17 May 1985, Volume 228, Number 4701

Positron Emission Tomography: Human
Brain Function and Biochemistry

Michael E. Phelps and John C. Mazziotta

The study of human brain function and
its alterations with disease remains one
of the most challenging and intriguing
scientific issues of our time. Advances in
brain research are increasing our under-
standing of the biochemical nature of the
brain and are demonstrating that the
earliest and most specific changes occur-
ring in diseases of the brain are those

disease. For example, surgical therapies
can resupply nutrients to deprived tissue
by revascularization or can remove al-
tered processes by tissue resection. Drug
therapies are targeted at chemical reac-
tion sequences that have been perturbed
by disease, resulting in altered mood
states and neurological dysfunction. In
addition, local determinations of bio-

Summary. Positron emission tomography (PET) is an analytical imaging technique
that provides a way of making in vivo measurements of the anatomical distribution
and rates of specific biochemical reactions. This ability of PET to measure and image
dynamic biochemistry builds a bridge between the basic and clinical neurosciences
founded on the commonality of the types of measurements made. Clinical findings
with PET in humans are suggesting hypotheses that can be tested rigorously in the

basic science laboratory.

that disturb its underlying biochemical
processes. Until recently, we have had
little direct access to the local biochemis-
try of the living human brain. Inferences
about the chemical status of the brain are
typically made by chemical assays of
blood, cerebrospinal fluid, and urine or
occasionally through biopsy procedures.
With the development of positron-emis-
sion tomography or PET (/) these distur-
bances, along with the study of normal
cerebral function can be investigated in
humans (2, 3).

Knowledge concerning the biochemi-
cal basis of human disease should aid in
developing earlier (when containment or
reversibility of disease is more proba-
ble), more specific, and improved thera-
pies. Therapeutic interventions for hu-
man brain disorders attempt to remove,
block, or supplement chemical processes
of the brain that have been altered by
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chemical processes could provide more
objective evaluations of therapeutic re-
sponses, better prognostic indicators,
and improved differential diagnoses of
diseases that are clinically homogeneous
yet have diverse chemical alterations.
Equally important to the study of hu-
man diseases of the brain is the need to
develop a better understanding of the
structure, organization, and chemical ba-
sis of normal cerebral function. Although
there is a rapid growth of knowledge
occurring in this area from animal, isolat-
ed cell, and biochemical environments,
corresponding direct investigations of
the living human subject are needed.
This, in part, results from the fact that
there are anatomical areas and physio-
logical functions found only in the hu-
man brain. In addition, identifying and
treating diseases of the human brain re-
quire a better understanding of its nor-
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mal processes. New scientific tech-
niques such as PET provide one means
to combine basic and clinical research to
achieve these goals.

The PET Method

The use of PET to obtain quantitative
biochemical rates in vivo requires the
integration of three major components:
compounds labeled with radioisotopes,
the positron tomograph, and tracer ki-
netic mathematical models. These have
each been reviewed (2, 3) but are briefly
discussed below.

Labeled compounds. One of the at-
tractive aspects of the PET technique is
that the compounds of interest can be
labeled with radioisotopes of natural ele-
ments of the biochemical constituents of
the body. For example, natural isotopes
of carbon, nitrogen, and oxygen are re-
placed with the short-lived radioisotopes
carbon-11, nitrogen-13, and oxygen-15.
Fluorine-18 is used as a substitute for
hydrogen. These isotopes all decay by

- the emission of positrons (antielectrons)

that combine with electrons to produce
two S1l-kiloelectron volt gamma rays,
which are emitted 180° apart, which easi-
ly penetrate the head, and which then
allow external detection. The only radio-
isotopes of these elements that can be
detected outside the body are positron
emitters. Because carbon, nitrogen, and
oxygen are the constituents of virtually
all biomolecules and drugs, in principle,
an unlimited number of biologically ac-
tive substrates can be labeled with these
radioisotopes without disrupting their
biochemical properties (3, 4).

Various chemical and biosynthetic
procedures have been used to label more
than 200 biological substrates and drugs
with these isotopes; these labeled com-
pounds constitute a large potential re-
source for development of bioassay
methods with PET (4) (Table 1). This list
includes labeled amino acids, carboxylic
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acids, amides, amines, nitriles, alcohols,
sugars, hydantoins, steroids, and their
derivatives as well as specific substrates,
metabolites, analogs, and drugs. Rapid
semiautomated techniques have been
and continue to be developed to meet the
needs of PET, as required by the short
half-lives of these isotopes (2 to 110
minutes). Although we discuss only
compounds labeled with ''C, *N, 150,
and '®F, there are also positron-emitting
isotopes of Rb, Fe, Mn, Na, K, P, Br,
Kr, I, and others.

Positron tomograph. The tomograph
consists of an array of radiation detec-
tors that are placed circumferentially
around the head and record the emission
of y-rays from the tissue distribution of
positron activity. Data collected in this
manner are used to form a tomographic
image of the cross-sectional distribution
of tissue concentration of radioactivity
according to the principles of computed
tomography (7). This provides a quanti-
tative, noninvasive measurement in hu-
mans analogous to the well-known inva-
sive techniques of quantitative autoradi-
ography or external counting of resected
tissues samples in animal studies. In the
invasive techniques, '“C and *H are
commonly used, whereas in PET ''C,
BN, 150, and '®F are used. This quanti-
tative tissue assay capability of PET
provides the means for implementing
tracer kinetic methods used throughout
the basic sciences.

Tracer kinetic models. The third major
component of PET brings together prin-
ciples of labeled compounds that trace
hemodynamic, transport, and biochemi-
cal processes, as well as the tissue ra-
dioassay capabilities of the tomograph
with mathematical models of reaction

sequences to provide a framework for-

calculation of the rates of processes un-
der study. These models, when applied
to labeled compounds (tracers) are called
tracer kinetic models. The models repre-
sent mathematical descriptions of trans-
port or biochemical reaction sequences.
Each segment of the sequence is de-
scribed as a ‘‘compartment,”’ and differ-
ential equations describe the movement
of the natural substrate or labeled com-
pounds (or both) between these compart-
ments. For example, A 2 B 2 C repre-
sents a reaction sequence where A, B,
and C are compartments. Measurement
is made of the flux between compart-
ments which in turn is used to determine
the rate at which the reaction sequence
proceeds. These compartments can be
separated by membranes where facilitat-
ed, active, or passive diffusion may oc-
cur or may represent the separation of
chemical reactants and products. The
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configurations for these compartmental
models are obtained from knowledge of
hemodynamic, transport, and biochemi-
cal systems.

For example, a simple two-compart-
mental model is used in the measurement
of oxygen metabolism with *0,. The
first compartment is the plasma and the
second is tissue where the oxygen is
metabolized to water. The rate of trans-
port from the first compartment to the
second is described by a rate equation

Table 1. Partial list of compounds labeled with
positron-emitting radionuclides.

