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Abstract. The increasing amount of clinically relevant can, in some cases, be avoided. The half-lives of these
information obtained by positron emission tomographyPET bio-isotopes are very short (20, 10 and 2 min, re-
(PET), primarily with fluorine-18 labelled 2-deoxy-2- spectively), which is an advantage for imaging in hu-
fluoro-p-glucose, has generated a demand for new routesans since large amounts of radioactivity can be admin-
for the widespread and cost-efficient use of positronistered for good counting rates initially while maintain-
emitting radiopharmaceuticals. New dual-head singleing a fairly low total absorbed radiation dose. The major
photon emission tomography (SPET) cameras are beindjsadvantage, on the other hand, is that these substances
developed which offer coincidence detection with cam-are too short-lived to be transported long distances.
era heads lacking a collimator or SPET imaging withThus, PET units that routinely us¥, 13N and1>0 must
specially designed collimators and additional photomot only invest in a camera and supporting equipment,
shielding. Thus, not only satellite PET imaging units butbut also have access to a cyclotron and radiochemistry
also nuclear medicine units investing in these newacilities for “on-demand” preparation of the required ra-
SPET/PET systems need to examine all available altediotracers. The capital investments that are needed on
natives for rational radionuclide supplies from host cy-site are therefore heavier than for any of the other imag-
clotrons. This article examines 25 “alternative” positron-ing techniques. This is a major reason for the tech-
emitting radionuclides, discusses the impact of their denique’s relative inaccessibility. If the sensitive biochemi-
cay properties on image quality and reviews methods fotal assays that are possible with PET [1] are to become
their production as well as for their application in imag-more feasible for routine imaging units, more cost-effec-
ing techniques. tive constellations must be found.

The B*-emitting radionuclide fluorine-18t,(,=1.8 h)
Key words:Positron emission tomography — Single-pho-can be produced in good yields even with low-energy

ton emission tomography — Positron emitters cyclotrons. It is often used in labelling reactions to gen-
erate analogues of compounds in which a C—H or C-OH
Eur J Nucl Med (1997) 24:1301-1327 bond has been replaced with al€~bond. These tracers

