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RADIOP-ACEU’I’IC~ FOR CLINICAL Pm.

FORMULATION AND QUALITY CONTROL,
REGULATORY IS-, AND PROFESSIONAL R~PONSIBILITIES

STATEMENT OF OBJECTIVES

Upon successfd completion of thti course, the redr sbuhf be able to:

1.

2.

3.

4.

5.

6.

7.

●
8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

m
‘ 20.

List the advantages of positron emission tomography (PET) as an imaging technique.

Define positron annihilation and coincidence detection.

Compare the different scintillation crystals used for PET.

Discuss PET scanner design and image reconstruction.

List thr~ essential characteristics of clinical PET imaging procedures.

Explain how PET measurement of cardiovascular and metabolic parameters is related,

Describe two cardiovascular parameters that are measured by PET.

Discuss two aspects of metabolism that can be determined by PET.

Describe why PET blood volume tracers localize in blood.

Compare the radiopharmaceuticals for PET mmurement of blood flow.

Explain why Fludeoxyglucose F 18 Injection, USP, is useful for measurement of tissue glucose utilization.

Understand how [150]oxygen and [l’C]acetate differ as tracers of oxidative metabolism.

Explain how myocardial infarction can be distinguished from myocardial ischemia using PET.

Describe

List four

tbe two methods for production of positron-emitting radionuclides.

cyclotron-produced nuclidw employed for clinical PET.

Understand the bmic principles of cyclotron operation.

List and explain two generator systems used for clinical PET.

Compare four compounding devices for formulation of PET radiopharmaceuticals.

Understand how oxygen-15 labeled tracers are made.

Compare two methods for formulating Ammonia N 13 Injection, USP.
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21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Dwcribe how [“C]acetate is prepared.

Define resolubilization.

Explain how Fludeoxyglucose F 18 Injection, USP, is compounded.

List advantages of Fludeoxyglucose F 18 Injection, USP, m a PET radiopharmaceutical.

Describe how [WGa]gallium citrate is made.

Understand why in-process monitoring is important for drug quality.

Dwcribe quality control (QC) testing for oxygen-15 labeled tracers.

Explain QC t=ts for Ammonia N 13 Injection, USP.

Discuss QC testing of [iiC]acetate.

Understand why thin-layer chromatography (TLC) is used for QC of Fludeoxyglucose F 18 Injection,
USP.

Explain QC twt requirements for [“Ga]gallium citrate.

Discuss QC concerns for Rubidium Rb 82 Injection.

Understand USP sterility and apyrogenicity tests. ●
Discuss the advantag~ of bacterial endotoxin test (BET) for t~ting the apyrogenicity of PET tracers.

Differentiate between research PET and clinical PET.

Describe the regulation of tracers for research PET.

Explain two regulatory approaches to radiopharmaceutical formulation for clinical PET.

Define the terms RDRC, IND, NDA, and CGMP.

List and explain five professional roles for nuclear pharmacists involvd with PET.
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COURSE OUTLINE
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IV.
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VII.
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I~RODUCTION

POSrrRON EMISSION TOMOGRAPHY
A. Positron Decay

B. Coincidence Detwtion
C. Scanner Design

IMAGING APPLICATIONS

A. Cardiovascular Parameters
1, Blood Volume
2. Blood ~lOW

B. Metnbolic Pmesses
1. Glucose Utilization
2. Oxidative Metabolism

RADIONUCLIDE PRODUCTION
A. Cyclotron-Produced Isotopes

1. Oxygen-15
7-. Nitrogen- 13
3. Carbon-11
4. Fluorine-18

B. Generator-Produced Nuclides
1. Rubidium-82
2. Gallium-68

RADIOPHARMACEUTICAL COMPOUNDING
A. Compounding Devices
B. Oxygen-15 Labeled Tracers
C. Ammonia N 13 Injection, USP
D. [l’C]Acetate
E. Fludeoxyglucose F 18 Injection, USP
F. Rubidium Rb 82 Injection
G. [wGa]Gallium Citrate

QUALITY CONTROL
A. Process Validation and In-Process Monitoring
B. End-Product Testing
C. Radiochemical md Chemical Purity

1. Oxygen-15 Labeld Radiopharmaceuticals
2. Ammonia N 13 Injection, USP
3. [“C]Acetate
4. Fludeoxyglucose F 18 Injection, USP

5. [b8Ga]Gallium Citrate
6. Rubidium Rb 82 Injection

D. Sterility
E. Apyrogenicity

REGULATORY ISSUES
A. Reswh PET
B. Clinical PET
C. Drug Manufacturing
D. Dmg Compounding

PROFESSIONAL RESPONSIBILITIES
A. Product Release
B. Pmurement
C. Dispensing
D. Clinical Monitoring
E. Research

CONCLUSIONS

RADIOPHARMACEUTICALS FOR CLINICAL PET:
FOR~ATION AND QUALITY CONTROL,

REGULATORY ISSUES,

PROFESSIONAL RESPONSIBILITIES

by

Stephen M. Moerlein, Ph. D., B. C.N.P.
Michael J. Welch, Ph.D. ~d Barry A. Siegel, M.D.

The Edward Mallinckrodt Institute of Radiology
Washington University School of Medicine

510 South Kingshighway Boulevard
St. Louis, MO 63110

INTRODUCTION

Positron emission tomography (PET) is a
specialization of nuclear medicine that has experienc~
recent growth because of its unique advmtages over
alternative diagnostic techniques (l). Urdike computer-
ized axial tomography (CT) or magnetic r~onance
imaging (MRI), which visualize anatomical structure,
PET permits noninvasive assessment of human
physiology or organ function. This characteristic of
PET is held in common whh nuclear medicine in
general, since data is deriv~ from the tissue
accumulation of tracer, and is thus intrinsically related
to the biochemical md metabolic processes that affect the
radiopharmaceutical in vivo.

Compar~ to conventional nucl~ medicine imaging,
PET has three major benefits, however. Numerous
biochemical and drug structurw that cannot be labeled
with ‘Tc, ‘HI or other y-emitters can nevertheless be
prepared as PET tracers because of the chemical nature
of the positron-emitting nuclides used. Thus, many new
physiological pr-ses cm be evaluated using PET. In
addition, PET instrumentation has superior image
rmolution (2-3 mm limit) compared to planar imaging.
Pathophysiology can therefore be more readily detected,
perhaps at an earlier stage of disease development when
mdical intervention might be more effective. Finally,
data acquisition by PET minimizes the problematic tissue
attenuation, scatter and collimation effects that degrade
conventional -y-scintigraphic images. Aside from better
resolution, this conveys greater sensitivity to PET
imaging procedures, and makes possible tracer kinetic
modeling of physiological processes.

This continuing education lesson will explain the
basic principles of positron emission tomography. The
physiological rationale for the various clinical
applications of PET will be reviewd. The medically-
useful positron-emitting radionuclides will be d~cribed,
together with their primary means of production in the
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clinical setting. The incorporation of these radionuclides
into clinically-useful PET tracers via automated or
remotely+perated systems will be outlined, along with
quality assurance concerns. The lesson will conclude
with an examination of the current regulatory issu~
surrounding the preparation of these short-lived
radioactive drugs, and will describe potential roles for
nuclear phmacists in this exciting new area of nuclear
medicine imaging.

POSITRON EMISSION TOMOGRAPHY

Positron Decay
Proton-rich nuclei decay via either positron emission

or electron capture (2). Whereas the latter process is
important in conventional nuclw medicine because it
results in the production of photons that are useful for
conventional y-scintigraphic imaging of nuclides like 1=1
or lllIn, it is the emission of positrons that serves as the
keystone for PET imaging. When the positron is emitted
from the nucleus, it interacts with an orbital electron in
its enviromnent and undergoes positron+lectron
annihilation (Figure 1). The annihilation event crtites
annihilation radiation, which is the simultaneous
production of two high-energy (511 keV) photons.
Conservation of momentum laws demands that the two
T quata are emitted at approximately 1800 from each
other; the near collinearity of these two photons makes
possible the electronic collimation of PET.

511 keV y

4

*

P+

511 keV y

Figure1. Postin decay WW generation of annti~n rtiiatwn.

Coincidence Detection
The annihilation radiation that results from positron

emission can be measured by two scintillation detectors

connected to a coincidence circuit (Figure 2). This
methodology is basal on the fact that the armihilation
photons always escape at a 180° angle from one ‘
mother, and arrive at opposing detectors almost
simultaneously. Such coincidence circuitry provid ●
“electronic collimation,” since ordy annihilation events
that occur within the straight line joining the two
scintillators will be detected. Random counts that arrive
at a single detector will be rejected. Thus, urdike
conventional nuclear medicine scanners, heavy lead
shielding with collimating septa are umecessary for PET
imaging.

A
Detector

Region for ~ j
Coincidence ,$~ ,

Detection ~ t I

oiiDetector

Coincidence
Circuit

Figure2. Coinctience circuitfor detiction of positroF-
annti~ion radtin. Noteregwnfor “ekctron, ●
co-wn” betweenthe twodetectorcrgtih.

Due to the relatively high energy of the 51 l-keV
photons that are emitted, as well as the high count rates
and high temporal rates that are involved, scintillation
crystals for PET have special requirements (3).
Although sodium iodide (NaI) can be used in PET
scanners, this crystal is hydroscopic, has relatively poor
stopping power, and has a relatively long dead time that
limits temporal resolution. Bismuth germanate (BGO)
crystals have greater stopping power, but like NaI also
have the disadvantage of a long dead time. Barium
fluoride (BaF~ crystals can be used as scintillators for
PET due to their fast temporal resolution. In comparing
the crystals, the detection efficiency decreases in the
rank order BGO > BaFz > NaI, whereas the resolving
time decreases as BaF2 > NaI > BGO (4). Most
commercially-available PET scanners (3) utilize 13G0
crystals because their greater stopping power allows
smaller scintillators to be used, thus giving increwed
overall spatial resolution to the PET system. Although
less common, barium fluoride- and sodium iodide-based
positron tomographs are also manufactured (3).

o

Scanner Design
The basic design of a PET scanner (5) consists of a
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ring of scintillation detectors with associatti electronics
interfaced to a computer system (Figure 3). Annihilation
events are detected by the circular array of coincidence

w

~rcuits and are subsequently processed into images by
~ e computer. PET images are derived from the

coincidence lines for each circuit using reconstruction
algorithms; the image of the count intensity is analogous
to the intersection/overlap of the numerous coincidence
lines. The count density in regions of interest can be
used to acquire qualitative or quantitative information
about the subject being scanned, Qualitative imaging
simply assesses the relative count intensity within the
field of view, whereas quantitative imaging requires
tracer kinetic modeling of the PET data to yield absolute
measurements. Examples of the latter are the
determination of tissue perfision in terms of mL of
blood per 100 g of tissue per minute, or the
measurement of tissue metabolism in units of mg of
substrate per g of tissue per minute.

Electronics

detectors) is proportional to tissue density (5). It is
therefore necessary to correct for this effect by
measuring the tissue attenuation of 511 keV photons
within the field of view. This is accomplished by a
transmission scan, in which an external positron-
emitting source is employed to image the patient using
CT-type data collection. Commercially-available PET
machines typical]y utilize b*Ge+ ‘gGa for this purpose,
either in the form of a ring source or m a rotating rod
assembly.

IMAGING APPLICATIONS

There exists a myriad of radiopharmaceuticals that have
been used with positron emission tomography on a
research basis (6,7). For such tracers to find use as
labeled drugs in the clinical setting, however, certain
prerequisites must be met. These prerequisites
supplement the radiation dosimetry and quality control

I 1uComputer
System

Reconstruction

Algorithms w
PET Image

figure 3. Basic PET smnner &sign, with circtir army of coincidence circuits interfaced to a computer~stem.