Cerebral blood flow
H,'%0, C0,*, 7Kr, CH;'F, '8F-labeled
antipyrine, ['!Clalcohols, '8F-labeled
ethanol

Cerebral blood volume
11CQ, C10, *®Ga-labeled EDTAT

Cerebral tissue pH
[''CIDMO, ''CO,

Transport and metabolism

Glucose, glucose analogs, and metabolites
2-deoxy-2-['®F]fluoro-p-glucose, 2-
[''C]deoxy-D-glucose, [!!C]p-glucose,
3-O-[''C]methyl-D-glucose, ['!Cllactate,
-pyruvate, -acetate, -succinate, -oxalo-
acetate

Amino acids: *N-labeled
L-['*N]glutamate, -a and w-glutamine,
-alanine, -aspartate, -leucine, -valine,
-isoleucine, -methionine

Amino acids: !'C-labeled
L-[""Claspartate, -glutamate, -valine;
D,L-[''C]alanine, -leucine, -tryptophan,
-1-aminocyclopentane carboxylic acid,
-1-aminocyclobutane carboxylic acid

Free Fatty Acids
[!'C]palmitic acid, -oleic acid, -hepta-
decanoic acid, -B-methylheptadecanoic
acid

Molecular diffusion
%8Ga-labeled EDTA, ¥Rb

Protein synthesis
L-[1-''C]leucine, -methionine, -phenyl-
alanine, L[!'C-methylmethionine

Receptor systems

Dopaminergic
['®F]spiperone, ['!C]spiperone,
[”*Br] and ["°Br]-p-bromospiperone,
['8FJhaloperidol, [''C]pimozide,
["'C]methylspiperone, L-['!C]dopa,
[6-'®F]-fluoro-L-dopa

Cholinergic
[''Climipramine, [''C]JQNB*

Benzodiazepine
[''Clflunitrazepam, ['!C]diazepam,
['®F]fluoro valium

Opiate
[''Cletorphine, N-methyl-
[''Clmorphine, -heroin, -carfentanil

Adrenergic
[''C)norepinephrine, ['!C]propanolol

Anticonvulsants
[''C]valproate, [''C]diphenylhydantoin

*Converted to H,"O in lungs after inhala-
tion. +QNB, quinuclidiny] benzilate.

from which the rate of tissue extraction
and metabolism of oxygen can be deter-
mined. As a reaction sequence becomes
more complex, the number of compart-
ments will increase. Some principles and
aspects of tracer kinetic methods and
their use in PET are as follows.

1) The tracer (that is, the labeled com-
pound) is very low in mass compared to
the compound being traced, such that
there are no significant mass effects that
would produce physiologic perturbations
altering the system under study. The low
mass of these tracers allows PET mea-
surements of reaction rates of substrates
with concentrations of less than a few
picomoles per gram. However, one can
also increase the mass of the tracer com-
pound to make measurements under
physiologic loads (for example, drug ef-
fects).

2) When the rate of the reaction being
studied is not changing during the mea-
surement (steady state), the net reaction
rate of any one step in a nonbranching
sequence is equal to the net rate of the
whole reaction sequence. Thus, mea-
surement of the net initial rates of a
reaction sequence with a labeled sub-
strate can be used to assess the net flux
of the entire pathway. Alternatively,
substrate analogs that isolate one or a
small number of steps in a complex reac-
tion sequence can be used to measure
the net reaction rate of the whole se-
quence. Since the analog may have

"somewhat different reaction kinetics

from that of the natural substrate, cor-
rection terms based on the principles of
competitive reactant or substrate kinet-
ics are used to transform the measured
rate of the analog into the corresponding
value of the natural compound. These
are fundamental principles of the fields
of biochemistry and pharmacology. The
deoxyglucose model of Sokoloff ez al. (5)
is an example of this approach, and
under the assumptions of the model has
been shown to provide accurate esti-
mates of cerebral glucose utilization
rates. Except for Fig. 6b all data on rates
of glucose utilization in this article were
obtained with the use of 2-deoxy-2-
['®F]fluoro-p-glucose (FDG), which, like

2-deoxy-D-glucose (DG) (5), has been

shown to be an excellent substrate for
hexokinase, and like DG, does not un-
dergo further reactions in the glycolytic
pathway during the time course of the
PET measurements (6-8).

3) Although measurements of chemi-
cal substrate concentrations are provid-
ed by kinetic tracer methods, their use
for determinations of chemical reaction
rates is more important. Rates of a reac-
tion can change without changes in sub-
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strate concentration in the open system
of the brain (and the whole body).
Changes in tissue substrate concentra-
tion are also not specific to the magni-
tude or direction of changes in rates of
reactions.

4) While the chemical form to which
the label is attached is known at the time
it is intravenously injected or inhaled,
the positron tomograph only measures
the kinetic changes (changes in time) of
tissue concentrations of the label spatial-
ly throughout the brain. In order to con-
vert these images of tissue radioactivity
concentration to measurements of local
reaction rates in vivo, PET measure-
ments must be combined with the time
course of the unlabeled or labeled sub-
strate in blood and properly formulated
and validated tracer kinetic models. (For
example, in determinations of blood flow
and volume and of drug interactions only
the tracer concentration is required.)
With measurements carried out in this
manner, the tomograph can provide ac-
curate data on local reaction rates in
man.

5) Because of the short half-lives of
positron-emitting isotopes it is possible
to perform multiple studies in a single
setting to observe changes in spontane-
ous or stimulus-induced alterations in
behavior or, using different tracers, for
measuring different biochemical process-
es. For example, 0 measurements can
be made in times on the order of 30
seconds and repeated at about 8-minute
intervals.

Quantitative PET Methods: Present Status

In autoradiographic studies with '*C-
labeled DG, the experiment is terminat-
ed 40 minutes after injection of DG.
However, in PET with FDG, scans are
started and completed within time
frames ranging typically from 40 to 100
minutes after injection. Measurements
over this time are needed because of (i)
the time required to collect enough
counts to form the tomographic images
of the whole brain, (ii) delays or changes
in the study due to problems associated
with patients, or (iii) varying time re-
quirements of different types of study
protocols (2, 3). Because of the longer
times between injection and measure-
ment, slow dephosphorylation of FDG 6-
phosphate, which is not a usual problem
in autoradiography, has been shown to
occur and has been taken into account
by extending Sokoloff’s original model
(5) to include this reaction (7). This re-
stores the accuracy of the model calcula-
tion of glucose utilization rates with

17 MAY 1985

FDG at these later times and also pro-
vides a method for investigating this re-
action pathway (7, 9).

