
or many years, nuclear medicine has relied chiefly
on the gamma camera to produce images of the distni
bution of suitable radiotracers within the body. More
recently, a transaxial imaging process, positron emis
sion tomography (PET) (1,2) has come into promi
nence. This imaging modality is based on the detection
of annihilation radiation resulting from positron emis
sion and provides a method for quantifying radiotracer
concentrations within the body. Since positron emitting
radioisotopes exist for several elements of biologic in
terest (e.g., Iâ€˜C,â€˜3N,â€˜SO,and â€˜8F,a hydrogen substi
tute) the potential number of clinical applications of
PET is large. A recent application of positron tomogra
phy is the noninvasive measurement of dopamine, sero
tonin, and opiate receptors in the human brain (3â€”6).

Despite the many clinical possibilities of PET there
are practical considerations which presently limit the
use of PET devices to larger hospitals or clinics. One
consideration is the cost of the PET device. Another is
thelevelofadministered activity necessary to produce a
transaxial image with adequate resolution and signal
to-noise ratio. Typically, 5â€”20mCi quantities of the
short-lived (â€˜â€˜C-,â€˜3N-,@O-,or â€˜8F-labeled)radiotrac
ers are administered in a PET study. A suitable acceler
ator (usually a cyclotron) must be located in close
proximity to the PET device to produce sufficient quan
titles of the radiotracer when needed.
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In certain types of studies, a transaxial image of the
distribution of a positron-emitting radionuclide is not
needed to obtain valuable clinical data, For example,
the information of interest may be the level ofuptake of
the positron emitting radiotracer in the entire brain or a
large region of it. In such cases simpler devices, which
require far lower levels of administered radioactivity,
may be used. The monitoring of human opiate receptor
occupancy or number under different pharmacologic
perturbations is one area where such nonimaging
studies may prove beneficial.

Recently, carbon-li (â€˜â€˜C)carfentanil (6,7), a deriva
tive ofthe opiate fentanyl, with a high affinity for opiate
receptors, was used to visualize the opiate receptors in
the baboon and human brain by PET scanning. The
animal and human subjects were also scanned using
[1 â€˜C]carfentanil following pretreatment with 1 mg/kg

naloxone, an opiate antagonist. Following naloxone
pretreatment the uptake of [Iâ€˜C]carfentanilwas mark
edly reduced compared with that observed in the un
blocked control study. The percentage inhibition of
binding by naloxone approached 90% (when corrected
for recovery coefficient effects (6), for the caudate
nucleus and medial thalamus at 30-60 mm postinjec
tion. The large reduction in the activity uptake in the
brain after pretreatment by an opiate receptor competi
tor suggested that it might be possible to detect and
eventually quantify the changes in receptor occupancy
with a nonimaging device.

The present report describes our initial investigation
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HEADSHARDWARE tion of 51 1 keV gamma-ray pairs. Figure 1 illustrates
the arrangement of the detectors in our prototype high
efficiency annihilation detection system (HEADS).
Two 3 in. X 3 in. sodium iodide (Na!) scintillators were
positioned in cylindrical lead collimators that were
placed close to the subject's head. The collimator-to
collimator separation was 19.6 cm, with the scintilla
tion crystals being recessed 2.5 cm from the collimator
edge. Five-centimeter-thick lead shielding served to
reduce the number of unwanted gammas originating in
other body regions that otherwise would enter the
crystal and possibly be recorded.

The use of coincidence detection of the two 51 l-keV
annihilation gamma-rays limited the field-of-view
(FOV) for positron activity to the volume between the
two scintillation detectors. Therefore, subjects were
positioned so that the volume of the brain to be studied
was located between the two crystal faces. Positioning
of subjects was facilitated by a movable headrest
mounted between the opposing detectors. The headrest
and detectors were mounted on the upper table of a
portable elevating stand (Fig. 1) which could be
adjusted in height to match most patient stretchers.

