT is the lack of artefacts caused by
bone in the posterior fossa1-3. Weak or no signals are emitted from
compact bone and this is displayed black on the monitor. The possibility
obtaining sagittal images of the brain-stem and spinal cord is a tremendous
improvement over CT. Furthermore the myelum is seen within the liquor
cerebrospinalis when the proper pulsing techniques are chosen. Brain
tumours and surrounding oedema are sometimes difficult to separate from
each other with NMR3. Tissue differentiation is possible when para-
magnetic substances, for instance Gadolineum-DTPA, are administered
as a NMR contrast agent. These paramagnetic substances increase the
signal intensity by shortening the relaxation time3. Accumulation in the
tumour is possible and comparable with the contrast enhancement used
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with CT (chapter 9, fig. 3). NMR is superior to CT in detecting white
matter lesions, for example those seen in multiple sclerosis1-3.
Brain infarctions are already visible after 90 min3 and in an experimental
animal model even 30 min after the event4. Brain-stem infarcts, often
invisible with CT, are easily detected with NMR5. NMR can image
infarctions because ischaemia increases the tissular water content, which
prolongs relaxation times6.

So far we have discussed the capability of NMR to obtain superior
morphologic tomographic images based on the NMR characteristics of
Hydrogen-1 in various tissues. It is also possible to obtain NMR signals
from other nuclides with a net nuclear spin e.g. Phosphorus-31 (P-31) and
Sodium 23 (Na-23)7>8>9. However, much stronger magnetic fields have to be
used and spatial resolution and sensitivity are relatively poor. Changes in
adenosine triphosphate (ATP) biochemistry can be determined in vivo7.
Because intracellular sodium concentrations increase 3 to 3.5 times in
malignant cells89, Na-2*3 imaging in tumours may give an index of mitotic
activity8. It seems to be possible to monitor not only morphologic changes,
but also change of biological activity of tumours during medical or
radiation therapy. Without any doubt, NMR has more potentials than
being just another imaging technique.

2.7. Positron emission tomography

Positron emission tomography (PET) is not only an imaging technique
which provides tomographic delineation of cerebral structures but,
dependent on the radioactive tracer employed, it can also give quantiti-
tative information on functional processes in the brain1.

Radionuclides with a relative proton excess can emit a positron
(positively charged electron) which travels away from the nucleus.
Collision of the positron with an electron results in a conversion of both
masses to gamma radiation, existing of two 511 KeV photons emitted at
180° opposite to each other1'2. This process is called annihilation radiation.
The instrumentation used consists of one or more rings of detectors placed
in pairs, 180° opposite to each other. Each pair of detectors is connected
with a coincidence time circuit, which only accepts signals arising
simultaneously in both detectors connected1-2. So only annihilation events
occurring in the line between the pair of detectors are registered, and all
other events that give rise to only one signal are ignored. False coinci-
dences (coincidence detection of gamma quanta from separate annihila-
tions) are relatively rare. Multiple pairs of detectors in a ring configuration
are used to collect sufficient coincidence events from one transversal brain
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slice2. Using multiple detector rings, multiple slices can be scanned at the
same time'. A rotating double-headed camera system may also be used for
PET imaging3. Reconstruction of local tissue concentration of the
administered radionuclide in one transversal slice is performed with a
mathematical method, the Fourrier transformed filtered backprojection4.
This is the same method which is used in all currently used computerized
tomographic imaging modalities (CT, NMR, PET and SPECT).

The use of the very short living positron-emitting radionuclides (half-life
time ranging from 2-110 min) makes it necessary to have a cyclotron on
site. The most commonly used radionuclides are Oxygen-15, Nitrogen-13,
Carbon-11 and Fluorine-18. Various kinds of labeled compounds can be
prepared to monitor a variety of physiological processes1-2.

Some examples are listed below:
Applications Compound
Cerebral blood flow H2

15O; C15O2

Cerebral blood volume UCO; C15O
Oxygen metabolism 15O2

Glucose metabolism 18F-Fluorodeoxyglucose
Dopamine receptors 18F-Haloperidol

18F-Dopamine
(3-n-(uC)-methyl) Spiperone

Protein synthesis "C-L-Leucine
"C-L-Methionine

(references : 1, 2, 5-13).

These processes have been studied in different diseases of the brain, such
as: stroke1-2'5"8, tumours1'2-14, Huntington's disease1 and schizophrenia2.
One of the advantages of PET is its possibility to study several processes in
one patient at the same time, by using various tracers. For instance, in
stroke patients the cerebral blood flow is not longer coupled to me-
tabolism1516. PET is able to study these processes independently. It is also
possible to follow changes in physiology and actually see the results of
pharmacological intervention15. The major drawback of PET is the high
cost of the camera system, the cyclotron, the radiochemistry facilities and,
not forgetting the qualified personnel to operate the system15. The
introduction of "baby-cyclotrons" which can be operated by technologists
is therefore very promising.

2.8. Single-photon emission computed tomography

In single-photon emission computed tomography (SPECT) conventional
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gamma ray emitting radionuclides (e.g.: Technetium-99m,Iodine-123 and
Thallium-201) can be used. For brain SPECT these radionuclides are
complexed to Pharmaceuticals that allow sufficient uptake in the brain.
Presently, functional images of regional cerebral blood flow (rCBF) and of
the distribution of some neuroreceptors can be obtained. Relevant aspects
in this matter concerning rCBF, blood-brain barrier and the various
radiopharmaceuticals are discussed elsewhere (chapter 2:9,10 and chapter
4).

The Sfi-. T equipment consists of several components listed below (Based
on Keyes, 1982; reference 1).
a. tomograph
b. computer
c. tomograph-to-computer interface
d. software - image reconstruction

- data processing
- display
- quality control

In general 2 different type? of tomographic systems are commercially
available at present: rotating gamma cameras and multidetector systems.
Because we have used both systems for our patient studies, they will be
discussed separately. Older SPECT devices employing a rotating slant-
hole collimator, the seven pinhole collimator, the coded aperture e.o. will
not be discussed here.

Rotating gamma camera
The SPECT systems, which are commercially available, are all-purpose
gamma cameras with a special gantry which makes it possible to rotate the
camera head around the long axis of the body of the subject under study
(fig. 1). The rotation can be stepwise ("step and shoot") or continuous1-2.
The latter procedure causes blurring of the image, since the data are
acquired during rotation, which have to be corrected.

The system in use in the Academic Medical Center (Amsterdam) is the
Omega 500 from the Technicare Corporation, at present General Electric
(fig. 2). It performs a 6-degree stepwise rotation for 360 degrees with a
30-second acquisition time for each step, resulting in 60 planar images
taken from 60 different angles, perpendicular to the long axis. One of the
problems in SPECT brain imaging is the large distance of the brain to the
detector because of the width of the shoulders. Reducing brain-to-camera
distance (= improving resolution) is possible with the recently introduced
"cut off/away" detector head with a reduction of the lower portion of the
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Fig. 1
Schematic representation of the rotating gamma camera. A special gantry makes it
possible to rotate stepwise around the long axis of the body. Sixty planar images are
acquired from 60 different angles.

detector head resulting in a decrease of rotation radius2. Another
possibility is the use of a slant-hole collimator instead of the normally used
parallel-hole23. In this collimaor the septa are slightly angled away from
the vertical axis (30 degrees). By tilting the gantry and camera in such a
manner that the septa of the collimator are perpendicular to the axis of
rotation again the distal part of the camera is far enough from the
shoulders, while the proximal part is close to the skull. Buseman-Sokole
described a simple method to measure collimator hole angulation and
camera head tilt4. This is important because a combined error of camera
head tilt and hole angulation can result in a considerable loss of
reconstructed image quality. Our earlier studies were performed with a low
energy all-purpose parallel-hole collimator. Later on a slant-hole colli-



19

omega 5O0
radioisotope

cam
camera operator's

console

A
model 560 spectrum
computer system

ECT patient
table

Fig. 2
The Omega 500 rotating gamma camera system, Technicare corporation, presently
General Electric.
(Reprinted with permission, operators manual no.960I38).

mator has been used. Recent developments are the long-bore and the
long-bore fan beam collimators2-5.

According to Radon (1917) a three-dimensional image can be recon-
structed from an infinite set of two-dimensional images2-6. In rotating
gamma camera SPECT the information (projection data) of 60 planar
images is fed into the computer. With a mathematical procedure called
Fourier transformed filtered-backprojection an image is reconstructed of a
transversal plane perpendicular to the planar images2'7. The use of a filter
corrects for any "blurring" resulting from summation of the projection
data and enhances the image quality, but noise may be accentuated or
information lost. Noise originates from background and scattered radia-
tion and from statistical fluctuations in measurements. As an adjunct to
the filter a window function is used to improve the signal-to-noise ratio2-8.
Various mathematical filters are available at present; we employed a
Butterworth filter. Images in X-ray CT are based on the attentuation of
X-rays by absorption in the skull and brain. It is the basic principle of this
imaging technique. The attenuation of gamma-rays by absorption and
scattering on their way to the detector in SPECT imaging is an undesirable
phenomenon. Especially from the central part of the brain, less gamma-
rays reach the detector. To compensate for the attenuation, a mathe-

•-£&•
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a

Fig. 3.
Full set of rotating gamma camera SPECT images (TI-201 DDC used as rCBF tracer).
a. CT. b. transversal SPECT images, c. coronal SPECT images, d. Sagittal SPECT
images
The comparable abnormalities seen with both modalities are marked with open arrows.
The size of the abnormalities is the same, except for the deep temporal hypodensity on
the left side seen with CT. The SPECT image reveals a larger area with diminished
activity accumulation.
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matical correction is applied after the reconstruction process8.
Since adjacent transversal slices are obtained, coronal and sagittal slices

can be reconstructed by simple rearrangement of the voxels. A full set of
images is presented in fig. 3 with CT images of the transversal plane for
comparison. The slice thickness is 11.2 mm (2 pixels). The resolution of a
rotating gamma camera varies from 15 to 18 mm9. Probably the resolution
will increase in the near future to 7-10 mm with the use of better
collimators.

Multidetector system
The multidetector brain studies discussed in chapter 7-9 were performed in
the department of Nuclear Medicine of the New England Deaconess
Hospital in Boston, Massachusetts. The multidetector brain system used
was originally conceived by Stoddart and available as Cleon 710, produced
by Union Carbide10. The system was further improved on Harvard
University to the present state10-11 (fig.4). This improved system contains

Fig. 4
The Harvard multidetector brain system; the front is removed to show the twelve
detectors.
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Fig. 5
Schematic representation of the multidetector system, with the arrangement of the 12
detectors. The movements of the individual detectors are illustrated with arrows.

12 detectors, mounted on a ring at 30-degree interval. The individual
detectors have a focused collimator and can move towards and away from
the patient's head, in such a manner that the focal point of each detector
scans 6 parallel lines covering half the field of view (fig. 5). The detectors
move in pairs in opposite directions, so they do not interfere with each
other. By rotating the detector ring twice a total of 36 angular projections
(at 10-degree interval) is obtained instead of 12 angular projections1114.



24

Fig. 6
Normal transversal multidetector image (Tl-201 DDC) taken 2 cm above the
orbital-meatal line.
The basal ganglia are clearly defined (arrows). The better resolution compared to the
rotating gamma camera images is evident (compare with fig. 3).

Imaging time for one slice is 2-5 min and reconstruction of the image is
performed by the computer in a similar way as discussed before (filtered
backprojection). For visual presentation, one slice has to be scanned several
times (2-4) >n order to obtain sufficient counts12. One tomographic image is
obtained 2 cm above the orbital-meatal line, additional images are
obtained at levels of interest, based on clinical features or CT findings12.
Slice thickness is 9.8 mm with a resolution of 10 mm12. An example of a
multidetector image is shown in fig. 6.

With the rotating gamma camera as well as with the multidetector the
counts per pixel can be calculated in certain areas of interest for relative
quantification of activity distribution (fig. 7). It is not possible to quantify
absolute data (blood flow in ml/min/lOO gram) from these images without
invasive arterial measurements of tracer concentration. Very recently a
method was suggested using Au- 195m as a non diffusible tracer to measure
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Fig. 7
Relative quantification of activity distribution with calculation of the left/rfght ratios in
regions of interest in a patient with a right sided infarct in the region of the middle
cerebral artery (areas B, C and D). The contralateral cerebellar hemisphere (area E)
reveals a decreased activity accumulation compared to the right side, which is a called
crossed cerebral diaschisis.

cardiac output, aortic and brain time-activity curves, in combination with
a diffusable tracer (Tc-99m HMPAO). From the aortic and brain curves
the input function of a bolus of Tc-99m HMPAO was calculated. Using a
three-compartment model it was possible to calculate mean hemispheric
CBF15. As discussed in chapter 2: 10, with the Tomomatic 64 multidetector
system using Xenon-133 as tracer, absolute rCBF data can be measured.

2.9. Regional cerebral blood flow imaging and blood-brain barrier

Labeled microspheres, the golden standard in experimental studies of
circulation, can also be used to image regional cerebral blood flow (rCBF).
There are two disadvantages: part of cerebral capillaries are blocked and
the microspheres have to be injected by puncture of the carotid artery1.
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Especially the latter makes it unsuitable for clinical studies. The other
possibility to determine rCBF is the use of substances which freely cross
the intact BBB and have a high extraction rate during the first circulatory
pass.

Some theoretical background on the BBB is needed in order to
understand why certain radiotracers are suitable for the determination of
rCBF according to this method. Throughout the circulation capillaries
show open intercellular clefts between the endothelial cells providing a
non-specific permeability3. However, the brain capillaries have no such
clefts, the junctions of the cells appear to be fused (true zonae occlu-
dentes2-3-4). This continuous pavement of endothelial cells forms the BBB
which creates two separate compartments: blood and extracellular fluid of
the brain. Most substances, for example Tc-99m pertechnetate or contrast
agents used in radiology cannot pass across this barrier. Only after
destruction of the BBB in an infarcted area uptake of Tc-99m pertechne-
tate and contrast enhancement is possible.

For any substance, the only way across the intact BBB is through the
capillary endothelial cell. Two mechanisms are possible1-23:
1. transportation by a carrier-mediated process
2. free diffusion

ad 1. Substances like glucose and amino acids need a carrier protein,
which is embedded in the cell membrane.

ad 2. Lipophilic substances can cross the endothelial cell freely, for
example the noble gasses.
Several drugs are sufficiently lipophilic and can cross the BBB
rapidly: caffeine, procaine, ethanol, nicotine, amphetamine, ste-
roids, phenothiazines, heroin, methadone, diphenylhydantoin, barbitu-
rates and thiopental.

In the search of new radiopharmaceuticals for rCBF imaging with single-
photon emission computed tomography (SPECT) lipophilic compounds
which can pass the BBB freely are therefore of special interest. The
penetrating capacity of an agent may be predicted from its oil/water
partition coefficient, which is the ratio between the solubility of the
substance in lipid and water. Sufficient uptake of a compound will be
achieved when the olive oil/water partition coefficient is larger than
0.042-3. When using octanol instead of olive oil the partition coefficient
should range between 0.5 and 103.
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After a pharmaceutical has passed the BBB, there are two possibilities':
1. flow-dependent back diffusion (wash-out) may occur to the blood (e.g.

Xenon, Krypton, Iodoantipyrine)
2. or the agent may be retained within the brain
Most of the radiopharmaceuticals presently used for SPECT brain
imaging are retained within the brain (see Chapter 2. 10). Because of the
time needed for SPECT imaging, which is about 30 min, not only a
prolonged brain retention is needed but also a fixed distribution during
that time2. Receptor binding or metabolic entrapment are probably the
mechanisms which prevent a pharmaceutical from being washed out.

2.10. Cerebral blood flow tracers for SPECT

As stated before regional cerebral blood flow (rCBF) imaging with single-
photon emission computed tomography requires lipophilic radiopharma-
ceuticals with a high clearance during the first pass followed by prolonged
retention (chapter 2:9). Retention and, equally important, stable distribu-
tion, have to be preserved during the imaging time. In the last seven years
several radiopharmaceuticals have been developed for rCBF imaging
with SPECT.

Pharmaceuticals for rCBF SPECT Brain imaging

A. Amines labeled with 1-123
1. N-isopropyl-(I-123)-p-iodoamphetamine (1-123 IMP)
2. N,N,N'-trimethyl-N'-(2-hydroxy-3-methyl-5-(I-123)-iodobenzyl)-
1,3-propanediamine (1-123 HIPDM)

B. Thallium-201 diethyldithiocarbamate (Tl-201 DDC)
C. Technetium-99m complexed radiopharmaceuticals

1. Tc-99m bis-aminoethanethiol (BATS)
2. Tc-99m N-piperidinylethyl-diaminedithiol (DADT)
3. Tc-99m propyleneamineoxime (PnAO)
4. Tc-99m hexamethylpropyleneamineoxime (HM-PAO)

D. Xenon-133

Ad Al: N-isopropyl-(I-123)-p-iodoamphetamine
Winchell and co-workers evaluated the uptake kinetics in rat brain of
different 1-123 iodophenylalkyl amines, considering the important role
that amines play in brain function1. N-isopropyl-(I-123)-p-iodoamphet-
amine (IMP) showed the highest brain uptake in rats at 5 min after
injection: 1.57% of the dose per gram tissue, which increased to 2.14% after
60 min. A first pass extraction efficiency from the blood by the brain of
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about 100% is supposed2-3-4. After intravenous injection in humans a
major part of the activity reaches the lungs and is washed out from there
slowly. According to Holman et al. 7.45 ± 0.9% of the injected activity is
accumulated in the brain, while between 20 and 60 minutes a constant
uptake is preserved2. In the dog brain, there was a good correspondence
between rCBF determination based on 1-123 IMP and labeled microsphere
injection. Both an arterial sampling method and tissue distribution over a
wide flow-range have been used for comparison4. There is also a good
agreement between rCBF determination obtained with Xenon-133 SPECT
and 1-123 IMP SPECT5.

The initial regional uptake of 1-123 IMP is mainly determined by the
local cerebral blood flow. The prolonged brain retention depends upon the
binding of 1-123 IMP to non-specific aminereceptors. This explains the
decreased accumulation found in brain tumours6-7, which probably lack
normal aminereceptors6-7. Other factors like pH and metabolic processes
however may also play a role123. In tissue culture isopropyl-p-iodo-
amphetamine inhibits uptake of serotonin and norepinephrine, which
supports the receptor hypothesis2.

In some patients, perfusion defects which are initially seen in stroke will
be filling in several hours after the administration of 1-123 IMP8-9.
Raynaud suggested that this phenomenon may be comparable to the
passage of Tc-99m pertechnetate across the damaged BBB8. Already 1
hour after administration of I-123 IMP, polar metabolites appear in blood
plasma10 which are probably able to cross the damaged BBB. The
redistribution of 1-123 IMP during time has also been discussed by
Creutzig et al11. Cortical and cerebellar areas showed a higher wash-out
than the basal ganglia. This study also showed that, in the course of time an
increase of activity occurred in the infarcted areas of nearly 25% of stroke
patients studied by delayed imaging11. Our own experiences with 1-123
IMP are discussed in chapter 3.

1-123 N-(sec. Butyl)-p-Iodoamphetamine is suggested as an alternative
to 1-123 IMP12. This agent shows less pulmonary retention while cerebral
uptake is at least equivalent to that of 1-123 IMP.

Ad A2: N, N, N'-trimethyl-N'-(2-hydroxy-3-methyl-5-(I-123)-iodobenzyl)-
1,3-propanediamine. A series of iodophenolic diamines has been investi-
gated as potential brain imaging agents for SPECT. N, N, N'-trimethyl-N'-
(2 hydroxy-3-methyl-5-iodo-benzyl)-l,3-propanediamine (1-123 HIPDM)
was selected and investigated further1315. This compound is lipopholic and
crosses the BBB freely. The blood pH is 7.4 while intracellular pH of the
brain is 7.1. This "pH shift" induces the binding of a hydrogen ion, after
which the molecule becomes positively charged. The resulting loss of
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lipophily causes prolonged brain retention21415. Other mechanisms under-
lying brain retention such as: metabolic entrapment, retention in acid
structures in the cell (e.g. lysosomes), binding to receptors or proteins have
also been proposed2. In the monkey uptake of 1-123 HIPDM in the brain is
4-5% of the injected dose. Pancreas uptake of this agent has been noticed2.
Although the uptake rate of 1-123 HIPDM in human brain is faster than
that of 1-123 IMP, its total uptake is lower216. The rCBF images obtained
by SPECT are of equal quality for both2.

Ad B: Thallium-201 diethyldithiocarbamate
This compound will be discussed separately in chapter 4.