Tomographic visualization of an organ requires (QC) requirements that apply to all PET tracers used in
numerous tomographic sections, and clinically-utilized humans, and determine whether a tracer is appropriate
PET scanners consist of several rings of detectors that
are capable of collecting data from multiple tomographic
image planes (“slices”) of the patient simultaneous] y.
Clinical PET scanners deliver 7-64 tomographic slices
(3), which can be combined longitudinally to give 3-
dirnensional image of the subject.

Aside from the above mode of image acquisition, in
which the patient remains immobile within the aperture
of the tomograph, the patient can also be moved
longitudinally through the scanner in a stepwise manner.
This permits the wholebody biodistribution of a tracer
to be ascertained, which is useful for oncology studies

*
d for determination of human radiation dosimetry

lnformat ion,
In PET imaging, the probability for the annihilation

photons to interact with tissue (rather than coincidence

for routine clinical application or for research purposes
only.

The specificprerquisitw for clinical PET tracers are
diagnostic efficacy, imaging protocol simplicity, and
radiopharmaceutical compounding efficiency. Efficacy
of the PET study in disease diagnosis is, of course,
central to its utility in answering clinical questions that
impact optimum delivery of hdth care. Simplicity of
the imaging protocol facilitates rapid diagnosis and a
streamlined clinical operation; PET studies that require
lengthy modeling of tracer kinetics are too cumbersome
and time-consuming to be used on a routine basis.
Efficiency in compounding the labeled drug is also
necessary to assure timely delivery of
radiopharmaceuticals in the quantities needed to meet
scheduled patient loads in the PET clinic.
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The PET tracers that satisfy these requirements for
routine application in clinical PET are listed in Table 1.
Both cyclotron- and generator-based agents are available.
The imaging procedures and the physiological basis for
using these positron-emitting dregs are discussed in this
section; radionuclide production and compounding
techniques will be presented later.

There are several physiologic functions that can be
asswsed noninvasively with PET. These functions are
broadly categorized as cardiovascular parameters,
including blood volume and blood flow, or metabolic
prmses, such as glucose utilization or oxidative
metabolism. Cardiovascular parameters impact delivery
of nutrients to the tissues, whereas metabolic processes
affect the utilization of nutrients. Th*e aspects of
physiology are interrelated, and their assessment by PET
is often evaluated together. Blood volume is determined
using [150]carbon monoxide or [wGa]gallium citrate,
whereas blood flow is measured by [150]water,
Ammonia N 13 Injection, USP, or Rubidium Rb 82
Injection, Glucose metabolism is ascertained using
Fludeoxyglucose F 18 Injection, USP, and oxidative
metabolism is measured using [~50]oxygen or
[“C]acetate. Characteristics of these
radiopharmaceuticals and their associated imaging
proctiur~ are given in Table 1.

Table 1

Cfinical ~ Imm@IIgPAu~

*iological ~wiul
~~ ~&’~

Blcmd [“O]*n 2 tin ~ ~b OrgM blood voiumc, lcfi ventricular
volume tulmaridc function

~a]Gdti.m 68mill 60tin pulmon~ vascular pcrmeabili~
tiuate

Blood [%]Wamr 2 rain 2-3 minb
flow

Cercbmmlm dcfc~ orgm
pcfiton coroq mery dtitm,
‘iny-dial pefiion rc$em

-ti N 13 10 tin 8-12 tin Camnary =CIY dist~,
fnjetio~ USP -id perfusion rcscm

RubidiumRb S2 76 SCC 2.8 min Coronary wcry disease,
fnjecdon -diti pction rcseNc

Glucose Fludco~uae 110 mill 33 rein’ Brain MO% seizures,mental u~tion
Utition F 18 fnjctio~ USP 60&’ dcprcssim demcnda. stroke, myo~di~

viabtiw, thyroid =cino~ liver mom,
moplastic &m*

Oxidative [“o]oxygen 2inin 40 Stc M~dti tibili~, &O~palbit$
metabukm

[“qkmc 20 tin 20 tin Ccrcbrai wgen comumption

a) [ma#n8 lime O* overall procedure Iypica.liyrequires an additionti 30 min forpositioningof
palienrand ~mission A & UUICSSOtht?wi* noIsd. scan begim immediately after
radioph~uti~ injctiom

b) S-s-2 miu tier itition/tijccdon of Ia&led *=
C) Scin kgim 45minafttriujtction of mmr.
d) Whole body ~ 30 M titer injection of tadiWh_cuticd.

Cardiovmcular Parameters
Blood Volume

Imaging of the blood volume of an organ is often
necwsary to adequately delineate tissues from the blood

compartment. This is especially relevant to h-
imaging, where the fraction of blood within the field of
view is high. Blood volume may be determined using “

[lsOlcmbon monoxide gas or [WGa]gallium citra~
solution. ●

[“olcarbon monoxide is useful for this purpose –
because it binds to hemoglobin in vivo and is thus
confined to the red blood cells of the vascular
compartment during the imaging session (8). The short
half-life of this cyclotron-produced tracer make it a
convenient adjunct to PET studies that use other tracers.
The radioactive gas is inhaled by the subject over 1-2
minutes, and imaging of the blood pool occurs over an
additional 2-3 minutes.

[wGalGalfium titrate is a generator-produced
radiotracer that is also used for PET measurement of the
vascular space, Gallium-68 binds in vivo to the plasma
protein transferring, which remains within the blood
compartment due to its large molecular weight. Since
this radiopharmaceutical has a relatively long half-life of
68 minutes, it is not useful for adjunctive blood volume
correction of PET images derived from o~er
radiopharmaceuticals, It has instead found utility as a
marker of pulmonary vascular permeability (9). The
tracer allows assessment of the extent of plasma leakage
into the pulmonary space; in the healthy state the ‘Ga
activity is confined solely to the vascular bed. The half-
life of gallium+8 is appropriate for this applicative
because it permits accumulation of activity outside of th. o

vascular space prior to PET imaging.

Blood HOW

The evaluation of blood flow is an important clinical
use for PET. Blood flow is essential for adequate
maintenance of tissue nutrition, and interrupted organ
perfusion is a major cause of pathology. Morwver,
assessment of tissue perfusion is also relevant to
metabolic measurements made with PET, since it affects
delivery of the radiotracer to the organ of interest.
From the clinical perspective, indications for PET blood
flow studies include evaluation of cerebrovascular
defects, coronary artery disease, and organ perfusion in
conjunction with metabolic studies.

Essential characteristics of a tracer of blood flow are
that the radiopharmaceutical be deposited in tissues in
direct proportion to blood flow, and that the deposited
radioactivity be retained for the duration of the scan.
Tissue accumulation can involve a variety of
mechanisms, including passive diffusion or active
uptake, and tissue retention may be due to binding to
intracellular compounds or due to dilutional effects.

[KO]Wat~ iSfie most versatile radioph-ceutiti o
for measurement of tissue blood flow. It is a freely-
diffusible agent whose tissue accumulation does not
decrease at high blood flow rates. Because the
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measurement of blood flow is rapid (2-3 minutes) and the
tracer half-life is short, mdtiple PET studies can be
repeated within the same subject during a single imaging
*ssion. This is a useful characteristic for evaluation of

rebral blood flow in different states of arousal, or of
myocardial blood flow during stressed and resting corldi-
tions. [lsO]Water is predominantly used for blood flow
measurement in the brain (10-12). The radiopharmaceut-
ical can also be used to quantify myo~rdlal blood flow
(13), but it is not the tracer of choice for this clinical
application. Clearance of the blood background activity
is slow relative to the 2-minute physical half-life of the
radiopharmaceutical, and images of the heart made with
[i50]water must thus be corrected for blood volume using
[i50]carbon monoxide.

Ammonia N 13 Injection, USP, is a flow tracer
that is predominantly used for PET studies of
myocardium (14-16), although brain studies have also
been reported (17). The extraction of this
radiopharmaceutical is flow-dependent (diffusion-
Iimited), with tissue uptake decreasing as blood flow
increases. [’3N]Ammonia is fixed wthin tissues due to
its reaction with glutamine synthetase (Fig 4), yet the
tissue retention of this tracer is independent of
metabolic conditions in the heart. Because of the
relatively long half-life of nitrogen-13 (t,n = 10 rein),
very high myocardium-to-blood ratios are achieved,
“vith excellent tissue resolution compared to images
~btained with [150] water or Rubidium Rb 82 Injection.
Despite this advantage, the relatively long half-life of
nitrogen- 13 precludes stress/rest perfusion studies in
quick succession, such as those performed with
[’50]water or [mRb]rubidium chloride.

13NH

II

3

13NH +
4

Rubidium Rb S2 Iqidon is a short-lived (tln =
76 see) generator product used for PET perfision
studies of heart (16,18) and for evaluation of blood-
brain barrier patency in oncology (19). The major
advantage of this flow tracer is that PET studies can be
performed without an in-house cyclotron. Like
[’50]water, the short half-life of ‘Rb permits rapid
sequential imaging of patients during interventional
studies. Disadvantages of this tracer are the relatively
high energy of the positrons that are emitted, and
clearance from the blood pool tiat is slow relative to
the half-life of the nuclide.

Rubidium ion is an analog of potassium, and is
preferentially taken up by myocardium via active
transport. Because the intracellular potassium pool is
large, the efflux of rubidium from myocardium is
slow, and tissue retention of radioactivity is high.
However, due to the short physical half-life of this
radionuclide the imaging interval is limited, and the
target-to-nontarget ratios are thus relatively poor. In
addition, measurement of blood background activity
for correction is difficult. TWOmethods have been
employed to correct myocardial ‘Rb images for blood
pool activity. The arterial concentration of tracer can
be derived from an image tien at steady-state during
cons~t infusion, with a subsequent image &en 90
seconds after the infusion is stopped that shows
predominantly myocardial tissue (20). Alternatively,
for PET devices with high temporal resolution and
sensitivi~, ‘Rb can be administered as an intravenous
bolus injection (21). The earlier time frames in this
case represent primarily the heart chamber blood

Tissue Fixation of [‘3 N]Ammonia

—

Capillary

+ 13NH
—

3

FGlutamic Acid

p3N]Glutamine

Cell
Membrane Membrane

figure 4. ~sue ~dn of t3N]~ti ti reaction with glutavnine~nthetase.
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volume, and correction
background can be made.

Metabolic -ses
Glucose U.+n

of later scans for blood

Glumse is widely-ed in tissues as an energy sourw,
and assessment of glucose utilization in vivo is important
for evaluating the vitality of organs and their candidacy
for therapeutic intervention. Fludeoxyglucose F 18
Injection, USP ([l’F’J~G) has been used with PET for
this purpose. This radiopharmaceutical is perhaps the
most useful of all PET tracers due to its diverse
applicability, ease of preparation, and convenient half-
life. The numerous indications for clinical use of
[“F]FDG are listed in Table 1, and includw diagnostic
imaging of the brain, heart, liver, and thyroid, as well
as of neoplasrns (22). As shown in Figure 5, this
derivative of glumse participates in the initial steps of
glucose metabolism (carrier-mediated transport and
hexokinase-mediated phosphorylation), and therefore acts
as a general tracer of aerobic or aaerobic flux. A
beneficial characteristic of [’*F]FDG is that it is
metabolimlly “trapped” in vivo; phosphorylated
[’8F]FDG is not further metabolized via glycolytic or
glycogen-synthetic pathways (Figure 5). Thus, tissues
accumulate radioactivity in proportion to their glucose
utilization rate without the complicating effects of time-
dependent redistribution of labeled metabolitw. In
practice, PET images of [’*F]FDG are acquird 45-60
minutes after injection of the labeled drug.

