October 15, 1999

A HISTORY OF POSITRON IMAGING
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The development of positron imaging covered many decades and included contributions by many
individuals. Indeed, the unique challenges involved in the detection of annihilation radiation and the
subsequent processing of such data into an image format suitable for detection of disease or study
of physiological processes has attracted the attention of many outstanding physicists, chemists,
biologists and physicians. A thorough review of all of these developments would be beyond the
scope of this brief history. However, it is useful to describe some of the early developments in this
field dating back to the early 1950’s. Although it is true in many fields, it is still disconcerting to
find that important developments are placed in a time period that is years or even decades after the

initial work.
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First Positron Imaging Device -
1950

The first application of positron annihilation radiation for
medical imaging is well documented. In a discussion with
William Sweet, then the Chief of the Neurosurgical Ser-
vice at the Massachusetts General Hospital (MGH), in the
early part of 1950, I made several suggestions to improve
the quality of nuclear images for the detection of brain tu-
mors and other brain diseases. In particular, I suggested
that the use of annihilation radiation following positron
emission might improve the quality of brain images by in-
creasing sensitivity and resolution. The Physics Research
Laboratory (PRL) at MGH had just been established un-
der my direction and, with support from the Neurosurgi-
cal Service, a simple positron scanner using two opposed
sodium iodide detectors was designed and built within
six months. Imaging of patients with suspected brain tu-
mors was commenced almost immediately. The results
were sufficiently encouraging that an addendum includ-
ing results on positron imaging was included in a paper
by Sweet on brain tumor localization. The paper was
then in press in the New England Journal of Medicine
and together with the addendum appeared in December
of 1951 [47]. During the same year, a paper by Wrenn,
Good and Handler [53] described independent studies on
annihilation radiation detection. These authors went on
to illustrious careers - Philip Handler became the Presi-
dent of the American Academy of Science - but did not
publish further on this topic.

Despite the relatively crude nature of this imaging in-
strument, the brain images were markedly better than
those obtained by other imaging devices. It also con-
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tained several features that were incorporated into future
positron imaging devices. Data were obtained by transla-
tion of two opposed detectors using coincidence detection
with mechanical motion in two dimensions and a print-
ing mechanism to form a two-dimensional image of the
positron source. This was our first attempt to record
three-dimensional data in positron detection. An arti-
cle published in 1953 described this device and included
preliminary results (Brownell and Sweet 1953 [8]).

First Clinical Positron Imaging De-
vice - 1952

The success of our prototype positron scanner led us to
develop a scanner designed specifically for brain imaging
(Figure 1). This instrument followed the general concepts
of the instrument build in 1950 but included many refine-
ments. It produced both a coincidence scan as well as an
unbalance scan. The unbalance of the two detectors was
used to create an unbalance image using two symbols to
record any unbalance in the single channel rates of the
two detectors. The unbalance scan produced a low reso-
lution image but was remarkable sensitive in determining
whether a tumor existed, particularly if the tumor was to
the right or left of midline of the brain. Figure 2 shows
the two scans of a patient with recurring brain tumor.

First Multiple Detector Positron
Imaging Device - 1962

Several versions of the single pair coincidence system were
built including a commercial version. It was clear that
increased sensitivity was required and a Hybrid Scan-
ner (Figure 3) was developed in the mid 60’s and re-



Figure 1: First clinical positron imaging device. Drs. Brownell
(left) and Aronow are shown with scanner (1953).

sults published in 1968 [9]. This device used two rows
of nine detectors each in coincidence with three detectors
in the opposite row. The detector assembly translated
in one direction so that a two dimensional image was
formed. The scanner was designed specifically for brain
imaging and served for that purpose in a clinical setting
for nearly a decade. A unique feature of the scanner was
that in addition to increased sensitivity, another form of
three-dimensional image could be obtained by focusing
on planes parallel to and lying between the two detector
arrays. This feature proved to be a powerful addition to
the scanner and permitted lesions to be imaged in two di-
mensions and their position to be estimated in the third
dimension by selecting the plane with the sharpest image.