Ad C: Tc-99m complexed radiopharmaceuticals
Since Technetium-99m is a favourable radionuclide for imaging (low price,
short physical half life time and 140 KeV photon energy) Tc-99m labeled
lipophilic compounds have extensively been studied as to their possible
usefulness for rCBF SPECT. Both Tc-99m bis-amino ethanethiol-
(BATS)18 and Tc-99m N-piperidinylethyl-DADT19 have been proposed
but lack sufficient retention for imaging, especially not with the currently
available rotating gamma cameras, which require imaging time of about 30
minutes. The same applies for Tc-99m propyleneamineoxime (Tc-99m
PnAO)20. These compounds can only be used in combination with very
fast systems as used in Xenon-133 SPECT. Tc-99m PnAO shows less
gray/white matter contrast when compared with Xenon-13321.

Ad C4: Tc-99 hexamethylpropyleneamimoxime
The discovery of Tc-99m PnAO which crosses the intact BBB, prompted
the Amersham Laboratories to synthesize numerous analogues to find a
compound with equal lipophily but with prolonged brain retention. This
has resulted into the development of Tc-99m hexamethylpropylene-
amineoxime(Tc-99m HMPAO)2225. Especially the d, 1 isomer shows high
brain uptake (2.25% of injected dose in rats, 4.1% in humans) and
prolonged retention23"25. The activity in human brain remains constant for
8 hours24. This retention may be caused by a conversion into a secondary
complex25.

During the last two years, several reports on SPECT brain imaging
employing Tc-99m HMPAO revealed its applicability in stroke patients,
dementia and epilepsy2629. These studies have indicated that regional
Tc-99m HMPAO uptake reflects regional CBF and can be used for
SPECT. This has recently been confirmed by a quantitative auto-
radiographic evaluation by Lear30. In this study the distribution of Tc-99m
HMPAO in the gray matter was more homogeneous than that of Tl-201
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DDC and C-14 iodoantipyrine (C-14 IAP) and was more alike the 1-123
IMP image. Local cerebral blood flow was underestimated by Tc-99m
HMPAO by 50% compared to the other 2 tracers. This finding confirms
the observation that the initial extraction of Tc-99m HMPAO is only
40%3). This is probably caused by a rapid conversion in vivo to a non-
lipophilic compound or a binding to a blood constituent, either of which
inhibit further brain uptake30. Since this is not caused by diffusion
limitation, a rCBF image of the flow at the time of injection is still
acquired.

Ad D: Xenon-133
As described before, Xenon-133 has been used for rCBF measurements by
simple detector systems for many years. More recently it has also been used
for rCBF imaging with dedicated fast tomographic multidetector systems
(Xenon-133 SPECT). Two major problems of the conventional Xenon-133
inhalation method have been solved by Xe-133 SPECT32.
1. the superposition of all tissue layers and
2. superficial areas of total ischaemia could be missed because only
relative measurements are calculated from the slope of the curve.

The Lassen method will now be briefly described32-33. Fast rotating
(180/5 sec.) three slice tomographic equipment (Tomomatic 64) is
employed. In order to collect enough data for one image 12 sets of
projections, taken over 1 min, are added. This way a 1 min averaged image
is acquired at three levels at the same time (1, 5, 9 cm above the
orbitomeatal plane). During and after the inhalation of Xenon-133 (10
mCi/liter) 4 one minute images from the same level are acquired. The
Xenon-133 brain input curve is recorded from the upper part of the right
lung. An algorithm indicated by Lassen is used to calculate absolute CBF
values3233. Normal CBF values with this method are 60-72 ml/min/100
gram32"34. Instead of inhalation, an intravenous injection of Xenon-133
may be employed35. The Tomomatic 64 equipment can also be used for the
study of rCBF with tracers like 1-123 IMP, Tl-201 DDC and Tc-99m
HMPAO. In a comparative study on Xenon-133 and 1-123 IMP using the
Tomomatic 645-32, images were obtained which were very similar for the
first hour after injection of I-123 IMP. The I-123 IMP image had a slightly
better resolution32.

Advantages of Xenon-133 are: its low cost, general availability,
repeatability within an hour and last but not least the quantitative values of
the CBF measured in ml/min/100 gram. A drawback of Xenon-133 is the
poor imaging quality due to the low energy. An example of a patient
suffering from an acute stroke investigated with the Tomomatic 64 with
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Fig. 8
Tomomatic 64 SPECT images from a patient with a left sided hemiparesis. The rCBF
images made with Xcnon-133 show a large perfusion defect on the right (a). A
comparable result is obtained with Thallium-201 DDC 5 min. after injection (b). The
delayed images. 2.5 and 19 h after the injection of Thallium-201 DDC shows no
redistribution (c and d). (dr Raynaud; Service Hospitalier Frederic Joliot, Orsay).
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both Xenon-133 and TI-201 DDC is shown in fig. 8. This study shows the
lack of redistribution of Tl-201 DDC as discussed later on (chapter 7).

Metabolic and receptor tracers for brain imaging with SPECT

One of the main issues in the near future will be the development of
metabolic and receptor tracers, labeled with single-photon emitting
radionuclides. Metabolism is coupled to flow in the normal brain tissue,
but in ischaemic areas an uncoupling occurs and residual blood flow,
especially in the case of focal hyperaemia, no longer represents residual
tissue function36-17. rCBF and metabolism should then be measured by
independent techniques. At the moment this is only possible with PET,
employing for instance C15O2 for rCBF and I8F-Fluorodeoxyglucose for
glucose metabolism.

Another interesting field is imaging of the distribution of brain receptors
by radiolabeled compounds.
At present three SPECT radiopharmaceuticals are available.
A. 1-123 IMP: the 1-123 IMP image does not represent purely rCBF,

especially the late image might represent the amine-binding sites in the
brain as discussed before.

B. 3-quinuclidinyl 4-(I-123)-iodobenzilate (1-123 4-IQNB); this com-
pound accumulates in the brain according to the muscarinic acethyl-
choline receptor distribution (M-AChR). A high uptake of 1-123 4-
QNB is found in the cerebrum, while the cerebellum shows little or no
activity16'38. A diminished concentration of M-AChR is observed in
elderly patients, Huntington's chorea and Alzheimer's disease.
Alcohol, barbiturates, antidepressants and chronic exposure to in-
secticides can influence the concentration of M-AChR38

C. 1-123 labeled benzodiazepine: Very recently the first results of animal
experiments with a promising benzodiazepine receptor imaging agent
were published39. Clinical investigations are in progress.

2.11. Possible applications for SPECT brain studies

In discussing the different applications of SPECT the main question is:
"What are we actually looking at?" In most cases regional cerebral blood
flow is measured, although one would rather study metabolism or
distribution of neuroreceptors and their changes in neurologic disease. As
discussed before, at present this is only possible with PET, although
SPECT is becoming of growing interest due to the development of new
single-photon emitting radiopharmaceuticals (chapter 2: 10). NMR also
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has a potential value in this field (chapter 2: 6).
In normal conditions rCBF and metabolism are closely coupled, but

they can be uncoupled in ischaemia especially in case of hyperperfusion
(chapter 2: 10). Although SPECT images of rCBF are often referred to as
functional images, this does not necessarily imply that brain function itself
is studied. In the following, several areas with possible applications of
SPECT studies will be discussed.

Physiological deprivation and stimulation tests

Stimulation of the brain by light, noise, movements and tactile stimuli or
deprivation of stimuli will alter local metabolism and rCBF in certain
specific brain areas. These tests were performed with the noble gasses1"4

and subsequently with PET and have been described extensively by Phelps
et al5. Some of these experiments were repeated with the SPECT
technique6.

With PET, I8F-fluorodeoxyglucose (18F-FDG) has mostly been used to
monitor changes in focal cerebral glucose metabolism during stimulation
or deprivation tests. With SPECT, changes in rCBF brought about by
physiological stimuli were visualized. In the following an experiment into
the influence of optical stimuli on local cerebral glucose metabolism by
Phelps and co-workers is discussed briefly5.

Human volunteers were examined by PET employing 18F-FDG under 3
conditions:
1. eyes closed
2. eyes open, looking at a plain white light
3. eyes open, looking at a complex scene (view of a local park)
From condition 1 to 3 an increasing activity representing glucose
metabolism was seen in the primary visual cortex as well as in the
associative visual cortex. Similar experiments have been performed after
stimulation of the auditory, somato-sensory and motor system5.

We performed on 3 volunteers, having their eyes closed and patched, a
multidetector SPECT study with Thallium-201 DDC. In all coses a
decreased activity accumulation was seen in the visual cortex. For an
example see fig. 9. A similar rCBF pattern can be observed in clinical
situations e.g.: blindness due to severe retinopathy in diabetes mellitis (fig.
10).

These physiological experiments have two important implications. Every
SPECT (or PET) study has to be performed under the same environmental
conditions, without variations in light and noise intensity during injection.
Probably even talking operators can influence activity distribution. These
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Fig. 9
Multidetector image obtained 2 cm above
the orbito-meatal line in a volunteer 5 min
after injection of Thallium-20] DDC.
During and for 2 min following the in-
jection the eyes were closed and patched.
A decreased perfusion in the visual cortex
is noted (arrows).

Fig. 10
A similar rCBF pattern as in fig. 9 is
shown. This image was obtained in a 31
year-old woman with severe bilateral
diabetic retinopathy. The CT study was
normal.

physiological studies could be of use in the future to test the recovery of
cerebral functions following disease5.

Cerebrovascular disease

In most developed countries stroke is the third underlying cause of death
after heart disease and cancer7-*. Although the incidence is declining7-910 it
is one of the major causes of disability in the older age group9. Therefore
stroke and transient ischemic attacks (TIA's) are fields of major interest
for rCBF studies by SPECT.
Because patients suffering from TIA's of dynamic origin should respond
better to endarteriectomy than patients with TIA's of thrombotic or
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Fig. 11
An 89 year-old female was admitted with a right-sided paralysis of arm and leg and a
facial droop. The onset was 4 days before admission. CT (a, upper 2 images) shows an
infarction in the territory of the left anterior cerebral artery. Tl-201 DDC SPECT (b,
upper 2 images) reveals a larger area with decreased activity accumulation, including the
head of the caudate nucleus, due to involvement of the recurrent artery of Hiibner
(arrow). After 4 h no redistribution is seen (b, middle).
Two weeks later, both CT and SPECT are improved (a and b, lower images). The head
of the caudate nucleus is visible again (arrow). This area was normal in both CT studies.
Clinically, the patient had not improved.

embolic origin, it has been suggested to study low-flow areas with SPECT9.
The responsiveness of these areas to surgical medical intervention can be
followed over time9, however the negative results from the extracranial-
intracranial bypass surgery has limited the value of these investigations".
In stroke the SPECT image reveals an area of decreased activity
accumulation, representing decreased CBF, always prior to and often
more extensive than the hypodense lesion on CT (12-15, chapter 8). The
latter could be caused by the "penumbra effect"15, representing ill-
perfused brain tissue. This area of still viable tissue is of clinical interest,
because it might be salvaged by acute medical intervention in the acute
phase of stroke resulting in a smaller final volume of irreversibly damaged
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b

Fig. 12
(see text for further explanation)
a. Initial CT of 84 year-old female with a left-sided infarction.
b. CT after 11 days with haemorrhagic component and enhancement after contrast

administration
c. Tl-201 DDC SPECT with hot-spot in the infarcted area.

d. left lateral planar image one day after the SPECT study showing a "cold area'
e. after administration of 2 mCi (74 mBq) Tl-201 a hot-spot is seen again
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f. dynamic Tc-99m pertechnetate brain scan (3-6, 6-9, 9-12, 12-15 sec images) with
hyperperfusion on the left side (arrows)

g. the static images (anterior and left lateral view) show a hot-spot
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tissue. An example of a SPECT image obtained in a patient suffering from
acute stroke is shown in fig. 11.

It is most likely that since the various rCBF tracers have different
mechanisms of uptake and retention, differences may be observed in
pathologic conditions.
The so-called "filling-in" phenomenon is solely observed with 1-123 IMP
and never with Tl-201 DDC. The completely fixed distribution of
Thallium-201 DDC over time is nicely illustrated in fig. 8. This property is
of importance in the study of acute events.

In several patients investigated with Thallium-201 DDC, an increased
accumulation in the infarcted area was noticed, but only about 2 weeks
after the event. In most instances this is probably not caused by luxurious
perfusion, because this phenomenon is often seen in the first 1-3 days after
the infarction16, while Tl-201 DDC SPECT never revealed hyperfixation in
this phase. In one of our patients a contrast enhanced CT scan was made at
the same time as the SPECT scan, which also revealed an intensive
enhancement in the infarcted area. A planar image made on the next day
revealed a higher washout from the infarcted area when compared to
normal brain tissue, and a cold area was seen. After administration of
Tl-201 Cl, again a hot-spot appeared. A dynamic and static Tc-99m
pertechnetate study proved the existence of increased regional blood flow
and a defect BBB, that could both account for the increased Thallium-201
DDC uptake (fig. 12). Probably most of the activity accumulation is
caused by extravasation in this case.

Finally not only rCBF changes in the ischaemic area itself are visualized
with SPECT, but also rCBF alterations in remote areas. The phenomenon
is called diaschisis and is discussed in chapters 3 and 8.

Brain Tumours

Several groups working with SPECT investigated the behaviour of the
presently used radiopharmaceuticals in brain tumours. A review of the
literature as well as our own experience is presented in chapter 9.

Seizure disorders

It is possible to image an epileptic focus with both PET57 and
SPECT9'13-14'18. In the interictal phase an epileptic focus is characterized by
a decreased metabolic activity and rCBF, while during seizure both are
increased resulting in a hot spot on the image. Localisation of the focus by
SPECT may be of clinical interest if stereotactic intervention is considered



39

Fig. 13
A 75 year-old female was admitted with bilateral seizures. CT was normal. Thallium-
201 DDC SPECT shows a left parietal decreased perfusion on the transversal image and
coronal image (a and d, small arrows). On a higher transversal slice (b) and especially on
the sagittal (c) and coronal image (d) a hot-spot is seen (arrow heads) presumably
representing the focus. A second but smaller hot area is seen on the right side (b, open
arrow).
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Fig. 14
Transversal SPECT image (a: Tl-201 DDC, b: 1-123 IMP) of a 56 year-old female with
progressive dementia for 2 years. A bilateral parieto-occipital decreased activity
accumulation is noted, suggesting Alzheimer's disease. The abnormality is especially
well seen on the sagittal image (c: Tl-201 DDC), The CT study is normal.
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as therapy. Our own experience is very limited (see chapter 3, results with
1-123 IMP). In one patient with seizures Thallium-201 DDC was injected,
while imaging was postponed to the next day. The CT study was normal.
The SPECT study revealed a hot spot, probably representing the focus, a
smaller hot spot was seen contralaterally (mirror focus?). The localisation
was in agreement with EEG findings (fig. 13). Remarkable is the low flow
area surrounding the hot spot.

Dementia

Various forms of dementia have been investigated with PET517 and
SPECT9'19"21 and findings so far suggest that some differentiation based on
these imaging techniques is possible. In Alzheimer's disease it has been
reported that glucose metabolism and rCBF are reduced in both temporo-
parieto-occipital areas, while in multi-infarct dementia (MID) a more
irregular activity distribution is found. The "Alzheimer pattern" is not
only recognized in patients with severe disease but also in mild to moderate
forms19. This may become of clinical importance if it can be proved that
this pattern is sufficient to distinguish patients with Alzheimer's disease
from those, for example, with dementia accompanying depression or with
other types of dementia22. An interesting observation is the deficiency of
neurotransmitters with a loss of cholinergic neurons in Alzheimer's
disease. SPECT imaging with 1-123 labeled 3-quinuclidinyl-4-iodobenzilate
binding to muscarinic acetylcholine receptors might become of interest.
Several diseases associated with dementia like Huntington's disease,
Jakob-Creutzfeldt's disease and Pick's disease have occasionally been
studied with SPECT9'23.

Initial results with Thallium-201 DDC SPECT in MID and Alzheimer's
disease suggest similar results, as mentioned in the literature. In patients
with probable Alzheimer's disease a bilateral decreased activity accumula-
tion was observed in the temporo-parieto-occipital region (fig. 14), while
MID patients revealed a more inhomogeneous activity distribution.
Further studies on this topic are now in progress.

Schizophrenia

In 1974 Ingvar and Franzen already demonstrated with Xenon-133 a
decreased rCBF in frontal areas of the brain correlated with catatonic
symptoms, and increased rCBF in sensory areas correlated with hal-
lucinatory symptoms524. Similar findings were reported in the PET
literature5. With SPECT, little experience exists9.
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Summary

Single Photon Emission Computed Tomography (SPECT) has been used
in the last five years as a method for cerebral blood flow imaging, especially
in cerebral infarction. In this study the first experiences in the Netherlands
are presented. In 57.6% of our patients lesions, defined by SPECT were
larger than those found by CT. This was not only seen in patients with
cerebral infarction but also in hematoma. In 33.3% the size of the lesions
was comparable. In 10 out of 14 patients with a solitary lesion in one
hemisphere a decreased perfusion was seen in the contralateral cerebellar
hemisphere. This phenomenon is called crossed cerebellar diaschisis. One
patient with probably Alzheimer disease, showing a specific flowpattern, is
discussed.

Key words: SPECT, CT, cerebral infarction

Introduction

Brain scintigraphy has declined considerably after the introduction of
computed tomography. The scintigraphic images cannot compete with the
high resolution images of anatomic brain structures provided by CT scans.
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In ischaemic brain disease both CT and Tc-99m pertechnetate brain
scintigraphy do not visualize infarcted tissue in the first days after its onset
since both the contrast medium used for CT and Tc-99m pertechnetate do
not pass the intact blood brain barrier. Nuclear medicine, as an essentially
functional technique is able to provide information on regional cerebral
blood flow (rCBF). In the past rCBF has been investigated with Xe-133,
which only records CBF in superficial cortical tissue, and in more recent
years with Positron Emission Tomography (PET) and Single Photon
Emission Computed Tomography (SPECT). The latter may find much
more clinical application than the PET technique which is mainly confined
to a few research centres. The SPECT technique employs widely available
rotating gamma cameras and conventional radionuclides, instead of
positron emitting nuclides which require cyclotron facilities on site.
Tomographic imaging of rCBF with SPECT requires highly lipophilic
radiopharmaceuticals which pass the intact blood brain barrier. Lipophily
of a pharmacon and its clearance by the brain as a consequence is
represented by a high octanol/water partition coefficient. A high octanol/
water partition coefficient results in an almost 100% clearance of the agent
after a single circulatory brain passage, which is obligatory in the
measurement of rCBF. Thereafter a stable level of brain retention should
occur for at least about 30 min, in order to obtain SPECT images. After i.v.

Fig. 1
Transversal CT (a) and SPECT (b) slice. CT shows cortical atrophy and slightly
enlarged ventricles. The asymmetry of the occipital horns is also seen on the SPECT
image.
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injection, the ideal radiopharmacon for rCBF imaging must distribute
instantaneously to the various brain structures and stick there like
microspheres injected into the carotid arteries, resulting in a 'frozen image'
of rCBF at the time of injection.

Winchell developed N-isopropyl-(123-I)-p-Iodoamphetamine (123-1
IMP)1-2, which is highly lipophilic and has a high extraction rate in the first
pass. 1-123 IMP shows also a constant brain activity between 20 and 60
min. after intravenous injection3. It has been stated therefore that 1-123
IMP images of the brain represent rCBF. Fig. la shows an example of a
transversal slice with a CT image on the same level (Fig. lb). In recent years
several reports have appeared on 1-123 IMP/SPECT studies of the brain in
various disorders4'12.

The present study reports on the first experiences with 1-123 IMP/
SPECT brain imaging in the Netherlands.

Materials and methods

In order to achieve greater uniformity between studies, the four partici-
pating institutes agreed upon a more or less standardized procedure.

In Table 1 the different gamma camera systems, computers and
acquisition parameters are listed. All departments use a 360 degree
acquisition and reconstruction employing filtered backprojection.

Patient studies

A total of 48 studies were performed, 24 patients were male and 24 female.
73% of the patients were between 50 and 80 years old. The various
disorders of the patients are listed in Table 2. The largest group (36)
consisted of patients with ischaemic cerebrovascular disease.

After a 30 min. rest with a low background level of noise and light, 3-5
mCi 1-123 IMP (Cygne, TH Eindhoven) were injected in an antecubital
vein, while the patient was lying in supine position. After 15-30 minutes,
acquisition of the SPECT images was started. In about one fifth of the
studies, patients were given 10 mgr diazepam per os before the 1-123 IMP
injection (Het Nieuwe Spittaal, Warnsveld). Every patient underwent also
a CT study. In 44% both examinations were made within a period not
exceeding 5 days. In 4 cases SPECT and CT were performed on the same
day, while in 23 cases the CT and in 21 cases the SPECT study was done
first. In 12.5% (6 cases) the period between both studies exceeded 20 days,
the maximum was 40 days. In 33.3% of the cases the period between the
onset of the disease and the first study was less than one week. In 25% this



Table 1. Type of gamma camera's, computers and acquisition parameters used by the participating institutes.