.

O*ve Metaboltim
Besides glucose utilization, an important metabolic

parameter that can be measured by PET is oxidative ‘
metabolism, The simplest radioph~maceutical for this
purpose is [“O]oxygen, which is biochemical ●
converted to [lsO]water in the final steps of all aerobic
metabolic reactions. The predominant application of this
tracer is for determination of the regional cerebral
metabolic rate for oxygen (rCMROz) (23,24).
Metabolic PET imagw are acquired by scanning the
subject 40 seconds after inhaling the radioactive gas.

In the myocardium, uptake of [i50]oxygen is slow
and egress of metabolize [lsO]water is rapid, so an
alternative tracer is required for measurement of
oxidative metabolism in the heart. This tracer is
[llC]acetate, which enters the Krebs cycle in a substrate-
independent manner and is converted to [*lC]carbon
dioxide in direct proportion to the overall oxidative
metabolic rate of the heart (Figure 6). The metabolism
of [llC]acetate is determined via PET measurement of
the clearance of [*iC]carbon dioxide from myocardium
over a 20-minute interval (25).

[’]Clacetate is employed clinically for evaluation of
myocardial viability (Table 1). It is often used in
concert with a flow tracer to distinguish infarction (dead
myocardium) from ischemia (salvageable heart tissue).
More sophisticated PET procedures involve the imaging
of [ilC]acetate as well as a flow tracer and [18F]FDC
(26). In this combination of studies, ischemic tissue wi~.
have high uptake of [inF]FDG but poor utilization of

Metabolic Trapping of [‘8 F]FDG

[18F]FDG [18F]FDG

Glycogen
4

F8F]FDG-6-P04

C02 + H20

I

Capillary Cell
Membrane Membrane

figure 5. Metabolic trapping off 4F]FDGby hexokinase-catalyzedphosphoiybtion.



[“C]acetate, since there is a biochemical shift to Cyclotrons are machines that electromagnetidly
anaerobic carbohydrate metabolism in ischemia. By accelerate charged particles to very high velociti~ for
contrast, infarcted myocardium (which is dead tissue) irradiation of target materials. Specifically, the ions are
will utilize neither tracer. Soon after injection, propelled in a circular path by an alternating electric

lC]acetate can also be used to determine myocardial field in a constant magnetic field (Figure 7). The high-. .
blood flow (27). When used in this manner as a flow energy particles thus created are needed to surpass the
tracer, clinical procedures are streamlined and radiation threshold energies required by the nuclear reactions used
burden to the patient is minimizd, since administration for nuclide production ~able 2).
of an additional PET radiopharmaceutical for blood flow Cyclotrons are classified by the energy to which they
correction is not necessary. are capable of accelerating particles, and differ in the

Oxidative Metabolism of [l’C]Acetate

CH3’1C02HG

11C02 =

= CH311CO*HG cH311co*H

[

COASH

[llC]Acetyl-CoA

1(TCA Cycle)

1’C02 + H20

Capillary Cell
Membrane Membrane

Rgure 6. Substrate-independentoxi&tion of rlC]acettie.

RADIONUCLIDE PRODUCTION

The initial step in compounding a PET
radiophwmaceutical is the creation of the radionuclide.
The radionuclid~ used for clinical PET are listed in
Table 2, together with their half-liv~, positron energies
and principle means of production. Because PET tracers
are relatively short-lived, nuclide preparation generally
occurs within the confines of the PET facility using
either medical cyclotrons or radionuclide generators. Of
the nuclides shown, only fluorine-18 can be used in a
practical manner for off-site production of PET tracers.ah batches of several hundreds of millicuries within

types of particle b- that they generate (29).
Accelerators for production of the nuclides in Table 2
are generally low-energy, high beam-current machines,
and are either single-particle or multi-particle devices.
Medical cyclotrons are designed to propel either positive
ions or negative ions, although in the latter case the
particles are converted to positively-charged species
immediately prior to impinging upon the target. The
predominant particles usd for cyclotron production of
positron-emitting nuclides are protons and deuterons
(29).

Theradionuclides shown in Table 2 areproduced in

‘Cyclotron-Produced Radionuclid~ cyclotron bombardment intervals of 10-120 minutes,
Cyclotrons are usd for the production of the Such high levels of radioactivity are nec=sitated by the

majority of radionuclides used for positron tomography, relatively short half-lives of these nuclides, together with
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Rgure 7. Cyclotronproduction of m.dioisotopesa

the time required for radiopharmaceuticai compounding.
Oxygen-15, nitrogen-15 and carbon-1 1 are produced by
irradiation of gasmus target materials. The
radionuclides thereby created are delivered as gasw via
metal tubing from the target area to radiosynthetic
equipment which is used to incorporate them into drug
structures. The preferrti method for producing oxygen-
15 is via deuteron bombardment of naturally-abundant

[’4N’’lnitrogengas, ~though for single-particle cyclotrons
the (p,n) reaction on relatively expensive [’sN]nitrogen
gas can also be used. Similarly, the preferrti reaction
for production of timgen-13 is the @,a) reaction on
naturally-abundant [lbO]oxygen gas; for lower-energy
protons the (p,n) reaction on isotonically-enriched ‘3C
must be used. The universal means for producing
carbon-n is via proton irradiation of [14NJnitrogengas.

Tnble2

Radioisolo& for ~inical Pm

cyclOtin.Pmduccd

* ~~

~en-15 2min I.n “N(&n)”O ‘N(p,n)wd

Nimgen-13 10& 1.19 “O(p.u)’>N %(p,n)13W

Carkn-11 20 m 0.96 “N(P.U)’lC

FluOriiYe-18 110tin O.w ‘*o(p.n)~P %c(d.u)’aF

Gencmtor-Produeti

~ ~~

Rubidium-S2 76 scc 3.35 ~r - ‘Rb

Gauium-d8 dsmin 1.PO %. - ‘Ga

a) Data fmm reference2S.
b) Data from?cb 29.
c) Semndary ma Wd with low+new, single-pticlc ~lomm,
d) Product is bi&bspctic-acdtity [l$Fjfluoride iom
e) Prcduct is low spctic-atify [18~flu0rinc gw

Huotie-18 differs from the above nuclides in that it
can be produced in two ways. Low specific-activity
[’8F]fluorine gas is produced via cyclotron bombardment
of neon-20 gas containing a few percent fluorine. The
more useful method for producing fluorine-1 8, however,
is as high specific-activity [l*F]fluoride ion from
irradiation of isotonically-enriched [lSOJwater.
[’8F]fluoride ion and [’8F]fluorine gas differ in the types
of chemical reactions that can be employed in labeling
procdures.

Generator-Produced Radionuclid~
An alternative source of radionuclidw for the

prepmation of PET radiopharmaceuticals is provided by
generator systems (30). The two generator systems used
in clinical PET are the ‘Sr+=Rb generator and the
‘G&wGa generator (Table 2). Compared to
cyclotrons, radionuclide generators are much lHS
Upensive in terms of capital investment, maintenance,
and staffing requirements. The major disadvantage of
the generator-produced radionuclidm for PET is that
they are metallic speciw that can be attached to
substrates only via bulky bifunctional chelates. It is thus
difficult to prepare generator-based radiolabeled
biochemical or drugs for PET, unlike the case for
cyclotron-produced nuclides that are attached to
substrates via covalent bonds.

A further disadvantage of the generator-produced
radionuclides for PET is that the energies of the emitted
positrons are relative] y high. Whereas the maximurr
positron energy (EP) of the cyclotron-produced nuclides
shown in Table 2 ranges from 0.6- 1.7 MeV, EP for
~b and ‘Ga is 3.3 MeV and 2.9 MeV, respectively
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(28). The higher positron energy of the latter two germanium-68/gallium+8 generator is commercially-
nuclides leads to a greater radiation burden to the available as a system bearing up to 100 mCi of ‘Ge that

. ~atient. as well aa diminished spatial resolution in PET delivers up to 85 mCi of gallium+8. The gallium-.

●
imagw. 68 daughter is

Rubidium-82 Infusion System

7//CheckValves
Saline

F

Pressure Sensor Syringe

PumpSyringe
a

Inlet
filter

eluted from” the generator using 1 N

~TOsub’ect
Detector Solenoid Exit

Valve filter

hield

Waste

Egure 8. Rubidim42 infusion system.

The rubidium-82 generator has found the greatest
application in clinical PET (31). The parent nuclide
strontium-82 has a half-life of 25.6 days, and the
effective lifetime of the generator is about one month.
The strontium-82 activity is bound to a column of
hydrous tin oxide; the 76-second half-lived rubidium-82
is eluted from the generator using 0.9% sodium chloride
(NaCl) solution. The short half-life of the daughter
radionuclide precludw compounding procedurw with
rubidium-82. Instead, the generator eluant is passed
through a dosimeter and sterilizing filter and infused
directly into the patient for PET blood flow
measurements. This self-contained infusion system
(Figure 8) has been approved as a medical device by the
FDA, and is commercially-available as a 150 mCi ‘Sr
generator that delivers 85-100 mCi of rubidium-82 (31).

o~

The gallium-68 generator is also used as a
adionuclide source for clinical PET Uable 2). The

parent nuclide for this system is germanium+8, which
hw a 288day half-life. This gives a practical lifetime of
approximately one year to the generator. The

hydrochloric acid (32). The acidic generator eluate is
unsuitable for direct administration to humans, but the
68-minute half-life of gallium+8 facilitates buffering of
the solvent pH, ~conjugate labeling to various
radiopharmaceutical substrates (see below), as well as
sterile filtration prior to administration to nuclear
medicine patients.

RADIOPH.ARMACEUTICAL COMPOUNDING

Compounding Devim
Table 3 lists the typical batch yields and usual patient

dosages for the radiopharmaceuticals used in clinical
PET. Because of the short half-lives of the positron-
emitting radionuclides involved, the compounding of
these PET tracers commences with very high levels of
radioactivityy. To avoid excwsive absorbed radiation
dose to compounding personnel, various devices have
been developed that permit the preparation of PET
radiopharmaceuticals without direct manipulation by
human hands. These compounding devices are mounted

11



within shielded hot cells or the cyclotron vault, and can
be categorized as on-line systems, remotely-operated

Table 3

Rndiophannaceuticnls for Clinical PET

dDrug Twical Batch~ Usuai PaIien[ DOsace

[“O] Oxygen 200-300mCi 30 mCi

[“O]Carbon monoxide 150-200mC! 60 mCl

[HO]Water 50-125 mCi 30 mCi

~onia N i3 Iniection, 3040 mCi 1S mCi
USP

[“C]Acetate 150-300mCi 30 mCi

Fludeoqglucow F 18 100-300mCi 10 mCi
Injemioq USP

Rubidium Rb82 85-100mCi 50mCi
Ynjection

~Ga]Gallium citrate 40-60 mCi 8mCi

systems, automated systems, or robotic systems.
@-line systems are suited for compounding PET

tracers that are either formed directly in the cyclotron
target during irradiation, or are prepard from target
products using single, rapid synthetic steps (33). These
systems deliver the tracer immediately to the patient for
administration, which is suboptimal from the perspective

.,

of pre-release QC testing (see below). On-line systems
are used for radiopharmaceuticals labeld with oxygen-
15, since the 2-minute half-life of this nuclide comtrains “
product manipulation. For longer-lived nuclides, drug
compounding via rernotely+peratd, automated ;, o
robotic systems is preferred.

Rernotely+perated systems require the continuous
intervention of a human operator during the
compounding procedure (34-36). This approach to
compounding involves the remote operation of a shielded
production system through valves that are controlled by
externally-mounted switchw. Th~e systems are easily
institut~ for drug preparation, but are also susceptible
to significant run-to-run variation in production
variables.