are, of course, somewhat more transportable than those
labelled with the shorter-lived bio-isotopes. 2-Deoxy-2-
fluoro-p-glucose labelled with8F ([18F]FDG) is by far
Introduction the most widely used of théF-labelled tracers. Meth-
ods for its synthesis are well validated [2] and they have
One of the most widely recognised advantages of posalso been automated for production of larger amounts to
tron emission tomography (PET) over single-photonsupply imaging units without their own tracer production
emission tomography (SPET) is its use of the attractiveinits. With optimised scheduling, it is possible to deliver
positron-emitting “bio-isotopes” (carbon-11, nitrogen- useful amounts oflfF]FDG even after several hours of
13, oxygen-15) for the investigation of biological pro- transportation by air.1{FJFDG has become more and
cesses. Thus the difficulties of designing non-endogemore important, particularly in imaging various cancer
nous radiotracers that reliably mimic natural substratediseases, since its uptake reflects functional behaviour
rather than  morphological  structures.  Thus
Correspondence taS.A. Larsson, Department of Hospital Phys- PET/8F]FDG studies may well add important informa-
ics, Section for Nuclear Medicine, Karolinska Hospital, S-17176tion and, in some cases, even replace alternative mor-
Stockholm, Swede phological modalities such as computed tomography
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(CT), magnetic resonance imaging (MRI) and ultra-positron-emitting radionuclides are used for combined
sound. An extensive review on oncological applicationsPET/SPET applications. Another drawback of the larger
of [18F]FDG &75% of all clinical applications) has re- scintillator thickness is that the intrinsic spatial resolu-
cently been presented in this journal [3], and its diagnostion in SPET is impaired by some 1-1.5 mm.
tic value in other clinical studies, especially in the heart, Various manufacturers and research groups are pres-
is well documented [4-12]. ently working on alternative scintillators, such as YSO
The advantages off]FDG have generated a consid- (yttrium oxyorthosilicate) and LSO (lutetium oxyortho-
erable demand for equipment that will allow its use outsilicate), (Siemens/CTI) with much higher photon atten-
side large, established PET centres. Manufacturers of nofation properties, a light yield that approaches that of
only PET but also SPET cameras have recognised tHeal(Tl) and a light decay time of 70 and 40 ns, respec-
need to adapt detector systems to meet the demandstofely. If these new scintillators are successfully em-
this market. Most SPET camera manufacturers now offeployed, cameras with much higher detection efficiency
specially designed collimators and additional camerand less contribution from disturbing scattering and ran-
shieldings for the performance of non-coincidence SPETom events may be a welcome present to the nuclear
with 511 keV photons from1$F]FDG. During the last medicine community in time for the year 2000.
2-3 years, coincidence systems based on conventional However, considering the use of these new camera
dual-head SPET cameras have also been designed asybtems, access té8fF]FDG may not always be suffi-
manufactured. However, most of the prototype camerasient to meet the requirements of nuclear medicine de-
were based on thin, 9.3 mm (3)8Nal(TI) scintillators, partments stemming from clinical pressure. Constella-
optimally designed for SPET and 140 keV-photons, andtions must be found that avoid the costs of buying and
therefore, had a very low photo-peak detection efficieninstalling a dedicated cyclotron for radionuclide deliver-
cy (around 12%) for 511 keV photons. Since the detecies ($1.5-2 million with additional supplies and service
tion efficiency at coincidence imaging is the square ofcontracts costing as much as $0.25-0.5 million annually)
the detection efficiency for each camera head, a maxjl5]. By using other, more long-lived radionuclides that
mum “true” coincidence rate of only about 1% of the in-can be transported greater distances from a “host” accel-
cident annihilation photons (in addition to disturbing erator facility or by using exclusively generator-pro-
contributions from scattered and random coincidencesjuced isotopes [16—20], the complexities associated with
could be achieved with these cameras. In order tooutine in-house radionuclide productions might be
achieve a “true” coincidence count rate of some thouavoided, capital expenses reduced, and the number as
sands/s at such a low detection efficiency, each camemell as cost of trained personnel and expert scientists
head must be able to handle several hundred thousanasnimised [15, 21, 22]. Although such organisations
of single photo-peak events and a million or more totahave traditionally been considered to be less flexible
events. This required a basic redesign of the old cametaan those with a dedicated cyclotron, use of “alterna-
electronics. A review on the properties of and problemgive” radionuclides presents a number of interesting pos-
encountered when using conventional dual-head cameraghilities not currently routinely pursued by more con-
for single and coincidence detection of PET radionuclventional PET units. Such possibilities might be consid-
ides has recently been presented [13]. Even though dataied for covering the cost of acquiring new camera tech-
on the imaging properties of newly designed dual-headiologies and might be used to extend the applications of
coincidence systems are rarely published, their spatiaurrently functioning PET satellite units.
resolution may be as good as 4-6 mm (FWHM) [13, 14] The spectrum of physiological processes that might
and clinical “coincidence” IfF]FDG images with ac- be studied expands as the types of radioactive element
ceptable PET quality are regularly presented. available increase. For example, the in vivo investigation
Most of the recently developed dual-head coincidencef cation fluxes requires a cationic tracer $28Rb* for
cameras are constructed with thicker scintillatorsK+). A number of cationic radionuclides can be pro-
[16 mm (5/8) or 19 mm (3/4)], giving a photo-peak co- duced by generators (rubidium-82, copper-62, gallium-
incidence counting efficiency that is of the order of 468, manganese-52m and indium-110) which can be sup-
times higher. The new electronics of these cameras peplied by more or less remote host facilities [16, 17, 20].
mit single-head count rates of the order of 1-2 millionFormulation or kit-type complexation to synthesise a va-
counts/s even though dead-time distortion may occur atety of radiotracers is subsequently performed on site.
these high rates. Using8F]FDG, for instance, which The half-lives of these radionuclides span a similar
has no additionay’s, the total coincidence rate may be range to those of the bio-isotopes. Thus, it is interesting
of the order of 70000 at a single count rate of around 1.80 consider whether they, as properly designed tracer
10%/s per head. After removal of “out-of-window”, scat- molecules, might be used to meet some of the require-
tered and random coincidences, a “true” coincidence rataments of lower cost satellite imaging centres.
of around 12000-15000/s remains. Although this is a Studies of slow biochemical processes may require
useful count rate for many clinical applications usingaccess to radionuclides that are more long-lived than the
[18F]FDG, difficulties may occur when these systemsPET bio-isotopes. For example, recent advances in the
also have to handle additiongk emitted when other use of monoclonal antibodies and related radioimmuno-

European Journal of Nuclear Medicine Vol. 24, No. 10, October 1997



1303

Table 1.Radionuclide generators and the

half-lives of their parent and positron-emit- Radionuclide Generator Parent Daughter

ting daughters considered for clinical use half-life, ty/ half-life, t;/

by satellite imaging uni 3 Parent Daughter
52mMn 52Fe 52mMn 8.28 h 21.1 min
62Cu 62Zn 62Cu 9.26 h 9.74 min
68Ga 68Ge 68Ga 271 days 1.14 h
82Rb 825r 82Rb 25.6 days 1.27 min
110 1105n 110n 4,11 h 1.15h
1185p 118Te 1185p 6.00 days 3.6 min
122 122X e 122 20.1h 3.62 min

Table 2. Decay modes and the positron yields (%) for the selected PET radionuclides considered in ti:2 review

Radionuclide Half-life B*-yield Daughter ty Comments

(t0) product daughter
Generator-produced radionuclides
52mMin 21.1 min 97 52Cr Stable One branch (1.81%) decay$2dn via IT
62Cu 9.74 min 97 62N Stable
68Ga 68.1 min 89 68Zn Stable
82Rb 1.27 min 95 82Kr Stable
119n 1.15h 62 110Cd Stable
1185p 3.5 min 74 11835n Stable
122 3.63 min 77 122Te Stable
Cyclotron-produced radionuclides
18 1.83h 97 180 Stable
34mC]| 32.2 min 54 34S (55%) Stable

