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STELLINGEN
1. Positron emission tomography uses specific radiolabelled tracers to
make regional measurements of a wide range of tissue functions in the
brain of man during life.
2. Positron emission tomography is a clinical research technique:
measurement of regional brain tissue function provides a pathophysiological basis for the interpretation of the signs, symptoms and
natural history of disease.
3. The human striatal dopaminergic neurotransmitter system can be
assessed by radiolabelled tracers specific for pre- and post-synaptic
compartments.
4. Patients with movement disorders are particularly suitable for
investigation with positron emission tomography because usually
there is little or no overt structural brain damage, but considerable
functional disturbance of deep neuronal systems.
5. The extensive lesion of thes substantia nigra in Parkinson's disease
usually does not result in an increased number of dopamine receptors
on the post-synaptic projection neurones of the nigrostriatal pathway.
6. The popular notion of positron emission tomography as a "neuroimaging" technique is wrong: it emphasises visually appreciated
contrast between brain regions and ignores the important quantitative
aspects of the measurements.
7. The potential of positron emission tomography can not come to
fruition if the technique is limited by the constraints of a
neuroadiological or nuclear medicine department.
8. To use CBF as an indicator for overall neuronal metabolic activity is
misleading in many pathological conditions, particularly in focal
lesions.

9. The presence or absence of small asymmetries in brain images of
patients with schizophrenia has wrongly been interpreted as an
expression of pathophysiology in this condition.
10. Clinical descriptions of dystonic conditions, based on uniform
presentation of certain abnormal postures and movements, do
contribute only little to the understanding of pathophysiology or
etiology of dystonia.
13. The mystification of radiation, reinforced by nuclear powerplant
accidents with their physical, emotional and political consequences,
can only be countered by continuous adequate and clearly presented
information.
14. To reconstruct an interesting image of life one needs a sufficient
number of "coincidence events".
15. Schubert would still be immortal, had he only written a few bars of the
Adagio of his String Quintet in C Major.
16. Brein goed, al goed.

A little bird
my best friend
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Foreword
A new sophisticated technique will naturally excite the scientific community especially as in the case of positron emission tomography (PET) it
provides a set of data about human brain tissue function, which was not
obtainable before. However, this does not mean that our understanding of
brain function will increase as a matter of course or even that the secrets of
brain diseases will be revealed as if pulling on a curtain. It is unfortunate
that this false impression is propagated by some of the PET advocates to
the public at large while at this stage PET has not developed yet to its full
potential or demonstrated its true quality. Nature does not reveal its
secrets so easily and is not impressed just by the fact that a new technique is
available. Quality is more than technique alone.
I arrived at the MRC Cyclotron Unit, Hammersmith Hospital, London
in the summer 1982 to be trained in clinical science: to be subjected on the
one hand to the strain of experimental performance, to the frustration of
data collection and analysis, to sobering scientific conclusions and on the
other hand to the delights of experimental success, positive results and
scientific phantasies. I expected that PET would somehow be a special way
to study brain diseases, providing insights which would be useful to
neurologists. This was based on the understanding that in many brain
diseases, metabolic derangements underlie functional disabilities of cerebral tissues. Before PET existed it was not possible to study these
derangements directly and non-invasively. Now a wide range of metabolic
aspects of brain tissue can be studied regionally, in vivo, from the onset of
disease, without interfering with the pathological process or after acute or
chronic pharmacological or surgical interventions.
It became clear to me that movement disorders were particularly
suitable to study using PET. These often disabling — and in the case of
Parkinsons' disease common — neurological conditions are clinically
characterised by signs and symptoms which are usually specific for man.
Often no gross structural abnormalities are demonstrable in the brain and
surprisingly post-mortem material is infrequently available. Moreover this
material represents usually one point in time when the disease is far
advanced. Good animal models for human movement disorders have been
absent. Possibly, the recent development of the primate model for
parkinsonism using the neurotoxin MPTP will result in real advances in
the study of human Parkinson's disease. Although basic scientific work in
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animals or autopsy studies are necessary to solve certain issues, it is often
difficult or impossible to extrapolate that work to human brain in vivo.
Although basic components of for example neuro-transmitter biochemistry
are identical in many animals and man, we are continuously confronted
with vast differences of organisation of these components between the
several species.
Notwithstanding the enormous increase during the last few decades in
research (clinical and animal experimental) concerning topics in neuroscience related to movement disorders, no etiologies have as yet become
apparent and only limited data about pathophysiology in man is available.
PET gives the capacity to link aspects of clinical investigations with basic
scientific knowledge. I predict that this technique in the next few decades
will contribute much to elucidate the role of regional brain tissue function
derangements, especially neurotransmitter system disturbances, in patients with movement disorders. I expect that connections between
particular clinical phenomena and focal or global functional changes will
become clearer. Certainly I am confident that the functional response
measured using PET to drug or surgical interventions will increase greatly
our knowledge about the direct effects on brain of our therapeutic actions.
In contrast to these bright clinical research options, I doubt if PET will
have a significant diagnostic role in the foreseeable future, although
unexpected developments may suddenly change the situation. Also, in
contrast to the power of PET to study pathophysiology, this technique will
— in my view — probably not contribute much to clarify the pathogenicity
of diseases.
This thesis tries to illustrate the above mentioned opinions with several
examples. The results and interpretations presented here should be seen as
some initial minute steps in this complex field.

Chapter 1
Introduction
This thesis describes the measurement of brain tissue function in
patients with movement disorders using positron emission tomography
(PET). This scanning technique is a method for direct in vivo quantitation
of the regional tissue content of positron emitting radionuclides in brain
(or other organs) in an essentially non-invasive way.
Traditionally a clinical examination is based on the use of indirect
information from the patient obtained through history, physical examination, and investigations of body fluids, electrical responses and others.
Brain biopsies yielding, for analysis, small volumes of tissue rarely are
available and such surgical procedures only apply to selected conditions
in extreme circumstances. Radiological techniques represent also indirect
investigations of tissue function. However, they can be very useful as for
example arteriography in the assessment of certain cerebrovascular
disorders. Only 'after X-ray computer tomography became available in
the seventies was it possible to relate directly and in vivo, pathological
processes inside the brain with clinical features. However, although this
technique proved to be of tremendous clinical value, only pathology
expressing itself in structural changes could be observed. The same is true
for the imaging of the brain with proton MRI. This allows detailed
analysis of brain structure because of the high contrast seen between grey
and white matter and between brain and extracerebral tissues. The energy
state of tissue can be determined when detecting phosphorus with NMR
spectroscopy, however the spatial resolution of the methodology is
inherently poor. Much development is still needed before this can be
applied more generally. At present, only emission tomography allows
direct in vivo measurement of regional brain tissue functions using radioisotopic tracers. The isotopes used decay by emitting gamma rays which
can be detected by the tomograph (scanner) thus indicating the location
and number of tracer molecules throughout the brain. In addition timed
scans are recorded. From these c'ata information is obtained on the
biological pathway being traced. Single photon emission tomography
(SPECT) uses isotopes which decay by emitting just one gamma ray per
nuclear disintegration. Although these isotopes are relatively easy to
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produce and are conveniently available, they are usually isotopes of non
biological elements with long half lives (hours or days) like Technetium99m. A major drawback in the application of this type of tracer is the
difficulty of determining the direction and depth within the body a
gamma ray activating a detector of the tomograph came. This precludes
the exact measurement of regional isotope concentration and accounts
for the limited spatial resolution of SPECT images. Positron emission
tomography (PET) on the other hand, provides regional isotopic concentrations in absolute units because of the specific physical properties of
the decaying positron emitting isotopes (see chapter 2). Certain positron
emitters are radioisotopes of biological elements (like oxygen) and have
short physical half lives (seconds to minutes). This allows repeat measurements in rapid sequence without excessive radiation exposure. Regional brain activity in relation to a specific biochemical pathway can be
determined by administering the appropriate tracer (e.g. labelled molecular oxygen, glucose, amino acid, drugs etc). An obvious drawback to
using this methodology is the need of a particle accelerator, usually a
cyclotron, to generate the short half life positron emitting isotopes in
close proximity to the scanner. In addition, rapid radiochemical synthetic
procedures are needed in order to quickly incorporate the decaying
isotopes into the tracer compound and produce sufficient amounts of
labelled tracer to effect accurate measurements in humans. The high costs
to cover the facilities (equipment) and resources (trained people) needed
for PET have prohibited its widespread use to date.
Notwithstanding the logistical problems, the wide range of physiological, biochemical and pharmacological functions which now can be
measured in vivo in brain and other organs with PET warrants its further
development and application in specialised centres.
Several books dealing with PET have been published previously:
"Computed Emission Tomography" eds. Ell and Holman, Oxford
University Press (1982); "Positron Emission Tomography", ed. Reivich,
Alan Liss Inc (1985) and "Positron Emission Tomography and Autoradiography. Principles and applications for the brain and heart", eds.
Phelps, Mazziotta and Schelbert, Raven Press (1986). A supplement to
volume 15 (1984) of Annals of Neurology is completely dedicated to PET
("Research Issues in positron emission tomography"). Reviews dedicated
solely to brain PET work are by Phelps and coworkers (1982) and
Leenders and colleagues (1984a) (paper 1, chapter 3).
As far as original work is concerned a substantial number of papers
have been written over the last 10 years covering instrumentation and
methodological aspects of PET. However, the number of publications
dealing in depth with clinical problems is still fairly small. Indeed for
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movement disorders there are very few published studies. Reasons for
this include the complexity of the technique and the need to formulate
and validate specific new tracer procedures. Also, the analysis of data is
both time consuming and intellectually demanding and PET has only
been available in a limited number of institutes. Another reason is the
difficulty of translating clinical problems in such terms that regional
measurement of cerebral tissue function (PET) can yield meaningful
information. Although PET has the unique advantage of relating a
specific functional brain tissue abnormality to its anatomical site, this is
obviously not enough for solving clinical problems. A major task is now
to reformulate the pathophysiology of brain diseases such that PET can
be applied to refute or confirm hypotheses of e.g. disease onset, time
course of pathophysiology, responses of treatment or even mechanism of
cause.
Chapter 2 describes general features of PET methods, discussing in
detail those aspects which are particularly important in relation to the
study of movement disorders.
Chapter 3 contains the author's own publications relevant to this field.
The results of these publications will be summarized in chapter 4.
Chapter 5 concludes the main part of this thesis with a general
discussion of movement disorders in relation to PET investigations.

Chapter 2
Positron emission tomography (PET): description of the method and review
of the literature:
This chapter outlines some general features of positron emission
tomography and describes the scanner which has been used for the
studies presented in this thesis. Finally the tracer methodology as applied
to date in investigations of movement disorders will be discussed.
Isotopes and scanners
The isotopes used with PET decay by emitting a positron, which is a
positively charged particle with the mass of an electron. The best way to
generate these isotopes is with a cyclotron, a special type of charged
particle accelerator. The radioactive decay of positron emitting isotopes
of natural elements is rapid with half lives of 2.1 minutes for oxygen-15,
20.3 minutes for carbon-11 and 10 minutes for nitrogen-13. Fluorine-18,
which has a half life of 110 minutes, is also extensively used and is
considered to be a substitute for a hydrogen atom (Wolf, 1981; Oldendorf, 1981; Comar, 1982). After these isotopes are generated they have to
be incorporated in compounds which are to be used as tracers (see
below). These radiolabelled tracers are then administered intravenously
or via inhalation in minute (trace) quantities (Fig 7 and 8, paper no. 1, page
46 and 55). The pattern of distribution of the administered tracer depends
on its physiological, biochemical and pharmacological action and in turn
the selected responses of the tissues to this. The concentration of a tracer
molecule within a specific brain region at a given time, is measured as the
regional rate of disintegration.
How can the concentration of isotope in a specified region of the brain
be determined in absolute units? A positron travels a short distance (up to
two mm) after emission from the atomic nucleus depending on the energy
of emission. When it has nearly lost its kinetic energy it "collides" with an
electron resulting in annihilation of the masses of both particles. This
results in the generation of two high energy annihilation gamma rays (511
keV each) which are emitted simultaneously and travel at the speed of
light in almost opposite directions (Fig 1, paper no. 1, page 41). The angle
between the two gamma rays may be slightly less than 180 degrees
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depending on how much kinetic energy remained with the electron and
positron at the time of annihilation. A PET tomograph is constructed so
that the body is surrounded by an array of detectors. The emission of a
positron (and consequently the two annihilation gamma rays) is recorded
by detectors on opposite sides of the body (Fig 2, paper no. 1, page 42).
Each detector is electronically connected with a number of detectors (Fig
3, paper no. 1, page 42) on the opposite side of the body. If two detectors
are simultaneously activated (within a very narrow time window of nano
seconds) a "coincidence event" is registered. This allows determination of
the direction from which a pair of gamma rays arose (electronic
collimation). Many thousand "lines of coincidence" are possible (Fig 4,
paper no. 1, page 43) due to the large number of detectors (see section
specification ECAT-II tomograph). When sufficient coincidence events
have been recorded from sufficient angles, standard computer tomographic procedures reconstruct the concentration of isotopes for each
region of the scanned cross-section of the brain. Usually between 100.000
to 1 million coincidence events need to be recorded to allow accurate
transaxial tomographic reconstruction of the distribution of isotopes. It
is common practice to examine on a visual display unit (VDU) the
distribution of isotope concentration in the form of an "image" of that
particular cross-section of the brain. The intensity of each pictureelement (pixel) of this reconstructed image is expressed in a grey-white or
colour scale and this corresponds with the measured isotope concentration in that particular region.
It must be mentioned that an important correction, namely tissue
attenuation correction, needs to be made before or after the emission
scan. Although the emitted gamma rays have a high energy, and
penetrate tissue relatively easily, nevertheless, loss of signal due to tissue
absorption takes place and must be corrected for. This can be done either
by allowing for skull size, or by measuring the actual attenuation using an
additional, a so called "transmission" scan. For this procedure, the
subject is in the same position in the tomograph as during the "emission"
scan, however an external ring source of a positron emitting material
(Germanium 68/Gallium 68) now sends gamma rays through the body
from all directions (Fig 5, paper no. 1, page 44). The PET scanner records
how many coincidence events occur in that situation for each detector
pair and compares it with a "blank" transmission scan performed with
nothing but air in the scanner. Thus for each coincidence line pair it can
be determined how much tissue attenuation occurs and by how much the
recorded emission line pairs have to be corrected.
The spatial resolution that can be realised via a PET scanner is mainly
dependent on the size of the individual detectors. The early PET scanners
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(like the ECAT-II) had a limited spatial resolution because sodium iodide
crystals were used as detectors. These needed to be comparatively large to
absorb the high energy gamma rays required to produce scintillation. At
present, bismuth germanate is mostly used as detector material which,
being denser, allows much smaller detector sizes to be used and offer
higher spatial resolution. In combination with more sophisticated light
sharing photomultiplying systems, this has resulted in a new generation
PET scanners with a high sensitivity and resolution. Extensive description of technical features have been published by several authors (TerPogossian et al., 1975; Phelps et al., 1975, 1976, 1978; Brownell et al.,
1977; Williams et al., 1979; Hoffman, 1979, 1981, 1984; Huang et al.,
1979a, 1980a, 1982; Muehllehner, 1982; Budinger, 1984).
Specification EC A T-II
The ECAT-II scanner, a commercial instrument produced by EG and
G, Ortec Inc. Tennessee (Phelps et al., 1978; Williams et al., 1979), was
installed at the MRC Cyclotron Unit, Hammersmith Hospital, London,
in the summer of 1979 (see Fig 8, paper no. 1, page 55). The ECAT-II has
66 sodium iodide (Nal) detectors arranged along hexagonal banks. Each
detector in a bank is in electronic coincidence with each of the 11 crystals
in the opposite bank. For each position of the hexagonal array 363 lines
of coincidence pass through a field of view of diameter 50 cm. By moving
(translating) the detectors tangentially and rotating the array around the
source of emitted radiation, a total of 96 different positions are recorded.
This results in 34848 lines of coincidence allowing efficient and uniform
sampling of the emitted radiation. Sampling is particularly efficient in the
more central parts of the body (Fig 4, paper no. 1, page 43), where the
need for this is biggest as gamma rays from those regions are attenuated
most.
The collected data is sorted and processed through a reconstruction
algorithm by computer, to give the true spatial distribution of radioactivity in the transaxial plane. A ring source (diameter 60cm) of a long
lived positron emitter (Germanium-68; Tl/2 = 270 days) is incorporated
in the machine. Normally shielded in lead, it can be advanced mechanically to lie between the detectors and the field of view, so that the
transmission measurements, required for attenuation correction, can be
made. The machine has been used with certain standard operational
specifications throughout the reported studies: medium resolution
shadow shields, 2.8 cm axial viewing aperture and medium resolution
recontruction filter. Under these conditions the detector efficiency was
measured to be 11,556 counts/sec/microCi/ml, when scanning a 20 cm
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diameter phantom containing fluorine-18. The resolution (measured as
the line spread function) of the scanner is 16.8 x 16.8 mm in the x and y
axes of the transaxial plane at full width half maximum (FWHM). The
axial resolution (slice thickness) is 16.0 mm (FWHM). The volume of a
resolution element at FWHM is 16.8 x 16.8 x 16.0 mm3 = 4.5 mis. The
detector response to activity in terms of count rate is linear from 0 to
25.000 counts/sec. Above this the response becomes non-linear, probably
as a result of some overload of the recording electronics with resulting
dead time. Typically count rates do not exceed 7.000 counts/sec during
clinical investigations. The responses of picture element (pixel) counts in
reconstructed tomograms to a range of activities is also linear to
concentrations well above those used clinically. This linear relationship
passes through the origin, indicating the absence of noise or cross-talk in
the measuring system. The effect of activity on an adjacent, inactive area
expressed on the ratio of counts from the "cold", to counts in the "hot"
area, (cross-talk) was a 3%.
At this point it should be stressed that the resolution of the scanner is
important to assess the influence of the partial volume phenomenon on
the quality of the measurements. If the tissue volume one wishes to
measure only partially occupies the sample volume then the measurement
will yield a lower value than actually is present in the target tissue. The
effects of object size and anatomical structure are extensively discussed
by Hoffman and coworkers (1979) and Mazziotta and colleagues (1981)
respectively. The error in measured isotope concentration increases
progressively as the object size falls below twice FWHM (Hoffman et al.,
1979). According to the tables from the paper of Mazziotta and colleagues (1981) the volume of the caudate nucleus or putamen would be
1.2-1.5 that of the volume of the resolution element (voxel) of the ECATII (4.5ml). However, in most of the studies of this thesis ROI's were
placed in the "striatum" as a whole which means that the structure size
was 2.3 times the voxel size. These workers also provide recovery
coefficients (RC) for each structure at several voxel sizes. The RC
represents the fraction of the true radioisotope concentration of a
structure that is observed in the tomographic image. For putamen the RC
was 0.59 at a voxel size of 3.4 ml, but corpus callosum which has a
volume (11.6 ml), comparable to the whole striatum, had a RC of 0.83. In
their simulation studies Mazziotta and colleagues (1981) also found that
large,"circular" objects such as lenticular nucleus or thalamus tended to
have lower error values than small irregular structures. Similarly, structures bounded by regions having similar pixel values like the lenticular
nucleus have smaller errors than regions bounded by structures with
quite different pixel values.
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Tracers
The interpretation of measured isotope concentrations in brain tissue
depends on the biological fate of the tracer compound to which the
isotope is attached. For example, the measured accumulation of a
labelled glucose analogue expresses carbohydrate metabolism in a particular region. A labelled dopamine receptor antagonist accumulation on
the other hand indicates part of the functional state of the dopaminergic
neurotransmitter system. Thus the tracer itself tracer determines the
function measured with PET.
Table A and B itemise many of the tracer compounds that have been
used to date for PET studies of the brain. This serves to illustrate that
PET offers a means to study a wide range of functions. Here it will suffice
to summarise briefly only the PET tracer systems which relate to
functions that have been investigated in patients with movement disorders to date. These include regional cerebral blood flow (rCBF),
oxygen utilisation (rCMRO 2 = regional cerebral metabolic rate of
Table A
Positron Emitting Tracers and their Application to Measurement of
Regional Cerebral Function (Energy Metabolism)

Application

Cerebral Blood Flow

Cerebral Blood Volume

Haematocrite
Cerebral Oxygen
Utilisation
Cerebral Glucose
Transport
Cerebral Glucose
Utilisation

Radionuclide T(l/2)(mms)
15-0
11-C
13-N
18-F
11-C

2.1
20.3
10
110
20.3

15-O
68-Ga

2.1
68.3

11-C

20-3

15-O

2.1

11-C

20.3

Labelled-tracer
(15-O)-CO2, (15-O)-H2O
(ll-C)-alcohols
(13-N)-NH3
(18-F)-CH3
(ll-C)CO, (ll-C)-methylalbumin
(15-O)CO
(68-Ga)-transferring
(68-Ga)-EDTA
(ll-C)-CO
(ll-C)-albumin
(15-O)-O2

18-F

110

(ll-C)-3-O-methylD-glucose
2-(18-F)-D-glucose

18-F
11-C
11-C

110
20.3
20.3

2-( 18-F)-D-glucose (FDG)
(1 l-C)-2-deoxy-D-glucose
(ll-C)-D-glucose
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Table B
Examples of Positron Emitting Tracers and their Application to Measurement ofRegional
Cerebral Function

Application
BIood-Brain-barrierintegrity

Radionuclide T(l/2)(mins)
82-Rb
81-Rb
68-Ga
11-C

Cerebral pH

11-C

Receptor Studies

18-F
11-C

Drug Uptake

55-Co
11-C
11-C
11-C
13-N
18-F
11-C

Amino-acid Uptake

11-C

Labelled-tracer

1.25
4.6 hours
68.3
20.3

(82-Rb)-chloride
(81-Rb)-chloride
(68-Ga)-EDTA
(1 l-C)-methyI-a!bumin

20.3
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oxygen), glucose utilisation (rCMRglu), L-dopa uptake and dopamine
receptor binding.
Cerebral blood flow
Oxygen-15 is the radio-isotope mostly used to trace cerebral blood flow
with PET. An overview of its importance is given by Ter-Pogossian and
Herscovitch (1985). As a tracer for CBF, oxygen-15 labelled water (H^5O)
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is used. One easy method for introducing ;this into the arterial blood is by
administering C15O2 via inhalation following which carbonic anhydrase
in the red blood cells of the lung vasculature transfers the oxygen-15 label
quickly to water (West and Dollery, 1962). Thus continuous inhalation of
trace amounts of labelled carbon dioxide results in a constant generation
of labelled water in the lungs and in turn within arterial blood. After
approximately 10 minutes of continuous inhalation, a steady-state is
reached: the arterial concentration of labelled water remains at a stable level.
This expresses the balance between radioactive decay of oxygen-15 (half life
about 2 minutes) and the continuous steady generation of labelled water in
the lungs. Equally, the radioactivity in the brain remains constant indicating
a balance between arterial delivery of tracer on the one hand and washout
into venous circulation plus radioactive decay on the other. Arterial,
concentration of tracer is obtained by withdrawing, at steady-state, blood
samples from a small indwelling radial artery catheter and measuring the
blood's radioactive concentration using a well-counter that is calibrated
concentration using a well-counter that is calibrated with the PET
scanner. Regional brain concentration of the isotopes is measured using
the PET scanner. During steady state conditions arterial concentration
and radioactive decay are constant. Hence the resulting level of isotope
concentration in the brain will depend on the tissue blood flow, that is
rate of turnover of water. From the measurements of steady-state labelled
water concentration of arterial blood (well counter) and brain (PET), the
tissue blood flow can be calculated regionally in absolute units (ml/
lOOml/min). The steady-state inhalation technique has been extensively
described and applied. Examples of its application and references will be
quoted in the next section concerning oxygen utilisation, as both
functions are usually measured in the same scanning session.
Cerebral blood flow can also be determined by preparing labelled water
directly ( 15 O+H 2 ) and administering it intravenously either continuously
(Jones etal., 1982a; 1985)orasabolus(Herscovitchetal., 1983;Raichleet
al., 1983; Howard et al., 1983). Obviously arterial and brain tissue
concentration of isotopes are measured with these techniques as well.
However, for the bolus techniques, as in general for non steady-state
situations, more complicated mathematical equations, describing tracer
concentrations changing over time in arterial blood and in brain, need to
be solved to obtain CBF. Also rapid scanning and blood sampling is
necessary. Both aspects demand additional expertise and care in data
collection and analysis.

23
Oxygen utilisation
Oxygen metabolism is studied by inhaling molecular oxygen labelled
with oxygen-15 either continuously as in the steady state method, or as a
bolus. This is done in conjuction with the measurement of CBF using the
respective appropriate methods (see previous section). When molecular
oxygen is inhaled it is bound by the haemoglobin of the red blood cells and
in turn partially extracted by the brain tissues (normally about 40% per
single passage through the capillary bed) as opposed to water which is
extracted almost completely. Extracted oxygen is immediately used
and the labelled oxygen converted to labelled water, "water of metabolism". At the state during continuous inhalation of labelled
molecular oxygen, recirculating labelled water from the brain and
other tissues contribute to the radioactivity in the brain measured with
the scanner. The oxygen extraction can be determined however as the
contribution of recirculating labelled water is determined through the
CBF scan data (H215O) (Jones et al., 1976, 1980, 1982; Frackowiak et
al., 1980).
As 60% ot oxygen delivered to the brain remains in the blood an
additional scan is usually performed to measure the contribution of the
intravascular labelled oxygen to the recorded brain radioactivity. This CB V
(cerebral blood volume) scan is performed using carbon monoxide in trace
amounts labelled with carbon-11 or oxygen-15 (Phelps, 1979a). Once
inhaled, this tracer sticks to haemoglobin and thus all the radioactivity
from the brain measured during that scan arises from the intravascular
space (normally 3-4%) in gray matter). The combination of all scans and
arterial blood samples allows accurate measurement of regional oxygen
extraction ratio (rOER) (Lammertsma et al., 1983a, 1983b). Finally, the
rate of oxygen utilisation (CMRO2) is determined by the formula: CMRO 2
= CBF x OER x total arterial stable oxygen concentration.
As for CBF, likewise for oxygen utilisation, non steady-state techniques
using oxygen-15 have been developed (Ter-Pogossian et al., 1970; Raichle
et al., 1976; Mintun et al., 1984). The various practical and theoretical
considerations concerning the above mentioned techniques are reviewed
by Ter-Pogossian and Herscovitch (1985).
The steady-state inhalation technique to measure CBF, OER and
CMRO2 has been extensively described and validated. Early descriptions
(Jones et al., 1976; Subramanyam et al., 1978; Jones, 1980; Frackowiak et
al., 1980) were followed by theoretical and statistical studies (Lammertsma
etal., 1981a; 1981b; 1982a). Further experimental validation was provided
by Rhodes and colleagues (1981) who varied arterial pCO 2 in anaesthetised dogs to measure CBF and OER response. Kanno and colleagues
(1983) compared a C I5 O 2 bolus inhalation method with the steady-state
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C O2 inhalation technique and found comparable values for CBF.
Several applications may be mentioned. Normal values have been
reported extensively (Frackowiak et al., 1980; Lebrun-Grandie et al; 1983;
Lenzi et al., 1983; Pantano et al., 1984). It was shown that CBF in gray
matter decreased significantly with age (0.5 ml/min/lOOml/year). However, the variability of the values is large in all age groups at least until the
middle of the sixth decade. For CMRO2 the situation is less clear. Lenzi
and colleagues (1983) reported no decrease of CMRO2 with age if two
outliers of a group of 32 volunteers are left out for technical reasons.
Pantano and colleagues (1984) found also no significant correlation with
age. However, when grouping the subjects in those under and above 50
year olds, a significant decrease of CMRO2 in the elderly group was found.
Work is in progress using the improved (correcting for intravascular
activity and multiple arterial blood samples) oxygen steady-state PET
technique in another group of 34 healthy volunteers to further investigate
whether oxygen utilisation in certain brain regions is affected by age and
how this relates to changes in CBF, OER and CBV (Leenders, in
preparation).
In dementia, both degenerative and vascular, a decline in CBF and
CMRO2 was found to correlate with increasing severity of disease
(Frackowiak et al., 1982). No evidence was found to support the existence
of a chronic ischaemic brain syndrome. See also chapter 3, paper no. 1,
paragraph 4,2 and Fig 11, page 62).
Ischaemic brain diseases have been adressed by several authors (Baron
et al., 1981a; 198 lb; Wise et al., 1983; Gibbs et al., 1984). The interrelationship of CBF, OER and CMRO2 and changes with time in these conditions
are outlined in chapter 3, paper 1, paragraphs 4.3.1 and 4.3.2.
Studies on brain tumour (Ito et al., 1982; Rhodes et al., 1983;
Lammertsma et al., 1984; Beaney et al., 1985; Leenders et al., 1985a),
multiple sclerosis (Brooks et al., 1984) have been reported. It is not
intended to give a complete list of all the published applications. The
quoted references serve to indicate the type of investigations which have
been performed. PET studies measuring CBF, OER and CMRO2 in
movement disorders are presented in context in chapter 5.
Glucose utilisation
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2-fluoro-2-deoxy-D-glucose labelled with fluorine-18 ( F D G ) is mostly
U5id as tracer to measure regional cerebral glucose utilisation (rCMRglu).
This glucose analogue is injected intravenously and radioactivity in arterial plasma is then measured over time by taking a series of samples and
regionally in brain by PET. Depending on the type of calculation one
wishes to apply, either one scan is taken about 40-50 mins after injection of
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the tracer or a consecutive range of scans is performed from the start to
determine the build up of isotope concentration in the brain. For review of
the method see Phelps (1981). Briefly, FDG competes with glucose as a
substrate for transport from plasma into brain and for phosphorylation by
hexokinase (the first step in the glycolytic pathway). However, phosphorylated FDG is not readily metabolised further and is essentially
trapped in the tissue, at least during the first hour after injection. Thus
accumulation of isotope within a certain region of the brain, in relation to
what has been delivered to it, reflects the degree of transport and glycolysis
(transport of FDG from blood to brain is not rate limiting under normal
conditions). Since the arterial and brain PET isotope measurements give
only the fractional phosphorylation rate for FDG, this must be related to
the actual arterial glucose concentration to obtain the metabolic rate for
glucose. In addition, a factor is needed (the so called Lumped Constant)
which takes into account the biological differences between glucose and
FDG in relation to transport, distribution and hexokinase affinity. The
operational equation for this measurement was derived by Sokoloff and
coworkers (1977,1981) in animals using (14-C)-2-deoxyglucose as a tracer
and auto radiography. When fluorine-18 labelled deoxyglucose became
available (Ido et al., 1978; Fowler et al., 1981), glucose utilisation could be
measured in vivo in man using PET (Reivich et al., 1979a, 1979b). Since
then several publications described modifications of the method (Phelps et
al., 1979b; Huang et al., 1980b; Rhodes et al., 1983) and numerous
applications have been reported. Normal values for regional brain glucose
utilisation have been studied extensively using PET and FDG. Kuhl and
colleagues (1982a) found a gradual but small decline with age, particularly
in frontal regions. A later report (Kuhl et al., 1985c) concludes, after
restudying the issue, that age probably does not alter transport or
phosphorylation of glucose. Other investigators also did not find a
correlation of glucose utilisation with age (Duara et al., 1983; Leon de et
al., 1984). This is in contrast with CBF which, according to most
investigators, decreases with age (see for review Rapoport et al., 1985). The
effect on focal and global cerebral glucose utilisation of several forms of
sensory deprivation and stimulation in health and disease has also been
reported (Phelps et al., 1981; Mazziotta et al., 1982). They demonstrated a
progressive decline in overall glucose metabolism with reduced sensory
input. On the other hand visual stimulation produced a progressive
increase in glucose utilisation in visual cortex when increasingly complex
visual stimuli were given. Verbal and writing tasks resulted in complex
patterns of cortical and subcortical responses in health and disease
(Mazziotta et al., 1984; 1985a).
Dementia has also attracted some attention (Benson et al., 1983; Chase
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etal., 1985;Kuhletal., 1983; 1985b; 1985c). Apart from global decreases in
brain glucose metabolism, focal changes exist as well with the parietal
cortex often showing the largest decrease. In ischaemic brain diseases
typically focal changes in glucose utilisation are seen (Hawkins et al., 1981;
Wise et al., 1983b; Baron et al., 1984), but also remote effects on brain
metabolism are reported (see for review Pawlik et al., 1985). Regarding
brain tumours, Di Chiro and colleagues (1981, 1982) report a correlation
between human glioma grade and focal uptake of FDG. Rhodes and
colleagues (1983) found that the rates of glucose consumptions for tumour
and brain tissue were similar. The applications of FDG in the study of
movement disorders will be described in detail in chapter 4.
Attention must be drawn to some uncertainties of the FDG tracer
method. The lumped constant (see before) may not be constant in certain
diseases. For example within a focal ischemic lesion the metabolisation of
glucose itself may be so low that major dephosphorylation could occur. In
that case would the lumped constant increase (Phelps et al., 1979b)
resulting in an overestimation of local glucose utilisation. Also, low
plasma glucose concentration might change the relationship between
FDG and glucose in respect to competition of transport and phosphorylation rate. However, uncertainties about lumped constant and de-phosphorylation may not play a role in disease with global or moderate focal
neuronal impairments like those brain conditions resulting in movement
disorders. In the latter group of diseases it probably makes no difference
whether the FDG tracer method or the steady-state oxygen inhalation
method is used to measure regional brain energy metabolism. Since in
movement disorders impairment of this function seems always secondary
to neuronal degeneration or dysfunction both oxygen and glucose
utilisation will be good indicators for overall neuronal functional decline.
Several examples will be given in chapter 5. At the MRC Cyclotron Unit,
Hammersmith Hospital, London, oxygen utilisation was the method of
choice since that technique had been firmly established there as a routine
procedure, whereas the supply of FDG was limited by technical and
logistical restraints.
L-dopa uptake
Garnett, Firnau and Nahmias (1983) were the first to show that brain
L-dopa uptake in man can be visualised with PET using fluorine-18
labelled L-fluorodopa (Fig 1, paper no. 7, page 153). Prior to this, these
workers had reported extensive experimental studies (Firnau et al., 1975,
1976,1981; Garnett et al., 1978,1980,1983). The radiochemistry has been
described by Firnau and colleagues (1984) and the radiation dose in man

27

has been estimated by Harvey and coworkers (1985). New chemical
production methods have also become available (Diksic and Farrokhzad,
1985). The application of this PET tracer in man has now been described in
several papers (Garnett et al., 1983, 1984, 1985; Nahmias et al., 1985;
Martin et al., 1985b; Calne et al., 1985). The author's own publications will
be reproduced in chapter 3 and summarised in chapter 4. The results
reported by other workers will be discussed in chapter 5.
The L-(18-F)fluorodopa is injected intravenously. Serial arterial samples are taken and PET scans performed to measure how much radioactivity has been delivered to the brain (arterial plasma curve) and the
amount taken up by the brain tissue. As indicated before, the PET scanner
can only determine the concentration of positron emitting isotopes in a
certain volume of tissue. The detected radioactivity (in this case fluorine18) could in principle arise from L-(18-F)fluorodopa itself or one of its
meabolic products, notably fluorinated dopamine (DA), homovanillic
acid (HVA), 3,4-dihydroxyphenylacetic acid (DOPAC) and 3-methoxy,
4-hydroxy-phenylalanine (3-OM-dopa) (Fig 1, page 27). Accumulation of
the istope is greatest in striatum where the concentration of native.
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Fig. 1. Biosynthesis and metabolism of dopamine.
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dopamine and related anabolic and catabolic enzymes of the dopaminergic
system is highest (Walsh et al., 1982). Fluorodopa has been shown to be an
analogue for dopa, as both are cleared from the blood and decarboxylated
at similar rates (Firnau et al., 1976; Garnett et al., 1978, 1980). Also
dopamine and fluorodopamine both bind to dopamine D-2 receptor sites
at similar concentrations (Firnau et al., 1981). However, the role of Omethylation by catechol-O-methyl transferase differs depending on the
position of fluorine-18 on the L-dopa molecule (Firnau et al., 1984).
5-L-(18-F)fluorodopa is O-methylated four times as fast as dopa, whereas
6-L-(18-F)fluorodopa probably is O-methylated less than dopa. The
earlier studies have been performed with either the 5-isomer (Garnett et al.,
1978) or a mixture of 2-,5- and 6-isomers (Leenders et al., 1986d, (paper 7,
chapter 3)). The methylation of dopa or fluorodopa occurs mainly outside
the brain and these methylation products are taken up into the brain in a
nonselective way (Firnau et al., unpublished results). Although specific
striatal uptake seems not to be affected by labelled methylated fluorodopa,
the measured arterial activity input curve is certainly a mixture of L-(18F)fluorodopa and methylation products. A pure arterial input curve is an
important requirement for the calculation of brain L-dopa uptake and
dopamine formation in absolute units. Therefore it is preferable to use
only 6-L-(18-F)fluorodopa as tracer as this isomer is less prone to
O-methylation.
The contribution of intravascular activity to the tissue measurements
can be calculated as being negligible. The blood volume of the striatum is
about 4% of the measured tissue volume, and arterial plasma concentation
of the isotope falls very rapidly to about 5% of the initial peak value (see
e.g. Fig. 2, paper no 8, chapter 3, page 169).
Home and coworkers (1984) have shown in rats pretreated with
carbidopa that L-(14-C)dopa, accumulates in striatal tissue mainly in the
form of dopamine whereas dopa, HVA and DOPAC together seemed to
constitute a small fraction of tissue radioactivity from 1 to 4 hours after
intravenous administration (according to their figure, although no numbers are given). 3-OM-dopa, which slowy but steadily rose in arterial
plasma, was found to be capable of passing the blood brain barrier, and
accounted for a considerable fraction of brain tissue activity. However,
3-OM-dopa was distributed uniformly throughout the brain. Furthermore,
lesions of substantia nigra resulted in markedly reduced striatal activity
following administration of L-(14-C) dopa. Hefti and coworkers (1981)
reported that lesioning of substantia nigra and medial forebrain bundle in
rats reduced dopamine concentration by 95% compared to the unlesioned
contralateral side. They also demonstrated that DA formation from
exogenous L-dopa in striatum occurs mainly, but not exclusively, within
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dopaminergic nerve terminals. This was already shown by Lloyd and
coworkers (1980) in their lesioning experiments with cats. They also found
an inverse relationship between the ability of the caudate to synthesize
dopamine and the severity of nigrostriatal tract lesions. Reserpine depletes
•intraneuronal vesicular storage sites of dopamine and other monoamines,
and pretreatment of rats with reserpine decreased striatal activity after
L-(14-C) dopa administration by 48% at two hours (Wooten et al., 1982).
This reserpine effect has also been demonstrated in a monkey brain PET
study after L-(18-F)fluorodopa (Garnett et al., 1983).
In vitro analysis of monkey brain tissue samples after L-(18-F)fluorodopa injection has been performed by Garnett and colleagues (1985). They
showed that fluorine-18 was almost equally divided between (18-F)dopamine and (18-F)homovanillic acid at one hour after injection.
In view of the foregoing findings and considerations L-(18-F)fluorodopa can be used as an analogue of L-dopa and is suitable to trace with
PET, brain L-dopa uptake and decarboxylation into dopamine and
further breakdown to HVA. Applications of this technique in movement
disorders will be discussed in chapter 5.
To date quantitative analysis of tracer uptake has been approached in
two ways. A relative measure for dopamine formation in striatum is
obtained by simply plotting against time the ratio of radioactivity in
striatum to that in surrounding (non-dopaminergic) brain. Dopamine
formation and its retention in striatum is normally indicated by a
continuously increasing ratio (Fig 4, paper no. 7, page 158). This has been
applied by Leenders and colleagues (1985b, 1986d, (paper 7, chapter 3)).
Another approach is offered by a graphical plotting technique (Gjedde,
1981, 1982; Patlak et al., 1983) which allows calculation of blood-to-brain
transfer constants from combined measurements of arterial and brain
isotope concentrations at multiple times. This analysis appears particularly useful for substances which are extracted from the blood at a low rate
and which remain in the tissue in one or more "irreversible" compartments. L-dopa belongs to that category. Leenders and colleagues (1986f,
(paper 6, chapter 3)) have applied this method of calculation in a group of
healthy subjects and patients with Parkinson's disease. Notwithstanding
the use of a mixture of isomers (35% 2-, 5% 5-, and 60% 6-L-fluorodopa)
influx constants could be calculated correlating directly with clinical signs
in patients (see chapter 5 and chapter 3, paper 6). Further exploitation of
this approach is in progress'using the single isomer 6-L-(18-F)fluorodopa
as a tracer to obtain a purer arterial input curve (Martin et al., 1985b).
Measurement of regional blood-to-brain transfer constants allows
comparison, in absolute units, of pre-synaptic dopaminergic activity
between two persons or within one person at different times.
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Finally it is possible to label L-dopa with carbon-11 instead of fluorine18. This has the advantage of the tracer having an identical chemical
structure to that of unlabelled L-dopa, but it has the disadvantage of a
shorter radioactive half-life (20 minutes versus 110 minutes). So far only
labelling of the carboxyl group has been published (Reiffers et al., 1977;
Korf et al., 1978). As formation of dopamine from dopa by decarboxylation necessarily means loss of the label from the molecule, limited use can
be made of this synthesis in PET. Recently it has become possible to label
L-dopa with carbon-11 in the 3 position (Langstrom, personal communication). Application of this tracer in man has to be awaited.
Dopamine receptor ligands
Several tracers, labelled with either carbon-11, fluorine-18 or bromine76 (a positron emitting isotope with a half life of 16.2 hours) have been
developed to measure and visualise cerebral dopamine receptor binding
using PET. So far all tracers in this group are neuroleptics: drugs which act
as antagonists to dopamine receptors (either to both D1 and D2 receptors,
or more specifically to D2). Recently a selective dopamine (D1) antagonist
has been described (Hyttel, 1983) and the first human PET scans using this
compound (labelled with carbon-11) have already been performed (Farde,
personal communication).
Difficulties related to the classification of dopamine receptors in vitro
and to pharmacological and behavioural analysis, human postmortem
findings as well as problems concerning the relationship between receptor
activation or blockade and clinical response have been extensively
discussed elsewhere (Snyder, 1979, 1984; Seeman, 1980; Costall and
Naylor, 1981;Creese, 1981;Georgeetal., 1983;Rubergetal., 1984;Meller
et al., 1985). The reason for labelling dopamine antagonists for PET
studies was not only the well established chemistry and pharmacology of
neuroleptics and their widespread clinical use but most importantly the
fact that antagonists have a much higher affinity for the receptor than
agonists. This is crucial in relation to PET scanning, as a short time after
administration (due to the short half life of isotope), a sufficient amount of
tracer must accumulate in the tissue and be bound to receptors to perform
a reliable measurement. It is practical to research movement disorders with
this methodology since there is a high concentration of dopamine
receptors in a circumscript but large (in relation to resolution) region of the
brain, namely the striatum.
The chemistry to label several psychopharmaca was reported by Berger
and colleagues (1979). However particular attention was paid to the
production of (18-F)haloperidol (Kook et al., 1975), (ll-C)pimozide
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(Crouzel et al., 1980), (18-F)spiroperidol (Maeda et al., 1981), (11C)spiroperidol (Fowler et al., 1982), (11-C)methylspiperone (Burns et al.,
1984; Turton et al., 1984), (76-Br)bromospiperone (Maziere et al., 1985),
(11-C)raclopride (Kohler et al., 1985). A general method for the syntheses
of no-carrier-added fluorine-18 labelled butyrophenone neuroleptics was
reported by Shiue and colleagues (1985). Examples of how several of these
tracers have been used to date in PET studies will follow. Advantages and
limitations will be outlined.
Although initially (18-F)haloperidol seemed a good candidate (Tewson
et al., 1890; Zanzonico et al. 1983) because the penetration of this
compound into brain was found to be high, doubts were soon raised
(Welch et al., 1983; Eckelman and Gibson, 1984 and replies by Tewson,
1984 and Zanzonico et al., 1984). It was eventually shown in baboon PET
studies (Arnett et al., 1985c) that (18-F)haloperidol had a relatively high
nonspecific distribution resulting in low contrast between dopaminergic
brain regions (e.g. striatum) and regions devoid of any significant
dopaminergic activity (e.g. cerebellum). In addition haloperidol dissociates from the receptor more rapidly than (18-F)spiroperidol. The
same problem of extensive nonspecific binding was encountered with
(11-C)pimozide (Baron et al., 1983, 1985). However some specific striatal
binding was demonstrated in 8 healthy controls, which was blocked in 5
patients by pretreatment with haloperidol.
Tracers which proved to be more useful were those related to spiperone
(spiroperidol). This was shown for the first time in man with PET using
(ll-C)methylspiperone (Wagner et al., 1983). Spiroperidol shows a low
nonspecific binding, a high affinity for dopamine receptors in striatum
without rapid metabolism in the brain (Creese et al., 1977; Leysen et al.,
1978; Laduron et al., 1978). These promising in vitro characteristics were
tested for carbon-11 labelled spiroperidol in mice (Fowler et al., 1982) and
also in vivo in rats (Arnett et al., 1983). Baboon PET studies using this
tracer demonstrated the possibility of in vivo measurements of dopamine
receptorbinding (Arnett et al., 1984). Specific binding and stereoselectivity
of binding was assessed by measuring striatal activity before and after
blocking with (+)-butaclamol. Striatal specific binding accounted for 65%
of the total measured radioactivity.
Due to the longer half life of fluorine-18, measurements can be made
several hours after administration of tracer when labelled with this isotope.
Arnett and colleagues (1985c) showed in baboon PET scans that no
significant decrease of specific striatal binding occurred over a period of 8
hours after administration of (18-F)spiroperidol. These authors also
showed that in rat striatum more than 95% of (18-F)spiroperidol remains
unchanged after 4 hours as was already demonstrated for tritiated
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spiroperidol in the in vivo binding studies performed by Laduron and
colleagues (1978). The same is true for (18-F)methylspiroperidol (Arnett et
al., 1985b). The methylated spiroperidol tracer has the advantage of a
higher uptake into brain tissue compared to spiroperidol: in baboon brain
there is a two fold increase and in rat brain a five-fold increase in uptake
(Arnett et al., 1985).
Another tracer, described by Maziere and colleagues in baboons (1984)
and in humans (1985), is (76-Br)bromospiperone. Striatal activity was contrasted to cerebellar to obtain a measure of specific binding. However, striatal
uptake and cerebellar washout of this ligand are very slow resulting in a
striatum to cerebellum ratio of only 1.84 at 4.5 hours after injection
(compared to a ratio of about 4 after 1 hour for (11-C)methylspiperone).
As bromine is a large atom it may be changing the characteristics of the
molecule and thus the uptake mechanism. Another disadvantage of its use
is the relatively high radiation dose due to its 16 hour half life and 3.7 Me V
positron emission. This may be overcome by using (75-Br) instead which
has a shorter half life (1.6 hours) and emits 1.7 MeV positrons.
Raclopride, a new tracer belonging to a different class of neuroleptic
drugs, (substituted benzamides) has recently become available (Kohler et
al., 1985). In vitro and in v/vostudies showed that tritiated raclopride labels
dopamine (D2) receptors with high selectivity in rat brain. The in vivo
binding is saturable, reversible and there is little non-specific binding.
More than 90% of the drug in the brain is in a non-metabolised form.
Farde and colleagues (1985 and 1986) were the first to apply (11Qraclopride to human PET studies. They demonstrated that the regional
striatal receptor binding can be characterised in absolute units, namely
B(max) (maximum binding) and K(D) (equilibrium dissociation constant).
To calculate these values more than one investigation per subject is
necessary.
This raises again the issue of quantitation with PET. How can measured
isotope concentrations in brain be converted into physiologically or
biochemically meaningful units? In terms of receptor binding, Farde and
colleagues (1986) use the classical theory on binding of a ligand for a
limited receptor population. At 42 minutes after tracer administration,
when equilibrium is reached, specific striatal activity is determined by
subtracting non-specific (cerebellar) activity from total striatal activity.
The cerebellar activity is also taken as an estimate of the "free ligand"
concentration. By performing several scans in the same subject with
different total mass of ligand administered each time, a typical hyperbolic
saturation curve is obtained as would be expected from in vitro and in vivo
animal work (Weiland and Molinoff, 1981; Kohler et al., 1985). The
saturation hyperbola can be transformed into a linear function which is
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easily displayed graphically (Scatchard and Hill plots) and yields maximal
receptor binding (B(max)) and the affinity constant (K(D)). As the amount
of radioactivity and hence radiation dose for one scan is small (2.7 mCi), it
is possible to perform a range of scans in individuals. However, the need
for more than one scan for each subject requires a system of accurate
repositioning and puts a strain on available cyclotron and scanning time to
which many logistical problems are attached.
Another approach suitable for spiroperidol related compounds is that
described by Wong and colleagues (1984). The authors use an uptake
model which assumes that the measured regional radioactivity is distributed over three compartments (Fig 2, page 34) namely 1. intravascular
space, 2. extravascular tissue (non-specific binding) and 3. receptors
(specific binding). The fractional rate constants determine the rate with
which a ligand is "transported" from one "compartment" to another, k 1 is
the rate constant for transport from the vascular pool into extravascular
tissue and k2 determines the back flux into the blood. k3 is a composite
function of receptor density and affinity and usually the entity one wishes
to know, as it describes the binding of ligand to the receptors. The
dissociation from the receptor pool back to the extravascular tissue pool is
characterised by k4. It is important to remember that at any time the PET
measured isotope concentration gives the total isotope concentration but
no information about the intercompartmental distribution of activity.
However, by kinetic analysis of the radioactivity in diverse regions of
interest, information can be obtained about the rate constants. As there is
little dissociation of (ll-C)methylspiperone from the dopamine (D2)
receptors during the time of scanning, k4 is in practice zero. In that
situation Wong and colleagues (1984) have shown that the ratio of activity
in striatum to that in cerebellum increases linearly with time within a few
minutes of tracer administration (see Wong and colleagues (1984) for the
mathematical reasoning supporting this finding). The same linear relationship of the striatum/cerebellum ratio over time has been found by
Leenders and colleagues (1986e) and Hagglund and colleagues (1986). The
slope of the line thus obtained is equal to k3 if k3 is much smaller than k2.
As this is probably not the case, it is likely that the slope is proportionally
related to k3. k3 itself is the product of the number of available receptors,
and the association constant of the ligand. Thus although only one PET
study and relatively simple data processing is needed to obtain the slope of
the linearly increasing striatum to cerebellum ratio, the information about
receptor number is not directly accessible with this method.
Mintun and colleagues (1984) have also used the three compartment
model in their PET studies of (18-F)spiperone uptake in baboon brain and
introduced a new term: the binding potential, which is equivalent to the
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product of B(max) (number of binding sites) and the inverse of K(D) (the
binding affinity). This term reflects the capacity of brain tissue for ligandbinding site interaction and was measured to be 19.4 on average in three
baboon PET scans which