PC-I The First Tomographic Imag-
ing Device and the First Com-
puted Tomographic Imaging Device
(PET): 1968-1971

The logical extension of positron instrumentation was a
design using two 2-dimensional arrays. PC-I was the first
instrument using this concept and was designed in 1968,
completed in 1969 and reported in 1972 [11] [20]. The
first applications of PC-I in tomographic mode as dis-
tinguished from the computed tomographic mode were

Figure 2: Coincidence and unbalance scans of patient with re-
curring brain tumor. Coincidence scan (a) of a patient showing
recurrence of tumor under previous operation site, and unbal-
ance scan (b) showing asymmetry to the left. (Reproduced
from Brownell and Sweet 1953 [8]).

Figure 3: Hybrid Positron Scanner.

reported in 1970 (Brownell et al 1970 [10]). PC-I incor-
porated rotation and translation of the two detectorbanks
and included interpolative motion of the detectors to im-
prove sampling and image quality. PC-I could produce
images on planes parallel to the detector planes or tomo-
graphic images on planes within the object. PC-I was not
patented because it was disclosed in several papers but
was covered by a US Atomic Energy Commission Record
of Invention (S-40, 757) with date of inception as June
1968, completion in 1969 and first tests in May 1971 (Fig-
ure 4).

The original intent was to use PC-I to obtain focused
images on planes parallel to the detector planes and to-
mographic images on transverse planes. The use of PC-I
to obtain computed tomographic images or PET images
evolved over this period of time.

In early 1970, David Chesler in our group at MGH con-
ceived of filtered back projection. In the summer of 1970
he tested filtered back projection, including the effects of



Poisson noise, by computer simulation. On Veterans Day
of 1970 he collected both emission and transmission data
with a ‘bench top scanner’. From this data he was able to
produce three types of computed tomographic images: an
emission image, a transmission image and an absorption-
corrected emission image. Figure 5 illustrates the concept
of filtered back projection and was presented by Chesler at
the Meeting on Tomographic Imaging in Nuclear Medicine
September 15-16, 1972. This development of filtered back
projection was the first reconstruction of this type to be
applied to PET and CT data. (Chesler 1971 [24], Chesler
1973 [25] (Figure 6) and Chesler et al 1973 [26] (Figure
7).) The original intent was to use PC-I to obtain fo-
cused images on planes parallel to the detector planes
and tomographic images on transverse planes. The fil-
tered back projection algorithm was immediately applied
to data from PC-I and the subsequent computed tomo-
graphic images were dubbed PET images as an acronym
for positron emission tomography. (Brownell and Burn-
ham 1972 [11], Brownell and Burnham 1973 [12], and
Brownell et al 1978 [16]). The excellent book by Steve
Webb entitled “From the Watching of Shadows” [52] gives
a well documented account of the development of X-ray
CT as well as the early work in positron emission to-
mography (PET) and single photon computed emission
tomography (SPECT) [39] [40]. Two names stand out
in CT, Godfrey Houndsfield (Hounsfield 1973 [35]) and
Allan Cormack (Cormack 1973 [29]), both of whom were
recognized for their contributions by sharing the Nobel
Prize. (Hounsfield used an iterative technique on X-ray
CT data.) Houndsfield obtained his first patent in August
of 1972 well after the first clinical trials at the Atkinson
Morley Hospital in October 1971 (Ambrose 1973 [2]).

Figure : PC-I, the first tomographic P T imaging device.

Figure 5: P T reconstruction techniques: (top) Original

source distribution and measured pro ections, (bottom) Cor-

rected tomography using filtered back pro ection. (Presented

by David Chesler at the meeting of Tomographic Imaging in
uclear Medicine, September 15 1 , 19 2 [25]).