Figure 2 presents a schematic diagram of the
HEADS electronics. Each Na! crystal and its optically
coupled photomultiplier tube (PMT) feed a preamplifi
er (EG&G Ortec Model no. 276) and a linear amplifier
(EG&G Ortec Model no. 590A). The analog amplifier
signals are energy discriminated by timing single chan
nd analyzers (SCA) included in the linear amplifier
modules. Only events that correspond to the 51 1 keV
photopeak are sent to the primary (true and random)
coincidence unit (EG&G Ortec Module no. 418A).
From one of the channels a second SCA output is
delayed 9 @secby an EG&G Ortec Module no. 416A
gate and delay generator and sent to another (random)
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FIGURE1
Arrangement oftwo collimated scintillation crystals used for
detecting coincident 51 1 keV annihilation gamma-rays from
human head. Detectors and electronics are mounted on
portable elevating stand which can be adjusted to match
patient stretchers

of a simple, inexpensive coincidence counting system
developed for determining the relative uptake of posi
tron-labeled receptor-binding drugs in the human
brain.

MATERIALS AND METhODS

Detection System
A dual scintillation crystal system was constructed to

detect positron annihilation events by coincident detec

HEADSystemElectronics

FIGURE2
Schematic diagram of HEADSelec
tronics for coincident detection of
51 1 keV annihilation gamma-rays
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coincidence unit. This latter coincidence circuit records
the number ofrandom (uncorrelated) 51 1keY gamma
ray coincidences that occur within a specific time win
dow, of the same duration as the primary coincidence.
These random events are subtracted from the total
number of events recorded in the primary concidence
unit to yield the true coincidence counts.

The number of random coincidence events depends
quadratically on the activity in the field-of-view and on
the width of the coincidence timing window. When the
activity is low (< â€œ.â€˜50@Ciin the case of the HEADS
system) the random events are insignificant. It is possi
ble to decrease the number of random coincidences at
higher levels of activity by shortening the coincidence
timing window. How narrow this window can be set is
dictated by the crystal decay time, and the quality of
the electronic components. We have used a coincidence
resolving time of a few hundred nanoseconds.

In addition to determining the number of true and
random coincidences, the total number ofevents (above
10 keV energy) processed by each channel per acquisi
tion interval was recorded. This information was used
to correct for system deadtime.

Logic pulses representing the four parameters (true
and random coincidences, random coincidences, all
events left channel, and all events right channel) were
continually accumulated by an EG&G Ortec Model
no. 874 quad-counter. A Hewlett-Packard 86B micro
computer automatically started, stopped, interrogated
and reset the quad-counter. At regular time intervals
the computer read, by way of an IEEE-488 bus line, the
contents of the quad-counter buffer, stored the new
parameter data, reset the quad-counter and resumed
another acquisition interval. For these studies, the four
parameters were recorded every 10 sec although com
puter controlled data acquisition allows for acquisition
intervals of a few hundred milliseconds to hundreds of
seconds.

During data acquisition time-activity curves were
displayed on-line (with deadtime and random event
corrections). Concurrently, raw data were output to a
small line printer. At measurement completion all pa
rameter data were automatically stored on a
microfloppy disk.

Human Studies
All studies were performed with the subject's head

centered in the two-detector system such that the mid
point between the most anterior border of the head of
the caudate and the most posterior extent of the thala
mus was located in the center of the field-of-view. The
locations of the corpus stniatum and thalamus were
determined either from a computed tomographic (CT)
image (if available from a previous PET study of the
subject) or from a lateral x-ray using the stereotactic
method of Fox Ctal. (8).

For both the CT and lateral x-ray procedure a then
moplastic mask was worn by the subject. In the latter
method, lead string was affixed to the mask to obtain a
reference coordinate system. After determination of
the position of the thalamus and corpus striatum within
the skull, reference points were marked on the subject's
mask. These reference points were then used to center
the subject's head in relation to the cross marks on the
detector collimators. Once the subject was positioned,
additional reference marks were added to the exterior
of the mask to aid in the accurate repositioning of the
subject in repeat studies. Velcro straps were then af
fixed to the mask to maintain the subject's position for
the duration of the study.

Using the HEADS system, 11 normal volunteers
were studied after the i.v. administration of [â€˜â€˜C]car
fentanil. Time-activity curves of the â€˜â€˜Cactivity were
obtained for at least 60 mm postinjection. The raw
time-activity data were then corrected for system dead
time, random coincidences, and â€˜â€˜Cdecay. If multiple
studies were performed with the same subject, differ
ences in injected activity between studies were correct
ed by scaling the time-activity curves.