34Cl (45%) 1.53s 34Cl-branch decays b (100%) to34S

38K 7.64 min 100 38Ar Stable
5IMn 46.2 min 97 51Cr 27.7 days S1Cr decays taV (stable)
52Mn 5.59 days 29 52Cr Stable
S2Fe 8.28 h 56 52mMin 21.1 min Daughter of2™Mn is B*-emitting
55Co 17.5h 76 55Fe 2.6 years Long, of daughter
61Cu 3.41h 61 61N Stable
64Cu 12.7 h 18 64Ni, 64Zn Stable
2As 1.08 days 88 2Ge Stable
Br 1.62h 71 sSe 120 days Long,, of daughter
76Br 16.2 h 54 76Se Stable
82mRb 6.47 h 23 82Kr Stable
835r 1.35 days 24 83Rb 83 days 83Rb decays t83Kr (stable) via®3mKr (1.86 h)
86y 14.7 h 33 86Sr Stable
897r 3.27 days 23 8omy 16s 8lmy decays t#9Y (stable)
94T ¢ 52.0 min 70 94Mo Stable
129 1.35h 46 120Te Stable
129 4.18 days 23 124Te Stable

therapy favour the use of long-lived radioisotopes in tution and image reconstruction capabilities makes in-
mour diagnosis and therapy. It has also been argued [28teased use of long-lived radionuclides more acceptable,
that the only feasible means of accurately studying resince much lower amounts of injected radioactivity are
ceptor sites present in low concentrations is by usingequired for comparable images. It is worthwhile to ex-
very high affinity ligands labelled with long-lived iso- amine the imaging properties of such long-lived alterna-
topes that permit the “wash-out” phase to be analysed. ltive radionuclides for possible use in PET as well as du-
late images of long-lived radiotracers the receptor-boundl-head SPET “coincidence” cameras.

tracer should dominate the images, while with shorter- The present constellations of a host accelerator facili-
lived isotopes the non-specific binding may be considerty with satellite PET imaging units might conceivably
able and must be accounted for. The newest generatimome to encompass SPET/PET facilities. However, if
of high-resolution PET scanners with 3-D data collecthis development is to improve the nuclear medicine
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techniques currently in practice, tough requirements The intrinsic loss of spatial resolution due to the un-
must be made on the imaging properties of the camera®rtainty in distance between the origins of positron
as well as their accessibility. Descriptions of their accuemission and of positron-electron annihilation may be a
racy and sensitivity must also take into consideration théisturbing factor in applications requiring high resolu-
properties of the radionuclides used. Very few PET ration (i.e. relatively small regions of interest). Annihila-
dionuclides have imaging characteristics as attractive a&on occurs when the positron has sufficiently slowed
those oflsF. down from its high initial speed in order to interact with
Radiotracers labelled with the radionuclides dis-its anti-particle, the electron. The larger the positron en-
cussed in this review complement the arsenal of tracemrgy, the larger will be the average distance that it travels
labelled with the more conventional “bio-isotopes”. Forbefore annihilating and consequently, the larger the im-
clinical imaging units, two routes for obtainifig-emit-  pairment of the spatial resolution. This intrinsic effect is
ting radionuclides should be considered: radionuclideharacteristic for the radionuclide and is independent of
generators and direct access to a cyclotron. Some gendie design and imaging properties of the PET cameras.
ators for “alternative’B*-emitting radionuclides consid- For assessment of the loss of spatial resolution for the
ered for clinical use are presented in Table 1. The decawndionuclides listed in Table 2, the positron transmission
schemes for their daughter nuclides as well as for thin tissue was assumed to obey a monoexponential ex-
other cyclotron-produced radionuclides discussed in thipression,N=No exp(4x) where p=1.7;.,,, 114 is the
paper are listed in Table 2, with data fr@mble of iso- mass absorption coefficient ards the distance in mat-
topes[24, 25]. ter [26]. An average positron rangein soft tissue may
The “alternative”3*-emitting radionuclides have of- be assessed byland the associated estimated intrinsic
ten been developed with the idea of opening new avdess of spatial resolution,R? is listed for each radionu-
nues for centres with or without a cyclotron to performclide in Table 3, as well as its maximysh energy and
new basic research and clinical evaluations as well as fts relative yield of positron emission. Data for maxi-
better exploit the unique characteristics of the PET techmum energy were obtained from thiable of isotopes
nique. The production of most of these alternative nucl{24]. When positrons of different energy are emitted,
ides requires mediumhigh energy (>20 MeV) beam their ranges were weighted with their relative yield in or-
lines although a few can be performed with low-energyder to estimate some average intrinsic loss of resolution.
(<20 MeV) cyclotrons. For PET centres which already Another factor which must be considered is whether
have access to a dedicated accelerator, we hope this additionaly-rays are emitted along with the positrons at
view will provide an insight into the potential of these the decay. Even though PET cameras have some energy
radionuclides for new implementations of PET. We alsaliscrimination that rejects photons with energies outside
hope that this review will serve as a basis for discussiona selected energy window, interference between 511 keV
on the operative design of satellite imaging units in theannihilation photons and other photons may still occur.
vicinity of potential host accelerators. Below we briefly PET cameras based on Nal(Tl) have an advantage over
describe these “non-conventionaf+-emitting radio- BGO cameras due to their better energy resolution and
nuclides along with their main physical and chemicalare thus capable of operating with a narrow discrimina-
characteristics, and, by no means exhaustively but hopé&ion window (450-550 keV). On the other hand, the
fully representatively, review their applications in imag- slow light decay of Nal(TI)1=230 ns) demands a large
ing techniques to date. pulse integration time during which disturbing photon
interference may occur. Since the single count rate capa-
bility of Nal(TI) is limited to somewhere in the range of
Physical properties of the radionuclides 1.5-2.5 million/s, the emission of additiongs along
with annihilation photons may limit the activity that can
Apart from their bio-compatibility, the PET bio-isotopes be administered, resulting in more randoms at the ex-
have a number of other qualities that make them attragense of a reduced “true” coincidence rate.
tive for imaging applications. They are all short-lived Values for the total-ray energy as well as for some
and decay to non-radioactive daughters. Therefore, thgyrincipal photon lines and their yields are presented for
can be administered in relatively large amounts withoueach radionuclide in Table 3 with data from Table of
exposing patients or volunteers to high radiation dosessotopes[25]. As compared td8F and the bio-isotopes,
Secondly, their positron energies are less than 2 MeV, resome radionuclides (and daughter products) emit a large
sulting in an intrinsic loss of spatial resolution of lessfraction of additional photons which, as mentioned
than 2 mm due to the positron range. Finally, they do noabove, may cause severe complications due to pile-up or
emit additionaly’s which may contribute to additional random events in coincidence detection. The use of such
random coincidences or pile-up problems in the elecnuclides will also introduce problems for SPET imaging
tronics. An examination of potential utility of other ra- due to septa penetration by the high-energy photons
dionuclides for low-cost units should consider these baemitted.
sic physical properties as well as the biodistribution of The applicability of PET has been been dependent on
the labelled tracer molecules. the facts that sufficiently large amounts of the very
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Table 3. Intrinsic physical properties of alternative PET radionuclides with impact on image quality in PET ari SPET