Automated systems facilitate radiopharmaceutical
production using a synthetic system in which valves are
controlled by timing circuits (37-40). Once reagents are
added and the system is started, the entire compounding
procedure continues to the final radiopharmaceutical
product. Human intervention at each step of dmg
compounding is thereby eliminated, Such “black box”
systems offer the advantage of minimal run-to-run
variability in production conditions, but are relatively
inflexible because a given system is capable of preparing
ordy a single PET tracer.

Robotic systems mmpound radiopharmaceuticalsvia
the movement of reagents between workstations using ?

o

On-Line Production of 0-15 Radiopharmaceuticals
—.
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figure 9. On-fineproduction of oxygen-15 tieled radiophawceuticals.
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robot mm that is controlled by a computer program (41-
42). Ltke automatd production systems, robotic

* compounding has minimal batch-to-batch variability in

●
~roduction conditions since human intervention is

mecwsary. Because a robotic system carI be used for
compounding more than one PET tracer simply by
changing the computer program, robotic devices offer
the theoretical advantage of greater flexibility than
automated systems for preparation of a single
radiopharmaceutical.

The above drug compounding systems have been
applied for the routine preparation of the PET tracers
listed in Table 3. Before institution in the clinical
setting, all impounding procedures must be validated,
and continuously monitored thereafter to assure drug
quality (see below).

Oxygen-15 Labeled Tracers
Oxygen-15 with its half-life of two minutes is the

shortest-lived cyclotron-produced nuclide for clinical
PET. The amount of synthetic manipulation of this
nuclide in the compounding of PET radiopharrnaceuticals
is clearly limited by this fact, and ‘50-labeled tracers are
rapidly prepared on-line using single reaction steps (33).
The oxygen-15 labeled drugs used for clinical PET are
[isO]oxygen, [150]carbon monoxide and [~sO]water.

[HOIOxygen is a target product; theradioactivegas

● & formed in situ by irradiation of nitrogen gas
.ontaining a few percent oxygen (33). Following the
irradiation interval (typically 5 minutm), further
chemical processing of the target contents is
unnecessary. The radioactive gas is simply transferred
via tubing to a pressure-equalizing bag mounted within
a radiation dosimeter, and ultimately inhaled by the
subject for PET measurement of CMROZ.

~O]Carbon monotideisproducedby passing target
product [150]oxygen through a charcoal furnace heated
to 1000”C (Figure 9) (33). The [l$O]oxygen gas is
catalytically-converted to [15C)]C0, which is sent via
metal tubing to the PET imaging facility using a bolus of
high pressure nitrogen. The [’sO]carbon monoxide is
collected in a sterile breathing bag mounted inside a
wide-bore ionization chamber. When hfe radioactive gas
has decayed to the appropriate level, the patient (already
placed within the scanner) inhales the tracer through a
filtered mouthpiece.

[HO]Water is producd by either the exchange of
[l’O]carbon dioxide with water (33), or by catalytic
reduction of [150]oxygen (43). For the exchange-
labeling technique, [’50]Ot gas is first converted to
[“O]carbon dioxide by passage through a charcoal

Op mace heated to 400°C (33). The [150]COZthereby
producd is then used to exchange-label water (Scheme
1). This is accomplished by bubbling the [150]carbon
dioxide gas through normal saline in a sterile bag held in

Charcoal
[’5010* ~Qoo~ ‘ [150]C02 H20

➤ [150]H20

an ionization chamber Figure 9) (33). The readout from
the ionization chamber is displayed at the cyclotron
control duk. When sufficient [150]Hz0 has been
exchange-labeled, the contents of the bubbling bag are
withdrawn into a sterile syringe. The syringe is then
capped with a rubber septum and automatically sent
using a pneumatic transfer system to an ionization
chamber located in the PET imaging facility. After the
[“O]water has decayed to the appropriate level, the
radiopharmaceutical is administered to the patient via
bolus injection.

An alternative means of producing this
radioph~aceutical is to reduce [i50Joxygen gas from
the target on-line using hydrogen gas and palladium
catalyst (Scheme 2) (43). The resulting [i5C)]watercan
be tubed to the PET imaging facility for administration
to the subject as a constant infusion or bolus injection.

[15~]~2 z, [150]H20

Although the batch yields for [150]water, [150]carbon
monoxide. and [150]oxygen greatly exceed the typical
adult patient dosages (see Table 3), the short half-life of
oxygen- 15 precludes compounding of these
radiopharmaceuticals other than on a unitdose basis.
That is, [’SO]H,C)and [’50]C0 are prepared individually
for each PET perfusion and blood volume study,
respectively. This unitdose requirement holds for
different patients, as well as for repeat studies on the
same individual subject.

Ammonia N 13 Injmtion, USP
Because cyclotron irradiation of [lbO]waterproduces

nitrogen-13 in a variety (NO;, NO;, NHq+) of chemical
forms (44), the preparation of [i3N]arnmonia from this
target system requires a reduction step. This reduction
is catalyzed by either titanium (III) chloride (37) or
DeVarda’s Alloy (44), which consists of copper,
aluminum and zinc (Scheme 3). Following this
reduction step, tie [13N]ammonia

paN]N03-+ raN]NO~+ P3N]NH,+

solution vessel into 0.9 % NaCl,

is distilled from the

catalytic
[13N]NH,+reduction

which is then sterile-
fdtered. Remotely~peratti (34) and automated (37)
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systems for the preparation of multiple batcha of this
PET tracer have b~n developed.

An alternative preparation route is to generate the
nitrogen- 13 radioactivity already in the form of
ammonium ion during cyclotron irradiation (45). In this
way, the reduction/distillation steps of the above process
can be avoided. This on-line means of production is
possible using the ‘~(d,n)’3N and ‘3C(p,n)13Nreactions.
Disadvantages of this approach are that the carbon slurry
target material has a limited lifetime, ad that the
proton-induced reaction requires expensive, isotopically-
enrichd carbon-l 3.

Table 3 shows that the batch yields for the
preparation of Ammonia N 13 Injection, USP, are 2-3
tim~ greater than the typical dosage of this tracer for
PET study of myocardial perfusion. For PET facilities
that have two or more tomographs, it is thus feasible to
divide the radiopharrnaceutical batch for simultaneous
imaging of two different patients using two different
scanners. In view of the lo-minute half-life of nitrogen-
13 and the 30-minute PET imaging intewals typically
utilized, sequential imaging of an individual in a
rwting/stress perfusion protocol with the same batch of
drug is precluded, however. Compounding of Ammonia
N 13 Injection, USP, must be done on a per-study, unit-
dose basis.

FIC]A*te
The preparation of this PET radiopharrnaceutical

involves the carboxylation of methyhnagnesium Grignard
using [llC]COZ, followed by acid hydrolysis to yield

[’lClac*te (Scheme 4). Compounding systems differ in
the techniqum used to isolate [liC]acetate from chemical
and radiochemical byproducts. A remotely~perated
system (35) has been developed whereby the [llC]acetic
acid is extracted into an ether layer while the acidic
aqueous hydrolysis layer is discardd. The [ilC]acetate
is subsequently back-extracted into aqu~us 0.9 %
NaHC03 solution and sterile-filtered for human
administration.

C~MgBr
11C02 —

HCI
C~11C02MgBr — CH311C02H

Suchphas~tractiontechniquti arecumbersomeand
require the final product to be in basic solution,
Alternative remotely-controlled systems exist whereby
phase-extraction purification is replacd with purification
via rmin columns that remove contaminants from the
soIution of [llCJacetate (46,47). Such solid-phase
extraction of impurities has also been adapted to robotic
compounding systems (48).

Table 3 indicates that the batch yield of [1’C]acetate
is several times greater than the typical adult dosage of

:

the labeled drug. Because [“C]acetate is a metabolic
tracer, repeat studies are not petiormed on the same
subject, unlike the case for PET perfusion tracers. ‘
Nevertheless, the relatively large batch yield for this
radiopharmaceutical means that when the drug o
compounded, the product can be dispensed to two
separate patients for simultaneous imaging on two
separate scanners. It is also conceivable that a single
batch of the PET tracer could be used for sequential
imaging of two different individuals using the same
clinical PET scanner. Since each [llC]acetate imaging
study requires a total of 45 minutes, a minimum batch
yield of 175 mCi of [1’C)acetate would be needed. This
situation, however, is not likely to be commordy
enmuntered in the clinical scenario.

Fludeoxyglucose F 18 Injection, USP
Although the monograph (49) for Fludeoxyglumse F “

18 Injection, USP ([]6F]FDG) permits the compounding
of this drug from low specific-activity [lgF]Fz, the
method of choice for preparing this PET tracer uses
[l’F]fluoride ss a reagent. The reasons for this are that
greater quantities of [18F]fluoride can be produced for
labeling, the labeling yields using [18F]fluoride are
higher than for [“F]fluorine, and tie final 2-[18F]FDG
product has superior specific activity and enantiomeric
purity.

A complication of the use of [*8F]fluoride for
compounding is that the ion must be completel; o

anhydrous t~be useful in nucleophilic labeling reactions.
Considering that the target material is [1’O]water,
removal of water from the [lgF]fluoride is a key step in
the formulation of [18F]FDG. This drying procedure is
referred to as “rwolubilization,” since the goal is to
remove the [lgF]fluoride from aqueous solution and
redissolve it in an organic solvent that is suitable for
radiofluorination reactions. Rwolubilization is
accomplished by first completing the [l*F]fluoride to
potassium [2.2,2Jkryptofix or another strong base while
still in aqueous solution, followed by addition of
acetonitrile and azmtropic drying via heating. The dried
[2.2,2] kryptofix-potassium [’sF]fluoride is redissolved in
acetonitrile and then used for labeling reactions.

FludeoxyglumseF 18Injection, USP, is mmpounded
via a two-step synthetic sequence using a protected sugar
(1,3,4,6-tetra-O-acetyl-2-O-trifluoromethanesulfonyl---
D-mannopyranose) as the labeling substrate for
resolubilized [l*F]fluoride (Scheme 5) (50). The

[’8F]fluoride displaces the triflate group in the first step
of the sequence, and the radiofluorinated intermediate is
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then deprotected via
[“FIFDG product.

“ purification is achieved

acid hydrolysis to yield the
Final radiopharmaceutical

using solid-phase (C,8 Sep Pak)

●
~xtraction techniques.

This radiosynthetic procedure is relatively
straightforward, which facilitates compounding in the
clinical PET environment. The routine preparation of
[’SF]FDG is possible using remotely-controlled (36),
automated (38+) or robotic (51,52) systems. The
choice of which system to imtitute is breed upon the
relative advantages and disadvantages of each class of
compounding device, as discussed above. These devices
are capable of preparing [l*F]FDG in batches of several
hundreds of millicuries, which is mmy fold larger than
the typical adult human dosage of 10 rnCi (see Table 3).

Since Fludmxyglucose F 18 Injection, USP, has a
physical half-life of 110 rnin, this PET
radiopharmaceutical is almost always compounded on a
multidose basis. The drug is prepared once daily for
dispensing to several individual patients that are scannd
successive y throughout the workday. The high batch
yield of this drug and its relatively long half-life also
make possible the dispensing of [18F]FDGdosages from
an off-site, centralize nuclear pharmacy where the drug
is compounded for distribution. This logistical
convenience, together with the numerous indications for
[’SF]FDG imaging, (Table 3) makes this
=adiopharmaceutical a particularly attractive drug for
,~plication in clinical PET.