A total of 21 studies were performed. Prior to each
study [1â€˜C]carfentanilwas synthesized (7) and shared
with a concurrently scheduled carfentanil PET study.
The administered dose of [â€˜â€˜Cicarfentanilranged be
tween 200 and 400 MCi.The injected carfentanil mass
per study was between 0.1 and 0.6 gig.

Three types of patient studies were performed. Each
subject performed a baseline study where only
[1 â€˜C]carfentanil was injected intravenously. Five sub

jects were administered 1 mg/kg naloxone (i.v.) 5 mm
prior to a [1â€˜C]carfentanilinjection. Four subjects were
administered intravenously naloxone (either 1, 0.1, or
0.01 mg/kg) 15 mm after the [â€˜â€˜C]carfentanil.

Calibration
Prior to each study the energy windows ofboth detec

tion channels were checked for proper centering about
the 51 1 keV photopeak using a 68Ge-68Ga line source.
Changes in system sensitivity were monitored prior to
each study by placing a calibrated 2 @.iCi68Geâ€”68Galine
source in front of one detection crystal and recording
the number of true coincidence events in a 2 mm inter
val. This procedure was then repeated with the line
source placed in front ofthe second Nal crystal. Differ
ences in system sensitivity between studies with the
same subject were corrected by scaling the time
activity curves.

RESULTS

Sensitivity
Since a primary use of the HEADS system is to

measure the degree of neuroreceptor blockade pro
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duced by varying doses of neurotropic drugs, a major
goal is that the system be sensitive enough to perform
serial studies with acceptable radiation dose. Measure
ment of a 16-cm-diam cylindrical phantom filled with
68Gain water yielded a minimum coincidence counting
rate of 16,000 cps/ml/@@Ciof 68Ga for 3â€•X 3â€•Nal
detectors spaced 24.6 cm apart.

For comparison, the same 16-cm-diam phantom pro
vided a count rate of about 12,000 cps/m1/@Ci of 68Ga
in the EG&G Ortec Neuro ECAT PET scanner operat
ed in the high resolution mode. The PET scanner re
quires, by virtue of the projection/reconstruction pro
cedure (9,10), that much larger numbers of events be
recorded in order to have acceptable statistical errors
for the image.

The dual-detector system requires that only about
1,000 events be recorded per counting interval to main
tam a statistical error ofunder 4%.This can be achieved
in the I' â€˜C]carfentanil HEADS studies by using about
300 @zCiof activity. When [â€˜â€˜C]carfentanilwas given
alone, 200â€”400 @Ciof (i.v.) injected activity yielded
coincidence counting rates of 100â€”200cps at early time
points and 5-10 cps at 60 mm postinjection.

Human Studies
The upper curve in Fig. 3A shows a typical corrected

(see Methods) time-activity curve for a study in which
[1 â€˜C]carfentanil was given alone. The lower curve in

Fig. 3A is an example ofthe activity in the same subject
when pretreated with 1 mg/kg (i.v.) of naloxone. Nal
oxone, a competitive antagonist for opiate receptors
(11) rapidly occupies receptor sites thereby inhibiting
the specific binding of carfentanil in the brain.

Both curves in Fig. 3A show a similar initial rise in
activity, reflecting the arrival of the tracer in the field
of-view. When [1â€˜C]carfentanilis administered alone,
the activity in the field-of-view plateaus for a few mm
utes and then decreases linearly with time. The radioac
tivity in this study reflects total binding (i.e., specific or
receptor plus nonspecific binding). The radioactivity in
the postnaloxone (binding inhibition) study represents
only nonspecific binding since virtually all receptors are
occupied. At 3-4 mm postinjection, the latter study
already shows decreased activity compared to the prior
study. In addition, the decrease in â€˜â€˜Cactivity is more
rapid in the binding inhibition study than when only
Elâ€˜C]carfentanilwasgiven.At 30â€”40mmpostinjection
the measured ratio of total to nonspecific uptake is â€˜-@â€˜2
for all subjects.