PC-II and its Commercial ersion
At the Physics Research Laboratory, an improved area
sensing rotate-translate PET instrument, PC-II, was con-
structed 1971-1976 and the tomographic images obtained
using PC-I and PC-II were widely disseminated at meet-
ings and in publications (Figures 6 14) (Chesler et al
1973 [25] [26], Brownell et al 1974 [13], Chesler and
Riederer 1975 [27], Correia et al 1976 [30], Brownell et al
1976 [14], Hoop et al 1976 [34], Brownell and Cochavi
1978 [15], Brownell et al 1983 [17]).

PC-1I was the first device to obtain PET images and,
together with PC-II, remained the only PET devices in
use for animal and human imaging for almost a decade. A
commercial version developed by The Cyclotron Corpora-
tion incorporated additional features (Figure 15). (EMI
used an iterative algorithm for reconstruction of data from
their original machines.) Among those contributing to the
early studies were Saadia Cochavi, Wally Anluwalia, Bar-



Figure : Brain study using PC-I and . Two lines on 2D-
image show the levels of tomographic slices. A tumor is clearly
observable in the lower transverse slice. Original images were
presented by David Chesler at the Meeting on Tomographic
Imaging in uclear Medicine, September 15-1 | 19 2.

Lateral and tomographic images of the elliptical
(Chesler

Figure
phantom (left) and the dog heart (right) using
19 3 [2 ).

ney Hoop, John Correia and Nathaniel Alpert.

Figure 8: PA and left lateral images (left and center) and
transverse section images (right) of infused into dog my-
ocardium using PC-I.
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I was invited by Michael Ter-Pogossian to present our
PET images in a talk given at Washington University in
1974. Over 50 PET images were shown relating to studies
of blood ow, blood volume and oxygen metabolism in
heart and lung in animals and man as well as PET images
of lung function using and blood ow studies of brain
and heart using , and and bone scans
using . Some of these images are shown in Figures 6
10. It should be noted that -labeled 2- uoro-2-deoxy-
D-glucose was not available at this time.

Following the talk, the possibility of a single plane
translate-rotate system was brought up and I pointed out



Figure 9: Top level: A-P anatomical illustration of heart and
ma or vessels (left). Anatomical transverse section at the level
shown in left. Lower level: Transverse section image of blood
pool using inhalation of corresponding the image on top
right, uncorrected for absorption (left). Same as left with ab-
sorption correction (right).

p

Figure 10: ( ) bone scan using PC-I. AP view shows
multiple bone metastases in the pelvic area, the spine, the ribs,
and the calvarium. The figure at the middle shows the levels
where tomographic slices were reconstructed. Tomographic
slices show better assessment of the location and si e of the
metastases.

Figure 11: Brain study using . Lower panel shows
tomographic coronal slices and the arrow points the tumor.

Figure 12: Brain study of the normal control patient using
2- uoro-2-deo y-D-glucose and PC-II.

that the data set resulting from the translation and ro-
tation of the two banks of detectors of PC-I and PC-II
was identical to that of the translation and rotation of a
hexagonal array of detectors viewing one plane. This led
in part to the development of a series of PETT instru-
ments at Washington University (Ter-Pogossian et al [50])



Figure 13: Study of glucose metabolism ( 2- uoro-2-deo y-
D-glucose), blood ow (continuous inhalation of ), 0 y-
gen metabolism (continuous inhalation of ) and o ygen
e traction fraction in a rabbit tumor model using PC-II.

Figure 1 : Blood ow study of soft tissue tumor in the left leg
using PC-IT and continuous inhalation of . Transverse
slices are correlated with corresponding CT images.