~Ga]Gallium Citrate
Unlike the above ~mpounding procedures, this PET

radiopharrnaceutical is prepared from a generator eluate.
Four steps (42) are involved in the preparation sequence:
i) generator elution, ii) addition to citrate, iii)
neutralization and volume adjustment, and iv) filtration.
As described earlier, the germanium-68/gallium-68
generator is eluted to give ‘Ga in 1 N hydrochloric acid.
The volume of generator eluate that is used in the
compounding procdure will vary, depending on the age
of the generator and the amount of final product that is
neded. The appropriate volume of gallium-68 solution
is added to citrate buffer; the citrate is necessary N a
ligand to complex with ‘Ga and prevent precipitation.
The acidic solvent is subsequently buffered by the
addition of one equivalent of 1 N sodium hydroxide. The
neutralize solution of [&Ga]gallium citrate is then
volume-adjusted and sterilizd via filtration into the final
drug container.

A robotic system has been designed (Figure 10)
whereby the generator-based radiopharrnaceutical is

●pompounded within eight minutes with a decay-corrected
yield of 80% (42). For a 100 mCi ‘Ge/”Ga generator
with 85% elution efficiency, this corresponds to a batch
yield of approximately 60 mCi of [~Ga]gallium citrate,

which is several times the typical adult human dosage of
8 mCi (see Table 3). This robotic device has the
advantagw of flexible adjustment of the eluate volume,
radiation safety for personnel, and in-process monitoring
of compounding steps. The system can also be adapted
to the preparation of fiture PET tracers that are labeled
with gallium+8 for clinical use.

Rubidium Rb 82 Injection
Rubidium Rb 82 Injection is unique as a generator-

produced PET tracer in that the radiopharmaceutical is
not isolated prior to patient administration; rather the
generator eluate is infused directly into the subject under
study (Figure 8). This approach to drug administration
is mandated by the short half-life of the nuclide (tln =
76 see), and has similarities to radiopharmaceuticals
labeled with the short-lived cyclotron-produced nuclide
oxygen-15. Because isolation of the final drug product
for QC testing does not take place, special monitoring of
generator characteristics such as generator yield, eluate
flow rate, and radionuclidic breakthrough is required.
These are discussed in the following section.

QUALITY CONTROL

Like other areas of pharmacy practice, a key role of
the pharmacist is responsibility for the quality of the
drugs that are dispensed. Quality control of PET
radiopharmaceuticals is based upon the same strict
criteria that apply to radiopharmaceuticals used in
conventional nuclear medicine clinics. The major
difference between the formulation of PET tracers and
conventional radiopharrnaceuticals is in the greater
number of compounding steps required in the former
case. Because of the more complicated procedures
involved in the preparation of radiolabeled drugs for
PET, QC involves both final product testing and
continuous monitoring of formulation procedurm.

Process Validation and In-Proc=s Monitoring
As outlined above, the formulation of

radiopharmaceuticals for clinical PET often requires
multi-step procdures using remotely-perated or robotic
systems. Due to their relative mmplexity, these
processm must be fully validated prior to clinical drug
preparation. Process validation requirm careful
evaluation of all aspects of drug quality, as well as
reproducibility and reliability in the formulation and
delivery of tracer. After a production process has been
validated, in-process monitoring of validated
compounding procedures is an important ongoing aspect
of clinical drug preparation. In-process monitoring is a
way of “building-in” quality, as it permits early
identification of formulation defects before the quality of
the final product is compromise. In addition,
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continuous monitoring of drug compounding processw Radiechemical and Chemical Purity
is especially pertinent to the production of PET Oxygen-15 Radwpbmce&”cals. Radiotracers
radiopharmaceuticals, since the short half-lives of these labeled with oxygen-15 are analyzed using gas ‘
drugs often preclude their

Robotic

pre-release testing.

System for

chromatography (GC) (33). This analytical methodology

●

Compounding ~8Ga]Gallium Citrate
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Q Dose
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figure 10.

Wd-product Tinting
Final product t~ts

radiotracers are similar

3Power &
Event
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, Filters

)
68Ge-68Ga

Generator

Scheti”c of a robotic systemfar compoundingFGa]gaflium citrate injection.

that are performed on PET
to those performed on

conventional radiopharmaceuticals, but ‘me done on a
more frequent basis, and utilize more sophisticated
analytical imtrumentation for determination of
radiochemical and chemical purity, Drug quality of PET
radiopharmaceuticals should meet standmds set by
existing USP drug monographs, and in all cases should
be of high radiochemical and chemical purity, sterile,
and apyrogenic. Radiochemical purity is an importmt
characteristic to maximize in PET tracers, so that all
derived imaging data pertains to the dwired
physiological process and patient radiation burden is
minimized. Chemical purity is also an important
component of quality control, since macroscopic
contaminants may have pharmacologic or toxic effe~.
Sterility and apyrogenicity are essential characteristics of
all labeled drugs dispensed for parenteral use,

is appropriate for use with the 2-minute half-lived
oxygen-15, since retention times are generally short.
Moreover, since this technique is based upon
volatilization of the test sample before passage through
a GC stationary phase, it is especially suited for quality
control of [150]oxygen or [i50]carbon monoxide. For
thwe gaseous radiopharmaceuticals, a portion of the
labeled drug is simply shunted into a GC injection loop,
while the bulk of the radioactive gas is sent to the PET
scanner for inhalation by the subject (Figure 11). Such
an on-line QC system allows analysis of the same drug
batch that is administered to the patient, and eliminates
unnecessary personnel radiation dose,

Radiochemical purity is determined by detection of
the various radioactive peaks in the GC eluate using a
NaI(Tl) scintillation detmtor mounted at the exit tubin ●
of the gas chromatography. Impurities are identified on
the basis of their retention time on the GC column.
Typical impurities in oxygen-15 labeled PET tracers are
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shown in Table 4 (33),

Table4
.\

,1 RadinchemicnlImpuritiesin OVgen.lS LabeledGases

% Imputily

l“WZ I“m, J“-

[“O]~en 1-2 – 0.0.5

[“O]Carbon monotide 1-2 W5 –

[“O]&ban dioxide 1“2 0.0.s 1-2

1“-,

@o.5

0-0.5

—

a) Data from reference33.

Chemical purity of PET radiopharmaceuticals labeled
with oxygen-15 is determined using a thermal conductiv-
ity detector (TCD) mounted after the NaI(Tl) detector at
the exit tubing of the GC (33). As with the analysis of
radiochemid purity, identification of chemical impuri-
ties is made on the basis of retention times on the GC
column. With use of an appropriate standard curve, the
areas of the peaks detected by the TCD give a direct
mwure of the mass of the impurities, and hence the
pharmacologic dose administered to the subject, Perhaps
the most important chemical contaminant to monitor in
‘50-labeld PET tracers is carbon monoxide, which

‘binds irreversibley to hemoglobin in vivo.

USP (53).
determind
common to

Although the purity of the drug can be
using gas chromatography, it is more
measure the radiochemical and chemical

purity using high performance liquid chromatography
(HPLC). As with GC, HPLC depends on the relative
affinity of components for the stationary phase, and
impurity identification is based on retention times.
Anion-exchange columns are recommended as the
stationary phase for [13N]ammonia because they give a
definitive retention time for the product. Detection of
radioactive components is achieved using a NaI(Tl)
crystal with associated electronics, and measurement of
chemical constituents is accomplished using a refractive
index (RI) detector.

The predominant radiochemical impurities in
Ammonia N 13 Injection, USP, are radiolabeled nitrates
that may have carried over during the
reduction/distillation process. It is important to check
product pH in this regard, because an excessively basic
product suggests that there may have been codistillation
of reductant solution into the product solution, The pH
of Ammonia N 13 Injection, USP, is 4.5-8.5 (53).

Spot checks should be performed on this
radiopharmaceutical to ascertain chemical purity (53).
Assay for aluminum is needed if DeVarda’s alloy was
used in the production procedure, whereas assay for
titanium is necessary if TiCl~ was used as the reducing
agent. For estimation of specific activity, a spot check

On-Line Quality Control of 0-15 Gases
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?lCIA*e. Biochemical and chemicalpurity of
[“C]acetate is also ascertained using HPLC (35). Gas
chromatography malysis is inappropriate for QC of this
radiopharmaceutica.1 because thermal decomposition of
the tracer occurs at the injection port. Thin-layer
chromatography (TLC) is also not useful as an analytical
technique because there is potential loss of volatile
components like [llC)carbon dioxide. HPLC is therefore
used, since it involv~ direct injection of the
radiopharmaceutical solution onto the chromatographic
column without heating. Radiochemical purity is
determined by on-line det~tion of radioactive peaks in
the eluate from the HPLC column using a NaI(Tl)
detector, and mass peaks can be measured using an RI
detector. A reverse-phase HPLC mlumn is
rammended as the stationary phase for separation of
[l’C]acetate from [’lC]carbon dioxide. The response of
the RI detector following sample injection onto the
HPLC can be compared with a standmd curve for
determination of the actual mass of ay impurities
pr~ent.

The major radiochemical impurity in [llC]acetate is
un.reacted [llC]carbon dioxide; potential chemical
mntaminants are carbon dioxide, magnesium or
bromide. These wntaminants can be measurd via
HPLC, although assay for magnmium or bromide
requires ion exchange chromatography and is generally
done in process validation tests rather than on a routine
basis. Radiochemical purity and measurement of carbon
dioxide mntent are achievable on a per-batch basis using
reverse-phase HPLC. An additional aspect of chemical
purity that is assessed on a per-batch basis is the final
product pH, which should be in the range 4.5-8.5.

Hu&o~glucose F181nje&n, USP. S~dards for
this labeled drug have b%n established by the USP (49).
Testing of [i%]fludaxyglucose for radiochemical purity
is achieved using TLC. Following development in a
TLC chamber, the silica plates used as the stationary
phase are analyzed with a TLC scanner, which integrates
component radioactive peaks. Identification of
impurities is made on the basis of ~ values, Although
this analytical technique has lower rwolution than GC or
HPLC, it is preferred for routine clinical use due to its
simplicity and low cost. Chemical impurities can also be
measured in a qualitative manner using TLC with iodine
chamber staining (52), although HPLC is more
appropriate for initial process validation.

Potential radiochemical impurities in this
radiopharmaceuticd are unreacted [i8F]fluoride or the
nondeprotected reaction intermediate tetraacetyl.

[’8Flfluorommopyranose (Scheme 4). A potentially-
harmful chemical impurity in this radiopharmaceutical is
the kryptofix 2.2.2 used to resolubilize [18F]fluoride.
The pr~ence of this mrnpound can be detected with
TLC and iodine chamber visualization (52). It is also

3

important to assay the final preparation for pH, since
one of the formulation steps for this radiopharrnaceutical
involves treatment with hydrochloric acid. The pH of i
Fludeoxyglucose F 18 Injection, USP, is 4.5-8.5.

~s~l-m @tie. Cyclotron-produced nucli~ o
for PET rarely have radionuclidic contaminants due to
the nuclide-specitic nuclear reactions and the high-purity
targets that are employed. Radionuclidic impuritiw in
generator-based radiopharmaceuticals, however, are a
more important aspect of quality control due to the ever-
present potential for breakthrough. Radionuclidic purity
in [wGa]gallium citrate is determined on a weekly basis
by allowing the product to stand 24 hours or longer, and
then measuring the positron emissions. Any gallium-68
activity remaining at this time will be due to decay of
germanium48 parent that has broken away from the
resin and into the generator eluate. Acceptable levels
are generally 10-2~Ci of ‘Ge per mCi of ‘Ga (32).

Radiochemical purity of [“Ga]citrate is determined
with a per-batch frequency using radio-TLC. As with

[*8Flfludwxyg1ucose, potential radiocontaminants are not
volatile and can be easily resolved from the labeled drug
using this relative]y inexpensive analytical method. With
this PET radiopharmaceutical, there are no macroscopic
contaminants of special concern, although the pH must be
checked to assure that it is witiln the range 5.5-8 (42).