METHODS AND MATERIALS

gamma camera

collimator

computer

total imaging time
(min.)

slice thickness
(pixel, mm)

filter type

ZWOLLE

Gen.Electr.
400 T

low energy
parallelhole

Digital
PD 11/34

30

(2. 12.6)

modified
Shepp-L.ogan

ENSCHEDE

Gen.Electr.
400 T

low energy
30 slanthole

Informatec
1502

37

(1. 6.3)

Parzen

AMSTERDAM

Technicarc
Omega 500

300 KeV
parallelhole

Technicare
MCS560+AP

27

(2. 11.2)

Butterworth
0.35/4

WARNSVELD

Technicarc
Omega 500

300 KeV
parallelhole

Technicare
MCS560+AP

30

(2. 11.6)

Butterworth
0.35/4
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Table 2. List of diagnosis of the

Diagnosis

Cerebrovascular disease
- infarction M C A .
- infarction posterior

watershed area
- multiple infarctions
- brain stem infarction
- TIA/RIND
- basilar insufficiency

Hematoma (without trauma)
Trauma
Epilepsy
Dementia
Migraine Accompagnee
Metastasis
Unknown

Total

examined patients.

male

(19)
6

3
5
2
3
-

1
2
1
0
0
1
0

24

female

(17)
8

-
7
1
-
1

1
-
2
2
1
0
1

24

total

(36)
14

3
12
3
3
1

2
2
3
2
1
1
1

48

period was between one and six weeks, while in 41.7% this period was more
than six weeks.

CT and SPECT images were reviewed independently by experienced
representatives of the radiology and nuclear medicine departments of the
participating institutes. Number and size of the hypodense areas and in
case of hemorrhage the hyperdense areas on the CT were compared
with number and size of the areas with diminished activity on SPECT. In
SPECT studies of ischaemic brain disease special attention was given to a
reduced uptake in the contralateral cerebellar hemisphere, a phenomenon
called crossed cerebellar diaschisis (CCD). This was only performed in
patients with lesions confined to one hemisphere. This phenomenon has
been described both in the SPECT literature as in the PET literature13 and
is due to a diminished cerebellar blood flow contralateral to the infarcted
hemisphere.

Results

Fourty-seven CT studies showed 64 hypodense or hyperdense areas, while
58 areas with diminished activity were recognized on the SPECT studies.
Thirty-three of these areas were comparable regarding the localization
(Table 3). The patient with the multiple metastasis was excluded (of the
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Table .V Comparison of the hypo- and hyperdense areas on
( I and the areas with diminished activity on SPIXI.

hypo/hvperdensc

areas with climinis
activity on SPEC]

(Tarca < SPECI

CT area = SPECI

CI area > SPECI

ireas on ( I

hed

area

' area

' area

M

5S

19(57.6",,,

IK.V..V..,,

? ( y.r..)

me patient was excluded (multiple metastasis)

rather small metastases on enhanced CT, only one with a large area of
oedema was recognized on SPECT as a cold spot).

In 57.6% of the cases the SPECT showed a larger area of diminished
uptake, in 33.3% both areas had an equal size, while in 9.1% the CT area
was larger, when compared to the SPECT area.

The hypodense areas on CT and the areas with diminished activity on
SPECT were classified according to the known vascular areas, the anterior
(ACA), the middle (MCA) and the posterior cerebral artery (PCA).
The MCA area was subdivided in a superficial, deep and combined
superficial and deep area. The watershed areas and the brain stem were
classified seperately. The results are given in Table 4.

Most striking is the lower sensitivity of the SPECT study in the deep
areas. On the other hand SPECT revealed more lesions in the posterior
watershed area. In general, if lesions corresponded, SPECT lesions were
larger than those found by CT.

The occurrence of crossed cerebellar diaschisis (CCD) related to the
diagnosis is shown in Table 5. Fourteen cases with single lesions could be
studied. In 10 patients a CCD was found, in 3 patients the activity in both
cerebellar hemispheres was equal and in 1 case the ipsilateral cerebellar
hemisphere showed a decrease in activity compared to the contralateral
one.

Cerebrovascular disease
Thirty-six patients were suffering from cerebrovascular disease. Fourteen
patients had a MCA infarction. In 7 cases the SPECT area was larger when
compared to the CT area, while in 2 cases the SPECT and CT area were
equal in size. In none of the cases the CT area appeared larger.



Table 4. Comparison of SPEC T und CT areas subdivided in vaseular regions.

Vascular area

ant.cerebral
artery

middle cerebr.
artery

- superficial
- deep
- combined

post.cerebral
artery

ant. water-
shed area

post.water-
shed area
(bilateral, no
of patients)

brain stem

hypo/hyper-
dense area

(CT)

S

i

4

8

(1)

1

area diminish,
act. (SPECT)

1

17
4

3

->

it

(4)

-

CT area CT area C'l area

S P E C ! area S P E C ! area SPEC! area

I

4 4 :
3 1
4 3

1 1

1

(' 1 1

-



Table 5. The occurrence of crossed cerebellar diaschisis related to the diagnosis.

Diagnosis

MCA inlaret

post.water-
shed infarct

hematoma, parietal

hematoma, frontal

TOTAL

CCD +

7

1

2

-

10

CCD-

1

1

-

1

3

diminished activity in
ipsilateral eerebellar
hemisphere

1

-

-

-

1

total

y

1

14

o

The patients with multiple lesions were excluded
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In two cases CT was positive while SPECT showed no abnormalities,
while in one case SPECT showed an area with diminished activity, with a
normal CT. In two cases both SPECT and CT were abnormal, but the
areas were not comparable. Of the 14 patients with MCA infarction in 9
cases the cerebellum was included in the study. Seven SPECT studies
showed a positive CCD, one cerebellum was normal and in one case the
ipsilateral cerebellum showed a decrease in activity.

Three patients had a posterior watershed area infarction. In all 3 cases
the area on SPECT was larger. In two cases the cerebellum was included in
the study of which one had a positive CCD. No patients were studied with a
solitary infarction of the ACA, PCA or in the anterior watershed region.

Twelve patients were studied with multiple infarctions. CT showed 36
hypodense areas, while 19 cases with diminished activity were seen with
SPECT. Of the 13 comparable areas 5 were larger on SPECT, 5 were equal
in size and in 3 cases the CT lesion was larger.

Brain stem infarction was seen in 3 patients. Only one was positive on
CT. In this patient the SPECT study showed an area of decreased activity
in the right MCA area. One of the other patients showed a decreased
activity in both posterior watershed regions. In the third patient both
SPECT and CT were normal. Two patients with TIA's were investigated.
One patient had a lacunar infarction on CT in the basal ganglia of the left
side, while SPECT showed a decrease in activity in the posterior watershed
area on the right. The other patient had a decreased activity in the PCA
region with a normal CT. One patient suffered from a RIND of the right
MCA, SPECT was positive while CT revealed no abnormalities.

Basilar insufficiency was seen in one patient. CT was normal while
SPECT showed an area of decreased activity in the left MCA region. CCD
was present.

We studied two patients with a spontaneous intracerebral haematoma of
which one was caused by a ruptured saccular aneurysm. In both cases the
SPECT area with diminished activity, localized in the left parietal region,
was larger when compared to the haematoma on CT. A crossed cerebellar
diaschisis was present in both cases.

Two trauma patients were examined. One patient had a left sided
contusion on CT in the deep parietal region, SPECT showed a decrease in
cortical activity uptake on the same side. The other trauma patient
revealed a frontal haematoma with an equal sized area of reduced activity
on SPECT. In these cases no CCD was present.

Epilepsy. One patient was examined who underwent a craniotomy in
1962 for an arteriovenous malformation and presented recently with
seizures. On CT hypodense areas were seen in the right sided MCA and
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Fig. 2
Case 1; hypodense area in the right parietal region (a), SPECT (b) shows a much larger
area of reduced uptake on the right side (arrows). CCD is present (arrowhead).
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Fig. 3
Case 2; streaklike hypodense area on CT (a) in the parietal region, probably in the
external capsula or claustrum (arrow). SPECT shows a very large area of decreased
activity on the same side (b). CCD is clearly shown (arrowhead).
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PCA regions. These were equal in size when compared to the areas seen on
the SPECT study.

Two other patients with seizures were examined. One had a normal CT
and an area with decreased activity in the right MCA region on the SPECT
study. The third patient showed no abnormal findings on CT or SPECT.
All patients were examined at an interictal phase.

Two patients with dementia were studied. A 57-year-old female pre-
sented with progressing forgetfulness. A diagnosis of presenile dementia
was made (Alzheimer's disease). CT was normal. SPECT showed a bilateral
parieto-occipital decrease in activity. The other patient was an 80-year-old
female suffering from multi infarction dementia. On CT cortical atrophy
and enlarged ventricles were seen. SPECT showed a small rim of activity
accumulation in the cortical areas.

One patient with migraine accompagnee was examined. Both CT and
SPECT were normal. The patient was painfree during SPECT.

In one patient with doubtful neurological symptoms no diagnosis could
be established. No focal abnormalities were found with CT or SPECT.

Case studies

Case 1. A 66-year-old female presented with an acute leftsided hemi-
paresis. CT was performed 13 days after onset and showed a small
hypodense area on the right side deep parietal, with asymmetry of the
ventricles due to compression. SPECT was performed the next day and
revealed a large cortical area with diminished activity on the right side (Fig.
2a, b). The left cerebellar hemisphere showed diminished activity when
compared to the right hemisphere (positive CCD).

Case 2. A 79-year-old male underwent both a CT and a SPECT study 3
months after the onset of a rightsided hemiparesis and aphasia. The CT
study showed loss of cortical*tissue and enlarged ventricles (Fig. 3a, b).
Hypodense areas were found surrounding the anterior horn of the lateral
ventricles possibly representing leucoencephalomalacia. Another hypo-
dense area was seen lateral of the left basal ganglia. The SPECT study
revealed a large cortical lesion on the left side with diminished activity,
which included most of the MCA region. The CCD phenomenon was also
positive in this patient.

Case 3. A 57-year-old female was admitted to the hospital suffering from
a slowly progressive loss of memory. She could not manage daily
housekeeping and did irresponsable purchases. Neurological examination
revealed no abnormality. A diagnosis of probable Alzheimer's disease was
made. CT study showed some loss of cortical tissue without focal disorders
(Fig. 4a, b). On the SPECT study bilateral reduced activity was seen in the
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Fig. 4
Case 3; CT shows some cortical tissue loss (a), while SPECT reveals bilateral areas of
reduced uptake in the parieto-occipital regions suggesting Alzheimer's disease (b).
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parietal region which did not correspond with any abnormality on the CT
scan.

Discussion

I-123IMPis taken up by the brain tissue almost completely during the first
pass, whereafter it is retained for a period of 20-60 min. Therefore its
distribution is highly flow dependent and when no further uptake or
redistribution occurs, the injection represents the flow pattern at the time
of injection. This resembles a 'frozen image' of cerebral blood flow (CBF)
obtained after the intracarotid injection of microspheres. Probably this
hypothesis is only valid for 1-123 IMP uptake in normal brain tissue, since
uptake and retention may be influenced by amine receptors, pH changes
and metabolism6. Lee et al6 were unable to show focal hyperemia,
'luxurious perfusion', in any of their stroke patients. This may be due to
alteration of the infarction tissue, so that uptake and retention are
diminished in spite of increased flow. Also in our study we did not observe
luxurious perfusion. Another argument that retention of 1-123 IMP does
not depend fully on CBF is posed by the decreased uptake of 1-123 IMP in
brain tumours4-8'17. In 57.6% of our patients lesions defined by SPECT
were larger than those found by CT. This phenomenon was also reported
by others36-9'10 and may be due to the 'penumbra' effect10. In acute
stroke CT shows often little or no abnormalities in the first days, while the
perfusion defects, shown by 1-123 IMP can be demonstrated immediately
after the onset.

The SPECT study proved to have a substantially lower sensitivity for
small and deeply localized lesions. While CT demonstrated 22 deep MCA
lesions only 4 were found by SPECT, probably because of the low spatial
resolution of the present rotating gamma cameras.

Crossed cerebellar diaschisis (CCD) proved to be a frequent finding. In
71.4% (10 out of 14) of our patients with solitary lesions CCD was present.
This phenomenon was not confined to stroke patients but also observed in
hematoma and tumours. It is probably related to a reduced neuronal
activity in the cerebellar hemisphere caused by a deprivation of input of
impulses from the contralateral infarcted cerebral hemisphere resulting in
a reduced metabolism and blood flow13. Diaschisis has also been described
in the contralateral hemisphere and in the thalamus ipsilateral to a cortical
infarction13.
The localization of epileptic foci registered by EEG, may be very difficult
especially in case of deep lesions. CT is only helpful if morphologic changes
are present. Localization of the focus may be of interest when stereotactic
or surgical intervention is considered. If 1-123 IMP is injected during a
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seizure, a SPECT study may be performed afterwards. The focus may still
be present as an area of increased activity caused by the increased blood
flow during the seizure69181920. If the injection is administered during the
postictal or interictal state, the focus may be present as a cold area due to a
decreased blood flow of the focus. We studied two patients in an interictal
fase, with both normal CT's. One case showed an area of decreased activity
on SPECT, which might represent the focus. The other patient showed no
abnormalities on SPECT.

The differential diagnosis of dementia may be difficult, especially in the
early phase. In nonvascular forms, employing SPECT a symmetrical
decrease in cerebral blood flow in the tempero-parietal-occipital areas has
been described20-21, while in multi-infarction dementia SPECT may reveal
discrete multiple asymmetrical gray matter defects. Decreased activity in
the parieto-occipital areas was observed in case 3 suffering from Alzheimer's
disease. More experience has to be gathered before conclusions can be
drawn as to the value of SPECT in the differential diagnosis of dementia.

In summary single photon emission computed tomography offers a
complementary method when functional disorders, particularly concern-
ing CBF, are present. In acute stroke SPECT may be the method of choice
to monitor ischaemia in intervention studies aimed to diminish the loss of
neurons in the 'penumbra' area. When stereotactic or surgical intervention
in patients with epilepsy is considered, the focus can be detected with
SPECT when 1-123 IMP is injected during the epileptic fit. Moreover,
SPECT may add considerably to the differential diagnosis of dementia.
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Chapter 4

Thallium-201 diethyldithiocarbamate

J.F. de Bruine, A. Vyth, E.A. van Royen and J.B. van der School

4.1. Introduction

Diethyldithiocarbamate (DDC) is a metabolite of disulfiram, which is
being used in therapy of alcohol abuse. The molecular structure is shown in
fig. 1.

w
H 3 C-H 2 C' V S "

A part of DDC is eliminated, complexed with metals, into urine and bile.
Because of its chelating activity it has been used therapeutically in nickel
poisoning1, Wilson's disease2-3 and Thallium intoxication4-5. In the latter,
increased urine excretion of Thallium has been observed, however, loss of
consciousness and abnormal EEG findings were noticed as side effects6.
Intravenous administration of DDC to rats, previously intoxicated with
Thallium, caused convulsive episodes immediately afterwards7. Thallium
concentration in rat brain was found to be 5 to 10 times as high in animals
in which Thallium nitrate and DDC were administered simultaneously in
comparison to control animals given Thallium nitrate only7. It was
concluded that due to the chelation of Thallium by DDC, a lipid soluble
complex was formed which was able to pass the intact blood brain barrier
(BBB) much more readily than ionized Thallium (Tl).

These observations prompted Vyth et al. to investigate Tl-201 DDC as a
possible regional cerebral blood flow (rCBF) tracer for SPECT8. The
results of this study could confirm the lipid solubility of the agent. It turned
out to be about 20 times more soluble in n-heptane, extracted from its
aqueous solution, than Tl-201 CL. A pilot study in one rabbit showed a 10
times higher brain uptake of Tl-201 DDC than of Tl-201 Cl. Within the
first hour 3,68% of the injected dose accumulated in the rat brain (n=3).
More extensive animal studies will be discussed later (Chapter 5 and 6).
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4.2. Pharmacology

4.2.1. Sodium diethyldithiocarbamate (Na-DDC)

After administration of disulfiram, its metabolite Na-DDC can be
detected in blood, tissues, urine and stool. The major part of Na-DDC is
eliminated free and complexed with metals by the urine and bile, a minor
part is bound to albumine with a disulfide bridge. Major metabolic
pathways are9-10:
1. Conjugation to glucuronic acid in the liver resulting in the formation

of DDC-S-glucuronide
2. Oxidation to organic phosphate
3. Degradation to carbon disulfide and diethylamine
4. Oxidation to disulfiram
In rather high doses Na-DDC inhibits various metallo-enzymes in vitro:
cytochrome-P-450", tyrosine-oxidase, monoamine-oxidase and super-
oxide dismutase12. Na-DDC protects the liver against damage by carbon-
tetrachloride13, and is a radioprotective agent at lethal doses of radiation14.
It also influences the metabolism of various drugs and alcohol.

The immunopharmacology of Na-DDC has been reviewed by Renoux et
al.15 Na-DDC, also called "Imuthiol", a non-antigenic and non-carcino-
genic compound, devoid of toxic effects in immunostimulant doses,
showed distinctive properties in recruitment and activation of T-cells.
Studies on this mode of action disclosed unsuspected links between the
immune system, the endocrine liver and the central nervous system.
Evidence was obtained indicating that the brain neocortex modulates
T-cell-mediated events, most likely via the control of specific hormonal
synthesis by the liver.

4.2.2. ThaJlium-201 diethyldithiocarbamate (Tl-201 DDC)

Uptake kinetics and the distribution in different organs in the rabbit are
discussed in chapter 6. Additional data on the rabbit-organ distribution,
acquired during the experiments of chapter 5, are shown in table 1.
Kamerbeek6 investigated the stability of the Tl-DDC chelate in vivo by
incubating it with rat liver homogenate. The half-time was about 30 min.
Thallium distribution studies in rats after intravenous administration of
Thallous nitrate and subsequently Na-DDC after 1 min compared to a
control group which received only Thallous nitrate resulted in the
following data: in the former group the Thallium concentration was 9 fold
higher in the brain than in the control group after 2 hours and 4.5-fold
higher after 5 hours. In the liver twice as much of the complex was found
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(after 2 and 5 h). However in the kidneys of the control group 3 times more
Thallium was found than in the kidneys of the rats receiving Na-DDC.

4.3. Toxicology and adverse reactions

4.3.1. Sodium diethyldithiocarbamate (Na-DDC)

Toxicology:
Sunderman reviewed the literature (1952-1967) on the therapeutic use of
Na-DDC as a chelating agent5. In this review a LD 50 in mice and rats of
1500 mg/kg was mentioned (Hakl et al. 1952). After i.v. injection of
500-1000 mg/kg of Na-DDC into rabbits, damage to the pancreatic alpha
cells was reported16. This could not be confirmed by others after
administration of 300 mg/kg and was also opposed by Galin et al. after
administration of 500-1200 mg/kg17.

Dogs received orally Na-DDC for 3 months in doses of 30,100 and 300
mg/kg/day. No adverse reactions were noticed at the lower dose, while
emesis and tremor occured at the medium and higher doses. No
histopathological changes were observed18.

Na-DDC was administered to pregnant rabbits intravenously 0.5-1 gfor
20 days, 5 days a week. Resorption of all fetus was found19.

Kamerbeek6 has treated 4 patients with a Thallium intoxication. Two
patients received 25 mg Na-DDC/kg body weight per day in 500 ml
glucose/saline solution, administered intravenously in 4 h for subsequent
periods of 2 consecutive days. Urinary Thallium excretion increased
thereafter. No adverse reactions were observed in the first period.
However, later on hypotension and loss of consciousness occurred. For
several two-day periods, the other two patients were treated orally with 30
mg/kg daily; one of whom also showed loss of consciousness. The author
attributed this phenomenon to increased transit of the Thallium-DDC
complex through the blood-brain barrier.

In another study Na-DDC was administered to patients with thallo-
toxicosis in doses of 20 mg Na-DDC/kg i.v. at 48-hour intervals. An
increase in Thallium excretion was found in the urine. No adverse
reactions were mentioned4.

Recently Na-DDC has been used in the therapy of systemic lupus
erythematosus (SLE) and acquired immune deficiency syndrom (AIDS)
without side effects (5-10 mg/kg orally, once a week for a 3-6 month
period.
— Sodium diethyldithiocarbamate inducing long-lasting remission in the

case of juvenile SLE20
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— Immunomodulation with diethyldithiocarbamate in patients with an
AIDS-related complex21

— In vitro inhibition of LAV/HTLV-III infected lymphocytes by Na-
DDC and isoprinosine22.