0

©

M J Vascular compartment
( T ) Extra-vascular ( non-specific ) compartment
( T ) Specific compartment
Fig 2. Schematic drawing of a 3 compartment model.

is in close agreement with in vitro data to which the authors refer. The
authors performed lengthy scans and also measured regional blood flow
and blood volume to analyse the tissue kinetics of labelled spiperone more
precisely. They found that the binding potential was not critically
dependent on estimates of regional blood flow, blood volume or tissue
nonspecific binding. Brain permeability of spiperone was found to be
similar to that of water. The authors describe in detail the mathematical
model, its assumptions and limitations. One assumption is that metabolites of the tracer formed in the blood do not enter the brain. All models
applying arterial isotope concentration as an input function need to
account for metabolites if possible. In ideal circumstances no metabolites
should be formed, but this is rarely the case. Spiperone is metabolised quite
easily (Chugani et al., 1983), but the available evidence suggests that no
metabolites enter be brain (Arnett et al., 1985b).
To avoid the difficulties in defining accurate arterial input functions
Eckernas and colleagues (1986) discuss the alternative of using the activity
in cerebellum as a measure of tissue extravascular concentration of ligand
equilibrating with receptors. Application of this model to PET monkey
brain studies using (11-C)methylspiperone allows the determination of k3
values relatively easily. This aiethod is only applicable if there is a brain
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region with no specific binding for the ligand used as is indeed the case of
cerebellum which is virtually devoid of dopamine or serotonin receptors.
Furthermore, the formation or accumulation of metabolic products of
the tracer in the reference brain region must be negligible or be accounted
for. This condition may well be difficult to fulfill.
Friedman and colleagues (1984) describe another mathematical model
and test this in vivo with spiroperidol binding in mice and rats using data
obtained from the literature. Although the authors attempted one PET
scan on a rhesus monkey using (76-Br) bromocriptine, further validation
of the model is awaited.
Which tracer should one use? This does not depend only on what
biological or clinical question one needs to answer but also on the technical
qualities of cyclotron, chemistry laboratory and tomograph. General
problems and possibilities concerning this question are reviewed by Greitz
(1984) and Kilbourn and Zalutsky (1985). Two important issues may be
stressed here. First the question of the specific activity of the tracer injected
(ratio of tracer/unlabelled compound), expressed as mCi/mmol or
MBq/mmol. Enough positron emission (i.e. gamma-ray coincidence
detection) must be registered to enable reliable measurements, which
usually means the administration of 2-10 mCi radioactivity. When a
certain amount of radioactivity is given then the specific activity of the
preparation will determine the total amount of unlabelled compound
adminstered. When the total mass of ligand is high then a substantial
portion of receptors will be occupied by unlabelled ligand and thus a lesser
proportion of the receptor pool is available for the labelled ligand yielding
a lower measured isotope accumulation in those tissue regions where there
is specific binding. This phenomenon forms an essential part in the
calculation of B(max) and K(D) using (ll-C)raclopride (Farde et al.,
1986). However, if only one scan is performed it is imperative to know
whether the total mass of ligand administered is low enough to have little
or no influence on the binding and hence isotope measurements. The effect
of the total mass of methylspiperone on PET measurements in a group of
healthy subjects has been reported by Leenders and colleagues (1986e).
For technical reasons carbon-11 labelled methylspiperone could not be
produced with high specific activity in that study. Cambon and coworkers
(1986) studied the effect of oral neuroleptic medication on (76-Br)
bromospiperone binding in patients.
To standardise the problem of the "total mass effect" it is possible either
to administer the same amount of tracer (microgram per kilogram) in each
investigation or to determine, in a range of experiments, the effect of
varying the mass of the tracer. A better alternative is to use a tracer with
such a high specific activity that it is possible to administer very little of the
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compound while still realising enough radioactivity to perform the scans.
For instance (18-F) labelled spiroperidol can be produced with a specific
activity which is about 100 times higher than the (11-C) labelled version
used to date.
A second issue is the question of the specificity of ligands. To which
receptors does the ligand bind? This can be illustrated with spiroperidol
and related compounds. In striatum this ligand binds principally to
dopamine (D2) receptors, although to a small extent also to serotonin (S2)
receptors. In cortex, particularly frontal cortex, it mainly binds to
serotonin (S2), to some extent to dopamine (D2) and possibly to
noradrenergic receptors. This was shown in early rat brain studies, in vitro
(Leysen et al., 1978) and indicated in vivo (Laduron et al., 1978). Later
displacement and blocking studies confirmed these findings. For instance
Altar and colleagues (1985) used quantitative autoradiography in rat and
human brain and determined the contribution of spiroperidol binding to
D2 and S2 sites regionally. Specific striatal uptake was largely dopamine
(D2) related, whereas cortical binding was mainly due to serotonin (S2)
receptors. Liskowsky and Potter (1985) performed in vitro binding studies
with spiroperidol in rat and post-mortem human brain frontal cortex.
About 25% of the receptor population in the cortex showed the same high
affinity (K(D)) as in striatum. The other receptor component with a lower
affinity could be blocked with cinanserin. The authors conclude that about
75% of spiroperidol binding sites in frontal cortex are serotonergic.
Recently extensive in vivo binding studies in rat brain using tritiated
spiroperidol in combination with a large range of displacing compounds
confirmed that spiroperidol mainly labels dopamine receptors in striatum
(Jenner et al., in preparation).
PET studies performed in Rhesus monkeys by the Uppsala PET group
using several carbon-11 labelled dopamine receptor antagonists showed
that pretreatment with ketanserin did not prevent (11-C)methylspiperone
binding in striatum, however it reduced total binding by 30% in the cortex
compared with control (Hartvig et al., in preparation). The actual blocking
of receptor binding by ketanserin (a serotonin antagonist) in cortex was
probably higher. However, the large partial volume effect precluded
accurate measurements in such small structures as monkey cortex.
If a clinical question demands the determination of the absolute
numbers of receptors (B(max)) in vivo, e.g. to answer the question whether
the number of dopamine (D2) receptors is increased in certain brain
regions of untreated schizophrenic patients, then rigorous methodology
should be developed and applied particularly when the expected differences are small. If it is not necessary to know the absolute number of
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receptors, but only whether there is a difference between two groups of
subjects, a measure which is proportional to B(max), may be sufficient. If
the question relates to asymmetries within the brain e.g. whether there is a
left-right difference in striatal binding of a tracer in patients with unilateral
movement disorders, then a simple relative measure may be sufficient to
provide the answer.

Chapter 3
Regional cerebral functions measured in patients with movement disorders
using PET
In this chapter are reproduced 12 papers in which the author was
involved. The manuscript of paper 1 was written by the author as a review
of mainly other workers' PET studies of the brain. All the PET
investigations of paper 2 to 12 were performed by the author either alone
or with one or more colleagues. The analysis of the data was done almost
completely by the author himself (initially together with Dr. L. Wolfson).
The manuscripts and illustrations of all papers were produced by the
author, except of paper no 2. The author recruited the volunteers for the
PET scans and he selected about a third of the patients from the outpatient clinic at the Hammersmith Hospital. About two third of the
patients were referred for PET investigation from other hospitals in close
collaboration with several colleagues. The scoring of the clinical disability of the parkinsonian patients was performed by the author (part of
the patients described in papers 2 and 3 together with Dr. L. Wolfson).
All studies were carried out at the MRC Cyclotron Unit and Neurology
department, Hammersmith Hospital, London. The studies were approved
by the Research Ethics Committee of the Hammersmith Hospital and
permission for use of the appropriate isotopes was obtained from the U.K.
Administration of Radioactive Substances Advisory Committee. All
patients and volunteers gave their written informed consent.

POSITRON EMISSION TOMOGRAPHY
OF THE BRAIN:
NEW POSSIBILITIES FOR THE INVESTIGATION
OF HUMAN CEREBRAL PATHOPHYSIOLOGY
K. Leenders, J.M. Gibbs, R.S.J. Frackowiak, A.A. Lammertsma
and T. Jones
MKC Cyclotron Unit and Department of Medicine (Neurology), Royal
Postgraduate Medical School, Hammersmith Hospital, London W12 OHS,
U.K.
{Received 22 May 1984)
1. Introduction
Positron Emission Tomography (PET) has evolved in recent years into a
powerful clinical research technique for the study of the physiology and
pathophysiology of the human brain in vivo.
Using specific tracers labelled with positron emitting isotopes of basic
elements and a tomographic scanning technique (see below), it is possible
to measure quantitatively in an essentially non-invasive way local tissue
functions such as regional cerebral blood flow, oxygen and glucose
utilisation. This article will outline the technical and methodological
background and give an overview of the clinical research applications in
brain pathology as it is known today. The emphasis will be on the work
carried out by the MRC Cyclotron Unit at the Hammersmith Hospital,
London. Previous reviews of brain PET studies have been given by Jones
(1980 and 1982), Phelps etal. (1982), Frackowiak (1982) and Alavi (1982).
A recent issue of the Annals of Neurology (supplement to Volume 15,
1984) is completely dedicated to the methodology and applications of
PET.
Although most positron-emission tomographs have been designed for
brain studies the technique may equally well be applied to whole body
investigations as exemplified in the review of the PET studies in the heart
by Schelbert (1982).
An extensive overview in which all the current technical, methodological
Published in: Progress in Neurobiology Vol. 23, pp. 1 to 38, 1984.
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and clinical aspects (brain and whole body) are covered, is in preparation
("Positron Emission Tomography", Published by Alan R Liss Inc.,
Editor: M Reivich).
The most outstanding feature of positron emission tomography is the
absolute quantitation of tissue concentrations of isotopes of the basic
biological elements.
2, Historical Remarks

Wrenn and colleagues (1951) first decribed positron scanning to detect
brain tumours. Later Brownell and Sweet (1956) used it extensively for
diagnosis of intracranial lesions. Kuhl and Edwards (1963) published the
first report on emission computerised tomography and this group
improved reconstruction algorithms and built several tomographs (Kuhl
et al., 1976). These instruments were mainly used for studies with
[99mTc]-technetium pertechnetate to detect intracranial lesions (Kuhl et al.,
1975).
Only after advances had been made in the development of algorithms to
reconstruct tomographic images in the 1970's did it become possible to
obtain images in which the density was directly related to the concentration of positron emitting isotopes in brain tissue. Several reports appeared
about the usefulness of the techniques (Brownell etai, 1977; Phelps et al.,
1975; Ter-Pogossian et al., 1975). At Washington University in St Louis,
USA, the first successful machines were designed and constructed to map
the regional distribution of positron emitters in vivo. Such tomographs
have since been used extensively for clinical studies (Phelps et al., 1976,
1978).
A further breakthrough occurred when it became possible to synthesise
[ 18 F]-labelleddeoxyglucose(FDG)(Idoe/a/., 1978; Fowler etal., 1981) as
a tracer for local tissue glucose uptake measurements. This was determined
using PET for the first time in man by Reivich and colleagues (1979). At the
same time other groups developed the use of positron emitting isotopes of
basic elements like 15O to measure regional blood flow and oxygen
metabolism (Frackowiak et al., 1980).
Since then many papers have been published which apply these
techniques to a multitude of clinical conditions. These will be referred to in
the sections which follow.
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3. Methodology and Techniques
3.1. ISOTOPES AND POSITRON EMISSION
The are about 1,700 known nuclear combinations of neutrons and
protons (each combination is a nuclide). All but about 280 are unstable
(radioactive). Since there are only 92 natural elements, each has an average
of about 18 nuclides. The nuclides of one element are isotopes of that
element.
Arranging the isotopes of an element from left to right according to
weight leaves the stable isotopes in the middle of the range. The heavier
isotopes tend to decay by ejecting a negative electron (a beta particle) thus
converting the excess of neutrons to protons and thereby moving up the
periodic table. The lighter isotopes are neutron deficient and tend to decay
by converting a proton to a neutron and ejecting a positive electron
(positron), thereby moving down the periodic table. For instance carbon
has six isotopes, carbons 9 through 14, all with six protons but varying
amounts of neutrons. 12C and 13C are stable and 14C is a beta emitter. "C,
IO
C and 9C are positron emitters. The half-time of decay of the lighter
isotopes below 12C becomes progressively shorter: "C 20.3 min, 10C 10.9
sec and 9C 0.126 sec (Oldendorf, 1981).
511 Kev
POSITRON EMISSION:

P+

+ e"
, 511 Kev

Fig. 1. The emission of a positron (a positively charged electron) by the radionuclide
is followed by annihilation with an electron giving rise to two high energy (511
keV) gamma rays in opposite directions.

The clinically useful radioactive nuclides of the lighter elements like
carbon, nitrogen and oxygen are normally positron emitters. Indeed the
isotopes of those lighter elements are immensely valuable as they can be
substituted for stable atoms that make up most biological systems without
changing the biological characteristics of the traced molecules. The
isotopes of the natural elements which are at present mostly used for
clinical studies are the positron emitters oxygen-15 (half life: 2.1 min) and
carbon-11 (half life: 20.3 min). There is no positron emitter for hydrogen,
but fluorine-18 (half life: 110 min) is widely used as a substitute for it.
When a positron is emitted it travels a few millimeters in tissue, losing its
kinetic energy as it does so. When nearly at rest it is captured by an

42

Fig. 2. The principle of PET data collection. Two opposite sodium iodide detectors
are arranged such that the gamma rays of an annihilated positron can be registered
(coincidence detection). The sources of background noise arising from random and
scattered coincidences are shown.

Fig. 3. The diagram shows the arrangement of the coincident sodium iodide detectors
in a whole body single slice positron emission tomograph (ECAT II: EG&G
Ortec). Each detector is in possible coincidence with eleven detectors in the
opposite face of the hexagonal array. A total of 363 coincidence line pairs can be
accepted at any one time.
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Fig. 4. This diagram shows how, as a result of the fan beam geometry of the recording
coincidence line pairs, increased data sampling is obtained within the thickest part
of the object being scanned relative to its edge. This design feature ensures that
maximal statistical recording is achieved in the part of the tissue where the
superimposition of signal and tissue attenuation is greatest.

ordinary negative electron and the two particles annihilate each other.
Annihilation of the masses of these two particles results in the emission of
two photons, each of 511 keV in energy (about four times the energy of a
technetium gamma ray). This pair of photons always originate simultaneously and emerge in almost exactly opposite directions (Fig. 1). The
small variation in this angle is dependent on whether the positron still had
some kinetic energy at the time of capture by an electron. This varies
slightly depending on the isotope used.
The characteristic radiation consisting of emitted pairs of photons is
exploited by the specific designs of positron emission tomographs. The
typical arrangement of coincidence detectors around the body enables the
registration of an annihilation event in a specific "line of coincidence" (see

44

Fig. 5. The diagram shows how the ring source of a long lived positron emitting
isotope (Germanium/Gallium-68) is positioned around the patient during the
transmission scan.

Section 3.3 and Figs 2-5) and allows measurement of absolute tissue
concentration of the isotope and thus the tracer.
The short half life of this sort of isotope is an advantage as it keeps the
radiation dose low, but is a disadvantage because the generation of the
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isotope and its incorporation in tracers must be performed at a close
distance and shortly before or even during clinical investigation. This
requires the presence of an accelerator, usually a cyclotron, and a
radiochemistry laboratory close to the scanning unit (see below).
3.2. TRACER MODELS
The availability of a model that describes the fate of the isotope in tissue
is essential to convert the measured isotope concentrations into a
physiologically meaningful entity. Most clinical information so far has
been obtained using the oxygen-15 steady state inhalation technique and
the fluorine-18 deoxyglucose method. However, several other models have
been used or are currently being developed. The available radiopharmaceuticals labelled with positron-emitting radio isotopes have been reviewed by Comar and colleagues (1982) and Wolf (1981).
3.2.1 Oxygen-15 steady state inhalation model
This model is probably the most interesting one at present, because it
provides measurements of regional cerebral blood flow (rCBF), oxygen
extraction ratio (rOER), and oxygen utilisation (rCMRO2). The method
was originally developed by Jones et al. (1976) and after the introduction
of positron emission tomography it was adapted to provide absolute
measurements of rCBF, rOER and rCMRO 2 (Frackowiak et al., 1980).
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Fig. 6. A diagram outlining the different steps in obtaining rCBF, rOER, rCMRO2
and rCBV using the C15O2,15O2 and "CO inhalation techniques.
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Fig. 7. A diagram outlining the several stages necessary to perform the continuous 15O
inhalation techniques. A cyclotron generates emitting isotopes by bombardment of
the target. The isotopes are then processed in the radiochemistry laboratory and
delivered to the patient, who inhales the dispensed gases (C15O2, !5O2) sequentially
and continuously. UCO gas is inhaled as a bolus over 2 or 3 min. After data
collection by the scanner, computerised reconstruction allows the "raw" data to be
displayed as an image. Further processing is then needed to obtain the
physiological parameters quantitatively for each picture element, after which
analysis of the data can be carried out.

More recently the technique was refined by using an independent
measurement of regional cerebral blood volume (rCBV) (Phelps et al.,
1979a) in order to correct for an overestimation of OER (and hence
CMRO2) which occurred with the original simplified model (Lammertsma and Jones, 1983a). Figures 6 and 7 show schematically the
practical set-up of the investigation.
rCBF is measured during the continuous inhalation of a tracer
quantity of C15O2. The oxygen-15 label is rapidly transferred, in the
pulmonary capillaries, to the water pool under the catalytic influence of
carbonic anhydrase (West and Dollery, 1962). The resulting radioactivity
in all vascular tissues is therefore due to circulating H] 5 O that is
constantly being generated in the lung tissues. After an inhalation period
of about 10 min the tissue H| 5 O concentration will reach an equilibrium
in which the continuous delivery of H] 5 O to the tissue is balanced by its
rate of washout into the venous circulation and radioactive decay due to
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the 2.1 min half life of 15O. The relation between rCBF and the arterial
(Ca) and tissue (Ct) concentrations of H]5O is given by:
k
rCBF= C a / C t - 1
where A is the decay constant for 15O.
Equation (1) demonstrates that only two measurements have to be
performed in order to determine rCBF. The tissue concentration (Ct) is
measured using a PET-scanner and the arterial concentrations (Ca) with a
cross-calibrated well-counter.
No mathematical description of the model will be given here. This can
be found in the literature (Frackowiak et al., 1980; Lammertsma et al.,
1981a,b; 1982). In Fig. 6 a diagram of the method is shown. rCBF is
measured during the continuous inhalation of C15O2 and rCBV after the
inhalation of "CO (Phelps et a!., 1979a). rOER is calculated from the
signal obtained during continuous inhalation of 15O2 which relates to
H] 5 O of metabolism and to which corrections are applied for the effects
of recirculating H]5O (from C15O2-scan) and intravascular 15O (from
1
'CO-scan).
The regional metabolic rate for oxygen (rCMRO2) can be calculated
from the rate of delivery of oxygen (CBF x total arterial oxygen content)
and its fractional extraction by the tissues (OER):
CMRO 2 = CBF x arterial [O2] x OER
Two basic assumptions inherent in the steady state oxygen model are
firstly that the blood/tissue partition coefficient for water is equal to one,
and secondly that the permeability x surface area (PS) product is
sufficiently high for the tissue extraction of water to be regarded as 100%
under all conditions. The potential sources of error arising from these
assumptions have been analysed in detail by Lammertsma et al. (1981b).
It was concluded that within and below the expected physiological range
of blood flow, the effects on CBF and CMRO2 measurements of
variations in the partition coefficient or PS product are small. The
greatest sources of error were found to be the overestimation of OER due
to unextracted intravascular 15O2 during O2 inhalation — now routinely
corrected for from the CBV data — and the underestimation of both
CBF and CMRO 2 which may arise from inclusion of non-exchanging
tissue such as bone or CSF within the region of interest used for
quantitation. It should be stressed that this latter effect does not apply to
the OER measurement, or to any other quantitative expression produced
by division of one set of scan data by another. To a large extent such
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physiological ratios are also unaffected by the loss of recovery of counts
which inevitably results from the finite spatial resolution of the PET
scanner when sampling heterogeneous mixtures of grey and white matter.
This partial volume effect has been investigated and described in detail by
Mazziotta et al. (1981).
Theoretical and practical aspects of the method have been analysed in
detail (Jones et al., 1976a; Subramanyam et al., 1978; Huang et al., 1979;
Phelps et al., 1979a; Frackowiak et al., 1980; Lammertsma et al., 1981a,b,
1982, 1983a; Rhodes et al., 1981; Baron et al., 1981a; Jones et al., 1982;
Lammertsma and Jones, 1983). As a result the oxygen-15 steady state
inhalation technique is the best understood and most accurate method
presently available for the measurement of both blood flow and oxygen
metabolism in the brain.
In order to achieve and maintain a steady state during C15O2 and 15O2
inhalation, a constant supply of the tracer is essential. Both the flow rate
and concentration of supplied gas are monitored continuously and an
electro-mechanical servo device is used to adjust the concentration in
response to any fluctuations of the output from the cyclotron. A light,
perforated face mask is used for administration of the gas, which is
supplied to the patient at about 500 ml/min and diluted by room air
inspired through the side holes in the mask. Approximately half the
labelled gas is expelled from the mask during expiration, and this is
removed to waste by a vacuum exhaust system via a perspex hood which
covers the patient's face. This arrangement has been found to be
preferable to either a mouth piece or closed anaesthetic-type face mask.
The valves in such systems introduce some resistance to both inspiration
and expiration which often results in variation of the patient's respiratory
pattern and hence loss of the steady state. It must be added that even with
a low resistance system, achievement of a steady state may still be
difficult in patients who are anxious, uncooperative or restless as a result
of their cerebral disease.
Arterial blood sampling is carried out by means of a fine gauge radial
artery cannula, which is inserted under local anaesthesia before final
positioning of the patient in the scanner. Repeated samples can then be
taken without any risk of disturbing the patient's position or physiological steady state. Along with a continuous monitor of the head counts,
serial measurements of arterial isotope concentration provide an
additional check on the quality of equilibrium achieved. Loss of the
steady state may necessitate restarting a set of scans and occasionally
such instability makes an entire study non-quantitative. However,
analysis of the serial blood counts (3-4 specimens for each period of gas
inhalation) from 60 consecutive studies revealed very little instability of

49
the steady state. The percentage standard deviation from the mean in
these 60 cases was 4.0, 4.2, 4.3 and 5% for the C15O2 whole blood, C15O2
plasma, I5O2 whole blood and 15O2 plasma concentrations respectively.
Maintenance of the patient's head position is a crucial factor for any
PET study in which the mathematical reconstruction of quantitative data
depends on the relationship of one set of scans to another. In practice this
applies to all quantitative measurements, since correction for tissue
attenuation by means of a ring source transmission scan is now
considered essential and is widely practised (Frackowiak et al., 1980).
However, the calculation of OER and CMRO2, including the correction
for blood volume effect, requires precise congruence of all four sets of
scan data. The three emission scans during inhalation of C15O2, 15O2 and
U
CO and the attenuation correction transmission scan must all be
recorded from identical tomographic slices of brain. Of course this
principle applies equally to the measurement of CBF, OER and CBV
using dynamic tracer techniques. Although the duration of each data
collection period will clearly be much shorter with such methods, the time
taken up by preparation, administration and decay of each successive
isotope still results in a total scanning period of around 1.5 hr. A typical
steady state procedure with measurement of CBF, OER, CMRO2 and
CBV takes about 2 hr. The relatively long duration of these multi-tracer
studies requires the head restraint system to be extremely comfortable as
well as effective. If glucose metabolism is measured in addition to CBF,
OER and CBV, the total duration of the study is extended to between 2-3
hr. In practice, we have found that head movement of only a millimetre
or two can be seen and corrected immediately by projecting a grid of light
onto the patient's forehead and marking the position of a number of the
intersections on the skin. The alignment of these marks and the light grid
is constantly monitored during the scan on a closed circuit television
image of the patient's face. The need for strict and prolonged immobility
highlights again the difficulty of studying restless and uncooperative
patients with this technique.
3.2.2. Fluorine-18 deoxyglucose model
This method is generally used for measuring glucose metabolism
(CMRGlu). It was based on the deoxyglucose model described by
Sokoloff et al. (1977), making use of [18F]-labelled 2-fluoro-2-deoxy-Dglucose (FDG) as a tracer for positron emission tomography (Reivich et
al., 1979). Deoxyglucose is phosphorylated by hexokinase to deoxyglucose-6-phosphate. This is not a substrate for either phosphohexose
isomerase or glucose 6-phosphate-D-dehydrogenase and hence is es-
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sentially trapped in the tissue, at least over the time course of the
measurement. The model assumes at the time of the study a steady state
for glucose consumption, a first-order equilibration of the free
deoxyglucose pool in the tissue with the plasma level, and relative rates of
phosphorylation of deoxyglucose and glucose. Again, the mathematical
description of the model will not be given here. Detailed description of
the model and the modifications can be found in the references quoted
above. PET scans, taken a certain time after injecting the tracer FDG
provide the necessary information about the actual regional isotope and
thus tracer concentration. Serial arterial plasma samples are drawn from
an arterial line as soon as the tracer is injected. This provides the
integrated activity of the signal in the blood and thus the amount of
tracer which has been delivered to the tissue from the time of injection to
the PET scan. Some modifications of the original model have been
proposed (Phelps et al., 1979b; Huang et al., 1980; Rhodes et al., 1983),
mainly with respect to the number of rate constants taken into account.
As indicated by Sokoloff in his original description of the deoxyglucose
model, the rate constants (^-values) become largely irrelevant if the tissue
isotope concentration is measured at a sufficiently late stage after
administration of the tracer (50-70 min). If it is assumed that the tissue
18
FDG at this stage is entirely in the phosophorylated form and there has
been no loss of 18FDG-6-phosphate from the tissue, the exponential
functions incorporating the rate constants can be excluded from the
operational equation for calculating CMRGlu. This simplification of the
model has been discussed in detail by Rhodes et al. (1983), who also
examined the potential errors arising from such assumptions when
measuring CMRGlu in ischaemic brain. A test comparison was made
using data published from normal subjects (Huang et al., 1980) and
reported results from patients with stroke (Hawkins et al., 1981).
CMRGlu was calculated for both groups of subjects in three different
ways: using the individually measured ^-values for each subject, the mean
A:-values taken from both populations, and finally applying the simplified
equation which excludes the rate constants. There was close agreement
between the CMRGlu values obtained by all three methods for normal
brain and grey matter regions in ischaemic brain. However, there was a
tendency to overestimate CMRGlu in ischaemic white matter when
applying either the simplified equation or the correction with mean kvalues. There is considerable subject to subject variation of individual
/c-values for both normal and abnormal brain. Hence the use of the
simplified equation is at least as acceptable as the incorporation of
"standard" /rvalues into the operational equation. When technically
feasible, regional measurement of the ^-values in each patient studied is
clearly the ideal.
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However, it should be stressed that a further source of error (inherent
in any technique which depends on a labelled analogue of glucose) arises
from variations in the lumped constant, the expression relating the
differential handling by the cerebral tissues of glucose and FDG. An
indirect derivation of this constant for the whole brain of man has
produced a value of 0.42 (Huang et al., 1980). This global value is now
generally used for calculation of CMRGlu in both grey and white matter
of normal brain as well as in various types of cerebral disease. The
glucose/FDG lumped constant in the rat brain has been calculated by
Crane et al. (1983) to range between 0.55 and 1.67 under extreme
conditions, with a normal value of 0.8-0.9. This major uncertainty about
use of the FDG model in pathological tissue clearly requires further
elucidation. A method for making regional measurements of the lumped
constant can be applied in man, with the help of the trader [ n C]methylD-glucose, which is transported into the brain comparably to glucose or
deoxyglucose but is not further metabolised by hexokinase and diffuses
slowly back out of the cell (Heiss et al., 1981; Gjedde, 1982).
3.2.3. Dynamic measurement with 15O
Methods which would require a much shorter scanning time would be
a great advantage. Several measurements during one study could be
performed and patients who are unsuitable for steady state techniques
because of their clinical condition could equally be studied . The
theoretical problems to be solved, however, seem to be greater.
Blood flow measurement using the tissue transit of Hj 5 O following the
single inhalation of C15O2 has been developed by several groups (Raichle
et al., 1981; Huang et al., 1982; Kanno et al., 1983). However, the
reported experience is small. Kanno and colleagues compared both the
single inhalation method and the steady-state technique in the same
individuals in combined studies, and found comparable values for
regional CBF using the two techniques.
The regional oxygen extraction rate during the single passage of tracer
following a single breath of 15O has also been described (Raichle et al.,
1981).
Herscovitch et al. (1983) and Raichle et al. (1983) developed the
measurement of CBF with PET using an intravenous bolus injection of
saline containing [15O]-labelled water and found an excellent correlation
with true CBF as validated in animal experiments over a wide range of
flows.
Yamamota et al. (1983) describe a bolus inhalation technique using
77
Kr, a positron emitting inert gas, as a non-quantitative measure of the
distribution of flow in the brain.
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It remains to say that the dynamic methods are still in the course of
development and are not ready yet for more widespread clinical use. An
important feature is that these techniques require rapid and sensitive
tomographs.
3.2.4. Amino acid uptake
Protein metabolism in the brain is very stable and not associated with
acute changes in neuronal functions as in the case of CBF and energy
metabolism.
PET provides the opportunity for measuring brain protein synthesis in
man by measuring amino acid precursor uptake. Qualitative studies have
been reported for [ u C]tryptophan (Hiibner et al., 1979; Syrota et al.,
1979) in the pancreas and [ n C]unnatural alicyclic amino acids for
cerebral tumours (Hiibner et al., 1980).
The only quantitative work to-date with PET has been published by
Bustany and colleagues (1981) who propose a dynamic three-compartment model of protein synthesis in brain, using intravenously injected
[ n C]L-methionine. They applied the method to 48 patients with
Alzheimer-type dementia (Bustany et al., 1983) and compared the
patients with 20 normals. A decrease of more than 65% in protein
synthesis rate was measured in the more severely demented patients,
particularly in the frontal region.
The Los Angeles group is exploring the possibilities of using [ n C]labelled L-leucine, but no data of human studies with PET have been
published yet. Although the amino acid uptake measurements have
exciting possiblities, much work remains to be done before their value
can be assessed properly.
3.2.5. Receptor and drug labelling studies
["C]-Labelled drug or specific receptor agonists or antagonists also
form a most interesting group of compounds whose fate can be followed
with PET in human brain in vivo. These receptor tracers may elucidate
basic features of neurological or mental illnesses and the possibility of
measuring the concentration of drugs in certain locations in the brain
may clarify therapeutic problems. The Orsay group in France has done
much research in this field using flunitrazepam (Maziere et al., 1980),
pimozide (Crouzel et al., 1980) chlorpromazine, imipramine (Berger et
al, 1979) and diphenylhydantoin (Baron et al., 1983a). [ u C]-Labelled
erythromycin has been synthesised and used by Wollmer et al. (1982a,
1982b) in the study of pneumonia. Experimental work labelling
cholinergic receptors and using labelled propranolol has also been
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reported (Maziere et al., 1981, 1982; Syrota et al., 1982; Berger et al.,
1982). Two major problems encountered with labelled drug studies are
the occurrence of non-specific binding and the limitations imposed by the
short half life of "C (20.1 min). This requires high specific activity of the
tracer. Also the total radioactive dose to be given tends to be high in
order to obtain enough counts with the PET scanner at a time long
enough after injection for the drug to be adequately taken up by the
tissue.
The most promising work so far has been towards measuring the
affinity of the dopaminergic receptors in thestriatum with ["CJpimozide
(Baron et al., 1983b; Crouzel et al., 1980) and ["C]methyl-spiperone
(Wagner et al., 1983) and [18F]spiperone (Mintun et al., 1984). These
tracers cross the blood-brain barrier well and show a high affinity and
selectivity for dopaminergic receptors. These tracers may be of
tremendous help in unravelling some of the pathophysiological problems
of movement disorders, in particular Parkinson's disease (see Section
4.5.2). In addition this may be useful in the study of some biological
aspects of certain mental illnesses e.g. schizophrenia and, related to its
treatment, tardive dyskinesia.
3.2.6. [KF]-LabelledL-Dopa
Firnau et al. (1973) labelled 3,4-dihydroxyphenylalanine (Dopa) with
F in the 5 position. This proved to be similar to Dopa itself as a
substrate for dopa-decarboxylase and a good indicator for changes in
dopamine metabolism in experimental studies in baboon brain (Garnett
et al., 1983a). The peripheral methylation of this compound appears to be
higher than that of Dopa itself and this probably will blurr the signal
from the tissue as methylated dopa will pass the blood-brain barrier as
well. Recently it has proved possible to label L-Dopa with 18F on the 6
position, resulting in a compound which does not suffer from the
methylation problem. The first successful PET scans using [18F]Dopa in
humans have been reported by Garnett, Firnau and Nahmias (1983b) and
collaboration with this group has made it possible to implement this
tracer at the MRC Unit of the Hammersmith Hospital in London. As this
tracer measures the capability of tissue to take up the precursor for
dopamine, it is expected that it will be most useful in those conditions in
which dopamine metabolism is impaired, notably in Parkinson's disease
and related disorders.
18

3.2.7. Other tracers
A large number of other labelled compounds have been synthesised
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and studied experimentally, not all of which can be mentioned
specifically in this review. In our laboratory, work is in progress to
measure local tissue hematocrit using [nC]-labelled methyl albumin and
[uC]-labelled CO; a method of measuring local tissue pH with n Co 2 is
being explored (Brooks, personal communication).
Rubidium-82, a positron emitting isotope with half life of 75 sec, is
used as an analogue for potassium. As potassium does not readily cross
the blood-brain barrier, Rubidium-82 can be used to quantify bloodbrain barrier integrity disturbances in a variety of clinical conditions e.g.
brain tumours (Brooks, unpublished observations). Also ["C]-labelled
methylglucose, which is transported into the brain through carrierfacilitated diffusion, appears to be a suitable tracer to measure transport
mechanisms (Heiss eta/., 1981; Vyska et al., 1981).
3.3. POSITRON EMISSION TOMOGRAPHS
The unique feature of the positron emitters is the emergence from the
body of correlated pairs of annihilation photons that travel at 180° to
each other. By placing on opposite sides of the body detectors, the
outputs from which are connected through coincidence circuits, it is
possible to identify emerging pairs of annihilation photons. Figure 2
illustrates a configuration of two detectors between which coincident
events may be recorded. Following the arrival of a photon at one of the
detectors, a coincident time window is opened of some 10-20 nsec. If an
event is also registered by the opposite detector within this time frame, a
disintegration is taken to have occurred somewhere along the line of sight
between the two coincident detectors. This represents a form of electronic
collimation. (For random coincidence correction see below).
To obtain the transaxial tomographic distribution of tracer will
require, in the first instance, coincident data to be collected from multiple
views round the plane. Several designs are possible, each with its own
advantages and limitations. Design features are described in more detail
by Muehllehner (1982). Figure 8 shows as an example the whole body
commercial machine (ECAT II, EG&G Ortec) as it is used at the MRC
Cyclotron Unit, Hammersmith Hospital, London. The principles of its
design and performance are described by Phelps et al. (1978) and
Williams et al. (1979). Briefly, arrays of coincident detectors are arranged
in a hexagon around the body. Each of the detectors may record a
coincident event with each of the eleven detectors arranged along the
opposite face of the hexagon: see Figs 3 and 4. As depicted, a total of 363
coincident line pairs are possible. To ensure complete angular and spatial
sampling, the detector ring rotates in steps of 5° through a total of 60°. At
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Fig. 8. The photograph depicts the ECATII (EG&G, Ortec) positron tomograph as it
is in use at the Hammersmith Hospital, London.

each angular step the detector banks translate parallel to the hexagon
face in discrete steps through a total distance of one intercrystal
separation. From these angular data, computer reconstruction, which
involves processes of back projection and filtering, provides the
transaxial distribution of radioactivity that was responsible for the
recorded events. The inherent spatial resolution of the radiation detector
system defines the detail with which the tracer's tissue distribution can be
measured. This resolution is roughly half of the physical size of the
individual detector elements and is measured as the point spread function
that results from the detector viewing a point source situated within a
body phantom. The full width at half the maximum height (FWHM)
provides a quantitative measure of the spatial resolution. For the ECATII scanner this is 16.8 x 16.8 mm. The resolution of the slice thickness is
16 mm. This defines how large the object in the tissue needs to be in order
to obtain full recovery of the tracer concentration. Because of the partial
volume effect the object size needs to be at least twice the FWHM.
Mazziotta et al. (1981) describes in detail ihe effects of object size on the
measurements. The characteristic mode of data collection of pairs of
annihilation photons means that the measurements are independent of
source position within the body.
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There is a limit to the amount of radioactivity that can be administered
and hence to the photon flux that is available for detection. Only a small
fraction of the emitted photons is actually used for data collection as the
tomograph views only one plane, whereas the tracer is distributed
through the whole body and emits in all directions.
The two main sources of noise in the recorded coincidence signal are
random coincidences and scattered photons. Random coincidences occur
when two unrelated single photons are registered in opposing detectors
within the coincidence time window (12 nsec on the ECAT-II scanner).
This phenomenon is reduced by heavy slit shielding. The randoms can be
monitored by pulse delay circuitry according to Dyson (1960) and are
automatically subtracted from the total count to obtain the true
coincidence rates. Nevertheless this subtraction imposes an additional
although minimal statistical error. In a typical brain study the random
fraction for which a measured correction has to be made lies between 10
and 15% of the total coincidence count. The random subtraction method
was found to be accurate up to a true coincidence counting rate of 19000
per second in this machine.
Scatter of one or both of the photons of a true coincidence event along
its path through the body also gives rise to noise (positional noise) since
incorrect line pairs will be assigned to the recorded coincidence event.
Once recorded no correction can be made for this. Scatter can be
minimised again by heavy slit shielding, detector arrangement and
reduction of the size of the detector elements. The scatter fraction for the
ECAT-II was found to be 3%.
In order to check the tomograph's linearity of response, a 20 cm
diameter phantom was scanned which contained six segmental compartments, each with varying concentrations of fluorine-18 up to 4 ^tCi/ml.
The resulting pixel element response within the tomogram for each of the
compartments was plotted against their known concentrations as
obtained from aliquot measurements in a well counter. The data showed
linearity, with a zero picture element response at zero activity. This
simple test confirmed that the machine's response is linear up to tissue
tracer concentrations that are experienced in vivo and that the data are
free of noise that could arise from random and scatter coincidences.
Another source of error, if not corrected for, is the attenuation of the
emitted photons due to absorption within the intervening tissue. A
unique feature of positron emission tomography is that a precise
correction can be obtained for tissue attenuation, which is not possible in
the case of single photon emission tomography. This arises from the fact
that the degree of attenuation of coincident events between two detectors
depends on the total thickness of the body that lies between them.
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Consider a ring source of a positron emitting isotope placed between the
detectors and the body as shown in Fig. 5. This enables a ring source
transmission scan to be recorded prior to administering isotopes to the
patient. The ratio of the coincident events registered from the ring source,
with no object in the field of view, to that with the subject present, will
also depend on the total thickness of the body. The degree of this
transmission attenuation will be the same as the attenuation of the
emission signals in Figs 3 and 4. Transmission ratios are obtained for
each coincident line pair. Thus subsequent line pair data, recorded during
the emission study, can be multiplied by the transmission ratios: this
produces the emission coincidence count that would have been recorded
if the body were transparent to the photons arising from positron
annihilations within the tissues. Many phantom studies have shown that
a positron emission tomograph, such as the ECAT-II, is a truly
quantitative instrument and that it is possible to calibrate the responses
of the scanner in order to convert its picture element counts per minute
into Bq/ml or well counter counts per ml per minute.
There is a wide scope for improvement of present day PET scanners.
The search continues for higher spatial resolution and sensitivity.
Already there exist multislice machines with a usable spatial resolution
between 9 and 10mm FWHM using small detectors made of bismuth
germanate. New machines are currently being developed which will have
a resolution of between 3-5 mm. It remains to be seen whether or not this
improvement in spatial resolution and sensitivity will compromise
accurate quantitation because of increased scatter, random fraction and
non-uniformity.
3.4. DATA ANALYSIS
The aim of data analysis is to convert the data from a PET scan to
meaningful physiological information about a specific subject with a
specific pathological condition. A successful PET scan, even with a single
slice tomograph, leaves the interpreter with several functional images
which include a mass of quantitative data. It is a challenge to digest
comprehensively this wealth of numerical material, rather than simply
reporting "cold" or "hot" spots on the physiological tomogram. This
data reduction and absorption is a formidable task in itself and usually
requires more time and effort than the preparation and performance of
the scan itself. Since the true aim of a PET study is to elucidate some
functional aspect of disease, it is really the clinician with an interest in
these clinical problems who should assess the results of a scan. It is the
clinician who is confronted with clinical problems and whose task it is to
relate the results of an investigation to the patient studied.
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To perform this task, the clinician clearly needs the help of technical
staff: the PET team should include a full time computer programmer who
can continuously expand and simplify the software necessary to analyse
the data.
The production of images of physiological function cannot be regarded
as the true aim of PET. Nevertheless, imaging is an important aspect of
PET because it acts as the first filter in attempting to analyse the large
amount of physiological data that e.g. a study of CBF, CMRO 2 , OER
and CBV is capable of generating, even in a single patient study. It is the
most effective means at present available for data reduction. The
generated images of activity, or of the derived physiological variable, are
particularly useful in drawing attention to sharply defined pathology
where defects or areas of hypermetabolism or increased extraction of
oxygen can readily be defined spatially. Disturbances of the characteristic
patterns of the distribution of function can be seen in more diffuse
diseases and various methods have been used to highlight these by
ratioing activities from different regions or homologous contralateral
regions within the brain.
Disturbances from the normal pattern of relationships between the
activities in different cerebral regions can also be indicated by assessment
of coefficients of variance between them.
There are also dangers to simple visual inspection of the functional
images, especially if interpretation is done without a knowledge of the
circumstances of the scanning procedure, the patient's cooperation and
similar variables. A side-to-side asymmetry may result from malpositioning of the patient's head in the axis of the tomographic field of view,
rather than from a true physiological difference. Similar side-to-side
variations can be produced by in accurate attenuation correction,
especially if the geometrical technique is used and the attenuation ellipse
is eccentrically positioned on the emission image, an error which is likely
to occur quite frequently in practice. Only with analysis of variables
expressed in absolute units can true comparative studies of global
changes be performed or therapeutic efficacy assessed. Even in
pathological conditions where distinct focal abnormalities are a prominent feature, the effects of focal pathology on remote cerebral regions
whose structural integrity is maintained cannot be explored without
recourse to absolute values of the physiological variables. Thus side-toside ratios in assessing the metabolic activity of cerebral tissue may be
misleading or insensitive if some generalised depression accompanies a
focal disturbance.
To assess the subtleties of cerebral physiology in disease or indeed to
evaluate changes in the metabolic map of the brain in response to specific
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mental or physiological functions in normal subjects requires more than a
visual inspection of images of metabolism and blood flow.
3.5. PRACTICAL AND ORGANISATIONAL PROBLEMS
As may be clear from the previous sections, it is not easy to set up a
PET laboratory. Many people from different disciplines and background
need to collaborate full time in a dedicated way. This chain of people and
circumstances is as strong as its weakest link. A team of physicists, other
scientists and computer programmers need to design and validate
scanning techniques, not only the physical aspects of tomographs but
also the tracer models. A highly developed radiochemistry team needs to
be in close proxiumity to develop and produce the necessary tracers
shortly before administration to the patient. A cyclotron committed
largely to the PET programme must therefore also be next to the
scanning laboratory. Actively involved clinicians and an adequate
referring system from associated hospitals must be available to orgainise
the patient studies and so formulate the relevant clinical questions.
Considering the above points, it is clear that a PET unit can function as
a research centre in only a limited number of places and not in a routine
clinical laboratory. The establishment of such a unit usually takes years
of heavy investment. So far only a handful of units have managed to
become fully functional: about eight in the USA and Canada, four in
Europa and two in Japan. Many more tomographs have been installed
and in the near future several new centres throughout the world will start
using PET technology in neurological research.
4. Clinical Applications

The techniques described in Section 3 have been applied in man in a wide
range of conditions. Most studies have used FDG to assess glucose
metabolism or 15O to assess blood flow and oxygen metabolism.
4.1 NORMAL VALUES AND AGE EFFECT
The study of regional brain function in normal volunteers is essential
to be able to compare the data obtained in pathological conditions.
Frackowiak (1982a) has studied rCBF, rOER and rCMRO2 in 32 normal
volunteers. This was done with the original steady-state inhalation
technique, which has since been modified in some respects: serial arterial
sampling and CBV correction are now routine operations. The influence
of age on rCBF and rCMRO 2 for grey and white matter is illustrated in
Figs. 9 and 10 and summarised in Table 1. In the elderly group the rCBF
in grey matter was on average 28% less compared to the younger group.
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TABLE I. GREY AND WHITE MATTER rCMRO : , rCBF AND
rOER IN YOUNG AND ELDERLY NORMAL VOLUNTEERS

Young Normals
« = 18

Elderly Normals
n = 14

Grey matter
rCMRO2
rOER
rCBF

5.8
43%
71

4.7
52%
51

While matter
rCMRO2
rOER
rCBF

1.8
42%
23

1.8
49%
21

rCMRO, expressed in mis O 2 /!00ml brain/min; rCBF
expressed in mis blood/100 ml brain/min.
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In white matter the difference was only 9%. For the rCMRO2 the changes
were — 19% and + 3% for grey and white matter respectively. The data
show a gradual but significant decline of the rCBF in grey matter with
age: less than 5 ml/100 ml/decade after the 3 decade. On the other hand,
the change in rCMRO 2 (grey matter) showed a lack of correlation with
age, with a tendency to decline at an average rate of 0.01 ml O2/100 ml/min
per year, which is insignificant. The French group of Lebrun-Grandie and
colleagues (1983) has carried out a similar study with PET and the oxygen
inhalation technique and their findings were almost identical.
The data so far suggest that the rCMRO 2 is maintained on a constant
level due to a small rise in OER, which would indicate a diminution of
oxygen carriage reserve in elderly subjects. The significance of this is not
entirely clear. The small rise of rOER with age might be due to an increase in
cerebral blood volume with age. To clarify this a new group of normal
volunteers has recently been studied with the new standardised inhalation
technique including blood volume correction. A paper reporting the
results is in preparation (Leenders). Kuhl and colleagues (1982a) have
measured cerebral glucose utilisation in normal volunteers and found a
gradual decline from early to late adulthood, especially in the frontal
regions. However, the changes were quite small.
Duara et al. (1983) studied 21 healthy men between the ages of 21 and
83 years and performed PET scans with the FDG technique. They found
no correlation between age and glucose utilisation, either regionally or
hemispherically. Their paper reviews the controversy surrounding the
question of age and the decline of cerebral oxidative metabolism.
Leon and colleagues (1984) also studied with PET the cerebral glucose
utilisation of both young and elderly healthy volunteers. They compared
the functional data with structural changes as judged by X-ray computer
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tomography. Cortical atrophy was related to age, but no changes in brain
glucose metabolic rate were found in the elderly group. These data
suggest that the normal aging brain undergoes structural atrophic
changes without incurring regional metabolic changes.
4.2. DEMENTIA
Several PET studies dealing with dementia have been published. The
two main entities within this group of disorders are the dementia of

Fig. 11. rCBF, rOER and rCMRO 2 in (from left to right) young normal, elderly
normal, multi-infarct dementia and Alzheimer's disease. In the normals rCBF and
rCMRO 2 are higher in grey than in white matter. However, rCBF and rCMRO ; are
closely matched, as reflected in the uniformity of the rOER image in all regions of
the brain. In the demented patients rOER remains normal, indicating that the
reduction i n r C B F a n d rCMRO 2 is matched. (Courtesy of R.S.J. Frackowiak et al.)
TABLE 2. GREY MATTER rCMRO 2 , rCBF AND rOER IN DEMENTED
PATIENTS AND AN AGE-MATCHED GROUP OF NORMAL VOLUNTEERS

Dementia

rCMRO2
rCBF
rOER

Normal
n = l4

Moderate
n = 11

Severe
n = II

Alzheimer
n = I3

Vascular
n =9

4.7
50.9
0.52

3.8
40.2
0.52

3.0
31.1
0.57

3.4
35.0
0.54

3.4
36.7
0.54

rCMRO 2 : mis O2/100ml
brain/min.