The lumped constant (LC) in the deox-
yglucose model is a term based on the
principles of competitive substrate kinet-
ics and accounts for the differences be-
tween glucose and deoxyglucose affini-
ties for the transport carrier system and
hexokinase. The value of LC has been
shown to be regionally invariant in the
brain but of a different magnitude in

Fig. 1. Structural compared to functional
anatomy. Images obtained with three different
methods from a patient with multiple infarct
dementia. Patient had x-ray CT (center row)
and PET studies of glucose utilization with
FDG (bottom row) on the same day. Seven
days later, the patient died of nonneurological
causes; gross and microscopic evaluations of
the brain (top row) were then made. The two
forms of structural imaging (x-ray CT and
postmortem) and the metabolic study with
PET both demonstrated multiple small infarc-
tions (arrows) of deep structures of the brain
(striatum, putamen, thalamus, and internal
capsule). Neither structural imaging tech-
niques demonstrated abnormalities of the cor-
tex. PET, however, demonstrated widespread
abnormalities of frontal cortex (glucose utili-
zation decreased 21 percent relative to contra-
lateral side) particularly on the left (arrow-
heads). These distant effects probably repre-
sent disruption of afferent and efferent fiber
systems between the frontal cortical areas and
subcortical zones, most likely resulting from
small subcortical infarcts seen structurally
and metabolically. The global rate of glucose
utilization was 0.19 umol min~' g~!, about 30
percent lower than normal age-matched con-
trols. [Courtesy of E. J. Metter, with J. C.
Mazziotta and M. E. Phelps, UCLA School of
Medicine]

different species; thus appropriate values
for the species under study must be used
(5). Although LC has been shown to be
stable during various states such as
changes in blood flow and anesthesia
induced hypometabolism (5), and in
chronic human ischemia (9), it predict-
ably changes when the rate limiting step
shifts from phosphorylation to transport
such as in severe hypoglycemia (/0) and
status epilepticus (10a). In these cases
LC will increase, and the resultant calcu-
lated values of glucose utilization will be
subject to considerable error if this effect
is not taken into account. Anatomical
localization and identification of changes
in glucose utilization are still correct, but
increases and decreases will be overesti-
mated. Methods are being developed for
measuring local values of LC to deter-
mine when such conditions are encoun-
tered and the magnitude of the effect
(11). The DG and FDG method have also
shown excellent agreement with the
“‘gold standard’’ for measurement of glu-
cose utilization, the Kety/Schmidt meth-
od (/2) that includes measurement of the
product of blood flow and the arterio-
venous difference for glucose across the
brain (3, 7, 8, 13).

Models based on the principles of trac-
er kinetics have also been developed for
autoradiography and PET with the use of
14C_labeled (J4) and ''C-labeled (I5) D-
glucose. Although these models are
based on the use of natural labeled sub-
strate and therefore have the advantage,
compared to DG, that LC=1, by necessi-
ty they also contain approximations and
correction terms. The most difficult of
these is the release of labeled products of
metabolism (such as CO, and lactate)
from the tissue, an effect that must be
taken into account by correction terms in
the model. To minimize these problems,
measurements must .be made at early
times after injection where errors are
larger because of a greater dependence
of model parameters on blood flow,
blood volume, and the exact values of
the rate constants for transport and me-
tabolism of glucose. The retention of the
metabolic product (DG-6-phosphate)
with DG is advantageous in this respect
since it is retained in tissue with a very
slow clearance rate. The problems with
labeled natural glucose are less difficult
with PET because kinetic studies can be
performed to measure the variables in
the model directly (rather than to use
assumed average values) in each experi-
ment. Further studies, nevertheless, are
necessary to better understand the mag-
nitude of these issues, and to formulate
better models and protocols, and to in-
vestigate the value of using glucose la-
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beled at selected positions (such as, se-
lective labeling at the carbon -1, -2, -4, or
-6 positions).

Quantitative PET methods for oxygen
transport and metabolism, blood flow,
blood volume, glucose transport, and
utilization have been widely used in PET
programs around the world (2, 3). Inten-
sive efforts are being focused on the
study of tracer kinetic models for deter-
mining rates of protein synthesis, amino
acid metabolism, tissue pH, molecular
diffusion through the altered blood brain
barrier, and neurotransmitter or receptor
interactions with labeled substrates and
ligands (Table 1). The results of these

projects should provide the basis for
some of the PET methods of the future
3.

The measurement of biochemical reac-
tion rates with PET requires (i) adher-
ence to the criteria used to develop and
structure the tracer kinetic models, and
(ii) continuing investigative efforts to
better define the accuracy of these meth-
ods in all the states of cerebral function
and dysfunction to which they will be
applied. These requirements are neces-
sary if measurements by different groups
of investigators are to be compared. In
this regard, PET is no different from any
other biochemical measurement where

the principles of enzyme and chemical
reaction kinetics must be strictly fol-
lowed.

There are limitations intrinsic to tracer
kinetic model approaches along with un-
certainties in spatial, temporal, and sta-
tistical factors from the tomograph, and
we must recognize that ambiguities can
arise from the present limited under-
standing of the biochemical nature of
the brain. However, the ability to make
such measurements in the living human
brain more than compensates for the ex-
tensive developmental work which is re-
quired in the validation of a new PET
method.

CYCLER

a Visual hallucinations RAPID

Fig. 2. Pathophysiology of changing behavioral states shown with PET. (a) Patient with b

complex partial epilepsy studied during seizures (ictal), after seizures (postictal), and after +5
successful therapy (normal). In the ictal state (A) seizures began clinically with formed visual
images in left superior quadrant of visual field followed by loss of consciousness and
automatisms. Ictal EEG demonstrated discharges in right occipital lobe that quickly spread to

the ipsilateral temporal lobe. PET demonstrated increased (284 percent relative to interictal i) 25 g
state) glucose utilization in the right occipital and posterior temporal lobes with profound 16 £
decreases in remainder of brain (42 percent relative to the interictal state). One month after a ls &
series of seizures, the patient, in a repeat study showed low glucose utilization (B) in the right R AT P T T e R TR
occipital and posterior temporal lobes (one third of ictal values) where, during seizure, it was May

high. The low glucose utilization in the visual cortex (arrows) during this time is consistent with

the patient’s loss of vision in left visual field (homonymous hemianopia). After drug therapy, the patient remained seizure-free for 1 year. The
glucose utilization during this time returned to normal (C), consistent with the resolution of the left visual field deficit. These studies show that
PET can be used to detect both positive (hallucinations) and negative (visual field deficit) clinical manifestations of an epileptic disorder and the
reversal of these changes resulting from treatment and clinical resolution of symptoms. The x-ray CT study was normal and unchanged in each
state. [From Engel et al. (18); courtesy of Neurology] (b) Graph of the mood fluctuations of a rapid cycling bipolar (manic-depressive) affective
disorder patient. The patient cycled between mood states every 24 to 48 hours. The modified brief psychiatric rating scale on the left (B.P.R.S.)
indicates relative mania (positive values) and relative depression (negative values). Sleep cycles varied in parallel with mood swings. Three
studies of cerebral glucose utilization with PET were obtained, two during depressive states and one during hypomania. [From Baxter er al., in
(22); courtesy of Archives of General Psychiatry] (c) Glucose utilization images of the rapid cycling bipolar patient described in (b). The scale to
the right is glucose utilization rates in micromole per minute per 100 grams. Studies on 17 May 1983 and 27 May 1983 were made when the patient
was in depressed state; the study on 18 May 1983 was made during a hypomanic state. Global reductions in glucose utilization (relative to the scan
obtained during hypomania) can be seen for the two studies obtained in the depressed state. The global supratentorial increase in glucose
utilization from depression to hypomania was about 40 percent. The global glucose utilization rate in the hypomanic state is not significantly
different from that of age-matched normals. These studies demonstrate the ability of PET to provide pathophysiological insights into abnormal

behavior that occurs as either a manifestation of epilepsy or psychiatric disorders. [From Baxter et al., in (22); courtesy of Archives of General
Psychiatry]
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Applications of PET