Adverse reactions:
As far as it appears from the literature (and our own experiments) no
adverse reactions are to be expected if Na-DDC is administered in the
amount (10 mgr) present in the used preparation of Tl-201 DDC. It is not
known at what dose of Na-DDC the so called "disulfiram effect" occurs,
which is caused by an acetaldehyde intoxication (headache, palpitations,
hypotension, nausea and a feeling of dyspnoea). For safety reasons the use
of alcohol within 24 hours is advised against.

4.3.2. Thallium-201 diethyldithiocarbamate

Toxicology:
In our procedure patients receive 150 MBq (3-4 mCi) of Tl-201 DDC with
less than 1 /xg of metallic Thallium. The complex is prepared by mixing the
radioactive Tl with 10 mg of Na-DDC. Kamerbeek6 found in rats a LD50
of about 7 mg/kg body weight (calculated as Thallium) for Thallium-DDC
as well as for Thallous nitrate.

Adverse reactions:
Adverse reactions have not so far been noticed.

Tl-201 DDC has not been tested for carcinogenesis or for impairment of
fertility. Carcinogenesis studies, as for most radiopharmaceuticals, are
considered not to be relevant in this product, which is administered once,
or at the most a few times at considerable time intervals only, and in very
small quantities. Fertility impairment studies are felt not to be necessary,
because distribution studies have not shown the drug to accumulate in the
gonads.

4.4. Absorbed radiation dose

In chapter 7 the whole body distribution of Tl-201 DDC in man is
compared to the distribution of Tl-201 chloride. Except for the brain, no
significant differences were found (chapter 7, table 1). The brain uptake is
4.32% (percentage of injected dose) for Tl-DDC and 0.91% for Tl-201 Cl.
See also chapter 6, fig. 6.

In conclusion the total body radiation dose of 150 MBq. Thallium-201
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DDC is about equal to that of 150 MBq Thallium-201 Cl (table 2)

excluding the brain. The radiation dose to the brain will be between 73 and

107 mSv, assuming a homogeneous distribution and no wash-out. Table 3,

4 and 5 show the radiation dose in 3 other established brain scintigraphy

methods.

Table 1
Distribution of Tl-201 after i.v. injection of Tl-201 DDC. Data of four periods after
injection.

LUNGS
LIVER
HEART
KIDNEYS
BRAIN

LUNGS
LIVER
HEART
KIDNEYS
BRAIN
OVARIES

5 min,

organ

0.83±0.15
12.67±1.83
0.46±0.06
8.77±1.17
2.47±0.66

45 min

organ

0.53+0.18
13.01 ±2.13
0.55±0.12
9.99+1.17
1.79±0.13
0.01 ±0.006

n=5

g-organ

O.O7±O.O3
0.14±0.03
0.06±0.02
0.47±0.06
0.25±0.06

, n=6

g-organ

0.05+0.01
O.I5±O.O2
0.10+0.02
0.68±0.09
0.20±0.01
0.04±0.02

20 min

organ

0.58±0.19
15.67±3.73
0.39±0.08
7.38±1.22
1.94±0.23

23 h.

organ

0.17+0.03
2.07+0.06
0.19+0.03
4.40+0.12
0.88+0.20

, n=5

g-organ

0.06±0.03
0.17±0.02
0.06±0.02
0.47±0.08
0.21±0.03

n=2

g-organ

0.02
O.O3±O.OO7
0.03±0.007
O.32±O.O1
0.11+0.007

Mean values ± SD, organ — percentage of dose per organ, g-organ = percentage of dose
per gram organ.

Table 2

150 MBq (4mCi) Tha!lium-201 Chloride

whole body
gonads
heart
kidneys
liver
thyroid
intestine

8.4 mSv
17.2 mSv
52.0 mSv
53.0 mSv
25.2 mSv
19.2 mSv
29.2 mSv

(0.84 rem)
(1.72 rem)
(5.2 rem)
(5.3 rem)
(2.52 rem)
(1.92 rem)
(2.92 rem)

(reference : 23)
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Table 3

740 MBq (20 mCi) Tc-99m pertechnetate

whole body
gonads
large intestine
stomach
thyroid

3.0 mSv
4.0 mSv

30.0 mSv
49.3 mSv
68.0 mSv

(0.30 rem)
(0.40 rem)
(3.00 rem)
(4.93 rem)
(6.80 rem)

(reference : 24)

Table 4

185 MBq (5 mCi) 1-123 amphetamine

whole body
liver
brain

1.80
8.80
3.85

mSv
mSv

mSv

(0.180
(0.880
(0.385

rem)
rem)
rem)

(reference : 25)

Table 5

555MBq(15mCi)Xe 133 i.v.

whole body
brain
kidneys
lungs
gonads

(references : 26, 27)

References

0.24 mSv
2.55 mSv
0.90 mSv
1.80 mSv
0.21 mSv

(0.024 rem)
(0.255 rem)
(0.090 rem)
(0.180 rem)
(0.021 rem)
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Summary

Although Thallium-201 diethyldithiocarbamate has been accepted as a
suitable regional cerebral blood flow (rCBF) tracer for SPECT, little is
known about its cerebral (re)distribution with time. A quantitative
autoradiographic study in rabbits is presented. Rabbits were injected with
60 MBq (1.6 mCi) Tl-201 DDC and killed after 5 min, 20 min, 45 min and
23 hours. After perfusion of the brain with saline, 20 ;um slices were placed
on film for macro-autoradiography. After the images had been digitized,
quantitative analysis demonstrated that, although a 28% wash-out had
been observed over this period, the initial rCBF image was preserved for at
least 45 min, without major alteration of the gray/white matter ratio. The
initial rCBF image had changed after 23 hours. Comparison of these
results with more recent human data suggests a more prolonged retention
in human brain.

Introduction

In previous studies we described the development and use of Tl-201
diethyldithiocarbamate (Tl-201 DDC) as a regional cerebral blood flow
(rCBF) tracer using single-photon emission computed tomography
(SPECT)1-2-3. After 30-60 min rat brain retained 3.68% of the injected dose.

In rabbits, i .46% of the injected activity accumulated in the brain, where
the activity remained stable from 1.5 to at least 1 h after injection. In
humans whole body distribution studies demonstrated a bxain uptake of
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4.3% of the dose. In one volunteer the brain wash-out was calculated
during 72 h. Brain uptake was 4.3% after 1.5 h, 4.4% after 3.5 h, 4.2% after
8 h, 3.8% after 48 h and 3.5% after 72 h, showing no wash-out in the first 8 h
after the injection. Incidental studies 4 h after injection in volunteers and
patients with an established stroke did not show any redistribution or
"filling in".3

Macroautoradiographic images from rabbit brain, made for qualitative
comparison only, disclosed a good distinction between gray and white
matter at both 5 and 45 min following the injection. Very recently an
autoradiographic comparison in rats of Tl-201 DDC, isopropyliodo-
amphetamine (1-123 IMP) and iodoantipyrine (C-14 IAP) has been
published4. C-14 IAP can be used to measure rCBF5, and is employed as
reference tracer in this study. Although some differences with 1-123 IMP
and C-14 IAP where found, the author concluded that Tl-201 DDC uptake
generally reflects regional cerebral blood flow and that it therefore can be
used as a cerebral perfusion tracer for SPECT imaging. Tl-201 DDC (and
1-123 IMP) underestimated rCBF in the white matter while C-14 IAP
underestimated rCBF values in high flow regions. The cerebral circulation
is directed from the outer cortical areas inwards to the white matter6-7. The
underestimation of rCBF in the white matter by Tl-201 DDC and 1-123
IMP is possibly caused by the high extraction of these tracers in the cortical
areas, leaving less activity for the inner layers4.

Although Tl-201 DDC has proven to be an accurate flow tracer in both
animals and humans, little is known about the cerebral (re)distribution in
the course of time. In this study we present the autoradiographic results in
rabbits, within the first 45 min and 23 h after administration of the tracer.

Methods and Materials

The synthesis of Tl-201 diethyldithiocarbamate has been described
elsewhere'3. In eighteen rabbits 60-70 MBq (1-6-1.9mCi) was injected in an
ear-vein following anaesthesia with 1-2 ml Hypnorm (5 mg Fluanison +
0.1 mg Fentanyl/kg). After respectively 5 (n=5), 20 (n=5), 45 (n=6) min
and 23 h (n=2), 2 ml of pentobarbital 10% was injected in an ear-vein.
Thoracotomy was performed and the upper abdomen was opened. The
abdominal aorta was ligated. A needle was placed in the ascending aorta
and perfusion with saline started (NaCl 0.9%). The right atrium was
opened. The perfusion was terminated when the retina turned pale. The
brain was removed after cutting the upper spinal cord at the foramen
magnum. The brain was weighed and counted in a dose calibrator
(Capintec CR5). Counts were corrected for decay and expressed in
percentage of the injected dose. The brain was cut in 5 mm thick coronal
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Fig. 1
Rabbit mid-coronal brain slice (5 mm).

Fig. 2
Rabbit mid-coronal brain section (20 /urn, H.E.).
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Fig. 3
Analogous autoradiographic image of a mid-coronal brain section, 5 min after
injection.

slices. A midcoronal section (fig. 1) was put in isopentane and frozen with
fluid nitrogen (n=2 for each point of time). A cryostat (-20°C) was used to
cut the specimen in 20 /um slices (fig. 2), which were placed on glass and —
after having been dried by air — put on film (Agfa Osray M3) for 19 h (fig.
3). The autoradiographs were digitized with a special computer adapted
microdensitometer (Joyce Loeble 3CS). Regions of interest (background,
cortical gray matter, white matter, medio-ventral part of the thalamus and
hippocampal formation) were delineated with a light pen as illustrated in
fig. 4a for both hemispheres separately. In each region of interest the
density was measured. Background correction was performed and various
ratios were calculated and averaged (± S.D.). To establish the density
curve of the film, we used 7 drops (0.012 ml), containing increasing
concentrations of Tl-201 Chloride (0.19, 0.38, 0.75, 1.5, 3, 6 and 12
uCi/ml), that were absorbed by blotting-paper. After having been dried by
air, the blotting-paper was put on film for 19 h. After exposure, the paper
was cut in pieces and the 7 areas were counted with a gamma counter
(Packard 5160) and expressed in activity per unit area (nCi/cm2). The
density of the hot-spots on the film was measured with a densitometer
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Fig. 4
Digitized autoradiographs at various times after injection:
a. Image of fig. 3; at 5 min, the regions of interest used in this study are indicated (O)-1- background, 2. gray matter, 3. white matter,

4. hippocampal formation, 5. medio-ventral part of the thalamus.
b. at 20 min; c. at 45 min; d. at 23 h, note that the central layers of the hippocampal formation are visible on the 23 h image (arrows).
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(MacBeth TD 104) and corrected for background. We also determined the
density range of the 5 min autoradiographs.

Results

The density-activity plot of the film (fig. 5) revealed a linear increase of
density with the amount of activity used. The plot covers the range of the
densities measured in the autoradiograms (< 0.5). The results of the total
brain uptake measurements corrected for decay are shown in table 1. After
5 min 2.47% of the injected dose has accumulated in the brain. In the first
45 min 28% of the initial brain uptake is washed out, in the next 22 h
another 36%. This suggests a rapid initial and a slower second wash-out
phase.

The results of the semi-quantitative autoradiography are shown in table
2. In the first 20 min the ratios are fairly constant. The gray/white matter
ratio decreases a little at 45 min and considerably at 23 h. The gray
matter/hippocampal formation also declines with time. Both the gray
matter/thalamus and the hippocampal formation/white matter ratios are
fairly constant at all time points. The hippocampal formation/thalamus

D-Do

1.5 r

1.0

0.5 y-0.028x-0.O039

10 20 30
activity

40 50 60 nCi/cm2

Fig. 5
Density curve of the Agfa Osray M3 film, there is a linear relationship between density
and activity. The density of the autoradiographs was < 0.5.
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Table 1
Total rabbit brain uptake (mean ± SD) after decay correction in percentage of the
injected dose TI-201 DDC.

5 min
20 min
45 min
23 h

2.47±0.66
1.94 ±0.23
1.79±0.13
0.88±0.20

n=5
n=5
n=6
n=2

Table 2
Quantitative results of various brain regions expressed in ratios over time

G/W G/T G/H H/T H/W

5 min 2.37±0.20 0.77±0.07 1.31±0.06 0.59±0.04 1.81±0.09
20 min 2.28±0.08 0.81±0.07 1.33±O.O2 0.61±0.05 1.72±0.06
45 min 2.04±0.33 0.77±0.07 1.14±0.08 0.67±0.03 I.79±0.36
23 h l.?6±0.05 0.71±0.02 0.79±0.05 0.90±0.04 1.61 ±0.09

n = 4, both hemispheres in 2 rabbits were calculated separately, mean ± SD
G: cortical gray matter, W: white matter, T: thalamus, H: hippocampal formation.

ratio increases, especially at 23 h. We may conclude that the wash-out from
the cortical gray matter and the thalamus was higher than the wash-out
from the white matter and the hippocampal formation. In the first 45 min
the gray/white maUer ratio remains fairly constant despite a wash-out of
28% in this period. This correlates well with the qualitative impression of
the digita1 images (fig. 4). After 23 h the image has changed completely.
The lower wash-ouc from the hippocampal formation compared to the
other structures is also visible. The central layers of the hippocampus are
only discernible in the 23 h image. Similar images have been obtained in
rats, studied with 1-123 IMP8.

Discussion

In the present study we found a higher rabbit brain uptake of Tl-201 DDC
(2.47% of the injected dose) than in our previous experiments (1.46%)2.
Perhaps this is explained by the higher DDC concentration we use
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presently2-3. Despite a wash-out of 28% in the first 45 min, a typical
cerebral blood flow image with high gray matter uptake and without
marked change of the initial ratios persisted over this period and proves the
usefulness of Tl-201 DDC for SPECT. A study with a rotating gamma
camera requires about 30 min.

The wash-out in humans is probably much slower and the study can be
postponed much longer. Studies in volunteers and in patients, performed
after 4 h, yielded the same rCBF image as obtained initially3. In one
volunteer, investigated with a rotating gamma camera, we found no wash-
out between 1.5 and 8 h after injection3. In 3 other humans examined with
the Harvard multidetector brain system a loss of 3.9% ± 0.75 (s.d.) from
the brain was calculated over a period of 4 h after injection (data
unpublished).

The present study indicates that after 23 h the typical activity distribu-
tion has changed and does not reflect the initial rCBF pattern anymore.
White matter and hippocampal formation show less wash-out than the
other areas investigated. The hippocampus is, just as the cortical gray
matter, a structure with high flow. This suggests a more complex
mechanism than a purely flow dependent difference in wash-out velocity
between these two structures. Redisti.bution, specific retention or
metabolism may play a role. Because of the higher wash-out in rabbits than
in humans, these data are not necessarily valid for humans.

In summary, the initial rCBF image in rabbits persists for at least 45 min
after injection, despite r. 28% wash-out in this period. Relative to these
findings in rabbits, more recent data in human indicate a slower wash-out
of Tl-201 DDC from the human brain and probably even a greater
persistance of the initial distribution pattern. The recent work of Lear et al4

and our present study prove that Tl-201 diethyldithiocarbamate is a useful
radiopharmacon for cerebral blood flow studies with SPECT.
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Summary

The study of cerebral blood flow by single photon emission computed
tomography (SPECT) requires lipophilic radiopharmaceuticals. The high
cost and limited availability of N-isopropyl-p-I-123-iodoamphetamine (I-
123 IMP) led us to search for alternatives. Following our recent
development of thallium-201 diethyldithiocarbamate (Tl-201 DDC), we
have compared the brain uptake of 1-123 IMP and Tl-201 DDC in rabbits.
The brain bound 1.14 + 0.28% (s.e.m.) of the dose of the injected 1-123
IMP and 1.46 ± 0.28% of Tl-201 DDC. Brain activity of Tl-201 DDC
remained stable from 1.5 min after injection up to at least 1 h. The Tl-201
DDC uptake was more instantaneous than that of I-123 IMP. The ratios of
gray to white matter distribution were about equal: 1.41 for 1-123 IMP and
1.44 for Tl-201 DDC. The lungs retained 8.32% of the dose of 1-123 IMP
and only 0.53% of the Tl-201 DDC. In brain macroautoradiography
Tl-201 DDC yielded images of good quality with excellent demarcation of
gray and white matter, persisting for at least 45 min after injection. We
conclude that 1-123 IMP and Tl-201 DDC are equally suitable for blood
flow study of the rabbit brain. The first human tomographic results
obtained in two healthy volunteers demonstrate that clinical application of
SPECT Tl-201 DDC may be feasible.
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Introduction

Imaging of the regional brain metabolism and perfusion has been made
possible by positron emission computed tomography and single photon
emission computed tomography (SPECT). The latter may find more
clinical application because it employs widely available rotating gamma
cameras and does not require a cyclotron on site. However, highly
lipophilic radiopharmaceuticals are needed which pass the blood-brain
barrier. Winchell1'2 developed N-isopropyl-p-[I-123]-iodoamphetamine
(1-123 IMP) which has a high extraction rate during the first pass and a
constant brain activity between 20 and 60 min after injection3. Iodine-123
IMP has been studied intensively4"10 but the agent is expensive and not
readily available, which restricts its clinical use in the study of acute
cerebral ischemia. Recently we developed thallium-201 diethyldithio-
carbamate (Tl-201 DDC), a lipophilic agent which could possibly serve as
ar. alternative to 1-123 IMP11.

A pilot study showed a considerably greater brain uptake of Tl-201
DDC than Tl-201-chloride in the rabbit. A study in rats confirmed this
finding: brain uptake of Tl-201 DDC was comparable to that described for
1-123 IMP1. In rats the percentage of the injected dose per gram wet tissue
was 2.73% for Tl-201 DDC 1 h after injection, whereas Winchell found
2.14% for 1-123 IMP. In the following, we compare the results of
administering 1-123 IMP and Tl-201 DDC in rabbits. Here we report about
the kinetics of brain uptake, the ratio of binding to gray opposed to white
matter, and the distribution of both agents to the main body organs. The
favourable properties of Tl-201 DDC prompted us to investigate its use in
two human volunteers as a new radiopharmaceutical for SPECT imaging
of brain perfusion.

Material and methods

Iodine-123 IMP was obtained from 'Cygne' (Technische Hogeschool,
Eindhoven). The 1-123 was cyclotron produced and contaminated with
<2.5% Iodine-124 at calibration time. Radiochemical purity was more
than 99% and the specific activity was more than 50 Ci/gram 1-123 IMP.

The preparation of the Tl-201 labeled Tl-Diethyldithiocarbamate (Tl-
201 DDC) has been described earlier1. Sodium Diethyldithiocarbamate
(Merck, Darmstadt, West Germany) 3 H2O (Na-DDC) of analytical
grade was used to make a solution of 1 mg per ml in sterile, pyrogen-free
saline. The solution was passed through a 0.2 nm membrane filter and
prepared freshly for each experiment. For the studies in human volunteers
2 ml of Na-DDC 5 mg/ml in 0.65% sodium chloride solution was
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prepared. This solution was sterilized by filtration and kept refrigerated in
ampoules. Stability experiments of this preparation were performed. After
addition of 100 ml of a copper (II) sulphate solution (10 mg/1) the
extinction at 455 nm was measured.

Thallium-201 DDC was prepared by mixing 2 ml of Na-DDC solution
containing 10 mg with an equal volume of Tl-201 chloride (CIL BV,
Mallinckrodt, Petten), containing 2-3 mCi. After 10 min incubation at
room temperature the radiopharmaceutical was ready for use. The
stability of the Tl-201 DDC complex was tested by ascending chromato-
graphy using paper strips with n-Heptane and using silica gel impregnated
glass fiber ITLC sheets (ITLC SG, Gelman Sciences, Inc., Ann Arbor, MI)
with methylethylketone (MEK) as the eluant.

To show the lipophilic properties of the complex, the octanol/ water
partition coefficient was determined by shaking the chelate in water with
octanol. Complexes of Na-DDC with other radionuclides were evaluated.
Moreover, chelation with technetium-99m (99mTc) was attempted using
several reducing agents.

Gamma camera studies
Studies were performed using a gamma camera (Maxi Camera 400
autotune ZS, General Electric, Inc.) interfaced to a gamma-11 computer
(Digital). A lower energy general purpose collimator was used. 0.5 mCi
Tl-201 DDC (n=6) or 1-123 IMP (n=5) was injected into an ear vein
following anesthesia with 5 mg Fluanison + 0,1 mg Fentanyl/kg. Dynamic
studies were performed at a rate of one frame per 10 sec during 22 min.
Time-activity curves were obtained for brain, lungs, liver, and kidney after
background subtraction.