brain/min;

rCBF: mis blood/100 ml
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Alzheimer's type (DAT) and multi infarct dementia (MID). Most of the
studies deal with cerebral blood flow, oxygen and glucose utilisation
(Frackowiak et ah, 1981 Benson et al., 1983) although one group of
investigators (Bustany et al., 1983) have assessed methionine incorporation in proteins in patients with dementia.
Figure 11 and Table 2 summarise the findings of Frackowiak and
colleagues (1981) in 22 demented patients regarding cerebral blood flow
and oxygen utilisation. A general trend was observed for rCMRO 2 to fall
with increasing functional disability. The decline of CMRO2 was
correlated with a nine-point clinical scale of increasing severity of
dementia (r — 0.7; p <0.001). The decline of rCMRO 2 was matched with
a fall in rCBF, such that the oxygen extraction fraction did not differ
significantly between any of the groups, either regionally or globally. In
view of this lack of elevation of rOER there is no evidence for a state of
chronic ischaemia in these conditions.
Regionally there were differences between patients with milder forms
of the disease and the more severely affected cases. In mild dementia the
frontal cortex showed a 15% depression and the parietal cortex 23%. In
severe dementia these values were 40% and 26% respectively. No
hemispheric left/right asymmetries of significance were noted and in
patients with aphasia or apraxia no specific regional fall in metabolic
activity was seen. Three patients who were studied again six months later
and had progressed from a mild/moderate to a severe clinical condition
showed a marked further decline in frontal and parietal rCMRO 2 . The
patients with MID showed focal changes of matched hypometabolism
and low flow. This pattern has also been observed by Benson and
colleagues (1983) who studied three patients with MID using PET and
FDG. They found focal and asymmetric areas of glucose hypometabolism. The widespread suppression of cortical activity seen in
patients with DAT was not present. In their patients with MID there were
no clinical signs indicating a focal lesion. The patients with DAT had
glucose hypometabolism which was present in all cortical areas but
relatively less apparent in primary cortical territories.
Bustany and colleagues (1983) found in patients with DAT a net
diminution of the incorporation of methionine into protein particularly
in the frontal and parietal regions. The free methionine pool increased in
these regions but the partitioning of methionine between blood and brain
remained unchanged. Up to 65% decrease in the protein synthesis rate
was measured in the more severely demented patients.
It may be concluded that the disturbances of cerebral blood flow,
oxygen and glucose metabolism are non-specific and the consequence of
neuronal cell loss. Possible this is also true for the diminished methionine
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incorporation. These techniques have supported the concept that DAT is
a specific disease independent of the normal process of aging. Equally
important is that they have shown that manipulation of cerebral blood
flow as a treatment for dementia has no rational basis. It is hoped that
new tracer techniques for studying more specific neuronal functions
might provide better insight into the pathophysiology of these conditions
in the future.
4.3. CEREBROVASCULAR DISEASES
One of the largest contributions of PET to brain pathophysiology so
far has been the elucidation of the evolution of cerebral ischaemia to
infarction in vivo in man (Wise et al., 1983a; Frackowiak and Wise, 1983).
The normal human brain is characterised by a close coupling between
cerebral blood flow and cerebral oxygen consumption. This is reflected
by high flow to grey matter and low flow to white matter. The
relationship between flow and metabolism is quantified by the arteriovenous oxygen difference or the fractional oxygen extraction (i.e. the
arteriovenous difference of oxygen divided by the arterial oxygen
content). Tomographic scans of the rOER in the human show that the
normal fractional extraction of oxygen is at the same level throughout the
brain (range 0.35-0.42). Alterations of paCO 2 , paO 2 or pH can all result
in changes of CBF with no change in oxygen utilisation (CMRO2) due to
reciprocal changes in OER. Normally such changes occur throughout the
brain in response to generalised haemodynamic fluctuations. However,
no focal alteration in regional OER has been observed in normal man
(Lebrun-Grandie et al., 1983).
4.3.1. Brain ischaemia and infarction
Systematic measurement of rOER in patients at various stages after the
onset of vascular occlusion performed by Wise et al. (1983a) have
clarified the dynamic nature of CBF:CMRO2 relationships in the natural
history of a stroke (Fig. 12). The earliest studies have invariably shown an
elevation of rOER to very high levels. Thus Wise et al. demonstrated that
of 6 patients studied within 12 hr of their ictus, 5 demonstrated a marked
focal elevation of oxygen extraction. Of 8 patients studied between 12 and
24 hr after the ictus, 3 showed a focally elevated and 5 a focally decreased
rOER compared to structurally normal brain. By 24-72 hr, only 2 of 14
patients showed a focal elevation of rOER. In 8 patients studied
sequentially, the mean rOER at the first study (range 1.5-35 hr) was 0.71
± 0.12 and at the second study (range 18-168 hr) 0.34 ± 0.23 (2p
<0.0005). In each individual case rOER fell significantly. It has been the
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Fig. 12. rCBF, rOER and rCMRO2 is a patient with stroke. Initially (32 hours, top
row) rOER is increased, indicating a gross reduction of flow in relation to cerebral
metabolic demand. After 17 days the reverse pattern is seen (low rOER), where
flow is in excess of metabolic demand. (Courtesy of R.J.S. Wise et al.)

experience of a number of other centres that the rOER is depressed
focally in the territory supplied by the initially occluded vessel if patients
are studied between 2 and 30 days after the onset of the ischaemic insult.
Lenzi et al. (1982) in a study of 15 patients demonstrated that rOER
could normalise with time. Four of their patients showed a normal rOER
although those with larger infarcts and poorest clinical outcome tended
to show a residual focal depression of fractional oxygen extraction. Such
observations have also been made by Baron et al. (1981a).
The concept of oxygen extraction is critical to the understanding of the
balance between energy supply and utilisation following occlusion of a
major cerebral vessel. At the moment of occlusion, when rCBF falls
precipitously, the tissue receives at best a slow trickle of arterial blood.
This blood becomes maximally desaturated as the blood: tissue oxygen
gradient rapidly increases due to acute oxygen lack. This increase in the
fractional extraction of oxygen into the acutely ischaemic tissue manifests
as a focal rise in rOER.
If the reduction in flow consequent on acute occlusion is such that
tissues can continue to be supplied with sufficient oxygen to maintain
function or structural integrity, then infarction may be prevented. In this
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situation the tissue has very little oxygen in reserve to compensate for any
further fall in flow, however small. If rCBF falls to such a level that
rCMRO 2 cannot be maintained even by maximal oxygen extraction,
rCBF and rCMRO 2 become linearly related, any fall in flow leading to an
equivalent decline in rCMRO 2 and a rise in flow resulting in a
proportional recovery of rCMRO 2 towards normal. This is the state of
true ischaemia.
A fall in rOER indicates that the balance between oxygen supply and
demand is tilted heavily in favour of the former. Thus the tissue is
hyperaemic relative to its underlying metabolic demand, whatever the
absolute level of blood flow.
The fact that the rOER almost always becomes very low in infarcted
brain tissue may have two causes. On the one hand, it may simply imply
reperfusion of the infarcted tissue which is incapable of increasing its
rCMRO 2 , indicating cell death within some or all of the nervous tissue.
On the other hand it could be caused by a further decline in metabolic
activity in the tissue, perhaps because of delayed cell death following a
critical degree or duration of ischaemia. Wise et al. (1983a) have reported
both patterns in a series of 8 prospectively and sequentially studied
patients. In 5, an increase of rCBF occurred with no significant change in
rCMRO 2 , implying reperfusion into infarcted tissue and in 3 a further
marked fall in rCMRO 2 was observed. On very rare occasions, a focal
elevation of rOER has been noted to persist beyond the first hours after
the stroke (Wise et al., 1983a; Baron et al., 1981b).
It is clear from the above observations that an elevation of rOER is not
a reliable predictor of tissue viability. Although rCMRO2 is a much closer
reflection of function, this by itself is also inadequate to describe the true
functional potential of tissue. However, the combination of rOER and
rCMRO 2 is highly predictive: a low rOER combined with a low rCMRO 2
is indicative of infarction.
A further question arises in relation to the degree and duration of
ischaemia cerebral tissue can tolerate before irreversible neuronal change
occurs. The studies quoted so far suggest that the majority of patients
show low rCMRO 2 and low rOER indicating infarction by 24 hr. The
degree of ischaemia and whether a critical threshold of ischaemia exists
which invariably results in infarction, is difficult to define using a method
capable of point measurements in a small time frame with limited scope
for repetition. Lenzi et al. (1982) found that in patients studied within two
weeks of a stroke, and in whom a good clinical outcome was observed in
general terms, the rCMRO 2 was greater than 1.25 ml O 2 /100 ml/min in
all cases. In no case did rCMRO 2 within the infarct fall to less than 40%
of that in the contralateral unaffected hemisphere. On the other hand, 6
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of 9 patients with a poor clinical outcome had a rCMRO2 of less than 1.25
ml O 2 /100 ml/min. Though these data do not answer the question
completely, some indication of critical thresholds in rCMRO2 terms is
given.
A further consideration in assessing prognosis and the likelihood of
succesful therapy after stroke is the differential effects occlusion of a
major vessel has on the various tissues supplied by it. Wise et al. (1983a)
observed in their early cases with an elevated rOER that oxygen
consumption was frequently maintained at respectable levels in the
cortex. However, subcortical structures even in these early stages already
showed a profound decline in rCMRO2 and rOER. In 6 patients studied
within hours of the ictus, the level of perfusion was comparable in
cortical and subcortical structures. However, there was a considerable
difference in rCMRO 2 between cortical and basal ganglion grey matter,
no such difference being observed in the contralateral, unaffected side. In
addition, the mean rOER was 0.67 ± 0.13 in the overlying cortex but had
already fallen to 0.52 ± 0.12 (p <0.025) in the subcortical grey matter.
This observation suggests a differential sensitivity of different structures
to similar degrees of ischaemia, or a more profound degree of ischaemia
in the deeper structures because of the different anastomotic networks
between the deep perforating and superficial cortical systems. In any
event, it is clear that as early as a few hours after ischaemia, irreversible
changes are occurring in deep cerebral tissues which may limit any
potential clinical benefit derived from maintenance of cortical function.
The time limit for therapeutic manoeuvres designed to reverse the effects
of ischaemia is thus very short and indeed has not been adequately
defined yet by PET. This will demand very early studies, ideally using
dynamic methods which can give serial measurements over a relatively
short period of time.
In addition to the pathophysiological changes in the infarcted tissue
itself, various remote effects have been described in our own and a
number of other laboratories. Lenzi et al. (1982) showed a correlation
between the level of consciousness of a patient at the time of PET
scanning and the contralateral cerebral hemispheric rCMRO 2 . Thus the
normal age matched hemispheric rCMRO 2 was 3.8 ± 0.5 (« = 14), that
for alert patients with contralateral infarcts was 3.13 + 1.01 ( « = 9) and
that for stuporose or comatose patients was 2.43 ± 0.44 ml O2/100
ml/min (« = 5). These changes in rCMRO2 were not associated with any
change in rOER, implying that the depression of rCMRO 2 was a primary
neuronal event rather than the result of an ischaemic mechanism, which
would have been characterised by a maximally elevated rOER.
The frequently observed depression of rCMRO2 in the cerebellar
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hemisphere contralateral to the infarcted cerebral hemisphere is termed
"crossed cerebellar diaschisis" by Baron et al. (1981 c) who first described
this phenomenon. Lenzi et al. (1982) noted that a 16% mean depression
was observed early (within two weeks) after the infarct, and this increased
to a mean 25% depression from normal in patients with older infarcts.
The presence of some considerable early decline of rCMRO2 in the
cerebellum indicates that this is a functional phenomenon and not simply
a reflection of the crossed cerebellar atrophy described by classical
morbid anatomists. The decline presumably reflects changes in cerebrocerebellar and perhaps to some extent spino-cerebellar, pathways and
connections following a cerebral infarct.
It has been assumed so far that there exists a linear relationship
between rCMRO 2 and neuronal function. However, the rCMRO2 of
infarcted brain may be reflecting more than neuronal metabolism. This is
suggested by the work of Wise et al. (1983b). In the same patients, all with
recent infarctions, glucose as well as oxygen metabolism and blood flow
was measured and found to be significantly depressed in the infarcted
territories. The mean fractional extraction of oxygen was low, indicating
an adequate supply of oxygen for residual oxidative metabolism.
Regional oxygen consumption and glucose metabolism were significantly
correlated within the infarcts, but with a relationship of two moles of
oxygen per mole of glucose: one-third that in the contralateral
hemisphere and in normal brain. The results suggest that the metabolising tissue of a recent cerebral infarct utilises aerobic glycolysis. This
in turn may be attributable to the numerous phagocytic cells present,
which rely on glycolysis during migration.
This section may be closed by stating that there are many physiological
parameters closely interacting in a complicated fashion during the
evolution of a brain infarct. All the findings indicate that there is little
scope for therapeutic intervention once definite infarction has taken
place.
4.3.2. Carotid artery occlusion
In a study of 32 patients with internal carotid artery (ICA) occlusion,
(24 with unilateral, 6 with bilateral and 2 with unilateral occlusion plus
greater than 90% contralateral stenosis), Gibbs et al. (1984) have shown
that combined analysis of rCBF, rCBV and rOER allows a useful
physiological characterisation of patients at risk from haemodynamic
failure and ischaemia. Absolute levels of rCBF or rCBV alone in these
patients were found to be of poor discriminatory value in distinguishing
individual patent and occluded carotid territories. Mean rCBF distal to
patent ICAs was 38 ± 4 ml/100 ml/min (n = 24), distal to occluded
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Fig. 13. rCBF, rCBV, rOER and rCMRO2 in a patient with severe stenosis of the right
carotid artery. Perfusion (rCBF) and rOER are normal. However, rCBV is
increased, suggesting compensatory vasodilatation in response to reduced cerebral
perfusion pressure. (Courtesy of J.M. Gibbs et al.)

ICAs was 33 ± 5 (« = 24) and distal to an occluded ICA with the
contralateral ICA also occluded or stenosed 32 + 7 (n= 16). The values
for rCBV in the three groups were 4.0 ± 0.4 4.3 ± 0.7 and 5.0 ± 0.7
ml/100 ml respectively. rCMRO2 was similar in all three groups: 2.9 ±
0.4, 2.7 ± 0.5 and 2.6 ± 0.3 ml O2/100 ml/min. Thus there was a
significant difference between patent and occluded ICA blood flow and
between the 3 groups in terms of rCBV. (See for illustration Fig. 13).
It was realised that the levels of rCBF and rCBV were interrelated. As
perfusion pressure falls due to vascular obstruction, a rise of rCBV is
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observed as compensatory vasodilatation occurs to maintain rCBF. The
relationship rCBF:rCBV therefore falls progressively until maximal
vasodilatation has occurred and the heamodynamic reserve has been
exhausted. Then, a further fall in perfusion pressure will result in a fall in
rCBF while the rCBV can no longer increase. This will result in a further
fall in the rCBF:rCBV ratio. Gibbs et al. (1984) plotted the rCBFrrCBV
ratio from all the ICA territories in their patients against rOER and
observed a cut-off point below which a further fall in rCBF:rCBV was
associated with a progressive i ise in rOER as the oxygen carriage reserve
was called upon to maintain rCMRO 2 .
In comparison with a mean rCBF:rCBV ratio of 10.2 ± 0.8 observed in
normal subjects, the ratios in the three patient groups were 9.7 ± 1.0 in
the territories of patent ICAs, 7.8 ± 1.1 in the territories of unilaterally
occluded ICAs and 6.4 + 1.3 in the patients with bilateral ICA occlusion.
These findings are consistent with the observations of Spetzler et al.
(1983) who have confirmed that the reduction of middle cerebral arterial
perfusion pressure due to carotid occlusion is substantially greater when
the contralateral carotid vessel is also occluded.
Martin et al. (1984) from the St Louis PET group also studied a group
of patients with carotid occlusive disease and found a similar pattern to
that described above. Baron et al. (1981b) have reported a single patient
with carotid occlusion who was found to have diminished left hemisphere
perfusion reserve (low CBF and high OER). They did not study the CBV.
After surgery to by-pass the occluded left internal carotid artery his
clinical condition improved and a post-operative PET study showed a
rise of CBF and a fall in OER in the appropriate hemisphere. These
observations and preliminary findings of an improvement in the
rCBF:rCBV ratio after revascularisation surgery lend strong support to
the suggeston that the rCBF.rCBV ratio and the rOER may constitute
valuable objective criteria for selection of candidates for vascular surgery.
It also gives an objective physiological measure of the effectiveness of
surgery which could be correlated with clinical outcome.
These observations may also have wider implications because both
rCBF and rCBV are measurable by non-PET nuclear medicine
techniques.
4.3.3. Miscellaneous disorders
Subarachnoid haemorrhage has been studied by the St Louis group,
USA (Grubb et al., 1977). Using initially a single photon detector system
they found a matched depression of CBF and CMRO2 that was most
profound in those patients in poor clinical condition and with evidence of
severe vasospasm on angiography. Large vessel vasospasm was sig-
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nificantly correlated with increased CBV in severely ill patients. This rise
in CBV was considered to signal small vessel dilatation in response to a
distal fall in perfusion pressure beyond the abnormally constricted large
vessels. Subsequent PET studies by the same group, measuring the same
variables, have not confirmed a correlation between the degree of
depression of CBF and CMRO2 and either the clinical state or the
amount of vasospasm in individual patients. However, as before, they
found the same increase in CBV (Martin et al., 1982). It would be of
interest to try to relate the degree of ischaemia, as measured with PET,
with the clinical condition of patients before and after surgical correction
of an aneurysm. Such physiological measurements may be of practical
value in assessing the right moment for operation in individual patients
with subarachnoid haemorrhage.
Migraine is another condition with cerebrovascular implications.
Although not a life threatening disease, it is widespread and causes much
distress. Many features are still not well understood. For instance it is not
known whether during the migraine attack there is intracerebral
vasoconstriction with a primary reduction of cerebral blood flow and
whether this is associated with a raised rOER and/or diminished
rCMRO 2 , which would indicate temporary true ischaemia. No PET
studies so far have been reported. At present an attempt is being made, at
the MRC Cyclotron Unit, Hammersmith Hospital, London to perform
such studies (Herold, personal communication).
4.4. Brain tumours
PET studies in brain tumours have concentrated so far on measuring
regional blood flow, blood volume, oxygen and glucose metabolism. Ito
et al. (1982) looked at the relationship between flow and oxidative
metabolism in eight patients with primary or secondary brain tumours.
All the tumours had a low rOER, which suggests that, at least on a
macroscopic scale, the oxygen supply to tumour tissue is more than
enough to meet metabolic demand. This contradicts the theory that
tumour growth is associated with tissue ischaemia, as suggested by
experimental work.
The relationship between CBF and CBV within cerebral tumours has
been studied by Lammertsma et al. (1983). The blood flow in tumours did
not correlate with blood volume, as is the case in normal brain and in
some pathological conditions. This disrepancy is explained by the
increased vascularity of tumours (shunts), as indicated by tumour blood
volume, as opposed to tissue perfusion, (capillary blood flow), which is
measured by the C15O2 inhalation method. The CBF itself in tumours was
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very variable and did not correlate with the degree of malignancy as
judged by histological grading of biopsy material.
Lammertsma et al. (1984) also studied peritumoural oedema and found
that the rOER in oedematous regions was not elevated, whereas rCMRO 2
and rCBF were low. They concluded that no ischaemia is present in the
oedematous tissue surrounding cerebral tumours.
Glucose metabolism in tumours has been studied by Di Chiro et al.
(1981, 1982). These authors report a correlation between human glioma
grade and the uptake of 18 FDG in vivo. This is in agreement with
increased hexokinase activity observed in the more malignant human
gliomas in vitro (Monakhov et al., 1978). It is also reported that PET
studies with I8 FDG can make a distinction between recurrence of a
glioma or post radiation necrosis. This distinction can be difficult to
make on clinical or CT-scan evidence. Recurrent glioma apparently takes
up 18 FDG while radiation necrotic tissue does not.
Rhodes et al. (1983) have studied CBF and the oxidative metabolism of
glucose in human cerebral gliomas using the C15O2, 15O2 and 18FDG
methods. They confirmed the previous findings that tumour oxygen
consumption was depressed and tumour flow variable, resulting in a low
fractional oxygen extraction ratio (0.21 + 0.07). In contrast, tumour
regional glucose consumption was not depressed and regional glucose
extraction ratios were similar for tumour and brain tissue. This metabolic
uncoupling between regional oxygen consumption and regional glucose
consumption is indicative of increased aerobic glycolysis. The rate of
glucose consumption in comparison to availability was comparable to
that in contralateral brain tissue. This finding suggests a normal "glucose
perfusion" of the tumour and indicate that 18 FDG uptake in these
neoplastic tissues is not simply a reflection of the breakdown of the
blood-brain barrier. This study provides the first quantitative evidence of
preferential aerobic glycolysis by glioma in human brain.
With PET it is also possible to study the integrity of the blood-brain
barrier. Yamamoto et al. (1977) reported the use of Ga-labelled EDTA to
visualise brain tumours. At the MRC Cyclotron Unit, Hammersmith
Hospital, London, work is in progress to quantify blood-brain barrier
breakdown in brain tumours, using 82Rb, a potassium analogue, and
[nC]-labelled methylalbumin. (Brooks, unpublished data). In this respect
[ n C]methylglucose is equally important as a measure of transport,
because this tracer, after being taken up, is not further metabolised.
To-date no report has yet been published, although work in several
centres is in progress.
With regard to the effects of therapy on cerebral tumours, no studies
have been published so far. However, publications are in preparation at
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the Hammersmith Hospital concerning the effects of dexamethasone,
craniotomy and radiotherapy on cerebral blood flow and metabolism of
the brain in tumour patients (Leenders, Beaney, unpublished data).
An example of the regional uptake in brain of a drug is given by Diksic
et al. (1982) and Yamamoto et al. (1983). They have labelled the antitumour agent 1,3-to(chloroethyl)-nitrosurea (BCNU) with n C and
measured its distribution with PET in tumours and surrounding brain in
patients with malignant gliomas. Although BCNU is regarded as one of
the most effective anti tumour agents against human malignant glioma,
the outcome of this disease is generally very poor. BCNU is highly lipid
soluble and readily crosses the blood-brain barrier. Its mode of action is
still unknown. The results of the PET studies indicate that the initial
uptake of the tracer in the known tumour region is proportional to rCBF.
However, gradually the tracer and/or its breakdown products are
accumulated in the tumour and at 20 min after injection the
concentration of radioactivity in the tumour is significantly higher than
in the non-affected brain tissue. The degree of later uptake appears to be
related to the degree of blood-brain barrier disruption, and can be locally
enhanced by intravenous administration of 20% mannitol.
4.5. MOVEMENT DISORDERS
Only PET studies in Huntington's chorea and Parkinson's disease have
been published.
4.5.1. Huntington's disease
Kuhl et al. (1982b) studied 13 patients with Huntington's disease and
found a decrease in glucose utilisation in the caudate nucleus and
putamen. This metabolic decrease precedes the actual bulk tissue loss
which eventually develops in this disease, particularly in the caudate,
putamen and cerebral cortex. Apart from the caudate the rest of the brain
showed normal glucose utilisation regardless of the severity of symptoms
and despite apparent shrinkage of brain tissue. These authors have
suggested that the caudate may be hypometabolic even in some
asymptomatic subjects, relatives of patients who may be carriers of the
autosomal dominant gene for Huntington's disease. Possibly the glucose
utilisation of the caudate may be a predictor for carriers. A prospective
study on this topic is at present being carried out at the UCLA group, Los
Angeles (Mazziotta, personal communication).
4.5.2. Parkinson's disease
rCBF and rCMRO2 have been measured in patients with Parkinson's
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disease (Leenders et al., 1983). Five patients with predominantly
unilateral disease showed an increase of regional blood flow and oxygen
metabolism in the basal ganglia region of the affected hemisphere
(contralateral to the symptomatic limbs). The mean difference was 19.9%
with a range of 12-56%. The absolute values for rCBF and rCMRO2
stayed within the normal range. These findings are in agreement with
animal experiments which have shown that unilateral lesions of the
substantia nigra produce an increase in glucose utilisation in the globus
pallidus ipsilateral to the lesion. (Wooten and Collins, 1981). This
observation is consistent with a state of disinhibition resulting from
destruction of the dopaminergic input into the striatum. In turn the
cholinergic system is assumed to become hyperactive.
Leenders et al.
(1983) reported in their group of unilateral
Parkinsonian patients no asymmetry in temporal and occipital cortex,
although the frontal cortex contralateral to the symptomatic limbs had a
significantly lower rCMRO 2 than the other side. A group of patients with
bilateral symptomatology showed a decrease in both rCBF and rCMRO2
in the frontal lobes as a whole when compared to age matched normal
volunteers. The effects of Parkinson's disease on neuronal functioning as
expressed in rCBF and rCMRO 2 will be described in detail in a report
which is in preparation (Wolfson and Leenders, unpublished data). The
effect of L-Dopa therapy in 12 patients has also been studied (Leenders et
al., 1983). One hour after oral administration of a clinically effective dose
of L-Dopa a diffuse increase in rCBF was seen ranging from 10-80%,
(mean in the basal ganglia 20%) without a significant change of the
oxygen utilisation. The rCBF changes did not correlate with the clinical
improvement observed after L-Dopa, nor with the severity or duration of
the disease. Five non-Parkinsonian volunteers who were scanned in the
same way showed identical physiological responses after administration
of L-Dopa. Domperidone, a peripheral dopaminergic receptor blocker
which does not penetrate into the brain, prevented the increase in rCBF
by L-Dopa. It is concluded that L-Dopa has a vasodilatatory effect
throughout the brain which is independent from its therapeutic action at
the neuronal level. A detailed report about these studies is also in
preparation by the above authors.
A study on the regional effects of long term treatment with
bromocriptine is also being carried out at the Hammersmith Hospital.
Rougement et al. (1983) studied four patients with Parkinson's disease
with PET and FGD and found no difference in glucose utilisation before
and after treatment. This is consistent with the above observation that
despite an incidental rise of CBF, the therapeutic effect of L-Dopa was
not associated with any change of cerebral oxygen consumption.
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Fig. 14. The PET scan (illustrating rCBF, rCBV, rOER and rCMRO2) of a patient
with a malignant glioma. rOER is reduced compared to normal brain, indicating
excess oxygen supply in relation to demand.
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Fig. 15. PET scans of the same normal subject showing the predominantly striatal
uptake of the dopamine receptor tracer, ["C]methyl-spiperone, and the dopamine
precursor tracer, L[I8F]6-Dopa.
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Recently, nex exciting tracers have become available to study more
specifically the dopaminergic system in brain. Firnau et al. (1981)
described the radiochemistry of labelling L-Dopa with 18 F. Striatal
dopamine metabolism has been examined in living monkeys with PET
by Garnett et al. (1983a). This has also been applied in man (Garnett et
al., 1983b) and a case study on a hemi-Parkinsonian patient has been
reported (Garnett et al., 1984). It was shown that the most affected
striatum had a reduced uptake of the tracer. Thus for the first time a
means is available to investigate this fundamental system in living human
brain. Also a ligand for the dopamine receptor has been developed
recently. [nC]-labelled methyl-spiperone. The specific affinity of the
striatum for this label has been shown for the first time with PET by
Wagner et al. (1983). At the Hammersmith Hospital, London, both these
tracers are now available and the first study involving their combined use
in a normal volunteer has recently been carried out (see Fig. 14). It is
hoped that these new tracers will contribute considerably to the
understanding of Parkinson's disease and other movement disorders.

4.6. EPILEPSY
PET studies on epilepsy have mainly been done by the UCLA group,
Los Angeles, U.S.A. (Engel et al., 1982a,b,c, 1983). So far only studies
about focal epileptic lesions have been reported. In patients studied
during an ictus, glucose hypermetabolism was usually found in the
affected area, whereas inter-ictally a zone of hypometabolism was
present. A good correlation was found between the site of the
hypometabolic zone and the combined EEG investigations of the
patients. However, there was no quantitative relationship between
metabolism and EEG findings. The regions of hypometabolism corresponded well with the pathological abnormalities found after surgery.
However, in 3 cases out of 25 no pathological lesion could be found. The
size of the abnormal zone on the PET scan was generally much larger
than the pathological lesion found in the removed temporal lobe but the
degree of hypometabolism correlated well with the severity of the
pathology. In those patients studied during an ictus, glucose metabolism
was increased to up to 6 times its value during the interictal state. These
studies showed that in combination with the EEG, PET studies may be of
considerable practical value in the management of individual patients
when surgical treatment is considered. Theodore et al. (1983) also
performed PET studies with FDG in a group of patients with complex
partial seizures. Their findings were essentially similar to those of the
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UCLA group. In addition they noted that higher metabolic rates were
found in patients taking lower doses of anticonvulsant drugs.
At the Hammersmith Hospital, London, 10 patients with partial
epilepsy were studied using PET and the 15O technique (Bernardi ei al.,
1983). The rCBF and rCMRO 2 were decreased ipsilateral to the EEG
focus and those patients with unilateral foci had bilateral changes in the
temporal cortex. It was of interest that CMRO 2 was reduced also in both
cerebellar hemispheres. This depression of metabolism (matched by a
similar reduction of flow) was less marked in four patients taking
carbamazepine alone than in those taking phenytoin or a combination of
anticonvulsant drugs.
One report has been published about the regional uptake of [MC]labelled diphenyl hydantoin in brain in a group of patients with intractable epilepsy (Baron et al., 1983a). In this category of patients the uptake
of the labelled drug in unaffected parts of the brain was the same as the
uptake in non-epileptic patients. Although the authors state that the
kinetics of the tracer in the epileptic focus itself were not different from
those in the surrounding tissue or contralateral hemisphere, they have not
yet reported their findings in detail. This study demonstrates however the
feasibility of exploring the local action of drugs in pathological
conditions in vivo.
4.7. MENTAL DISEASES
Most of the tracers available at present for PET research are indicators
of general tissue functions like blood flow and energy metabolism. For
this reason they seem less suitable to study patients with mental illnesses,
since the relationship of these conditions to organic neuronal dysfunction
is, in general, not well established. Nevertheless attempts have been made
to map neuronal dysfuncton in schizophrenia and related conditions and
in certain forms of depression.
Farkas et al. (1980) reported a study using PET and FDG in a single
patient with schizophrenia. They found a depression of metabolic activity
in the frontal lobe, which rose towards normal when the subject was on
neuroleptic treatment. Buchsbaum et al. (1981) also found the glucose
metabolism in the posterior brain regions higher than in the frontal
cortex. On the other hand Sheppard et al. (1983) report the results of a
study of 12 schizophrenic patients and 12 normal volunteers. They
measured the blood flow and oxygen metabolism with PET and found no
reduction of flow and metabolism in the frontal cortex. The asymmetry
between the two cerebral hemispheres in normal volunteers was more
pronounced than in the group of schizophrenic patients. The authours
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suggested that this would support the "laterality hypothesis" as an
integrated part of the disease. Bustany et al. (1983) demonstrated a
diminished (-17%) uptake of methionine in the frontal cortex of 5
schizophrenic patients, with or without treatment.
Kuhl et al. (1983) have reported a study of the glucose metabolism in 5
patients with unipolar depressive illness. In the depressed patients the
global glucose utilisation was on average the same as in normal
volunteers. They found however some focal changes: the inferior left
frontal cortex (Broca's area) had a lower metabolism than on the
opposite side. In five normal volunteers only one had such a pattern.
Further studies are needed to confirm this finding.
Possibly more specific tracers may turn out to be useful in the
investigation of certain mental conditions with a presumed organic
background. For instance the dopaminergic receptor ligand, ["C]methylspiperone may be helpful in investigating the "dopamine" hypothesis in
schizophrenia.
5. Outlook for the Future

How will research with positron emission tomography proceed? As is
clear from the previous sections the procedure is characterised by
complexity at all levels. It follows that in the near future successful PET
groups will remain limited in number. The need for a medical cyclotron,
essential for production of short-lived isotopes in close proximity to the
scanning facilities and the patients, has so far imposed a severe practical
limitation on the availability of the technique. One important new
development in this respect is the design and construction of small, easily
operated and relatively cheap cyclotrons, which has become possible in
recent years. Equally important is the further development of radiochemistry techniques. It is crucial, once the short-lived isotopes are
produced, to be able to incorporate these isotopes in the required tracers
within a very short time (minutes to hours). In view of the many types of
tracers, this requires a versatile and sophisticated radiochemistry
laboratory. The development of these techniques is time consuming, but
once available they often can be made automatically. At the moment this
branch of chemistry is still in its infancy.
Another aspect of PET methodology which is still relatively underdeveloped is the evaluation and validation of the theoretical models
describing the fate of various tracers in the body. The combined effort of
physiologists, physicists, biochemists, and computer scientists is necessary to establish reliable and quantitative tracer models. This is obviously
a slow process. The pure technical evolution of PET scanning is
important, although this forms only a part of the technique as a whole.
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Many improvements have been made during the last few years but there
is still much scope for further development. Obvious improvements can
be achieved with regard to spatial resolution. In the near future the
newest scanners will be capable of a resolution of about 6 mm (FWHM).
Theoretically this may be improved further to 3-5 mm. Greater sensitivity
of the scanners is also important, since this will allow adequate count
rates with lower doses of radioactivity to the patients for each individual
measurement. This enables the investigator to use several isotopes, or to
perform serial studies more extensively in one subject. To optimise
precise anatomical localisation, multi-slice scanners will be indispensable.
Currently several detectors are being tested and the electronic systems
and reconstruction software are being developed to meet the above stated
demands.
These combined efforts will be worthwhile only if they can be
converted into clinically useful measurements. This requires that the
clinicians involved in PET research should be asking appropriate
pathophysiological questions which can be answered by PET. This
attunement of clinical thinking to the capabilities of PET is again not
easy to establish. At present, not surprisingly, the more spectacular
aspects of this new technique are stressed. Much work needs to be done
regarding the common aspects of brain diseases. These aspects can be
dealt with only by more PET research centres applying the technique to
common clinical problems. Even if in the future PET procedures cannot
be installed on a large scale, this method may produce results which can
be applied or pursued further using more readily available nuclear
medicine procedures such as single photon emission tomography.
6. Summary

In the foregoing an overview of positron emission tomography has
been presented. Its theoretical, technical, and methodological implications, as well as its clinical applications have been outlined. The emphasis
has been on the quantitative aspects of the method and its usefulness in
investigating normal and pathological functions of brain tissue. Although
the potential of this new research technique is obvious, many theoretical
and practical difficulties still need to be solved. Nevertheless it provides
an opportunity to bridge the gap between basic experimental research
and clinical medicine.
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ALTERATIONS OF REGIONAL CEREBRAL
BLOOD FLOW AND OXYGEN METABOLISM
IN PARKINSON'S DISEASE

Leslie I. Wolfson, Klaus L. Leenders, Lucy L. Brown, and Terry Jones
The central pathologic process in Parkinson's disease (PD) is degeneration
of the pigmented, dopamine-containing neurons of the substantia nigra
and adjacent midbrain.1 The loss of these neurons underlies the marked
loss of dopamine and its metabolites, which has been observed in
parkinsonian brains.1 This loss of dopamine is severe in the caudate and
putamen and presumably produces the neuronal dysfunction that results
in the motor disorder. Recently developed positron emission imaging
techniques provide the opportunity to delineate the sites of dysfunction
produced by dopamine depletion and to suggest the loci of therapeutic
activity produced by L-dopa therapy. This paper reports the effects of PD
on the distribution of regional cerebral blood flow (rCBF) and oxygen
metabolism (rCMRO2). A previous paper reports the effects of L-dopa
treatment on rCBF and rCMRO 2 in parkinsonian patients and controls.2
Methods. We studied 14 otherwise healthy patients with idiopathic PD
and 16 controls (4 patient spouses and 2 investigators). The patients, who
had no clinical evidence of either depression or dementia, were admitted to
hospital for routine laboratory studies, including brain CT in the
horizontal plane for use as anatomic frame of reference for the PET scans.
The severity of PD was evaluated by the NYU rating scale (physical
examination portion) 3 that relates increasing severity of parkinsonian
signs (tremor, rigidity, bradykinesia, and gait-balance dysfunction) to an
increasing numeric scale. The patients included in this study were all
ambulatory with mild to moderate parkinsonism (Hoehn and Yahr I-III).4
The controls followed the same protocol as the patients, except that they
did not have the CT. None of the patients or controls was taking
medication that might affect brain catecholamines (antipsychotic, antidepressant, or antihypertensive agents) or drugs known to diffusely affect
brain metabolism (eg, sedative-tranquilizers). We defined unilateral PD as
Published in: Neurology 1985; 35:1399-1405
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those patients with at least a 3-to-1 ratio of their NYU PD score when the
side with the symptomatic limbs was compared with the other side.
After admission, all antiparkinsonian medication was discontinued for
5 days. To establish a treatment dose for the protocol, previously untreated
patients and four controls were given a 10-day outpatient trial with
increasing doses of Sinemet (up to 500 mg L-dopa, 50 mg carbidopa),
which was discontinued at least 2 weeks before the first scan. One hour
before PET scanning, all patients received 75 mg of carbidopa, and
immediately thereafter, the severity of the PD was reevaluated on the NYU
scale. Scanning was done on an ECAT II Scanner, which is a single-slice,
quantitatively calibrated scanner with a resolution of 17 mm (full width
half maximum) and a slice thickness of 16 mm.
We used the steady-state inhalation technique of cyclotron generated
15
O to determine rCBF and rCMRO2.5-7
Pulse and blood pressure were measured twice during the time each slice
was scanned. Scanning was done parallel to the orbitomeatal line, and the
levels were determined from the CTs. The patients were scanned at the
level of the caudate-putamen (4.5 cm above the orbitomeatal line) and
upper brainstem at the level of the substantia nigra-red nucleus (2.5 cm
above the orbitomeatal line).
After the initial scanning procedure, the patients and controls were
given Sinemet (400 to 750 mg) in one oral loading dose. One hour later,
when the effects of the drug were relieving the parkinsonian symptoms, the
scanning procedure was once again performed using the procedure just
described.
The coordinates of the basal ganglia regions of interest (ROIs) were
obtained from an atlas of horizontal brain sections,8 which were individualized for each patient by measurements from the CTs. The basal
ganglia ROI was circular with an area of 41 pixel units (each unit 2.5 mm X
2.5 mm X 16 mm) encompassing the head of the caudate, internal capsule,
globus pallidus, and putamen. The cortical ROIs were located by taking
four contiguous regions with the highest rCBF or rCMRO2 values at the
edge of the scan with dimensions of 6 pixels (width) by 12 pixels (length).
The circular ROIs in the cerebellum were the areas of highest rCMRO2 and
rCBF with the lowest standard deviation with radii of 4 pixels. Variability
of the ROIs was determined by one-way analysis of variance. Only in those
comparisons in which the probability of random variation was less than 0.05
was a / test comparison undertaken. Comparisons between left and right
sides, or diseased side and non-diseased side, were made using a paired /
test.
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Table 1. Clinical details of patients and controls

Number
Age
Number of years
Parkinson's disease
Severity — untreated
(NYU Scale)
Dose nf Sinemet
Severity —treated
(NYU Scale)

Normals

Unilateral
parkinsonism

Bilateral
parkinsonism

6
55 ± 5.7
—

6
Kl i 4.5
:i.l r .8

8
62 ± li.5
fi.fi + 1.6

—

H82 i 77

791 ± 102

475 ± 8:i
—

48:i r 58
207 i 52

590 t 72
:U4 t 107

Results. The clinical details of the patients and controls are presented in
table 1. The data indicate that unilateral patients had a milder, earlier form
of PD than the bilateral patients. In the unilateral PD patients, 61 % of the
NYU score came from tremor, rigidity, and bradykinesia on the symptomatic side, whereas only 13% came from the mildly involved side, with
the remaining 26% as a result of gait and balance dysfunction.
There were no changes in mean arterial blood pressure or pulse during
the scanning procedures. Following Sinemet treatment, the PaCO2
increased 5.1% in the controls {p < 0.04), paired / test) and 3.8% in the
patients (p < 0.01, paired t test), whereas pH remained the same in the
controls and decreased 0.2% in the patients. PaO2 was unchanged during
the studies.
In four of the unilateral patients, the disease was predominantly leftsided, whereas in two, it was rightsided. In these unilateral patients, in
order to compare the side with significant parkinsonism to the side with
minimal signs of the disease, the structures contralateral to the abnormal
limbs were grouped together. These structures, which presumably have
more advanced disease, are called the contralateral side, whereas the other
is called the ipsilateral side. No asymmetries were present in the temporal
and occipital cortex or the cerebellum (tables 2 and 3) in any of the groups;
therefore, rCBF and rCMRO 2 from the left and right side were averaged.
The rCBF and rCMRO2 of the unilateral PD patients were consistently
10% higher in the basal ganglia contralateral to the symptomatic limbs
than in the basal ganglia of normals (figure 1, tables 2 and 3). The
ipsilateral basal ganglia rCBF and rCMRO 2 from these patients were
comparable with those of normals (figure 1, tables 2 and 3). Summary of
the asymmetries (table 4) indicates the contralateral basal ganglia of these
patients had a 14% higher rCBF (p < 0.01, paired t test) and 12% higher
rCMRO 2 (p < 0.001, paired t test) than the ipsilateral side, whereas the

Table 2. rCBF (± SEM) in normals and Parkinson's disease patients, both before and after treatment with
Sinemet. rCBF (ml/100 ml/min).

Untreated

Parkinson's
disease
state

Left
(contra)

Frontal cortex

Normal
Unilateral
Bilateral

40 ± 1.7
36 ± 2.2
33 ± 1.3+

42 ± 1.8
39 ± 2.4
34 ± l . l t §

47 ± 2.7
38 ± 2.5+
38 ± 2.1 +

49 ± 4.1
40 ± 2.9
39 ± 2.4

Temporal cortex

Normal
Unilateral
Bilateral

45 ± 4.1
42 ± 1.6
38 ± 2.7

46 ± 3.4
43 ± 3.2
35 ± 1.5*. §

56 ± 4.0
46 + 2.2*
44 ± 2.3+-

53 ± 2.2
47 ± 2.5
43 ± 2.9

Occipital

Normal
Unilateral
Bilateral

44 ± 4.6
40 ± 4.1
39 ± 3.3

45 ± 4.1
41 ± 4.3
38 ± 3.0

46 •+- 2.3
47 ± 5.5
43 ± 4.5

49 ± 2.8
43 ± 5.3
46 ± 4.2

Cerebellum

Normal
Unilateral
Bilateral

49 ± 2.4
46 ± 2.2
41 ± 2.2*

53 ± 3.2
50 ± 3.2
42 ± 2.6+

49 ± 5.0
49 ± 6.1
38 ± 2.1

52 i 4.1
48 ± 6.0
40 ± 3.0

Basal ganglia

Normal
Unilateral
B lateral

42 ± 4.7
46 ± 2.8*
33 ± 2.1H

41 ± 4.2
41 ± 3.0
33 ± 1.6

48 ± 4.9
53 ± 4.7"
41 ± 3.2

48 ± 3.3
46 ± 4.5
40 ± 2.6

Structure

'
+
t
•;

p
p
p
p

•; O.O'i. compared with
• 0.02. compared with
• 0.01. compared with
•' 0.05. compared with

normal.
normal.
normal.
unilateral.

Right
(ipsi)

T p • 0.01. compared with unilateral,
= p • 0.05. compared with ipsilateral (paired ( t e s t ) ,
"* p • : 0.02. compared with ipsilateral Ipaired ttest).

Sinemet-treated
Left
Right
(contra)
(ipsi)

Table 3. rCMRO2 (± SEM) in normals and Parkinson's disease patients, both before and after
treatment with Sinemet. rCMRO2 (ml/100 ml/min).

Structure

Parkinson's
disease
state

Untreated
Left
(contra)

Right
(ipsi)

Sinemet-treated
Right
Left
(contra)
(ipsi)

Frontal cortex

Normal
Unilateral
Bilateral

3.5 ± 0.34
3.1 ± 0.15$
3.1 ± 0.17

3.5 ± 0.24
3.4 ± 0.18
3.2 ± 0.10

3.5 ± 0.25
2.8 ± 0.11*§
3.1-± 0.15

3.6 ± 0.32
3.1 ± 0.15
3.1 ± 0.14

Temporal cortex

Normal
Unilateral
Bilateral

3.5 ± 0.22
3.6 ± 0.25
3.6 ± 0.23

3.9 ± 0.28
3.7 ± 0.38
3.4 ± 0.19

3.8 ± 0.20
3.5 ± 0.22
3.5 ± 0.21

3.8 ± 0.12
3.4 ± 0.24
3.4 ± 0.19

Occipital

Normal
Unilateral
Bilateral

3.9 ± 0.43
3.9 ± 0.25
4.1 ± 0.36

4.0 ± 0.38
3.7 ± 0.20
4.1 ± 0.28

3.7 ± 0.19
3.9 ± 0.43
3.7 ± 0.41

4.0 ± 0.23
3.4 ± 0.22
4.1 ± 0.39

Cerebellum

Normal
Unilateral
Bilateral

4.1. ± 0.21
4.6± 0.23
3.5 ± 0.20t

4.5 ± 0.34
5.0 ± 0.52
3.9 ± 0.28

3.6 ± 0.24
4.3 ± 0.55
3.6 ± 0.25

3.9 ± 0.19
4.2 ± 0.64
3.6 ± 0.15

Basal ganglia

Normal
Unilateral
Bilateral

3.5 ± 0.31
4.0 ± 0.16
3.1 ± 0.21*

3.3 ± 0.36
3.6 ± 0.12
3.1 ± 0.18

3.5 ± 0.34
3.8 ± 0.22§
3.3 ± 0.25

3.5 ± 0.22
3.4 ± 0.13
3.2 ± 0.26

*
t
t
§

p
p
p
p

<
<
<
<

0.02. compared with normal,
0.01, compared with unilateral.
0.0S, compared with ipsilateral (paired ( test),
0.01, compared with ipsilateral (paired t test).
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Figure 1. Basal ganglia rCBF and rCMRO2 (ml/100 ml/min). L = Left basal ganglia
R = Right basal ganglia. C = Basal ganglia contralateral to the symptomatic
limbs. I = Basal ganglia ipsilateral to the symptomatic limbs. (C and I are in
unilateral patients only.) Nl = Normal individuals. Un — Unilateral (mild)
Parkinson's disease. Bi = Bilateral (moderate) Parkinson's disease. * = p < 0.05,
compared with normal, same treatment, same side. °° — p < 0.02, compared with
unilateral, same treatment contralateral. °°° — p < 0.01, compared with unilateral,
same treatment, contralateral. C/I = rCBF or rCMRO2 from the basal ganglia
contralateral to the symptomatic limbs divided by rCBF or rCMRO2 from the basal
ganglia ipsilateral to the symptomatic limbs.

asymmetries were small in the normal (4%) and bilateral patients (1%).
L-Dopa treatment did not alter the asymmetry of rCBF or rCMRO 2 within
the basal ganglia. In the bilateral PD patients, basal ganglia rCBF was 21 %
less than the normals (p < 0.05, left and right basal ganglia, figure 1, tables
2 and 3), while the rCMRO2 was 9% less than normals.
In the unilateral parkinsonian patients, the localization of the region of
high metabolism within the basal ganglia is posterior and lateral to the
caudate-ie, in the region of the putamen-pallidum.8 Figure 2 contains an
example of such an area of discretely increased metabolism in the
posterolateral basal ganglia. The scan came from a 71-year-old left
hemiparkinsonian patient. The right-sided increase, averaged over the
entire ROI, makes the rCMRO 2 only 11% higher than in the basal ganglia
of the other side.
The basal ganglia asymmetry is illustrated by changes observed in serial
PET scans from two patients. Two years before the current study, a
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Figure 2. PET scan determination of rCMRO, from a 71-year-old, left unilateral
Parkinson's disease patient. The arrow points to a region of increased rCMRO2 in
the right posterolateral basal ganglia in the area corresponding to the putamenglobus pallidus.