Rubtiium Rb 82 Injeti”on. Standards for this
radiopharmaceutical have been proposed by the USP
(54). The quality control testing for this PET perfusio,. ●
tracer center on the fact that it is administered from a
generator-based infusion system. Thus, QC t~ting of
the properties of the generator eluate are required, along
with an evaluation of the infusate delivery rate. The
infusion system is operated in one of two modes, bolus
infusion or wntinuous infusion, depending upon the
tracer kinetic model that is to be applied to the perfusion
imaging data (20,2 1). The strontium-82 / rubidium-82
infusion system must be initially calibrated, and
periodically tested thereafter for its functioning in either
of these modes of operation (55).

Radionuclidic purity must be evaluated for this
generator-produced radiopharmaceutical, This is
determined by measuring a sample of the generator
eluate at least 1 hour after elution. At this time all of
the rubidium-82 activity has decayed, and any residual
radioactivity is due to parent radiostrontium nuclides.
Radioactivity due to strontium-82 (tl,z =25 days) is
measured on the basis of its 777 keV photopeak,
whereas direct assay of any strontium-85 (tl,z = 64.5
days) contaminant requires a curve-stripping program
with a y-spectrometer for resolution of its 514 keV
photopeak from the 511 keV gamma-line of ‘Rb (56 o
For each generator the ratio of ‘Sr to ‘Sr is known, so
for routine assay a factor can be multiplied times the
measured strontium-82 activity to give the amount of
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strontium-85 contaminant in the sample. Typical
breakthrough values are less than 10s pCi ‘Sr/mL/mCi
‘Rb (31), with ~Sr/nSr impurity ratios of < 5.0 (57).

Because the positron-emitter is infused directly into
@subject during imaging studies, the functioning of the

device as a drug delivery system is an important
component of routine quality control. The generator
yield is measured by collecting 50 mL of eluate,
measurement in a dose calibrator, and correcting activity
to end of elution (31), The yield of ‘Rb is greater with
higher infusion rates; for a typical flow rate of 50
mL/rnin, the yields of ‘Rb are usually 60-70% of
theoretical (55). The elution profile for the system can
be determined for different infusion ratw (20-80
mL/min) by measurement of the eluate activity at 1-
second intervals using the system’s on-line detector.
This information is used to assay the amount of activity
infused into the subject, as well as the associatd
radiation burden (55).

There are no special precautions concerning the
radiochemical or chemical quality of this labeled drug.
Radiochernical purity testing of Rubidium Rb 82
Injection, USP, is not required on a frequent basis
because the tracer is used directly as the monovalent
anion and not chemically altered prior to infusion.
Validation tests of the generator have shown high
chemical purity; less than 0.1 pg of tin per mL

of eluate is present (31), Because this level is nontoxic
ad labeling reactions are not usd, routine testing of the
chemical purity of this radiopharmaceutical is not
necessary.

Sterility
Like other parenteral drugs, positron-emitting

pharmaceuticals must be sterile to be suitable for use in
humans. A sterile product is one that is free of living
organisms, whether pathogenic or nonpathogenic.
Ofticial tests for drug sterility require that samplm be
incubated in fluid thioglycollate medium to check for
the presence of facultative anaerobic and anaerobic
bacteria, and in soybean casein digest medium for
determination of fungi, molds, and aerobic and
facultative anaerobic bacteria (58). These tests require
3-14 days for completion, so clearly cannot be
performed with PET radiopharmaceuticals on a pre-
release basis, This dilemma is shared with conventional
radiopharmaceuticals that have relatively short half-lives.
Positron-emitting radiopharmaceuticals should be testd
for sterility on a daily or batch basis. Although the
results of these tests are available after the patient has
been administer the labeled drug, such quality control

OB Isting is important for in-process monitoring of
compounding procedures, and for early correction of
potential problems in product formulation,

Apyrogenicity
Pyrogens are substancm that cause a pyretic r~ponse

upon injection. This raponse is characterized by the
onset of chills and fever 45-90 minutes after parenteral
injection, accompanied by general malaise and headache
that can last 3-4 days. The substances inducing this
response are generally endotoxins of gram-negative
bacteria or dead bacteria, but can also be from a wide
variety of chemical classes. Because pyrogens are ofien
smaller than 0.2 pm, terminal filtration can often render
radiopharmaceuticals sterile, but not apyrogenic. For
this rmon, pyrogen testing of PET tracers should be
performd on a pre-relewe basis whenever possible. For
very short-lived radiotracers (t112 < 10 minutes),
pyrogen testing should be done on at least a daily basis.

Traditiotily, the pr~ence of pyrogens in parenteral
drugs is tested according to the USP by measuring the
temperature rise in rabbits injected with the test sample
(58). Initial tests involve hourly temperature readings
over three hours. This technique is thus too slow for
routine application with PET radiopharmaceuticals. An
alternative in vitro testis also sanctioned by the USP,
the bacterial endotoxin tmt (BET) (58). This technique
involves mixing a sample of the tat substance with
limulus amebocyte lysate (LAL), which clots in the
presence of bacterial endotoxin. The mixture is
incubated for 60 minutes; clotting indicates the presence
of endotoxin. The test sample is compared to contro~
solutions of known endotoxin concentration. The
simplicity, sensitivity and reproducibility of the BET
promote its routine application for pyrogen testing of
radiopharmaceuticals in the clinical setting. Although
not yet official, a 20-minute BET technique has been
proposed especially for use with short-lived PET tracers
(59). This faster version of the oticial BET, once
validated and officially adopted, makes practical the pre-
rele~e pyrogen testing of all positron-emitting drugs
with half-lives z 20 minutes.

REGULATORY ISSUES

Most positron-emitting radiopharmaceuticals are
accelerator-produced and therefore lie outside the
jurisdiction of the Nuclar Regulatory Commission
(NRC), which is responsible for by-product materials
produced at nuclear reactors, The regulation of PET
tracers thus differs significant y from conventional
radiopharmaceuticals, which are predominantly by-
product materials. The major regulatory body
responsible for PET radiopharmaceuticals is the Food
and Drug Administration (FDA), which shares
regulatory responsibility with state agencies for radiation
safety issues.

There is an important distinction between PET used
for research purposes and PET applied for the routine
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clinical delivery of health care. This classification of
activities has ramifications for the regulation of the
positron-emitting tracers wed inhuman subjects, as well
as for the role that nuclear pharmacists play as members
of the PET team.

R~earch PET
Research PET encompasses a wide breadth of

activities, spanning the gamut of evaluative experiments
that precede routine clinical use. These imaging studies
range from PET scanning of animals to determine the
localization of new tracers, to the imaging of human
subjects to ascertain the kinetics of established
radiopharmaceuticals in untestd diseases. Like other
areas of scientific investigation, research PET studies
have a high probability of yielding ordy negative r~ults.
Despite the time-consuming nature of research PET, the
experimental rmults derived from three investigations are
invaluable to clinical PET. The novel tracers and
imaging techniques that are developed through this
process find eventual application in the clinical arena,
and assure that PET retains its advantage as a medically-
unique diagnostic tool.

The radiotracers used for research PET studies in
humans are regulated through the Radioactive Drug
Res=rch Committ& (RDRC), which acts as an arm of
the FDA at medical centers where such investigations
take place. The goals of studies approved by the RDRC
are to obtain basic pharmacokinetic information and
biodistribution data for new dregs, The RDRC is
comprised of several experts, including physicians,
pharmacisfi, chemists and physicists, that review the
proposed application of radioactive substances in
humans. The preparation, quality control, radiation
dosirnetry, toxicology, and anticipated r~earch benefit
of a projm are all examined prior to RDRC approval.
Research studies regulated in this manner are limitd to
small numbers of subjects sufficient to answer proposed
research hypotheses.

Ciinim) PET
In contrast to the innovative dismvery that is the goal

of research PET, clinical PET employs established PET
radiopharmaceuticals and proven imaging protocols to
answer a diagnostic question about a specific patient. In
this regard clinical PET can be viewed as a vehicle for
the routine delivery of state-of-the-m health care. As
the goal of clinical PET studies is to assist in the therapy
of a patient, experimental innovation does not play a
role. Rather, systematic, reproducible imaging
procedur~ are needed that allow direct comparison of
the PET data from a given subject with values
established for the control population.

Because clinical PET has ordy recently been
introduced to the medical community, its regulation has

‘1

not yet been fully formalized (60). There are generally
two proposed approaches to the regulation of
radiopharmaceuticals for clinical PET. Th~e are the 7
investigational new drug ~ND; drug manufacturing)
approach and the practice of medicine/pharmacy (dr, o
compounding) approach.

Drug Manufacturing
This means of regulating PET tracers requires that

every tracer used for clinical studies be evaluated for
safety and eff~cacy via an inv~tigational new drug
appliwtion (IND). The evaluation process carried out
under the authority of these applications is classifiti into
three clinical investigation phases, as are those for other
drugs regulated by FDA. Once clinical trials are
completed, a new drug application (NDA) is applied
for, which, when approved, allows for routine full-scale
manufacturing of the drug in question. From the
standpoint of PET radiopharmaceutical preparation, the
NDA approach requires that all labeled drugs be
prepared under Current Good Manufacturing Practices
(CGMPS) that are similar to those required for drug
manufacturing centers. Although proposed CGMPS for
PET radiopharmaceuticals (61) are attenuated compared
to those typically required for drug manufacturing, PET
centers would be nonetheless inspected by the FDA for
compliance. This regulatory approach thus considers
the formulation of PET tracers to be drur
manufacturing, and places PET facilities accountable t.
the FDA as such.

Drug Compounding
An alternative approach for the regulation of PET

radiopharmaceuticals proposes that the formulation and
application of these labeled drugs fall under the
jurisdiction of pharmacy practice and the practice of
medicine, respectively. This approach considers the
formulation of a PET radiopharmaceutical pursuant to a
prescription from a licensed physician for an individual
patient no different than the filling of any other
prescription. In this case, the activities of the
pharmacists and physicians involved with PET would be
regulated by pharmacy and mdicaI boards. This
regulatory approach thus differs from the drug
manufacturing concept in that the FDA traditionally does
not regulate the professiomd activities of pharmacists, so
prerogatives of the licensed phmacist are permitted in
the compounding process. The American
Pharmaceutical Association has drafted APhA
Guidelines for the Compounding of PET
Radiopharmaceuticals (62); these supplement the more
general AFhA Nuclenr Pharmacy Practice Standard o
(63). These guidelines make recommendations
concerning the procurement, compounding, quality
control, dispensing and distribution of PET
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radiophmceuticals by nuclear pharmacists. PET
radiopharmaceuticals that are formulated under the

9 practice of pharmacy rather than according to an IND or
N.DAare, nonethelws, expected to meet all standards of

● ,dity described in USP monographs for three labeld
drugs .

PROFESSIONAL RESPONSIBILITI~

PET teams are of a multidisciplinary nature,
requiring members with specialized talents for various
aspects of the total operation. Typical teams consist of
physicians, pharmacists, chemists, physicists, nurses,
computer specialists, and nuclear medicine technologists.
Within such a team, there is unique expertise which is
supplied by the nuclear pharmacist. Most of the special
contributions of nuclear pharmacists are de$cribed in the
APhA draft guidelines for the compounding of PET
radiopharmaceuticals (62). In addition to these unique
services, there is also opportunity for overlap in some of
the activities of the pharmacist and those of other
members of the PET team. This latter aspect is
probably most apparent in the services provided by
nuclear pharmacists and chemists.