Cerebral organization and structure-
Sfunction relationships. Methods used to
investigate the structural nature of the
human brain include in vivo techniques,
such as x-ray computed tomography
(CT) and proton nuclear magnetic reso-
nance (NMR) CT, and postmortem tech-
niques. Relatively little information ex-
ists about local biochemical and physio-
logical processes of the human brain in
vivo. Knowledge of the functional orga-
nization of the human brain has, howev-
er, been obtained through PET studies of
both normal individuals and patients
with cerebral disorders. Such studies
provide a more comprehensive view of
cerebral organization than structural

studies alone (Fig. 1), particularly when
one attempts to correlate the resulting
data with behavioral observations of the
subject.

Since all diseases of the brain result
from or produce biochemical alterations,
functional images that display such pro-
cesses have demonstrated earlier, larger,
and more distributed lesions than those
found in anatomically oriented tech-
niques including detailed postmortem
evaluations (Fig. 1). Examples of the
mismatch between structural and func-
tional lesions have been demonstrated in
patients with seizure disorders (Fig 2a),
dementing processes (Fig. 3), neurode-
generative diseases (Fig. 3), and acute
cerebral infarcts (see Fig. 5).

Since the brain consists of large num-

bers of interconnected substructures,
damage to one structure or its intercon-
necting fiber bundles will also result in
functional effects at multiple sites
throughout any given network. PET has
revealed this distributed organization,
leading to a more comprehensive view of
human functional brain systems in health
and disease. Traditional clinical-patho-
logical correlations that have been the
mainstay of symptom-lesion localization
in the brain may soon give way to ‘‘clini-
cal-physiological correlations’’ (/6) that
can be performed in vivo with PET.
Structural evidence has been scant in
the search for the basis of a number of
human cerebral disorders. Examples of
entities in this category would include
psychiatric syndromes, many forms of

Fig. 3 (a) Differential diagnosis and pathophysiology with PET. Three
elderly patients with abnormal glucose utilization. Column D images
are from a patient with chronic depression (pseudodementia) who
demonstrated decreased glucose utilization (left to right 0.91 = 0.08
compared to 1.00 = 0.05 in controls) of the left inferior frontal cortex
(arrows) but was otherwise normal. Images in the column labeled
MID are from a patient with multiple infarct dementia demonstrating
multiple focal areas of cortical and subcortical decreased glucose
utilization (from 17 to 48 percent) compared to global values (arrows)
resulting from direct and remote effects of small cerebral infarctions.
The column labeled AD is from a patient with moderately severe

Normal Mildl Severel : 5 4 i
LCMRGIle depres :ed depress :d A]_z}:elmer’s disease. Th.lS patient shows extremely low glucose
utilization of the posterior parietal (47 percent decrease) (upper
LCMRGIc LCMRGIc £ A -
image) inferior frontal (28 percent decrease) and temporal cortex (25
At risk Symptomatic bercent decrease) (bottom image) with relative sparing of the primary

visual, sensory-motor cortical and subcortical zones (about 12 percent
decrease). Alzheimer’s disease patients have also shown an average decrease of global supratentorial glucose utilization (33 percent), compared
to age-matched normal control subjects, with the major abnormalities occurring in neocortical zones. This study demonstrates the differential
diagnostic capability of PET to separate patients with processes affecting mental abilities based on pathophysiological patterns observed in the
functional images. Stated values are for groups of patients. Errors are standard deviations. [From D. E. Kuhl er al. (47); courtesy of Radiology]
(b) Functional abnormalities in Huntington’s disease: x-ray CT (top row) and local cerebral glucose utilization with PET (bottom row) in
Huntington's disease. Left column is from a normal subject and demonstrates the normal structure and glucose utilization of the caudate nucleus
(arrows). Patient in center column has early clinical symptoms of Huntington's disease and demonstrates a normal structural appearance of the
caudate nucleus on x-ray CT image but decreased glucose utilization in caudate and adjacent basal ganglia structures (putamen and globus
pallidus). The column at the right is a patient with late Huntington's disease and demonstrates both structural (cortical and subcortical atrophy)
and functional abnormalities of the caudate and putamen bilaterally. [From D. E. Kuhl ef al. (31); courtesy of Annals of Neurology] (c) Subjects
at-risk for Huntington's disease. Image at far right is from a patient with symptomatic Huntington’s disease demonstrating loss of glucose
utilization of the basal ganglia as was seen in (b). The three images on the left are all from asymptomatic at-risk subjects (offspring of Huntington's
disease patients) each having a 50 percent chance of developing the disorder. In this group (15 subjects) about half of the patients have
demonstrated a normal glucose utilization pattern while the other half show mild to severely depressed glucose utilization in the caudate. The at-
risk subjects were symptom free at the time of the study. This study indicates that PET may serve to identify physiological abnormalities that not
only precede structural changes in the brain but also preceded the onset of symptoms in susceptible subjects. [From D. E. Kuhl ez al. (3]);
courtesy of Annals of Neurology]
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epilepsy, and various developmental dis-
orders of the brain. In patients with
partial seizure disorders (symptoms re-
ferable to a limited region of the brain),
interictal studies (between seizures) with
FDG have identified areas of decreased
glucose utilization in 70 percent of affect-
ed individuals (Fig. 2a) (/7). These zones
could be correlated with the site of maxi-
mal abnormalities determined by surface
and depth electrode electrophysiological
techniques, and were found to be ex-
tremely specific in identifying sites of
microscopic pathology not detected by
the conventional radiological imaging
techniques such as x-ray CT, angiogra-

phy, and pneumo-encephalography (/7).
During seizure activity (ictal period),
sites that show low glucose utilization
interictally show increased utilization
(often increasing by 100 to 200 percent)
(Fig. 2a); this suggests that the interictal
low glucose utilization is at least in part
due to nonstructural causes (17, 18). The
sites of increased glucose utilization dur-
ing the ictal phases of partial seizures
correlated both with the behavior of the
patient and with spikes recorded from
scalp and particularly depth electroen-
cephalographic (EEG) recordings (Fig.
2a) (17, 18). Patients with generalized
forms of epilepsy (such as major motor

or petit mal seizures) have global (that is,
throughout the brain) increases in glu-
cose utilization in the ictal period of
seizure activity with subsequent depres-
sion in glucose utilization in the postictal
period (19).