Tissue distribution studies
Eight rabbits were killed at 25 and 45 min after injection of Tl-201 DDC
(n=4) or 1-123 IMP (n=4) at the end of the gamma camera studies. After
the injection of pentobarbital (80 mg/kg), the brain and other organs were
removed and weighed. Samples of cortical gray and white matter, basal
ganglia, cerebellum, lung, liver, and kidney were weighed and counted in a
gamma counter model CG-4000/PG-4000. Counts were corrected for
decay and expressed in percentage of injected dose per gram wet tissue.

Macroautoradiography
A rabbit was given 1.84 mCi Tl-201 DDC and killed after 5 min. Another
rabbit received 1.72 mCi and was killed after 45 min. Brains were removed
and cut frozen into 20 micron sections on a cryostat. The sections were
placed on film (Agfa Osray M3) for 19 h.
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Studies in humans
Three mCi of Tl-201 DDC were injected in two human volunteers.
Dynamic images were obtained of the head in a 2-min study of 1 frame per
10 sec on a rotating gamma camera (Omega, Technicare, Inc.) interfaced
to a computer (Model MCS-560). A SPECT study was acquired thereafter
as follows: A 6° stepwise rotation for 360°, 30 sec acquisition time for each
step. Reconstruction of transverse slices was performed by filtered
backward projection employing a Butterworth filter with a cut-off of 0.35
after attenuation correction. Whole body images were obtained 3.5 h after
injection with the same gamma camera.

Results

Preparation of Tl-201 DDC
Na-DDC 5 mg/ml in ampoules appeared to be stable for at least 10 wks
when kept refrigatered. Degradation products of DDC (diethylamine and
carbon disulfide) did not result in a colored complex after addition of
copper (II) sulphate. Thallium-201 DDC chelate tested by means of paper
chromatography with n-Heptane showed a labeling efficiency of about
80%. This system was not optimal. Drying of the wet spot on the paper
resulted in disintegration of the complex whereas omitting of the drying
step inhibited the elution process. The silica gel glass fiber sheets
employing MEK appeared to be an excellent system. Thallium-201 DDC
moves with a flow rate of 80-90, whereas Tl-201 chloride remains entirely
at the origin.

The labelling efficiency determined with this system was 99% after 10
min, after 5 h still 97%. The octanol/water coefficient of 88% after one
extraction and 96% after the second confirmed the lipophilic property of
the chelate. The labeling of Tl-201 DDC with Indium-111 was promising in
vitro but accumulated completely in the liver of the rabbit in vivo.
Gallium-67 was not tested in vivo as the labeling yield was low. We did not
succeed in finding a good reducing agent to obtain a Tc-99m DDC chelate.
Formamidine sulphinic acid (FSA) as described by others12, did not prove
to be successful either. We, therefore, continued our study with Tl-201
DDC. We observed about 6% adsorption of the chelate to the plastic
syringe especially to the siliconized plunger. This loss of activity could be
reduced to 2-3% by filling the syringe immediately before injection.

Gamma camera studies
Time-activity curves for lungs, brain, liver, and kidneys are shown in Figs.
1-2. The brain curve for 1-123 IMP reaches the 90% of maximum level at
3.5 min, while Tl-201 DDC (Fig. 1) reaches this level at 1.5 min. The uptake
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Figure 1
1-123 IMP time-activity curves for lung (•) and brain (•) in rabbits (n=5, mean ±
s.e.m.) and Tl-201 DDC time-activity curves for lung (•) and brain (O) in rabbits (n=6,
mean ± s.e.m.).

of Tl-201 DDC is significantly faster, as demonstrated in Fig. 3. Brain
activity remains fairly constant after 1.5 min for TI-201 DDC and after 3.5
min for 1-123 IMP. Images taken 1 and 2 h after injection demonstrated
stable brain activity. The lung curve for I-123 IMP reaches its peak at 1 min
after injection, whereafter the activity falls down to 30% of maximum at 18
min (Fig. 1). Thallium-201 -DDC has a low retention in the lung. The curve
reaches its maximum at 0.5 min, whereafter the activity decreases very
quickly resulting in a 30% of the maximum level at 2 min after injection
(Fig. 1). The 1-123 IMP liver curve (Fig. 2) shows a rather rapid uptake in
the first 6 min, thereafter liver 1-123 IMP activity remains constant. The
Tl-201 DDC liver curve demonstrated an increasing activity up to 18 min
(Fig. 2).

Iodine-123 IMP uptake in the kidney reaches its maximum at 14 min
(Fig. 2). The Tl-201 DDC kidney curve (Fig. 2) shows a rapid uptake after
1 min, followed by a slow increase in activity over the next 21 min.
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Figure 2
Lower: 1-123 IMP time-activity curves for liver (•) and kidney (•) in rabbits (n=5,
mean ± s.e.m.)- Upper: Tl-201 DDC time-activity curves for liver (O) and kidney (•) in
rabbits (n=6, mean ± s.e.m.).
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Figure 3
Brain time-activity curves for I-123 IMP (• , n=5) and Tl-201 DDC (O, n=6) in rabbits
(mean ± s.e.m.).
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Tissue distribution
Table 1 demonstrates the uptake obtained in tissue samples. The
percentage brain uptake of the injected dose is about equal for both
radiopharmaceuticals (1.14 for 1-123 IMP and 1.46 for Tl-201 DDC). The
gray/white matter ratio found by the sampling technique proved to be
equal for both agents (1.41 ± 0.07 SEM for I-123 IMP and 1.44 ± 0.18 SEM
for Tl-201 DDC). The distribution of activity in the lungs for the two
radiopharmaceuticals at the time of killing differs markedly: 8.32% of the
I-123 IMP dose as opposed to 0.53% of the Tl-201 DDC dose. The activity
in the liver is higher for Tl-201 DDC (14.36% of the dose) than for 1-123
IMP (8.68% of the dose). The uptake in the kidney is about the same
(5.45% for Tl-201 DDC compared to 5.06% for 1-123 IMP.

TABLE 1
Comparison of In Vivo Distribution of [2O1TI]DDC and

[123I]IMP in Rabbits*

Item

Brain
(total)

Cere-
bellum

Basal
ganglia

White
matter

Cortical
gray
matter

Lungs
Liver
Kidneys

[M1TI]ODC

Per organ

1.46 ±0.28

—

—
0.53 ±0.17

14.35 ± 1.85
5.45 ± 1.18

Per gram
wet tissue

—

0.18 ±0.05

0.16 ± 0.04

0.12 ±0.03

0.16 ±0.04
0.04 ± 0.02
0.09 ±0.01
0.29 ± 0.04

|1MI]IMP
Per gram

Per organ wet tissue

1.14 ±0.18 —

— 0.14 ± 0.02

— 0.16±0.01

— 0.13 ±0.02

— 0.18 ±0.02
8.32 ±0.39 0.48 ±0.11
8.68 ± 1.12 0.08 ±0.01
5.06 ± 1.99 0.33 ± 0.05

' Expressed as percent uptake of injected dose at 25-45 mins
post injection, n = 4; M ± s.e.m.

Dosimetry
Table 2 shows a comparison of estimated radiation dose to various organs
when 3 mCi Tl-201 DDC13 or 5 mCi 1-123 HIPDM14 are injected.

Macroautoradiography
The images of the brain section are shown in Fig. 4. A good distinction
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Table 2
Estimated Radiation Dosimetry (in Rads)

Item

Whole body
Brain
Heart
Liver
Lung

P'TllDDC
(3mCi)

0.63
3.9
3.9
1.69
1.35

11M|JH1PDM
(5mCi)

0.25
0.70

1.85
2.85

Figure 4
TI-20I DDC macroautoradiograph, rabbit brain, coronal section 5 min (left) and 45
min (right) after injection.

between gray and white matter is found for both 5 and 45 min images.

Studies in humans
The brain uptake curve during the first 2 min after injection is similar to
that found in rabbits — a rapid increase followed by a plateau 1.5 min after
injection. The tomographic results obtained in the second volunteer are
demonstrated in Fig. 5. White and gray matter differ clearly from each
other in the transverse slice. Brain activity remained stable in the two
humans studied for at least 2 h. The whole body image (Fig. 6)
demonstrated (apart from an increased brain uptake when compared with
Tl-201 chloride) a distribution which was quite similar for both agents:
marked uptake in salivary glands, thyroid, myocardium, muscles, kidneys,
liver, and intestine. In the Tl-201 DDC study, count density over the brain
was approximately equal to that found over the heart.
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Figure 5
Transversal tomograph from human volunteer.

Tl-201 chloride Tl-201 DDC
Figure 6
Whole-body image of Tl-201 chloride (left) and of Tl-201 DDC (right). Note marked
increase in brain uptake.
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Discussion

Our results show similar brain uptake and gray to white matter
ratios, for both 1-123 IMP and Tl-201 DDC in the rabbit.
The retention of 1-123 IMP by the lung may explain its slower brain
uptake relative to Tl-201 DDC. The faster Tl-201 DDC uptake may yield
an even more realistic image of the cerebral blood flow. Holman3, quoting
the work of Rapin et al., described a gray to white matter ratio of 4.0 for
1-123 IMP in rats. This is significantly higher than the 1.41 we found for
1-123 IMP and the 1.44 for Tl-201 DDC. However, we obtained this ratio
by taking tissue samples, whereas Rapin et al. employed autoradiography.
Moreover an interspecies difference may exist. The images we obtained by
this technique demonstrated a clear demarcation of white and gray matter
with Tl-201 DDC. We were not able to perform quantitative auto-
radiography.

Single photon emission computed tomography of the brain employing
Tl-201 DDC is feasible. Although energy and physical half-life of Tl-201
are not ideal, the obtained images with a relatively low activity are
encouraging. The radiation dose of 3 mCi of Tl-201 DDC is likely to be
higher than that administered by a 5 mCi dose of 1-123 IMP or 1-123
HIPDM, although the amount of I-124/I-125 present in the 1-123
preparation may influence the dose considerably. In Table 2, a tentative
radiation dose is given for 3 mCi Tl-201 DDC in comparison to 5 mCi 1-123
HIPDM13. Since the distribution pattern of Tl-201 DDC seems, apart
from the brain, to be similar to T-201 chloride on whole body images (Fig.
6), we used the data for the latter radiopharmaceutical as given by Samson
et al.14. The brain dose administered by Tl-201 DDC may be similar to the
myocardial dose, in view of the comparable count density. However, more
work on radiation dosimetry of Tl-201 DDC has to be done.

We conclude that clinical application of Tl-201 DDC for SPECT
imaging may become of value in cerebral ischemia, since this agent
demonstrates almost instantaneous brain uptake which remains stable for
at least 1 to 2 h.
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Summary

Thallium-201 diethyldithiocarbamate (Tl-201 DDC) was studied in
humans as an agent for cerebral blood flow imaging. Brain uptake proved
to be complete 90 sec after injection with no appreciable washout or
redistribution for hours. Intracarotid injection suggested an almost 100%
extraction during the first passage. Whole-body distribution studies
demonstrated a brain uptake of 4.3% of the dose compared with 0.9% for
Tl-201 chloride. No differences were found in the distribution of Tl-201
DDC versus Tl-201 chloride in other organs. After the injection of 3mCi
Tl-201, good quality single photon emission computed tomographic
(SPECT) images of the brain were obtained with both a rotating gamma
camera and a multidetector system. In ischaemic brain disease, perfusion
defects were easily demonstrated. We conclude that Tl-201 DDC is a
suitable radiopharmaceutical for SPECT studies of cerebral blood flow.

Introduction

Sodium diethyldithiocarbamate (NaDDC), a metabolite of disulfiram,
binds mono, bi-, or trivalent metallic ions easily, and has clinically been
used in nickel poisoning1. Wilson's disease2-3, and thallium intoxication4-5.
It is used as a reagent for the colorimetric determination of copper. It has
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been observed during NaDDC therapy of Thallium intoxication that
neurologic symptoms sometimes worsen, which was credited to the
increased lipophily of the Thallium-DDC chelate with subsequent
passage of the intact blood-brain barrier6. Vyth et al.' demonstrated
approximately a tenfold increase in Thallium-201 Tl-201 DDC brain
uptake in comparison to Tl-201-chloride in rats.

Recently we reported in a comparative study of Tl-201 DDC and N-
isopropyl-p-iodine-123-iodoamphetamine (1-123 IMP) in rabbits8. We
found that Tl-201 DDC had a more instant brain uptake, and reached
equilibrium at an earlier time, while it was not retained by the lung. Now
we report on the uptake and distribution of Tl-201 DDC in human and the
application of Tl-201 DDC single photon emission computed tomography
(SPECT) in the normal human brain and in acute ischaemic disease. In
acute ischemic brain disease defects could easily be demonstrated with
Tl-201 DDC SPECT without appreciable redistribution for hours. We
provide evidence that Tl-201 DDC is a real flow marker, which behaves
like a 'chemical microsphere.'

Materials and methods

Thallium-201 DDC preparation and quality control
Fifty milligrams of NA-DDC 3 H2O (Merck, Darmstadt, West Germany)
was dissolved in 10 ml of sterile saline. The solution was sterilized by
passage through a Q.l-jxm membrane filter. Thallium-201 DDC was
prepared by the addition of 1 ml Tl-201 -chloride, containing 4 mCi to 2 ml
of the NaDDC solution. The mixture was injected after a short incubation
period of 5 min. Labeling efficiency, which was >95%, and lipophily
were tested on ITLC strips eluted with methylethylketone, as described
previously8.

Human studies
All human studies were done after obtaining informed consent and were
approved by the Medical Ethical Committee in both hospitals. The studies
performed in the New England Deaconess Hospital were approved by a
physician sponsored IND of the FDA. All patients with a history of acute
stroke were submitted to both Tl-201 DDC SPECT and computed
tomography (CT) without contrast enhancement. Computed tomographic
studies were performed within 24 h of the Tl-201 DDC studies. Direct
comparison was made of areas showing diminished activity on the SPECT
study with hypodense areas on the CT.
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Thallium-201 DDC whole-body scans
Anterior and posterior whole-body images were obtained in five normal
human volunteers 1 h after the injection of 3-4 mCi TI-201 DDC with a
rotating gamma camera (Omega 500, Technicare Corp., Cleveland, OH.)
mounted with a high resolution collirnator. Regions of interest were
marked around brain, heart, liver, kidneys, salivary glands, and thyroid.
The percentage of uptake was assessed by calculating geometric counts
and compared with geometric whole-body counts after correction for
background. Data were compared with Tl-201 chloride distribution in five
subjects, who underwent a Tl-201 chloride cardiac study.

Thallium-201 DDC brain uptake and Tl-201 DDC SPECT
In four normal human volunteers and nine patients suffering from acute
unilateral ischaemic brain disease, brain uptake curves were obtained after
the i.v. injection of Tl-201 DDC for 5 min at a frame rate of one frame per
15 sec. Thereafter, a SPECT study was acquired 10 min after injection with
a 6° stepwise rotation for 360° and 30-sec acquisition time for each step.
Two windows of 20% were set at 73-80 keV and 167 keV. Reconstruction
was performed by filtered backprojection employing a Butterworth filter
with a cutoff of 0.35.

In phantom studies of a homogeneous object, it was found that the
application of a 0.2 attenuation correction coefficient resulted in recon-
structed slices with a homogeneous distribution. Two volunteers were
studied employing the Harvard scanning multidetector brain system which
was originally manufactured as Cleon 710. Uniform geometric efficiency
may be obtained with this system across the entire slice. Tomographic
images were obtained at 2 cm above the orbital-meatal line as described
elsewhere9.

Intra-arterial injection
Following carotid angiography, which was ordered in view of an occipital
localized tumor, 2 mCi of Tl-201 DDC was injected into the internal
carotid artery of a patient. Slices were made 1.25 cm apart with the
Harvard multidetector brain system 30 min after injection.

Results

Thallium-201 DDC human brain uptake
Thallium-201 DDC brain uptake was studied in four normal human
volunteers and time-activity curves of cerebral counts were normalized by
taking the highest value at 100%. As shown in Fig. 1, brain uptake
occurred very quickly, reaching a stable count rate 90 sec after injection. In



102

%
100

50

0 5 minutes
Fig. 1
Tl-201 DDC brain uptake in four normal human volunteers. Curves were normalized
by taking maximum at 100%. Mean + s.d. is given. Mean = —, s.d. = —.

nine patients with acute ischaemia of one hemisphere, uptake in the affected
side was compared with the other one. No difference was observed in the
rate of the Tl-201 uptake between both sides. Lung activity was followed in
11 subjects for 5 min. After 5 min, the activity had fallen to 44.5% + 10.2
s.d. of the initial peak level.

TABLE 1
[M1Tl]DDC and ['""TllChloride Whole-Body Distribution as

Percentage of Dose (Mean ± s.e.m.)

Organ

Brain
Heart
Lung
Liver
Kidney
Thyroid
Salivary gland

[MITIJODC
(n = 5)

4.32 ± 0.60
3.12±0.2S

11.01 ±0.89
8.36 ± 0.83
5.68 ± 0.59
0.84 ±0.18
0.91 ± 0.19

["njchloride
(n«5)

0.91 ± 0.07
3.05 ±0.18

11.10 + 1.09
7.87 ± 0.84
5.91 ± 0.41
0.74 ± 0.15
0.89 ± 0.18
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Whole-body distribution
Table 1 summarizes the results of the whole-body measurements 1 h after
injection. Except for the brain, no significant difference was found between
Tl-201 DDC and Tl-201 chloride as to its body distribution. The uptake in
the brain was increased —fivefold (4.32% ± 0.6 s.e.m. for Tl-201 DDC
versus 0.91% + 0.07 s.e.m. for Tl-201 chloride). In one normal subject
whole-body measurements were performed repeatedly.

Brain uptake was 4.28% 90 min after injection, 4.41 % after 3.5 h, 4.17%
after 8 h, 3.81 % after 48 h, and 3.49% after 72 h. Assuming a linear decay, a
loss of ~0.3% of the initial activity per hour could be calculated.

Normal human brain
Figure 2 demonstrates the result obtained by the Harvard multidetector
brain system in a normal human brain. There is good demarcation of gray
and white matter and basal ganglia. The images after 4 h suggested no
redistribution of the Tl-201 after its initial brain uptake.

Fig. 2
Slices obtained by the Harvard Multidetector Brain System in a normal volunteer 90 sec
(a + b) and 4 h (c) after injection. Slices b and c are at a comparable level through the
basal ganglia. No redistribution is seen.
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Fig. 3
Transversal slice of a normal brain (rotating gamma camera).

Figure 3 demonstrates the result obtained in a normal human volunteer
employing the rotating gamma camera.

Intra-arterial injection
In Figure 4 the images made after injection into the internal carotid artery
are given. The distribution area of the anterior and middle cerebral artery
are clearly shown. No activity is seen in the rest of the brain proving that
the extraction is almost limited to the first passage of the radiopharma-
ceutical.

Patient studies
Case 1 (Fig. 5). A 32-year-old male presented with an acute left-sided
hemiparesis and hemihypoaesthesia. The CT showed multiple hypodense
areas in the anterior right middle cerebral artery region. The Tl-201 DDC
SPECT study demonstrated a considerably larger area with diminished
activity. A marked crossed cerebellar diaschisis was present (not shown).

Case 2 (Fig. 6). A 76-year-old female was admitted with a progressive



105

f

Fig. 4
A: Transversal slices in same subject (Harvard Multidetector System). 10% background
subtraction was performed. Notice absence of activity in the contralateral hemisphere
and in the homolateral distribution area of the posterior cerebral artery. B: Whole-body
image after intracarotic injection. Note the near absence of activity in the contralateral
hemisphere and very low activity in the rest of the body.

stroke. The CT demonstrated initially a small hypodense area lateral to the
right ventricle (Fig. 6a), which proved to be much larger after 2 days (Fig.
6b). The SPECT study performed in between showed a large area with
diminished activity on the same side with decreased cerebellar activity on
the contralateral side.

Case 3 (Fig. 7). A 89-year-old female was admitted with a right-sided
hemiparesis. The CT showed a hypodense area in the region of the left
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Fig. 5
Case 1: Multiple hypodense areas are seen in the anterior part of the right middle
cerebral artery region on the CT. A larger area with decreased uptake is shown on the
SPECT study including the basal ganglia (small arrow) and the entire parietal cortex
(large arrows).

anterior cerebral artery, while the caudate nucleus was found to be normal.
The SPECT study (Harvard Multidetector Brain System) demonstrated
diminished activity not only in the anterior area, but also in the head of the
caudate nucleus, which is supplied by a branch of the anterior cerebral
artery. No redistribution of activity in the infarcted area was seen on a
study repeated after 4 h (Fig. 7c).