Figure 3B shows the difference between the curves
representing the total and the nonspecific binding. This
curve represents the kinetics of specific receptor bind
ing in the field-of-view. The specific binding reaches a
maximum between 15 and 20 mm postinjection and
then slowly decreases, demonstrating the dissociation
and clearance of the receptor-bound drug.
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FIGURE3
A:Time-activitycurves obtained withHEADSsystem using
[11C]carfentanil.Subject was positioned such that corpus
striatum and thalamus were centrally located between two
3 in. X 3 in. detectors. + Symbols correspond to (i.v.)
administrationof â€˜-@.â€˜30O@Clof [11C]carfentanii,potent opi
ate antagonist. Dark circles indicate uptake in head of
second (i.v.)injectionof 11C-iabeiedcarfentanhl(â€œ300@iCi)
following pretreatment with 1 mg/kg of opiate receptor
antagonist, naloxone. Statistical errors (Â±1 y)are less than
size of data points. B:Difterence between two time-activity
curves in Fig. 3A. This curve is representative of specific
opiate receptor bindingas function of time in total volume
between detectors. Statistical error bars are smaller than
sIze of data points

In four subjects i.v. injections of different doses of
naloxone were administered 15 mm after a carfentanil
injection. Figure 4A shows three measured time-activi
ty curves from the same subject. Curve 1 is a [1â€˜C]car
fentanil uptake curve as previously described. Curves 2
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I80 and 3 represent a competitive displacement study and a
binding inhibition study, respectively. For the displace
ment study shown, 0.1 mg/kg of naloxone was adminis
tered. Figure 4A indicates a sharp drop in activity after
15 mm postinjection (see arrow, Fig. 4A) which contin
ues until the level of the nonspecific binding is attained.

Taking the difference between the displacement and
the binding inhibition curves will again show the time
course of carfentanil specific binding, but now with the
presence of an opiate receptor competitor 15 mm after
the carfentanil injection. Figure 4B shows this differ
ence curve, but graphed such that the natural logarithm
ofthe difference is plotted compared with time postcar
fentanil injection. Figure 4B shows that beyond 15 mm
the specifically bound carfentanil decreased exponen
tially, with a half-time of clearance, determined by
linear regression, of 6.3 mm.

Figure 4B suggests that the clearance of specifically
bound carfentanil is dependent upon the amount of
naloxone available at the opiate receptor sites. Figures
5Aâ€”C,shows the effect of varying displacement doses
of naloxone in three different subjects. Each pair of
curves in Figs. 5A, B, and C represents two measure
ments on a subject; a [1â€˜C]carfentanil uptake study and
a [1â€˜C]carfentanildisplacement study as previously
described. Figure 5A shows the displacement of
Elâ€˜Cjcarfentanil by 1 mg/kg naloxone administered
intravenously 15 mm after the [â€˜â€˜C]carfentanil. Figure
SB shows a similar study when 0.1 mg/kg naloxone was
intravenously injected 15 mm after [â€˜â€˜C]carfentanil;
Fig. SC shows a similar study when 0.01 mg/kg nalox
one was injected intravenously 15 mm after the
[1 â€˜C]carfentanil. Comparing the curves in Figs. 5A, B,

and C it can be seen that the rate of clearance decreases
with decreasing amount of naloxone injected. Using
linear regression analysis the decrease in activity is
found to be about 17% faster between 16 and 25 mm in
the 1.0 mg/kg naloxone displacement study than the
0.1 mg/kg naloxone displacement study although the
slopes of the respective control studies are equal be
tween 15 and 60 mm. Compared to the 0.01 mg/kg
naloxone displacement study, the 0.1 mg/kg displace
ment study shows a 43% faster divergence from the
control curve over the 16â€”25-mmtime period.

A binding inhibition study (not shown) was also
performed on the subject whose other studies are shown
in Fig. SC. The difference between the 0.01 mg/kg
displacement study and the binding inhibition study in
this subject again revealed that the specifically bound
drug decreases exponentially after 15 mm, but with a
half-time of clearance of 13 mm.