Product Rel~e
A key role of the pharmacist is to be the quality

o-nproval member of the PET team. That is, the
,iarmacist should review all quality control test results

for the final drug product to assure that it meets USP
standards. This product release role is one that is
especially important when PET radiopharmaceuticals are
compounded under the practice of pharmacy, since all
radiopharmaceuticals dispensed are the legal
responsibility of the licensed pharmacist. This
responsibility is also appropriate for pharmacists in
centers where PET tracers are prepared under drug
manufacturing regulations and CGMPS. In this case the
special training and skills of the pharmacist supplement
that of the chemist, whose major expertise is in
synthesizing the radiotracer.

Procurement
An important role for the pharmacist is to maintain

records of all components used for the preparation of
PET radiopharmaceuticals. A record should be kept of
the date of receipt, quantity, manufacturer, lot number
and expiration date of all drug ingredients. This allows
complete traceability of all components used for a given
radiopharmaceutical, which is especially important for
PET tracers with their multistep preparation protocols.

OJ II materials should be maintaind in a limited access
mea, so that otdy personnel approved for clinical drug
preparation are allowed entrance.

Dispensing
Dispensing

recordkeeping is
patient
also a

doses with appropriate
traditional role for the

~harmacist. Three activities are described in the APhA
Nuclear Pharmacy Practice Standards, and are designed
to assure that the correct PET radiopharmaceutical, in
the prescribed dosage and dosage form, is received by
the correct patient at the desired time via the prescribed
route of administration.

Product labeling is another aspect of recordkeeping
which is a special concern for the pharmacist. Like
conventional radiopharmaceuticals, the final container
label should include the identity of the PET
radiopharmaceutica.1, the assigned batch or lot number,
and required regulatory (state board of pharmacy, IND,
NDA, RDRC) and/or warning (“radioactive”) statements
and symbols.

Cliniwl Monitoring
In traditional pharmacy practice, there is increasing

responsibility of the pharmacist in the clinical monitoring
of drug use to promote rational pharrnacotherapy.
Although such professional activity is not yet tti~ng
place with the monitoring of PET radiopharmaceuticds,
there is a clear opportunity for pharmacists with
expertise in this area. Correlations between imaging
artifacts in patients, drug use and/or clinical laboratory
data may give insight into the interpretation of PET
scans and improve the accuracy of diagnostic
information.

Restirch
The emphasis on drug action, pharmamkinetics, and

pharmaceutics in pharmacy education creates
opportunities for the involvement of pharmacists in
research projects. The integration of nuclear
pharmacists with research activities is especially favored
at sites which combine research PET with clinical PET.
Pharmacists can contribute to research projects at a
variety of levels, ranging from radiopharrnaceutical
stability studies to evaluation of tracer kinetics and
interpretation of iatrogenic effects on PET imaging data.
Such research activities promote the image of the
profession among non-pharmacist colleagues, and
maintain practice standards for PET nuclear pharmacy at
a high level.

CONCLUSIONS

Pm is a sophisticated imaging modality that permits
physiologic measurements to be made in human subjects
in a noninvasive manner. Cardiovascular and metabolic
parameters that assist in therapeutic decision-mtilng can
be measurd by PET using positron-emitting
radiopharmaceutic~s. Labeld drugs ‘for clinical PET
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are formulated from accelerator-produced or generator-
eluted nuclides using rmdtistep compounding devices,
and are subjected to quality control tests to assure safety
and efficacy to the patient, In this exciting new field of
radiology, there is a special need for the expertise of
nuclear pharmacists in the preparation, quality control,
and application of PET radiopharmaceuticals.

ACKNOWLEDGEMENTS

% authon w ~ftifor~ownative &c&ns with
Drs. R.J. Gropler aad J.S. Perlinutter, and thank T.L.
Duckett and S.M. Siegelfor manuscriptpmpamtion,

WFERENCES

1.

2.

3.

4,

5.

6.

7.

8.

9.

10.

Phelps ME, Mazxiotta JC, Schelbert HR, edhors. Positron
emission tomographyandautoradiography.NewYork:Raven
-S, 1986.

Friedlsnder G, Kennedy JW, Macias M, Miller JM. Nuclear
and radiochemistry, 3rd ed. NewYork Wdey-Interscience,
1981.

Ter-Pogossian MM. Instrumentation for mrdmc positron
omission tomogmphy: background and historical perapmtive.
In: Bergmann SR, Sobel BE, editors. Positron emission
tomography of the hmtt. Mount Kiseo, NY: Futura
Publishing. 1992:1-12.

MuehHehner G, Karp JS. Positron emission tomography
imaging - technieal considerations. Sem Nucl Mcd 1986; 16:
35-50,

Ter-Pogossian MM. Basic principles of computed axial
tomo~phy. Sem Nucl Md 1977; 7: 109-127.

Fowler JS, Wolf AP. The synthesis of carbon-n, fluorin*18,
and nitrogen-13 labeled radiotracers for biomedical
applications. Nuclmr Science Series NAS-NS-3201. Oak
Ridge, TN: USDOE Technical Information Center, 1982.

Kilbourn MR. Fluorin&18 kbeling of mdiopharmaceutieals,
Nuclear Scienee Sefies NAS-NS-3203. Washington, DC:
National Academy %s, 1990.

MartirI WRW, Powers WJ, Raichle ME. Cerebral blood
volume m~ured with inhaled C’SO and positron emission
tomography. J Cereb Blood Flow M-b 1987; 7:421-426.

Kaplan JD, Calandrino FS, Schuster DP. A positron emission
tomographic comparison of pulmonary vascuhr permeab~lty
during the adult mpirato~ distress syndrome and pneumonia,
Am Rev Respir Dis 1991; 143: 150-154.

Herscoviteh P. Markham J. Wlchle ME. Brain blood flow
mmsud with intravenous H21~0,1. Theory and error analysis.
J Nuol Md 1983; 24:782-789.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

22

!,

Wlchle ME, Martin WRW. Herscoviteh P. Mintun MA.
Markham J. Brain blood flow measured ~th intravenous
H/50. II. Implementation and validation. J Nucl Med 1983; ,
24:790-798.

Fox PT, Mintun MA, Wichle ME, Herscovitch P. “a
noninvasive approach to quantitative functional brain mapping
with HZ’SOand positron emission tomography. J Cemb Blood
Flow Metab 1984; 4:329-333.

BergmannSR, HerroroP, MarkhamJ, et al. Noninvasive
quantitationof myocardialblood flow in human subjeets with
oxygen-15 labeled water and positron emission tomography. J
Am Coil Cardiol 1989; 14:639-652.

Hutchins GD,Schwaiger M, Rosenspire KC, Krivokapich J,
Schelbert H, Kuhl DE. Noninvasive quantification of regional
blood flow in the human h=rt using N-13 ammonia and
dynamic positron emission tomographic imaging. J Am Con
CardioI 1990; 15:1032-1042.

Yonekura Y, Tamaki N, Senda M, Nohara R, Kambara H,
Konishi Y, et al. Detection of coronary artery disease with
lJN.ammon~ ~d ~]gh-msolution POsitron-emissicm COITIPL5td

tomography. Am Heart J 1987; 113:645-654.

Demer LL, Gould KL, Goldsteh RA, Kirk*ide RL, Mullani
NA, SmaWg RW, et al. Assessmentof coronaryartery
diseaseseveritybypositronemission tomography. Comparison
with quantitative arteriography in 193 patients. Circulation
1989; 79:892-835.

Phelps ME, Hoffman EJ, Coleman RE, Welch MJ, Raich’
ME, Weiss ~, et al. Tomographic images of blood pool a o
perfusion in brain and hart. J Nucl Med 1976; 17:603-612.

Gould KL, Goldstein RA, Mullani NA, Kirkeeide RL, Won:
W-H, Tewson TJ, et al. Noninvasive assessment of eomna~
artery stenoses by myocardial perfusion imaging during
pharmacologic coronary vasodilation. VIII. CWleal feasibtilty
of positron cardiac imaging without a cyclotron using
generator-produced rubidium-82. J Am Coil Cardiol 1986; 7:
775-789.

Yen C-K, Yano Y, Budmger TF, FriedIand RP, Derenzo SE,
Huesman RH, et al. Brain tumor evaluation using Rb-82 and
positron emission tomography. J Nucl Mcd 1982; 23:532-537.

Selwyn AP, Allan RM, L*Abbate A, Horlock P, Camci P,
Cfark J, et al. Relation between regional myocardial upake of
rubidium-S2 and perfusion: absolute reduction of cation uptake
in ischemia. Am J Cardiol 1982; 50: 112-121.

MuUni NA, Gould KL. First-pass measurements of regiomd
blood flow with external deteetors. J Nucl Med 1983; 24:577-
581.

Fludeoxyglucose F 18 (Systemic). In: USP DI. Drug
Information for the H-lth Care Professional. Roc&Ille, MD:
United States Pharmacopeial Convention. 1990: 1391-1393.

Mintun MA, Raichle ME, Martin WRW,Herscovitch P. Bra.. o

oxygen utilization masurcd with 0-15 radiotraccrs and
positron emission tomogmphy. J Nucl Med 19S4; 25:177-187.



26.

27.

28.

29.

30.

31.

●
32.

33.

34.

35.

36.

Herscovitch P, Mintun MA, Raichle ME. Brain oxygen
utilization measured with oxygen-15 radiotracers and positron
emission tomography: generation of metabolic images. J Nucl
M4 1985; 26: 41W17.

Armbrecht JJ, Buxton DB, Brunken RC, Phelps ME, Schelbert
HR. Regional myocardial oxygen consumption detemtind
nonirtvasively in humans with [l-*lC]acetate and dynamic
positron tomography. Circulation 1989; 80:863-872.

Marshall RC, Tillisch JH, Pbelps ME, Huang S-C, Carson R,
Henze E, et al. Identification and differentiation of resting
myocardial ischemia and infarction in man with positron
computd tomogmphy, ‘EF-labeled fluorcdccxyglucose and N-
13 ammonia. Circuktion 1983; 67:766-778.

Grcpler W, Siegel BA, Geltman EM. Myocardial uptake of
carbon-1 l-actite as an tidkt estirnatc of regional myocardial
blood flOW. J Nut] Med 1991; 32:245-251.

Nerer CM, Shirley VS, editors. Table of isotopes. 7th
edition. New York: Wiley-Intcrscience, 1978.

Wolf AP, Jones WB. Cyclotrons for biomedical radioisotope
production. Radiochem Acts 1983; 34: 1-7.

Knapp FF, Butler TA, editors. Radionuclidegenerators.
Washington,DC: AmericanChemicalSociety,1984.

GennaroGP, Neirinckx RD, Bergner B, Muller B, Mu~er WR,
Waranis A, et al. A radionuclide generator and infusion
system for pharmaceutical quality Rb-82. In: Knapp FF, Butler
TA, editors. Radionuclide generators. Washington, DC:
American Chemical Society, 1984: 135-150.

Loc’h C, Mazierc B, Comar D. A new generator for ionic
gallium-68. J Nucl Med 1980; 21:171-173.

Welch MJ, Kilboum MR. A remote system for the routine
production of oxygen-15 radiopharmaceuticals. J bb Comp
Radiopharm 1985; 22:1193-1200.

MacDonald NS, Cook JS, Birdsall RL, McConnel LJ, Kuhl
DE. Nitrogen-13 labeled amonia for multiple tiny n~s in a
nucl~r medicine clinic. Proc 27th Conf Remote Syst Tech
1979; 314-315.

PAe VW, Eakins MN, Allan RM, Selwyn AP. Preparation of
[l-l’C]acetate - an agent for the study of myocardial
mtibohsm by positron emission tomography. Int J Appl
Radiat Isot 1982; 33:505-512.