Figure 15: A commercial version of PC-II The Cyclotron Cor-
poration Positron Camera Model 200.

and to the ECAT instruments (Hoffman at al [33]) devel-
oped by ORTEC, Inc, later CTI, Inc.

adiopharmaceutical Development
or PET Imaging

PET imaging was initially based on the use of labeled
to and primarily because the Allis Chalmers
cyclotron in use initially at MGH and Washington Uni-
versity was a deuteron machine and was primarily used
to producing . More powerful cyclotrons were avail-
able in government laboratories such as Brookhaven but
it was not until the mid 70’s that such cyclotrons became
available to biomedical facilities and the full range of iso-
topes including , , and became available
to a wider audience.

Ter-Pogossian and Powers had demonstrated that
labeled water could be used to measure blood ow in brain
and other organs long before PET was developed (Ter-
Pogossian and Powers 1958 [48] and Ter-Pogossian et al
1970 [49]). It should be mentioned that with the untimely
death of Michael Ter-Pogossian the field lost a scientist of
outstanding ability and integrity.

Oxygen-15 was and remains a very useful label for PET
studies and became widely used at MGH for blood ow
studies in brain and other organs (Ahluwalia et al 1973 [1],
Brownell et al 1976 [14]). The application of labeled
to obtain equilibrium images of blood ow was applied
successfully for imaging brain and heart in animals and
man (Boucher et al 1976 [3]). The use of labeled  to-
gether with provided the basis for measuring regional
oxygen metabolism. labeled provided a means of
measuring regional blood volume (Brownell and Cochavi
1978 [15]). Models were developed to obtain quantita-
tive regional values of these important parameters (Sub-
ramanyam et al 1978 [46]). The measurement of blood

ow and blood volume has become a useful clinical and
research tool. By use of these techniques, abnormalities
in brain and other organs could be visualized. In addi-
tion, alterations in regional cerebral blood ow resulting
from visual and other stimuli could be observed (Raichle
et al 1973 [42]). More recently magnetic resonance imag-
ing (MRI) has proven capable of observing blood ow and
blood volume as well as cerebral metabolism.

It is interesting that one of the factors most responsible
for the acceptance of positron imaging was the develop-
ment of radiopharmaceuticals. In particular, the devel-
opment of labeled 2- uorodeoxy-D-glucose (2FDG)
by the Brookhaven group under the direction of Al Wolf
and Joanna Fowler was a major factor in expanding the
scope of PET imaging [37]. The half-life of was
nearly optimal for positron imaging and it was immedi-
ately obvious that 2FDG could give precise values of en-
ergy metabolism in brain, heart and other organs (Reivich
et al 1979 [43]). Michael Phelps further extended the ap-
plication of 2FDG [41] based on Sokoloff’s autoradio-
graphic studies using labeled deoxyglucose (Sokoloff



et al 1977 [45]). Recent developments in PET radiophar-
maceuticals are based on Henry Wagner’s pioneering work
on imaging with receptors [51].

PC -I and PC -II:
C linder PET Devices

ing and

It soon became clear to many of those involved in PET
development that a circular or cylindrical array of detec-
tors was the logical next step in PET instrumentation.
Although many investigators took this approach, James
Robertson (Robertson et al 1973 [44]) and .H. Cho (Cho
et al 1975 [28]) were the first to propose a ring system.
The only drawback was the limited sampling provided
by these geometries and a number of techniques such as
wobbling the array were proposed to increase sampling
(Huesman et al 1983 [36]). A Donner ring was developed
in Berkeley (Derenzo et al 1979 [31]) that used a large
number of detectors individually coded to small photo-
tubes. However, it was the development of analog coding
by Charles Burnham of the PRL at MGH (Burnham et al
1981 [21] and 1985 [22]) that permitted the use of multiple
small detectors identified by a smaller number of photo-
tubes. The concept was applied to ring and cylindrical
arrays to produce high resolution PET images without
motion. This led to the development of two PET sys-
tems at MGH, PCR-I (Brownell et al 1985 [18]) (Figure
16) and PCR-II (Burnham et al 1988 [23], Brownell et al
1989 [19]) (Figure 17). PCR-I used a ring design while
PCR-II used a cylindridal design. PCR-I has been in
continuous use for sixteen years producing high resolu-
tion images in a variety of studies centered on the brain,
heart and cancer in mice ( allinowski et al 1991 [38]), rats
(Brownell et al 1991 [4], Brownell et al 1998a [5]) (Figure
18), rabbits (Figure 19), dogs (Figure 20) and primates
(Hantraye et al 1992 [32], Brownell et al 1998b [6] and
1999 [7]) (Figure 21). The single ring limitation of PCR-I
has been overcome by use of a computer-controlled table
and imaging a volume source in a step-and-shoot mode
utilizing table motion as axial axis. This enables process-
ing of transverse and sagittal slices in addition to coronal
slices. The outcome of studies conducted with PCR-I led
to world wide interest in developing special PET scanners
for small animals.