DISCUSSION

The uptake of Tl-201 DDC in the human brain proved to be as rapid as we
found previously in the rabbit8. Equilibrium is reached rapidly, ~90 sec
after injection. Thereafter, the amount of activity present in the brain
remains extremely stable. The uptake velocity and retention in the brain
are clearly superior to N-isopropyl-p-iodine-123-iodoamphetamine (1-123
IMP) which reaches equilibrium not before 10 min after injection, while
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Fig. 6
Case 2: (top): CT made at admission (a) shows a slight right parietal localized
hypodensity. Two days later (b) the size of the hypodense area is increased, (below): The
SPECT images, made on the day between the two CT-studies, reveal a large area of
decreased uptake both in the basal ganglia and in the parietal cortical area (small
arro'.vs). A diminished uptake in the contralateral cerebellar hemisphere is seen: crossed
cerebcllar diaschisis (large arrow).
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Fig. 7
Case3: CT study (top) shows hypodense areas in the region of the left anterior cerebral
artery. Head of the caudate nucleus is normal. The images (below) made with
the Harvard Multidetector Brain System (a + b) reveal larger areas with decreased
uptake in comparison to the CT study including the head of the caudate nucleus
(arrow). The study was repeated 4 h after injection and no redistribution is seen
in the infarcted area (c).
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considerable washout occurs between 1 and 24 h10. The lung clearance of
Tl-201 DDC is considerably faster than that of 1-123 IMP; Holman et al.10

reported a clearance at 30 min after injection which ranged from 34.6-
65.2% of the initial peak activity, while we found for Tl-201 DDC a fall to
44.5% ± 10.2 s.d. 5 min after injection. Also, the total amount of lung
activity is considerably lower for Tl-201 DDC. After 1 h we found 11% ±
2.0 s.d. of the dose in the lung. For 1-123 IMP this percentage may be close
to 50% as may be derived from the data of Kuhl et al.11. The large pool of
lung activity of 1-123 IMP which shows considerable washout during the
first hours after injection may influence brain uptake and distribution
since polar and nonpolar metabolites are released. In fact, cerebral 1-123
IMP uptake and distribution represent regional cerebral blood flow only
during the first 30 min after injection12.

What is the mechanism of the brain uptake of Tl-201 DDC ? The
whole-body distribution of Tl-201 DDC proved to be equal to Tl-201-
chloride apart from the brain. After the fin t brain passage virtually no
further uptake of Tl-201 DDC was observed. Possibly the Tl-201 DDC
complex falls quickly apart in vivo and distributes as the Tl-201-ion. In
that hypothesis, the DDC molecule just serves as a carrier which enables
the Tl-201 by the lipophily of the complex to cross the blood-brain-
barrier once. At present, we do not know if the distribution within the
brain occurs as Tl-201-ion or Tl-201 DDC and to which structures it is
bound.

The very high extraction rate and almost absence of redistribution
render Tl-201 DDC, apart from its photon energy and physical half-life,
into a superior radiopharmaceutical for the study of cerebral blood flow
(CBF). This has been confirmed by high precision digital quantitative
autoradiographic techniques in the rat by Lear et al.13. In a comparative
study on [C-14]iodoantipyrine, 1-123 IMP and Tl-201 DDC they con-
cluded that Tl-201 DDC is an accurate radiopharmaceutical for local CBF
measurements. Another argument that Tl-201 DDC seems to be a
'chemical microsphere' is put forward by our finding that uptake kinetics
are the same for ischaemic and nonischaemic tissues, which differ only as to
the total uptake of activity.

Sodium DDC is a known pharmaceutical agent with a low toxicity
which is metabolized quickly in vivo to known compounds14. The toxicity
of the Tl-201 DDC complex must be low, as both components are used in
low amounts compared with the LD50 which is a factor 10 lower for
thallium and more than a factor 10 lower for DDC14. The absence of
redistribution is important in clinical studies on acute stroke and other
acute conditions like epilepsy. From our experience, the imaging may be
postponed up to 24 h after the injection in the acute phase.
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Clinical studies on the use of Tl-201 DDC SPECT in various clinical

disorders like acute stroke, dementia, and malignancy are now in progress.
At this time over 80 patients have been studied without any untoward
effect. The presented clinical cases demonstrated that both with the
rotating gamma camera and the multidetector system cerebral perfusion
defects are easily detected. With the latter, superior images are obtained
but image quality of the former may gain further by the use of a slant hole
collimator, which reduces the radius of rotation.

Recently technetium-99m hexamethylpropyleneamine oxime (Tc-99m-
HM-PAO) has been introduced as a new radiopharmaceutical for SPECT
imaging of cerebral blood flow15'16. Knowledge of its uptake mechanism
and toxicity is limited at present. A comparative study on Tl-201 DDC and
Tc-99m-HM-PAO distribution and redistribution in ischaemic brain
disease is now in progress.

Acknowledgments

The authors thank Hannie Bijl and Ellinor Busemann-Sokole for their
skillful help with the rotating gamma camera studies; Paul Kazoulis for his
expert help with the multidetector system; Bart van Herk for the
calculation of the uptake curves; and Josina Brouwer for her secretarial
assistance.

Dr. de Brui'ne was supported by a grant from Mallinckrodt. Thallium-
201 chloride has been supplied as a gift by Mallinckrodt and Dupont/NEN
Grant Number CG 85006.

References

1. Sunderman FW, Sunderman FW Jr. Dithiocarb.: a new therapeutic agent for
persons exposed to nickel carbonyl. Am J Med Sci 1958; 236:26-31.

2. Sunderman FW. Nickel and copper mobilization by sodium diethyldithio-
carbamate. J New Drugs 1964; 4:154-161.

3. Hsia YE, Combs JT, Hook L, et al. Hepatolenticular degeneration: the compara-
tive effectiveness of D.penicillamine, potassium sulfide, and diethyldithiocarba-
mate as decoppering agents. J Ped 1966; 68:921-926.

4. Rieders F, Cordova VF. Effect of sodium diethyldithiocarbamate (NaDEDTC) on
urinary thallium excretion in man [Abstract]. Pharmacologist 1965; 7:162.

5. Sunderman FW Jr. Diethyldithiocarbamate therapy of thallotoxicosis. Am J Med
Sci 1967; 254:209-220.

6. Rauws AG, ten Ham M, Kamerbeek HH. Influence of the antidote dithiocarb on
distribution and toxicity of thallium in the rat. Arch Int Pharmacodyn 1969;
182:425-426.

7. Vyth A, Fennema PJ, van der Schoot JB. Tl-201 diethyldithiocarbamate: a
possible radiopharmaceutical for brain imaging. Pharm Weekbl Sci Ed 1983;
5:213-216.



I l l

8. de Brui'ne JF, van Royen EA, Vyth A, et al. Thallium-201 diethyldithiocarbamate:
an alternative to iodine-123 N-isopropyl-p-iodoamphetamine. J Nucl Med 1985;
26:925-930.

9. Hill TC, Magistretti PL, Holman BL, et al. Assessment of regional cerebral blood
flow (rCBF) in stroke using SPECT and N-isopropyl-(I-123) p-iodoamphetamine
(IMP). Stroke 1984; 15:40-45.

10. Holman BL, Lee RGL, Hill TC, et al. A comparison of two cerebral perfusion
tracers, N-isopropyl I-123 p-iodoamphetamine and 1-123 HIPDM, in the human. J
Nucl Med 1984; 25:25-30.

11. Kuhl DE, Barrio JR, Huang SC, et al. Quantifying local cerebral blood flow by
N-isopropyl-p-[123)]iodoamphetamine (IMP) tomography. J Nucl Med 1982;
23:196-203.

12. Krappel W, Bull U, Lang P, et al. Regional iodoamphetamine (IMP) kinetics in
cerebrovascular disease (CVD) and regional cerebral blood flow. A comparative
study using SPECT. European Nuclear Medicine Congress. Abstract no. 56,
London, Sept. 1985.

13. Lear JL, Mido K, Navarro D, et al. Tl-201 diethyldithiocarbamate as a cerebral
blood flow tracer: comparison with isopropyliodoamphetamine and iodoanti-
pyrine using high precision digital quantitative autoradiography. European
Nuclear Medicine Congress, London, Sept. 1985 (work in progress).

14. Renoux G. Immunopharmacologie et pharmacologie du diethyldithiocarbamate
(DTC). J Pharmacol 1982; 13(suppl. I):95-134.

15. Holmes RA, Chaplin SB, Royston KG. Cerebral uptake and retention of "Tc
m-hexamethylpropyleneamine oxime ("Tc m-HM-PAO). Nucl Med Commun
1985; 6:443-447.

16. Ell PJ, Hocknell JML, Jarritt PH, et al. A "Tc m-labelled radiotracer for the
investigation of cerebral vascular disease. Nucl Med Commun 1985; 6:437-441.



Chapter 8

Tl-201 diethyldithiocarbamate SPECT brain imaging
in acute stroke
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Abstract

In view of the growing interest in medical intervention in acute stroke a
method is needed to document the initial perfusion defect as early as
possible, before therapy is instigated. Thallium-201 diethyldithiocarba-
mate (Tl-201 DDC) is a radiopharmaceutical suitable for regional cerebral
blood flow (rCBF) imaging by single-photon emission computed tomo-
graphy (SPECT). Thanks to its simple preparation and stable, non-
redistributing brain activity lasting for many hours, thus allowing delayed
imaging, Tl-201 DDC SPECT may be such a method.

Thirty-five patients suffering from acute stroke were studied within 24 h
after admittance by Tl-201 DDC SPECT and X-ray CT. In 16 cases both
studies were performed within 24 h after the onset of the ischaemic event.
The sensitivity of Tl-201 DDC SPECT was 94% versus CT 81% in the first
24 h, using hypodensity and diminished visible or vanished sulci as CT
reading criteria. When only hypodensity as a criterion was used, sensitivity
of CT dropped to 50% in this group. Sensitivity of CT is better when
compared to SPECT in older infarctions (1-18 days). In 65% the lesions
found with SPECT were larger than those depicted with CT. The number
of patients with this phenomenon increased over time. Crossed cerebellar
diaschisis (CCD) was present in 69% of the patients. The high sensitivity of
Tl-201 DDC SPECT during the first 24 hours and the favourable
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properties of the agent in acute stroke, enables pre-therapy rCBF
evaluation without delaying the essential early start of therapy.

Introduction

Previously we have reported that Thallium-201 diethyldithiocarbamate
(Tl-201 DDC) is a suitable radiopharmaceutical for the study of regional
cerebral blood flow (rCBF) by single-photon emission computed tomo-
graphy (SPECT)12 Autoradiographic studies have shown that its distribu-
tion in the brain reflects rCBF, being comparable with other agents like
Tc-99m Hexamethylpropyleneamineoxime (Tc-99m HMPAO), 1-123
iodoamphetamine (1-123 IMP) and C-14 iodoantipyrine3'4. A unique
feature of Tl-201 DDC is that it allows postponed imaging in acute
situations without substantial redistribution in the human brain for many
hours2. This property renders Tl-201 DDC into an extremely useful agent
for the study of acute stroke in clinical practice.

There is a growing interest in the treatment of acute stroke by calcium
entry blocking agents5 and tissue plasminogen activators6 in order to
salvage ischaemic but still viable brain tissue. Although computerized
tomography (CT) is the most sensitive modality to document acute
cerebral haemorrhage, its sensitivity in the first hours after the onset of
stroke is a limited one. While in some cases, infarction may be seen as early
as 3-6 hours after cerebral ischaemia as a vanishing of the sulci (mass
effect) or a slight hypodensity, in most CT studies longer time will be
required to visualize the full extent of the stroke as a hypodense lesion7'8.
Therefore rCBF SPECT studies may be more appropriate to document the
area at risk before treatment is instigated. Since treatment has to be started
as early as possible, Tl-201 DDC is a suitable radiopharmaceutical which
can be injected within 15 min, due to its short preparation time. Moreover,
because of the prolonged brain retention and lack of redistribution,
therapy can be started immediately after the injection while the SPECT
imaging procedure can be performed in office hours.

In the following we compare the sensitivity of Tl-201 DDC SPECT
versus CT in acute stroke and its applicability to document the initial
perfusion defect in an-ongoing clinical trial into the efficacy of a calcium
entry blocker to salvage ischaemic brain tissue.

Materials and methods

Tl-201 DDC preparation
The preparation of Tl-201 DDC has been described previously1-2.150 MBq
of Tl-201 Cl in 1 ml (Mallinkrodt, Petten, the Netherlands/St. Louis MO;
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NEN, Med. Prod. Dupont, North Billerica, Mass.) is mixed with 2 ml of a
Na DDC 3H20 solution containing 5 mg/ml (Fisher Scientific, Pittsburg
PA/Merck Dramstadt, W.-Germany). The mixture can be injected
immediately. Labeling efficiency was always more than 95%.

SPECT instrumentation
Two different systems were used.
Rotating gamma camera: A Technicare Omega 500 rotating gamma
camera, mounted with a 30 degree slant hole collimator in order to
minimize camera-brain distance, was used with a 6 degree stepwise
rotation for 360° and a 30 sec acquisition time for each step. Using s
Butterworth filter, reconstruction was performed by filtered backprojec-
tion.

Multidetector: A modified Cleon 710, the Harvard multidetector brain
system was used to obtain tomographic images9. One image was obtained
at 2 cm above the orbito-meatal line, while additional images were
acquired depending on clinical situation or CT image, if already present.
Two to 4 slices at the same level were added for visual presentation.

Computerized tomography (CT)
All patients were submitted to a non-enhanced CT investigation within the
same 24 hour period during which the SPECT study was performed. The
types used were a Siemens Somatom D3, a Philips Tomoscan 310
(Amsterdam) and a General Electric 8800 (Boston).

Patients
Only patients admitted with acute ischaemic brain disease resulting in a
long standing neurologic deficit were included in the study. The total
number of studied patients was 35. For 27 patients we employed the
rotating gamma camera, while 8 were investigated with the multidetector.
The mean age of the patients was 71 years, ranging from 50 to 89. Fourteen
males and 21 females were investigated. All patients were studied during
the first 24 h after admittance. In 16 cases the time period between onset of
the stroke and both the CT and SPECT study was less than 24 h (group 1).
In 10 and in 9 cases this time-span was 1-4 days (group 2) and 5-18 days
(group 3) respectively. The time between injection of Tl-201 DDC and
imaging with SPECT was 5 min for most studies. Four patients were
injected at admittance during evening or night, while imaging was
postponed to the next day.

In 31 patients a lesion was found in the region of the middle cerebral
artery (MCA), in 1 case in the anterior cerebral artery region (ACA) and in
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1 case a combined MCA-ACA infarction was present. Two patients had a
lesion in the posterior cerebral artery (PCA) area, in one case this was
bilateral.

All SPECT studies were performed after obtaining informed consent
and approved by the medical ethical committee of both hospitals. The
studies performed in the New England Deaconess Hospital were approved
by a physician-sponsored IND of the FDA.

Assessment of SPECT and CT images
CT and SPEC7" images were placed side by side for direct visual
comparison by 3 experienced observers in order to assess the extent of the
lesion in comparable slices. SPECT studies were photographed on film
after background subtraction which was 10% for the multidetector system
and 30% for the rotating gamma camera. For the latter, a perfusion defect
was only considered to be present if seen on at least 2 successive slices.

In reviewing the CT images, attention was not only given to hypodense
areas (strict criterion) but also to areas with diminished visible or vanished
sulci without change in density (liberal criteria). In these cases the extent of
the lesion was defined by the length of the cortical surface with vanished
(or diminished visible) sulci in comparison to the same area on the SPECT
scan. With the rotating gamma camera studies the presence of crossed
cerebellar diaschisis was evaluated.

Results

Comparison of SPECT and CT sensitivity
No difference in quality of the SPECT images was seen in the 4 cases who
underwent postponed imaging, compared to the immediately imaged
patients.

Table 1-a gives the results obtained in the 3 groups according to time
after onset of the ischaemic event. If the liberal criteria are applied to the
CT study, its sensitivity during the first 24 h after stroke was remarkably
high.

The results of table 1-a were analyzed statistically by a G-test of
independence in a three way contingency table; the 3 dimensions being
SPECT, CT and time after onset.10 No significant dependence was found if
the 3 factors were mutually tested. A significant degree of association
(0.01<p<0.025) was found between one pair of factors (CT and SPECT)
over the several levels of the third (time). Therefore it was justified to
search for differences between SPECT and CT for each time period by
means of a 2-way contingency table. Only in group 3 (5-18 days after
stroke) the number of positive studies was significantly lower for the
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Table 1

a) Sensitivity of SPECT and CT during time after stroke

(liberal CT criteria)

TIME SPECT

< 24 h (group 1)
1-4 days (group 2)
5-18 days (group 3)

15/16* (94%)
8/10 (80%)
6/9 (67%)

CT

13/16 ( 81%)
10/10 (100%)
9/9 (100%)

b) Sensitivity of SPECT and CT within 24 h after stroke

(strict CT criterion)

TIME SPECT

< 24 h (group 1) 15/16* ( 94%)

CT

8/16 ( 50%)

* number ot positive studies out of total number of studies.

SPECT than for the CT study (0.025<p<0.005). So there was a significant
trend for the CT to become more sensitive than the SPECT over time.

The lower sensitivity of the SPECT in group 3 was mainly due to the
inclusion of patients with lacunar infarction (<1 cm). If these studies were
omitted the results were: 15 positive out of 15 (group 1), 8 positive out of 8
(group 2) and 6 positive out of 7 (group 3). The results obtained during the
first 24 h after stroke were much different if the "strict" CT criterion was
applied (Table 1-b). In that case sensitivity of SPECT was significantly
higher than that of the CT (0.005<p<0.001, 2 way contingency table,
G-test).

Comparison of lesion size
In patients with lesions on both SPECT and CT, using the "liberal"
criteria, the size of lesions was compared by assessment of the involved
brain sector (Table 2). Cases in which either the CT or the SPECT were
negative have been omitted since little useful information can be derived
from such a comparison.

Lesions visualized on CT were never larger than the SPECT lesion. In
the course of time there is an increasing number of cases in which the
SPECT area is larger than the CT area, for group 1, 2 and 3: 6/12 (50%),
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Table 2

Comparison of lesion size on SPECT and CT

SPECT > CT SPECT = CT

< 24 h (group 1) 6 6
1-4 days (group 2) 6 2
5-18 days (group 3) 5 1

(only cases included in which both modalities were positive).

6/8 (75%) and 5/6 (83%) respectively. This difference was significant in
group 2 and 3 (p<0.05, sign test). Two examples of CT and SPECT
comparison are shown in fig. 1 and 2.

Crossed cerebellar diaschisis
In 26 patients studied with the rotating gamma camera, the cerebellum was
included. The occurrence of diminished uptake in the contralateral
cerebellum, crossed cerebellar diaschisis (CCD), was evaluated according
to time after onset of stroke (table 3) and according to the localisation of
the ischaemic area (table 4). Eighteen out of 26 cases showed crossed
cerebellar diaschisis (69%). In the first 24 h CCD was seen in 9 out of 11
cases (82%). This was about the same in the second group; namely 7 out of
9 studies (78%). In the third group only 2 out of 6 cases (33%) revealed a
CCD. However, this trend failed to reach significancy (0.05<p<0.10,
G-test of independence).

In all patients in whom the complete middle cerebral artery (MCA) was
involved CCD was found (n= 12). Three out of 5 patients with ischaemia in
the fronto-parietal part of the MCA had CCD. Also a positive CCD was
seen in patients with ischaemia in the parietal part of the MCA (1 out of 4)

Table 3

Crossed cerebellar diaschisis during time

CCD+ CCD-

< 24 h (group 1) 9 2
1-4 days (group 2) 7 2
5-18 days (group 3) 2 4
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Table 4

Crossed cerebellar diaschisis according to localisation

Complete middle cerebral artery (MCA)
Fronto-parietal part MCA
Parietal part MCA
Parieto-occipital part MCA
Thalamus
Posterior cerebral artery

Total

CCD+

12
3
1
2

18

CCD-

2
3
1
1
1

8

A B

Fig. 1
A 72 year old male patient with a 10 h old leftsided hemiparesis. On CT (A) the
sylvian fissure on the right side is obliterated (arrowhead). No hypodense area is
seen. SPECT (B) reveals a large area with decreased accumulation of Tl-201 DDC
caused by ischaemia in the right middle cerebral artery region.
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A

Fig. 2
CT (A) from a 73 year old female with a leftsided hemiparesis. Almost no sulci are
seen on the right side. The density is slightly decreased. SPECT (B) shows a large
defect in the same area. This corresponds with an extensive right middle cerebral
artery infarction. CCD is present (arrow). Both studies were performed within 24 h
after the onset of the stroke.
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and parieto-occipital part of the MCA (2 out of 3). Four patients had a
small infarction (<1 cm). In this group no CCD was found. Also no CCD
was seen in one patient with an ischaemic area in the thalamus and in one
patient with an infarction in the posterior cerebral artery region.