42-year-old, right-sided unilateral parkinsonian patient underwent a PET
scan determination of rCBF and rCMRO 2 . The scan demonstrated rates of
rCBF and rCMRO 2 30% higher in the basal ganglia contralateral to the
symptomatic limbs than in the opposite basal ganglia (rCMRO 2 5.1 versus
3.9 ml/100 ml/min, rCBF 64 versus 49 ml/100 ml/min). During the course
of the next 2 years, this patient progressed from a mild unilateral to a
moderate bilateral form of parkinsonism (Hoehn & Yahr II). A repeat scan
at this time showed comparable basal ganglia rCBF and rCMRO2
bilaterally (rCMRO 2 3.6 versus 3.4 ml/100 ml/min, rCBF 48 versus 50
mi/100 ml/min). Another unilateral PD patient with predominantly leftsided signs was scanned 2 years before this study began. Basal ganglia
rCBF and rCMRO2 were respectively 24% and 14% higher on the right
than on the left in the scans performed 2 years ago. This 45-year-old man
with mild left PD (Hoehn & Yahr I) was atypical clinically in that his
disease remained unilateral in the intervening 2 years. In the current scans,
the right basal ganglia rCBF and rCMRO2 were stil 19% higher than the
left.
In the unilateral PD patients, the frontal cortex contralateral to the
symptomatic limbs had a consistently lower rCBF (-12%) and rCMRO2
(-21%) than in normals, but the differences were not statistically significant
(tables 2 and 3, figure 3). The rCBF in frontal cortex contralateral to the
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Figure 3. Frontal cortex rCBF and rCMRO2 (ml/100 ml/min). L = Left frontal cortex
R = Right frontal cortex. C — Frontal cortex contralateral to symptomatic limbs. I
= Frontal cortex ipsilateral to symptomatic limbs. Nl = Normal individuals. Un
= Unilateral (mild) Parkinson's disease. Bi = Bilateral (moderate) Parkinson's
disease. ** = p < 0.02, compared with normal, same treatment and same side. ***
= p < 0.01, compared with normal, same treatment and same side. ° = p<0.05,
compared with unilateral, same treatment, ipsilateral. C/I = rCBF or rCMRO2
from the frontal cortex contralateral to the symptomatic limbs divided by rCBF or
rCMRO2 from the frontal cortex ipsilateral to the symptomatic limbs.

symptomatic limbs was 7% lower than on the ipsilateral side (p < 0.01,
paired t test), while contralateral rCMRO2 was 9% less than on the
ipsilateral side (p < 0.001, paired / test; table 4). There was minimal (1 to
3%) asymmetry in both the normals and bilateral patients (table 4). LDopa treatment did not alter the asymmetry of rCBF or rCMRO2 within
the frontal cortex. In contrast to the unilateral patients, rCBF in frontal
cortex of bilateral patients was 20% lower than in the normals (p < 0.01),
while CMRO2 was only 10% lower than in normals.
When compared with untreated normals, rCBF in the temporal cortex
of the unilateral patients showed a small decrease (7%), whereas in
bilateral patients, there was a large decrease (20%, p < 0.01). The CMRO2
of the temporal cortex in both the unilateral and bilateral (figure 4, tables 2
and 3) patients decreased by only 7%.
The rCBF of occipital cortex in untreated and Sinemet-treated unilateral and bilateral patients was decreased from 6 to 12% when compared
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Table 4. Mean (± SEM) of the ratio of left/right
(contralateral/ipsilateral) rCBF and rCMRO2 in the
basal ganglia and frontal cortex of parkinsonian
patients and normals

Normal

Unilateral
parkinsonism

Bilateral
parkinsonism

Basal ganglia
rCBF

1.04 ± 0.05

1.14 ±0.04*

1.00 ±0.02

Basal ganglia
rCMRO.

1.05 + 0.04

1.12 ±0.02+

1.01 ±0.04

Frontal cortex 0.97 ±0.02
rCBF

0.93 ± 0.02*

0.98 r O.O.'i

Frontal cortex 0.99 ±0.0:?
rCMRO

0.91 ±0.02+

0.97 ±0.01

* p • 0.01. pairec / lesl •(impiiris >n between contral iteral and ipsilaleral
sides.
+ /;• 0.001. pairr it lest compnri ,nn lietweeiunnlral iteral and ipsilateral
sides.
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Figure 4. Temporal cortex rCBF and rCMRO2 (ml/100 ml/min). Nl = Normal
individuals. Un = Unilateral (mild Parkinson's disease. Bi = Bilateral (moderate)
Parkinson's disease. * = p < 0.05, compared with normal, same treatment ** = p
< 0.02, compared with normal, same treatment.
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Figure 5. Cerebellar rCBF and rCMRO2 (ml/100 ml/min). Nl = Normal individuals.
Bi = Bilateral (moderate) Parkinson's disease. * — p < 0.05 when compared with
normal, same treatment. ** = p < 0.02 when compared with normal, same
treatment.

with that in normals, but no consistent changes in rCMRO2 were noted
(tables 2 and 3).
When compared with that in the normals, rCBF in the cerebellum of
bilateral PD patients (figure 5, tables 2 and 3) decreased 20% (p < 0.02),
and rCMRO2 in the cerebellum of these patients was only 8% lower than in
the normals.
Discussion. rCBF and rCMRO2 was increased in the contralateral basal
ganglia of unilateral PD patients in an area corresponding to the putamenglobus pallidus. Basal ganglia rCBF was significantly diminished in
patients with bilateral disease.
Wooten and Collins9 found that unilateral 6-hydroxydopamine lesions
of the substantia nigra in rats led to a 40% increase of glucose utilization in
the ipsilateral globus pallidus with a return toward normal in the next 100
days. With the unilateral nigrostriatal lesion of hemiparkinsonian patients, we found that rCBF and rCMRO2 showed an analogous transient
elevation in the posterolateral basal ganglia. The transient elevation in the
metabolism in the globus pallidus may be related to both the unilateral
nature of the lesion and the early stage of dopaminergic nigrostriatal
dysfunction. Serial PET determinations of regional energy metabolism in
evolving PD may demonstrate stages that correlate with clinical progression.

98
Major efferent connections of the striatum lead to the globus pallidus.10
Electrophysiologic recording from the globus pallidus of monkeys with
bilateral nigrostriatal lesions show neuronal discharges that are synchronous with the induced tremor." After the administration of L-dopa,
these pallidal discharges disappear along with the tremor and rigidity.
Stereotactic ablation of the globus pallidus or its efferent connections have
been used therapeutically for PD and are recognized to decrease parkinsonian symptoms.12 Our data suggest that in parkinsonian patients, loss of
dopaminergic nigrostriatal input results in an abnormal pattern of striatal
output resulting in the abnormalities of rCBF and rCMRO 2 in the pallidal
region. Although there are contradictory reports, most of the evidence
suggests that dopamine serves an inhibitory function within the striatum,
acting as a transmitter or a slowly acting modulator.13 It is not surprising
that loss of this inhibitory input leads to increased but abnormal
functioning within a major efferent target of the striatum.
There is a decrease in both rCBF and rCMRO 2 in the frontal cortex of
parkinsonian patients. In the unilateral patients, the frontal cortex
contralateral to the symtomatic limbs has a significantly lower rCMRO2
when compared with the other side. The results suggest abnormal neuronal
function within the frontal cortex of parkinsonian patients resulting in
lower rates of blood flow and metabolism. Using Xe-133 inhalation,
another group has also reported diminished blood flow within the frontal
cortex of parkinsonian patients.14
A topographically organized dopaminergic mesocortical projection to
frontal cortex has been delineated in rats. 1516 High levels of dopamine are
present in primate premotor frontal cortex 1718 suggesting substantial
mesocortical dopaminergic input in higher vertebrates. The alterations in
frontal cortex rCBF and rCMRO 2 may be explicable in terms of decreased
dopamine input into frontal cortex. Of additional import is the likelihood
of abnormal globus pallidus output to the ventroanterior and ventrolateral
thalamic nuclei, which project to the motor and premotor frontal
cortex19-20 and frontal lobe function. Parkinsonian dysfunction within the
basal ganglia may therefore lead to diminished facilitation with the frontal
cortex, which may explain both the diminished cognitive function21 and
depression22 that have become accepted as part of the parkinsonian
syndrome.
There is a generalized decrease in rCBF in bilateral PD patients. The
decrements in rCMRO 2 are not comparable with the decreases in rCBF.
This suggests the possibility of a progressive decrement in rCBF not
coupled to parallel changes in rCMRO2.
In studies of CBF in humans,23 dogs,24 and rats,25 exogenous dopaminergic stimulation produced widespread increases in rCBF. Conversely, we
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propose in parkinsonian patients the possibility of a generalized decrement
of rCBF (without parallel changes in rCMRO2), which may be produced
by abnormalities of dopaminergic innervation within the arteriolar wall.
Superimposed on these decreases in rCBF are the coupled changes of both
rCMRO 2 and rCBF, observed in the basal ganglia and frontal cortex which
are due to alterations in neuronal functional activity. In vitro studies of cat
middle cerebral and human pial arteries26 indicate that vasodilation is
mediated by dopamine agonists and can be blocked by dopamine
antagonists. The loss of dopaminergic innervation of blood vessels in
parkinsonian patients may lead to vasoconstriction, which results in
diminished blood flow-which we have reported. The rapid development of
high-resolution PET scanners and new tracer technology raises the
promise of visualization of the individual basal ganglia nuclei with
additional delineation of the functional pathophysiology of PD. It is likely
that new treatments may follow these advances.
References
1. Hornykiewicz O. Neurochemistry of parkinsonism. In: lajtha A, ed. Handbook of
neurochemistry, vol 7. New York: Plenum Press, 1972:465-501.
2. Leenders KL, Wolfson LI, Gibbs JM, Wise RJS, Causon R, Jones T, LeggNJ. The
effects of L-dopa on regional cerebral blood flow and oxygen metabolism in patients
with Parkinson's disease. Brain 1985;108:171-91.
3. Lieberman A, Dziatslowski M, Gopinathan G, Kupersmith M, Neophytides A,
Korein j . Evaluation of Parkinson's disease. In: Goldstein M, Lieberman A, Calne DB,
Thorner MO, eds. Ergot compounds and brain function. New York: Raven Press, 1980.
4. Hoehn MM, Yahr MD. Parkinsonism." onset, progression, and mortality.
Neurology (Minneap) 1967; 17:427-42.
5. Frackowiak RSJ, Lenzi GL, Jones T, Heather JD. Quantitative measurement of
regional cerebral blood flow and oxygen metabolism in man, using 15O and positron
emission tomography: theory, procedure and normal values. J Comput Assist Tomogr
1980a;4:717-36.
6. Frackowiak RSJ, Lenzi GL, Heather JD. Regional cerebral oxygen utilization
and blood flow in normal man using oxygen-15 and positron emission tomography.
Acta Neurol Scand 1980b;62:336-44.
7. Lammertsma AA, Jones T, Frackowiak RSJ, Lenzi GL. A theoretical study of the
steady-state model for measuring regional cerebral blood flow and oxygen utilisation
using oxygen-15. J Comput Assist Tomogr 1981;5:544-50.
8. Gambarelli J, Guerinel G, Chevrot L, Mattei M. Computerized axial tomography.
New York: Springer-Verlag, 1977.
9. Wooten GF, Collins RC. Effects of dopaminergic stimulation on functional brain
metabolism in rats with unilateral substantia nigra lesion. Brain Res 1983;263:267-75.
10. De Long MR, Georgopoulos AP. Motor functions of the basal ganglia, chap 21.
In: Brook VB, ed. Handbook of physiology. The nervous system II. Bethesda, MD:
Amer Physiologic Society, 1977.

100
11. Filion M. Effects of interruption of the nigrostriatal pathway and of dopaminergic agents on the spontaneous activity of globus pallidus neurons in awake monkey.
Brain Res 1979; 178:425-41.
12. Cooper IS. Parkinsonism: its medical and surgical therapy. Springfield, IL:
Charles C. Thomas, 1961.
13. Schultz W. Depletion of dopamine in the striatum as an experimental model of
parkinsonism: direct effects and adaptive mechanisms. Prog Neurobiol 1982; 18:121-66.
14. Bes A, Guell A, Fabre N, Dupui PH Victor G, Geraud G. Cerebral blood flow
studied by Xe-133 inhalation technique: loss of hyperfrontal pattern. J Cereb Blood
Flow Metab 1982;3:33-7.
15. Lindvall O, Bjorklund A, Moore RY, Stenevi U. Mesencephalic dopamine
neurons projecting to neocortex. Brain Res 1973;81:325-31.
16. Lindvall O, Bjorklund A, Divac I. Organization of catecholamine neurons
projecting to the frontal cortex in rats. Brain Res 1978;142:l-24.
17. Bjorklund A, Divac I, Lindvall O. Regional distribution of catechokmines in
monkey cerebral cortex: evidence for a dopaminergic innervation of the primate
prefrontal cortex. Neurosci Lett 1978;7:115-9.
18. Brown RM, Goldman P. Catecholamine neurons in neocortex of rhesus
monkeys: regional distribution and autogenic development. Brain Res 1977;124:576-80.
19. Jackson DM, Anden NE, Dahlstrom A. A functional effect of dopamine in the
nucleus accumbens and in some other dopamine-rich parts of the rat brain. Psychopharmacologia 1975;45:139-49.
20. Kievitt J, Kuypers HGJM. Organization of the thalamocortical connections to
the frontal lobe in the rhesus monkey. Exp Brain Res 1977;29:299-322.
21. Mayeux R, Stern Y. Intellectual dysfunction and dementia in Parkinson's
disease, vol 28. In: Mayeux R, Rosen W, eds. Adv in neurology: the dementias. New
York: Raven Press, 1983.
22. Mayeux R, Stern Y, Rosen J, Leventhal J. Depression, intellectual impairment,
and Parkinson's disease. Neurology (NY) 1981;31:645-50.
23. Guel A, Geraud G, Jauzac PH, Victor G, Bes A. Effects of a dopaminergic
agonist (piribedil) on cerebral blood flow in man. J Cereb Blood Flow Metab
1982;2:255-7.
24. Jauzac PH, Blasco A, Vigoni F, Valdiqui P, Bes A. Cerebral circulatory effects of
a dopaminergic agonist (apomorphine) in the dog. J Cereb Blood Flow Metab
1982;2:369-72.
25. Ingvar M, Linvall O, Stenevi U. Apomorphine induced changes in local cerebral
blood flow in normal rats and after lesions of the dopaminergic nigrostriatal bundle.
Brain Res 1983;262:259-69.
26. Edvinsson L, Hardebo JE, McCulloch J, Owman CH. Effects of dopaminergic
agonists and antagonists on isolated cerebral blood vessels. Acta Physiol Scand
1978; 104:349-59.

:
;
!
j
1
{
I
;

i

A
\
j
j

THE EFFECTS OF L-DOPA ON REGIONAL
CEREBRAL BLOOD FLOW AND OXYGEN METABOLISM
IN PATIENTS WITH
PARKINSON'S DISEASE
K. Leenders, L. Wolfson1, J.M. Gibbs, R.J.S. Wise,
R. Causon, T. Jones and N.J. Legg
(From the MRC Cyclotron Unit, Department of Medicine (Neurology),
Department of Clinical Pharmacology, Royal Postgraduate Medical School,
Hammersmith Hospital, Duncane Road, London W12 OHS)
SUMMARY
Studies performed on 18 patients with Parkinson's disease and 6 control subjects have
shown that acute administration of L-DOPA in clinically effective doses gives rise to a
diffuse increase in regional cerebral blood flow without accompanying stimulation of
regional oxygen utilization. The data suggest that this rise in rCBF is caused by
vasodilatation due to a direct action of the drug on the cerebral blood vessels. The effect
of L-DOPA on rCBF did not correlate with the degree of clinical improvement seen in
each patient after treatment. The therapeutic effect of L-DOPA in the brain was not
reflected in any change of regional cerebral oxygen utilization as measured by our
technique. We suggest that the pharmacological actions of L-DOPA in the brain take
place on at least two different levels.

INTRODUCTION
L-DOPA is well known for its clinical effects in patients with Parkinson's
disease. Much work has been done to clarify its pharmacology (Calne et
al, 1969; Morris, 1978) and biochemistry in the brain (Lloyd et al, 1975;
Moskowitz and Wurtman 1975; Hornykiewicz, 1982). These studies
indicate that L-DOPA is concentrated and used by striatal neural elements
to form dopamine. The structures which are affected by the dopaminesensitive efferent system of both normals and parkinsonian patients
remain to be determined.
Published in: BRAIN (1985) 108, 171-191
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The distribution of regional cerebral blood flow (rCBF) and regional
oxygen metabolism (rCMRO2) is related to neuronal and synaptic
functional activity. Positron emission tomography (PET) provides the
opportunity to make regional measurements of rCBF and rCMRO2.
Experimental studies in the rat have shown that systemic administration of
apomorphine or L-DOPA increase glucose utilization in the basal ganglia
and in some related nuclei (Brown and Wolfson, 1978; McCulloch, Savaki,
etal., 1982; Warner e? al., 1982; Grome and McCulloch, 1983). Dopamine
injected locally into the striatum gives rise to a specific pattern of increased
glucose utilization in the projection nuclei (Brown and Wolfson, 1983). On
the other hand, a direct action of dopamine on the cerebral vasculature in
the cat, in vitro and in vivo, has deen demonstrated by Edvinsson et al.
(1978). L-DOPA, dopamine and apomorphine have been shown to
influence cerebral blood flow in dogs and rats (Ekstrom-Jodal) et al., 1974;
von Essen, 1974; Jauzace/o/., 1982; Ingvar etal., 1983). The dopaminergic
agonist piribedil also tends to increase cerebral blood flow, both in animals
and in man (McCulloch and Edvinsson, 1980;Guelle/a/., 1982). Bbsetal.
(1983) have fouad in a group of patients with Parkinson's disease an
increase of CBF, particularly in the frontal regions, after administration of
bromocriptine.
Recently the relationship between the dopamine-induced increases of
local cerebral metabolism and blood flow has been stressed, the former
being assumed to be the cause of the latter (McCulloch and Edvinsson,
1980; McCulloch, Kelly and Ford, 1982). However, at least one study
suggests that there are only small changes in brain metabolism as
compared with the alterations in rCBF (Ingvar et al., 1983). We have
measured regional cerebral blood flow (rCBF) and oxygen utilization
(rCMRO2) in patients with Parkinson's disease and in nonparkinsonian
subjects using PET. Both groups of subjects were studied before and after
administration of L-DOPA. In particular we hoped to establish whether
administration of L-DOPA produces any measureable change of regional
cerebral blood flow and oxygen metabolism and if so, whether such
changes correlate with the clinical response.
MATERIAL
Eighteen patients with Parkinson's disease were selected from a routine
neurological outpatient clinic. They were all self-supporting at home and
taking some form ofantiparkinsonian drug treatment. In most cases this
was L-DOPA with carbidopa. Some patients were also taking bromocriptine and/or benzhexol. Three patients were newly diagnosed and had
never been treated with antiparkinsonian medication before. A general
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physical examination, blood tests and a CT scan were performed to
exclude other general or neurological diseases. A Blessed score was used to
ensure that no severe dementia was present (Blessed et al., 1968). To assess
the clinical disability resulting from their Parkinson's disease, the patients
were scored semiquantitatively according to the New York University
(NYU) score (Lieberman et al., 1980) at several stages during the study.
The section of the NYU score in which subjective disability is graded by the
patients themselves was omitted. Six patients (Cases 1-6) had predominantly unilateral symptoms and signs: the disability on the more
affected body side was at least three times as severe as on the opposite side
according to the NYU score.
Before the patients had their first PET scan their antiparkinsonian
medication was discontinued for five days. Most of the patients had to be
admitted to hospital during this time because clinical deterioration made
inpatient care advisable. The patients (Cases 5,12 and 15) who had never
previously been treated with L-DOPA were first given a ten day trial
period of L-DOPA treatment to check that they were able to tolerate the
drug. At least two weeks elapsed between the last day of this test treatment
and the first PET scan. The patient data are summarized in Table 1.
TABLE 1 CLINICAL DATA OF THE PARKINSONIAN PATIENTS

Care
No.**
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
Mean
+ SD

Sex
F

M
M
F
M

M
F
F
M
M
M

M
F
M
M
M

F
M

Age
(yrs)
59
45
72
71
66
51
44
75
62
61
60
62
75
57
51
60
66
80

Duration
of disease
(yrs)
4
4
6
3
1
1
3
7
14
10
10
2.5
1
5
2
12
5
10

62.1
+ 10.2

5.6
+ 4.0

Admitted
to hospital
Yes
Yes
Yes
No
No
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
No
Yes
Yes
Yes

Disability
score*
(off medication)
445
390
445
665
160
185
510
600
1080
935
1305
575
745
575
170
1410
895
815
661
+ 363

L-DOPA
dose (mg)
between
scans
750
500
400
375
375
500
600
375
400
600
1000
750
500
500
500
300
400
750
532
+ 181

*The range of the score is 0-1500 (without the section assessing dyskinetic movements and without
the section in which the patients assess their own disability). " C a s e Nos. 1 -6 are predominantly
unilaterally and Nos. 7-18 bilaterally affected (see text).
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Control Population
Six volunteers, most of them spouses of the parkinsonian patients, were
included as controls (Table 2). The general clinical assessment was the
same as for the patients except that routine CT scans were not done.
TABLE 2. CLINICAL DATA OF THE CONTROL SUBJECTS

Case
No,

Sex

M

1
2
3
4

M
F
F
F
M

5
6
Mean
+SD

Age
(yrs)

L-DOPA
dose (mj?)
between
scans

41
72
53
63
47
40

750
500
250
500
375
750

52.7
+ 12.7

52!
+ 200

Before the volunteers underwent the PET study they were given LDOPA and carbidopa in gradually increasing doses for ten days, up to a
maximum of 500 mg L-DOPA daily, to ensure that they would be able to
tolerate the drug. No significant side effects were noted, although 2
volunteers experienced transient nausea. As in the patient group, at least
two weeks were interposed between the end of the test period of drug
treatment and the baseline PET scan.
The project was approved by the Research Ethics Committee of the
Hammersmith Hospital and permission for use of the appropriate isotopes
was obtained from the UK Administration of Radioactive Substances
Advisory Committee. All patients and volunteers gave their written
informed consent.
METHODS
Scanning Procedure
The patients and controls were scanned in the ECAT-11 (E.G. and G.
Ortec, Oak Ridge, Tennessee) positron emission tomograph. This is a
single slice machine with a hexagonal array of Nal detectors capable of
determining the concentration of positron emitting radioisotopes quantitatively within a volume of tissue. The spatial resolution is 16.7 x 16.7 mm
(full width half maximum) in the transaxial plane and the slice thickness is
16 mm (Phelps et ai, 1978).
The total duration of the scanning procedure was between 1.5 and 2 h.
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Each subject was scanned in two tomographic planes, the first through the
cerebellum, 2.5 cm above the orbitomeatal (OM line, and the second 4.5
cm above the OM line at the level of the basal ganglia. The position of the
head was maintained precisely by the use of a grid of light projected on the
forehead of the subject. Prior to the scanning procedure, a short radial
artery cannula (Teflon, 21 gauge) was inserted to allow serial arterial blood
sampling during the scan. The isotope activity in each sample was
measured in a well-counter cross-calibrated with the tomograph. Twice
during each scanning procedure the arterial blood gases, pH, haemoglobin
and haematocrit were measured, and from these the total arterial oxygen
content was calculated. In total about 50 ml of blood was taken during
each scanning procedure.
Steady State Inhalational Technique
The positron emitting isotope used for both cerebral blood flow (CBF)
and oxygen extraction ratio (OER) measurements is I5 O, which has a short
half life of 123 s and is produced continuously by a cyclotron throughout
the scanning procedure. The C15O2 and 15O2 are delivered from the
cyclotron at a constant flow of 0.5 L/min in concentrations of 20 and 60
^iCi/ml, respectively. These gaseous isotopes are administered sequentially, being inhaled continuously by the subjects via a small plastic mask.
After a period of about 5 times the half life of the isotope (approximately
10 min) an equilibrium is reached between the input of the isotope into the
brain tissue and the output, which is determined by blood flow washout
from the tissue and decay of the isotope. Adequacy of the steady state is
checked by the integrated response during the scans and confirmed
afterwards from the uniformity of activity in the serial arterial blood
samples.
When C15O2 is inhaled the 15O is transferred in the capillary bed of the
lungs to become incorporated into water (H215O). Continuous inhalation
of C15O2 therefore results in a constant arterial supply of H215O to the
peripheral tisues. As water is freely diffusible in tissue the amount of H215O
in a certain volume of brain relates directly to the regional cerebral blood
flow (rCBF). During inhalation of 15O-labelled molecular oxygen(I5O2),
the 15O becomes bound to haemoglobin and is subsequently extracted by
the cells in tissue. Relating the data from the 15O2 to the blood flow data the
regional oxygen extraction ratio (rOER) can be calculated. The regional
cerebral metabolic rate of oxygen (rCMRO2) is then calculated as follows:
rCMRO 2 = rCBF x rOER x total stable oxygen content of the arterial
blood.
The tracer model and its theoretical and statistical validation have been
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described in detail elsewhere (Frackowiak et al., 1980; Lammertsma et al.,
1981; Lammertsma et al., 1982). Also, examples of its application to the
study of dementia and stroke have previously been published (Frackowiak
et al., 1981; Wise et al., 1983). Following data collection the tomographic
brain sections are produced using standard reconstruction techniques.
Methods of Analysis
On the computer video display unit, regions of interest (ROI) were
defined in the basal ganglia territories, cerebellum and cortical regions.
Corresponding values for rCBF, rOER and rCMRO2 were taken from
these standardized regions in each subject.
Data from these locations in the basal ganglia territories in each
hemisphere were averaged and taken as a value for the basal ganglia. The
ROI was ovoid in shape with a horizontal and vertical radius of 4 pixels
comprising a total area of 41 pixels (one pixel is 2.5 mm x 2.5 mm). The
anatomical localization of the basal ganglia ROI was defined by a
standardized procedure based on careful reference to the CT scans, which
were taken parallel to the OM line in the same planes as the PET scans. The
distances of the heads of the caudate nucleus relative to the frontal and
occipital poles of the brain and relative to the midline were determined on
the CT scans of the patients and superimposed on the PET scans. As the
relative distances were virtually identical in all patients, we have used the
same ratios for the control subjects.
The ROIs in the cerebellum were defined in each cerebellar hemisphere
as the 41 pixel area with highest mean blood flow which had the lowest
standard deviation. The cortical areas in the emission scans were selected
by taking blocks of 3 x 6 pixels around the peak values at the edge of the
scans. A detailed description of the procedure to select cortical samples in
given by Wise et al. (1983). Four contiguous blocks constituted one
cortical sample. From the cortex of each hemisphere one frontal, one
temporal and one occipital ROI was chosen. The average of these three
samples was taken as the cortical value for that hemisphere.
Mean values from the cortical and basal ganglia ROIs were determined
for each cerebral hemisphere. The values quoted below as 'cortical', 'basal
ganglia' and 'cerebellar' represent the average from both sides of the brain.
Paired t tests were used to compare the values of rCBF, rOER and
rCMRO2 in the corresponding brain territories before and after administration of L-DOPA.
Sequence of Scans and Clinical Assessments
Immediately before the baseline scan the clinical disability of the
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patients was scored as described above and a premedication of 75 mg
carbidopa was given orally to each subject. The duration of the baseline
scanning procedure was 1.5-2 h. Immediately after this a single oral dose of
L-DOPA and carbidopa was given. The dose of L-DOPA given to the
patients ranged from 300 mg to 1250 mg, depending on the amount of
L-DOPA the patients were previously taking on a daily basis to achieve a
clinically satisfactory state. Thus by administering corresponding doses in
our study we made sure that the patients would show a clear clinical
response. The control subjects received 250 to 750 mg L-DOPA, depending on whether they had noted any nausea while taking the drug during the
test trial before entering the study {see above). One hour after administration of the L-DOPA the clinical disability score was repeated and the
second scanning procedure was performed in exactly the same way as the
baseline scan. During the second scan, two additional arterial blood
samples were taken to measure the plasma L-DOPA concentration. This
was carried out by high performance liquid chromatography with
amperometric detection, a procedure which has recently been described in
a separate paper (Causon et al., 1983). After the second scan the patients
were restarted on their original medication and discharged from hospital.
Those patients who had never previously been treated were started on a
continuous drug regimen with L-DOPA, increasing the dose until an
optimal clinical condition was reached. In 11 of the 14 patients who had
acute L-DOPA studies it was possible to perform a third scan 2 to 4 weeks
later at a time when their regular optimal L-DOPA treatment had been
reestablished. The clinical disability score was repeated on that occasion.
The blood pressure and pulse rate were measured three times during
each scanning procedure and the mean blood pressure was calculated as
the diastolic blood pressure plus one-third of the difference between
systolic and diastolic pressure.
In four studies (Cases 6 and 14; control subjects 2 and 3) additional CO2
scans were performed during the post L-DOPA procedure to see whether
the rCBF changed acutely in the course of 60 min and if so, whether these
changes related to the plasma L-DOPA level.
RESULTS
A total of 54 technically adequate scans were carried out: 24 baseline
scans (18 patients, 6 normals), 19 1 h after L-DOPA (14 patients, 5
normals) and 11 scans (only patients) several weeks after continuous
L-DOPA treatment.
In 5 studies it was not possible to scan following the acute L-DOPA
administration. Two of these failures resulted from cyclotron breakdowns
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Means ± SD

•
•
•

No L-DOPA
1 h after L-DOPA
Weeks after L-DOPA

n-18 n-14

n —11

Fig 1. The clinical disability of the patients as measured with the New York University
(NYU) disability score before and after treatment with L-DOPA in combination
with carbidopa.

1

2

3

4

5 6 7 8 9 10 II
Duration of disease (yrs)

12 13 14 15

Fig 2. The relationship between the degree of clinical disability (New York University
disability score) and the duration of the disease in the group of patients with
Parkinson's disease. The disability was assessed when the patients were without
treatment.

109
TABLE 3. PLASMA L-DOPA LEVELS AND CLINICAL SIDE EFFECTS

Subjects

L-DOPA
dose
(mglkg)

Plasma
L-DOPA
»g\ml

Dyskinesia
after
L-DOPA

Patients
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

13.7
—
9.0
8.6
5.2
5.3
13.4
—
S:S
7.5
13.3
9.8
9.3
_
5.9
4.9
8.4
11.7

4.20
2.93
3.55
2.80
1.96
1.10
_
—
2.70
3.86
3.19
4.00
2.20
2.60
2.10
3.08
3.80
4.65

+ + +

Mean

8.8

3.05

±SD

±3.1

±0.94

9.7
7.0
41
8.7
6.6
10.3

3.54
2.15
1.96
1.46
1.50
1.79

Control subjects
1
2
3
4
5
6
Mean

7.7

2.07

±SD

±2.3

±0.77

—
—
—
—
—
—
—
—

Nausea/
vomiting
_
—
—
—
—
—
—

—
—
—
+
*
*

++
—
—
—
—
—
—
—
—
+++
+++

—
—
—
—
—
•

—
—
—
—
—
++++

+ +

+
+ + +

These subjects could not be assessed properly because of nausea and vomiting.

and two patients and one control subject were unable to continue because
of nausea and vomiting after receiving the drug.
Fig. 1 shows the clinical response to L-DOPA 1 h after oral administration of the drug. Almost all patients showed marked improvement,
although there was quite wide variation between individuals. The mean
disability score decreased from 661 (SD ± 363) to 303 (SD ± 268) and after
several weeks of continuous drug treatment was 318 (SD + 228). The acute
change following L-DOPA was highly significant (P< 0.0001). As shown
in fig. 2, there was a reasonably good correlation between the baseline
disability score and the duration of the disease (r = 0.65, P < 0.005). Most
of the patients showed rest tremor while lying on the couch during the
baseline scan. This tremor had disappeared in all cases during the second
scan performed 1 h after oral administration of L-DOPA.
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The plasma L-DOPA level (Table 3) was widely variable between
individuals. However, the dose of L-DOPA expressed in mg/kg body
weight correlated reasonably well with the plasma L-DOPA level (r —
0.65, P < 0.01). No correlation could be found between the plasma LDOPA level and the clinical improvement expressed as the percentage
difference in disability score before and after L-DOPA administration. In
contrast there was a relationship between the plasma level and the
incidence of side effects (i.e. vomiting, nausea and dyskinesia). Only those
patients with a plasma level above 3.0 fxg/m\ developed dyskinesias, the
higher levels being associated with more severe dyskinesias. No dyskinesias were present in the baseline condition. The 2 patients who vomited
and were excluded from further study were also those in the group with the
highest plasma levels. The control subjects had no dyskinesias. However,
their plasma levels were lower than in the patients, due to a lower dose of
L-DOPA per kg body weight. The subject who received the highest dose
per kg body weight was extremely nauseated but had a surprisingly low
plasma L-DOPA level.
There were no differences in mean blood pressure (MBP) and mean
pulse rate measurements during the scanning procedures before and after
L-DOPA administration. There was a slight increase in mean arterial
paCO 2 , both in the control subjects and in the patients, with mean
percentage rises of 5.1% (P < 0.04) and 3.8% (p < 0.01), respectively.
In Tables 4,5 and 6 the rCBF, rOER and rCMRO 2 values of the 'cortex',
'basal ganglia' and 'cerebellum' regions for each individual are shown. The
scan at the level of the cerebellum was not carried out in 4 of the patients.
The mean values and standard deviations for each group of results are
shown in fig. 3. The mean percentage differences for each group are listed
in Table 7.
Baseline Comparisons between Patients and Control Subjects ofrCBF, rOER
and rCMRO2
The baseline values for rCBF and rCMRO2 were higher in the control
population than in the patients, whereas the rOER was virtually identical
in the two groups. The cortical values were similar to those in the basal
ganglia regions, although the latter had slightly lower values for rCBF
(mean difference 2.1% in patients, 4.7% in control subjects) and rCMRO2
(mean difference 2.7% in patients, 5.4% in control subjects). This was
probably because of a relative underestimation of values in the basal
ganglia region due to a partial volume effect, the importance of which has
been extensively shown by Mazziotta et al. (1981). The values in the
cerebellum were higher than those in the cortical regions both in control

TABLE 4. REGIONAL CEREBRAL BLOOD FLOW (rCBF)
Scans after L-DOPA
After 1 h

Baseline scan
Patient No.**
1
2
3
4
5
6
7
8
9
10
II
12
13
14
15
16
17
18
Mean
+ SD
Control
subjects
I
2
3
4
5
6
Mean

±SD

Cortex
39.2
37.3
35.8
49.0
40.0
39.2
43.3
36.0
36.8
34.7
40.5
31.3
32.0
34.2
52.3
32.0
36.5
38.2
n = 18
38.2

BG*
38.7
38.3
40.8
54.8
43.3
37.7
34.5
35.3
32.8
33.8
42.3
26.2
24.8
31.2
52.5
38.3
35.0
35.7
n = 18
37.6

Cerebellum
47.5
43.5
—
—
—
52.5
46.5
—
45.5
36.5
38.5
31.0
44.5
46.0
40.0
40.0
31.0
54.5
n = 14
42.7

±5.5

±7.6

±7.0

42.5
34.0
43.2
50.5
48.7
39.5
n=6
43.1
±6.0

33.7
31.8
36.3
49.8
53.0
42.3
n=6

42.5
52.0
48.0
55.5
58.0
38.5
n=6
49.1
±7.6

41.2
±8.8

After weeks

Cortex
41.2
44.0
44.5
56.0
35.0
39.7
59.5
41.0
40.0
43.5
43.7
36.8
32.3
40.7
_
_
—
.

BG*
49.8
46.5
43.2
70.3
38.0
46.3
57.7
40.8
37.7
40.2
45.5
30.7
33.3
34.7
—
—

Cerebellum
51.0
37.0
—
_
_
57.0
49.5
_
32.0
44.0
33.5
31.5
42.0
39.5
—

n = 14
42.7
±7.3

n = 14
43.9
±10.4

n = 10
41.7
±8.7

49.5
54.7
43.3
57.0
46.0
—
n=5

53.7
37.5
40.7
56.5
45.3
n=5
46.7
+ 8.2

64.5
38.0
46.5
47.5
56.5
-n=5
50.6
±10.2

50.1

±5.7

Cortex
41.2
_
39.7
—
31.5
—
40.8

BG*
42.0
_
42.5
—
38.7
—
36.7
—
30.0
53.7
44.0
36.0
28.5
—
41.8
49.2
—

Cerebellum
47.0
_
—
—
—
34.0

n = 11
40.1
5.1

n = II
40.3
±7.5

n=9
38.6
+ 7.4

—
-—
_.
-

—
-

—
—

_-

—

—

35.2
46.8
45.8
34.0
37.3
—
44.7
44.0

_

50.5
38.0
24.5
37.0
37.0
41.0
38.5

•Basal ganglia region. "Patients 1 -6 are predominantly unilaterally and 7-18 bilaterally affected (see text).

TABLE 5. REGIONAL OXYGEN EXTRACTION RATIO (rOER)
Scans after L- DO PA
After 1 h

Baseline scan
Patient No.**
1

2
3
4

5
6
7
8
9
10

II
12
13
14
15
16
17
18

Mean
+ SD

Cortex
52.5
49.0
56.7
42.8
44.3
49.0
53.7
56.0
44.7
50.7
50.2
47.8
51.3
45.3
40.2
50.0
65.0
4.1.1
n = 18

BG*

51.5
47.8
50.0
44.7
44.3
48.3
52.0
54.8
47.0
43.5
47.8
47.7
48.8
43.2
39.5
47.2
67.2
46.8
n = 18

49.7
±5.9

±5.9

52.3
51.5
53.0
47.7
45.2
50.3
n=6
50.0

58.3
48.0
56.0
46.3
40.3
50.2
n=6
49.9

±3.0

±6.6"

48.5

Cerebellum
52.5
43.0
_

48.5
66.0
__

44.5
46.5
43.5
53.5
56.5
38.0
43.0
44.0
56.5
33.5
n = 14
47.8
+ 8.5

Cortex
43.5
42.2
49.2
39.7
45.3
43.0
43.3
46.2
43.5
37.0
43.2
46.2
52.3
39.8

BG*

41.8
40.2
47.5
34.7
43.4
38.8
37.0
45.0
32.5
38.7
43.4
39.5
43.8
40.5

After weeks
Cerebellum
43.0
47.0

Cortex
49.2
_

—

—
—
_

56.0

54.5

_

—

54.3

47.2

44.0
42.5

—

_

—
—
._
_

49.3

50.2

53.0

—

—

--

53.5
41.0
50.5
52.0
43.5
43.5

48.7
38.2
53.2
51.0
42.5

44.5
47.5
61.5
45.0
65.5

40.5
43.8

41.5
43.0

-

—

n = 11

n=9

47.1
±5.3

49.5
±8.7

—

—
—

—
—

—

_.
—
—
-

_
-

—
-

n = 14

n = 14

n = 10

47.5
42.0
51.0
51.5
41.3
_
40.3
48.5
—
—
n = 11

43.9
±3.9

40.5

46.1

48.3

±4.1

±4.4

±5.2

43.8
46.7
40.7
45.0
47.5'

40.8
45.5
41.7
41.7
46.3

39.0
59.5
41.0
45.5
40.0

—
—
—
—
—

n=5
44.7
+ 2.7

n=5
43.2

BG*
48.7

Cerebellum
44.0

--

Control
subjects
1

2
3
4
5
6

Mean
±SD

51.0
58.0
52.0
45.5
39.0
47.0
n=6
48.8
+ 6.5

-

±2.5

n=5
45.0
+ 8.5

*Basal ganglia region. "Patients 1 6 are predominantly unilaterally and 7 18 bilaterally affected (see text).

-

TABLE 6. REGIONAL CEREBRAL METABOLIC RATE OF OXYGEN (rCMRO2)
Scans after L-DOPA
Baseline scan
Patient No.**
1
2
3
4
5
6
7
8
9
10
II
12
13
14
15
16
17
18
Mean
+ SD
Control
subjects
1
2
3
4
5
6
Mean
±SD

After we eks

After I h

_
5.30
4.60
—
4.70
3.25
3.35
2.90
4.00
3.60
3.40
3.70
2.80
3.65
n = 14
3.89
+ 0.78

Cortex
3.43
3.77
3.17
3.45
2.77
3.50
4.70
3.30
3.97
2.87
3.83
3.15
3.03
3.12
_

BG*
3.97
3.78
3.20
3.77
2.82
3.73
4.28
3.18
2.83
2.93
3.88
2.42
2.67
2.72
-

_
—
n = 14
3.43
±0.51

_
—
n = 14
3.30
+ 0.59

—
n = 10
3.73
±0.66

3.95
4.90
4.80
4.30
3.45
3.50
n =6
4.15
±0.63

3.82
4.00
3.47
4.08
3.18
_
n =5
3.71
+ 0.38

4.22
3.08
3.33
3.88
3.10
—
n =5
3.52
+ 0.51

4.55
3.55
3.80
3.50
3.35
_
n =5
3.75
+ 0.48

Cortex
3.83
3.87
3.18
3.45
3.15
3.90
4.55
3.62
3.97
3.32
3.93
3.11
3.02
3.05
4.13
3.12
3.50
3.42
n = 18
3.57
±0.44

BG*
3.77
3.82
3.25
4.02
3.43
3.78
3.65
3.48
3.96
2.83
3.92
2.67
2.22
2.75
4.13
3.62
3.80
3.33
n = 18
3.47
±0.53

Cerebellum
5.05
4.10
—

4.05
2.80
4.37
4.03
3.38
4.18
n =6
3.80
+ 0.59

3.55
2.43
3.93
3.93
3.30
4.52
n =6
3.61
+ 0.71

Cerebellum
4.25
3.25
—
_
_
5.30
3.75
_
4.05
3.35
3.30
3.30
3.35
3.35
_
_

Cortex
3.47
_
3.30
_
3.05

BG*
3.85
—
3.35
_
3.32

Cerebellum
3.90
—
—

3.50
_
3.05
3.48
4.23
3.67
2.40
_
3.35
3.70
_
n = II
3.45
+ 0.47

3.15

_

„

3.77
_
3.67
3.58
4.15
3.45
2.93
3.53
3.55
_
—
n = II
3.50
±0.33

4.70
3.40
2.70
3.35
4.95
3.40
2.80
_
n =9
3.59
+ 0.78

—

_
_
_
_

._
._
_
_

—

—

-

•Basal ganglia region. "Patients I -6 are predominantly unilaterally and 7-18 bilaterally affected (see text).
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Fig 3. The effects of L-DOPA on rCMRO2 rOER and rCBF. The histograms are the
means ± SD for the rCBF, rOER and rCMRO2 of the patient groups and the normal
volunteers, (A) before (open areas), (B) after acute oral administration of L-DOPA
(hatched areas) and (C) after several weeks's optimal treatment with L-DOPA
(shaded area). BG = basal ganglia.

subjects and in patients. The percentage oxygen extraction (rOER),
however, was remarkably similar in all regions in all groups.
The frontal cortical values were lower compared to the more posterior
values both in control subjects and in the patients for rCBF and rCMRO 2 .

f
*!
•f
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TABLE 7. MEAN PERCENTAGE DIFFERENCE AFTER ACUTE ORAL ADMINISTRATION
OF L-DOPA

Patients
(n = 14)

rCBF
Cortex
f 13.0'
BG
t 20.1 *•
Cerebellum; 3.3

Control subjects
(n = 5)

Cortex
t 17.0
BG
t 17.6
Cerebellum' 0.9

rOER

1 11.1"
I 15.4"
I 4.1
i 9.9
+

11.2
7.9

rCMRO2
i 3.8
i 2.1
1 7.7
i 2.4
1 4.6
| 10.9

*P< 0.005. **P< 0.0001

of L-DOPA on rCBF, rCMR02 and rOER
Patient group. After administration of L-DOPA there was with one
exception (Case 5) an increase of rCBF in both the cortical and basal
ganglia regions, but not in the cerebellum. The change of rCBF in the
cortical regions ranged from —12.5 to + 37.3% (mean + 13.0%, P< 0.003)
and in the basal ganglia region from — 12.3 to + 67.2% (mean + 20.1%, P
< 0.001). The absolute increase in rCBF in the frontal regions was similar
to the increase in the posterior regions (data not shown). The cerebellum
showed a heterogeneous response, ranging from — 20.5 to + 29.7% (mean
— 3.3%, P = 0.48).
The rCMRO2 decreased slightly after L-DOPA administration in all
regions. The mean difference in the cortical region was — 3.8% (range +
3.3 to — 13.6%). In the basal ganglia region the response was more
heterogeneous with a mean difference of — 2.1% (range — 28.5 to +
20.3%). The cerebellum showed a mean difference of— 7.7% (range —
20.7% to + 13.8%).
Since rCBF clearly increased and rCMRO 2 fell only slightly, the rOER
decreased significantly in the cortex (with the exception of Cases 5 and 13)
and in the basal ganglia (in all patients), but not in the cerebellum. The
difference in the cortical region ranged from + 2.3 to — 27.0% (mean —
11.1 %, P< 0.0001) and in the basal ganglia region from + 2.3 to — 30.9%
(mean — 15.4%, P < 0.0001). The cerebellum again showed a more
heterogeneous response with a range of + 20.2 to — 35.6% (mean — 4.1%,
P= 0.35).
The acute effects of L-DOPA on rCBF, rCMRO 2 and rOER are
illustrated in fig. 4, the physiological tomographic images from a typical
case (Case 7).
Control subjects. The response to L-DOPA in this group was very similar
to that of the patients (Tables 4-7, fig. 3). However, statistical significance
was not reached because of the small number of control subjects. The
rCBF increased on average by + 17.0% (range — 5.5 to + 60.8%) in the
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Fig 4. The tomographic images are shown of a patient with Parkinson's disease
depicting (A) rCBF, (B) rOER and (C) rCMO2 before (top row) and after (bottom
row) acute oral treatment with L-DOPA and carbidopa. All images are taken at the
same level (4.5 cm above the orbitomeatal line) cutting through the basal ganglia.
The left side of the brain is always on the left side of the linage and the frontal lobe of
the brain is at the top of the image. The images before and after treatment have an
identical scale. After treatment a diffuse rise of the cerebral blood flow is seen with
almost no change of oxygen utilization. As a result the fractional oxygen extraction
decreases.

cortex and + 17.6% (range — 14.5 to + 59.4%) in the basal ganglia. The
cerebellum showed an average decrease of— 10.9% (range + 15.2 to
-27.6%). The rOER in this group also showed a marked decrease in
response to the rise of rCBF and a slight fall in rCMRO 2 . The mean change
of rOER in the cortical region was — 9.9% (range + 5.2 to — 23.2%) and in
the basal ganglia — 11.2% (range + 14.9 to — 30.0%). The cerebellum
showed a mean difference of -7.9% (range + 2.6 to — 23.5%).
Relationship between the Changes of rCBF and Other Variables
The small changes in pCO 2 after L-DOPA did not correlate with the
changes in rCBF (r = 0.46, P < 0.10). The observed differences in rCBF
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Fig 5. The plasma L-DOPA level (//g/ml) in a patient over time (min) after oral
administration, of L-DOPA and carbidopa. The cerebral blood flow (CBF),
measured on two separate occasions, remained almost unchanged in spite of
considerable increase in plasma L-DOPA level.
2.8-r
2.6

20
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80
Minutes after L-DOPA

Fig 6. The course of the plasma L-DOPA level after oral administration of L-DOPA
and carbidopa in a normal volunteer. The CBF, measured on two occasions, showed
an increase whereas the plasma L-DOPA level was already decreasing.
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did not correlate with the dose of L-DOPA in mg/kg given to each subject,
nor with the improvement of clinical disability or the disease duration
amongst the patient group. There was some correlation between the
percentage change of rCBF in the cortex and the plasma L-DOPA level (r
= 0.63, P <0.01), but this was not the case with the change of rCBF in the
basal ganglia regions (r = 0.37, n.s.).
In 4 subjects serial rCBF scans and arterial samples were taken to
establish a curve of the plasma L-DOPA level and the corresponding brain
blood flow response. Two examples are shown in figs 5 and 6. In the first
subject the plasma L-DOPA level increased substantially between 60 and
110 min, while rCBF remained virtually unchanged. The second subject
showed a slight increase in rCBF at a time when the plasma L-DOPA level
had started to fall. The 2 other subjects showed a similar absence of any
direct relationship between the rCBF changes and the changes in plasma
L-DOPA level over time.
Follow-up Measurements on Maintenance L-DOPA Therapy
In the patients scanned after several weeks of L-DOPA treatment,
values in cortex and basal ganglia regions had returned almost to their
baseline levels. There had been a fall of rCBF and a slight rise of rCMRO2
since the scan immediately after acute L-DOPA administration (Tables
5-7, fig. 3). Despite this evolution of the physiological changes, the degree
of clinical improvement was maintained at its original level (fig. 1).
DISCUSSION
Our study shows that acute administration of L-DOPA in clinically
effective doses has a marked influence on the cerebral blood flow. The drug
increased mean rCBF by 13 per cent in the cerebral cortex and by 20 per
cent in the basal ganglia region in the patient group. These differences are
highly significant. The control population showed the same pattern and
degree of response although the changes did not reach statistical significance because of the small number of subjects.
In contrast, no consistent change of rCBF was observed in the
cerebellum. The average change was very small, although the individual
response was quite heterogeneous.
Cerebral oxygen utilization tended to decrease in all regions after LDOPA administration although the differences were usually very small,
ranging from 2 to 5 per cent in the cortex and basal ganglia. The cerebellum
showed a greater decrease in oxygen utilization, which was most marked in
the control population (mean 10.9%).