The history of PET has been one of continuous im-
provement in resolution and sensitivity. Figure 22 shows
improvement of resolution and sensitivity of the positron
imaging devices developed at the Physics Research Lab-
oratory over the last five decades. The future of PET
imaging is bright. New geometries are being studied es-
pecially to develop organ specific imaging devices, new
detector materials are being developed and techniques for
reconstruction are improving. However, perhaps the most
important need for further utilization of PET imaging is

Figure 1 : PCR-I, a single ring positron emission tomograph
using analog coding. Tomograph with cot and computer (left)
and the electronic assembly (right).

Figure 1 : PCR-II, a cylindrical positron emission tomograph.

the development of new radiopharmaceuticals and quan-
titation procedures necessary to yield useful physiological
data.

¢ no ledgements

I wish to acknowledge the assistance of Charles Burnham,
David Chesler, Anna-Liisa Brownell and Cao-Huu Tuan in the
preparation of this manuscript.

€ eremnces

[1] , BD, CA , GL , and H.

, Study of regional lung function using cyclotron

produced , RS A and AAPM, Chicago ovember
19 3.

2] , Computeri ed transverse a ial scanning
(tomography): Part 2. Clinical application ,
:1023-10



Figure 18: Study of dopamine transporters with

and dopamine receptors using raclopride in a
lesioned (left striatum) rat brain using PCR-I. ote

the decreased accumulation of and increased ac-

cumulation of raclopride in the lesioned striatum (super-

sensitivity).

[3] , C.A, G.A. , B. P.C.
, and G.L. , Inhalation imaging with
o ygen-labeled carbon dio ide for detection and quantifi-

cation of left-to-right shunts. Suppl
2:1 5.
[] , A-L, M. , R. , M. A.
, B.R. , and G.L. , P T
and MR studies of e perimental focal stroke,
15:3 -380.
[5] , A-L, , and O.

y
, In vivo P T imaging in rat of dopamine termi-
nals reveals functional transplants ,
,  3:38 -390.

[] ,A-L, B ,D.R. ,T. .

, R.D. , and O. , Combined

P T MRS brain studies show dynamic and long-term

physiological changes in a primate model of Parkinson
disease , , :1308-1312.

[] , AL, B , and O. ,
Dopamine imaging markers and predictive mathematical
models for progressive degeneration in Parkinson’s dis-

ease , , 53:130-

1 0.
[8] , GL, H. , Locali ation of brain
tumors with positron emitters , , 11: 0-

5.
[9] , GL., C.A. , S. , S.
, H. , and D. , ew devel-

opments in positron scintigraphy and the application of
cyclotron-produced positron emitters in

)

Sal burg -15 August 19 8. ienna. IA A. pp.1 3-1

Figure 19: Bone study of a rabbit skull using and PCR-I.
Coronal slices on the left, transverse slices at the middle and
sagittal slices on the left.

[10] G.L., C.A. ,B. ,and D. .
, uantitative dynamic studies using short-

lived radioisotopes and positron detection in



Figure 20: Gated studies of blood ow ( ) and glucose
metabolism ( 2FDQG) in infarcted dog heart using PCR-I.