Radionuclide Brmax Intrinsic y-energy Principal Comments
(MeV) spatial released/ y-energies
resolution decay (MeV) and
loss (mm) (keV) yield [%]
Generator-produced radionuclides
52mMin 2.63 35 1422 1.43 (98%)
62Cu 2.93 4.0 7 -
68Ga 1.90 2.4 38 1.08 (3%)
82Rb 3.35 4.7 118 0.777 (13%)
110n 2.25 3.0 929 Complex 0.60-3.8
0.658 (98%)
1185p 2.70 3.6 51 -
127 3.12 4.3 160 0.564 (18%)
Cyclotron-produced radionuclides
18F 0.635 0.7 - -
34mC| 2.47 (0.57) 2.6 1561 0.146 (41%) Additional contribution fréf@l-positrons
1.35(0.43) 2.12 (42%) @=4.5 MeV). Noy-rays
and more
38K 2.60 35 2.17 (100%)
51Mn 2.21 2.9 - -
52Mn 0.575 0.63 3156 0.744 (90%) >1000ptbays pe3+ decay
0.935 (95%)
1.43 (100%)
52Fe 0.804 0.92 174 0.169 (98%) Additional contribution fredmMn
55Co 1.50 (0.58) 1.6 1221 0.48 (20%)
1.04 (0.42) 0.93 (75%)
1.41 (17%)
61Cu 1.22 15 199 0.283 (13%)
0.656 (11%)
84Cu 0.657 0.73 - -
2As 3.32 (0.20) 3.6 881 Complex 0.05-3.99
2.49 (0.80) 0.834 (80%)
Br 1.74 2.2 473 Complex 0.11-0.89
0.286 (92%)
76Br 3.98 (0.18) 5.3 2226 Complex 0.21-4.6
3.44 (0.88) 0.559 (74%)
82mMRpb 0.800 0.91 2530 0.554 (63%) >30@8ays pei3* decay
0.776 (85%)
and more
835r 1.23 (0.90) 1.4 540 Complex 0.04-2.1
0.803 (0.10) 0.762 (30%)
86y 2.34 (0.04) 1.8 3252 Complex 0.132-3.9 >600%ays pei3* decay
2.02 (0.15) 1.08 (83%)
1.60 (0.21) 1.15 (31%)
1.25 (0.45) and more
1.04 (0.15)
897r 0.897 1.0 <25 - Additional contribution froPAmY
94mTc 2.47 3.3 1226 Complex 0.87-3.9
0.871 (94%)
129 4.60 (0.42) 5.4 Complex 0.42-3.1 >600ptays pef3* decay
4.03 (0.30) 4471 0.56 (99%)
2.49 (0.15) 0.60 (87%)
1.54 (0.05)
129 2.13 (0.49) 2.3 Complex 0.19-3.0
1.53 (0.46) 852 0.602 (61%)
0.808 (0.05)
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Table 4. The effective dose per MBq for some alternative PET radionuclides and some selected SPET radionuclides at biological half-
lives of 1 h, 10 h and 100 h. The values must be used with caution since they are calculated assuming complete uniform distribution of th
radionuclides in man. Doses from daughter products are not included in the: values