i
4,
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As a consequence of the increase in cerebral blood flow and slight fall of
oxygen utilization there was a considerable reduction of fractional oxygen
extraction (rOER) in the affected regions of the brain.
It was notable that the increase in rCBF was not paralleled by a rise in
rCMRO2.
In view of the decreased rOER and almost unchanged rCMRO 2 , we
consider the diffuse increase in rCBF after administration of L-DOPA to
be a consequence of direct vasodilatation by the drug and not a response to
local metabolic demands. This is supported by our findings from the scans
performed several weeks after optimal treatment with L-DOPA and
carbidopa. At that stage the rCBF had decreased again without any
appreciable change of rCMRO2 (resulting in a rise of rOER towards its
baseline value), while the degree of clinical improvement remained as good
as it had been after the acute administration of L-DOPA. We have
excluded the possibility of an independent effect of carbidopa on cerebral
blood flow by giving this drug separately before the baseline scan.
The characteristic regional differences in the baseline scans of the
predominantly unilateral patients compared to bilateral patients and
normal controls will be reported separately. No difference in response to
L-DOPA treatment was found between the asymmetric and bilateral
group of patients. The disappearance of tremor during the second one
hour after L-DOPA administration was not accompanied by a specific
change of oxygen utilization either locally or globally. Instead the diffuse
increase in CBF was of the same magnitude in both groups of patients.
Stimulation of the dopaminergic system tends to increase cerebral blood
flow both in animals and in man, either on a global or regional level (von
Essen, 1974; von Essen and Roos, 1974; Toda, 1976; McCulloch and
Harper, 1977; Edvinsson et al., 1978; McCulloch and Edvinsson, 1980;
Giiell et al., 1982; Jauzac et al., 1982; McCulloch, Kelly and Ford, 1982;
Bes et al., 1983; McCulloch, 1983). Most of these studies have been
performed with the dopaminergic agonists apomorphine or piribedil,
some with dopamine. In general, administration of dopaminergic agonists
experimentally in animals results in a marked increase of cerbral blood
flow. Melamed et al. (1978) studied 26 patients with Parkinson's disease
using xenon-133 inhalation technique before and after chronic administration of levodopa and a peripheral dopa-decarboxylase inhibitor. These
authors did not find a significant alteration in hemisphere or regional
blood flow in response to levodopa. However, no acute studies were
performed and their finding is in agreement with our results of the PET
scan performed several weeks after regular optimal L-DOPA therapy.
Ekstrom-Jodal et al. (1974) measured in anaesthetized dogs the effect of
L-DOPA on hemisphere blood flow using a radioactive gas elimination
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technique with external 7-registration. They found signs of an increase of
the cerebral blood flow after L-DOPA followed later by a decrease. No
changes in global arteriovenous oxygen differences were found after
administration of L-DOPA. Dose-dependent vasodilatation has been
observed following direct application of dopaminergic agonists on actively
contracting pial arteries both in vitro and in vivo (Edvinsson et al., 1978).
With regard to the effects of L-DOPA on cerebral metabolism, the
results of animal studies by other groups differ from our observations in
man. McCulloch and Harper (1979) showed in anaesthetized baboons that
administration of apomorphine,a dopaminergic receptor agonist, produces
global increase in cerebral blood flow, oxygen consumption and glucose
uptake. The increase in cerebral blood flow, however, was far in excess of
the increase in cerebral metabolism. This may have been due to the fact
that the animals were anaesthetized. As Grome and McCulloch (1983)
have shown, use of the anaesthetic chloral hydrate depresses local cerebral
glucose utilization and modifies the local metabolic response to apomorphine.
Also in anaesthetized baboons, McCulloch and Edvinsson (1980) found
a global increase of cerebral blood flow and oxygen metabolism after
administration of the putative dopaminergic agonist piribrdil. Pimozide, a
putative dopaminergic antagonist, prevented these effects. McCulloch,
Kelly and Ford (1982) showed that administration of apomorphine in
conscious rats produces a coupled increase in rCBF and local glucose
utilization in certain cortical and subcortical brain regions. They concluded that the rise of cerebral blood flow, at least in their study, was a
secondary response to the increase in local tissue metabolic activity.
In support of our findings, Rougemont et al. (1983) did not observe any
increase in regional glucose utilization (measured by PET and the 18 Fdeoxyglucose technique), in 4 patients with Parkinson's disease studied
before and after drug therapy. Their study, however, had some methodological shortcomings: only 4 patients were investigated, after a very short
withdrawal of their medication and the therapeutic regimen was a mixture
of antiparkinsonian drugs.
The reason for our inability to demonstrate an increase in oxygen
utilization, particularly in the basal ganglia region, is not immediately
clear. This disparity with the results of animal studies may be partly
explained by methodological factors. With the relatively low spatial
resolution of the EC AT II tomographic camera, subtle changes of flow or
metabolism confined to small regions of brain could be overlooked. Large
global increases of oxygen metabolism of the sort observed in some animal
studies would not have gone undetected, even in the relatively small basal
ganglia regions. Another point is that we used L-DOPA, and not a
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dopaminergic agonist such as apomorphine or piribedil. The pharmacological effects of L-DOPA on the cerebial vessels may have overshadowed
more subtle local influences on brain regions such as the basal ganglia. On
the other hand, in view of the marked clinical response in our patients {see
fig. 1), it seems reasonable to assume that sufficient L-DOPA had
penetrated the basal ganglia to cause a clear change in tissue metabolism, if
such a change is indeed a consequence of adequate dopaminergic
stimulation. It has been shown in animal studies that the concentration of
plasma levodopa correlates closely with the concentration of dopamine in
the striatum (Doller and Connor, 1980). However, we found no correlation between the plasma L-DOPA level and the degree of clinical
improvement. This may be because striatal dopamine replenishment is not
synchronous with clinical improvement, as suggested by Rossor et al.
(1980), who discussed the difficulties in relating plasma L-DOPA and
dopamine levels to clinical response. In our study, the peak plasma LDOPA level showed moderate correlation with the magnitude of the rise of
rCBF in the cortex (r = 0.63, P< 0.01) but not in the basal ganglia region.
This suggests that apart from a direct action on blood vessels there may be
an additional metabolic factor contributing to the rise in rCBF, particularly since the absolute increase in rCBF wa^ greater in the basal ganglia
region than in the cortex in the patient group. Ingvar et al. (1983) found
that systemic administration of the dopamine receptor agonist apomorphine leads to a general increase of CBF in the normal rat. The magnitude
of the circulatory change induced by apomorphine varied considerably
between different regions but seemed not directly related to the distribution and density of dopamine terminal axons or dopamine receptors. This
group found in some regions a change in blood flow coupled to a change in
glucose metabolism (e.g. in the nucleus accumbens) but, in several other
regions (e.g. in some neocortical areas), there was a marked increase in
CBF and no change in local metabolic rate. We failed to show a direct
relation between the plasma L-DOPA level and rCBF over time in 4
individuals {see figs. 5 and 6), indicating the complexity of the situation
regarding factors that regulate rCBF.
Although the paCO 2 change in our study may have contributed to a
small extent to the increase in rCBF (which ranged from 13 to 20%), this
seems unlikely because the paCO 2 changes were small and in the
physiological range. Also, there was no correlation between the change of
paCO 2 in each subject and the increase in rCBF in either cortex or basal
ganglia.
Whether the small decrease of rCMRO 2 (2.4-4.6% in cortex and basal
ganglia) after the acute administration of L-DOPA was due to chance or a
consequence of a methodological bias is also difficult to assess. In favour
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of the first option is the fact that after a few weeks of optimal treatment
with L-DOPA the rCMRO 2 had returned to the baseline values was
conspicuous but not surprising in view of the much lower density of
dopaminergic receptors in the cerebellum.
The different response in the cerebellum in comparison with the rest of
the brain (Laduron and Leysen, 1977). To our knowledge, no study has
been published investigating the presence of dopaminergic receptors in
isolated cerebellar blood vessels.
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PET BEFORE AND AFTER SURGERY
FOR TUMOR-INDUCED PARKINSONISM
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MRC Cyclotron Unit, Hammersmith Hospital, Du Cane Road, London W12,
U.K.; Regional Centre for Neurology and Neurosurgery, Oldchurch
Hospital, Essex, U.K. MRC Neuro-Otology Unit, National Hospital for
Nervous Diseases, London, U.K.
Article abstract. We studied a patient with left frontal meningioma and
right-sided parkinsonism that resolved completely after operation. PET
scans were performed before and after operation to measure regional
cerebral blood flow, oxygen extraction ratio, oxygen utilization and blood
volume. A specific pattern of severe functional changes returned to normal
postoperatively. The data suggest increased local tissue pressure due to
edema, causing a functional disorder in the left basal ganglia that gave rise
to reversible contralateral parkinsonism.
Introduction. Parkinsonism due to a focal lesion is uncommon but may
result from an intracranial tumor.1"10 In about 60% of such cases, the
tumor is a meningioma4, but the mechanisms resulting in parkinsonism are
unknown. We have used PET to study a patient with a frontal meningioma
and contralateral parkinsonism.
Case report. A 61-year-old woman presented with a 4-month history of
tremor of the right hand, particularly at rest, and a slowing of walking.
There were no other symptoms. For 8 years, she had been treated for
hypertension with a chlorothiazide and potassium supplements. There was
no family history of tremor. On general examination, there were no
abnormalities. Apart from a fine postural tremor of both hands, neurologic abnormalities were confined to the right side. They consisted of rest
tremor of the right hand with a postural tremor of smaller amplitude (vide
infra), cogwheel rigidity at the wrist and elbow and loss of dexterity due to
bradykinesia. Gait was normal but slow, and right arm swing was
diminished. Balance was normal when she was standing on the left foot,
Published in: Neurology 1986; 36:1074-1078
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Fig 1. CT images (after contrast enhancement) through the level of the tumor (A,B,C)
and through the basal ganglia territory (D,E,F) before surgery (A,D), 2 weeks after
(B,E), and 4 months (C,F) after surgery. Before surgery, a left frontal meningioma is
seen with edema in the white matter of the left frontal lobe (A), extending into the left
basal ganglia region (D) with considerable midline shift to the right. After surgery,
the edema and midline shift have largely disappeared, although some regions with
lower attenuation are still present in the anterolateral part of the left frontal lobe.

but severely impaired when she was standing on the right foot.
Routine blood tests and chest x-rays were unremarkable. CT scan (fig
1 A) showed a tumor in the left frontal region surrounded by considerable
edema throughout the white matter of the left frontal lobe and part of the
temporal lobe, engulfing most of the basal ganglia on the left side (fig 1D).
The lateral and third ventricles were displaced posteriorly and to the right.
Angiograms of the left internal and external carotid arteries revealed a
tumor blush, approximately 3cm in diameter, below the inner table of the
convexity of the left half of the frontal bone in the parasagittal area,
supplied by branches from the calloso-narginal and frontopolar arteries an
from fine branches arising from the anterior division of the left middle
meningeal artery. The anterior cerebral artery and its branches were
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displaced across the midline, with some separation of the anterior and
middle cerebral artery. Venous drainage was into the superior sagittal
sinus, which was intact.
At craniotomy, the tumor was attached to the dura and was macroscopically completely removed. The pia-arachnoid was thickened, and the
brain was swollen and protruding. Microscopy indicated that the tumor
was a meningioma, and the resected edges of the dura were free of tumor.
There was no evidence of malignancy.
Postoperatively, the patient made an uneventful recovery. After 2 weeks
her right-sided parkinsonism had almost disappeared. Rest tremor was
seen only occasionally and, 3 months later, had completely disappeared.
The postural tremor, however, was still present 3 months later. There was
no rigidity, and walking and balance were normal. A CT scan 2 weeks after
operation showed the skull defect, but the edema and mass effect had
almost disappeared (fig 1, B and E). CT 4 months after operation showed
some areas with lower attenuation in the anterior part of the left frontal
lobe (fig 1,C and F).
Tremor analysis. At diagnosis, rest tremor was measured accelerometrically using spectral analysis". The rest tremor had a complex waveform with
a fundamental frequency of 4.6Hz and harmonic distortions, and showed
extreme fluctuations in amplitude (from zero to 350 milli-g, where g =
acceleration of gravity = 98 lcm/s 2 ), features which are characteristic of
the rest tremor of Parkinson's disease12. A separate, pathologic, sinusoidal
(6.0Hz) tremor of lower amplitude (10 milli-g) was recorded from both
hands held in pronated posture.
Three weeks after surgery, rest tremor was present for only 1 minute
during multiple recordings over 1 hour. The postural tremor was similar in
frequency and amplitude to that recorded preoperatively. After 3 months,
rest tremor was absent and could not be elicited, even under conditions of
stress induced by cognitive tasks13. Bilateral postural tremor was still
present but reduced in amplitude.
Positron emission scans. PET was performed using the single slice ECATII (EG & G Ortec) tomograph. Spatial resolution of this whole-body
scanner is 17mm x 17mm full width half maximum (FWHM), with a slice
thickness of 16mm FWHM. Regional cerebral blood flow (rCBF), oxygen
extraction ratio (rOER), oxygen utilisation (i.e. cerebral metabolic rate of
oxygen; rCMRO2), and cerebral blood volume (rCBV) were measured with
the steady-state inhalation technique14"17. Two planes were scanned: the
lower cutting through the basal ganglia territory 4.5cm above and parallel
to the orbito-meatal (OM) line and the higher at the level of the tumor, 6cm
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Fig 2. PET images at the level of the tumor, before surgery (row A), 2 weeks (B), and 4
months (C) after surgery. Each image within a row shows a different function within
the same plane; rCBF, rOER, rCMRO2, and rCBV, respectively (see text). The
absolute value of each function is coded in a linear gray/white scale (code is identical
in the 3 images for each function). Top of each image corresponds to frontal region
of the brain and left side to left hemisphere. The left frontal meningioma has a high
CBF and CBV, a decreased CMRO2, and an extremely low OER. After surgery, a
defect in CMRO2 and CBF is seen at the previous tumor site with a normalized OER.
Globally, a marked rise in CBF is demonstrated, with a moderate increase in
CMRO2. The OER decreases accordingly.

above the OM-line. PET was performed 1 week before operation (a few
days after the first CT) and at 2 weeks and 4 months after operation (on the
same day as repeat CTs). An excellent steady state was achieved during all
PETs, and no movement artifacts were noted during the 2 hours of each
scan. Before operation and during the second PET study, the patient
received dexamethasone 6mg and phenytoin 200mg daily. At the time of
the third study, dexamethasone had been discontinued.
Regions of interest for tumor, edema, basal ganglia region, contralateral
white and cortical gray matter were determined from the functional PET
images18-19. The tumor itself showed the high blood flow usually seen in
meningiomas (fig 2, 3; table). Increased vascularity of the tumor was
indicated by the high rCBV of the same region. The high rCBV in the
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Fig 3. PET images as in Fig 2, at the level of the basal ganglia. Very low CMROj and
CBF, and high OER is seen in the left frontal edematous region and, to a lesser
extent, in the left basal ganglia region. After surgery, these focal functions return to
normal values with, in addition, a marked global increase of CBF and, to a lesser
extent, of CMROj.

occipital area, a normal finding, represents the sagittal sinus. As in all
cerebral tumors, rCMRO 2 was low (between values for gray and white
matter), resulting in a low rOER as a consequence of the relatively high
tissue perfusion (rCBF). At 2 weeks and 4 months after operation, there
was a small region of decreased CMRO 2 and CBF at the site of the excised
tumor in the anterolateral frontal lobe.
Before operation, CMRO 2 and CBF were below normal in white matter
and cortex of the hemisphere contralateral to the tumor, a finding common
in patients with brain tumors 1820 . After operation, CBF and CMRO2
increased globally and were normal 4 months later. However, the CBF
increase 2 weeks after operation was insufficient to restore normal
coupling of flow and metabolism because oxygen extraction (OER) was
increased. This may have been due to diminished hemoglobin, postoperatively, with lower total oxygen concentration in arterial blood (16.1
ml/100 ml, compared to 19.3 and 19.8 ml/100 ml preoperatively and 4
months postoperatively respectively). Four months after operation, the

Table. Regional functional cerebral values measured with PET
Basal ganglia*
L
R
CBF

A

B
C
OER

A

B
C
CMRO, A

B
C
CBV

A

B
C

13.2
32.4
36.9
50.1
48.6
33.5
1.27
2.54
2.57
1.52
2.85
3.07

21.2
30.6
41.1
39.7
45.6
32.5
1.63
2.23
2.66
2.40
3.13
3.34

Edema*

Tumort

6.3
—
61.3
—
—
0.81
—
1.22
—
-

79.9
—
—
10.6
—
—
1.63
—
—
11.7
—
—

Contralateralt
Cortical
White
matter
matter
12.4
18.9
23.3
41.5
49.0
35.2
0.99
1.49
1.61
1.94
2.38
2.22

29.5
32.1
49.9
44.5
47.6
33.4
2.52
2.45
3.29
3.47
3.12
3.65

Healthy volunteers!
White
Cortical
gray
matter
24.0
±4.3

42.8
±8.4

40.2
±7.0

42.3
±7.4

1.64
±0.3

3.04
±0.42

2.47
±0.27

3.80
±0.47

CBF expressed as ml/100 ml/min, OER as %, CMR0 2 as ml/100 ml/min, and CBV as ml/100 ml.
A
B and C
*
t
t

Results of preoperative PET.
Results of PET scans at 2 and 16 weeks postoperatively, respectively.
Values from lower plane through basal ganglia territory,
Values from higher plane cutting through the tumor. The cortical gray matter area encompasses the middle cerebral artery region.
Ten healthy subjects; mean age, 55.5 ± 9.7 years. Values are mean ± SD.
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values of both hemispheres had reached normal functional levels.
The left basal ganglia territory before operation showed a low CMRO2
and CBF. The OER was high (higher than in the contralateral basal
ganglia, white matter and cortical region), indicating underperfusion of
this region both absolutely and relative to the dect eased oxygen utilisation.
Preoperative CMRO2 was half the value observed 4 months after
operation, whereas CBF was about a third of that value. This pattern was
even more prominent in the territory just in front of the basal ganglia in the
middle of the edematouis region seen by CT. The rCMRO 2 and rCBF
values of the left basal ganglia region increased after operation, reached
levels comparable to those of the contralateral basal ganglia 2 weeks after
operation, and were normal 4 months later.
Discussion. "Pure" parkinsonism due to meningioma is rare. In a study of
75 patients with meningioma and extrapyramidal signs8, 40 had early
extrapyramidal symptoms and signs, but these features were the sole
clinical findings in only 11. Parkinsonism has been seen more often in
patients with evidence of increased intracranial pressure or with spaceoccupying lesions that compressed the midbrain, with altered consciousness and other focal signs5. In our case, there were no signs or sypmtoms
other than right-sided parkinsonism. There was no CT evidence of
compression of the hrainstem, although there was midline shift in the left
hemisphere.
Most meningiomas giving rise to parkinsonism were located frontally
(53%) or on the sphenoid ridge (30.7%)8. Lesions in the paramedial frontal
area might be expected to cause extrapyramidal signs because of its
connections with the basal ganglia21-22. However, meningiomas at many
other sites may also cause parkinsonism. The frontal tumor in our case was
remote from the basal ganglia, and edema probably impaired tissue
function. Our functional measurements indicated markedly impaired
oxygen metabolism and tissue perfusion in the striatopallidal region before
operation, with reversal of changes postoperatively commensurate with
clinical improvement. This suggests that no substantial neuronal death
had occurred in that region.
It is not clear why edema should impair oxygen utilization, although it
may be a result of increased local tissue pressure as indicated by the midline
shift seen in CT and the low CBV in edematous regions, suggesting
compression of blood vessels. CBF in the edematous regions was
extremely low, proportionally lower than the CMRO2 as indicated by a
focally raised OER, a combination of changes indicative of diminished
oxygen carriage reserve23'24. Due to poor spatial resolution of the
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tomograph, it was not possible to determine the relative function of
specific regions within the basal ganglia.
In one case of meningioma with parkinsonism, the patient died 1 week
postoperatively due to lung embolus; at autopsy, there was neither cell loss
nor Lewy bodies in substantia nigra8. Pigmented neurons appeared
normal, and there were no signs of pathology in other brain regions. In a
case25 of an extrapyramidal syndrome caused by craniopharyngioma,
striatal catecholamine depletion was found with reduced dopamine
receptor binding and cell loss in substantia nigra. In that case, however,
there was direct compression of the brainstem, suggesting a different
pathophysiologic process from the present case.
A partial response to antiparkinsonian medication has been reported in
one case26, but not in others27. In common with other reported cases, our
patient recovered quickly and completely after surgery, suggesting that
impairment of basal ganglia function was caused by a local, reversible
disorder. Postoperatively, edema disappeared, restoring normal local
tissue pressure, perfusion, and oxygen metabolism. Local mechanical
factors resulting in disordered oxygen metabolism probably accounted for
this reversible parkinsonian syndrome. However, effects involving the
cortico-striatal (e.g. glutamate) projection pathways21-22 cannot be excluded.
Persistence of postural tremor with abolition of rest tremor after
restoration of normal metabolism in the basal ganglia gives indirect
evidence of the separate origin of these two commonly encountered
tremors of parkinsonism28.
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PRE-SYNAPTIC AND POST-SYNAPTIC
DOPAMINERGIC SYSTEM IN HUMAN BRAIN

SIR, — Tracer techniques have lately been developed to investigate the
dopaminergic system in the living human brain by means of positron
emission tomography (PET).1'2 The ascending dopaminergic pathways
from midbrain to striatum play a key role in normal striatal function and in
several movement disorders, notably Parkinson's disease.3 However, we
still do not know which specific components of the dopaminergic system
are affected and how the lesions relate to the clinical signs and symptoms
observed. For instance, why do some patients with Parkinson's disease
progress to the so-called "on-off' stage — does this merely represent a
continuing decline in the storage capacity for dopamine of the nerve
terminals of the nigrostriatal pathways or have the post-synaptic dopaminergic receptors become disturbed? This question also applies to
patients who no longer respond at all to levodopa. To answer it we need to
be able to study, simultaneously, both dopamine storage capacity and
dopamine receptor status in the human brain.
Levodopa labelled with the 110 min half-life positron-emitting isotope
F(L-18F-6-fluorodopa) can be used to measure the uptake of this
dopamine precursor in brain.1 Methylspiperone, a dopamine D 2 receptor
ligand, when labelled with the positron emitter n C (half-life 20.3 min), is a
suitable tracer for PET and its striatal uptake can be measured in man.2
Dopamine receptors have also been displayed in living human brain with
77
Br-/?-bromospiperone using single photon emission tomography.4
We report here the first study in which both tracer techniques have been
combined in an informed healthy volunteer. We used the single slice
ECAT-II tomograph at the MRC Cyclotron Unit, Hammersmith Hospital.5 "C-methylspiperone was produced by methylation of spiperone with
ll
C-iodomethane, similar to the method used by Wagner et al2 (personal
communication). 14.5 ng of ligand containing 11 mCi of u C-methylspiperone was administered intravenously over 2 min. At the start of
infusion, a series of consecutive scans was initiated and continued up to 80
minutes at a plane 4.5 cm above and parallel to the orbitomeatal line.
Frequent blood samples were taken from an indwelling radial artery
18
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Fig 1. Brain PET scans of a cross-section, 4.5 cm above the orbitomeatal line, of a
volunteer, imaging activity of tracers "C-methylspiperone and L-'8F-fluorodopa.
Scans were taken from 50 to 60 min and from 50 to 80 min, respectively. Top of
image is frontal, and left-hand side of image is left side of the brain. Colour scale runs
from dark red (highest uptake) to dark blue (lowest).

cannula and tracer concentrations were measured to establish the arterial
input function. At the end of the study, one scan was performed at the level
of the cerebellum, 2.5 cm above the orbitomeatal line. Lastly transmission
scans using a ring source of germanium-68 were done for both levels to
permit accurate measured attenuation correction of the emission data.
The measurement and visualisation of dopamine in the striatum was
pioneered at the McMaster University Medical Centre, Hamilton, Canada.1-6 L-18F-fluorodopa is decarboxylated by the brain to L-18F-fluorodopamine, which is stored in the vesicles of the pre-synaptic dopaminergic
terminals.7 18F-labelled L-dopa was produced by a method8 that yields
35% 2-, 5% 5-, and 60% 6-L-fluorodopa.
3 h after administration of''C-methylspiperone, L-l8F-fluorodopa (±8
mg containing 2 9 mCi) was injected intravenously over 2 min. Again, the
arterial input function of the tracer was measured. 40 min after the
injection of L-I8F-fluorodopa, scans were done serially for a further 40
min.
The major accumulation of both tracers takes place in the striatum (fig
1). Consecutive scans showed that "C-methylspiperone was initially
distributed over the brain in a pattern determined by blood flow. However,
over time the striatum accumulated the tracer specifically while activity in
the surrounding tissue gradually decreased. In the cerebellum there was
appreciably less activity. At 80 min, the ratio between striatal and
cerebellar activity was 3.3.
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Fig. 2. The counts (normalized) measured in the brain and in arterial plasma (counts
per pixel per minute) of a control subject. Left: Counts are plotted over time after
injection of [''FJDOPA; Right: After injection of 2-["C]methylspiperone, showing
that the uptake of ["FJDOPA is slower than that of 2-["C]methylspiperone.

Fig 2 shows the arterial input and the tissue uptake data for the two
tracers. Rate constants for tracer uptake into tissue can be calculated from
these data. The L-18F-fluorodopa is seen to accumulate in the striatum at
the same location as the "C-methylspiperone. However, the pattern of
distribution in the surrounding tissue is different for the two tracers. The
total effective dose equivalent for the combined study was calculated to be
about 5 mSv.
The study of the balance between pre-synaptic dopamine storage
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capacity and its counterpart, dopamine receptor function, as measured
with the above mentioned tracers, is expected to yield important information about the pathophysiology in Parkinson's disease and other movement disorders such as tardive dyskinesia and possibly the dystonias.
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DOPA UPTAKE AND DOPAMINE RECEPTOR
BINDING VISUALIZED IN THE HUMAN BRAIN
IN VIVO

*K.L. Leenders, *A, Palmer, *D. Turton, **N. Quinn, fG. Firnau,
fS. Garnett, fC. Nahmias, *T. Jones, and **C.D. Marsden
*MRC Cyclotron Unit, Hammersmith Hospital, London W12 OHS, UK.; """Institute
of
Psychiatry and King's College Hospital, London SE5 8AF, U.K.; and fMcMaster
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Positron emission tomography (PET) allows the concentration of
positron-emifting isotopes to be measured in vivo in absolute units
independent of depth. The most widely used short-lived positron-emitting
isotopes are U C (half-life 20.3 min), 15O (half-life 2.1 min), and 18F (half-life
110 min). When such an isotope is attached to a suitable tracer, the fate of
this tracer and its metabolites can be followed in the brain, after
intravenous injection or inhalation, by measuring the accumulation and
distribution of the activity using a positron tomograph.
As only the concentration of an isotope in a volume of brain tissue can
be measured, the underlying transport mechanisms and biochemical
pathways need to be sufficiently known or simplified to make measurements meaningful. The aim of the tracer models is to make a statement
about a specific biological system (or a part of it) in the brain in such a way
that a direct comparison can be made between one subject and another or
among several pathological conditions.
Recently we began to study the dopaminergic nervous system in the
brain with PET and two different tracers: (a) the dopamine precursor
L-DOPA labeled with the isotope 18F and (b) the dopamine receptor ligand
2-methylspiperone labeled with ' 'C. Garnett et al. (1) and Wagner et al. (2)
were the first to describe the application of these tracers in humans.
Published in: Recent Developments in Parkinson's Disease, pp 103-113. S. Fahn et al.
(eds.). Raven Press, New York, 1986
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Recently, Leenders et al. (3) demonstrated the feasibility of applying both
tracer techniques in the same subject sequentially.
We have used the above-mentioned techniques to study a group of
healthy controls and a group of patients with Parkinson's disease in order
to assess the difference in L-DOPA uptake and dopamine receptor binding
of the striatum between the patients and controls.
METHODS
The scans were performed with the ECAT-II (EG&G ORTEC) singleslice tomograph (spatial resolution, 16.8x16.8 mm, FWHM). L-[18F]fluorodopa ([18F]DOPA) was produced according to the method of Firnau
et al. (4). The chemistry of this tracer was implemented at our laboratory in
close collaboration with the PET group at Hamilton, Ontario, Canada.
[18F]DOPA w^s produced as a mixture of 35% 2-, 5% 5-, and 60%
L-6-[18]fluorodopa. The specific activity was approximately 103.0 mCi/
mmole, and the dose administered was between 3 and 6 mCi. 2[ n C]Methylspiperone was produced as described by Turton et al. (5). The
average specific activity was 60.3 mCi//*mole, and the administered dose
averaged 11 mCi.
When a subject underwent both scanning techniques, each scan was
performed on a separate day. The tracer was slowly infused intravenously.
At the start of the injection, frequent arterial blood samples were taken
from an indwelling radial artery cannula (Teflon, gauge 22) that was put
into position before the scan. The blood samples were centrifuged, and the
isotope concentration in arterial plasma was measured in a well-counter
that was cross-calibrated with the tomograph.
After [F 18 F]DOPA injection, consecutive scans, each of 10 min
duration, were started, either from the beginning of infusion to 2 to 2.5 hr
later, or from 1 hr after infusion to 3 to 3.5 hr. Each scan yielded a
tomographic image of a cross section of the brain. As [18F]DOPA is only
slowly accumulated in the brain, shorter-duration scans would not allow
collection of a sufficient number of counts for reliable reconstruction of a
quantitative image. The level of the cross section was chosen 4.5 to 5 cm
above and parallel to the orbitomeatal (OM) line.
After 2-["C]methylspiperone injection, a series of consecutive 2-min
scans followed by a series of 5-min scans were taken from the time of
injection until 1 hr later. Shorter scans were possible because methylspiperone crosses the blood-brain barrier more quickly than does [18F]
DOPA. The total duration of the scanning procedure with 2-[' 'CJmethylspiperone is necessarily shorter than with [18F]DOPA in view of the
relatively rapid physical decay of n C . At 1 hr, a single cerebellar cut was
scanned to obtain a striatum/cerebellum activity ratio. Before the tracer
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TABLE 1. Subjects studied with L-['aF] fluorodopa

Subjects

N

Males

Females

Age range
yr (mean)

Dose range
mC:/kg (mean)

Normals
Patients

5
11

3
10

2
1

23-64 (38.2 ± 15.9)
32-76(58.6 ± 14.8)

2.3-11.1 (6.2 ± 3.5)
3.4-9.2 (6.3 ± 2.1)

Disability score (New York University) 225-750.

TABLE 2. Subjects studied with 2-"C-methyl$piperone

Subjects

N

Males

Females

Age range
yr (mean)

Normals
Patients

3"
4"

2
3

1
1

23-65 (42.7 ± 21.1)
47-62 (56.7 ± 8.4)

a

One subject had an [18F]DOPA scan as well.
AII patients also had [18F]DOPA scans.

d

;

i

1
I
!
j
\

was injected, a transmission scan with an external ring source of
germanium 68/gallium 68 was performed to allow correction for tissue
attenuation of the emission scan data.
Data on the subjects who were scanned is listed in Tables 1 and 2. The
patients were taken off their drug treatment prior to scanning and were
consequently immobile, with marked parkinsonian disability. Five patients were in an advanced stage of the disease, with a marked fluctuating
response to therapy. Three patients were moderately affected, with a
sustained response to therapy, and three patients had no therapy. Before
the scan, the patients' disabilities with regard to rigidity, tremor, and
akinesia were scored according to the New York University scale. Both
patients and normal controls received 75 mg carbidopa orally 30 min
before injection of [ I8 F]DOPA.

.1

j

DATA ANALYSIS

\
|
i
|
X
•

Regions of interest (ROI) were determined (a) in the region of maximal
accumulation of the tracer in the striatum and (b) in the encompassing
brain region surrounding the striatum. The isotope concentration within
these ROIs was measured in each consecutive scan.
For the [18F]DOPA scans, normalized isotope concentration was
plotted against time in all subjects. In addition, a mathematical model was
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X=K

c:
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Fig. 1. The mathematical formula as described by Patiak et al. (6) arranged in such a
way that the measured variables (ratios) can be plotted on A'and Ycoordinates. The
plot should yield a straight line if the relation between the variables is true. The slope
of this line is then the influx constant, and the intercept is the volume of distribution.

applied as described by Patiak et al. (6). This model allows calculation of
an influx into the tissue. It is particularly applicable for substances that are
taken up slowly, as is the case with [18F]DOPA. By measuring the tracer in
the blood compartment and its accumulation in a final irreversible
compartment in the tissue, it is possible to bypass all intermediary steps.
This model thus provides a convenient way of measuring influx of the
compound under investigation into tissue. The mathematical formula is
illustrated in Fig. 1 and has the format of a straight line, where Am is the
amount of isotope measured by the tomograph in a ROI and C is the
concentration of the isotope in the arterial plasma at the time of each scan.
By plotting the ratios shown in Fig. 1 against each other, a straight line will
be obtained if the relation between the variables in the formula is true. The
slope of this line yields the influx constant (KJ, and the intercept yields the
apparent volume of distribution of the isotope.
2-[uC]Methylspiperone scans yielded more data points. This allowed us
to apply a computer curve-fitting procedure according to a threecompartment model, yielding rate constants for influx of the tracer from
the blood into brain ( k j , backflux (k2), and binding of the tracer to the
receptor (k3).

Plate I. Cross section through the brain of a healthy control illustrating the binding of
2-["C]methylspiperone as measured with PET. The maximum accumulation is
shown to take place in the striatal regions.
Plate II. Cross section through the brain of a healthy control, illustrating the uptake of
[18F]DOPA. Again, maximum uptake takes place in both striata.
Plate III. Images of a control subject in whom the same brain level is scanned over time
for 1 hr after injection of 2-[uC]methylspiperone. The initial distribution has a
pattern similar to blood flow, but gradually the specific binding of the ligand to the
striatum dominates the image.
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Fig. 2. The counts (normalized) measured in the brain and in arterial plasma (counts
per pixel per minute) of a control subject. Left: Counts are plotted over time after
injection of [18F]DOPA; Right: After injection of 2-["C]methylspiperone, showing
that the uptake of [I8F]DOPA is slower than that of 2-[nC]methylspiperone.

RESULTS
Plates I and II show the distribution of the tracers in a healthy volunteer.
The maximum accumulation of each tracer is in the striatum. Plate III
shows the development of the specific distribution over time for 2[ u C]methylspiperone. A comparison between counts in arterial plasma
and brain tissue for both tracers in one subject is shown in Fig. 2.
The change over time of the normalized counts in the [18F]DOPA scans
was remarkably similar in normal subjects (Fig. 3). The activity in the
striatum reached a plateau at about 45 min, after which it fell slowly. The
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Minutes

Fig. 3, Time course of measured tissue counts (after [18F]DOPA administration) in
three healthy control subjects. Counts are expressed as a percentage of the maximum
count measured in the striatal region in each subject. Upper trace: time course in the
striatum; lower trace: time course in the surrounding brain. The time pattern is
remarkably similar in all of the subjects. The striatum maintains its activity up to 4
hr, whereas the surrounding brain, after an initial peak, gradually loses its activity.

Normal Control

15O T

Striarum
I/I

O

c

i

Untreated (sustained )
100

Surrounding
Brain

Minutes
Fig. 4. The time course of normalized brain counts (after [I8F]DOPA administration)
in three subjects. Counts are expressed as a percentage of the maximum counts
(counts per pixel per minute) measured in the brain tissue surrounding the striatum.
The healthy control has the highest striatal count. The patient with a sustained
response to L-DOPA therapy has a lower level but can keep the activity much longer
than the patient with a fluctuating response.
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Fig. 5. An example of the graphic plotting method according to Patlak (6). The
operational equation is shown in Fig. I. This method is applied to analyze the data
after administration of [18F]DOPA. A, amount of isotope measured in brain tissue at
a certain time; C , arterial plasma concentration ofthe isotope; I, integrated plasma
concentration ofthe isotope at mid-scanning time of each scan. It is shown that after
an initial period there exists a linear relationship between the two plotted ratios.
Upper trace: uptake of [18F]DOPA in striatum; lower trace: uptake in the brain
surrounding the striatum. The slope of this normal subject's striatal regression line
(K) indicates the influx constant of [18F]DOPA into the striatum.
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Fig. 6. The influx constant (Kf) of [18F]DOPA of all studied subjects. The striatal
uptake is significantly higher in control subjects compared with patients. The influx
into surrounding brain tissue is the same in patients and healthy controls.
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Fig. 7. The relationship between the influx constant (Kj) and degree of rigidity, as
measured with the New York University scale in nine patients.

activity in the "surrounding brain" reached a peak initially but declined
steadily thereafter. In Fig. 4 the time course is illustrated in a control, a
sustained response patient, and an on-off case. The surrounding brain
activity decreases at the same rate in all three subjects. The level of the
striatal counts in the control is the highest, and the activity is retained up to
4 hr. The striatal activity of the patient who showed a sustained response to
therapy is below normal but falls at about the same rate as controls. In
contrast, the on-off case showed a more rapid decline of striatal activity.
An example of the graphic plotting method according to Patlak et al. (6)
is shown in Fig. 5. The slope of the striatal line is greater than that of the
surrounding brain tissue. A linear relation between the ratios is achieved
after about 45 min. The Kt for striatum and surrounding brain for each
subject is plotted in Fig. 6. The Kt of the striatum in the control group is
significantly higher (1.86+0.45) than in the patient group (0.75+0.37). The
Kt in surrounding brain is the same for controls and patients. The
magnitude of the Kt was well correlated with rigidity (Fig. 1) and
hypokinesia but not with tremor, duration of disease, or age.
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TABLE 3. Binding of 2-["CJMethylspiperone
Rate constant for Striatum/cerebellum
specific binding
activity ratio
Normals
{N = 3)
Patients
(N = 4)

16.0 ± 5.6

4.26 ± 0.92

5.1 ± 3.3

2.20 ± 0.97

The binding of 2-["C]methylspiperone as specified by the rate constant
k3 is listed in Table 3. The four patients (all previously treated with
levodopa) showed a decreased binding compared with controls. The
striatum/cerebellum activity ratio of 60 min compared well with the
calculated k3 rate constant.
DISCUSSION
Although the number of subjects studied is still small, the results
indicate that the tracer techniques described above are useful in the
investigation of the central dopaminergic pathways.
[ !8 F]DOPA is accumulated most in the region of the brain that is known
to contain the highest concentration of endogenous dopamine and the
enzymes needed for its formation and catabolism. Looking at the images
and the time courses of the measured counts, it is obvious that a substantial
part of the striatal activity is trapped presumably as dopamine in a storage
compartment, i.e., in the vesicles of the dopaminergic nerve terminals. This
is supported by the experiments in rats by Home et al. (7) who used
14
C-labeled L-DOPA.
The time course of the activity in both striatum and nondopaminergic
brain tissue is very similar in all of the control subjects (Fig. 3). In contrast,
the patients with Parkinson's disease accumulate less activity in the
striatum (Fig. 4). A conspicuous finding is that patients with a fluctuating
response to L-DOPA therapy lose their striatal activity more quickly than
patients with a sustained response. All five on-off cases behaved in this
way. This suggests that the striata of the on-off cases have diminished
storage capacities for dopamine compared with those seen in patients with
a sustained response to therapy.
The quantification of the Kt of the [18F]DOPA tracer as applied by us
yields reasonable results. The model describes only the relation between
the isotope concentration in the arterial plasma and the accumulation of a
final product in an irreversible compartment, which should predominate
at the time of measurement. It bypasses all of the possible intermediary
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steps without specifying which compound is finally accumulated.
All patients had a diminished striatal Kt. The two patients who were least
affected and had the disease for only a short period of time had a K, in the
low normal range (Fig. 6). The validity of the mathematical approximation
is supported by the good correlation between the Kt and the severity of
clinical signs (rigidity and akinesia but not tremor). No clear relationship
was present in our group of subjects between the Ki and duration of disease
or age. However, this may appear when more patients and controls have
been studied.
The findings concerning 2-[nC]methylspiperone scans are also striking
but need confirmation. It is clear that this ligand is retained in the striatum,
the region with the highest concentration of dopamine receptors.
Spiperone is known from animal experiments (8) to bind predominantly
to dopamine (D2) receptors and is released only very slowly. In our
calculation it is supposed that the rate constant for specific binding (k3) is a
useful approximation of the binding potential of the striatal dopamine
receptors for 2-[nC]methylspiperone. In all patients a decrease in binding
was found (Table 3). The findings are consonant with the striatum/
erebellum activity ratios at 1 hr.
It remains to be seen whether the differences are still significant when
adequate correction for age can be applied. The effect of age on dopamine
receptor binding is discussed by Wagner and colleagues (this volume).
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Summary
L-[18F] fluorodopa was administered in trace amounts intravenously to healthy
control subjects and to patients with Parkinson's disease. Striatal uptake of radioactivity was measured using positron emission tomography. The capacity of striatum to
retain tracer was severely impaired in patients compared to controls. This may reflect a
reduction of striatal dopamine storage in Parkinson's disease. Patients showing the
"on/off phenomenon had an even greater decrease of striatal storage capacity.

INTRODUCTION
Positron emission tomography (PET) is a scanning technique which
allows measurement in absolute units of the regional concentration of
positron emitting isotopes in the brain or other organs1. When these
isotopes are attached to suitable tracers and inhaled or injected intravenously it is possible to explore their fate by measuring the uptake of
radioactivity over time in an organ such as the brain. Recently a method
has been developed to label an analogue of L-Dopa (6-L-fluorodopa) with
the positron emitting isotope fluorine-182. This tracer can be used to study

Published in: J Neurol Neurosurg Psychiat 1986;49:853-860
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regional dopamine metabolism in brain in vivo by measuring tomographically the accumulated radio-activity with PET 3-4-5-.
We have applied this method to a group of healthy control subjects and
to patients with Parkinson's disease. Because of severe loss of nigrostriatal
dopaminergic neurons that characterises Parkinson's disease, the dopamine content in striatum of these patients is markedly diminished6. The
aim of the present study was to investigate storage capacity for dopamine
in striatum of healthy individuals and subjects with Parkinson's disease.
METHODS
Tracer
The isotope fluorine-18 (half life 110 mins) was produced in the MRC
cyclotron at the Hammersmith Hospital, London. Labelled L-[18F]
fluorodopa was prepared according to the technique of Firnau et al2 (but
without the final stage of separation of isomers). Therefore a mixture of
2-,5- and 6-L-[18F] fluorodopa was used. The relative isomeric proportions
were 35,5 and 60% respectively. The radioactivity, 2-6 mCi, was associated
with 8-10 mg L-fluorodopa. The estimated mean specific activity was 103.0
+ 22.9 mCi/mmol. This mixture was injected intravenously in a volume of
10 ml over two minutes using a constant infusion Harvard pump.
Construction of arterial curve

A Teflon (gauge 21) cannula was inserted into one radial artery, and 3 ml
blood samples were taken at 20 second intervals during the first three
minutes following tracer injection, and then every 30 to 60 seconds for a
further seven minutes. Arterial sampling times were then gradually spaced
out via 5 and 10, to 20 minute intervals. Usually a total of 25 samples were
taken. The samples were spun and the concentration of isotopes in plasma
was measured in a well-counter cross calibrated with the tomograph.
Scanning technique

The positron emission tomograph used was the ECAT-II (E G & G
Ortec). This is a whole body single slice machine with a spatial resolution
of 17 mm x 17 mm FWHM (full width half maximum) and a slice thickness
of 16 mm (FWHM) 7 .
Serial scans were started in most subjects about one hour after the tracer
had been given. Some subjects were scanned from the moment at which
tracer was injected. Due to the slow uptake of the tracer by brain tissue, the
relatively small volume of the striatum and the relatively low sensitivity of
our scanner, 10 minute scans were needed to obtain sufficient counts to
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Fig. 1. L-[18F] fluorodopa uptake in a cross-section through both striata of the brain of
a normal volunteer (A). The image is a summation of all the scans (after correction
for attenuation) between 100 and 220 mir. nfter administration of the tracer. In this
and following illustrations the top of the image indicates the front of the brain,
viewed from above. (B) illustrates how the regions of interest were positioned on
each image (see text for explanation).

reconstruct one tomographic image. Only one cross-section was scanned
(5 cm above and parallel to the orbito-meatal line) at the level of the body
of the striatum. The same transaxial tomographic plane was measured in a
sequence of consecutive ten minute scans for approximately two hours. A
transmission scan, using an external ring source (Germanium 68/Gallium
68), was used to correct the measured emission data for tissue attenuation.
After data collection the images were reconstructed using standard
computer processing for all of the ten minute scans (Fig. 1 A). The picture
element (pixel) response within each reconstructed tomographic image
relates directly to the regional concentration of fluorine-18 in the tissue
examined, and was corrected for physical decay from the time of injection.
This procedure allowed us to follow the changes in concentration of
radioactivity over time in the striatal region and in regions of the
surrounding brain.
Data analysis
The tissue concentration of fluorine-18 in both striata and surrounding
brain were obtained from regions of interest (ROIs) defined on the images
of the emission scans. An example is given in Fig. IB. The left and right
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striatal ROIs were obtained by summating all sequential images and
determining a circular area (49 pixels; each pixel is 2.5 mm x 2.5 mm)
containing the maximum concentration of isotope. Striatal ROIs thus
determined were placed on each 10 minute scan separately to obtain the
time course of radio-activity. The average value from left and right
striatum in any one slice was taken as the "striatal value". The
"surrounding brain value" was obtained as follows. A large ROI was
placed on the image of the transmission scan just inside the rim
representing the junction of skull and brain. This large ROI was then used
to determine the outer border of the brain in each 10 minute emission scan.
Two oval ROIs (radii 8 and 9 pixels, totalling 223 pixels) which completely
encircled the two centrally located striatal regions with high activity were
then subtracted from this large ROI to obtain the "surrounding brain
value" (Fig. IB). From the "striatal" and "surrounding brain" values a
ratio was obtained for each 10 min scan.
Patients and normal controls
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Six healthy volunteers and 12 patients with Parkinson's disease were
studied (Table 1). The patients were divided into two groups. The first
group comprised seven patients who had had the disease for only a
relatively short time ("early" patients). Three of these patients were on
regular treatment with a stable and sustained therapeutic response; their
medication was stopped one day before the PET scan. The other four
patients in this group had not been treated. The second group comprised
five patients who had had the disease for longer, were more severely
disabled, and whose response to levodopa treatment fluctuated ( " o n / o f f
patients). All of the second group were taking levodopa, but their response
to treatment was variable. Throughout each day they had periods of
mobility (often with dyskinesias) alternating with periods of immobility.
Such swings from mobility to immobility generally were related to the time
at which levodopa was taken. Drugs were stopped the night before the PET
scan in three " o n / o f f patients, but two could only tolerate a few hours
without treatment.
Each control subject and patient received 75 mg carbidopa orally about
30 minutes before the tracer was injected. Just before the patients were
scanned they were examined and rated according to the New York
University disability scale. 8 The two groups of patients did not differ in
respect to age or administered dose of tracer (Table 1). However, patients
in group II had suffered from the disease three times longer than those in
group I (p < 0.001) and were more disabled (p < 0.05).
Written informed consent was obtained from each patient and healthy

Table 1 Clinical and scan data of normal controls and patients with Parkinson's disease
Sex
Controls
M
M
M
F
F
M
Mean

± SD
Group 11
M
M
M
M
M
M
F
Mean

± SD

Age (yr) '"FDopa
mCiikg 10
42
32
65
30
64
23
42-7
± 180
71
62
64
32
46
76
74
607
±16 2

Disease duration
Irr)

•OniOjT'

Total disability

3-44
550
5-66
4-83
5-59
3-82
9-62
5-49
±202

1
5

400
530

6
2-5
3
3
2
3-2
±1-7

450
255
255
710
850
493
± 224

10

1245

68

M

61

900

10

735

M
M

47
41

706
5-82

8
12

750
450

42
518
+ 12-1

Time off drugs
before scan

Levodopa (500 mg)
Levodopa (600 mg)
orphenadrine (50 mg)
Levodopa (600 mg)

24 hrs

215
348
308
610
11 05
7-79
5-61
± 3-39

Group //{>
M

M
Mean
± SD

Usual drugs
(dailvdosel*

5-35
6 81
+ 63

7
94
+ 20

1845
1005
+ 550

•Maximum disability score on N Y U scale is 2000.

tLevodopa dosage taken in combination with peripheral decarboxylase inhibitor.
JGroup I patients comprise those with early disease or showing sustained response to levodopa therapy
§Group II comprises "on,ofT' patients.

24 hrs
24 hrs

Mil
l^ul

Nil
Nil
Nil

Levodopa (500 mg)
bromocriptine (22 5 mg)
selegiline (5 mg)
12 hrs
Levodopa (400 mg). pergolide
(20 mg)
24 hrs
Levodopa (600 mg)
12 hrs
Levodopa (400 mg)
orphenadrine (400 mg)
24 hrs
Levedopa (900 mg)
24 hrs
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control. The project was approved by the Research Ethics Committee of
the Hammersmith Hospital and the Maudsley Hospital-, and permission
for use of the isotope was obtained from the UK Administration of
Radioactive Substances Advisory Committee.
RESULTS
Fig. 2 illustrates the time course of activity in striatum and surrounding
brain in a control subject and an " o n / o f f patient. From 70 minutes
onwards striatal activity in the control subjects decreased only slightly
(from 8.7% of arterial peak plasma value at 70 min to 8.0% at 180 min);
activity in surrounding brain decreased more rapidly (from 5.8% at 70 min
to 3.9% at 180 min). In the patients striatal activity followed the pattern of
surrounding brain activity (striatal activity fell from 5.7% to 4.1%, and
surrounding brain activity from 4.6% to 3.3%, between 70 and 170 min).
The time course of the decline in surrounding brain activity was similar in
controls and patients. The peak of this activity in those subjects whose
scans were started immediately after administration of the tracer occurred
in controls at 28.8 + 5.3 min (n = 3) and in patients at 29.3 ± 0 min (n =
2) after injection. The percentage decline of activity in surrounding brain
Control

100

Patient

I 80

a

1 70
b 60

f 50
o 40'

g 30a
•$ 205s 1020

60 100 140 180
20 60
Time (minutes)

100 140 180

Fig. 2. Striatal (A), surrounding brain (B) and arterial plasma (C) activity at 10 min
intervals after L-[18F] fluorodopa administration in a control subject and a patient
with Parkinson's disease, expressed as a percentage of the arterial plasma peak
activity. For clarity the striatal and surrounding brain values have been multiplied
by a factor of 10.
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Fig. 3. Left hand panels (I — III) show sequences ot 10 min scans from 70 to 170 min. (I)
a normal control; the contrast between stria ta) uptake of L-['8F] fluorodopa and that
of surrounding brain increases constantly with time. (11) a patient with "early"
Parkinson's disease; the contrast between uptake of the tracer in striatum and
surrounding brain also is obvious, although the images are noisier due to lower
count rates, and there is little increase in contrast over time. (Ill) a case of
Parkinson's disease showing the "on/off phenomenon; the contrast between
striatum and surrounding brain is hardly visible and the image reconstruction is very
noisy due to the low count rates. Right hand panel shows the ratios of activity in
striatum to that in surrounding brain, for (A) normal subjects (n = 6) (top), (B)
patients with "early" Parkinson's desease (n = 7) (middle), and (C) Parkinsonian
patients with the "on/off phenomenon (n = 5) (bottom).