, Rotterdam. August 31 - Septem-
,19 0. IA A. ienna. 19 1. pp.1 1-1 2.

, G.L., and C.A. , MGH positron

ber
(11]

Figure 21: Study of dopamine transporters with
and glucose metabolism with 2FDG in a primate brain
using PCR-1.

camera, in 2:11 .
, G.L., and CA , MGH positron

camera in ,
d. Freedman GS . The Society of uclear Medicine: ew
ork. 19 3, pp. 15 -1

[13] , G.L., DA. ,
Scintigraphic data imaging in
, ds. Hine and Sorenson (19

[12]

and S.M. ,

), Chapter
1] , G.L., C.A. , D.A. , A
, - ,B , - , and R.
, Transverse section imaging of radionu-
clide distribution in the heart, lung and brain in
, 19 | Publ. Recon-
struction Tomography in Diagnostic Radiology and u-
clear Medicine. ds Ter-Pogossian M.M., Phelps M. .,
Brownell G.L. niversity Park Press. Baltimore. 19
pp. 293-30 .

, G.L., and S. , 'Transverse section
imaging with carbon-11 labeled carbon mono ide ,
2:533-538.

, and R.G. ,

[15]

1] , GL., .A.
Positron Instrumentation in
, ds. Lawrence H, Budinger TF. Grune

Stratton: ew ork. 19 8, pp. 1- 9.
,G.L., . , A-L. , D.R.
, M , A , L. ,
and R.H. ,  uantitation of regional cerebral
glucose metabolism ,
:919-92 .

, G.L., C.A. , and D.A. ,
High resolution tomograph using analog coding in

(]

18]

, ds. Greit T., Ingvar D.H.,

iden L. Raven Press: ew ork. 1985, pp. 13-19.



Figure 22: Improvement in resolution (top) and sensitivity
(bottom) of MGH positron imaging systems.

[19]

[20]

21]

[22]

, G.L., C.A. , G , D.A.

, A-L. , and M.R. Devel-

opments in high resolution positron emission tomography
at MGH

1:20 -21 .

, C.A. and G.L. , A multi-crystal
positron camera ,

S-19:201-205.

, CA, . , D. , D.

, and G.L. ,  One dimensional scin-
tillation cameras for positron CT ring detectors

S-28:109-113.

, CA, . , D. , D.A.

, and G.L. , Positron source position
sensing detector and electronics in

, uly 23, 1985.

10

23]

2]

25]

2]

2]

28]

[29]

(30]

31]

32]

[33]

3]

[35]

3]

, C.A,, D. , D. , C. .
, D.R. , and G.L. , Cylin-
drical P T detector design ,
S-35: 5- 9.

, D.A., Three-dimensional activity distribution
from multiple positron scintigraphs ,
12:3 -3 8.
, D.A., Positron tomography and three-
dimensional reconstruction technique in
, ed. Freedman GS. The So-

ciety of uclear Medicine: ew ork.19 3, pp.1 -183.
, D.A., B. , and G.L.

Transverse section imaging of myocardium with
, 1: 23
,D.A,and S. . , Ripple suppression

during reconstruction in transverse tomography ,
20: 32- 3 .
, H, L. , and A circular ring

transverse a ial positron camera in

d. Ter-Pogossian MM., niversity Park Press: Balti-
more, 19 5.

, A.M. Reconstruction of densities from their
pro ections, with applications in radiological physics ,
18:195-20 .

, A, D.A. ,S. , e ,
and G.L. , High resolution low ripple 3D re-
constructions with the MGH positron camera , in Digest
of theI th International Conference on Medical Physics .
19 . Ottawa, Canada.

,S. ., T.F. , L. L.

, R. , and T. The
Donner 280-crystal high resolution positron tomograph ,
S-2 :2 90-

)

2 93.
, P, A-L. , ,
B. . , R.O , - , G.L.
, and O. ,  In vivo assessment of
dopamine fiber loss in a primate model of Parkinsonism, ,
3:2 5-2 8.
, - o M. , . , C.S.