DISCUSSION

The monitoring of human opiate receptor occupancy
under different pharmacologic perturbations is one
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FIGURE4
A: Three time-activity curves obtained with same subject
using HEADS system. For each measurement subject was
positioned such that corpus striatum and thalamus were
centrally located in field-of-view. Curve 1 represents normal
uptake of [11C]carfentanll. Curve 3 represents uptake of
[11C]carfentanllfollowing pretreatment with 1 mg/kg of
naloxone, i.v.Curve 2 represents time course of carfentanil
inbrain when 0.1 mg/kg of naloxone is administered i.v. 15
mm after carfentanil (indicated by vertical arrow). Curves
are normalized for differences in injected activity, which
ranged from 200â€”290@sCi.Statistical errors (Â±1 ci)are less
than size of data points. There was no change measured in
absolute sensitivity of HEADS system between studies. P1
stands for postcarfentanil Injection. B: Semi-logarithmic
plot of difference between pro-blocked and displacement
studies (Curves 2 and 3) in Fig. 4A. Ordinate represents
natural logarithm of this difference of corrected coinci
dance cps and abscissa is time postcarfentanil Injection.
Curve is reflection of time course of specific binding of
carfentanil to s-type opiate receptors in presence of recep
tor competitor. Linearappearance of carfentanil clearance
in semilogarithmicplot indicatesfirst orderkinetics.Verti
cal arrows indicate time of naloxone injection
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area where a nonimaging device may prove useful. To
investigate this possibility we used [â€˜â€˜C]carfentanil,a
positron-emitting, opiate-receptor-binding radiophar
maceutical and a dual-detector system, for measuring
annihilation events in the brain.

Either a single scintillation detector or a pair of
scintillation detectors can be used to record the annihi
lation events. A single detector used in this capacity
suffers from several experimental biases that are diffi
cult to correct. For instance, a single detector will
â€œviewâ€•preferentially activity closest to its crystal face
due to both attenuation effects and detector solid angle
considerations. Furthermore, single detector measure
ments are sensitive to the location of the radioactive
source (within the brain) because ofthe rapid variation
of the detector's sensitivity with varying detector to
source distances. A dual scintillation crystal system,
operated in coincidence to simultaneously record the
511keV gamma-ray pair, is less sensitive to these prob
lems. This principle is widely used in positron imaging
systems (12â€”14)and recently was utilized to sample the
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FIGURE5
A:Normaland displacement studyas InFig.4A but without
inhibitionstudy. Two curves, from one IndivIdual,are nor
mallzed such that peak activity is approxImately same. In
displacement study, 1.0 mg/kg of naloxone was adminis
tered intravenously 15 mm after carfentanil had been intra
venously injected (see arrow). All studies in this fIgure used
200â€”300 @Cland 0.2â€”0.6@zgof [11C]carfentanll. Statistical
error bars (Â±1a) are shown if they are greater than data
point size. B: Same as In Fig. 5A except for displacement
study 0.1 mg/kg of naloxone was administered intravenous
lyto this subject 15 mmafter carfentanhiinjection.C: Same
as in Fig. 5A and B except 0.01 mg/kg of naloxone was
injected in displacement study

activity concentrations within the chambers of the
heart (15).

The dual-detector system described in this paper was
constructed with high sensitivity and low cost as major
design goals. The cost of this prototype system was
under $20,000. The detection efficiencies were suffi
cient to allow [â€˜â€˜C]carfentanilopiate receptor studies
with the administration of only a few hundred micro
curies. Although 3 in. X 3 in. Na! crystals are used in
the HEADS system, our measurements indicate that it
is possible to use Nal crystals ofvarious sizes depending
on the desired field-of-view. We have not investigated
other scintillator materials but even increased sensitiv
ity to annihilation radiation could be obtained using
bismuth germanate crystals (16).

At an increase in cost, the use of faster electronics
would improve the time-activity data further. Faster
electronics would decrease the fraction of valid events
lost due to system dead time. For the HEADS system,
injected activities up to 400 @iCiproduced losses ofup to
20% of valid coincidence events. Faster electronics
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would also decrease the random coincidences and
therefore improve the statistical error of the
measurements.

The use of new PET two-dimensional block technol
ogy (I 7) could further enhance the sensitivity and give
greater versatility to a two-detector system while
keeping the cost low.