158
F) Fluorodopa

••-• Control
• - • Park patients (early)
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Fig. 4. The average ratios of radioactivity (striatum versus surrounding brain), plotted
at intervals of 20 min, are shown for (A) normal subjects (n = 6), (B) patients with
"early" Parkinson's disease (n = 7), and (C) Parkinsonian patients with the
"on/off b phenomenon (n = 5). Means ± SD are shown.

from about 2 to 3 hours after administration in those subjects who were
scanned in that time period was 15.9+2.0 (n = 3)and 15.7+ 2.9 (n = 7)
in controls and patients respectively.
The ratio of activity in striatum compared to surrounding brain
increased steadily over time in the normal subjects (Fig. 3 A) for at least 120
min after injection of the tracer. Thereafter the ratio continued to increase,
but the overall absolute count rates were extremely low by then, because of
physical decay of the isotope, and only two subjects were studied at this
time.
In contrast all Parkinsonian patients showed a lower ratio of activity for
each time point after administration of the tracer (Fig. 3B,C). The
variability of this ratio in the patient group was considerably larger than in
Table 2 A verage ratios of[L-' 8F] Fluorodopa uptake in
striatum versus surrounding brain from 100 to 200 min after
administration in patients with Parkinson's disease
Stahle response patients

Mean

±SD

1 58
1-49
1 43
1-47
1-38
1-61
1-34
1-47
+ 010

•Student's / test.

"On/Off" patients
I 35
1-29
1-22
1-42
1-33
1-32
±0-07

p < 002*
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L-( F ) Flourodopa in patients
with Parkinsons disease
1-60—1

1 50-

c

I

1-40-
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I

1-30-

o
cr

1.20-

v = 10

110-

t = 2- 84

p<0- 02

1 00 J
Good response
patients

"On/off"
patients

Fig. 5. The mean ratio of radioactivity (striatum versus surrounding brain) for each
patient between 100 and 200 min after administration of L-[18F] fluorodopa. The
bars indicate means and standard deviations. The "on/off group of patients
differed significantly from the group of patients with a stable response to treatment.
Two sample Student's t-test (v = 10; t = 2.84; p < 0.02).

the control subjects. This may have reflected the lower overall absolute
activity in the striatum of patients, particularly towards the later part of the
study, when the absolute count rates of isotope became very low.
Averaged ratios at twenty minute intervals for each group of subjects are
shown in Fig. 4. The average ratio in the control subjects progressively
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increased throughout the period of study. In contrast, in the patient groups
the average ratio plateaued about 100 min after isotope administration. In
the group of patients with "early" disease, the ratios were not different
whether the patients were treated or not. The ratios for patients with the
" o n / o f f phenomenon were consistently lower than those for patients
with "early" disease.
For each patient the average ratio (of all available ratios between 100
and 200 minutes after administration of the tracer) was calculated (Table
2). " O n / o f f patients had a lower mean ratio compared with "early"
patients (Fig. 5).
DISCUSSION
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This study confirms previous reports 34 - 5 that accumulation of radioactivity after administration of fluorine-18 labelled L-dopa takes place
preferentially in the striatum of healthy controls and in patients with
Parkinson's disease. By observing the time course of this uptake, we found
a striking difference between controls and patients.
PET can only determine the concentration of positron emitting isotopes
in a certain volume of tissue. The detected radioactivity (in this study
fluorine-18) may arise from L-[l8F]fluorodopa itself or one of its metabolic
products, notably fluorinated dopamine (DA), homovanillic acid (HVA),
3,4-dihydroxy phenylacetic acid (DOPAC) or 3-methoxy, 4-hydroxyphenylalanine (3-OM-dopa). The accumulation of the isotope is greatest in
striatum, which has the highest concentration of native dopamine and
related anabolic and catabolic enzymes. Fluorodopa has been shown to
behave biochemically like L-dopa, and fluorodopamine is stored in the
striatum9'10'11. Further, in primates much of the striatal radioactivity
measured an hour after injection of L-[18F]fluorodopa is due to [18F]fluorodopamine.
Home et al12 have shown in rats pretreated with carbidopa that L-[I4C]
dopa accumulated in striatal tissue mainly in the form of dopamine; dopa,
HVA and DOPAC together constituted a small fraction of tissue
radioactivity from 1 to 4 hours after intravenous administration. 3-OMDopa rose slowly but steadily in arterial plasma, was capable of passing the
blood brain barrier, and accounted for a considerable fraction of brain
tissue activity. However, 3-OM-dopa was distributed uniformly throughout the brain. Furthermore, lesions of substantia nigra markedly reduced
striatal activity following administration of L-[14C] dopa. Hefti et al13
reported that lesioning of substantia nigra and medial forebrain bundle in
rats reduced dopamine concentration by 95% compared to the unlesioned
contralateral side, and also demonstrated that DA formation from
exogenous L-dopa in striatum occurs mainly, but not exclusively, within
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dopaminergic nerve terminals. The clinical effects of L-dopa administered
in pharmacological doses are exerted only after it is decarboxylated to DA
within the striatum14. Reserpine depletes intraneuronal vesicular storage
sites of dopamine and other monoamines, and pretreatment of rats with
reserpine decreased striatal activity after L-[14C] dopa administration by
48% at two hours15. This reserpine effect has also been demonstrated in
monkey brain after L-[18F]fluorodopa3.
On the basis of these animal experiments we believe that the initial
activity seen in the human striatum is an indication of its capacity to
convert L-[ !8 F]fluorodopa to L-[ 18 F]fluorodopamine. The absolute
concentration of tracer in striatum of normal human controls reached a
plateau between 30 and 45 min, and thereafter decreased slightly16. The
ratio of activity between striatum and surrounding brain continued to rise
steadily from 0 — 4 hours after injection of the tracer in normal controls.
This was due to a greater decrease of activity in surrounding brain rather
than to an increase of activity in striatum. Our study therefore indicates
that activity derived from L-[18F] fluorodopa is retained in human
striatum for up to four hours after injection. This suggests that the activity
seen in striatum throughout the major part of the period after injection of
L-[18F] fluorodopa represents stored L-[18F] fluorodopamine.
In contrast to normal subjects, patients with Parkinson's disease showed
a different time course of striatal activity after injection of labelled Lfluorodopa. The ratio of striatal to surrounding brain activity failed to rise
after about 100 min from the injection, indicating that the net accumulation of activity within the striatal and surrounding brain tissue occurred at
the same rate. The relative failure of Parkinsonian patients to selectively
retain the tracer in the striatum suggests inability to store L-fluorodopamine, due to loss of nigrostriatal dopamine terminals.
Patients with longstanding disease and a fluctuating " o n / o f f clinical
response to L-dopa treatment had a significantly lower "storage capacity"
compared with "early" patients, either untreated or showing sustained
clinical response. The ratio of activity between striatum and surrounding
brain from about 100 min onwards was consistently lower in the younger
group of " o n / o f f patients than in the older group of "early" patients.
This finding, together with the tight pattern of striatum to surrounding
brain ratios within the control group despite wide age variations, would
imply that these ratios are not age dependent.
Reches and Fahn17 and Gervas et al18 found in rats that 3-OM-dopa
inhibits striatal uptake of L-dopa in a dose-dependent manner. The
difference in striatal uptake of the tracer between our three groups of
human subjects could conceivably be due to circulating 3-OM-dopa. This
would be expected to be present in higher concentrations in the "on-off"
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than "early" patients, and in patients than controls, as they had used
higher pharmacological doses of L-dopa and peripheral decarboxylase
inhibitor before the PET scans were performed. However, if 3-OM-dopa is
indeed capable of impairing transfer of L-dopa across the blood-brain
barrier in man, this should only affect overall levodopa uptake into brain,
and not the ratio of levodopa concentration between striatum and
surrounding brain. We have recently demonstrated (Leenders et al,
unpublished observation) that the intravenous administration of a mixture
of amino acids, although inhibiting uptake of injected L-[18F]fluorodopa
into brain, has no effect on the ratio of striatal to surrounding brain
radioactivity. In keeping with this observation, the four previously
untreated Parkinsonian patients in this study showed the same ratio of
activity between striatum and surrounding brain as the three who showed a
sustained response to L-dopa therapy.
Elsewhere19 we suggest that the development of " o n / o f f fluctuations in
patients with Parkinson's disease on chronic levodopa therapy is due to
progressive loss of the capacity to store dopamine in the striatum. Our
results provide further evidence that as Parkinson's disease progresses,
there is indeed a continuing decline of striatal storage capacity for
dopamine. Patients in an advanced stage of the disease are therefore less
capable of maintaining a constant dopamine pool in striatal tissue, and
levels of striatal dopamine thus became more closely dependent upon the
rate at which levodopa is delivered to striatum ai any given time. A
constant and sufficiently high level of plasma L-dopa as provided by
continuous intravenous infusion has been shown to abolish clinical
fluctuations in patients with severe swings on oral therapy20'2I>22\ It has
been proposed that such infusions may owe their success to their ability to
compensate for a lack of storage capacity for striatal dopamine.
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ABSTRACT
The brain uptake of L-[18F]fluorodopa was measured by positron
emission tomography (PET) in a male healthy volunteer both under
fasting conditions and during intravenous amino acid loading. A
significant reduction of tracer uptake into the brain was demonstrated
with amino acid loading.
This finding represents the first direct evidence for competition
between L-dopa and other amino acids for uptake across the bloodbrain-barrier obtained in a human subject in vivo. It underlines the
possible significance of an interference of dietary amino acids with the
therapeutic actions of L-dopa in Parkinson's disease.
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INTRODUCTION
Fluctuations in the clinical response to Levodopa occur in over 50% of
patients with Parkinson's disease after several years of sustained
treatment 416 . The underlying mechanism of these oscillations in
performance is not known5 but a restriction of dietary protein intake has
been shown to smooth out diurnal variations in disability of Levodopatreated Parkinson's disease patients17. Recently Nutt and colleagues18
were able to demonstrate deterioration of the clinical response of patients
to constant rate i.v. infusions of Levodopa following oral loads of large
neutral amino acids. Based on such observations competition between
Levodopa and dietary amino acids for transport across the blood brain
barrier (BBB) has been postulated to play a role in the development of
"on-off" oscillations in Parkinson's disease. In the present study we have
measured the influence of amino acid loading on L-[l8F]fluorodopa
uptake into human brain in-vivo using positron emission tomography
(PET).
METHODS
One healthy male volunteer, age 33, (one of the authors: WP) was
scanned twice using the ECAT-II (E G & G Ortec) whole body single
slice tomograph. This scanner has a spatial resolution of 17 mm x 17 mm
full width half maximum (FWHM) in the transaxial plane and a slice
thickness of 16 mm (FWHM)20.
L-[18F]fluorodopa was produced in trace amounts according to the
method of Firnau 7 , yielding a mixture of 2-, 5- and 6-L-['8F]fluorodopa
in relative proportions of 35, 5 and 60%. This tracer, labelled with the
positron emitting isotope fluorine-18 (T 1/2 = 110 mins), can be used as
an analogue for L-Dopa12-11-14-13-10-8-9.
The first scanning procedure was performed after the volunteer had
fasted for ten hours. Carbidopa 75 mg was given orally half an hour
before administering the tracer to inhibit peripheral decarboxylation.
L[18F]fluorodopa (2.78 mCi; estimated specific activity 106 mCi m mol"1)
was given intravenously over two minutes using a Harvard constant
infusion pump. At the beginning of injection a series of ten consecutive
five minute scans was started, followed by 12 ten minute scans. All scans
were taken at the same level cutting through the striatum (5 cm above and
parallel to the orbito-meatal line). A transmission scan was also
performed using an external ring source (Germanium 68/Gallium 68) to
correct the emission data for tissue attenuation. In addition, a series of
arterial blood samples (initially 20 sec intervals) was taken from an
indwelling radial artery cannula (Teflon, 22 gauge) as soon as the
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injection of the tracer was started. The samples were centrifuged and the
concentration of isotope was determined in the plasma using a wellcounter cross calibrated with the tomograph. Throughout the first
scanning procedure a constant venous infusion of physiological saline
was given.
The second scanning procedure which was performed two weeks later
was identical to the first, except that on this occasion an intravenous
infusion of a commercial amino acid solution (Synthamin-14;
Travenol Laboratories, Thetford, Norfolk, U.K.) was given instead of
saline. The infusion was started half an hour before injecting L-[18F]
fluorodopa (3.23 mCi; estimated specific activity 108 mCi m mol'1) and
kept at a constant rate of 3.5 ml/min during the whole procedure,
resulting in the infusion of 81 mg kg"1 hr 1 of large neutral amino acids
(see Table). The second scanning procedure was shorter than the first
because of the very low brain tissue counts obtained. During both
scanning procedures venous samples were taken at hourly intervals for
determination of plasma amino acid levels.
After data collection by the tomograph, images were reconstructed of the
5 and 10 minute scans via standard computer procedures. The emission
data were corrected for isotope decay to the time of injection of the
tracer. Regions of interest were determined for both striata and
surrounding brain as previously described elsewhere15. The average of
both striata was taken as "the striatal value".
Plasma concentrations of the 15 amino acids contained in the
administered solution were measured using a CHROMAKON 500
(KONTRON) amino acid analyser.
RESULTS
The main accumulation of fluorine-18 during the baseline scanning
procedure was, as previously described15, in the striatal regions (Fig. 1 A).
Fig. IB illustrates that during amino acid infusion the accumulation of
fluorine-18 in brain tissue was considerably less than during the baseline
scanning procedure. The activity in the scalp however, is still clearly
visible. It is not possible to discern scalp activity in the baseline image
because the brain tissue activity dominates the lower counts in the
periphery.
The numerical data of fluorine-18 concentrations over time are
displayed in Fig. 2. The arterial plasma peaks were 817 and 1031
cnts/pixel/min for the first and second scanning procedures and occurred
at 1 min 40 sec and at 2 min 20 sec respectively. However, the time course
of arterial activity was similar on both occasions and the areas under the

Plasma Concentrations (nmollml) of Eight Large Neutral Amino Acids Sharing
a Common Transport System with L-Dopa Across the Blood—Brain Barrier*

Ohr
Amino Acid
Phenylalanine
Leucine
Isoleucine
Tyrosine
Valine
Histidine
Tryptophan
Methionine
Total

b/a

a

b

a/b

a

51
134
58
48
234
105
44
20

104
326
263

2.8
2.8
6.1

77

I."7

650
197
7
9
15"

694

1651

2.4

49
139
53
46
264
109
42
19
"21

140
390
322

542
149
7
4
II7

2.0
2.4
4.5
1.6
2.3
1.4
I. 7
5.8

2.5
1.8
1.9
8.3
2.8

b/a

a

55
134
75
58
266
106
46
43

132
358
303
85
532
226
77
150

2.4

783

1863

2.7

4.0
1.5
2.0
2.1
1.7
3.5
2.4

3hr

b

b

a

2hr

1 hr

7

6

2012

b

a/b

51
130
50
42
259
107
43
21

142
380
324

"03

2002

2.8
2.9
6.5
I. 7
2.5
1.9
1.8
7
.5
2.8

"72

648
200
7
8
158

Concentrations were measured at hourly intervals during a 3-hour scanning procedure with 0 hr denoting the time of tracer injection.
a = values under fasting conditions; b = values during intravenous amino acid loading; b/u = ratio of imino acid concentrations under loading
and fasting conditions.
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Fig. 1. These images depict the accumulated activity (from 60-100 min) in a cross
section of the brain before (A) and after (B) amino acid loading. The top of the
images is frontal and the brain is viewed from above. The absolute levels of activity
are expressed in a colour scale which is identical for both images. See text for
explanation.

Fig. 2. This graph is a numerical representation of the isotope concentration in brain
tissue and arterial plasma over time. On the left the baseline measurements are
shown. On the right the same after amino acid loading. (A) is striatal tissue, (B)
surrounding brab and (C) arterial plasma concentration.

170

100

1JU

(mins)

Fig. 3. This graph illustrates the time course of the ratio of activity between striatum
and surrounding brain before (o-o) and after ( • - • ) amino acid loading, compared
with six other normal control subjects (I-I; mean + SD).

curve were almost identical (13378.6 and 13525.8 cnts/pixel respectively).
The activity in striatum and surrounding brain regions showed the same
pattern as other control studies15. However, the level of activity was
about three times less in both striatum and surrounding brain during the
second scanning procedure. The ratio of striatum to surrounding brain
(Fig. 3) both before and after amino acid infusion showed a similar
increase over time compared to a group of six normal controls. The
individual points on the curve of the second scanning procedure are more
variable than in the baseline scan because of statistical considerations due
to the low brain tissue counts obtained during amino acid loading.
The plasma concentrations of the eight neutral amino acids that have
been shown to share a common transport system with Levodopa across
the blood brain barrier in animal experiments19-21 are shown in the Table.
Fasting and loading plasma concentrations of these amino acids showed
little variation over the three hour scanning period. The sum of the
individual plasma concentrations exhibits a 2.4 to 2.8 fold increase under
loading conditions compared to fasting levels, with some amino acids
(isoleucine, methionine) rising well above, and others (tyrosine, tryptophan) below the average.
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DISCUSSION
We have demonstrated in this study that amino acids interfere with the
uptake of L-[18F]fluorodopa from plasma into brain tissue in man in
vivo. After loading with amino acids the uptake of L-[18F]fluorodopa was
approximately three times less than in the fasting condition.This
inhibition of uptake was of the same magnitude throughout the brain,
which is also indicated by a similar increase over time of the ratio of
striatal activity to surrounding brain both before and after amino acid
loading. In contrast, there was no difference in arterial activity on both
occasions.
The essential feature of PET is the measurement of the concentration
of a positron emitting isotope (in this case fluorine-18) in a volume of
tissue over time. The tracer may be present in the original chemical form
or as metabolites. For L-[18F]fluorodopa activity in the striata represents
to a great extent stored [18F]fluorodopamine, as discussed elsewhere15.
Experimental data suggest that the transport of amino acids across the
BBB is achieved by specific carrier systems2. Chemically related amino
acids have been shown to share common transport systems and one such
transport group is formed by the large neutral amino acids (phenylalanine, tyrosine, tryptophan, leucine, isoleucine, methionine, valine and
histidine)2-1. Competitive inhibition of BBB transport occurs between
members of this group1'19-6 and brain uptake of Levodopa can also be
inhibited by the same amino acids19-223. Since these data originate
exclusively from animal experiments their relevance for humans, in
particular with respect to Levodopa treatment of Parkinson's disease, has
remained uncertain. Recently, Nutt and co-workers18 were able to
produce indirect evidence for an inhibition of Levodopa uptake across
the BBB by large neutral amino acids in patients with Parkinson's
disease, when they demonstrated a deterioration in the clinical response
to constant rate i.v. infusions of Levodopa following oral loading with
phenylalanine, leucine or isoleucine but not following glycine or lysine.
Our data provides the first direct evidence for the inhibition of
Levodopa uptake into the human brain by competing amino acids. The
absolute and relative rise in the concentration of the, sum of the eight
amino acids listed in the Table is very similar to that reported by Nutt
and colleagues18. Although the underlying kinetics of competitve
inhibition between L-[18]fluorodopa and neutral A A as observed in this
study are complex due to the simultaneous rise in concentration of at
least eight competing substances21, we conclude that a 2-3 fold rise in the
plasma concentration of large neutral AA is sufficient to produce a
significant inhibition of brain uptake of levodopa. Appropriate dietary

172
precautions may therefore prove worthwhile in trying to improve the
response to therapy in certain patients with Parkinson's disease.
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IPSILATERAL BLEPHAROSPASM
AND CONTRALATERAL
HEMIDYSTONIA AND PARKINSONISM
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BRAINSTEM-THALAMIC LESION:
STRUCTURAL AND FUNCTIONAL
ABNORMALITIES STUDIED WITH CT, MRI,
AND PET SCANNING
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Summary:

A patient developed progressive right hemidystonia in childhood. Subsequently,
left-sided blepharospasm, slurred and stuttering speech, and right-sided rigidity and
bradykinesia, responsive to dopamine agonists, appeared. Investigation with computed
tomography and magnetic resonance imaging (MRI) at age 43 years revealed a left-sided
calcified rostral brainstem-thalamic lesion of uncertain aetiology. Although no
structural lesion was seen in the striatal regions, L-[I8F]-fluorodopa uptake was severely
diminished in the left striatum but normal on the right. Dopamine receptor binding
identified by ["C]-methylspiperone was in the normal range on both sides. Key Words:
Parkinson's disease — Blepharospasm — Dystonia — Lesion — Computed tomography — Positron emission tomography — Magnetic resonance imaging.

Dystonia is a complex abnormality of movement and posture characterised by sustained and abnormal co-contraction of agonist and
antagonist muscles. The clinical spectrum of dystonia is wide and ranges
Published in Movement Disorders, vol. 1, No 1, pp. 51-58, 1986
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from focal dystonias of adult onset, such as writer's cramp or torticollis, to
generalised torsion dystonia of childhood onset1. In most affected subjects,
the aetiology is unknown (idiopathic dystonia), but, in a number of cases,
an underlying cerebral disease or focal structural lesion may be identified
(secondary dystonia). Where dystonia affects only one side of the body
(hemidystonia), a focal structural lesion is commonly found in the
contralateral basal ganglia region2'4. Blepharospasm is a classically
bilateral focal dystonia of adult onset. It is frequently seen together with
oromandibular dystonia5, when the combination is known as Meige's
disease, Breughel's syndrome, or cranial dystonia. Sometimes it constitutes only a part of a more generalized dystonia6, and it may occasionally
be associated with a rostral brainstem lesion7. We describe here a patient in
whom both ipsilateral blepharospasm and contralateral hemidystonia and
hemiparkinsonism are associated with a discrete left-sided ventral upper
midbrain lesion extending into the ipsilateral thalamus.
CASE HISTORY
A 43-year-old man was referred because of long-standing right-sided
abnormalities of movement. The patient was born by uneventful cesarean
section, and there was no other history of perinatal or subsequent trauma.
At the age of 2 years, he had whooping cough, and at age 13 years scarlet
fever, without sequelae. His mother and two of her three brothers
developed choreic movements and mental disturbances in middle life, and
the patient's maternal grandmother was said to have died from Huntington's disease. The third of the patient's uncles developed parkinsonism and
dementia and died at age 50. At postmortem examination8, substantia
nigra was normal, but the caudate and lentiform nuclei showed shrinkage
and gliosis interpreted as compatible with a diagnosis of Huntington's
disease.
At the age of 7 years, the patient began to drag his right foot and had
difficulty riding a bicycle. Two years later, he noticed clumsiness of his
right arm when trying to mix paints, and by the age of 13 years he
developed right-sided writer's cramp. He began to teach himself to write
and draw left-handed. Around this time he also began to experience
intermittent involuntary closure of the left eye, and examination revealed
cogwheel rigidity of the right arm. All this symptoms progressed slowly. At
the age of 16 years, benzhexol treatment, in doses up to 45 mg per day, was
instituted, with modest benefit. At age 17 years, a slight slurring dysarthria
was noted for the first time. At age 26 years, Sinemet was introduced and
produced marked improvement in right-sided parkinsonian signs. This
would begin half an hour after taking a dose and last for a period of 1-2 h
but unfortunately was accompanied by dyskinesias of the right arm and leg
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lasting throughout the whole period of benefit. In 1983, Sinemet and
benzhexol were stopped and bromocriptine started. On 12.5 mg bromocriptine per day, the patient experienced iess dyskinesia than on levodopa
preparations, but also a lesser degree of relief from parkinsonism.
We first saw the patient at age 43 years. At this time he had been
unemployed for 4 years and made a living drawing caricatures left-handed
in pubs.
CLINICAL FINDINGS
The patient was alert, oriented, and cooperative. General systemic
examination was normal. Neuropsychological testing (WAIS) revealed a
performance IQ of 134 and a verbal IQ of 114, with no evidence of
deterioration from previous function.
No Kayser-Fleischer rings were seen on slit-lamp examination. When
examined off all treatment, there was intermittent left-sided blepharoclonus and blepharospasm. Tongue movements were slow, and speech was
delayed and stuttering. The jaw jerk was pathologically brisk, but no
primitive reflexes were elicited. Cranial nerves, including detailed assessment of external ocular movements, were otherwise normal. The right arm
and leg were moderately hypoplastic. An increase in tone of extrapyramidal type, together with cogwheeling at the wrist, were intermittently
present on the right side. In addition, at rest the right arm frequently
assumed dystonic postures that were also present in both arm and leg
movement. Movements of right-sided limbs were impaired by bradykinesia and akinesia: the latter was most evident in an extreme delay (of
5-10 s) in initiating movement, after which the goal was achieved with only
moderate bradykinesia. Muscle-power and sensation were normal in all
limbs. Reflexes on the right side were brisker than on the left, but both
plantar responses were clearly flexor. As a result of these deficits, the
patient was unable to walk without the aid of a tripod, and his right arm
was virtually useless.
When examined 30 min after a single capsule of Madopar 62.5, tone was
normal in the right arm and leg. The right-sided limbs continued to adopt
dystonic postures, with superadded mobile dystonic involuntary movements, but tone was normal and the previously noted extreme akiuesia was
virtually absent. The patient was able to walk unaided, and, in addition,
the left-sided blepharospasm had almost completely disappeared.
INVESTIGATIONS
Full blood count, ESR, urea and electrolytes, and liver function tests,
together with serum calcium, glucose, B12, folate, T4, and leukocyte
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Fig. 1. CT and MRI scans of the patient. A: l/nenhanced CT scan shows the calcified
lesion in the left upper brainstem. B: The same as (A), but now vertical and oblique
reconstructions show the lesion extending into the posterior part of the thalamus. It
is separate from the calcified pineal gland. C: MRI scan (T2 relaxation) at the level of
the striatum. No abnormality is seen in the striatopallidal region. D: MRI scan shows
prolonged T2 relaxation time, semicircularly shaped (see arrow), in the rostral
ventral region of the brain stem.

enzymes were also normal. Syphilis serology and autoantibody screen
were negative. Serum copper and caeruloplasmin levels, as well as 24-h
urinary copper excretion, were also normal. Skull x-ray film was normal,
and chest x-ray film showed a thoracic scoliosis concave to the right. X-ray
films of both hands confirmed moderate hypoplasia of the right arm.
Nerve conduction tests in the arms were normal.
Computed Tomography (Figs. 1A and B)

Computed tomography (CT) demonstrated a widened left sylvian
fissure. A circumscribed calcified lesion, which enhanced moderately after
intravenous contrast medium administration, was visible extending from
the left ventral aspect of the rostral brainstem to posterior aspect of the left
thalamus on its ventricular surface. No abnormalities were evident in the
striopallidal complex.
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Magnetic Resonance Imaging (MRI) (Figs. 1C and D)

A lesion with prolonged T2 proton relaxation time was seen on the left
side of the upper brainstem. Although images at posterior thalamic level
showed some asymmetry, there was no clear indication of a thalamic
lesion. The striopallidal complex appeared normal.
Positron Emission Tomography (Figs. 2A and B, and 3)

Positron emission tomography (PET) showed that the uptake of L-[' 8 F]fluorodopa, an analogue of L-Dopa 910 , was markedly reduced in the left
striatum but was almost normal on the right side. This impaired
accumulation of labelled L-Dopa indicates a diminished capacity to store
dopamine in the pool of nigrostriatal dopaminergic nerve terminals10. In
contrast, ["C]-methylspiperone, a ligand that binds preferentially to
dopamine D2 receptors in the striatum11, showed normal accumulation on
both sides. The ratio of activity between striatum and cerebellum at 60 min
after injection can be used as an index of the specific binding potential to
dopamine D2 receptors in the striatum12. The ratio of this case was 2.91 on
the left side and 2.85 on the right. The average value for 14 healthy subjects
(mean age, 44.5 ± 17.8) was 3.26 ± 0.73.

Fig. 2. PET scans of the patient. A: L-[18F]-fluorodopa uptake. The left striatum (left
side of the image) takes up much less tracer than the right striatum. B: ["C]methylspiperone receptor binding is almost identical in both striata.
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Fig. 3. Time course of tracer uptake, expressed as a ratio of radioactivity in striatum
versus nonspecific dopaminergic regions (surrounding brain for L-[18F]-fluorodopa
and cerebrellum for [uC]-methylspiperone). The values for the ratio of L-[18F>
fluorodopa in the patient's left and right striatum are compared with those obtained
in 10 normal subjects.

DISCUSSION
This patient presented a complicated picture of a crossed movement
disorder. The elements of this case are best dissected according to the
following features: (a) family history, (b) hemidystonia, (c) hemiparkinsonism, and (d) unilateral blepharospasm.
Family History

Several members of the patient's antecedent family apparently had
Huntington's disease8. In our patient, the focal nature of the motor
disturbance and the preserved intellect after 36 years of disease evolution
clearly rule out a diagnosis of Huntington's disease. Instead, he suffers the
consequences of a long-standing, probably congenital, lesion in his upper
brainstem, giving rise to a unique combination of crossed dystonia and
hemiparkinsonism.
Hemidystonia

How do the dystonic features relate to the scan results? As unequivocally
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shown by CT and MRI scans, a ventromedially located lesion was present
in the left brainstem at the level of the superior colliculi and extended to the
ventro-medio-posterior part of the thalamus. Two large series of patients
have recently been reported in which disturbed input from the striopallidal
complex into thalamus or output from thalamus to motor cortex was
associated with contralateral hemidystonia2'3. The focal lesion causing this
"disconnection" may be of any pathology, be it cerebrovascular, traumatic,
degenerative, or other. Marsden and co-workers2 found in their series of 28
patients with hemidystonia six cases with small isolated lesions of the
contralateral thalamus. The delay between initial insult to brain and
appearance of the movement disorder can be considerable 2 ' 313 , raising the
possibility that the delayed development of dystonia may be related to
slowly evolving aberrant neuronal sprouting. The pathology in our patient
is uncertain. However, the history and hemiatrophy point toward a
congenital lesion, and the calcification on CT suggests the possibility of an
arteriovenous malformation or, less likely, a very slowly evolving brainstem glioma. Arteriography was not considered justifiable because it
would not have altered clinical management.
Hemiparkinsonism
How does the hemiparkinsonism relate to the scan results? The
brainstem lesion is located in the region of the left substantia nigra. That
the left nigrostriatal pathways are functionally impaired is shown by the
severe reduction in levodopa uptake in the left striatum (Fig. 3), which was
stucturally intact on CT and MRI scanning. L-[18F]-fluorodopa is
normally trapped and metabilised to dopamine and stored in the
nigrostriatal nerve terminals10. The degree of failure to store the tracer in
the left striatum of our patient was comparable with that seen in patients
with Parkinson's disease10. Like patients with Parkinson's disease, our
patient's right-sided rigidity and severe bradykinesia also responded
dramatically to levodopa treatment. Dopamine D2 receptor binding was
normal on both sides, as is also the case in the parkinsonian patients
studied by us with PET using [' 1C]-methylspiperone (unpublished results).
The normal D2 receptor binding potential in the light of severe presynaptic
dopamine depletion may explain the dyskinesias in patients when on
dopamine agonist treatment. Levodopa is converted to dopamine in
striatum even in the absence of dopaminergic nerve terminals, since dopa
decarboxylase in present throughout brain tissue. However, severe
reduction in striatal dopaminergic nerve terminals precludes storage of
dopamine in the vesicular pool and may result in excessive stimulation of
dopamine receptors by exogenously administered levodopa. This was
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shown by our patient who exhibited dyskinesias in the whole period during
which levodopa improved his mobility. Dyskinesias have been observed by
others in patients with childhood-onset responding to levodopa treatment14.
Unilateral Blepharospasm

How does the unilateral blepharospasm relate to the scan results? The
lesion in our case is consistent with those reported to cause blepharospasm.
Jankovic and Patel reported six cases with bilateral blepharospasm
associated with rostral brainstem lesions of diverse pathology7. They
suggested that a structural lesion just above the pontine facial nuclei may
cause disinhibition of the facial nucleus and brainstem reflexes by
interrupting descending pathways. An alternative possibility is that such a
lesion may interrupt ascending pathways from brainstem to basal ganglia,
so that the blepharospasm could result from a functional disturbance
rostral to the structural lesion. Other workers have concluded on
neurophysiological grounds that the neuronal arcs of the facial reflexes in
blepharospasm are normal15. Their findings "suggest a deficit in supranuclear control of motoneurons and interneurons," which is "most
probably due to changes in 2non pyramidal inputs."
The anatomical and neurochemical analysis of this remarkable case of a
"crossed movement disorder" has implications for the understanding of
dystonia (and parkinsonism).
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BRAIN ENERGY METABOLISM
AND DOPAMINERGIC FUNCTION
IN HUNTINGTON'S DISEASE
MEASURED IN VIVO
USING POSITRON EMISSION TOMOGRAPHY
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Summary:

A 48-year-old man with typical Huntington's disease was investigated with computed
tomography (CT) and positron emission tomography. Regional cerebral blood flow,
oxygen extraction, oxygen and glucose utilisation, L-Dopa uptake, and dopamine (D2)
receptor binding were measured using several positron labelled tracers. CT showed
slight atrophy of the head of caudate but no cortical atrophy, although distinct frontal
lobe dysfunction was present on psychometric testing. Oxygen and glucose metabolism
and cerebral blood flow were decreased in the striata and to a lesser extent in frontal
cortex. Cerebral blood flow was in the low normal range throughout the remainder of
the brain. A normal metabolic ratio was found in all regions, since the changes in
glucose utilisation paralleled those in oxygen consumption. The capacity of the striatum
to store dopamine as assessed by L-[I8F]-fluorodopa uptake was normal, but dopamine
(D2) receptor binding was decreased when compared to normal subjects. Key Words:
Blood flow — Oxygen utilisation — Glucose utilisation — Dopamine — Computed
tomography — Positron emission tomography — Huntington's disease.
The cause of Huntington's disease is unknown, and the pathophysiology
is only partly understood through investigation of autopsy material.
Morphological and histological changes are seen in striatum, particularly
in the head of caudate, and frontal cortex1, and a specific pattern of
neurotransmitter abnormalities has been found by many investigators2-3.
Published in Movement Disorders Vol. 1, No 1, pp. 69-77, 1986
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GABA , an inhibitory neurotransmitter, and its biosynthetic enzyme,
glutamic acid decarboxylase5, are decreased in striatum but not in cortex.
Dopamine concentrations have been found to be normal or increased,
while homovanillic acid is reported to be low, suggesting reduced
dopamine turnover2-3-5. The enzyme choline acetyltransferase is reported
to be low or normal in striatum5, whereas serotonin concentrations are
normal or possibly increased. Muscarinic cholinergic, serotonin, and
dopamine receptors are decreased, whereas the GABA and /3-adrenergic
receptors are normal6"10.
We describe the results of extensive investigation of a single patient with
Huntington's disease by positron emission tomography (PET) of cerebral
blood flow (CBF), oxygen and glucose metabolism, and dopamine
function. This has shown, for the first time in life, that not only glucose but
also oxygen metabolism is focally decreased in striatum and frontal cortex.
Metabolic ratio was normal throughout the brain, but CBF was low,
particularly in striatum and frontal lobes. Striatal uptake of L-[18F]fluorodopa was normal, but ["C]-methylspiperone binding in this region
was reduced.
CASE REPORT
At the time of study, the patient was a 48-year-old male garage
proprietor with a 5-year history of slowly progressive fidgetting of his
arms, shoulders, and legs. It had become increasingly difficult for him to
work, and he had been obliged to sell his garage. He complained of
"nervousness," but there was no clear evidence of abnormal behaviour.
His father and an uncle died of Huntington's disease in middle age, having
had the disease for 12 and 15 years, respectively. Another brother and
sister of his father were affected and probably his grandfather as well.
Apart from a short period on baclofen 2 years previously, and the
occasional use of diazepam, the patient had never received drug treatment
for his desease. On examination he was alert, oriented, and cooperative.
General examination was normal, as was his cranial nerve function,
although the patient was unable to keep his eyes still. Motor power,
coordination, sensation, and reflexes were normal. He had choreic
movement of moderate intensity affecting both arms, shoulders, legs and
face. Psychometric test (WAIS) performed at age 46 years yielded a verbal
IQ of 123 and a performance IQ of 105. However, the patient showed signs
of intellectual deterioration similar to those seen in patients with frontal
lobe lesions, i.e., difficulties with concrete thought, learning arbitrary
associations, and organising temporal sequences, and a tendency to motor
perseveration. At the time of the present study, repeat psychometry
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showed a similar pattern with a verbal IQ of 113 an a performance IQ of
102.
SCAN RESULTS
Computed tomography (CT) (Fig. 1) was unremarkable, except that the
heads of caudate nuclei had lost some of the usual convexity of their
ventricular aspect. No cortical atrophy was seen. Regional CBF, oxygen
extraction ratio (OER), and cerebral metabolic rate of oxygen (CMRO2)
were determined using a single-slice ECAT-II (EG & G, ORTEC)
tomograph and the steady-state oxygen inhalation technique11"14. Since a
"CO scan was not performed in this patient, a measured correction for
intravascular oxygen could not be applied14. A correction of 11% based on
data from a group of normal subjects was therefore applied to the OER
obtained. Cerebral metabolic rate of glucose (CMRglu) was measured by
scanning 50 min after intravenous injection of 18F-labelled fluorodeoxyglucose15. Regions of interest (ROIs) were taken from the videodisplay screen as described previously1617. The average of right and left
hemisperes are given in Tables 1 and 2.
CBF was decreased 20-30% in all regions studied when compared with
34 healthy control subjects (mean age, 45.1 + 15.2 years). However,

Fig. 1. CT scan of the patient. The ventricular surface of the head of caudate is
somewhat flattened on both sides. Otherwise, no abnormalities are seen.
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TABLE 1. Cerebral blood flow and oxygen metabolism"

Patients
Cortex
Front
Occipital
MCA*
"Grey" c
Striatum
Healthy Subjects
(N = 34)
Cortex
Front
Occipital
MCA*
"Grey" c
Striatum

CBF
(ml/100 ml/min)

OER (%)

CMR0 2
(ml/100 ml/min)

30
34
34
42
30

42
48
41
42
38

2.7
3.4
2.9
3.7
2.4

45
47
44
55
42

± 10
±8
±7
± 12
±8

40 ±6

43
40
39
40

±6
±5
±6
±5

3.2
3.6
3.1
3.7
3.1

± 0.5
± 0.5
±0.4
± 0.6
±0.3

"Values are mean ± SD.
'Middle cerebral artery territory of the cortex.
'Region of interest with the highest value and lowest variation in temporal cortex and insular grey matter (circular ROI 2.5 cm2 in area).

CMRO 2 was focally disturbed, with a decrease of 16.3% in frontal cortex
and 22.1% in striatum, but no decrease in other regions. OER values
reflected the balance between CBF and CMRO2 and also the higher
arterial oxygen content (20.9 ml/100 ml) of the patient's blood compared
to the healthy subjects (18.3 + 1.4 ml/100 ml). Arterial pCO 2 during the
study was 41.6 and 41.0 ± 2.43 mm Hg in patient and healthy subjects,
respectively.
Glucose utilisation followed the same pattern as oxygen consumption,

TABLE 2. Oxygen and glucose metabolism

Cortex
Front
Occipital
MCA*
"Grey" 6
Striatum

CMRO2
(ml/100 ml/min)

CMRglu
(mg/100 ml/min)

MR"

2.7
3.4
2.9
3.7
2.4

4.2
4.7
4.5
5.0
3.4

5.1
5.8
5.2
5.9
5.6

"Metabolic ratio expressed as moles of oxygen per mole of glucose.
'See legend to Table 1.
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Fig. 2. L-[18F]-fluorodopa uptake in striatum of the patient compared to six healthy
subjects.

with a metabolic ratio between 5 and 6 (moles of oxygen per mole of
glucose) for all regions (Table 2). Comparison with the healthy subjects
was not possible, since no measurements of glucose metabolism were
available in the group of subjects who served as controls for oxygen and
CBF.
L-[18F]-fluorodopaand [' 1C]-methylspiperone were injected intravenously in trace amounts on separate days. L-[18F]-fluorodopa is used as an
L-Dopa analogue18. The ratio of its striatal activity versus surrounding
brain activity over time indicates the capacity of the striatum to retain
exogenously administered L- Dopa 19 . In this patient, the ratio was normal
compared to a group of six healthy controls (mean age, 43.2 ± 17.6 years)
(Figs. 2 and 3). [nC]-methylspiperone is a ligand for dopamine D2 and
serotonin receptors20-21. Its concentration in striatum is believed to
indicate mainly dopamine receptor binding, whereas in cortex it mainly
reflects serotonin receptor binding. There is no specific binding in the
cerebellum. In normal subjects, the ratio of striatal activity versus
cerebellar activity rises linearly during the first 1-2 h after injection of the
tracer21. We have arbitrarily taken the ratio at 60 min after injection to
indicate the binding potential of the tissue in the ROIs examined. Striatal
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18T-DOPA

CONTROL

PATIENT

Fig. 3. L-[18F]fluorodopa uptake depicted in our patient and in a healthy subject
(control). The top of the images is frontal and the subjects' heads are viewed from
above. The tomographic plane cuts through the striata. The grey scale is adjusted for
the amount of radioactivity given. Striatal accumulation of the tracer in patient and
healthy subject is similar.

dopamine D2 receptor binding was much decreased in our patient (2.21)
compared with 14 healthy subjects (age, 44.5 ± 17.8; ratio, 3.3 with a 95%
confidence interval of 2.80-3.47) (Figs. 4 and 5). However, cortical values
did not differ from normal. [The ratios of the healthy subjects were
individually corrected for age and the total amount of methylspiperone
such that they were comparable to the age and methylspiperone dose of the
patient22.]
DISCUSSION
We have described the results of extensive in vivo PET studies in a
patient with Huntington's disease. This condition is characterised
histologically by a marked loss of cells in the caudate nucleus and to a
lesser extent in the putamen and cerebral cortex. In our patient, we found a
corresponding decrease in regional oxygen utilisation in striata and frontal
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Fig. 4. [' 'Cj-methylspiperone binding in striatum and cortex expressed as the ratio (at 1
h after injection) between striatal (specific) and cerebellar (nonspecific) activity.
Striatal activity in the patient is considerably less than in the healthy subjects. The
error bars indicate the 95% confidence interval. All values are corrected for age and
normalised for dose of methylspiperone injected.

cortex (22% and 16% lower than healthy subjects, respectively).
The presence of local striatal hypometabolism of glucose measured with
PET in Huntington's disease is already well established2325. Kuhl et al.23
expressed striatal activity as a percentage of cortical glucose utilisation by
designing a special caudate metabolic ratio. In our case, we were able to
take the absolute values of the striatal region, because the normal L-[18-F]fluorodopa uptake allowed us to localize the striatum and superimpose
the ROI on the CBF, OER, and CMRO2, and the CMRglu images. Of note
is that Kuhl et al.23 found normal average cortical glucose utilisation
values. Their average value of 4.46 ± 1.45 mg/100 g/min is comparable
with the values in our patient (4.2 - 5.0 mg/100 ml/min). In half their
patients the frontoparietal ratio was subnormal. Mazziotta et al.25 recently
reported significantly lowered absolute values of local glucose utilisation
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Fig. 5. [HC]-methylspiperone uptake visualised in our patient and a healthy subject.
Head position is as in Fig. 3. The grey scale is adjusted for radioactivity
administered. Striatal activity in the patient is less than in the healthy subject.

in striatum and frontal cortex in Huntington's disease compared to
controls. These authors suggest that cortical hypometabolism occurs late
in the disease. The metabolic ratio (MR) in our patient showed normal
levels throughout the brain, thus failing to support the glutamine
synthetase hypothesis26, which predicts regional uncoupling of oxygen and
glucose metabolism due to focally reduced activity of this enzyme in the
anterior brain of patients with Huntington's disease. The combined
decrease of oxygen and glucose metabolism, and of blood flow in striatal
regions, and to a lesser extent in the frontal lobe, is best interpreted as an
expression of diminished neuronal function in those regions out of
proportion to the mild or absent atrophy present in these areas.
Local relative hypoperfusion of striatum has been found previously in
Huntington's disease23. We found CBF low throughout the brain,
although more marked in striatum and frontal lobes. Whether generally
low CBF is due to the disease or whether the higher oxygen content of our
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patient's blood is responsible for a low normal value cannot be concluded
from this single case. Matched reduction of glucose metabolism and CBF
has been mentioned previously25 but no data were given.
We interpret the reduced [uC]-methylspiperone binding in the striatum
of our patient as resulting from neuronal cell loss leading to a reduced total
number of dopamine (D2) receptors. Postmortem measurements have
shown markedly reduced dopamine receptor density in the striata of
Huntington's disease patients 8 in agreement with an average total striatal
weight loss of about 50%. Striatal CBF, oxygen utilisation, and dopamine
receptor binding in our patient were all 22-30% lower than the mean of the
healthy subjects. This suggestion that our patient was not in an advanced
stage of his disease is confirmed by his relatively short history and clinical
condition. Mazziotta et al.25 found an average 50% decrease in caudate
glucose metabolism in 19 patients with Huntington's disease. However,
the range was very wide.
The uptake of L-[18F]-fluorodopa was normal in striatum, indicating a
preserved capacity of the nigrostriatal dopaminergic nerve terminals to
retain exogenously administered L-Dopa, in the form of dopamine (19).
Although dopamine concentration in striata of Huntington's disease
patients has been shown to be normal or increased2'5, our L-Dopa uptake
study does not yield a direct measure of dopamine concentration but
rather measures the total pool available for uptake and storage. The
normal presynaptic dopamine system in combination with markedly
reduced dopamine receptor binding found in vivo in the striatum in our
patient confirms the dopamine preponderance in Huntington's disease
suggested by autopsy studies and pharmacological responses2"7.
Our in vivo PET studies using a range of tracers, which are specific for
different systems, support the notion of primary neuronal cell loss in
striata and to a lesser extent in frontal cortex in Huntington's disease. With
further refinement of PET techniques (better spatial resolution and greater
availability of tracers for other neurochemical systems), it may be possible
to determine which systems become impaired in the earliest stages of the
disease. The hypothesis that subjects in the preclinical phase of Huntington's disease may be distinguishable from those without the gene with
greater sensitivity or reliability by the use of D2 receptor ligands also
requires testing and comparison with measurement of glucose consumption. In addition, another question that can now be investigated is whether
in early Huntington's disease cognitive impairment can be present in
association with functional disturbances of the caudate nucleus but not of
frontal cortex.
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ARTICLE ABSTRACT

(

Six patients with different forms of dystonia (4 with predominantly
hemidystonia and 2 with spasmodic torticollis) were investigated using
dopaminergic tracers and positron emission tomography. L-(18F) fluorodopa uptake in striatum, indicating presynaptic dopaminergic function of
the nigrostriatal dopaminergic system, was decreased on one or both sides
in all subjects. Those patients who were clinically affected on predominantly one body side showed a larger decrease of uptake in the
contralateral striatum. Striatal accumulation of the tracer ("C) methylspiperone, which is an indicator of the affinity and magnitude of the
dopamine (D2) receptor pool, was measured in four of the six patients.
Uptake was normal except in one patient in whom the affected striatum
showed a high uptake. These preliminary studies suggest that presynaptic
dopaminergic function may be involved in some patients with dystonia.
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Specific tracers have made it possible to investigate dopaminergic
function in patients with movement disorders1'2'3-4. So far, there has been
only one published case report concerning PET dopamine studies in
patients with dystonia5. Although the dopaminergic system may not
necessarily play a major role in the pathophysiology of most forms of
dystonia, nevertheless certain patients respond remarkably well to levodopa therapy or anticholinergic drugs6-7-8.
To establish whether pre- and postsynaptic dopaminergic functions are
involved in the pathophysiology of dystonia, we performed PET scans in
To be published in Advances in Neurology Series, Raven Press, N.Y.
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six dystonic patients. We chose 4 patients with unilateral limb dystonia (2
with additional truncal involvement) initially for study, in the hope that
such patients would show unilateral changes on PET scanning. Hemidystonia is a rare feature of idiopathic or primary dystonia, and only one of
these 4 cases had primary dystonia without any other unusual clinical
feature. The remaining 3 had additional parkinsonism in the affected
dystonic limbs; one of these had a pathological lesion in the opposite
midbrain, but no structural lesion was identified in the other 2. In addition,
we studied 2 patients with spasmodic torticollis.
METHODS
L-(18F)fluorodopa

This levodopa analogue was injected intravenously as a bolus after
which sequential PET scans measured the rates of accumulation of
fluorine-18 isotopes in brain as a function of time. Uptake is the net result
of transport between blood and tissue uptake into neurones, conversion
into fluorodopamine and further metabolites, vesicular uptake and
retention of these compounds and their washout from neurones inio tissue
and blood. This technique and its limitations have been described
elsewhere2'34'9. By comparing the difference of uptake between typically
dopaminergic regions (striatum) and non-dopaminergic ones (e.g. cerebellum) a measure of specific dopamine uptake can be obtained. This
consists of decarboxylation of fluorodopa and "storage" of fluorodopamine in the presynaptic striatal dopaminergic nerve terminals4. Influx
of tracer into the specific storage pool can be calculated by comparing the
arterial input function with cerebral tracer accumulation10, however, this
paper reports only the results of comparing the accumulation of activity in
striatum with that in surrounding non specific sites.
( U C) methylspiperone