The finding of interictal zones of hypo-
metabolism, particularly in the temporal
lobe of partial epilepsy patients, has sug-
gested that this may be specific for a
lowered threshold or greater susceptibil-
ity of these foci to initiation of seizure
activity. These findings have in turn pro-
moted a series of parallel studies in ani-
mals (glucose utilization, blood flow,
morphology, electrophysiology, ligand

Fig. 4. Functional neuroanatomy demonstrated in FDG-PET studies
of normal subjects. (a) Visual stimulus consisting of full-field alternat-
ing checker-board stimuli activated (27.6 * 6.5 percent versus con-
trol) the full extent of the primary (medial) visual cortex (arrows).
Auditory stimuli resulted in responses (17 to 25 percent increases
compared to the control) that were symmetric in magnitude but
asymmetric in distribution for the transverse temporal cortex (ar-
rows). These asymmetries in glucose utilization closely match ana-
tomical asymmetries for this area (Heschl's gyri and the planum
temporale of temporal lobes). Image of cognitive task represents
responses where a specific task was involved rather than passive
perception of stimuli; arrows indicate activations [11 * 3 to 37 = 15
percent for different types of auditory tasks (29)] of frontal cortex.
Memory tasks (remembering information from a verbal auditory
stimulus) caused bilateral activations (arrows) of the mesial temporal
cortex (hippocampus, parahippocampus). Motor task of a sequential
finger movement of the right hand caused cortical metabolic activa-
tion (18.6 = 3.9 compared to the control) of the left motor strip (lower arrow) and supplementary motor cortex (vertical arrow). Errors are
standard deviations. [Courtesy of M. E. Phelps and J. C. Mazziotta, UCLA School of Medicine] (b) Auditory stimuli produced metabolic
responses that varied with the content and in some cases strategy used by the subject to perform the task. In resting states (ears plugged, eyes
open) left-right cerebral symmetry (left/right = 1.01 = 0.03) in glucose utilization is seen. Verbal auditory stimuli predominantly activated and
caused metabolic asymmetries (left > right = 5 to 16 percent) of the left hemisphere while nonverbal stimuli (music) predominantly activated the
right hemisphere (16 to 27 percent) in right-handed individuals. Simultaneous stimulation with language and music caused bilateral activations of
both hemispheres. [From J. C. Mazziotta et al. (29); courtesy of Neurology] (c) Nonverbal auditory stimuli caused activations of the language
nondominant (right) hemisphere. The timbre test required subjects to compare complex chords for similarities and differences and consistently
produced increases (22 percent versus control) in glucose utilization in the right hemisphere (image at right, arrow). This test did not contain any
temporal sequences of notes that can be analytically perceived. The chord pairs differed only in tonal quality. When subjects were asked to
identify differences and similarities in sequences of notes (tone sequences) the side of maximal activation correlated with the strategy used by the
subject to perform the task. Color scale is in units of micromoles per minute per 100 g, ranging from 2 (dark purple) to 45 (red). See text for de-
scription. [Modified from J. C. Mazziotta et al. (29); courtesy of Neurology]
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assays) (20) and in humans (glucose utili-
zation, oxygen metabolism, and blood
flow) with PET in ictal, postictal, and
interictal states (17-19, 21) along with
morphological and ligand studies in sur-
gically resected tissue samples. This il-
lustrates the manner in which PET, ani-
mal, and laboratory assays can be as-
sembled to study the underlying mecha-
nisms of a human disorder.

In drug-free patients with bipolar
(manic-depressive) mood disorders,
measurements with FDG and PET have
shown changes throughout the brain in
glucose utilization during different mood
states (Fig. 2, b and c¢). During the de-
pressive phase of illness, patients dem-
onstrated reductions in glucose utiliza-
tion of about 25 percent throughout the
supratenorial structures of the brain
which were significantly (P < 0.001) be-
low those of age- and sex-matched nor-
mals (22).

The same patients, when later studied
in hypomanic (state between normal and
mania) phases of the illness, showed
glucose utilization rates that were not
significantly different from those of age-
and sex-matched controls. Although the
major changes in glucose utilization seen
thus far have been global, the largest

8 hours
OER

a
CBF

differences between behavioral states
occurred in the frontal and anterior cin-
gulate cortices (22). Patients with unipo-
lar mood disorders (depression) in drug-
free states were found to have global
supratentorial cerebral glucose utiliza-
tion values that were not significantly
different from age- and sex-matched con-
trols. However, these patients did exhib-
it significantly depressed glucose utiliza-
tion (15 percent lower than age- and sex-
matched normals) bilaterally in the stria-
tum (22). This reduced striatal glucose
utilization recovered to normal levels in
patients who became euthymic (that is,
normal mood) spontaneously or by drug
therapy (22).

Physiological psychology. Many
methodologies have been used in the
study of normal cerebral function. These
approaches have included neuropsy-
chological, electrophysiological, and be-
havioral observations of human subjects
performing various tasks. Studies in ani-
mals by means of biochemical, electro-
physiological, and autoradiographic
techniques have also been used to define
the anatomical and functional organiza-
tion of the brain during defined tasks. In
a similar manner, PET provides a means
of studying local sensory, motor, memo-

b

CBF

ry, and cognitive function in normal sub-
jects in vivo (Fig. 4). Thus, much in the
way Penfield and his colleagues (23)
mapped cerebral function through intra-
operative stimulation of the human cere-
bral cortex, PET can provide physio-
logical and biochemical information
about normal cerebral function for all
human brain regions in a noninvasive
fashion.

Various sensory and motor stimula-
tion tasks (Fig. 4) have been used to
define the functional neuroanatomy of
the human brain. Visual stimulation
studies, with *O-labeled water to mea-
sure cerebral blood flow, or with FDG to
measure glucose utilization have re-
vealed some of the normal physiological
response characteristics of the human
visual cortex (24-28). These studies have
shown (i) the topography of the human
visual cortex relative to the site and size
of retinal stimulation (24), (ii) that the
magnitude of blood flow or glucose utili-
zation of the visual cortex is a function of
stimulus complexity (25, 26) and rate
(16), (iii) that functionally 50 percent of
the input from each eye goes to each
visual cortex (25, 26), and (iv) that le-
sions of the visual system (both within
and outside the visual cortex) produce

Before operation
CMRO,

OEF

After operation

CMRO, OEF

Fig. 5. Pathophysiology of cerebrovascular disease. (a) A patient with left hemisphere cerebral ischemia studied 8 and 96 hours after the onset of
symptoms. During both intervals cerebral blood flow (CBF), oxygen extraction ratio (OER), and oxygen metabolism (CMRO,) were determined.
The blood flow 8 hours after the stroke was severely depressed in the left middle cerebral artery distribution. Oxygen utilization was also reduced
although not as severely as blood flow. The resultant mismatch accounts for increased oxygen extraction [mean value at 14 hours after symptom
onset = 0.71 = 0.12 (R. J. Wise et al., in 34), normals = 0.49 * 0.02 (R. S. Frackowiak et al., in 34) in the viable but jeopardized zone. At 96
hours, blood flow became heterogenous in the area probably because of failure of vascular autoregulatory mechanisms and oxygen utilization has
fallen further. Oxygen extraction is now sharply reduced below normal, indicating irreversible brain injury and predicting infarction for this zone.
Errors are standard deviations. [From R. S. Frackowiak and R. J. Wise, in (34); courtesy of Neurology Clinics] (b) Patient with left internal
carotid artery occlusion before and after superficial temporal artery-middle cerebral artery bypass surgery. Preoperatively, patient had symptoms
referable to the left hemisphere including clumsiness of the right hand and difficulties with language. Blood flow studies with PET demonstrated
moderately severe reductions of flow in the cortex of the left parietal lobe with mild reductions in oxygen utilization. The mismatch between flow
and metabolism resulted in an increased oxygen extraction fraction (OEF) (arrow in OEF image), an indication that the tissue is viable although in
a precarious state. After bypass surgery the patient’s symptoms resolved and the blood flow, oxygen extraction, and oxygen metabolism all
returned to normal. Both pre- and postoperatively the x-ray CT images of the patient were normal. [From J. C. Baron et al. (36); courtesy of

Stroke] v
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functional abnormalities that can be cor-
related with the patients’ clinical syn-
dromes despite a lack of anatomical al-
terations detectable by x-ray CT (26, 28)
(Fig. 2a).