Chaly T, Mattacchieri R, Velez JW, Dahl JR, Margouleff D.
A large scale manual production of [lSFJFDG using a synthetic
unit made of sterile disposable components and operated by a
master slave manipulator. Appl Radiat Isot 1990; 41:29-34.

Ido T, Iwata R. Fully automatd synthesis of 13NHj. J Lab
Comp Radiopharm 1981; 18:24.4-246.

Hamacher K, Blessing G, Nebehng B. Computer-aided synthesis
(CAS) of no-carrier-added 2-[ ’8F]fluoro-2dtixy-D-glucow: an
efficient automatd system for the amino-polyethr,r-suppcrted

nuclaphilic fluorination, Appl Radiat Isct 1990; 41:49-55.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Alexoff DL, Russell JAG, Shiue C-Y, Wolf AF, Fowler JS,
MacGregor RR. Moduhr automation in PET tracer
manufacturing: application of an atttosyntheatir to the
production of 2-daxy-2-[lsFlfluoro-D-glucose. Appl Radiat
Isot 1986; 37:1045-1061.

Padgett HC, Schmidt DC, Luxen A, Bida GT, Satyamurthy N,
Barrio JR. Computer-controlled radiochemical synthesis: a
chemistry process control unit for the automated production of
radiochemicals. Appl Radiat Isot 1989; 40: 43345.

Brodack JW, Kilboum MR, Welch MJ. Automated production
of several positron-emitting radiopharmaceuticals using a single
laboratory robot. Appl Radmt Isot 1988; 39:689-698.

Brodack JW, Kaiser SL, Welch MJ. Laboratory robotics for
the remote synthesis of generator-baaed positrcn-cmittiug
radiophamaceuticals. Lab Robot Autom 1989; 1:286-294.

Clark JC, Buckingham PD. Shoti-lived radioactive gases for
clinical use. Boston: Buttenvorths, 1975.

Parks NJ, Krohn KA. The synthesis of 13Nlabeled ammonia,
dinitrogen, nitrite, and nitrate using a single cyclotron target
system. Int J Appl Radiat Isot 1978; 29:754-757.

Wieland BW, Bida CT, Padgett HC, Hendry GO. Current
status of CTI target systems for the production of PET
radiochemicals. In: Ruth TJ, editor, Proceedings of the 3rd
workshop on targetry and target chemistry: 1990 Dee:
Vancouver, BC, 3448.

Norenberg JP, Simpson NR, Dunn BB, Kiesew~r DO.
Remote synthesis of [*iC]acetatc. Appl Radiat Isot 1992; 43:
943-945.

Meyer G-J, Gtinther K, Matzke K-H, Harms T, Hundeshagen
H. A modified preparation method for *lC actite, preventing
liquid phase extraction steps. J Lab Comp Radiopharm 1993;
32:182-183.

Korsakov MV, SOlovyov D, Horti AG, Kuznetaova OF,
Ndsson L-E, UlirI J. Robotic synthesis of [1-cafion-ll]acetic
acid. proceedings of the IVth International Workshop on
Targetry and Target Chemistry: 1991 Sep 9-12; Villigen,
Switzerland.

Fludaxyglucose F 18 Injection. In: USP XXII / NF XVII,
Suppl 1. Rockville, MD: United States Pharmacopeial
Convention, 1990. 2129-2130.

Hamacher K, Coenen HH, St6cklin G. Efficient stems~ific
synthesis of no-carrier-added 2-[18~ fluoro-24mxy-D-glucose
using aminopolyether supported nuclcophilic substitution. J
Nucl Mcd 1986; 27:235-238.

Brodack JW, Dence CD, Kilboum MR, Welch MJ. Robotic
production of 2-dmxy-2-[lgFJfluoro-D-glucose: a routine
method of synthesis using tetrabutylammonium [’8F’jfluoridc.
Appl Radiat Isot 1988; 39:699-703.

Moerlein SM, Brodack JW, Siegel BA, Welch BA.
Elimination of contaminant kryptofix 2.2.2 ti the routine
production of 2-[*sFlfluoro-2-deoxy-D-glucose, Appl Radiat
Isot 1989; 40:741-743.

23



53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Ammonia N 13 Injeetion.
Roekville, MD: Uniti
1990. 2367-2368.

In: USP XXII/ NF XVII, Suppl 3.
States Pharmaeopeial Convention,

Rubidium Rb 82 (Systemic). In: USP DI. Drug information
for the hdth ~ professional. Roekviie, MD: Unitd Stab
Pharmampeial Convention. 1990558-560.

Gennaro GP, Bergner BC, Haney PS, Kramer RH, Loberg
MD. Radioanalysis of %b generator eluates. Appl Radiat Isot
1987; 38:219-225.

Judge SM, Woods MJ, Waters SL, Butler KR. A partial deoay
scheme study of %b and consequences for radiation dose
m-urementa. Appl Radmt Isot 1987; 38: 185-190.

Thomas K@, Strontium-82 production at Los Alamos National
Laboratory. Appl Radiat Isot 1987; 38: 175-180.

USP XXII / NF XVII. Roelcville, MD: The United States
Pharmaeopeiat Convention, 1990.

Wfims CC, Borehert RD, Clanton JA. The bacterial endo-
toxin test k the PET facility. J Nucl Med 1993; 34:469473.

FDA Public Hearing. Regulatory Approach to Positron
Emsission Tomography (PET) Radiopharmaeeutieals: 19935
Mm, Roekviie, MD. Artington, VA: Institute for Cfileal
PET, 1993.

FDA Center for Drug Evaluation and Researeh. Guide to
ins#on of the production and mntrol of radlopharmaceutical
dmg products used in psitron emission tomography (PET).
Roekviie, MD: Food and Drug Administration, 1993.

Task Forec on PET Nuclear Pharmacy. Nuclear pharmacy
guidetinw for the eompoundmg of radiopharma=utieals for
positron emission tomography (drafi). Washington, DC:
AmeriMn Pharmaecutieal Association, 1993.

Board of pharrnawutical SFialtiea. Nuclear pharmacy
pmctiu standards. Washgton, DC: Ameria Pharmaceutical
Association, 1978.

QUE~IONS

1. An advantage of positron emission tomography over
mmputeri~ axial tomography or magnetic resonance
imagingis

a.
b.
c.
d.

human anatomyis imagedwith superior resolution.
titomical structures are imaged at reduced cost.

human physiology w be assessednoninvasively.
imaging intervalsare shorter.

2. Whichof the followingis not an advantageof PET over
conventionalnuclmr medicineimaging?

a. Superior image resolution
b. More physiologicalprocessescan be studied
c. Improved sensitivity
d. Dee- cost

3.

4.

5.

6.

7.

8.

9.

10.

PET ~ers functionby

a. positrons.
b. negatrons.
c. annihilationradiation.
d. random winciden~.

The scintillation crystal
scanners is

a. sodium iodide.
b. bismuth germanate.
c. barium fluoride.
d. cesium fluoride.

used in most clinical PET

Blood volume is measuredusing

a. [’sO]water.
b. [’sO]carbondioxide.
c. [’50]oxygen.
d. [’sO]carbonmonoxide.

The drug of choice for assessment of regional cerebral
blood flow is

a. [lsO]water.
b. AmmoniaN 13 Injection, USP.
c. RubidiumRb 82 Injwtion.
d. Fludmxyglumse F 1SInjection, USP.

A PET tracer commody used for sequential -; o
imaging is

a. AmmoniaN 13 Injection, USP.
b. RubidiumRb 82 Injection.
c. [150]oxygen.
d. [%a]gallium citrate.

A PET radiopharmaceutical that can be used for
=seasment of both cardiov~ular and metabolic
parametersis

a.
b.
c.
d.

[’sO]water.
AmmoniaN 13 Injection, USP.
[“C]acetate.
FludmxyglttcoseF 18 Injection, USP.

PET m~urement of pulmonary functionttsea

a. [l’C]acetate.
b. FludeoxyglueoseF 18 Injwtion, USP.
c. RubidiumRb 82 Injection.
d. [&Ga]galliumcitrate.

The tracer most widely used in clinicalPET is

a. [’sO]water.
b. Ammonia N 13 Injection, USP.
c. Fludeoxyglumse F 18 Injection, USP.
d. Rubidium Rb 82 lnjwtion.
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11. A PET radiopharmaceuticalthat is not used for boti
brain and hti imaging is

*
a. [l’C]awtate.

● b. RubidiumRb 82 Injection.
c. FludeoxyglucoseF 18 Injection, USP.
d. AmmoniaN 13 Injection,USP.

12. The longest/shortest-livednuclidti used in clinicalPET
are

a. fluorine-18/ oxygen-15.
b, fluorine-18/ rubidium-82.
c. gallium-68/ oxygen-15.
d. gallium-68/ rubidium-82.

13. An advantage of generator
cyclotron-produd nuclidesis

a. lower positron energy.
b. improved image resolution.
C. d=reased cost.

nuclides @mpared to

d. ease of attachmentto drug structur=.

14. A disadvantageof gallium48 compared to rubidium-82
is

a.
b.

● ~:.
generator lifetime.
potential for labelingsubstrates.
utility for mpid sequentialimaging.
positron energy.

15. fie devicesmost appropriatefor compoundingoxygen-
15 labeleddrugs are

a. on-line systems.
b. remotely-opmted systems.
c. automatedsystems.
d. robotic systems.

16. The chemid form of oxygen-15 produced in tie
cyclotrontarget is

a. oxygen.
b. carbon monoxide.
c. carbon dioxide.
d. water.

17. A reaction step used in the compoundingof AmmoniaN
13 Injection, USP, is

a. hydrolysis.
b. oxidation.
c. reduction.
d. electrolysis.

*

18.

19.

20.

21,

22.

23.

24,

25.

A Grignard reagent is used in the compoundingof

a. AmmoniaN 13 Injection, USP.
b. [“C]acetate.
c. Fludmxyglucose F 18 Injection,USP.
d. [’sO]water.

Resolubilizationis a step in the compoundingof

a.
b.

c.
d.

[@Ga]galliumcitrate.
AmmoniaN 13 Injmtion, USP.
[“C]acetate.
Fludaxyglucose F 18 Injwtion, USP.

Which of the followingPET tracers cannot be preparti
in multidose batches?

a. Fludmxyglucose F 18 Injection,USP
b. [llC]Acetate
C. [&Ga]Galliumcitrate
d. AmmoniaN 13 Injection, USP

Gas chromatography is commordy d for quality
control of

a, [lsO]carbonmonoxide.
b. AmmoniaN 13 Injection, USP.
c. [l’C]acetate.
d. FludeoxyglucoseF 18 Injection, USP.

Radiochemicalpurity is not routinely&ted for

a. [“O]Carbonmonoxide.
b. RubidiumRb 82 Injection.
c. [llCJacetate.
d. Fludmxyglucose F 18 Injection,USP.

Which of the followtig QC tests are not done on a pre-
releasebasis with PET tracers?

a. Radiochemimlpurity
b. Apyrogenicity
c. Sterility
d. pH

Radiopharmaceuticalsfor researchPET are regulatd by

a. RadioactiveDrug ResearchCommittees(RDRC).
b. NuclearRegulatory Commission(NRC).
c. Departmentof Energy (DOE),
d. NationalInstitu- of Hwlth (NIH).

Which of the following drugs is not tested for
radiochemicalpurity by the analyticalmethod notd?

a. [lsO]carbonmonoxide : GC
b. AmmoniaN 13 Inj=tion, USP : HPLC
c. [&Ga]galliumcitrate: HPLC
d. Fludaxyglucose F 18 Injection,USP : TLC
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