Like spiperone itself this compound (labelled with carbon-11, which has
a physical half-life of about 20 min) is a dopamine D 2 receptor antagonist
with high affinity and low non-specific binding11-12'13. It binds with lower
affinity to serotonin S2 receptors and probably to adrenergic receptor sites
also. In striatum accumulation of the tracer is dominated by D 2 receptor
binding and has therefore been used to demonstrate the distribution of
these receptors with PET in man14. The rate of change over time of the ratio
between striatal and cerebellar activity is proportional to the magnitude of
the D 2 receptor pool15-16. In this communication the results are presented
as the ratio of striatal to cerebellar activity at one hour after administration
of the tracer. Such ratios are dependent on age15 and total tracer mass
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administered , therefore values were calculated for each patient separately normalising for injected tracer dose and age.
PATIENTS AND HEALTHY SUBJECTS
Six patients were investigated using L-(18F) fluorodopa and four of these
were studied with ( n C) methylspiperone. The clinical form of dystonia and
additional signs and symptoms were quite varied between patients.
Patient 1 was a 43-year-old man with gradually progressive right sided
hemidystonia from the age of 7 accompanied by hemiparksonism on the
same side. At a later stage blepharospasm more marked on the left
developed as well. The parkinsonian features responded to dopamine
agonists, but concomitant dyskinesias precluded normal function of his
right arm. CT and MRI scanning revealed a focal lesion of unknown
pathology located in the upper brainstem on the left side, extending into
the left posterio-medial part of the thalamus. There was no structural
abnormality in the striatum. This case has been described in more detail
elsewhere5.
Patient 2 was a 43-year-old woman with left sided hemidystonia of 5 years'
duration which started as an action dystonia of the left foot. She then
developed an axial dystonia and mild rigidity and bradykinesia in the left
arm and leg. Levodopa treatment was tried, but had to be stopped after a
week because of dyskinesias.
Patient 3 was a 36-year-old woman who during the previous four years
had developed right sided hemidystonia, hemiparkinsonism and an axial
dystonia. The parkinsonian signs responded to some extent to levodopa
treatment.
Patient 4 was a 37-year-old man with mild dystonia of the left arm which
began 7 years previously, and of the left leg 2 years previously, without
parkinsonism.
Patients 5 and6 were two men (age 57 and 45 years) with spasmodic torticollis to the left (duration 5 and 7 years, respectively). Only L-(18F)fluorodopa
their heads straight in the scanner intravenous injection of diazepam (three
times 10 mg during the procedure) was necessary.
RESULTS
The accumulation of isotope into striatum compared to non-dopaminergic brain tissue is expressed as a ratio and listed for each dystonic
patient in Tables 1 and 2. Mean values for healthy control subjects and for
a group of 12 patients with Parkinson's disease are also given. In patient 1
uptake of L-(18F) fluorodopa in the left striatum (the side of the upper
brainstem lesion) was very low and the right side showed also a moderate
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Table 1 Fluorodopa ratio

Dystonia

Striatum
Left

Right

pat 1

1.18*

1.48

Idiopathic
hemidystonia and
hemiparkinsonism

pat 2
pat 3

1.82
1.51*

1.64*
1.63

Idiopathic
hemidystonia

pat 4

1.63

1.50*

pat 5
pat 6

1.28
1.47

1.30
1.42

1.48
(1.30-1.65)
1.39
(1.15-1.47)

1.48
(1.33-1.69)
1.39
1.21-1.50)

1.83
(1.70-2.02)

1.82
(1.65-2.04)

Symptomatic
hemidystonia and
hemiparkinsonism

Torticollis

Parkinson's
disease

Left
Left

Mild

( n = 7)

Severe

(n = 5)

Healthy
subjects

(n=6)

*Side of brain contralateral to dystonia

Table 2 (' 'C)-methylspiperone

Symptomatic

Pat 1

Dystonia
Left
Right
2.91* 2.85

Healthy subjects
(n = 14)
3.22 (2.89-3.56)

Pat 2

3.28

3.70*

2.50 (1.55-3.45)

Pat 3
Pat 4

3.15* 3.17
2.85 2.59*

2.62 (1.62-3.62)
3.06 (2.51-3.62)

Idiopathic

•Side of brain contralateral to dystonia
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Fig. 1. Summed PET images displaying a cross-section of the brain of patient no 2 at the
level of the striatum. The left image shows the isotope distribution after ( n C)
methylspiperone and the right after L-(18F) fluorodopa injection. The top of the
images is frontal and the head of the patient is viewed from above. The colour scale
translates linearly isotope concentration within each image. The right striatum
(contralateral to the affected body side) shows an increase in ("C) methylspiperone
accumulation and a decrease in L-('8F) fluorodopa uptake.

decrease in uptake. ( n C) methylspiperone binding was in the low normal
range on both sides. Patient 2 showed a decrease in uptake of L-(18F)
fluorodopa in the right striatum (contralateral to the symptomatic side)
compared to the left, but ("C) methylspiperone was clearly increased on
that side. The left striatum showed normal accumulation of both tracers
(Fig. 1). Patients 3 and 4 showed a decrease of striatal L-(18F) fluorodopa
uptake on the side contralateral to the affected side. ( n C) methylspiperone
uptake was normal in both cases.
The patients with torticollis both showed a clear bilateral decrease of
L-(18F) fluorodopa uptake.
DISCUSSION
The PET measurements presented here provide preliminary quantitative data about striatal dopaminergic function in patients with dystonia.
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However, these results must be interpreted with caution, firstly because the
number of patients studied is still very small and secondly because the
clinical spectrum of dystonia is so wide thatprobably different diseases or at
least different pathophysiological mechanisms are responsible for the
varied clinical pictures in the patients described in this paper.
We concluded from these PET studies that the striatal dopaminergic
system, particularly the presynaptic nigrostriatal pathway, can be involved
in some dystonic syndromes. It must be stressed, however, that L-(18F)
fluorodopa uptake in a region of brain in not equivalent to the
determination of native dopamine concentration. The pattern of uptake
over time expresses the capacity of a certain brain region to process this
tracer. In the normal striatum the main dopamine processing apparatus is
provided by the nigrostriatal dopaminergic neurons. Loss of these
neurons, as in Parkinson's disease, leads to diminished striatal uptake of
L-(18F) fluorodopa4, which may parallel a decrease in native dopamine
concentration. However, this may not be the case in idiopathic dystonia,
where changes in metabolism rather than a diminished pool of nerve
terminals may be the main determination of tracer uptake.
However, the decrease in L-(18F) fluorodopa uptake in patients 1 to 3
may be related to the parkinsonism present on the same side as the dystonic
signs, implying dopaminergic cell-loss or dysfunction in the nigro-striatal
system. Although the combination of dystonia and parkinsonism is
unusual, it points to the dopaminergic system as a common pathophysiological factor. Parkinsonism of juvenile onset is particularly likely
to be associated with additional dystonic features. It is known that both
dopamine agonists and antagonists can provoke dystonic syndromes.
Conversely both types of drug have a beneficial effect in some patients with
dystonia. The several cross-links between parkinsonism and dystonia are
discussed by leWitt et al18. The fourth patient with hemidystonia, but not
parkinsonism, also had reduced L-(18F) fluorodopa uptake in the opposite
striatum.
Patients 5 and 6, with marked torticollis to one side, showed a clear
decrease in L-(I8F) flurodopa uptake in both striata, suggesting that this
condition is a bilateral disease.
The striatal (D2) receptor binding was found to be normal in three of the
four patients studied with the tracer ( U C) methylspiperone. (In striatal
regions, in contrast to cortical regions, serotonin (S2) receptors determine
the binding of tracer only to a minor extent). Only patient 2 (idiopathic
hemidystonia plus ipsilateral hemiparkinsonism) showed a clear increase
in binding in the contralateral striatum, in parallel with diminished L-(18F)
fluorodopa uptake on that side. This may explain the fact that in that
patient levodopa therapy had to be stopped after only one week because of
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dyskinesias on the affected body side. Such dyskinesias did not occur in
patient 3 who had a similar clinical condition, diminished L-(18F)
fluorodopa uptake in the contalateral striatum but no increase of ( n C)
methylspiperone binding. Obviously these considerations are highly
speculative.
Our results suggest that PET scanning may help to clarify which brain
neurc transmitter systems are affected in dystonia patients. The fact that
very few brains of such patients are available for postmortem study,
underscores the value of PET in this respect. The methodology is relatively
new but rapidly evolving. The new generation of tomographs will allow

measurements from much smaller regions than was hitherto possible.
Also, improved quantitative tracer models and tracers specific for other
neurotransmitter systems are being developed.
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POSITRON EMISSION TOMOGRAPHY
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1. MRC Cyclotron Unit and department of Neurology,
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Summary
Brain function was measured in 5 patients with clinically diagnosed SteeleRichardson-Olszewski syndrome using positron emission tomography and tracers of
dopamine metabolism, blood flow and oxygen metabolism. A global decrease in blood
flow and oxygen utilisation compared to normal values was found, but the decrease was
more marked in the frontal regions. The degree of impairment in oxygen utilisation in
the frontal region paralleled roughly the duration of the disease. Blood flow was
impaired more than oxygen utilisation resulting in raised oxygen extractions. This
implies involvement of brain vasculature in the pathophysiology of the disease in
addition to neuronal degeneration. Striatal dopamine formation and storage, as
indicated by L-(18-F)fluorodopa uptake, was significantly decreased compared to
control values. The severity of this decrease paralleled the degree of frontal CBF
hypofunction. Ths results suggest that the impairment of cerebral function in SteeleRichardson-Olszwski syndrome is determined to a large extent by brain-stem pathology.

INTRODUCTION

Steele-Richardson-Olszewski (SRO) syndrome (progressive supranuclear palsy) (Richardson et al., 1963; Steele et al., 1964; Steele, 1972) is
clinically characterised by supranuclear ophthalmoplegia, pseudobulbar
palsy, dystonia, axial rigidity and dementia. Cerebellar and pyramidal
signs and symptoms are minor or absent. The disease usually starts in the
This paper is submitted for publication
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sixth decade and progresses slowly leading inexorably to death after two to
twelve years with the median duration from onset to death being 5.9 years
(Maher and Lees, 1986). Neuropathological findings include neurofibrillary tangles and nerve cell loss with gliosis in specific brain-stem,
diencephalic, and cerebellar nuclei. The cerebral cortex seems to be little
affected if at all (Steele et al., 1964; Jellinger et al., 1980). This has led some
to designate the dementia associated with SRO syndrome as a "subcortical
dementia" (see for review Cummings (1984) and Whitehouse (1986)).
D'Antona and colleagues (1985) showed that cortical glucose utilisation
measured with positron emission tomography (PET) in six patients with
probable SRO syndrome was clearly impaired, particularly in the prefrontal regions. These authors postulate that the cortical hypometabolism
is caused by the direct influence of subcortical systems on cortex. We have
also had the opportunity to investigate five patients with probable SRO
syndrome using PET. Regional cerebral blood flow (CBF), fractional
oxygen extraction (OER) and oxygen utilisation (CMRO2 = cerebral
metabolic ratio of oxygen) were measured, providing information on
cerebral metabolism, neuronal function and haemodynamics. L-(18F)fluorodopa uptake into striatum was used to assess pre-synaptic striatal
dopaminergic function, thus indicating the integrity of the nigro-striatal
dopaminergic system. The substantia nigra is one of the brain-stem nuclei
which is known to be severely involved in the disease (Steele et al., 1964;
Jellinger et al., 1980).
The aim of our study was to further characterise general and specific
aspects of brain metabolism in this condition.
SUBJECTS AND PATIENTS
7) Healthy volunteers
L-(18-F) fluorodopa uptake was compared with the values obtained in 5
healthy volunteers, scanned according to the same protocol as the patients.
This is because the concentration of isotope accumulated in tissue depends
on the time of measurement after injection of L-(18-F) fluorodopa
(Leenders et al., 1986b).
The ages ranged from 30 to 64 years (mean and standard deviation: 45 +
14). No effect of age on tracer uptake was found in this group.
CBF, and oxygen metabolism were measured in five other healthy
volunteers, who were selected for age (mean and standard deviation 62.4 +
1.14 years). Although the effect of age on brain energy metabolism is not
large (Frackowiak et al., 1980) age matching was considered prudent.
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II) Patients
Five patients with probable SRO syndrome were investigated. One patient
(no 5) was studied with the tracer L-(18F)fluorodopa only. The clinical
data are summarised in table 1. It should be added that none of the patients
responded to a therapeutic dose of levodopa.
Patient 1 was a 60 year old man whose disease started at age 57 with falls,
walking difficulties and speech problems. In addition he had slowed
mentally and became emotionally labile. On examination a widebased
ataxic gait, marked dysarthria, severe supranuclear gaze palsy and
dementia were found. The Webster scale score was 27 (Webster, 1968) His
X-ray CT scan and EEG were normal. Psychological testing at the time of
the PET scans yielded a verbal score of 76 and a performance score of 76
and a performance score of 70 on the WAIS. He was shown to be
moderately demented although his memory and perceptual skills could not
be assessed fully because of his gaze palsies.
Patient 2 was a 68 year old man who at the age of 63 started to complain
of tiredness, poor balance and falls backwards. Further progressive
slowness, slurred speech, emotional lability and forgetfulness appeared,
later accompanied by writing and swallowing difficulties. On examination
he showed a severe spastic dysarthria with marked verbal perseveration
and poverty of expression. In addition bilateral limb bradykinesia with
axial and limb rigidity, vertical gaze palsy and ankle clonus were found.
The Webster score was 24. An X-ray CT scan was essentially normal but
showed slightly expanded ventricles. The WAIS yielded a performance IQ
of 76, but his verbal IQ was impossible to test because of language
Table 1. Clinical data of the patients
Age

Sex Duration
Clinical disability
of
physical mental Webster

CT

WAIS
Verbal Perform

disease
(yrs)
Patient
Patient
Patient
Patient

1
2
3
4

60
68
65
65

M
M
M
M

3
5
5
6

Severe Moderate
Severe Moderate
Moderate Mild
Severe Moderate

27
24
20
30

Patient 5 64

F

3

Moderate Mild

24

Normal
Expanded
Normal
Widened
hemispheric
fissures
Widened
frontal
sulci

76
83
110

70
76
91
70

95

96
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difficulties. There was evidence of dysphasia and of a marked perceptual
impairment.
Patient 3 was a 65 year old man whose condition started at age 60 with
dysarthria, dysphagia, backward falls and difficulty in turning. Later slight
forgetfulness and emotional lability were noted. On examination pseudobulbar palsy, a mild supranuclear gaze palsy, severe apraxis of eyelid
opening and general slowness of movements were found. Emotional
lability was evident and the patient was forgetful. His score on the Webster
scale was 20. An EEG, X-ray CT-scan and MRI scan were normal.
Psychological testing at the time of the PET scans yielded a verbal IQ of 83
and performance IQ of 91 (WAIS). His memory skills were weak but his
naming and perceptual skills were normal.
Patient 4 was a 65 year old man, who at age 59 started to complain of a loss
of voice volume. This was followed by increasing slowness of movement
accompanied by falls. Progressive visual disturbances, swallowing difficulties and forgetfulness were noted. On examination at the time of the
PET investigations severe dysphonia and dysarthria, complete supranuclear ophthalmoplegia, axial rigidity and bilateral Babinski signs were
found. Only mild forgetfulness was apparent. The score on the Webster
scale was 30. An X-ray CT scan showed no abnormalities except for
widening of the anterior part of the interhemispheric fissure. A WAIS
examination performed 6 months before the PET scans gave a verbal score
of 110 and a performance score of 70. Verbal memory was normal but the
performance on memory for faces was defective and picture naming was
also impaired. This patient died about 6 months after his investigation.
The clinical diagnosis of SRO syndrome was confirmed at post-mortem.
Patient 5 was a 64 year old woman who had a 3 year history of walking
difficulties, general slowing and backward falls. On examination she
stared, was emotionally labile and dysphonic. There was a supranuclear
downgaze palsy, dystonia and bradykinesia. Her plantar responses were
equivocal. The Webster scale score was 24. Her EEG was normal as was
her X-ray CT-scan, although the frontal sulci were wider than the parietooccipital sulci. Psychological testing (9 months before her L-(18-F)fluorodopa PET scan) yielded a WAIS verbal IQ of 95 and a performance IQ of
96. She was mentally slow and the usual recognition memory tests could
not be administered, but she performed poorly on an easy picture
recognition test. The result of perceptual tests was below normal.
Written informed consent was obtained from the patients and their
spouses and from the healthy volunteers. The protocols were approved by
the Hammersmith Hospital Ethics Committee and the Administration of
Radioactive Substances Advisory Committee of the U.K.
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METHODS
I) L-(18-F)fluorodopa. This compound is an analogue of L-dopa (Garnett
et al. 1978; 1983). Labelling with the positron emitting isotope fluorine-18
(physical half life 110 min) was performed according to the method of
Firnau and colleagues (1984). Typically 2 to 4 mCi radioactivity in 8 mg
levodopa was injected intravenously. 75 mg carbidopa was given orally
half an hour before injection of the tracer to block peripheral decarboxylation. A series of 6 consecutive 10 minute PET scans, using the ECAT-II
(EG + G) single slice whole body tomograph, was started at 120 minutes
after administration. The scanning plane was 4 to 5 cm above and parallel
to the orbito-meatal line at the level of the bulk of the striatum. After data
collection, attenuation correction by measurement and reconstructions
using standard tomographic computer procedures were performed enabling the display of the scanned cross-section of the brain as the
distributions of activities pixel by pixel in absolute units. Regions of
interest (ROI) were defined in the striatal regions and surrounding brain
according to a previously described method (Leenders et al., 1986b). For
each subject or patient, an average ratio of striatal to surrounding cerebral
activity was calculated from all measurements between 120 and 180
minutes after tracer administration.
Native dopamine and enzymes for dopamine production and breakdown are highly concentrated in striatal tissue in the nerve terminals of the
nigrostriatal dopaminergic neurons (Hornykiewicz, 1972). Retention of
radioactivity in striatum over time after L-(18-F)fluorodopa administration expresses the capacity of the dopaminergic nerve terminals to form
and store (18-F)dopamine (Garnett et al., 1983; Leenders et al., 1986b).
II) Regional CBF, cerebral oxygen extraction and oxygen utilization
(CMR02). These were measured with the same tomograph on a different
day. The steady state oxygen-15 inhalation technique was used and
supplemented by an inhalation of 11-C labelled carbon monoxide. The
technical and methodological aspects of these techniques have been
extensively discussed elsewhere (Jones, 1976; Frackowiak et al., 1980;
Lammertsma et al., 1981a; 1981b; 1982; 1983). Applications of these
methods to patients with movement disorders have also been published
previously (Wolfson et al., 1985; Leenders et al., 1985). Two transaxial
planes were scanned, the lower at the level of the striatum (between 4 and 5
cm above and parallel to the orbito-meatalline)and the higher plane at the
level of the centrum semi-ovale (6 cm above and parallel to the orbitomeatal line). For both planes cortical, white matter and basal ganglia
ROI's were defined visually from a video display unit as previously
described (Wolfson et al., 1985; Leenders et al., 1985a; 1985c).
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RESULTS
I) L-(18-F)fluorodopa
The time-averaged ratio of activity between striatum and surrounding
brain after L-(18-F)fluorodopa administration in the healthy subjects was
1.83 + 0.11 (Table 2). Inspection of Fig. 1 indicates that the ratio continued
to increase with time between 120+180 min. In contrast the ratio in SRO
syndrome patients was constant with time over the same period (which is
also the case in patients with Parkinson's disease). The average ratio for the
SRO syndrome patients was 1.59 -I 0.17, which is significantly different
from normal (p= 0.025; two-sample t-test). The distribution of the tracer
in the SRO syndrome patient group was similar to that in healthy subjects
(Fig 2). No correlation between the striatum to surrounding brain ratio
and the score of the Webster scale was found.
II) CMRO^ CBFand OER
Values ofCMRO2, CBF and OER for the healthy volunteers and SRO
syndrome patients are listed in Tabies 3 and 4. The SRO syndrome patients
showed lower values for CMRO2 in all brain regions of the lower plane
(73-81% of control values), although more pronounced in the frontal and
temporal cortex. At the higher plane the values of CMRO 2 in the SRO
syndrome patients were on average 80% of control values in frontal cortex
and white matter regions but normal in the other regions. CBF values in
Table 2. Ratio of fluorodopa uptake
Subject
No.
1
2
3
4
5
Mean
± S.D.
•P= 0.025 (t-test)
compared to healthy subjects

SRO syndrome
Patients

Healthy
Subjects

1.70
1.82
1.40
1.49
1.52

1.91
1.94
1.69
1.75
1.88

1.59*
±.17

1.83
±.11
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Fig 1. Ratio of activity between striatum and surrounding brain over time after
administration of L-(18-F)fluorodopa. The data of the parkinsonian patients are
taken from Leenders and colleagues (1986b).

Fig 2. Cross-sections of isotope distributions (summed images) after L-(18F)fluorodopa administration to the SRO syndrome patients (PJ-P5) and one
volunteer. The top of the images is frontal and the patient is viewed from above.
The images are not scaled towards each other but to the maximum value of each
image separately.
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Table 3. Mean (+SD) values of cerebral persusion and oxygen metabolism (lower
plane)

Frontal
cortex

Occipital
cortex

Insular
gray

Middle cerebral artery
territory

Basal
ganglia

CRM02
Healthy subjects
SRO patients
%

2.95±.32
2.24±.22
76

3.51 ±.42
2.83±.37
81

3.46±.42
2.53±.35
73

2.91±.3O
2.32±.41
80

2.91+.43
2.26±.36
78

CBF
Healthy subjects
SRO patients
%

45.4+9.5
25.0±5.6
55

47.7±10.0
29.4±6.1
62

55.3±12.0
28.7±7.5
52

44.9±8.2
25.3+4.5
56

43.5±9.1
25.6±5.4
59

OER
Healthy subjects
SRO patients
%

39.0+6.5
46.9±7.3
+20

44.2±6.5
50.3±7.4

37.6±5.6
46.3±8.0

39.1±5.0
47.2+7.1

39.6±5.4
49.2±8.5

+ 14

+23

+21

+24

CMRO2 (cerebral metabolic ratio of oxygen): ml/ lOOml/min. CBF (cerebral blood
flow): ml/100 ml/min.
OER (oxygen extraction ratio): expressed as a percentage

the patient group showed an even larger deviation from normal in all
regions of both planes. The decreases were also more marked in the frontal
regions. The larger decrease of CBF compared to that of CMRO2 in the
SRO syndrome patients was counterbalanced by an increased oxygen
extraction in all regions. This increase of OER varied between 10 and 24%
and indicated a resetting of the flow: metabolism couple.
The averaged ratio of frontal to occipital values for each function for
both planes in both groups of subjects is listed in Table 5. For healthy
subjects this ratio was close to 1 for CBF, but lower for CMRO2 and OER.
The frontal to occipital ratio's for CMRO2 and CBF in the patients
were significantly lower than control values only in the higher plane (Table
5) corresponding to prefrontal cortex. As the occipital values vary little
between the two planes, this was due principally to a relative decrease in
frontal metabolism. The OER ratio in the patient group increased to
approximately 1. Fig 3 illustrates the differences in CBF between two SRO
syndrome patients and two healthy subjects at the lower plane. No
correlation between the WAIS score and frontal CMRO2, CBF or
frontal/occipital ratios was found. However, a good correlation was found
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Table 4. Mean (+SD) values of cerebral perfusion and oxygen metabolism (higher
plane)
Frontal
cortex

Occipital
cortex

Parietal
cortex

Middle cerebral aratery
territory

White
matter

Healthy subjects
SRO patients
%

2.81±.43
2.25±.27
80

3.16±.53
3.07±.37
97

2.52±.24
2.42±.?9
96

2.66±.43
2.44+.41
92

1.321.09
I.06±.23
80

CBF
Healthy subjects
SRO patients
%

45.3±9.9
25.6±3.5
57

45.1±11.1
33.5±5.6
74

36.9+7.0
26.7±6.3
72

40.6+6.4
27.3±5.4
67

21.4±3.3
14.3±l.6
67

OER
Healthy subjects
SRO patients
%

37.5±6.0
45.2±4.5
+20

42.5+8.9
47.1+4.3
+11

41.5+8.8
46.8±4.6

38.9+6.7
46.2±5.2
+ 19

35.6±6.1
39.1+8.5

CMR01

+ 13

+ 10

See for comments table 3.

Fig 3. CBF displayed at the lower plane of two SRO syndrome patients and two
healthy subjects. Orientation of the images as in Fig 2.
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Table 5.Frontal to occipital ratios

CMRO,

CBF

OER

Healthy subjects
(n= 5)
Lower plane
Higher plane

.84+0.3
.90±.09

.96±.13
1.02±.ll

.89+.11
.89+.07

SRO patients
(n= 4)
Lower plane
Higher plane

.80+.04
.74+.06*

.86±.O7
.77±.05**

.94±.1O
.96+.02

*p < 0.025 ** p < 0.005 Compared to healthy subjects (t-test)
Values are given as mean and standard deviation.

Table 6. Relation between fluorodopa uptake, hypofrontality and duration of
disease in SRO patients

Patient
No.

1
2
3
4

Duration
of
disease
(years)
3
5
5
6

Frontal to occipital ratio
CBF
lower
higher
plane
plane
.94
.89
.79
.80

.79
.82
.77
.70

Ratio
fluorodopa

1.70
1.82
1.40
1.49

between the duration of the disease and the absolute values of frontal
CMRO2: for the 4 SRO syndrome patients in which measurements were
made durations of the disease were 3,5,5 and 6 years respectively and the
corresponding CMRO2 (higher plane) were 2.59, 2.30, 2.12 and 2.00
ml/lOOml/min. Patients with a low ratio of fluorodopa activity in stria tum
to that in surrounding brain also had lower frontal to occipital ratios of
CBF (Table 6).
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DISCUSSION
We have investigated regional brain metabolism in 5 patients with
clinically diagnosed Steele-Richardson-Olszewski (SRO) syndrome using
positron emission tomography. The clinical syndrome was defined as a
progressive non-familial multi-system degenerative disorder which begins
after 50 years and includes amongst its symptoms a supranuclear
downgaze palsy and at least two of the following:
1) axial dystonia with rigidity in extension; 2) frontal lobe syndrome; 3)
bradykinesia/rigidity; 4) pseudobulbar palsy; 5) impaired postural reflexes
with frequent falls. The clinical features and natural history of the SRO
syndrome have recently been reanalyzed in 52 patients by Maher and Lees
(1986). Our 5 patients fulfilles the above outlined clinical criteria and in
one patient the diagnosis was confirmed by post-mortem investigation.
A striking finding of the patients' PET investigations is the global
impairment of CBF and CMRO2 in the patients' cerebral hemispheres.
The decreases are most pronounced in the frontal and "insular gray"
regions (the latter region centers on the maximum metabolic activity
recorded from the convolutions of insular gyri and subcortical gray
matter).
The same pattern of hypometabolism was found by D'Antona and
colleagues (1985) who measured brain glucose utilisation using PET in 6
patients with probable SRO syndrome, who also stressed frontal hypometabolism. However, inspection of the published data (absolute values in
their Table 3) reveals that mean glucose utilisation was decreased in all
investigated regions, but reached statistical significance only in frontal
regions. The marked frontal hypometabolism found in our and D'Antona's
study fits with the clinical features of dementia which is present in the
majority of cases and shows similarities with the so called frontal lobe
syndrome (Cambier et al., 1985; Maher et al., 1985). The dementia of the
SRO syndrome is characterised by forgetfulness, slow mentation, emotional or personality changes, impaired ability to manipulate acquired
knowledge and the absence of dysphasia, agnosia and perceptual abnormalities.
We found no association between the degree of impaired frontal oxygen
utilisation and the WAIS psychological test score, neither by correlating
the score themselves nor by rank order. Also no correlation was found
between frontal glucose utilisation and "frontal lobe function" (D'Antona,
1985). This may be due to the small number of patients investigated in both
our and D'Antona's studies. In addition two patients (no. 4 and 5) in our
study had their psychological test 6 resp. 9 months before their PET
investigations. Alternatively cortical oxygen or glucose metabolism may
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not be linearly related to intellectual function. Globus and colleagues
(1985) did not find a correlation between the magnitude of regional
cortical cerebral blood flow reduction and severity of intellectual deterioration in 48 patients with Parkinson's disease. However, CBF measurements have the additional problem of a possible mismatch with energy
metabolism in pathological conditions. This makes it even more difficult
to interpret comparison of C B F with the level of intellectual functioning
than is already the case for C M R O 2 .
On the other hand, in our study duration of disease was associated with
the degree of frontal C M R 0 2 reduction in the 4 patients investigated.
Although the number of patients is small this ma indicate that impairment of oxygen metabolism reflects overall neur nal degeneration. This
would also be in line with the chronic progressive nature of the disease.
The fact that C B F was decreased more than C M R O 2 (which resulted in
an increased OER in all brain regions) suggests that apart from C B F
reduction due to diminished demand by the tissue (decreased neuronal
function) there is also a direct influence on the cerebral vasculature. In
SRO syndrome the main location of pathology is in brain-stem nuclei
(Steele et al., 1964; Jellinger et al., 1980) and it is tempting to explain the
cerebral hemispheric functional disturbances by the subcortical lesions, a
hypothesis that is also discussed by D ' A n t o n a colleagues (1985). The
additional decrease in C B F could be due to alterations in central control of
vessel calibre for example through diminished dopaminergic innervation
of the cerebral vasculature. There exist a number of distinct mechanisms
by which dopaminergic systems may modify cerebral blood flow. D o p a mine may stimulate specific receptors on cerebrovascular smooth muscle
or may increase neuronal activity and thereby CBF. These interactions are
extensively discussed elsewhere (McCulloch, 1984; Leenders et al., 1985c).
Global increase in cerebral metabolism and blood flow is produced by
stimulation of specific brain-stem nuclei (Iadecola et al., 1983). It may be
speculated that wide spread lesions of brain-stem nuclei would lead to
decreases in cerebral hemispheric function. Indeed, in SRO syndrome the
nigrostriatal dopaminergic system is severely affected, which is confirmed
by the diminished striatal uptake of the levodopa analogue L-(18-F)
fluorodopa in our study (Table 2). The decreased processing of this tracer
by striatum was paralleled by decreases in frontal C B F (Table 6). Similar
observations have been made in Parkinson's disease, in which a relatively
greater C B F decrease was found (Wolfson et al., 1985). Turning to
metabolism, destruction of the nucleus basalis of Meynert, which projects
extensively to cerebral cortex and which is also damaged in SRO
syndrome, induces widespread reduction in cortical glucose utilisation in
rats (London et al., 1984). This would also explain the decreased choline
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acetyl transferase (CAT) activity in frontal cortex found by Ruberg and
colleagues (1985) in post-mortem brains of 9 SRO syndrome patients.
These authors also showed that dopamine and HVA concentration were
reduced in striatum (but not in cortex) to levels comparable to those found
in Parkinson's disease. Again these results correspond well with the
present striatal L-(18-F)flucrodopa uptake results in man.
CAT activity and tritiated spiperone binding, were also reported to be
reduced in striatum of the 9 SRO syndrome patients in the study of
Ruberg and colleagues (1985), confirming that striatal interneurones are
directly involved in the pathologic process. A decrease of 50% of labelled
spiperone binding in striatum in postmortem studies of 5 SRO syndrome
patients was previously reported by Bokobza and colleagues (1984) and
confirmed in vivo by Baron and colleagues (1985) who studied 7 SRO
syndrome patients using PET and the tracer (76-Br)bromospiperone.
This finding contrasts with the situation found in Parkinson's disease
where the severe pre-synaptic dopaminergic lesion does not affect striatal
labelled methylspiperone binding (Leenders et al., 1985b). This may well
explain why dopamine agonists are beneficial in the early stages of
Parkinson's disease but much less if at all in SRO syndrome patients
(Klawans and Ringel, 1971; Haldeman et al., 1981; Jackson et al., 1983).
In our study all 5 patients failed to respond to therapeutic doses of
levodopa.
Although the main site of the lesion in SRO syndrome is without doubt
the brain-stem, the cortex is probably directly involved to some extent as
well. This is indicated by the mild diffuse cortical atrophy and internal
hydrocephalus apparent at post-mortem (Jellinger et al., 1980). Mild
cortical atrophy is often also visible on X-ray CT scans, as in our patients
(Table 1) and reported elsewhere (Haldeman et al., 1981). Spiperone
binding, which is a post-synaptic function (Laduron et al., 1978; Creese,
1982), is decreased in frontal cortex, both in post-mortem studies (Ruberg
et al., 1985) and in vivo in man, using PET (Baron et al., 1985).
This raises the issue of the classification of SRO syndrome as a
"subcortical dementia". D'Antona and colleagues (1985) feel that the
functional impairment, particularly of the frontal cortex, established with
PET justifies the concept of "subcortical dementia". However, the
finding of impaired cortical function in this disease might be taken as
support for the view that clinical signs of dementia are always associated
with cortical dysfunction. This would mean that the term "subcortical
dementia" is misleading, even if the disease is characterised by pathology
located "below" the cortex. It may be better to refrain from the
distinction of "cortical" and "subcortical" dementia as long as it remains
unclear what relation regional brain energy metabolism has with the
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clinical features of certain types of dementia.
Nevertheless, it is clear that PET using a combination of several
specific tracers can demonstrate patterns of metabolic and neurotransmitter dysfunction which characterise different clinical conditions.
Global decreases in CBF and energy metabolism are seen in all
degenerative diseases, but so far only in SRO syndrome is there a
pronounced frontal hypometabolism as well in the early stages. Frontal
hypometabolism has also been described in severe Alzheimer's disease by
Frackowiak and colleagus (1981) and Duara and colleagues (1986). This
contrasts with the situation in early Alzheimer's disease and parkinsonian
dementia, where a focal hypometabolic emphasis in the temporal/
posterior parietal cortex predominates (Frackowiak et al., 1981, Kuhl et
al., 1984).
Pre-synaptic dopamine metabolism is severely impaired in both
Parkinson's disease and SRO syndrome and can be demonstrated in vivo
using L-(18-F)fluorodopa and PET. Dopamine receptor binding in
striatum is decreased in SRO syndrome patients but is essentially normal
in Parkinson's disease. In Huntington's disease L-(18-F)fluorodopa
uptake in striatum is normal, but (ll-C)methylspiperone is decreased
(Leenders et al., 1986a) and in addition caudate nucleus glucose
metabolism is diminished focally, (Kuhl et al., 1982) and in later stages
frontal cortex also shows decreased values (Mazziotta et al., 1985).
In conclusion, the available PET tracer studies of SRO syndrome
patients, support the notion of extensive brain-stem lesions expressing
themselves in specific striatal and general cortical functional changes.
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Chapter 4
Summary of results
In this chapter are summarised the results of the papers which are
presented in chapter 3.
Paper 1 should be regarded as an overview of the PET techniques at a
time when energy metabolism measurements (blood flow, oxygen and
glucose utilisation) were the main methods used. It discusses mainly the
results obtained by the Hammersmith Hospital PET group for normals
and patients with dementia,brain tumour and in more detail cerebrovascular diseases. The paper thus presents a background for the results
on energy metabolism obtained in movement disorders.
a. Results of brain tissue energy metabolism studies in movement disorders.
Papers 2, 3 and 4 are dedicated to this topic and paper 10 and 12
partially.
In paper 2 baseline values of CBF and CMRO2 in patients with
Parkinson's disease are compared with values in healthy volunteers. A
global decrease of CBF and CMRO2 was found in patients compared to
healthy volunteers. This was greatest in the bilaterally affected group of
patients compared to the unilateral group. The former had had the
disease longer and was more severely affected than the latter. Disease
duration was found to correlate with severity of signs as illustrated by Fig
no 2 in paper 3. The patient population presented in papers 2 and 3 are
identical except for four additional patients in paper 3. CBF was more
diminished than CMRO2. For example in the frontal part of the brain,
CBF was down 20% and CMRO2 10%. It is postulated that in addition to
diminished oxygen demand by brain tissue due to neuronal degeneration,
there is also a direct diminished dopaminergic input to the cerebral blood
vessels contributing to the diminished CBF. Another main finding is the
matched increase in CMRO2 and CBF (12 to 14%) in the contralateral
basal ganglia territory (presumably in the region of the globus pallidus) in
the six unilaterally affected patients. In the bilateral group the values on
both sides were lower than normal. This suggests that in earlier phases of
the disease there exists an increased neuronal activity in globus pallidus
region (due to dopaminergic disinhibition) which disappears when the
disease progresses. Two cases which could be studied longitudinally (with
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2 years intervals) are presented in paper 2 whose scan results support this
assumption. Experimental evidence and results from other PET groups
confirm these findings and are discussed in chapter 5.
A further finding is the decreased energy metabolism in contralateral
frontal cortex in the unilaterally affected patients compared to the
ipsilateral frontal cortex. Whether this is due to pathologically changed
output from striatum (via globus pallidus and thalamus) or due to direct
influence from mesocortical dopaminergic connections is not clear. The
latter mechanism demands an explanation for why decreased dopaminergic input into striatum should lead to increased neuronal function,
whereas in frontal cortex the reverse is the case.
Paper 3 concentrates on the effects of the drug levodopa on CBF, OER
and CMRO 2 in patients with Parkinson's disease and 6 healthy subjects.
The main finding was that CBF after an oral dose of on average 500 mg
levodopa increased globally in the cerebral hemispheres without
changing CMRO2 (in both unmedicated patients and healthy subjects).
This resulted in a corresponding decrease of OER in all regions. CBF
responses did not correlate to the clinical improvements and was only
apparent immediately following levodopa administration. After several
weeks of treatment on a lower dosage of levodopa, CBF values had
returned to baseline. Nevertheless overall chronic clinical improvement
was similar to that in the acute experiment. It is concluded that as a result
of sufficient dopaminergic stimulation a direct vasodilatory response of
cerebral vasculature leads to a global increase of CBF. This peripheral
pharmacological effect is unrelated to the specific effects of levodopa on
dopaminergic brain tissue, which was clearly indicated by the unequivocal positive clinical responses. In addition, dopaminergic stimulation of
brain tissue by levodopa was not accompanied by changes in oxygen
utilisation. This is particularly clear in the group of unilateral patients
(described in detail in paper 2) who after levodopa showed the same
asymmetries in CMRO2 in their basal ganglia region as before. The
controversies concerning dopaminergic stimulation and the interrelationship between CBF and metabolism are discussed in chapter 5.
Paper 4 describes in detail one patient with symptomatic unilateral
parkinsonism on the right body side, who had several PET scans before
and after surgical removal of a left frontal meningioma. This study
illustrates how detailed longitudinal investigation of individually selected
patients, can be very instructive. The left basal ganglia territory was
engulfed by edema to such an extent that local tissue function was
severely impaired. This was indicated by very low local tissue perfusion
(CBF) and a much restricted vascular compartment (CBV). Oxygen
utilisation was maintained at 1.3 ml oxygen/100 ml brain/min, which is
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at the border of tissue viability. As a result OER was correspondingly
high. This pattern of pathophysiological abnormalities gradually returned to normal after operation along with complete clinical recovery.
The pathophysiology in terms of local brain tissue energy metabolism
can thus be shown to differ between symptomatic parkinsonism and
idiopathic Parkinson's disease, notwithstanding identical clinical phenomenology and tremor registration features.
Paper 10 describes a patient with Huntington's disease. Again several
PET scans were performed, but these were parallel investigations with a
range of tracers to measure CBF, oxygen and glucose metabolism and
dopaminergic functions. The results concerning energy metabolism
confirmed the findings of previous PET studies by other groups, namely a
focal decrease of striatal metabolism. The CBF and oxygen metabolism
data reported for Huntington's disease in the paper are new as only
glucose metabolism had been reported to date. The parallel study of
oxygen and glucose utilisation in this patient allowed the metabolic ratio
in the striatum to be determined. This ratio proved to be normal, thus
failing to support the glutamine synthetase hypothesis which has been
proposed as a pathophysiological mechanism in Huntington's disease.
This exemplified how comparatively few PET studies can confirm or
refute such hypotheses.
Another finding in this patient is a decrease in frontal metabolism
(16%) compared to control values, whereas other cortical regions had
normal values. It was generally believed to date that in patients with
Huntington's chorea frontal metabolism was normal, thereby supporting
the notion that the dementia associated with this disease is "subcortical".
However, paper 10 and another recent report (see chapter 5) suggest that
mental deterioration is a consequence or at least a simultaneous feature
of cortex tissue dysfunction in this disease.
The dopaminergic findings in these patients are summarised in the next
section.
Paper 12 describes CBF, OER and CMRO2 measurements in 4 patients
with progressive supranuclear palsy. As paper no 10, here also the main
findings confirm previous results obtained by others measuring glucose
utilisation. A global decrease of metabolism heralds a severe diminished
neuronal function which prevails in the chronic progressive disease. The
decreases are more pronounced in frontal regions. As in Parkinson's
disease, CBF is more diminished than CMRO2, also resulting in a higher
OER. Possibly, severe brain-stem lesions in general, may lead to global
CBF decreases. Some mechanisms are discussed in paper 12. Whether
this might be responsible for the decreases in global or focal metabolism
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as well, remains even more uncertain. Direct cortical pathology may
contribute also to these decreases.
b. Results of PET scans in patients with movement disorders using
dopaminergic tracers.
Papers 5, 6, 7, 8, 9, and 11 deal with PET studies using either L-(18F)fluorodopa (F-dopa) alone or in combination with (ll-C)methylspiperone (MSP). Papers 10 and 12 also combine these studies with
energy metabolism measurements using PET (see previous section).
Paper 5 introduces both F-dopa and MSP tracers. It demonstrates the
feasibility to assess quantitatively uptake of these compounds into the
brain of one and the same subject using PET.
Paper 6 describes initial results obtained when applying F-dopa and
MSP PET scans to patients with Parkinson's disease. The time course of
tracer accumulation in striatum compared to that in non-dopaminergic
regions proved very informative. It was demonstrated that patients who
showed the "on-off" phenomenon retained F-dopa activity less well
within their striata, whereas in non-dopaminergic tissue, the uptake over
time was not different from that in healthy volunteers (Fig 4, paper 6).
The graphical plotting technique of Gjedde and Patlak was used to
determine mathematically the influx constant (K(i)) of F-dopa. This is the
first time this method has been used to analyse F-dopa uptake. The
derived constant represents the overall rate of uptake of the tracer from
the arterial blood into a "final" or "irreversible" pool. In the case of
F-dopa it is suggested that this "irreversible" pool is formed by labelled
dopamine contained in the vesicles of the nerve terminals. The
calculations show that K(i) for striatum in patients is diminished as
expected, and that non-specific brain regions handle the tracer identically
as healthy subjects.
The advantage of being able to calculate tracer uptake in an absolute
way is that one person can be directly compared with another. For
example in Fig 7 the K(i) for striatum for a group of patients is plotted
against the corresponding rigidity as scored clinically for each patient
immediately before performing the scan. The correlation between clinical
severity and capacity to take up F-dopa is striking. This demonstrates
that specific clinical signs can be related, directly and in vivo, to regional
brain tissue disturbances of metabolism.
MSP binding in four patients and 3 healthy subjects was reported in
paper 6 in a very preliminary fashion. Ratios of striatal to cerebellar
radioactivity one hour after administration of the tracer were lower in
parkinsonian patients compared to the healthy subjects. This indicates a
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diminished D(2) striatal receptor concentration. However, due to the
small number of subjects involved no allowance for age, nor for total
mass of administered compound could be made. These factors arc of
great influence on the magnitude of the measured ratio as reported in
later work. Also, the patients had been on levodopa therapy until a day
before their PET scans. As suggested by other work chronic dopamine
agonist treatment may result in down-regulation of D(2) receptor
concentration.
Paper 7 describes a more extensive 12 patient study of Parkinson's disease
using F-dopa. A crucial finding is that in patients a plateauing occurs
when the ratio of activity in striatum to that in surrounding brain in
plotted over time (Fig 4). This is in contrast to the time course in healthy
volunteers where this ratio continues to rise until at least 3 hours after
administration. When the ratio reaches a stable level in patients, the net
tissue accumulation of tracer has become zero. This level represents
either the maximum vesicular storage capacity in the striatal dopaminergic nerve terminal pool or dynamic equilibrium where input is
balanced by an increased metabolic turn-over rate in patients. In paper 7
arguments are developed which favour the first option. A further finding
was that the mdre severely affected patients, who showed the "on-off"
phenomenon, had a significant lower "storage capacity" for labelled
dopamine (as expressed by the level of their ratios) than those patients in
an earlier stage of the disease. It appears therefore that the "on-off"
phenomenon in patients with Parkinson's disease is associated with a
further step down in the degeneration of the nigrostriatal dopaminergic
system.
Paper 8 describes the use of PET and F-dopa in studying blood-brain
barrier transport phenomena. Uptake of the tracer in a healthy volunteer
was three times less in all brain regions during continuous intravenous
amino-acid infusion compared with the uptake during fasting. The
tracer's history in the arterial blood was almost identical on both
occasions. This demonstrates for the first time directly in man that
amino-acids compete with levodopa for transport across the blood-brain
barrier.
Paper 9 describes a patient with unilateral hemidystonia and
hemiparkinsonism caused by a contralateral upper brain-stem and
thalamic lesion of as yet unknown pathology. The main interest from a
PET viewpoint was the finding that striatal F-dopa uptake on the same
side as the brain-stem lesion was severely impaired, whereas MSP binding
was in the normal range in both striata. Apparently the lesion involved
the substantia nigra on that side defecting the pre-synaptic part of the
striatal dopaminergic system. This means that even a severely decreased
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pre-synaptic input does not necessarily result in changes in post-synaptic
D(2) receptor number.
Paper 10 describes a patient with Huntington's disease who had several
PET scans with a range of different tracers. See also previous section for
description of his cerebral energy metabolism.
F-dopa uptake in striatum was normal, whereas MSP binding was
clearly decreased. These findings confirm post-mortem data indicating
normal or almost normal striatal dopamine metabolism and diminished
D(2) receptor concentration. This situation is consistent with the notion
that the lesion is primarily located in striatal cells. The main finding
described in paper 11 concerns 3 patients with unilateral hemidystonia of
idiopathic origin. Two of them had also ipsilateral parkinsionian signs. In
all 3 cases F-dopa uptake was impaired to a mild degree. MSP binding
was normal except in one of the patients who showed a clear increase in
the affected striatum. Two other patients with severe torticollis showed a
surprisingly marked bilateral decrease in F-dopa uptake. No MSP scans
were performed on these two patients. The results of paper 11 show that
the dopamine system is involved in some patients with dystonic
conditions. However, this appears much more variable than in
Parkinson's disease. Certainly other pathophysiological mechanisms will
play also or a more dominant role in dystonia.
Paper 12 describes 5 patients with the Steele-Richardson-Olszewski
(SRO) syndrome (progressive supranuclear palsy). The results of their
brain energy metabolism PET scans are summarised in the previous
section. In addition F-dopa scans were performed. The ratio of activity in
striatum to that in surrounding brain leveled off in the same way as seen
in the parkinsonian patients although the level varied more within the
group of SRO syndrome patients. Three had a level comparable to
parkinsonian patients, but two approached normal levels. These findings
confirm the involvement of substantia nigra in the pathological process in
SRO syndrome among other brain-stem lesions. The level of F-dopa
uptake paralleled frontal CBF decrease, supporting the suggestion that in
this condition like in Parkinson's disease diminished dopaminergic
innervation of cerebral blood vessels might be due to specific brain-stem
lesions.
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Chapter 5
General discussion of movement disorders seen from data reconded by PET
In this chapter several diseases belonging to the group of movement
disorders are discussed separately in the context of PET tracer studies.
A. PARKINSON'S