Studies of the human auditory system
with FDG indicate a correlation between
the distribution of glucose utilization and
the content of the stimulus (Fig. 4b) and,
in some cases, the strategy used by the
subject to solve the task (Fig. 4c) (29,
30). While complex patterns of these
responses to auditory stimuli were ob-
served, verbal stimuli caused asymmet-
ric increases in glucose utilization in the
left hemisphere in right-handed individ-
uals (Fig. 4b). Nonverbal stimuli, such as
musical chords, activated primarily right
hemisphere areas particularly in the infe-
rior frontal, parietal, and superior tem-
poral regions (Fig. 4b) (29, 30). In sub-
jects who listened to sequences of musi-
cal notes (29) and were asked to deter-
mine whether notes in one sequence
differed from those in another, the pat-
tern of glucose utilization correlated with
the strategy used by the subject (Fig. 4c).
Individuals who used specific visual im-
agery and analytical strategies (‘‘visual-
izing”’ frequency histograms or musical
scales in their minds for comparing note
sequences) had predominantly left hemi-
sphere asymmetries and increases in glu-
cose utilization in the posterior temporal
region. Subjects who did not use this
strategy to solve the task but rather used
mental ‘‘resigning’’ of the notes had acti-
vations in the inferior parietal and tem-

CBF

OER

CMRGLU GER
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poral-occipital regions of the right hemi-
sphere (Fig. 4c) (29).

In general, in studies of subjects with
PET, when a specific task was involved
rather than the mere passive perception
of stimuli, frontal cortical zones showed
greater glucose utilization (29, 30) (Fig.
4a). In addition, subjects who were
asked to recall specific aspects of audi-
tory stimuli had activations of the mesial
temporal lobe (hippocampus, parahippo-
campus) that were never seen in situa-
tions where auditory perception without
memory tasks were required of the sub-
ject.

While the study of normal cerebral
function through PET is interesting in
itself, the above-mentioned tasks can
also be useful in seeking a better under-
standing and improved differential diag-
nosis of cerebral disorders (30). Thus,
much in the way a cardiologist imposes
physical exercise on patients to induce
detectible changes in altered myocardial
function, so too the neuroscientist can
induce cerebral work by the use of neu-
robehavioral or pharmacological cere-
bral stimuli. This approach may reveal
subtle or early cerebral dysfunction that
is at or near the limit of functional re-
serve of the brain.

Stimulation tasks can also be used to
investigate cerebral reorganization or
compensatory responses after sudden
damage to the brain or during ongoing
structural degeneration of the brain in
certain disorders (30). The resulting data
should provide clues as to how the brain

functionally reorganizes or adapts to per-
form a task when the system identified
for the normal performance of that task
has been compromised by cerebral pa-
thology.

Cerebral stoichiometry and patho-
physiology of disease. The normal brain
has a fairly constant stoichiometry
among various substrate utilization.
rates, and changes in these relationships
should be sensitive in detecting and pro-
viding insights in the mechanisms of ear-
ly derangements of cerebral systems in-
duced by disease. Such changes may
also be critical in determining the type
and timing of treatment. By examining a
large number of biochemical and physio-
logical processes in normal subjects with
PET, one can define the normal relation
between these processes and their range
of variability. Once known, these rela-
tions can be examined in disease states.
Serial studies in patients with cerebral
disorders, with multiple tracers to deter-
mine cerebral stoichiometry as a func-
tion of time, can help identify the patho-
physiological sequence of events that
occurs during the expression of a syn-
drome. Similarly, one can examine the
stoichiometrically changing relations
that occur as the disease advances, as
the patient recovers from the disease, or
as a result of therapeutic interventions.
Some examples of the power of this
technique can already be found in stud-
ies performed with PET (31, 33-39)
(Figs. 5 and 6).

Huntington’s disease is an inherited

8=EDTA C-11-GLUCOSE C-11-METHIONINE

Fig. 6. Abnormal cerebral stoichiometry. (a) Images from a patient with a deep
right hemisphere grade IV astrocytoma demonstrating six physiological varia-
bles determined with PET. The cerebral blood flow image (CBF) demonstrates a
patchy, heterogenous flow in the area of the tumor (large arrow) and diffuse
depression in blood flow for the overlying cortex (small arrowheads). The
oxygen extraction ratio image (OER) demonstrates decreased oxygen extraction
within the tumor itself even though it is well perfused with blood. Oxygen
utilization image (CMRO,) demonstrates very low oxygen metabolism within
the tumor and diffuse depression of oxygen utilization in the overlying cortex.
Mismatch between flow and oxygen utilization within the tumor is evidenced by

the low oxygen extraction for that area. The matched reduction in flow and
oxygen metabolism in the overlying cortex results in a relatively normal oxygen extraction fraction for that zone. Glucose utilization (CMRGlu)
within the tumor is increased relative to surrounding brain. Glucose extraction ratio (GER) is slightly increased in the area of the tumor (48).
[Courtesy of MRC Cyclotron Unit, Hammersmith Hospital, London, United Kingdom] (b) Studies from a patient with a deep right hemisphere
astrocytoma. The **Ga-labeled EDTA image demonstrates very minimal change in permeability of the blood-brain barrier to this agent. The
["'Clglucose image demonstrates a lower than normal utilization rate for glucose within the tumor (arrow). The ['!C]methionine image reveals a
marked increase in methionine uptake within this tumor. An increased use of amino acids for metabolism and protein synthesis provides an
additional stoichiometric variable by which to evaluate the pathophysiology of tumor growth and possible therapeutic interventions. [From M.
Bergstrom, in (38); courtesy of Journal of Computer-Assisted Tomography]
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disorder manifested by dementia, abnor-
mal movements, and psychiatric symp-
toms. The offspring of affected individ-
uals have a 50 percent chance of inherit-
ing the abnormal gene and manifesting
the disease. The clinical manifestations
typically do not appear until the third or
fourth decade of life. Thus, a population
exists that is at risk for the disease.
These individuals may have subclinical
expression of symptoms although previ-
ous attempts to identify such presympto-
matic patients have been, until recently,
unreliable.