Radionuclide Effective Effective Effective Effective Comments
dose dose dose dose
constant (mSv/IMBQ) (mSv/IMBQ) (mSv/IMBQ)
mSv/MBg-h  T,=1h T,=10 h T,=100 h
x10-3 x10-3 x10-3 x10-3

Generator-produced PET radionuclides

52mMin 16.3 6.11 7.98 8.23

62Cu 13.4 2.69 3.08 3.12

68Ga 8.93 6.85 13.2 14.5

82Rb 14.6 0.428 0.436 0.437

110n n.a. - - -

1185h 9.7 0.766 0.805 0.81

127 13.0 1.08 1.13 1.14

Cyclotron-produced PET radionuclides

18k 5.37 5.00 12 13.9 1$F] FDG EDEQq=27x1€ mSv/MBq

34mC| n.a. - - -

38K 18.7 3.03 3.38 3.42

5IMn 10.6 6.64 10.9 11.7 5iCr (EDEQ=260x1€ mSv/MBq)

52Mn 11.2 16.0 150 924 High doses at long biological half-life

S2Fe 4.00 5.14 26.1 44 5¢mMn. Large discrepancy with ICRP 53
(1000x163 mSv/MBQq)

55Co 9.72 13.2 89.1 208 5%Fe (2.7 years) EDEq=5900xBhSv/MBq

61Cu n.a. - -

64Cu 1.59 2.12 12.8 25.8

2As 13.7 19.0 142 407 High doses at long biological half-lives

Br 7.85 7.01 15.8 18.1 “Se (120 d). EDEq=3500x18nSv/MBq

76Br 12.5 16.9 111 250

82mMRpb 9.94 12.3 54.8 83.6

835y 3.61 5.04 39.7 127 8%Rb (83 days) anéP™Kr doses

86y n.a. - - -

897r n.a. - - -

94T c 12.0 8.06 13.9 15

129 n.a. - - -

124 491 7.00 64.3 354 High doses at long biological half-lives

SPET radionuclides

99T ¢ 0.575 0.710 3.11 4.69

133 2.77 3.97 37.9 263 High doses at long biological half-lives

119n 1.73 2.46 21.7 101

n.a, Not available;EDEQq, effective dose equivalent from ICRF 53

short-lived bio-isotopes can be administered to maintain The estimated radiation doses per administered activ-
low noise and that repeated studies can be performeaty, mSv/MBq, are presented in Table 4 for most of the
without unacceptably high radiation doses. When utili-radionuclides considered for clinical use in this paper.
sing more long-lived positron-emitting radionuclides for Values are calculated for three alternative biological
clinical applications, dosimetry considerations may be+half-lives: 1 h, 10 h and 100 h. All calculations were
come a limiting factor. First, it should be rememberedbased on a uniform distribution of the radionuclide in
that the doses delivered by positrons (apart from the arthe whole body of an adult standard man and the values
nihilation radiation) are as large as those delivered byepresent the effective dose (ED). These values were cal-
negatrons (beta particles) of the same energy an@that culated by using the effective dose constants
emitting radionuclides are only rarely used in routine(mSv/MBg-h) obtained from the MIRDOSE 3 software
nuclear medicine imaging because of the high radiatiopackage [27].

doses. Secondly, in most clinical applications, the doses The values presented in Table 4 may differ consider-
increase with increasing physical half-life and with theably from those obtained in practice due to a different
emission of additionaf-rays. biological behaviour and alternative tissue concentra-
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tions of the actual radiopharmaceutical. However, theyn several studies usirf§Rb* and PET, patients predict-
may still be used to indicate when caution is recomed to benefit from coronary revascularisation could be
mended due to potentially high doses. The doses frontentified, cardiac risks were stratified and restenoses
the daughter radiation are not included in the tabulatediere diagnosed [48-51§2Rb* has been used to detect
values. Values for the dose/unit of activity of daughtercoronary collaterals [52, 53], in discriminating between
products are indicated by values for the effective dos@ibernating but viable myocardium and scar [54] and in
equivalent (EDEq) obtained from ICRP 53. Even thoughstudies of angina pectoris [55-57]. Absolute regional
the build-up of daughter activity may be only a smallmyocardial blood flow has been assessed u&iRip*
fraction of that of the parent for long-lived daughterand Saperstein’s method [58BRb* perfusion studies
nuclides, it may still have to be considered in the dosand metabolic studies using®f]FDG (available from
estimates performed prior to clinical trials, especiallyin-house or external facilities) were found to be compa-
when the biological half-life of both the parent and therable in the assessment of myocardial necrosis/viability.
daughter are long. Decreases in glucose metabolism paralleled losses in

membrane integrity for trappin®Rb* [42]. Rationales

for and implications of bolus versus infusion administra-

Properties of the non-conventional positron tion of 82Rb* have been reviewed by Jones [59]. The

emitters and their applications as imaging spatial and temporal reproducibility #Rb* myocardial

agents studies has been evaluated [60]. Myocardial blood flows
using8Rb* have also been absolutely quantified, which

Rubidium-82 might be important for those cases in which the abnor-
mal flows are homogeneous [61, 62].