, and M.M. , Design and perfor-
mance characteristics of a whole body transa ial tomo-
graph , 1 : 93-502.

, G.L. , T.
, R.G. , AL ,
R. , and .M. , Techniques for
positron scintigraphy of the brain ,
1: 3 9.
, G. Computeri ed transverse a ial scan-
ning (tomography). Part I: Description of system. Part II:
Clinical applications ,

D.R.

, B, D. .
A

b

:101 -1022.
,R.H., S. , and T.H. , A
two-position sampling scheme for positron emission to-
mography in , d. Ray-

naud C. Pergamon Press: ew ork. 1983, pp. 5 2-5 5.



B8]

(38]

[39]

[ 0]

, T, C- . y , .S, , AP
, M. , and D. . , Labeled 2-
deo y-D-glucose analogs. -labeled 2-deo y-2- uoro-D-
glucose, 2-deo y-2- uoro-D-mannose and C-1 -2-deo y-
2- uoro-D-glucose ,
1 :1 5-182.

, F, A-L. , P. , and G.L.

, Combined tissue o ygen tension measure-

ment and positron emission tomography studies on glu-

cose utili ation in oncogene-transformed cell line tumour
enografts in nude mice ,

:350-359.
, D. ., and R. Image separation ra-
dioisotope scanning , 80: 53- 1.
, D. ., and R. . , Reorgani ing data

from transverse section scans of the brain, using digital
processing 91:9 5-983.

M. ., S.C. , , C. , L.

, and D. Tomographic measurement
of local cerebral glucose metabolic rate in humans with
()2 uoro-2-deo y-D-glucose: alidation of method |,

)

:3 1-388.

M. . , R ,P. , MLA.
, and Brain blood ow measured
with intravenous . II. Implementation and valida-

tion , 2 : 90- 98.
, M., D , A. , , M.
, Al , P. , and L. ,  The
[ ] uorodeo yglucose method for the measurement of

local cerebral glucose utili ation in man ,
112 -13 .

S. , R.B. , M. .
, and L. 32-Crystal positron

transverse section detector , in
, Freedman GS, ditor. 19 3, The Soci-
ety of wuclear Medicine: ew ork. pp. 1 2-153.

, L., M. , C. , MLH.

, C.S. , .D. , D. ,
and M. The [ ]deo yglucose method for
the measurement of local cerebral glucose utili ation:
Theory, procedure, and normal values in the conscious
and anestheti ed albino rat ,

28:89 -91 .
, S, .M. , B. , G.L.
, and .M. A model for regional
cerebral o ygen distribution during continuous inhalation
of , , and ,
19: 8-53.

, .H. The use of nuclear disintegration in the
diagnosis and treatment of brain tumor ,
2 5:8 5-8 8.

, M.\M., and . . , The use of
radioactive o ygen-15 in the determination of o ygen con-
tent in malignant neoplasms in

. Pergamon Press: London, 1958.

11

[ 9]

[50]

[51]

[52]

[53]

, M\M., .O. , D.O. , and
. The measure in vivo of regional cerebral
o ygen utili ation by means of o yhemoglobin labeled
with radioactive o ygen-15 ,
9:381-391.

, M.M., M. . .. ,

and .A. A positron emission transa ial to-
mograph for nuclear medicine Imaging (P TT) ,
11 :89-98.
,H. ., D.H. , R.F. , D.F.
, B. , T. , F.F. ,
H.T. , M. , S.B. ., S. .
, A. , and M. . Assessment

of dopamine receptor densities in the human brain with
Carbon-11-labelled- -methylspiperone |,

s 9-s8 .
, S. From the atching of Shadows . Adam
Hilger. Bristol and ew ork, 1990.
, F.R., M.L. , and P. The

use of positron emitting radioisotopes for locali ation of
brain tumors 113:525-52 .