Discussion

Therapy of stroke has been characterized for a long time by nihilism.
Recently, therapeutic strategies have been proposed to salvage ischaemic
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but still viable brain tissue, based on positron emission tomography
findings of preserved oxygen metabolism in low flow areas. For a recent
review on medical therapy one is referred to literature". Maximal benefit
of any treatment, either by calcium entry blockers, heamodilution or tissue
plasminogen activator may be expected from rapid referral of the patient
and a prompt start of therapy. Determination of the initial perfusion defect
might be helpful in the assessment of the efficacy of such a treatment. In
this respect, SPECT studies may be more appropriated than CT, in view of
the reported limited sensitivity of the latter in the first hours7. Up to now no
larger studies have been published in which CT and SPECT, performed
within 24 h, have been compared as to their sensitivity in acute stroke. This
time criterion is critical in view of the rapid changing CT pattern in acute
cerebral infarction7-8.

In our study we have shown that the sensitivity of CT in the first hours
after the onset of stroke heavily depends on the reading criteria. If only
hypodensity was used as a reading criterion for CT, the sensitivity was 50%
in the first 24 h. Using the liberal reading criteria no significant difference
was seen comparing CT (81%) and SPECT (94%). If these criteria are
employed however, a volumetric estimation of the affected area on CT will
be much more difficult than if hypodensity is used. In addition, SPECT
gives functional information about rCBF, while CT reveals only morpho-
logic changes. With time, sensitivity of CT increases to 100% in this study,
while the sensitivity of SPECT decreases in assessing the older infarcts.
This is mainly due to a higher number of smaller infarcts in group 2 and 3 in
which hospital admittance was more postponed. In the near future spatial
resolution of SPECT will probably increase with the use of better
collimators. In cases in which both modalities were positive, the lesions

~found~wtth SPECT were often larger than those found with CT. A similar
finding has been reported by others employing 1-123 IMP9-12"15 and is
possibly caused by the "penumbra effect"9. The number of patients with
this phenomenon seemed to increase over time. This increasing dis-
crepancy between SPECT and CT studies, may be due to a decrease in
vascular engorgement and oedema of the brain.

CCD proved to be a common finding in our study. Data in literature are
lacking to which our results may be compared with. It is not only confined
to ischaemia since we have also observed it in haematoma12 and tumours16.

The growing interest in medical intervention in acute stroke patients,
resulting in clinical studies, demands for a method to delineate the extent
of the initial ischaemic lesion not interfering with prompt instignation of
therapy. Considering the high sensitivity in the first 24 h after the ischaemic
event, and the favourable properties of Tl-201 DDC (possibility of
postponed imaging and stable complex) make Tl-201 DDC SPECT the
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method of choice for this purpose. The data presented in this study are the
results from a clinical trial into the efficacy of a calcium entry blocker to
salvage ischaemic but still viable brain tissue. More extensive data,
including computer analysis of the ischaemic area on the initial SPECT
and after 2 weeks treatment in relation to the clinical results will be
published later on.
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Chapter 9
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Abstract

Tl-201 diethyldithiocarbamate (Tl-201 DDC) has been used in the past few
years as a radiopharmaceutical for cerebral blood flow imaging with single
photon emission computed tomography. In the present study we report
about the uptake in brain tumours. A relatively large number of brain
tumours was found to show uptake of Tl-201 DDC (9 out of 16) in contrast
to published results with 1-123 IMP. Especially primary brain tumours
showed uptake in a high incidence (6 out of 8). Three out of 5 metastases
revealed no accumulation. In 10 patients with a solitary lesion, the
cerebellum was included in the study. Crossed cerebellar diaschisis was
found in 5 cases.

Introduction

Thallium-201 diethyldithiocarbamate (Tl-201 DDC) has been produced as
a radiopharmaceutical for cerebral blood flow imaging with SPECT. We
reported previously about brain uptake and distribution in humans12. The
uptake kinetics are very favourable and Tl-201 DDC seems to behave like a
chemical microsphere2. Tl-201 DDC proved to be suitable for imaging
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infarcts and ischaemia in the human brain both with a rotating gamma-
camera and with a multidetector system2. Images are comparable to those
obtained with 1-123 IMP and Tc-99m HMPAO. Several authors reported
on tumour imaging with 1-123 IMP, 123-1 HIPDM and Tc-99m HMPAO
(4-17). Most primary brain tumours, meningeomas and metastases are
characterized by a lowered uptake of the i idiopharmaceutical designed to
measure CBF. Incidentally increased I-123 IMP activity has been reported
in brain tumours5-8'91115. The incidental reports on Tc-99m HMPAO are
controversial. No tumour uptake was reported by Babich et al.16 while
Langen17-18 concluded that although tumour uptake in brain tumours
correlated with blood flow, additional factors had to be considered. In
malignant glioma uptake was variable and 8 from 25 gliomas demon-
strated higher uptake than cerebral cortex. In low malignant glioma
uptake was always reduced. Three out of five meningeomas demonstrated
high Tc-99m HMPAO uptake. In this report we present the data on Tl-201
DDC uptake in 16 patients with a brain tumour.

Materials and methods

Tl-201 diethyldithiocarbamate was prepared by dissolving 50 mg of Na-
DDC 3H2Oab in 10 ml sterile saline and mixing 2 ml of this solution with 1
ml Tl-201 chloridecde containing 150 MBq (4 mCi). This procedure has
been described elsewhere1-2. Labeling efficiency was more than 95%.

After obtaining informed consent and approval of the medical ethical
committee in both hospitals 16 patients with a brain tumour on CT
underwent a SPECT study with Tl-201 DDC. Nine males and seven
females were studied. The mean age was 58 years (range 29 - 77 years).
Contrast-enhanced CT and SPECT were performed within a 14 day-
period, except for one patient (32 days) with a totally calcified me-
ningeoma.
In 5 cases the SPECT study was obtained with the Harvard multidetector
brain system (Boston). Eleven cases were studied with a rotating gamma
camera (Amsterdam). The investigated tumours are listed in table 1
according to histology.
Methods of acquisition for both the multidetector and the rotating gamma
camera have been described2-3.
150 MBq of Tl 201 DDC was injected intra-venously and acquisition
started after 1.5 min. CT-abnormalities were compared with abnormal
activity accumulation on the SPECT images. CT and SPECT images were
reviewed by 3 experienced persons, of whom one was the same for both
centers. The cerebellum was included in the rotating gamma camera
studies to detect possible crossed cerebral diaschisis. All (but one) primary
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Table 1.
Types of brain tumours investigated

astrocytoma IV
astrocytoma II
oligodendroglioma
metastasis: lung carcinoma

breast carcinoma
meningeoma

total

Amsterdam

4 (1 prob.)
1
2
2

2

11

Boston

1 (prob.)

2
1
1

5

brain tumours (on CT probably astrocytoma IV), investigated with the
rotating gamma camera were histologically proven. In case of a me-
ningeoma, the diagnosis was made on contrast enhanced CT and a
metastasis was assumed in patients with a proven primary malignancy (3
cases, Boston) or histologically proven (2 lung carcinoma, Amsterdam). In
one patient with a meningeoma a dual isotope study with Tl-201 DDC and
1-123 IMP was performed with the multidetector system. In this patient
185 MBq of 1-123 IMP was injected immediately following the Tl-201
DDC study.

Results

Three patterns of activity accumulation could be recognized and were
related to the tumour type (table 2).

Table 2.
Types of activity accumulation in brain tumours

meningeoma metastasis astrocytoma oligodendroglioma
II/IV

type 1 2 3 1 / 1 -
type 2 1 -/4
type 3 1 1 - / - 2
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Type 1: An area of decreased activity accumulation was found in 7 patients.
One patient had a completely calcified meningeoma without contrast
enhancement on CT. Another patient had a bilateral sphenoid ridge
meningeoma with an area of surrounding oedema on CT comparable with
the defect seen on the SPECT scan. The other 5 patients (3 metastases, 2
astrocytomas) showed a defect in the activity accumulation, comparable
with the tumour size including the surrounding oedema on CT.

Type 2: In 5 patients we found activity accumulation comparable with
normal brain tissue. In 4 of them, nevertheless the tumour could be
recognized as an area of irregular uptake. In one patient the SPECT scan
was completely normal although the CT scan showed a ring-shaped
enhancing tumour, without any surrounding oedema. In 3 out of 4 cases
with irregular uptake the tumour was shown as a central area with activity
surrounded by an area with diminished accumulation, probably reflecting
the oedema on CT (Fig. 1). In one case a highly irregular pattern in the
tumour was seen.

Type 3: In 4 patients the tumour showed as a hot-spot (one meningeoma,
one metastasis of a lung carcinoma, 2 oligodendrogliomas). In one case

Fig. 1
Fifty-four year old female patient with known breast cancer and lungmetastases. On CT
(left) one large and several smaller enhancing areas with surrounding oedema. The
SPECT study (right) performed with the multidetector brain system shows a circum-
scribed area of uptake (arrow) with surrounding decreased activity comparable with the
oedema on the CT image. The smaller lesions are not detected.
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uptake in the wall of a cystic oligodendrogJioma was seen (fig. 2). Another
patient with a high-graded oligodendroglioma was not only investigated
with Tl-201 DDC SPECT and CT but also with Tc-99m pertechnetate and
MRI with and without Gadolinium DTPA. Contrast, Tl-201 DDC, Tc-
99m pertechnetate and Gadolinium DTPA showed irregular uptake in the
tumour area. (Fig. 3) A double isotope study employing both Tl-201 DDC
and 1-123 IMP was performed in a patient suffering from a meningeoma.
The Tl-201 DDC scan showed a hot-spot, while IMP showed a defect (fig.
4).

In the group of patients investigated with the rotating gamma camera
system, the cerebellum was included in the study. The patient with the
sphenoid ridge meningeoma on both sides was excluded. Ten patients with
a unilateral lesion on CT were examined (table 3). Five patients had
crossed cerebellar diaschisis (CCD). An example is shown in Fig. 5. This
group consisted of 2 out of 4 astrocytomas IV, 1 out of 2 oligodendro-
gliomas and 2 out of 2 metastases. In one patient the occurrence of CCD

Fig. 2
Thirty-year old male patient with histologically proven oligodendroglioma. On CT
(left) a cystic tumour with ring-shaped enhancement in the right frontal parietal region.
Rotating gamma camera SPECT (right) reveals a hot area in the anterior part of the
tumour (arrow).
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Fig. 3
In this 29 year old female with a high graded oligodendroglioma CTshowc-1 a temporo-
parietal irregular hypodense area (a). Patchy enhancement after contrast administra-
tion is seen (b). MRI (SE 3000/35; 128x256; NSQ z) reveals a large high signal intensity
lesion with mass effects representing the oedema (c and d). After Gadolinium DTPA
(SE 350/35; 192x256; NSQ4) a large area of lower signal intensity and patchy
enhancement throughout the lesion is shown (e, transversal; f, sagital). TI-201 DDC
SPECT reveals intensive uptake in the border-zone of the tumour area (large arrow, g).
Also on the posterior Tc-99m pertechnetate view accumulation is seen (small arrow, h).

Fig. 4
Seventy year old female patient with headache. On CT a typical meningeoma with
calcifications and intensive contrast enhancement (left). Tl-201 DDC SPECT with the
multidetector brain system shows a hot-spot (middle, arrow head) while with I-123 IMP
a decreased uptake in the same area is seen (right, arrow).
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Table 3.
Occurrence of crossed cerebellar diachisis

astrocytoma IV
astrocytoma II
oligodendroglioma
metastasis
meningeoma (calcified)

Fig. 5
On CT (left) an irregular enhancing lesion with surrounding oedema, probably a
high-graded astrocytoma. The rotating gamma camera image (middle) shows a large
defect with central activity accumulation in the tumour area (arrow). Crossed cerebellar
diaschisis is seen on the right (arrow head).

was doubtful (astrocytoma IV). Four patients had no CCD. In summary,
we found the CCD phenomenon positive in 5 out of 10 patients with a
brain tumour.

Discussion

In almost all patients with a brain tumour no uptake of 1-123 IMP or
1-123 HIPDM was noticed with SPECT. The incidental reports on Tc-99m
HMPAO indicate that uptake in tumours is partly flow dependent. We
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were interested in the properties of Tl-201 DDC in tumour imaging with
SPECT. In contrast to the reports on 1-123 IMP we found a high number of
patients with uptake in the tumour area with Tl-201 DDC (9 out of 16).
Especially the high-graded astrocytomas showed a high incidence of
uptake (4 out of 5). Both oligodendrogliomas showed increased uptake of
activity compared to surrounding brain tissue. Three out of 5 metastases
showed a decreased accumulation compared to the normal brain tissue.
Tumours with oedema on CT were clearly delineated by an area of
decreased activity on SPECT. Four tumours (1 meningeoma, 1 metastasis,
2 oligodendrogliomas) clearly showed a hot spot (type 3). The uptake
mechanism of Tl-201 DDC in the normal brain is not known. There is an
almost 100% extraction fraction in the first passage2. No redistribution
and almost no wash-out is seen in humans. The distribution of Tl-201
DDC is highly flow-dependent19. This could explain the high incidence of
uptake in brain tumours, and the decreased activity in surrounding
oedema. Probably Tl-201 DDC is not receptor or pH-dependent as has
been postulated for 1-123 IMP20. One can wonder if the tumour uptake is
caused by Tl-201 DDC or ionized Tl-201, especially because Tl-201 is
known to accumulate in brain tumours21-22.

The occurrence of crossed cerebellar diaschisis (CCD) proved a frequent
finding in brain tumours. In 10 patients with a solitary lesion the
cerebellum was included in the study. Five patients showed CCD. This is
somewhat less frequent than observed in patients suffering from ischaemic
brain disease who were investigated with 1-123 MP (8 out of II)23 and
Tl-201 DDC (18 out of 26) (Chapter 8).

In conclusion the majority of brain tumours studied, demonstrated
Tl-201 DDC uptake which may be related to the vascularity of the
tumours. However, it remains to be settled for Tl-201 DDC as well as other
cerebral blood flow imaging tracers, if their uptake is influenced by
differences between blood-brain barrrier and blood-tumour barrier.

Footnotes

a. Fishers Scientific, Pittsburgh PA
b. Merck, Darmstadt, West Germany
c. CIL BV, Mallinckrodt, Petten, The Netherlands
d. Mallinckrodt St. Louis, MO
e. N.E.N. Med. Prod. Dupont, North Billerica, Mass.

Acknowledgements

The authors wish to thank Prof. Dr. J. Valk for providing the MRI images
(Fig. 3) and his comments on this case. They also acknowledge Mrs J.Ch.B.



134

Timmer for her secretarial and Mr H. Sibum for his photographic
assistance.

J. F. de Brui'ne was supported by a grant from Mallinckrodt. Tl-201 C\ has
been supplied as a gift by Mallinckrodt and Dupont/NEN grantnumber C
85006.

References

1. De Brui'ne JF, van Royen EA, JB, Vyth A, de Jong JMBV and van der Schoot JB.
Thallium-201 Diethyldithiocarbamate: An alternative to Iodine-123 N-Isopropyl-
p-Iodoamphetamine.

2. Van Royen EA, de Bruine JF, Hill ThC, Vyth A, Limburg M, Byse BL, O'Leary
DH, de Jong JMBV, Hijdra A, van der Schoot JB. Cerebral Blood Flow Imaging
with Tl-201 Diethyldithiocarbamate SPECT. J Nucl Med 28: 178-183, 1987

3. Holman BL, Lee RGL, Hill ThC. Assessment of regional perfusion tracers.
N-Isopropyl 1-123 p-Iodoamphetamine and 1-123 HIPDM in the human. J Nucl
Med 25: 25-30,1984

4. La France ND, Wagner Jr. HN, Whitehoutse P, Corley E, Duelfer T. Decreased
accumulation of Isopropyl-Iodoamphetamine (1-123) in brain tumours.

5. Ell PJ, Cullurn I, Donaghy M, Lui D, Jarritt PH, Harrison MJG. Cerebral blood
flow studies with 123-iodine labeled amines. The Lancet, June 18,1348-1352,1983.

6. Hill ThC, Holman L, Lovett R, O'Leary DH, Front D, Magistretti Ph,
Zimmerman RE, Moore S, Clouse ME, Wu JL, Lin TH, Baldwin RM. Initial
Experience with SPECT (Single-Photon Computerized Tomography) of the Brain
Using N-Isopropyl 1-123 p-iodoamphetamine: Concise communication. J Nucl
med 23: 191-195,1982.

7. Lee RGL, Hill ThC, Holman BL, Uren R, Clouse ME. Comparison of N-Isopropyl
(1-123) p-Iodoamphetamine Brain Scans Using Anger Camera Scintigraphy and
Single-Photon Emission Tomography. Radiology 145: 789-793, 1982.

8. Moretti JL, Askienazy S, Raynaud C, Lassen N, Sanabria E, Soussaline F, Bardy
A, La Poncin-Lafitte M, Caron J-P, Chodkiewicz J-P. Functional Radionuclide
Imaging of the Brain, edited by Philippe Magistretti. Raven Press, New York, 1983.

9. Gerhards W, Boerner W, Eilles C, Reiners C, van Bomhard G. 123 I-Am-
phetamine in the Diagnosis of Cerebrovascular Diseases and Cerebral Space-
Occupying Lesions. 123 I-Amphetamine (Perfusamine TM). Proceedings of a
Colloquium held at Wuerenlingen, Switzerland, 1983.

10. Von Schulthess GK, Metz E, Schutziger PA, Bekier A. Regional Quantitative
Noninvasive Assessment of Cerebral Perfusion and Function with N-Isopropyl-
(123 I) p-Iodoamphetamine. J Nucl Med 26: 9-16, 1985.

11. Szasz IJ, Lyster D, Morrison R. Iodine-123 IMP uptake in Brain Metastases from
lungcancer. J Nucl Med 26: 1342-1343, 1986.

12. Schober O, Meyer GJ, Creutzig G, Hundershagen H. IMP-SPECT and Amino
acid-PET in brain Tumors. Amphetamines and pH-shift agents for Brain Imaging.
Biersack HJ, Winkler C, Walter de Gruyter, Berlin — New York, 1986.

13. Moretti JL, Askienazy S, Raynaud C, Sargent A, Cesaro P, Bardy M. 123-P-Iodo-
Isopropyl Amphetamine for brain tumor diagnosis. Amphetamines and pH-shift



135

agents for Brain Imaging. Biersack HJ, Winkler C, Walter de Gruyter, Berlin —
New York, 1986.

14. Di Piero V, Gerundini P, Leuzi GL, Savi A,Triulzi F, Del Maschio A, Fazio F. An
early appraisal of clinical results of 1231-HIPDM-SPECT studies. Amphetamines
and pH-shift agents for Brain Imaging. Biersack HJ, Winkler C. Walter de
Gruyter, Berlin — New York, 1986.

15. Ichise M, Holman BL, Nagel JS, English RJ, Antman KH, Eder JP, Kaplan WD.
Demonstration of Mestastatic Melanoma by Isopropyl 1-123 Iodoamphetamine
(1-123 IMP). Proceedings of the 33rd Annual Meeting. J Nucl Med 27:971, 1986.

16. Babich JW, Flower MA, Neeling F, Fielding S, Chittendan S, Repetto L, Whitton
A, Me Cready VR. The Effect of Radiotherapy on Tc-99m HMPAO distribution in
brain tumors. Proceedings of the 33rd Annual Meeting. J Nucl Med 27:6:1030,
1986.

17. Langen KJ, Herzog H, Kuwert T, Roosen N, Rota E, Wieler H, Kiwit I, Bock WJ,
Feinendegen LE. Tomographic studies of RCBF with Tc-99m HMPAO SPECT in
patients with primary brain tumours: comparison with continuous inhallation of
CO-15-O and PET. Proceedings of the 34th Annual Meeting J Nucl Med 28:591,
1987.

18. Langen KJ, Roosen N, Kuwert T, Herzog H, Kiwit JCW, Bock WJ, Feinendegen
E. Tc-99m HMPAO SPECT in the study of cerebral tumours. Results in 40
patients, 1987. Eur J Nucl Med 4:118.

19. Lear JL, Navarro D. Autoradiographic comparison of Thallium-201 diethyl-
dithiocarbamate, isopropyliodoamphetamine and iodoantipyrine as cerebral
blood flow tracers. J Nucl Med 28,481-486, 1987.