82Rb is a short-lived (1.27 minj+-emitter (95%) pro- Although 82Rb* has been primarily used in studies of

duced by the electron capture decay848r ¢,,=25.6 myocardial perfusion, other organs have also been exam-
days). The availability of this generator system, the mosined. Tamaki and collaborators reported [63, 64] that re-
widely used in PET, has been an important factor in th@etitive imaging witH82Rb* could be used to detect acute
establishment and operation of facilities which, for ecochanges in renal perfusion and the flows measured with
nomic or space reasons, cannot support an in-house c§Rb* correlated well with those determined using mi-
clotron. The short half-life o¥2Rb has made the perfor- crospheres [65]. First-pas¥Rb* extraction has also
mance of multiple study protocols feasible even at sucheen used to estimate skeletal muscle perfusion [66] and
imaging units. Test-retests improve the reliability of theto detect plasma cell granuloma in the lung [67].
results obtained and sequential studies increase the prob- The intact blood-brain barrier (BBB) is highly imper-
ability that dynamic changes in ongoing pathologicalmeable to K. In normal cerebral tissue tB&Rb* extrac-
processes will be detected and that effects of therapeutiion fraction can only be quantitated for regions as large
measures can be directly observed. Howeverthen-  as a cerebral hemisphere [68]. However, when the BBB
ergy of82Rb is high (3.35 MeV), giving an intrinsic loss is disrupted, its permeability for cations increag&Rb*
of spatial resolution of almost 5 mm (FWHM), which has therefore been used to investigate qualitatively and
can be a disadvantage in imaging small areas of alteregliantitatively the integrity of the BBB, particularly in
uptake. On the other hand, the number of additig'sal the delineation of brain tumours, and, after radiation
introducing undesired random events is quite low (13%)therapy, to discriminate radiation necrosis from tumour
In vivo applications 0oB2Rb* are based on its ability recurrence [68—76].
to mimic the behaviour of the potassium cation [28]. The use 0f2Rb* has been more extensively discussed
Like 201T1+, it is extracted by the myocytes by thetNa in [77-79]. A cost-benefit analysis for the clinical imple-
K*-ATPase pump, enters the potassium pool and is agnentation of82Rb* has been presented [80, 84JRb*
tively retained in intact cells. The first-pass extraction iswas reported to be clearly superior28éTl+ with regard
high (70%-80%) for most tissues and the rate of clearto diagnostic potential as well as patient management. It
ance is slow compared with that of its physical decaywas proposed that implementation of a ratioff&b*
The 82Rp* uptake is therefore related to blood flow, the program would lower medical expenses and social costs
Nat/K*-ATPase pump and the cell membrane integrity. and increase the quality of medical care. The clinical im-
82Rb*, proposed as an alternative t8¥NJNH, for  pact of 82Rb*/PET has been illustrated in a number of
measurement of myocardial blood flow [29-32], has pridarge patient studies that have demonstrated its high di-
marily been used for imaging functional changes relatedgnostic accuracy in detecting coronary artery disease
to myocardial infarction. High accuracy in detecting and[43, 48, 49, 82-85].
assessing the function of areas with perfusion abnormal- Strontium-82 has been produced $8Rb* generator
ities, with or without vasoactive stress, has been reportggroduction by the high-energy (800 MeV protons) spal-
[33—-44]. Myocardial cell membrane integrity and viabil- lation of a molybdenum target [86] or by the irradiation
ity have also been evaluated sin®Rb* is rapidly  (p,xn) of RbCl with 85-51 MeV protons [87] or Rb met-
cleared from irreversibly damaged tissue, but is retainedl with 60 MeV protons [88]82Rb is obtained for bolus
in reversibly damaged and viable tissue [35, 42, 45-47hdministration and for continuous elution from a porta-
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ble generator [89-100]. Due to the 25-day half-life ofquality PET images, particularly with some of the more
the parent nuclide, this generator needs to be replacedcent agents [120-122]; however, high liver uptake of
every 1-2 months, depending on the calibration activitithese agents can affect images of the inferior wall of the
in relation to the utility. Radiation doses for PET studiesheart. Most of these compounds are neither freely diffus-
with 82Rb* have been estimated previously [101]. ible nor retained like microspheres, which limits their
usefulness in quantifying regional myocardial perfusion.
One exception seems to FEGa[(4,6-MeQsal),BA-
Gallium-68 PENT, which is not cleared during a 90-min observation
period [121]. It provides myocardial images very similar
68Ga* (B*=89%, t,,,=68.1 min, E&,,~1.90 MeV) is to those obtained using>p]water. Modifying the com-
usually obtained through the electron capture decay dflex so that the tracer clears more rapidly from the blood
germanium-68t(,,=271 days), absorbed on an appropri-pool could make this class of compounds very attractive