In PET studies with FDG, all patients
with Huntington’s disease showed a re-
duction in glucose utilization in the stria-
tum (up to 70 percent reductions), the
portion of the brain with the most pro-
found structural changes (neuronal cell
loss) in the advanced stages of this disor-
der (31). In those patients who were just
beginning to manifest symptoms of this
disease, structural imaging techniques
such as x-ray CT were normal (Fig. 3b),
but investigations with FDG and PET
revealed profound reductions in glucose
utilization in the striatum (31).

In a group of 15 asymptomatic individ-
uals who were at-risk for Huntington’s
disease, about half demonstrated mild-
to-moderate (up to 40 percent) reduc-
tions in glucose utilization for the cau-
date nucleus (Fig. 3c) (31). Three of the
individuals with these abnormalities sub-
sequently developed symptoms (37).
Thus, PET can identify functional le-
sions in Huntington’s disease that pre-
cede gross structural changes in the
brain (as determined by x-ray CT) and
appears to be able to identify abnormali-
ties in patients even before symptoms of
the disease are manifest (namely,
changes that are still within the compen-
satory mechanisms of the brain). The
relation of these presymptomatic
changes in glucose utilization with the
presence of the abnormal gene (32) re-
mains to be determined.

Serial studying of at-risk individuals
with various positron labeled tracers
from early ages through the onset of
symptoms can provide a detailed de-
scription of the regional changes in brain
biochemistry as a function of time along
with a correlation of these changes with
clinical symptoms. Since experimental
treatments for such disorders would be
most successful when used in presymp-
tomatic or early stage subjects, PET may
be useful in identifying those subjects
and in providing more objective evi-
dence as to whether such therapeutic
interventions are beneficial or harmful.

Patients with cerebrovascular disease
(Fig. 5) have been studied with PET to
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understand better the relationship of ce-
rebral blood flow with oxygen metabo-
lism and extraction (16, 33-37). These
studies have provided some initial in-
sights into the compensatory mecha-
nisms used by the brain to maintain
tissue viability despite decreased sub-
strate availability. As blood flow to the
brain is decreased (in the initial minutes
and hours after the onset of stroke symp-
toms), the percentage of arterial oxygen
extracted into cerebral tissue increases
to a maximal level in order to maintain
oxidative metabolism (34). Subsequent-
ly, the capacity of this and other com-
pensatory mechanisms can be exhaust-
ed, and if so, oxygen metabolism will
fall. This appears to occur at an oxygen
utilization rate of about 0.58 micromoles
per minute per gram of tissue (35). Along
with this change, the percentage of oxy-
gen extracted by cerebral tissue also
declines, an indicator of irreversible tis-

a Normal

50 minutes 80 minutes

11c-Methyl spiperone

Fig. 7. In vivo human pharmacolo-
gy. Use of PET to study the neuro-
transmitter receptor systems of the
living human. (a) Images were tak-
en at 50 (left) and 80 minutes (right)
after intravenous injection of ''C-
labeled methylspiperone. This com-
pound binds to D, receptors of the
dopamine system and to S, seraton-
ergic receptors. There is high reten-
tion of labeled ligand in the dopa-
mine receptor-rich caudate and pu-
tamen. The ratio of labeled methyl-
spiperone binding between
caudate-putamen and cortex in-
creases with time because of reten-

sue damage (Fig. 5). The measurement
of oxygen extraction and utilization has
proved to be a much more reliable pre-
dictor of tissue degeneration than blood
flow alone since the latter can be de-
creased, normal, or even increased (re-
active hyperemia) at different stages or
times in the progressive development of
cerebral ischemia and infarction (16, 33,
34). These measurements have been
combined to select patients for therapeu-
tic intervention and to monitor the effec-
tiveness of the treatment (Fig. 5) (36, 37).

Patients with brain tumors have been
studied with several positron labeled
tracers (Fig. 6) in order to (i) assess their
pathological stoichiometry (38, 39), (ii)
identify differences in these relations for
different tumor grades (39), and (iii) pre-
dict and evaluate the effects and re-
sponse of a given tumor to a specific
radio- or chemotherapeutic modality
(40). The combined knowledge of energy

11c-carfentanil

“\../

11C-Carfentanil + naloxone

8o

18F-Fluorodeoxyglucose

tion on the D, sites as compared to clearance from nonspecific binding sites and S, receptors in
the cortex. Ratio of radioactivity in caudate to cerebellum in right-hand image is 4.4. This study
also illustrates the high sensitivity of PET to detect concentrations of picomoles per gram or
less. [From Wagner et al., in (42)] (b) Opiate receptors in human brain. The PET images in the
top row were obtained 30 to 60 minutes after intravenous administration of 25 mCi of
[''C]carfentanil (80 ng/kg), a mu opiate antagonist. The three images are 7.2 cm, 4 cm, and 0.8
¢m above the canthomeatal line (far right to left). Images in the middle row were acquired 30 to
60 minutes after intravenous administration of (1 mg/kg) naloxone (the + isomer), which is an
opiate antagonist, and the same dose of [''C]carfentanil used in the first study. In the top row a
preferential accumulation of activity is seen in areas rich in opiate receptors such as the
thalamus, basal ganglia, and frontal cortex (center and right-hand images) and pituitary gland
(left-hand image; inner arrow). Low activity is seen where opiate receptors exist in low
concentration, such as the occipital cortex (center image, arrows), the postcentral gyrus (right-
hand image; arrows) and the cerebellum (left-hand images: arrows). Images in the middle row
demonstrate the low level of nonreceptor binding when labeled carfentanil binding is blocked
with naloxone. Approximately 90 percent of specific opiate receptor binding in the thalamus
and basal ganglia is displaced. The outer rings in the images result from ''C activity in scalp.
Images in the bottom row represent glucose utilization (FDG) for approximately the same levels
as the opiate receptor distribution study. [Carfentanil studies from J. J. Frost et al., in (43) and
glucose utilization images from M. E. Phelps er al., in (3)]
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metabolism and protein synthesis for as-
sessing cell turnover rates and tumor
growth before and after therapy can be
evaluated with PET (Fig. 6). For exam-
ple, radiation therapy is more effective in
patients with tumors having high oxygen
concentrations (because of the genera-
tion of free radicals) than in patients with
tumors having low oxygen concentra-
tions (Fig. 6). The determination of the
degree of malignancy of cerebral gliomas
in vivo with PET measurements of glu-
cose utilization correlates well with his-
tological grading of biopsied or resected
samples—that is, an increasing degree of
malignancy was associated with increas-
ing rates of glucose utilization as mea-
sured with FDG (39).