20. Lee RG, Hill ThC, Holman BL, Clouse ME. N-isopropyl (I 123)-p-Iodo-
amphetamine brain scans with Single Photon Emission tomography: discordance
with transmission computed tomography. Radiology 145:795*799, 1982.

21. Amcri D, Basset J-Y, Lonchampt MF and Etavard Chr. Diagnosis of cerebral
lesions by Thallium-201. Radiology 128:417-422,1978.

22. Kaplan WD, Takvorian T, Morris JHG, Rumbough CL, Connolly BT. Thallium-
201 brain tumor imaging: a comparative study with pathologic correlation. J Nucl
Med 28:47-52, 1987.

23. De Bruine JF, van Royen EA, van Weeren F, van de Weel FA, Reiffers S,
Verbeeten jr BWJ, Krens H, Hijdra A and Limburg M. Functional brain imaging
with I 123-amphetamine. First experience in the Netherlands. Clin Neurol
Neurosurg Vcl. 88-4, 253-261, 1987.



Chapter 10

Conclusions and discussion

The questions brought forward in the first chapter will be answered and
discussed briefly in the following.

1. What are the uptake kinetics of Thallium-201 DDC in several organs of
interest in the rabbit, and how do these relate to the known rCBF tracer for
SPECT, Iodine-123 IMP?

We found a faster uptake of Thallium-201 DDC in rabbit brain if
compared to 1-123 IMP, which may be explained by the prolonged lung
retention of 1-123 IMP. Thallium-201 DDC showed very little lung
retention.

2. Is there sufficient accumulation and retention of Thallium-201 DDC in
the rabbit brain, and how are these parameters related to those of the
known rCBF tracer for SPECT, Iodine-123 IMP ?

A comparison of the in vivo distribution of Thallium-201 DDC and
1-123 IMP in rabbits revealed an about equal brain uptake. In a later study
the percentage brain uptake of Thallium-201 DDC could be increased by
employing a higher concentration of DDC in the preparation. Although in
the initial experiments the retention in the rabbit brain remained fairly
constant, this was not confirmed by later experiments. The former results
were obtained with a gamma camera and expressed in a time-activity
curve, the latter were obtained by tissue sampling and revealed a 28% wash
out of Thallium-201 DDC from the rabbit brain in the first 45 min after
injection. But as shown later on, this was not the case in the human brain.

3. Does the activity distribution within the rabbit brain following
Thallium-201 DDC injection represent regional cerebral blood flow? Does
the initial distribution persist for at least 30 min, in order to enable imaging
with SPECT?

The gray/wtiite matter ratio in rabbit brain found by tissue sampling
proved to be equal for Thallium-201 DDC and 1-123 IMP. In addition, the
Thallium-201 DDC autoradiographic images from rabbit brain repre-
sented a typical rCBF pattern: high uptake in areas with known high blood
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flow such as cortical gray matter, hippocampus and basal ganglia. Semi-
quantitative digital analysis of autoradiographic studies demonstrated a
fairly well preservation of the initial gray/white matter ratio. Other
workers in the field have now established, by employing more sophisti-
cated methods of analysis, that Tl-201 DDC definitely is a good regional
cerebral blood flow marker1.

The very favourable rCBF imaging properties of Thallium-201 DDC,
proven by the animal experiments, combined with the expected absence of
toxicity with the dose used, made it possible to proceed with human
studies.

4. What are the uptake kinetics of Thallium-201 DDC in the human
brain? Does it have a fixed distribution for a prolonged time?

Brain uptake in the human brain proved to be as rapid as in the rabbit
brain. Instant uptake was seen both in healthy and ischaemic brain. In
several experiments with volunteers and stroke patients no appreciable
wash-out or redistribution was noticed in the first 4 hours after injection.
The "filling in" phenomenon as mentioned with 1-123 IMP was never seen
with Thallium-201 DDC up to 19 hours after injection.

5. Is Thallium-201 DDC SPECT able to detect areas of decreased rCBF in
patients with acute ischaemic disease? If so, how do these areas relate to CT
findings?

With the rotating gamma camera, as well as with the multidetector brain
system, perfusion defects in the brain were easily demonstrated. The
sensitivity of Thallium-201 DDC SPECT in detecting strokes was 83%; if
the small infarcts (less than 1 cm) are excluded it was 97%. In 74% of the
cases findings were in good agreement with the CT findings. In 65% the
perfusion defect was larger than the hypodense area on CT. The sensitivity
of CT was 91%, if the small infarcts were excluded, it was 90%. These
results are fairly comparable with the findings reported for 1-123 IMP in
literature (chapter 3, ref.nr. 6, 8, 10).
In addition several other possible applications for brain SPECT, listed in
chapter 2, were evaluated with Tl-201 DDC.

Especially primary brain tumours showed uptake in a high number of
cases, which is in contrast to the diminished uptake found when 1-123 IMP
is employed. This difference may be related to a different trapping
mechanism. The retention of 1-123 IMP is probably related to binding with
amine-receptors, which are only present in normal brain tissue. The
trapping mechanism of Tl-201 ion or Tl-201 DDC is not yet clarified.

In patients suffering from probable Alzheimer's disease, bilateral
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defects in the rCBF pattern were seen as reported in studies employing
PET or 1-123 IMP SPECT.

In conclusion we found that Thallium-201 DDC is an appropriate
radiopharmaceutical for regional cerebral blood flow imaging with
SPECT. There are several advantages in comparison to 1-123 IMP: it is
more easily available and cheaper, has a more instant brain uptake and less
lung retention. Disadvantages are its lower energy and the relatively long
half-life of Thallium-201 (73 h).

A comparative study between Thallium-201 DDC and Tc-99m HMPAO, a
recently introduced rCBF tracer, is in progress. Image quality is in general
better if Tc-99m HMPAO is employed instead of Tl-201 DDC, mainly due
to the better counting statistics of the former. Nevertheless, a preliminary
study in stroke patients suggested a somewhat more favourable target to
non-target ratio (ischaemic versus non-ischaemic brain tissue) for
Thallium-201 DDC (2).

Various radiopharmaceuticals are now available for the study of
regional CBF by SPECT, Thallium-201 DDC being one of them. Future
research will now be shifted to the development of a single-photon emitting
metabolic tracer.
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Summary

Chapter 1: The lack of sufficient radiopharmaceuticals for functional brain
imaging with single-photon emission computed tomography (SPECT)
stimulated the development of a new blood flow tracer: Thallium-201
diethyldithiocarbamate (Tl-201 DDC). In this thesis the development,
animal and human experiments and the first clinical results are discussed.
In the introduction several questions about Tl-201 DDC kinetics
and behaviour in rabbit and human brain are formulated.

Chapter 2: The present status of the current neuroimaging procedures and
possibilities for regional cerebral blood flow (rCBF) measurement is
briefly discussed. The advantages and limitations of the several techniques
are compared. Special attention is given to computed tomography in a
broad sense (CT, PET, SPECT and NMR). Several aspects of the blood-
brain barrier concerning rCBF imaging with SPECT are described. The
last part of this chapter deals with the several rCBF tracers for SPECT and
their possible clinical applications.

Chapter 3: SPECT is now being used for several years as a method of
cerebral blood flow imaging, especially in cerebral infarction. In this
chapter the first experience in the Netherlands is discussed, employing
1-123 amphetamine as a tracer. In 57.6% of the patients, the lesions defined
by SPECT were larger than those found by CT. In 33.3% the size of the
lesions was comparable. In 10 out of 14 patients with a solitary lesion in
one hemisphere a decreased perfusion was seen in the contralateral
cerebellar hemisphere. This phenomenon is called crossed cerebellar
diaschisis. One patient with probably Alzheimer's disease, showing a
specific flow pattern, is discussed.

Chapter 4: Pharmacology and toxicology of Sodium diethyldithiocarba-
mate (Na-DDC) and Thallium-201 diethyldithiocarbamate (Tl-201 DDC)
are discussed. Extensive literature on Na-DDC is available. No adverse
reactions are to be expected from Tl-201 DDC at the dose we use in our
human studies. Based on whole body distribution studies in which Tl-201
DDC is compared with Tl-201 Cl the estimated absorbed radiation dose is
given.
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Chapter 5: Cerebral distribution of Tl-201 DDC over a period of time in
the rabbit brain was evaluated by a semi-quantitative autoradiographic
study. Rabbits were injected with Tl-201 DDC and killed after 5, 20, 45
minutes and 23 hours. After perfusion of the brain with saline, slices were
placed on film for macro-autoradiography. After the images had been
digitized quantitative analysis demonstrated that, although a 28% wash-
out had been observed over this period, the initial rCBF image was
preserved for at least 45 minutes. The initial rCBF image had changed after
23 hours. Comparison of these results with more recent human data
suggests a more prolonged retention in human brain.

Chapter 6: Rabbit brain uptake of 1-123 IMP and Tl-201 DDC was
compared. The brain bound 1.14% of the dose of the injected 1-123 IMP
and 1.46% of Tl-201 DDC. Brain activity of Tl-201 DDC remained stable
from 90 sec after injection up to at least 1 hour. Tl-201 DDC brain uptake
was more instantaneous and there was less lung retention when this tracer
was compared to 1-123 IMP. The gray/white matter ratio was about equal
for both tracers. The first tomographic results obtained in volunteers
indicated that clinical application of Tl-201 DDC SPECT of the brain
might be feasible.

Chapter 7: Tl-201 DDC is studied as an agent for rCBF imaging in humans.
Brain uptake proved to be complete 90 sec after injection with no
appreciable wash-out or redistribution for hours. Intracarotid injection
suggested an almost 100% extraction during the first passage. Whole body
distribution demonstrated a brain uptake of 4.3% of the dose compared
with 0.9% for Tl-201 Cl. No differences were found in the distribution of
Tl-201 DDC and Tl-201 Cl in other organs. With both a rotating gamma
camera and a multidetector system, good quality SPECT images are
obtained. Perfusion defects in stroke patients were easily demonstrated.

Chapter 8: Thirty-five patients suffering from acme stroke were studied
within 24 hours after admittance by Tl-201 DDC SPECT and CT. In 16
cases both studies were performed within 24 hours after the onset of the
ischaemic event. The sensitivity of Tl-201 DDC SPECT was 94% versus
CT 81% in the first 24 hours, using hypodensity and diminished visible or
vanished sulci as CT reading criteria. When only hypodensity as a criterion
was used, sensitivity of CT dropped to 50% in this group. Sensitivity of CT
is better when compared to SPECT in older infarcts (1-18 days). In 65% the
lesions found with SPECT were larger than those depicted with CT. The
number of patients with this phenomenon increased over time. Crossed
cerebellar diaschisis (CCD) was present in 69% of the patients. The high
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sensitivity of Tï-201 DDC SPECT during the first 24 hours and the
favourable properties of this agent in acute stroke enables rCBF evalua-
tion without any delay if medical intervention is considered.

Chapter 9:In this chapter the uptake of Tl-201 DDC in brain tumours is
discussed. A relatively large number of brain tumours was found to show
uptake of Tl-201 DDC (9 out of 16), in contrast to earlier reports on 1-123
IMP. In particular primary brain tumours showed uptake in a high
incidence (6 out of 8). Three out of 5 metastases revealed no accumulation.
In 10 patients with a solitary lesion the cerebellum was included in the
study. Crossed cerebellar diaschisis was found in 5 cases.

Chapter 10: The questions raised in the first chapter are answered and
briefly discussed in the last chapter. In a comparative study between 1-123
IMP and Tl-201 DDC the latter revealed better uptake kinetics in rabbit
brain, probably caused by lesser lung retention. Percentage rabbit brain
uptake and gray/white matter ratio was comparable for both tracers. In
animal and human studies Tl-201 DDC proved to have a fixed distribu-
tion, with no appreciable wash-out in the human studies. Ischaemic areas
in human brain are easily detected. These features, combined with the
expected absence of toxicity, the availability and easy preparation make
Tl-201 DDC a suitable rCBF tracer for SPECT of the brain.



Samenvatting

Hoofdstuk 1: Het gebrek aan geschikte radiofarmaca voor het onderzoek
naar de regionale hersendoorbloeding (rCBF), door middel van "single-
photon emission computed tomography" (SPECT) gaf aanleiding tot de
ontwikkeling van een nieuwe rCBF tracer, nl.: Thallium-201 diethyl-
dithiocarbamate (Tl-201 DDC). In dit proefschrift worden de ontwikke-
ling van Tl-201 DDC en de eerste experimenten met deze stof in proefdier
en mens besproken. Vervolgens wordt nader ingegaan op de klinische
resultaten. In het eerste hoofdstuk wordt een aantal vragen over Tl-201
DDC geformuleerd ten aanzien van het gedrag van deze stof in de hersenen
van konijn en mens.

Hoofdstuk 2: In dit hoofdstuk worden de verschillende mogelijkheden
besproken, die ons heden ten dage ter beschikking staan voor het afbeelden
van de hersenen en het meten van de rCBF. De voordelen en beperkingen
van de diverse technieken worden vergeleken. De diverse moderne
tomografische afbeeldingstechnieken (CT, PET, SPECT en NMR) worden
nader belicht. Verschillende aspecten van de bloed-hersenbarrière, die
betrekking hebben op rCBF en SPECT worden besproken. Het laatste deel
van dit hoofdstuk behandelt de verschillende rCBF tracers en hun
klinische toepassingen.

Hoofdstuk 3: SPECT wordt nu reeds enkele jaren gebruikt als een methode
om de rCBF af te beelden, met name bij patiënten met een herseninfarct. In
dit hoofdstuk worden de eerste ervaringen met SPECT van de hersenen
besproken, opgedaan door de Nederlandse IMP-werkgroep. Hierbij werd
gebruik gemaakt van 1-123 IMP als tracer. Bij 57,6% van de patiënten
waren de afwijkingen, die gevonden werden met SPECT, groter dan de
vergelijkbare afwijkingen op de CT-scan. In 33,3% van de gevallen waren
de afwijkingen even groot. Bij patiënten met een solitaire afwijking in één
hemisfeer werd in 10 van de 14 gevallen een verminderde perfusie gezien in
de contralaterale cerebellum hemisfeer. Dit fenomeen wordt "crossed
cerebellar diaschisis" genoemd. Eén patient met een specifiek rCBF
patroon, vermoedelijk lijdend aan de ziekte van Alzheimer, wordt
beschreven.
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Hoofdstuk 4: De farmacologie en de toxicologie van zowel Natrium
diethyldithiocarbamaat (Na-DDC) als van Thallium-201 diethyldithio-
carbamaat (Tl-201 DDC) komen aan bod in dit hoofdstuk. Over Na-DDC
is veel literatuur beschikbaar. Van de door ons gebruikte dosis van Tl-201
DDC zijn geen bijwerkingen te verwachten. Gebaseerd op gegevens,
ontleend aan studies met Tl-201 Cl, wordt de te verwachten geabsorbeerde
stralingsdosis gegeven.

Hoofdstuk 5: Door middel van een semi-quantitatieve autoradiografische
methode wordt de distributie van Tl-201 DDC in konijnehersenen in de
tijd bestudeerd. Na toediening van Tl-201 DDC werden de konijnen
gedood na respectievelijk 5,20,45 minuten en 23 uur. Coupes van de
hersenen werden op een film gelegd, nadat de hersenen met fysiologisch
zout waren geperfundeerd. Na digitalisatie van de verkregen beelden werd
een quantitatieve analyse toegepast. Ondanks een uitwas van 28% in de
eerste 45 minuten, blijft het oorspronkelijke rCBF beeld behouden. Een
langere retentie van Tl-201 DDC in menselijke hersenen wordt gesugge-
reerd wanneer deze gegevens worden vergeleken met meer recente
resultaten van de onderzoeken met vrijwilligers en patiënten.

Hoofdstuk 6: In dit hoofdstuk wordt bij konijnen de hersenopname van
1-123 IMP en Tl-201 DDC vergeleken. Van het 1-123 IMP en het Tl-201
DDC werd respectievelijk 1,14% en 1,46% in de hersenen gebonden. De
hersenactiviteit bleef constant na toediening van Tl-201 DDC van 90 sec
tot minimaal 1 uur na injectie. De opname van dit radiofarmacon in de
hersenen verliep sneller met minder longretentie, in vergelijking met 1-123
IMP. De grijze stof/witte stof ratio is voor beide radiofarmaca hetzelfde.
De eerste transversale doorsneden, die gemaakt werden met Tl-201 DDC
SPECT van de hersenen van vrijwilligers suggereren, dat klinische
toepassing mogelijk is.

Hoofdstuk 7: De verdere resultaten van het onderzoek naar de toepasbaar-
heid van Tl-201 DDC voor de bestudering van de rCBF worden in dit
hoofdstuk besproken. Ook bij de mens blijkt de hersenopname volledig te
zijn na 90 sec, zonder dat sprake is van een duidelijke uitwas of
redistributie in de eerste uren na injectie. Na directe toediening in de arteria
carotis interna bij één patient blijkt de klaring tijdens de eerste passage
vrijwel 100%. Bij vergelijking van Tl-201 DDC met Tl-201 Cl blijkt de
hersen-opname 4,3% te bedragen in plaats van 0,9%. De activiteitsver-
deling in de overige organen is voor beide radiofarmaca hetzelfde. Zowel
met een roterende gamma camera als met een multidetector systeem
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worden tomografische afbeeldingen van goede kwaliteit verkregen, terwijl
perfusiedefecten bij patiënten met een infarct goed afgrensbaar zijn.

Hoofdstuk 8: Bij 35 patiënten met een acuut herseninfarct werden binnen
24 uur na de opname in het ziekenhuis een SPECT en een CT onderzoek
verricht. In 16 gevallen werden beide onderzoeken binnen 24 uur gedaan
na het optreden van de verschijnselen. De gevoeligheid van Tl-201 DDC
SPECT was in deze groep 94%, terwijl met de CT 81% van de infarcten
zichtbaar was. Bij de beoordeling van de CT onderzoeken werd niet
alleen gebruik gemaakt van hypodensiteit als criterium, maar ook van de
aanwezigheid van ruimte innemende eigenschappen, zoals het smaller
worden of zelfs verdwijnen van de sulci. Indien alleen hypodensiteit als
criterium wordt gebruikt, daalt de gevoeligheid van CT in deze groep tot
50%. Bij de oudere infarcten (1-18 dagen oud) is de gevoeligheid van CT
groter dan van SPECT. In 65% van de gevallen waren de afwijkingen, die
met SPECT gevonden werden, groter dan de afwijkingen, gezien met de CT
scan. In dit onderzoek wordt dit percentage groter naarmate het infarct
ouder wordt. Bij 69% van de patiënten werd "crossed cerebellar dia-
schisis" waargenomen. De grote gevoeligheid van Tl-201 DDC SPECT in
de eerste 24 uur na het ontstaan van een herseninfarct, gecombineerd met
de gunstige eigenschappen van dit radiofarmacon, maakt het mogelijk om
de rCBF af te beelden zonder enig uitstel, indien pharmacologische
interventie met bijvoorbeeld "calcium entry blockers" wordt overwogen.

Hoofdstuk 9: In tegenstelling tot de bevindingen met 1-123 IMP werd met
Tl-201 DDC bij een relatief groot aantal patiënten met een hersentumor
stapeling van activiteit in de tumor gevonden (9 van de 16). Dit geldt met
name voor primaire hersentumoren (6 van de 8). Drie van de 5 metastasen
vertoonden geen stapeling van activiteit. Bij 5 van de 10 patiënten met een
solitaire tumor van wie ook het cerebellum was onderzocht, werd "crossed
cerebellar diaschisis" gevonden.

Hoofdstuk 10: De vragen, zoals gesteld in hoofdstuk 1, worden be-
antwoord in dit hoofdstuk. In een vergelijkend onderzoek tussen Tl-201
DDC en 1-123 IMP, blijkt de eerstgenoemde de gunstigste opname
eigenschappen te hebben in de hersenen van het konijn. Waarschijnlijk
wordt dit veroorzaakt door minder retentie in de longen. Het percentage,
dat gefixeerd blijft in konijnehersenen en de grijze stof/witte stof ratio zijn
voor beide radiofarmaca hetzelfde. Uit dierproeven en onderzoeken van
vrijwilligers en patiënten blijkt, dat de verdeling van de activiteit in de
hersenen lang genoeg gefixeerd blijft om SPECT onderzoek te verrichten
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met Tl-201 DDC. Bij de mens wordt vrijwel geen uitwas van de activiteit
uit de hersenen waargenomen. Ischaemische gebieden in de hersenen
worden met Tl-201 DDC SPECT goed afgebeeld. Deze eigenschappen,
evenals de te verwachten afwezigheid van toxiciteit, de beschikbaarheid en
de eenvoudige bereiding, maken Tl-201 DDC tot een geschikt radio-
farmacon voor de afbeelding van de rCBF.
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