ate solid phase (i.e. generator produced). The half-liveagents for myocardial studies.
of both the mother and daughter nuclides, as well as the Many of the complexes §fGa* presented show lit-
other physical properties, are favourable for clinical im-tle brain uptake, indicating that lipid solubility is not the
plementation in imaging facilities lacking a cyclotron. sole requirement for penetration of the BBB [118]. In
The 68Gep8Ga generator can be used for 1-2 years anthct this non-diffusibility has been utilised in clinical
the equilibrium betweerf8Ga and®8Ge is re-attained studies:®8Ga-EDTA has improved sensitivity in detect-
rapidly enough to allow multiple radiotracer prepara-ing disruptures of the BBB in brain infarcts, intracranial
tions daily. Additionally, the,,, of 88Ga is long enough tumours and multiple sclerosis [123-127] but not in sub-
to permit multi-step syntheses and, for the appropriatarachnoid haemorrhage [128].
tracer, data acquisition over longer periods. Therefore, The hepatic binding protein has been targeted with
cameras with the highest possible sensitivity are not 8Ga-deferoxamine-galactosyl-neoglycoalbumin  (DF-
prerequisite for obtaining good images. Pterange of NGA), a PET correlate t8°"Tc-NGA [129]. The high
68Ga does not impair spatial resolution by more thartissue specificity indicates thédGa-DF-NGA could be a
2.4 mm, the fraction of additiongk is low (3%) and its good agent for studying hepatic function and chronic liv-
short t;,, implies a comparatively low radiation dose. er disease. Low-density lipoproteins (LDLs) have been
With properly designed tracer®Ga could be as useful DTPA-chelated wittf8Ga3* instead of labelled with23
for PET as technetium-99m is for SPET. so that lipoprotein catabolism in tissues might be quanti-
Injection of88Ga3* in the uncomplexed ionic form re- fied by use of PET [130]. Renal function has been stud-
sults in its very rapid association to native transferrinied in normal subjects witffGa-EDTA [131].68Ga-ali-
The highly stable binding requires that all radiopharmazarin (1,2-dihydroxyanthraquinone) has been reported to
ceutical preparations be free fro®Ga* impurities to  be a good liver-RES imaging agent #@a-alizarin red
ensure that the background blood radioactivity is as lows localises in the renal parenchyma similarly?%®T c-
as possible. In vivo formation ¢8Ga-transferrin has DMSA, allowing imaging of anatomical defects as well
been utilised for measuring pulmonary vascular permeas measurement of renal blood flows [132Ga-EDT-
ability in animals as well as in patients [102—-104]. TheMP and®Ga-DTPMP, which combine the bone-seeking
estimated transcapillary escape rates could be correlatetiaracteristics of phosphonic acid and the complexing
to the progression of the lung disea@&as* has been ability of EDTA and DTPA, have been investigated as
used to label separated red blood cells for obtainingkeletal imaging agents [133].
blood pool images [105] and platelets for detecting in- 98Ga-[DFO]-octreotide was developed for the diagno-
duced carotid artery injury, thrombosis or atherosclerosis of somatostatin-receptor positive tumours (gastroin-
sis, particularly if very high resolution cameras are availtestinal, pancreatic, breast and small cell pulmonary tu-
able [105, 106]. mours) [134]. Thef8Ga-labelled tracer provides a PET
Human serum albumin (HSA), macroaggregatedcomplement to thg-emitting 123-, 111in- and%’Ga-oct-
HSA (MAA) and albumin microspheres (SAM) have reotides already used in SPET or gamma camera scintig-
been labelled withé8Gad* [107-113]. Thesef8Ga-la-  raphy, allowing uptake to be quantified over time. Oct-
belled proteins have been used in PET studies of regiomeotide is more selective for these tumours than metabol-
al myocardial and pulmonary flow [111, 114-116].ic tracers such as&]FDG and }:C]methionine and it
68Ga-SAM has served as a standard when validatinglears from the blood pool and accumulates more rapidly
freely diffusible perfusion tracers since microspheres arén the tumour than monoclonal antibodies without risk-
mechanically trapped by capillaries and arterioles [117]ing an induced immune response.
When appropriately labelled, they may be used to obtain Fragments F(d}p, of a mouse monoclonal antibody
a highly accurate determination of tissue blood flow. for human parathyroid surface antigen, BB5-G1, were
A number of lipid-solublet8Gad* complexes have labelled with®8Ga [135]. Compared to th&d-labelled
been developed for imaging the brain and heart (see refragments the metal radioactivity cleared much more
erences in [118, 119]). High heart-to-blood ratios andslowly from the kidney. The labelled fractions appear to
uptakes proportional to blood flow have yielded good-be promising PET tracers since high target uptake rela-
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tive to muscle was observed in mice implanted with hubrane (the octanol/water partition coefficient is 100/1
man parathyroid tissue. [145]). The mechanism of retention is proposed to be
68Gad+ is usually obtained from 8Gef8Ga genera- due to the reduction of copper (1) to copper (l) by intra-