The reliability and appropriateness of
animal models of human diseases are
frequently questioned. The ability to
compare animal models and human con-
ditions through, for example, biochemi-
cal assays with the tracer kinetic ap-
proach provides the opportunity to scru-
tinize these animal models and compare
differences and similarities with the hu-
man disease. Animal models of different

Fig. 8. Complete set
of FDG-PET images
from a normal sub-
ject, demonstrating
glucose  utilization.
These images were
obtained with an 8-
mm interval between
slices with the Neuro-
ECAT system (image
spatial resolution of
84 by 8.4 by 125
mm). The two images
in the lower right cor-
ner are anterior-pos-
terior and lateral two-
dimensional  views
(rectilinear studies) of
the same subject ob-
tained prior to the
tomographic exami-
nation. The PET de-
vice provides identifi-
cation of the position
of the tomographic
planes and allows su-
perimposition of their
location on the recti-
linear images. Shades

aspects of epilepsy, neoplastic diseases,
psychiatric disorders, Parkinson’s and
Huntington’s diseases, and others can be
examined by quantitative autoradiogra-
phy and biochemical assays for compari-
son with PET studies of patients having
these disorders. Similarities and differ-
ences in stoichiometry, structure-func-
tion relationships, behavior-function re-
lationships, and drug responses with
PET can help in the choice of appropri-
ate models. The selected animal model
can then be studied by histological, bio-
chemical, and electrophysiologic tech-
niques that are either too invasive or too
logistically complex to be performed in
humans. Hypotheses resulting from
studies on mechanisms of the disease in
animals can then be tested in humans
with PET.

In vivo pharmacology. The neurophar-
macology of the human brain can be
examined with PET through the use of
two different strategies. In the first,
pharmacological doses of drugs can be
administered to normal subjects and pa-
tients with cerebral disorders and their
effect on processes such as blood flow

of gray, units of micromoles per minute per milligram, with black representing the highest
value. At this spatial resolution, the folds in the cortical ribbon are clearly delineated, as are the
subcortical structures (right-most images, second row) including the thalamus, caudate, and the
lenticular nuclei (putamen-globus pallidus complex). Both the posterior and the anterior limbs
of the internal capsule are visualized. The hippocampus-parahippocampal gyri region can be
seen lateral to the brain stem, along the medial portions of the temporal lobes (third row,
extreme left). Substructures of the posterior fossa are visible (third row, extreme right) and
include the brainstem and the substructures of the cerebellum (the cerebellar cortex, vermis,
and dentate nuclei). This study demonstrates the progressive increase in image quality that has
occurred as the spatial resolution of PET devices has improved. For example, compare the
image quality and detail in Figs. 3, b and c, 4 and 5, obtained with a tomograph having a spatial
resolution of 16 by 16 by 18 mm with those in this figure. Tomographs with 2- to 4-mm
resolution are now being tested. Improvements in spatial resolution not only increase the
anatomical detail, the structure identification capacity, and the quantitative accuracy. [From M.
E. Phelps et al., in (3); courtesy of Journal of Cerebral Blood Flow and Metabolism]
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and metabolism can be examined to de-
termine the anatomical sites where drug-
induced alterations in biochemical pro-
cesses occur (41). Alternatively, the drug
itself can be labeled with a positron-
emitting isotope (Table 1) and its phar-
macokinetic behavior (42-45) can be ex-
amined directly in vivo under conditions
where the drug is present in tracer-
amounts (that is, with no mass effect) or
in concentrations where pharmacologi-
cal effects are produced (Fig. 7). Either
way, biochemical assays can be per-
formed to examine the pharmacological
effects of specific agents on behavior,
symptoms, and structure-function rela-
tionships in the human brain and to iden-
tify neurochemical systems involved in
specific diseases. The anatomical sites of
these effects can be correlated with neu-
rochemical systems associated with such
sites in the brain as determined through
in vitro studies of human tissue or animal
studies of these systems.

The ability to observe in vivo drug
pharmacokinetics can be useful in identi-
fying the responsiveness of different pa-
tient groups to specific pharmacological-
ly active agents. For example, let us
consider a presumed clinically homoge-
neous population of patients in which a
specific drug is effective in alleviating
symptoms in 15 percent. Such a therapy
would be considered relatively ineffec-
tive for that population as a whole. How-
ever, for the 15 percent that responded,
the therapy is quite effective. Conven-
tional techniques may not be sensitive
enough to identify subpopulations with
specific pharmacological sensitivities to
different agents. PET studies with either
of the two strategies outlined above
could provide additional diagnostic in-
formation that could potentially segre-
gate such subgroups and allow for more
specific and pathophysiologically appro-
priate therapies to be employed.

A number of labeled compounds have
been developed for use with PET in the
study of dopaminergic (42), opiate (43),
benzodiazepine (44), and other systems
(45) (Table 1). Labeled ligands of high
specific activity have been shown with
PET to reflect specific receptor systems
as determined by their localization in
appropriate anatomical sites, competi-
tive blockade, and kinetic differentiation
of specific and nonspecific binding in
serial measurements (42—45) (Fig. 7).
The use of appropriate positron-labeled
compounds makes it possible to examine
the presynaptic site of neurochemical
transmission with a labeled precursor of
an active agent such as '®F-labeled L-
dopa (42), or to examine postsynaptic
receptor interactions with an agent such
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s C-labeled N-methylspiperone (42),
or '8F-labeled spiperone (42) for the (D,)
dopamineric sites, or !'C-labeled carfen-
tanil (43) for the (mu) opiate sites (Fig.
7). To transform these types of studies
into measurements of processes such as
receptor affinity and density, neurotrans-
mitter concentration and turnover, lig-
and on and off rates, and diffusion rates
requires formulation and Kinetic and bio-
chemical verification of models, whether
for PET or any in vivo estimation (3, 46).

Conclusion

The examples of the use of PET to
examine structure-function relation-
ships, physiological psychology, phar-
macology, stoichiometry, and patho-
physiology of disease illustrate some of
the diverse types of investigational strat-
egies that can be utilized with this tech-
nology. The further course of develop-
ment of PET depends not only on ad-
vances in the technology itself (Fig. 8)
but also on its role in using and applying
advances from the basic biomedical sci-
ences to human studies. This is aided by
the many types of labeled compounds
already available, or that can be synthe-
sized, providing PET with a broad range
of biochemical and physiological probes
for examining different processes of the
brain. Required advances in the number
and validity of tracer kinetic models con-
tinue not only in the field of PET but in
all those fields where radioactive labeled
tracers are used. The importance of an
analogous scientific method for studies
in man to those in a laboratory setting,
underscores the significance and poten-
tials of PET.
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In normal brain about 5.6 mol of oxygen are
used per mole of glucose. PET measurements of
oxygen and glucose utilization allow calcula-
tions of this ratio in patient studies. The tumor in
Fig. 6a (arrow) has a significant reduction in this
ratio (value of about 1.9) indicating its depen-
dence on anaerobic glycolysis despite adequate
oxygen availability through its elevated blood
flow. Although there is depressed function of
the cortex on the right in this patient, the molar
ratio of oxygen to glucose is normal (about 5.4),
an indication that this is unlikely to be a result of
ischemia from pressure effects or direct tumor
infiltration of the cortex. Rather, this change
most likely represents a functional drop in neu-
ronal activity due to disruption of fiber tracts (as
was seen in Fig. 1). This type of information
(blood flow, anaerobic or aerobic status) is an
important factor in planning radio- or chemo-
therapy of neoplastic lesions.
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