The high sensitivity of the HEADS system is an
important feature because it allows for many studies of
the same subject, something that is less easily justified
on a routine basis with PET owing to the much higher
radiation dose to the subject. It is possible to forego the
imaging capability and use the PET device as a multi
pie-detector, nonimaging coincidence device. This cost
ineffective operation of the PET device would not yield
the high sensitivity of a two-detector system, where the
detection crystals are as close to the subject's head as
possible. Most PET machines have coincident detector
separations 2-3 times that of HEADS. The solid angle
of detection varies as the square of the separation dis
tance, so that the few detectors in the opposing PET
detector banks that view the same region of a subject's
head as our two-detector system would have less
sensitivity.

The major limitation of the simplified coincidence
system is the lack of imaging capability. This implies
that a HEADS system will often be an adjunctive
device to a PET scanner, especially when detailed spa
tial information about receptor-binding is required. As
our results suggest, there are clinically useful neurore
ceptor studies that do not require a detailed mapping of
receptor binding. It is this category of measurements
for which a HEADS system is optimally suited.

The observed difference between the [â€˜â€˜C]carfen
tanil time-activity curves (Fig. 3A) in the presence and
absence of naloxone indicates that such a system can be
used to determine different levels of opiate receptor
blockage with different levels of administered drug.
Figure 3B shows that specific receptor binding kinetic
information is obtainable for carfentanil.

In viva animal studies support the hypothesis (18)
that ligand rebinding to opiate receptors occurs. The
addition of a competitor ligand after carfentanil injec
tion should hinder the receptor rebinding of carfentanil
and hasten its clearance from the brain. Figure 4A
shows the results of administering naloxone at the peak
of specific receptor binding and demonstrates this ef
feet. Figure 4B indicates a first order clearance rate for
the [â€˜â€˜C]carfentanilfrom the brain. This finding is
consistent with the kinetics expected from a rapid up
take of naloxone by the opiate receptors and hindered
receptor rebinding of carfentanil (18). Similar reason
ing indicates that the clearance of specifically bound
carfentanil should be dependent on the amount of corn
petitor ligand (naloxone) available at the opiate recep
tor sites. The data presented in Fig. 5 provide evidence

of this and again confirm that the two-detector system
is capable of measuring a quantity related to receptor
binding. The observation of a slower (exponential) de
crease in specifically bound carfentanil when 0.01
mg/kg of naloxone was administered than when 1.0
mg/kg naloxone was injected (i.v.) 15 mm after the
carfentanil demonstrates further the receptor
compartment kinetics of carfentanil.

Although we have presented data demonstrating the
sensitivity of our HEADS detection system to various
levels in the human brain, of a positron-emitting opiate
receptor-binding drug, the use of such a system is not
confined to opiate receptor binding drugs. The regional
activity compared with time of several positron-emit
ting neuroreceptor-binding drugs are being examined
under different pharmacologic conditions, including
the study of E'â€˜C]-N-methylspiperone(3â€”5)binding to
dopamine D-2 receptors in the basal ganglia both in the
presence and absence of haloperidol and to serotonin

receptors in the frontal cortex area ofthe brain. Results
from our initial studies are encouraging.

The possibility of multiple studies on the same mdi
vidual with this detection system implies that each
subject could act as their own control in binding inhibi
tion studies. For example, when investigating an opiate
addict the subject could be given a control E'â€˜C]carfen
tanil uptake study following the withdrawal of all api
ate drugs. Additional measurements on such subjects,
such as the binding inhibition of therapeutic doses of
methadone or naltrexone, could then be related to the
baseline values. Monitoring of the effects on receptor
occupancy of morphine and related drugs in the treat
ment ofpatients with chronic pain would also be accom
plished by similar methods. Periodic in vivo measure
ments could be performed without significant radiation
risk to the subject.

The high sensitivity and simplicity of the two detec
tor coincidence system opens up several potentially
useful clinical neuroreceptor studies with positron
emitting tracers in human beings. The small amounts of
activity needed in such studies facilitates delivery of
positron-emitting drugs to sites, such as community

hospitals, that are removed from a medical accelerator
by several half-lives, 20 mm in the case of' â€˜Cand 110
mm in the case of fluonine-18. With the current avail
ability of suitable positron-emitting neuroreceptor
binding drugs the widespread application of simple
devices might hasten our understanding of several neu
rologic diseases and disorders, as well as help in the
clinical care of many patients.
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