DISEASE

Energy metabolism and CBF

A global decrease of CBF, oxygen and glucose utilisation in
Parkinson's disease has been reported using PET (Leenders et al., 1984c,
1985c, (paper 3, chapter 3); Kuhl et al., 1984a; Wolfson et al., 1985,
(paper 2, chapter 3)). The reduction of metabolism correlates roughly
with the severity of parkinsonian signs. A global decrease in CBF had
previously been reported by Lavy and colleagues (1979) in 60 patients
with Parkinson's disease using the Xenon 133 inhalation method. No
decrease of glucose metabolism was found by Rougemont and colleagues
(1984) comparing 4 patients with 7 healthy subjects. However these
authors admit that methodological uncertainties in their study might
have influenced the results. Perlmutter and Raichle (1985a) measured
CBF using PET in 11 patients and did not find significant differences
compared with healthy subjects. However their cases were selected for
unilaterality and presented with only mild symptoms and signs. In
addition, CBF measurements are not very suitable if one wishes to
compare the functional state of the brain in two groups of subjects. The
range of normal CBF values is so wide (Frackowiak et al., 1980) that a
moderate but real group mean difference becomes statistically apparent
only when many subjects are investigated. Also CBF may vary
considerably due to irrelevant causes other than energy metabolism.
Wolfson and colleagues (1985) (paper 2, chapter 3) found that the
decrease in CBF in parkinsonian brain was more pronounced than the
decrease in oxygen utilisation (CMRO2). It is proposed that impaired
dopaminergic innervation of arterial blood vessels explains this finding,
as dopaminergic stimulation contributes to vasodilatation (see below).
Support for this suggestion is the finding of diminished adrenergic
receptors on cerebral micro vessels in post mortem brain of 19
parkinsonian patients (Cash et al., 1984, 1985a, 1986b).
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Regional differences in oxygen utilisation and CBF in parkinsonian
brain have also been described using PET (Wolfson et al., 1983, 1985,
(paper 2, chapter 3); Leenders et al., 1983, 1984c; Raichle et al., 1984;
Perlmutter et al., 1985a). Basal ganglia values, presumably dominated by
activity within the globus pallidus, on the side contralateral to the
affected limbs of predominantly or solely unilateral parkinsonian
patients, were significantly higher (range 12 to 56%) than the opposite
side. This asymmetry of the globus pallidus region has also been found in
two patients using FDG and PET (Martin et al., 1984a). Glucose
metabolism was 54% higher on the contralateral side in one severely
affected unilateral patient and 18% in a moderately affected case. A third
patient with mild signs and symptoms showed no side to side differences.
Animal experiments support the globus pallidus asymmetry. Wooten
and Collins (1981) determined regional glucose utilisation in rat brain
using (14-C)-2-deoxyglucose autoradiography following unilateral lesioning of substantia nigra with 6-OHDA. These authors found an increased
glucose utilisation in ipsilateral globus pallidus which was maximal at 21
days after the lesion (40% higher than controls) and decreased thereafter
(15% higher than controls at 104 days). Previous animal experiments are
discussed in this paper. Crossman and colleagues (1985) performed 2deoxyglucose autoradiography in a monkey rendered severely parkinsonian by daily intravenous administration of MPTP. A marked increase
in glucose metabolism was seen in the globus pallidus, in ventral anterior
and ventral lateral thalamic nuclei. Porrino and colleagues (1985) did not
find changes in brain glucose utilisation in two MPTP treated monkeys
except in the substantia nigra and subthalamic nucleus. However, the
clinical condition of the monkeys is not mentioned in their communication.
Oxygen and glucose utilisation are an expression of energy expenditure
in brain tissue and most of this is used for ion transport involved in the
generation of transmembrane potentials. It is suggested that nerve
endings and dendrites have high surface-to-volume ratios and thus a high
rate of energy expenditure to pump ions across the neural membranes
(Mata et al., 1980; Wooten et al., 1981). The nigrostriatal dopaminergic
pathway is believed to have an inhibitory function. Hence a severe defect
of this system as in Parkinson's disease should lead to disinhibition of
striatal activity. The main efferent pathway of striatum is to the globus
pallidus. This may explain why disinhibition of striatum results in higher
oxygen and glucose utilisation in the globus pallidus. However, further
evidence is needed to validate this hypothesis.
Perlmutter and colleagues (1985a) found abnormal basal ganglia CBF
asymmetries in only 6 of 11 hemiparkinsonian patients and the higher
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value was not always found on the side contralateral to the affected
limbs. The authors provide several explanations for this, for example
patient selection (only mildly affected patients), not withholding
medication for a sufficient length of time before the study and partial
volume effects resulting in poor contrast when selecting regions of
interest in small structures like the globus pallidus. In addition, CBF may
not be the most suitable variable to assess tissue energy demands.
The question has been raised whether it is the tremor which results in
increased contralateral globus pallidus activity. For example voluntary
hand or finger movements in normal subjects give rise to increased CBF
in that and several cortical regions (Roland et al., 1982; Perlmutter et al.,
1985a). However, none of the patients with unilateral tremor had cortical
increases of CBF (Leenders et al., 1983; Perlmutter et al., 1985a). Also
PET scans repeated one hour after levodopa treatment did not reduce
basal ganglia asymmetries even though the tremor had completely
disappeared (Leenders, unpublished).
This raises the issue of the effects of levodopa treatment in Parkinson's
disease. Several PET and SPECT studies have been performed in order to
assess whether the marked clinical improvement due to the drug is
associated with significant global or regional changes in energy
metabolism or CBF. A moderate dose of levodopa with adequate clinical
response, does not significantly alter CBF as measured with PET
(Leenders et al., 1983,1984c, 1985c, (paper 3, chaper 3); Perlmutter et al.,
1985a) and with single photon emission tomography (Melamed et al.,
1978, 1985; Henriksen et al., 1985). This applies to both acute and
chronic administration. However, acute administration of high doses of
levodopa produce a global increase of CBF (Fig 4, paper no. 3, page 116)
ranging between 10 and 80% of control (Wolfson et al., 1983; Leenders et
al., 1983, 1985c, (paper 3, chapter 3)). No change of oxygen utilisation
was found corresponding to the CBF increase. Consequently there was a
compensatory decrease of the fractional oxygen extraction. It was
concluded that high doses of levodopa had a vasodilatory effect unrelated
to any effect on the parenchymal dopaminergic nervous tissue. This vasoactive component probably does not play a significant role under normal
therapeutic regimes. To explore this explanation some PET scans were
performed with patients premedicated with domperidone (a peripheral
dopamine receptor antagonist). The results showed that the levodcpa
induced increase of CBF was abolished (Leenders, unpublished). Also
CMRO2 did not change after those interventions. It is suggested that
domperidone, which in the dose given does not pass the blood-brain
barrier, blocked the dopamine D(2) receptors in the blood vessel wall.
This prevented then levodopa from stimulating the D(2) receptors and

228

dilating the vessels. Raichle and colleagues (1984) report a 15% CBF
increase one hour after oral administration of levodopa in one patient.
This was accompanied however by a global increase (35%) of CMRO2.
No explanation for this phenomenon is given (however see next
paragraph) for the mismatch of the magnitude of the CBF and CMRO2
response. Unfortunately no mention is made of how the basal ganglia
regions responded. Henriksen and Boas (1985) report that increases of
CBF were only seen with higher doses of levodopa. There are many
studies in animals and man showing vasodilatation caused by dopamine
and a range of dopaminergic agonists (e.g. Von Essen et al., 1974a,
1974b; Eckstrom-Jodal et al., 1974; Toda, 1976; Edvinsson et al., 1978;
McCulloch et al., 1977, 1980; Guell et al., 1982; Jauzac et al., 1982). For
review of these studies see Leenders and colleagues (1985c) (paper 3,
chapter 3).
The relationship between levodopa and regional brain energy
expenditure appears more complex. No effect was found on oxygen
metabolism measured with PET either acutely or chronically (Wolfson et
al., 1983; Leenders et al., 1985c, (paper 3 chapter 3)). No change of
glucose metabolism was found in four patients before and after one day
levodopa treatment (Rougemont et al., 1984). One patient is reported to
have shown an increase in oxygen utilisation after levodopa (Raichle et
al., 1984). Autoradiographic studies in animals are conflicting. On the
one hand dopamine agonists produce specific patterns of increases in
glucose utilisation in certain regions related to the basal ganglia (Brown
and Wolfson, 1978, 1983; Warner et al., 1982; McCulloch and Harper,
1979, 1982; Grome and McCulloch, 1983). On the other hand, regions
without a dopaminergic system such as the cerebellum also show
increases in metabolism after dopamine agonist stimulation (McCulloch
and Harper, 1982b). Another group showed no change in glucose
utilisation after L-dopa administration in all brain regions of compared
to two untreated monkeys (Porrino et al., 1985). McCulloch and
colleagues (1982a) claim that the increase in CBF seen after dopaminergic
stimulation is solely caused by a local increase of glucose metabolism.
Ingvar and colleagues (1983) find that apart from glucose utilisation/CBF
coupling in certain regions of the basal ganglia there is also a pure
vasodilatory component unrelated to energy metabolism. This issue is
discussed more extensively elsewhere (McCulloch, 1984; Leenders et al.,
1985c, (paper 3, chapter 3)). In a study with selective agonists it was
shown that it is the D2 receptor which is responsible for the effect on
oxidative metabolism (Sharkey and McCulloch, 1985). The authors do
not explain why this should occur throughout the brain and not just in
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dopaminergic brain regions. It remains to be established how the results
obtained in these animal experiments relate to dopaminergic function in
man vivo.
Several reported studies have concentrated on cortical metabolism. An
early pioneering study, using the positron emitter oxygen-15, was
published by Lenzi and colleagues (1979), who investigated 22 patients
with Parkinson's disease. As a PET camera was not available only twodimensional measurements could be performed with a Gamma camera.
There wa<= an indication of diminished oxygen metabolism in the partietal
cortex without impairment of blood flow. Hypokinesia was positively
correlated with the metabolic defect. No relation with cognitive
disturbance is mentioned. In view of the technical limitations at that time
the results could only be interpreted with caution and reservation.
Kuhl and colleagues (1984a) reported results of PET scans on 9
patients with Parkinson's disease and 14 healthy subjects using FDG.
Apart from uniformly reduced cerebral glucose metabolism in the
patients, they observed that one patient developed over a 4-year period a
marked parietal hypometabolism in parallel to increased cognitive
impairment.
In a later report (Kuhl et al., 1985b) the degree of parietal
hypometabolism, expressed as a parieto-cerebellar ratio (the cerebellum
had a normal metabolism in parkinsonian patients), correlated with
severity of dementia in a similar pattern to a group of non-parkinsionian
patients with probable Alzheimer's disease. However, as the overlap was
considerable and the number of parkinsonian patients small, this finding
needs to be confirmed before such a ratio may be used as an index of
cognitive impairment in Parkinson's disease. No clear explanation why
the parietal cortex in particular should show impaired energy metabolism
in dementia is available. Age has no effect on the parieto-cerebellar ratio
of oxygen metabolism or CBF in a group of 34 healthy subjects
(Leenders, unpublished results).
Frontal cortex, contralateral to the symptomatic limbs in 6 unilateral
patients had a lower CBF (-12%) and oxygen utilisation \-l\%) than
healthy subjects (Wolfson et al., 1984; 1985, (paper 2, chapter 3)). For
CBF this was confirmed by another group (Perlmutter and Raichle,
1985b) who found a lower CBF compared to control values particularly
in mesocortical regions contralateral to the patients' symtoms.
In contrast to the focal parietal cortex hypometabolism, frontal cortex
hypometabolism can be linked to the dopaminergic system (Javoy-Agid
and Agid, 1980; Glowinski, 1981; Scatton et al., 1982; Bannon et al.,
1983). In primates, a mesocortical dopaminergic projection has been
clearly established and in Parkinson's disease decreased dopaminergic
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input into frontal cortex may result in alterations of local CBF and
metabolism. However this needs further verification.
It may be of interest to mention the following work in progress
(Leenders, in collaboration with Findley and McCarthy, National
Hospital for Nervous diseases, Queen Square, London). Regional
cerebral oxygen utilisation (rCMRO2) was measured in a separate group
of 10 patients with early untreated Parkinson's disease. All patients were
right handed and were in the early stages of the disease with consequent
mild disabilities only. All patients were assessed with a battery of
standard tests of cognitive function and parkinsonian deficits. CT scans
were performed on each patient. None of the patients showed significant
cortical atrophy and no global impairment of cognitive function was
demonstrated. Cortical values for CMRO2, however, were lower in the
patients compared with 10 age matched controls. In particular,
reductions in right cortical CMRO2 in patients correlated positively with
reduced visuo-spatial reasoning as measured by the advanced progressive
matrices test. The values for CMRO2 of the left basal ganglia region
correlated positively with tests of motor speed of the right hand
(cancellation and copying tests). Other tests of cognitive function did not
correlate with either the cortical or basal ganglia oxygen utilisation.
However, the scanner used in this study (ECAT-II) is a single slice
machine and its spatial resolution is limited. For accurate cortical
measurement, studies using the newer generation of tomographs are
awaited.
In a study using Xenon 133 inhalation and single photon emission
tomography, Globus and colleagues (1983, 1985a, 1985b) measured CBF
in 48 patients with Parkinson's disease and correlated the values with
cognitive function. Most patients showed a decrease in both CBF and
intellectual performance, but no direct correlation between the two sets
of measurements was found.
To conclude this section, attention is drawn to a study which illustrates
the value of sequential PET studies in particular cases: A patient with
pure hemiparkinsonism induced by a contralateral frontal meningioma
was investigated with PET before and after operation (Leenders et al.,
1986a). Extensive edema caused direct dysfunction of striatal tissue and
surrounding brain. CBF was extremely impaired locally, but oxygen
extraction was raised such that CMRO2 was maintained at 1.3 ml/100
ml/min. After resection of the frontal meningioma, all values in the basal
ganglia region returned to normal and the parkinsonian signs and
symptoms disappeared completely. Powers and colleagues (1985a)
studied 50 subjects using PET and determined that the minimum value of
CMRO2 for viable cerebral tissue is 1.3 ml/100 ml/min. Contrasting the
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above case with idiopathic parkinsonian patients illustrates that clinical
parkinsonism can have several underlying pathophysiological mechanisms, which can be directly observed and followed by PET.
Dopaminergic functions

The part of the brain which is primarily involved in Parkinson's disease
is the nigrostriatal dopaminergic system (Hornykiewicz, 1972, 1981;
Lloyd et al., 1975; Schultz, 1982). It is therefore of direct interest to
perform PET scans using tracers which specially measure functional
aspects of the dopamine system. The first human PET studies using
specific dopaminergic tracers were those reported by Garnett and
colleagues (1983) using fluorine-18 labelled L-dopa and by Wagner and
colleagues (1983) using carbon-11 labelled methylspiperone. These
studies were important landmarks as they demonstrated for the first time
the feasibility of such studies in man. Quantitation of both pre- and
post-synaptic dopaminergic striatal activity in one subject can thus be
performed (Leenders et al., 1984b, (paper 5, chapter 3)).
a) Fluorine-18 labelled L-dopa and PET. Only a few reports applying
these techniques to Parkinson's disease have been published to date.
Garnett and colleagues (1984) show that in 6 hemiparkinsonian patients
fluorine-18 accumulation is less in contralateral striatum than on the
opposite side. It is suggested that this reflects diminished formation of
fluorine-18 labelled dopamine. No attempt was made to express the
measurements in absolute or relative units, which would have allowed
comparison with the subjects' clinical condition. The same group of
workers (Nahmias et al., 1985) apply a relative measure (a ratio between
caudate nucleus or putamen and occipital cortex) in a study of elevent
patients affected predominantly on the left side. As expected, the
putamen/occipital cortex ratio was clearly lower in patients than in
control subjects. No relationship with clinical signs or symptoms was
found. Although the duration of the disease varied from 1/2 to 15 years
and the total clinical severity score varied from 3 to 27 no mention is
made of the influence of these variables. If no influence was apparent,
this still needs to be explained, as the clinical left/right difference was
shown to parallel a difference in tracer uptake in the corresponding
striata.
Although the caudate nucleus/occipital cortex ratio was also lower in
patients compared to control subjects, this difference was not significant.
However, the ratios were only measured at one time point namely one
hour after administration of the tracer. As had been shown by others
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(Leenders et al., 1985b, 1986d, (paper 7, chapter 3)) in healthy subjects
the ratio of activity between maximum striatal accumulation (i.e. caudate
nucleus region) and surrounding brain gradually increases over a period
of 3.5-4 hours following the injection. However, in patients it reaches a
plateau from around 100 minutes after administration (Fig 4, paper no. 7,
page 158). The difference between healthy subjects and patients is indeed
not significant at 60 minutes but at later times it clearly is. This means
that at 1 hour after administration the maximum capacity of striatum to
accumulate tracer had not been reached in control subjects. The early
leveling off in patients probably indicates the reduced capacity to convert
the tracer into fluorine-18 labelled dopamine and to store it. It also
appears that patients who have had the disease for longer and develop the
"on-off' phenomenon have a significantly lower mean striatum to
surrounding brain ratio (Fig 5, paper no. 7, page 159). The results suggest
that such patients indeed have a lower capacity to stoie dopamine in
striatal dopaminergic nerve terminals than patients who are clinically less
severely affected. This is also indicated from values of the unidirectional
influx constants (see methods section) into striatum in patients and their
close relationship to clinical signs (Leenders et al., 1986f, (paper 6,
chapter 3)). For rigidity or bradykinesia there was a relatively good
negative correlation (r= -0.89;p<0.005): the higher the rigidity score at
the time of the PET scan, the lower the influx constant into striatum. No
such correlation was found between tremor and influx constant. Fahn
and colleagues (1971) point to the relationship between post-mortem
striatal dopamine content and bradykinesia or rigidity and discuss the
clinical and experimental sources.
One report has been published suggesting abnormally decreased
fluorine-18 labelled dopa uptake in the striatum of four drug addicts who
had probably been exposed to MPTP but did not develop clinical signs
(Calne et al., 1985). MPTP is a compound which induces parkinsonism
due to it being, particularly in man and primates, extremely and
selectively neurotoxic for the dopaminergic neurons, (Langston et al.,
1983; Burns et al., 1985). Although this discovery has led to a fascinating
new field of study in relation to Parkinson's disease, a review of that issue
lies beyond this thesis. Calne and coworkers found a ratio of activity
between striatum and cerebellum (averaged from 60 to 120 minutes after
administration) which was significantly lower in parkinsonian patients
(n= 7) compared to control subjects (n= 7). The mean ratio of the four
patients exposed to MPTP was intermediate between healthy subjects and
parkinsonian subjects. However, two MPTP subjects had a value in the
normal range, one at a high "parkinsonian level" and one in the middle
of the parkinsonian range, surprisingly without clinical signs. A

233

limitation of this study is the lack of an appropriate control group in the
form of drug addicts who had not been exposed to MPTP. This is an
important reservation since the authors themselves discuss that chronic
opiate administration may influence dopamine metabolism. Although
there is no direct link between opiate use and parkinsonism there are
indications of a close coupling between the dopaminergic and neuropeptide system in striatum (Pollard et al., 1978; Rinne et al., 1983a,
1983b). Thus, although this paper (Calne et al., 1985) raises an interesting
hypothesis, further studies (with appropriate control groups and repeat
scans) need to be performed to prove it. An indication of how
circumstantial factors can easily influence L-dopa uptake is given by a
case report describing the inhibition of L-dopa transport at the level of
the blood — brain barrier by competing amino acids measured with PET
(Leenders et al., 1985b, 1986g, (paper 8, chapter 3)).
b) Carbon-11 labelled methylspiperone and PET. Even fewer clinical
dopamine receptor studies have been published. Wong and coworkers
(1984) report the effect of age on carbon-11 labelled methylspiperone.
This finding is important as it stresses the need for selecting age matched
control groups when studying patients with this tracer. However, the
results of Wong's study indicate that the decrease in binding with age
takes place mainly before age 30.
In Parkinson's disease, no obvious change in dopamine D2 receptor
binding measured with carbon-11 labelled methylspiperone has been
found (Leenders et al., 1985b, 1986e). In an earlier report, which
appeared in print only recently (Leenders et al., 1986f, (paper 6, chapter
3)), preliminary results indicated a decreased binding in parkinsonian
patients.
However, after collecting more data correcting for age (Wong et al.,
1084) and total mass of compound administered (Leenders et al., 1986e)
no clear difference was demonstrable between healthy subjects and
untreated patients. Levodopa treatment however, seemed to lower
methyl-spiperone tracer accumulation. Whether this is an expression of
receptor occupancy by levodopa or a real down regulation of receptor
number needs further study, particularly in view of the small number of
patients. The latter hypothesis is supported by Reches and colleagues
(1984) who found that chronic levodopa or pergolide treatment decreased
striatal tritiated spiperone accumulation in rats. The same was found by
Ponzio and co-workers (1984) in rats after chronic treatment with Ldopa. Reisinne and colleagues (1977) found in essence no difference in
post-mortem tritiated spiroperidol binding in striatum of parkinsonian
patients compared with control subjects. Binding in the caudate nucleus
was on average 30% down, but the overlap was considerable and the
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patients had received different drug regimens before death. A down
regulation by levodopa treatment is also suggested by Lee and coworkers
(1978) in their postmortem studies. Their values of tritiated haloperidol
binding in untreated patients were higher in putamen compared to
neurological control subjects. However, the ages of both groups were not
comparable.
Another study reports a 16% increased receptor binding (tritiated
spiperone) measured post-mortem in the putamen of parkinsonian
patients (Bokobza et al., 1984), but no increase in caudate nucleus and
nucleus accumbens was found. Dopamine D2 blocking by neuroleptics
during life resulted in increased binding and concomitant dementia was
associated with a decreased binding. Binding experiments in animals
must be interpreted with caution, and in particular the time course must
be taken into account (Guerin et al., 1985). For example, after a
unilateral 6-hydroxydopamine lesion of the substantia nigra in rats an
increase in spiperone binding was seen. This however returned to almost
normal after 35 days. Two years following the lesion, no significant leftright differences compared to control rats were found. MPTP induced
lesions of the dopaminergic neurons in rats do not induce any change in
spiroperidol binding at any stage after the lesion (Jenner, personal
communication). Bennett and Wooten (1986) measured tritiated spiperone binding in striata of rats with unilateral nigral lesions. No
difference in accumulation in dopamine denervated compared with intact
striata was found. The authors discuss the problems when comparing in
vitro and in vivo data.
The Baltimore group (Frost, personal communication) and Hagglund
and coworkers (1986, in press) have also found using PET that dopamine
D2 receptor binding is not changed in Parkinson's disease. These latter
groups found no differences between left and right striatal activity in
unilateral patients. The same observation has been made by others
(Leenders et al., unpublished; Lakke et al., 1985).
An intriguing question thus far unanswered is why the "post-synaptic"
dopaminergic D2 system appears to be almost unaffected in Parkinson's
disease while the "pre-synaptic" nigro-striatal dopamine system is so
severely damaged. That indeed the dopamine D2 receptors mediate the
excitation of the caudate nucleus by the substantia nigra has been shown
by Ohno and colleagues (1985). One may speculate that when the primary
lesion resides in the pre-synaptic neuron only and develops over many
years, no responses of the post-synaptic receptors are provoked.
However, when direct manipulation of the post-synaptic membrane is
involved (like after administration of neuroleptics or dopamine agonists)
is it conceivable that the receptor pool responds with appropriate
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changes. Also, acute lesions of the pre-synaptic part, as in most of the
animal studies, could be conceived as abruptly but temporarily disturbing
mechanism in post-synaptic membranes.
The discrepancies between the laboratory results and the recent human
data may be an example of how true mechanisms which operate in a
controlled specific experimental set-up, do not necessarily apply in
longstanding human diseases, i.e. the animal model is correct but not
relevant to the clinical situation.
It may be possible to resolve this question when more in depth PET
dopamine receptor measurements have been carried out with higher
resolution scanners and more selective tracers. Also longitudinal studies
are needed in order to study both the effect of drug therapy and the
progression of the disease from the onset. Whatever the explanation for
the retained post-synaptic activity it is a fortunate fact, since it represents
a prerequisite for the effectiveness of dopamine agonist treatment, at least
in the early stages of Parkinson's disease. It must also be mentioned here
that possibly the pattern of receptor or DA metabolism changes may
differ between subgroups of patients. Some patients lose their initially
positive response to dopamine agonist treatment completely after several
years. Does the receptor population change in that particular group as
opposed to the "normal" parkinsonian patients?
Lastly it would also be of great interest to study drug-induced
parkinsonism. Knowledge of pathophysiology of this condition may not
only be of importance for the many patients afflicted with drug-induced
parkinsonism. It might also help to clarify pathophysiology in idiopathic
Parkinson's disease.
B. HUNTINGTON'S

DISEASE

Kuhl and coworkers (1982b) were the first to study patients with
Huntington's disease using PET. Regional glucose utilisation was
measured with FDG in 13 patients and 15 subjects at risk. The mean
hemispheric glucose utilisation did not differ between patients and
healthy subjects (mean 4.46 and 4,72 mg/100 gram/min respectively). A
relative frontal hypometabolism was suggested by a lower than normal
fronto-parietal ratio. The most remarkable finding was a low caudate
nucleus glucose utilisation rate. However, this was not expressed in
absolute values, but as a ratio, relative to the rest of the brain. This
relative hypometabolism was not correlated to disease duration or
presence or absence of caudate nucleus atrophy. The absolute values of
FDG uptake in caudate nucleus of the subjects at risk were on average
not different from healthy age matched volunteers. However, 6 of the 15
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subjects did have values which were more than two standard deviations
from the normal mean. The authors speculate that reduced caudate
nucleus glucose utilisation might indicate asymptomatic carriers of the
abnormal gene responsible for Huntington's disease.
Caudate glucose hypometabolism was confirmed by Garnett and
colleagues (1984) who performed FDG PET scans in four patients. These
patients were in an early stage of the disease and showed predominantly
psychiatric disturbances, but no dementia. No atrophy was detected on
CT scan. In contrast to the clear caudate nucleus hypometabolism, no
consistant cortical reduction in glucose utilisation was found, although
one patient had a rather low value.
Decreased caudate glucose utilisation in 6 patients with early
Huntington's disease is also mentioned in a short abstract by another
group (Martin et al., 1984b). No cortical abnormalities were found.
Studies in three patients with benign hereditary chorea have also been
reported (Suchowersky et al., 1984). The clinically most severely affected
patients had caudate nucleus hypometabolism in the same range as those
with Huntington's disease.
Mazziotta and colleagues (1985a) report in an abstract the results of
FDG PET scans in 19 patients and 32 subjects at risk. There was a
significant correlation between disease duration and the metabolic ratio
of the head of caudate to putamen in the patient groups. No correlations
were found between age, disease duration or chorea and values for
regional metabolic rate in single structures. In three patients in whom
CBF studies were also performed a decrease in striatal flow was found,
matched with diminished glucose metabolism. Cortical decreases were
seen in some patients in the frontal region and appeared to occur late in
the course of the disease. The subjects at risk showed no mean difference
from healthy volunteers, but the range of values was wider and 5 subjects
at risk had striatal glucose utilisation at the level of patients. The same
group (Mazziotta et al., 1985b) studied the effect of single motor tasks on
cerebral glucose metabolism in three Huntington's disease patients and
eleven healthy subjects. Writing increased contralateral sensory-motor
cortex metabolism (average 19%) and contralateral striatal metabolism
(average 18%) in healthy subjects. This contrasted with the results in the
three patients who had an average 2% increase in their striatal values, but
a much more pronounced increase of 32% in the cortical regions. The
authors speculate that the "overlearned and semiautomatic" motor
programme, which is involved in the writing task, is lost in patients and is
compensated by overactivity in alternative cortical motor networks.
No publications using specific dopaminergic tracers and PET have
appeared thus far except one extensive case report (Leenders et al., 1986c,
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(paper 10, chapter 3)). CBF, glucose- and oxygen metabolism, L-dopa
uptake and dopamine D2 receptor binding were measured in one patient
who showed typical signs and symptoms of Huntington's disease which
were moderate in severity. Slight atrophy of the head of caudate was
found on his CT scan but no cortical atrophy. On psychometric testing
distinct frontal lobe dysfunction was present and some behavioural
problems were noted in the history. The PET measurements showed as
expected a matched decrease in CBF, oxygen and glucose metabolism in
striatal regions (20-30% decrease compared to control values), but frontal
values were aiso lower (16%) than controls. However, CBF was in the
low range throughout the brain. This latter phenomenon may be
unrelated to the disease as normal CBF values can vary considerably
between individuals. L-(18-F)fluorodopa uptake into striatum was
normal, but (ll-C)methylspiperone binding was much lower than in
control subjects. These findings are in agreement with the at present
available animal post-mortem human investigations. The neurochemistry
of the basal ganglia territory is complex and subtle changes may only be
detectable when a wider range of specific tracers is available and
quantitative measurements made in smaller regions, particularly in early
stages of the disease. The beautiful experiments of Crossman and his
group (Crossman et al., 1984; Mitchell et al., 1985a, 1985b, 1985c)
illustrate the complexity of the organisation of the basal ganglia in
relation to involuntary movements. Choreiform dyskinesias induced by
injecting stereotactically a GABA antagonist in the contralateral
subthalamic nucleus of monkeys were associated with a decrease in
glucose metabolism (measured using tritiated-2-deoxyglucose autoradiography) in certain nuclei: globus pallidus, substantia nigra,
subthalamic nucleus and some thalamic nuclei.
Parallel investigations of this type using PET techniques hold the
promise of real progress in our understanding of the functional
organisation of abnormal movements.
C.

STEELE-RICHARDSON-OLSZEWSKISYNDROME(PROGRESSIVE
SUPRANUCLEAR PALSY

This illness is a progressive neurological disorder characterised by a
variety of signs and symptoms such as supranuclear ophthalmoplegia,
axial rigidity, bradykinesia, pseudobulbar palsy, gait disturbances,
mental impairment and others (Steele et al., 1964; Steele, 1972).
Pathologically, widespread neurofibrillary degeneration is found with
neuronal loss and gliosis in the brainstem, diencephalon and cerebellum
but not or only slightly in cortex (Jellinger et al., 1980). No cause is
known and the disease may vary in its progression leading to death within
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3 to 12 years. Because of the parkinsonian-like features of the syndrome,
L-dopa treatment has been tried, but without convincing results
(Klawans and Ringel, 1971). Some functions of cortical and subcortical
brain regions have been studied with PET in patients with this condition.
D'Antona and colleagues (1985) performed FDG PET scans on 6
patients and compared the results with 8 healthy subjects of similar age.
A highly significant decrease in glucose utilisation bilaterally in the
prefrontal cortex was found in the patients. In only 2 cases was a mild to
moderate cortical atrophy seen on the CT scan. Due to the small number
of patients no obvious correlation was present between the severity of
frontal lobe symptoms and signs and the degree of frontal hypometabolism. The authors favour loss of activating subcortical afferents to
the frontal cortex as the chief mechanism involved in frontal hypometabolism. Several subcortical pathways are discussed but no single
neuronal system could be incriminated with certainty in the causation of
the observed cortical hypometabolism. It must be mentioned that in fact
all cortical regions had diminished glucose utilisation compared to
healthy subjects, not just the frontal lobe, although the latter region most
of all. Also, some direct cortical pathological process may be present in
view of the occasionally observed cortical atrophy and the post-mortem
findings of diminished dopamine D2 receptor binding and choline
acetyltransferase activity (Ruberg et al., 1985). Decrease of dopamine D2
receptor binding has also been demonstrated in vivo in seven patients
using PET and the ligand (76-Br)spiperone (Baron et al., 1985). The loss
of striatal dopamine D2 receptor sites was estimated to be 60%. The
authors do not comment on the cortical (particularly frontal) decreases of
tracer accumulation which are clearly visible in their published images.
That the dopaminergic system is seriously impaired in progressive
supranuclear palsy has also been shown by other post-mortem brain
studies (Bokobza et al., 1984). The decrease in dopamine and HVA levels
in striatum indicated that the nigrostriatal system was lesioned to the
same degree as in Parkinson's disease. However, spiperone binding was
reduced by half in striatal, cortical and other structures studied, in sharp
contrast to Parkinson's disease where no such changes seemed to occur.
The results presented in paper no 12 (chapter 3) confirm the striatal
dopaminergic lesion as (18-F)fluorodopa uptake measured using PET in
5 patients with supranuclear palsy was markedly impaired. CBF and
oxygen metabolism were measured and frontal hypometabolism was
confirmed. However, both CBF and oxygen utilisation were decreased
globally. Again these studies prove the feasibility of studying the function
of neuronal systems in human brain in vivo.
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D. DYSTONIA
No systematic PET investigation of dystonia patients has been
published to date. The clinical spectrum of this intriguing condition is
wide and no brain pathology, let alone cause, is known in the idiopathic
forms.
Stoessl and colleagues (1985, 1986) report sixteen patients with
spasmodic torticollis studied using FDG and PET. No consistent focal
abnormalities in glucose utilisation were found in any region. Maitin
(1985a) in an earlier communication reported that in torticollis patients
putaminal asymmetry (9-20%) did significally exceed that seen in normals
(5%). The direction of asymmetry was not related to the direction of head
turning. The report of Stoessl and colleagues (1986) mentions ientiform
asymmetry in some patients, but this difference was not significant. In the
patients it is speculated that the results point to disruption of the
pallidothalamic projections in this conditions. Secondary dystonia,
usually in the form of hemidystonia, is known to occur after trauma,
cerebrovascular disease, or tumors localised in the contralateral caudate
nucleus, putamen or thalamus (Marsden et al., 1985; Pettigrew et al.,
1985; Burton et al., 1984). PET scans in one such case revealed decreased
oxygen metabolism and increased blood flow in the basal ganglia region
(Perlmutter and Raichle, 1984). The authors rightly indicate that it is
difficult to speculate about the significance of the observed local
hyperemia. Another case report (Leenders et al., 1986b, (paper 9, chapter
3)) describes a patient with hemidystonia and hemiparkinsonism
contralateral to an upper brainstem lesion of unknown pathology
extending into the posterior thalamus. Striatal dopamine D2 receptor
binding was normal but (18-F)fluorodopa uptake markedly diminished
in the striatum ipsilaterally to the brainstem lesion. It is suggested that
the lesion involved the substantia nigra on that side resulting in
destruction of the corresponding nigrostriatal pathway. This situation
mimics that in Parkinson's disease. Indeed, levodopa treatment in this
patient improved both parkinsonian and dystonic signs, although the
appearance of hyperkinesias was a limiting adverse effect.
Further preliminary work on 3 patients with varied forms of idiopathic
hemidystonia is presented in paper no. 11, chapter 3. The results indicate
that at least in these few dystonic patients striatal uptake of the tracer
L-(18-F)fluorodopa is mildly or moderately impaired in the affected
(contralateral) striatum. (ll-C)methylbinding was in the normal range
except in one patient who showed increased uptake in the affected
striatum. This suggests that in that case an increased D2 receptor
concentration was present. Further studies need to establish how much
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indeed the dopaminergic system is involved in these conditions. It will
also be of considerable interest to investigate a larger group of patients
and to compare the dopaminergic brain function using PET in those
dystonia patients who respond to dopamine agonist treatment to those
who do not show such a positive response.
E. MISCELLANEOUS
Several other conditions have been studied using PET in a preliminary
fashion. Chase and colleagues (1984) report in a short communication
cerebral glucose utilisation in 5 patients with Gilles de la Tourette
syndrome. No apparent abnormalities were found except that basal
ganglia metabolism was 16% above control levels. As the resolution of
the scanner used was low and the mean age of the healthy subjects was
much higher than that of the patients, the authors rightly advise cautious
interpretation of their results until more studies have been performed.
A short abstract (Hawkins et al., 1983) mentions FDG PET studies
performed in four patients with Wilson's disease. Global values for
glucose utilisation were lower in patients compared to healthy subjects,
but no abnormal local values were found.

SUMMARY
In this thesis I have described some methodological features of PET
measurements and the results obtained to date in patients with movement
disorders.
The introduction outlines the position of PET in relation to other
scanning techniques. Its unique ability to measure regional tissue
metabolism is indicated.
Chapter 2 discusses physical properties of positron emitting isotopes and
how tiie technical design of PET cameras exploits these properties to
measure accurate regional isotope concentration throughout the scanned
plane. The ECAT-II scanner, which was used for the studies presented in
this thesis, is described. Thereafter several tracer compounds relevant to
PET studies of movement disorders are introduced. Intravenous
administration or inhalation of these tracers and subsequent PET scans
with arterial blood measurements, can measure CBF, oxygen or glucose
utilisation, dopamine metabolism and dopamine D(2) receptor binding in
quantitative or semi-quantitative ways.
The limitations and uncertainties of these techniques are indicated and
the relevant literature is discussed or quoted. Furthermore areas of
application in neurology outside the field of movements disorders are
outlined.
Chapter 3 contains the results of the PET investigations which the
author has performed in the study of movement disorders. The results are
presented in the form of 12 papers. Papers 1-10 have been published
previously, paper 11 is in press and paper 12 is submitted. The main goals
of these studies were the understanding of the pathophysiology of
Parkinson's disease (papers 2, 3, 4, 6, 7, 8), Huntington's chorea (paper
10), dystonia (paper 11), Steele-Richardson-Olszewski syndrome (paper
12) and special case reports (papers 4 and 9).
Chapter 4 summarises the findings described in these papers. Here it
should suffice to mention a few points only. In general it was conspicuous
how much variability existed between individuals for all measured brain
tissue functions both in patients and in healthy subjects. CBF and energy
metabolism measurements are quite non-specific in that they indicate
only overall neuronal metabolic function. On the other hand they have
nevertheless added unsuspected pieces of knowledge regarding pathophysiology. For instance the finding of increased energy metabolism in
globus pallidus in early stages of Parkinson's disease (paper 2), or the
sequence of events in the basal ganglia in a case of symptomatic
parkinsonism (paper 4). Another finding which was instructive concerns
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the non-specificity of CBF in assessing brain tissue function, at least in
degenerative diseases. Marked CBF increase caused by high doses of
levodopa were not accompanied by measurable changes in tissue oxygen
metabolism and thus no increase in overall neuronal metabolic activity
occurred, although the specific dopaminergic effect on striatal tissue was
unequivocally indicated by the clinical response.
The work using the two specific dopaminergic tracers L-(18F)fluorodopa (F-dopa) and (11-C) methylspiperone (MSP) was gratifying. These tracers gave access to direct measurement of striatal functional
activity relevant to movement disorders, particularly Parkinson's disease.
It was a sobering and challenging experience to realise that notwithstanding the high specificity of these tracers, it proved difficult to
quantify their uptake and to deduce biologically meaningful measurements.
Nevertheless, preliminary attempts to calculate influx constants (K(i))
were rewarding in that a direct relationship between severity of
bradykinesia or rigidity and striatal F-dopa uptake could be demonstrated (paper 6). However, a simple ratio of striatal to surrounding brain
activity was also effective in demonstration impaired dopamine metabolism in the striatum of parkinsonian patients. Patients who showed the
"on-off" phenomenon had a lower capacity to retain F-dopa activity
than patients who were less severely affected.
A result with possibly some practical clinical significance is the
demonstration that a high load of amino-acids can block F-dopa uptake.
This means that for some patients specific dietary measures and
precautions might be helpful. The findings related to the dopaminergic
system in Huntington's chorea and progressive supranuclear palsy
confirm in vivo what was known from post-mortem studies. Concerning
dystonia no clear biochemical disturbance has been established to date,
but our PET studies show, that at least in some dystonic conditions the
dopaminergic system is involved.
From these examples one can conclude that PET techniques make it
possible to relate clinical features of patients with movement disorders
directly to regional brain physiology and neurotransmitter function. In
this respect the expectations, as stated in the foreword, are fully met. On
the other hand, it is disappointing to realise that PET studies have not yet
advanced our thinking of movement disorders, nor have they so far
resulted in different approaches to treating patients with these conditions.
However, it may well be too early to judge this.
What then to expect from the future?
The main power of PET seems to lie in its capacity to study in vivo
tissue (patho)physiology. To exploit this capacity, PET research must be
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carefully planned on a long-term basis supported by a broad base to
ensure that a coherent body of knowledge emerges. It is clear that, so far,
clinical studies using PET have been planned and performed in a rather
haphazard way worldwide and that only very few patients have been
included in most studies for obvious practical reasons.
I expect that longitudinal studies in carefully selected groups of
patients will be most instructive in the study of the natural course of brain
diseases and the effects of treatment. Obviously this will become more
powerful when PET techniques have developed further to be more
precise, more quantitative and to use multiple tracers specific for several
aspects of a given biochemical system.
For example, it should be possible to determine exactly what happens
with the striatal dopaminergic system in the course of Parkinson's
disease. It is still not proven whether long-term agonist treatment
decreases D(2) receptor concentration and whether this is related to the
diminished therapeutic response in many patients after several years of
treatment. Indeed in this thesis it is shown that in more severely affected
patients the presynaptic part of the nigrostriatal system is more impaired
than in milder cases. As discussed in this thesis also there is some
suggestion by PET studies that dopamine agonist treatment down
regulates D(2) receptor concentration. So possibly only those patients in
whom both changes occur, may develop "on-off' phenomena.
Another example of a fascinating long-term application is to study
whether disease progression in early parkinsonian patients can be halted
by therapy e.g. MAO-B blockers. To test such a hypothesis clinically one
may need many patients, to be followed for many years and with possibly
dubious outcome. PET studies allow to measure brain dopamine
metabolism in an early stage and to repeat the measurement at regular
intervals. If a drug exerts a positive effect on the dopaminergic
neurotransmitter system, this should become clear rather soon physiologically within a small group of patients, when clinical assessment may still
be inconclusive. A well designed PET study to establish this could have
far-reaching influence for treatment policy.
A last example may be given looking at a farther future. If striatal
transplantation techniques can be developed further, PET tecniques
maybe helpful to evaluate whether the transplants are successful. Even
without clinical improvement the transplants may be functioning
biochemically. PET tracer studies might be able to measure this. In such
an event this would encourage the further development of the
transplantation technique, whereas clinical assessment alone would tend
to abandon it.

SAMENVATTING
In dit proefschrift worden een aantal positron emissie tomografie
(PET) technieken beschreven naast de resultaten die tot nu toe met deze
technieken verkregen zijn op het gebied van extrapyramidale bewegingsstoornissen.
In de inleiding wordt de positie van PET in verhouding tot andere scan
technieken geschetst. Baarbij wordt ingegaan op de unieke eigenschap
van PET het metabolisme van hersenweefsel regionaal te kunnen meten.
Hoofdstuk 2 bespreekt de fysische eigenschappen van positron
emitterende isotopen, alsmede het karakteristieke ontwerp van PET
camera's die van deze eigenschappen gebruik maken. De concentratie
van positron emitterende isotopen kan in de gescande doorsnede
regionaal worden gemeten in absolute eenheden. De EC AT-11 scanner
wordt beschreven, aangezien hiermee de in dit proefschrift verwerkte
studies zijn verricht. Vervolgens worden de verschillende tracers
besproken, welke tot nu toe zijn toegepast in PET studies betreffende
extrapyramidale bewegingsstoornissen. In het kort wordt geschetst hoe,
na toediening van genoemde tracers, met behulp van PET scans (al dan
niet gecombineerd met metingen van isotopen concentraties in arterieel
bloed) hersendoorbloeding, zuurstof verbruik, glucose verbruik, dopamine metabolisme en dopamine (D2) binding aan receptoren kwantitatief
of semi-kwantitatief kan worden bepaald.
Benadrukt wordt, dat het vertalen van regionale accumulatie van
isotopen in hersenweefsel in een fysiologische of biochemische functie
bemoeilijkt wordt door een reeks onzekerheden. De grenzen van de
genoemde technieken worden aangeduid en de relevante literatuur wordt
besproken. Tenslotte wordt de toepassing van PET buiten het gebied van
extrapyramidale stoornissen kort aangehaald.
Hoofdstuk 3 bevat de resultaten van eigen PET studies van
extrapyramidale bewegingsstoornissen. Deze resultaten worden in de
vorm van 12 artikelen voorgelegd. Artikelen 1 tot en met 10 zijn reeds
eerder gepubliceerd, artikel 11 is "in press" en artikel 12 is ter publicatie
aangeboden. Het hoofddoel van deze studies was de vergroting van het
inzicht in de pathofysiologie van respectievelijk de ziekte van Parkinson
(artikelen 2,3,4,6,7 en 8), Huntington's chorea (artikel 10), dystonia
(artikel 11) en het Steele-Richardson-Olszewski syndroom (artikel 12).
Twee bijzondere casus (artikelen 4 en 9) worden ter aanvulling
gepresenteerd.
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Hoofdstuk 4 geeft een samenvatting van de belangrijkste resultaten van
deze artikelen. Het is opvallend hoe sterk de gemeten hersenfuncties
interindividueel varieren. Dit geldt zowel voor patiënten als voor gezonde
vrijwilligers.
Metingen van hersendoorbloeding en energie-metabolisme zijn weinig
specifiek: zulke metingen geven slechts een globale indruk van het
functioneren van hersenweefsel. Anderzijds kunnen deze metingen toch
onverwacht onze kennis van de pathofysiologie vergroten. Een voorbeeld
hiervan is de bevinding, dat in de globus pallidus het energie verbruik is
toegenomen in de vroege stadia van de ziekte van Parkinson (artikel 2).
Een ander voorbeeld is de volgorde van gebeurtenissen in de basale
ganglia in de patient met symptomatisch hemi-parkinsonisme (artikel 4).
Dat de meting van hersendoorbloeding weinig zegt over het niveau van
hersenweefsel functie en nog minder over het functioneren van specifieke
neuronale systemen, tenminste in degeneratieve ziekten, wordt onderstreept door de bevindingen uiteengezet in artikel 3. Hoge doses levodopa
resulteerden in opmerkelijke toename van globale hersendoorbloeding
zonder gelijktijdige verandering in zuurstof verbruik. Dit betekent dat
geen verhoging in globale neuronale activiteit plaatsvond, niettegenstaande het specifieke dopaminerge effect van levodopa op het
striatumweefsel. Dit laatste werd ondubbelzinnig aangetoond door de
klinische respons.
Het werk met de twee specifieke dopaminerge tracers L-(18F)fluorodopa en (ll-C)methylspiperone gaf veel voldoening. Deze
tracers maakten directe meting mogelijk van de dopaminerge status van
het striatum, welke een belangrijke rol speelt in de pathofysiologie van
extrapyramidale bewegingsstoornissen, met name de ziekte van Parkinson.
Teleurstellend was dat, ondanks de specificiteit van deze tracers, het
toch moeilijk bleek dopaminerge functies te kwantificeren. Desalniettemin waren voorlopige pogingen tot kwantificatie van tracer accumulatie
via berekening van influx constanten (K(i)) succesvol: een negatieve
correlatie tussen ernst van bradykinesie of rigiditeit en fluorodopa
accumulatie in striatum kon worden aangetoond (artikel 6). Ook een
eenvoudige vergelijking van radioaktiviteit in striatum met die in
omgevend hersenweefsel bleek bruikbaar ter demonstratie van het defecte
striatale dopamine metabolisme in patiënten met de ziekte van Parkinson
(artikel 7). Patienten met het "on-off" fenomeen toonden een geringer
vermogen tot retentie van fluorodopa radioaktiviteit dan patiënten die
zich in een vroeger stadium van de ziekte bevonden.
Dat toediening van een fysiologische hoeveelheid amino-zuren het
fluorodopa transport van bloed naar hersenweefsel blokkeert (artikel 8),
is een bevinding met mogelijk practisch klinische betekenis: dieet-
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maatregelen kunnen in sommige patiënten een positieve invloed hebben
op de effectiviteit van levodopa therapie.
De bevindingen aangaande het dopaminerge systeem in Huntington's
chorea (artikel 10) en Steele-Richardson-Olszewski syndroom (artikel 12)
bevestigen in vivo wat reeds bekend was uit post-mortem studies.
Er is tot heden geen duidelijke biochemische storing bekend met
betrekking tot ziekten die gepaard gaan met dystonie. De PET studies in
dit proefschrift laten zien dat in ieder geval in sommige vormen van
dystonie het dopaminerge systeem betrokken is.
Deze voorbeelden tonen aan, dat PET metingen het mogelijk maken
rechtstreeks verband te leggen tussen enerzijds regionale cerebrale
fysiologie en neurotransmitter status en anderzijds klinische aspecten van
extrapyramidale bewegingsstoornissen. In dit opzicht heeft PET aan de
verwachtingen, zoals geformuleerd in het voorwoord, voldaan.
Hoofdstuk 5 tenslotte bevat een algemene beschouwing van de PET
resultaten beschreven in dit proefschrift in relatie tot de resultaten van
andere onderzoekers en in relatie tot andere (niet-PET) literatuur. Het is
teleurstellend te moeten constateren, dat PET ons denken over
extrapyramidale bewegingsstoornissen nog niet heeft verbeterd en dat
nog geen andere benadering ter behandeling van deze ziekten naar voren
is gekomen.
Wat dan te verwachten van de toekomst?
PET zal zich natuurlijk verder ontwikkelen in technisch opzicht: de
metingen worden sneller, preciezer en het ruimtelijk oplossend vermogen
van de scanners zal worden geoptimaliseerd. Multipele tracer studies,
waarbij aan één persoon een reeks verschillende tracers wordt toegediend,
ieder specifiek voor een verschillend aspekt van het te onderzoeken
biochemisch systeem, zullen in toenemende mate worden verricht. Ook
zal het aantal tracers voor steeds meer biochemische systemen toenemen.
Op grond van de beschikbare studies lijkt de kracht van PET
voornamelijk te liggen in het vermogen (patho)fysiologie te bestuderen. Te
verwachten valt, dat prospectieve en longitudinale studies met zorgvuldig
uitgezochte groepen patiënten het meest leerzaam zullen zijn met
betrekking tot het natuurlijke verloop van hersenziekten en de effecten
hierop van behandeling. Het zou bijvoorbeeld mogelijk moeten zijn om
exact vast te stellen wat er gebeurt met het dopaminerge systeem in het
striatum in het verloop van de ziekte van Parkinson. Het is nog steeds niet
duidelijk of behandeling met dopamine agonisten op den duur de
dopamine receptor concentratie in striatum verlaagt en ook niet of dit
samenhangt met de verminderde therapeutische respons bij vele patiënten
na diverse jaren behandeling.
Een ander voorbeeld van toepassing op lange termijn is de bestudering
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van het effect van MAO-B blockers op de voortgang van de ziekte van
Parkinson. Kan de progressie van de nigrostriatale dopaminerge degeneratie worden voorkomen door langdurige toediening van MAO-B
blockers? Het klinisch testen van zulk een hypothese vergt een groot
aantal patiënten die vele jaren gevolgd moeten worden. PET studies
echter maken het mogelijk het dopamine metabolisme in de hersenen in
een vroeg stadium van de ziekte rechtstreeks te meten en regelmatig te
herhalen. Indien het veronderstelde positieve effect op hei dopaminerge
neurotransmitter systeem inderdaad optreedt, valt te verwachten, dat dit
in een PET onderzoek spoedig duidelijk wordt binnen een kleine groep
patiënten. Een goed uitgevoerde PET studie zou aldus belangrijke
invloed kunnen uitoefenen op het behandelingsbeleid.
Een laatste voorbeeld heeft betrekking op striatale transplantatie
technieken. Indien deze in de toekomst verder ontwikkeld mochten
worden, kunnen PET technieken behulpzaam zijn met de evaluatie van
het functioneren van de transplantaten. Indien na transplantatie geen
klinische verbetering aantoonbaar is, kunnen PET tracer studies bepalen
of de transplantaten in biochemisch opzicht succesvol functioneren.
Indien een dergelijke situatie zou ontstaan, zou PET verdere ontwikkeling van de transplantatie techniek aanmoedigen, terwijl een puur
klinische beoordeling deze techniek in een mogelijk te vroeg stadium zou
verwerpen.
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