tor, which is often available on site for routine calibra-cellular sulph-hydryl groups, possibly initiated by the
tions and transmission scans. Td#&a+* generator has mitochondrial enzymatic system. The latter subsequently
progressed from the initial solvent extractions [136] tobinds non-specifically to intracellular macromolecules
the first chromatographic separation from aluminium[149-151].
with EDTA [137] and finally to the most widely used  62Cu-PTSM has been used in animals and humans to
elution from a tin dioxide support with HCI [138] (see estimate perfusion [152], primarily in the heart and brain
review in [139] and alternative methods in [140-142]).but also in the kidneys and in tumours. Pilot studies in
68Ge can be produced by theparticle bombardment of isolated perfused rabbit hearts [153] indicated that its
zinc targets or by proton spallation (600 MeV) of KBr single-pass extraction wag0% and its retention invari-
targets. Production routes available using low-energynt for normal physiological flow, hyperaemia, isch-
medical cyclotrons give low yields. aemia and hypoxia. Binding 8#Cu-PTSM to HSA has,
however, recently been shown to make the quantification
of hyperaemic flows difficult [154]. PET images ob-
Copper tained are of good quality and are comparable to those
obtained usinglpO]H,O [147], although imaging of the
A number of radionuclides of copper are potentially in-inferior wall of the heart is hindered by the considerable
teresting for nuclear medicine applications: fieemit-  uptake in the liver [155, 156]. Pharmacological vasodila-
ters 60Cu, 61Cu, 62Cu and®4Cu with t;,,=24 min, 3.4 h, tion with adenosine revealed that the tracer uptake is dif-
9.7 min and 12.7 h, respectively, as well as\Heenitter  fusion-limited and high flow rates can therefore be un-
67Cu witht,,,=59 h. Although this range of lifetimes and derestimated [157]. A mathematical approach for decou-
emission properties offers an unusual flexibility with re-pling flow estimates from extraction has been presented
spect to accessibility as well as potential areas for appland validated [158]. The reduction of copper (II) to cop-
cation, primarily62Cu and®4Cu have been utilised thus per (I) does not occur immediately and there is some
far. The radionuclide has been complexed to an apprdsack-diffusion of the tracer during the first 3 min [159],
priate carrier for distribution studies or the metal ionwhich causes an underestimation of CBF in high-flow
alone has been used to study defects in the transport arehions.62Cu-PTSM is rapidly metabolised in vivo. All
absorption of copper. the radioactivity in the blood 1 min after tracer adminis-
tration is labelled metabolites [160]. For quantifications
requiring the use of an arterial input function, the arterial
Copper-62 blood has been subjected to an octanol extraction proce-
dure [158, 161] or a standard curve of average extrac-
62Cu decays almost exclusively Br-emission (97%, tions from reference studies has been applied [162].
Eg:mac=2.93 MeV). Interference from othgis does not Albumin has been labelled witf!Cu for use as a
have to be considered. Its 9.7-min half-life permits datdlood pool agent. Suc#Cu-labelled tracers are poten-
acquisition with less sensitive PET cameras over longetially useful for detecting vascular structures, for correct-
times for good counting statistics, but is short enough foing for radioactivity deriving from the vascular space,
sequential measurements in a subject to be made in oaed even for assessment of ventricular function. The
examination period. These properties are well suited fof2Cu-labelled agents provide short-lived alternatives to
perfusion agents, which has been the primary area fayenerator-produced&8Ga-transferrin, which may be a
the application of2Cu. Since®2Cu can be obtained from practical consideration when using multi-injection proto-
627n/62Cu generator systems [143, 144], a centraliseaols in imaging units lacking an in-house cyclotron.
cyclotron supplier would enable satellite imaging centresvlyocardial images witl#2Cu-benzyl-TETA-HSA (also
to perform planned sequential PET measurements fabbreviated as HSA-2IT-BAT) were found to be identi-
clinical and/or research purposes. The main disadvareal to the blood volume images obtained usingOC
tage of62Cu is its highp* energy giving an estimated [163]. Data acquisition over longer periods with the lon-
blur in spatial resolution of 4 mm, which could limit its ger-lived52Cu-labelled tracer can improve image quality.
ability to detect small areas of changes. 62Cu-HSA-DTS has also been successfully used for
Imaging methods based 6#Cu have primarily used measuring plasma volume and estimating regional cere-
one well-evaluated multi-organ perfusion tracer, its combral haematocrit in normal subjects and in patients with
plex with pyruvaldehyde bis(N4-methylthiosemicarbazo-cerebrovascular disease [164].
ne), PTSM [145-148F2Cu-PTSM is a lipophilic, small 62Cu is eluted from &2Zn/62Cu generator, with prepa-
molecular weight (308 Da) complex which clears rapidlyration of the radiopharmaceutical requiring from less
from the blood pool, with high first-pass extraction andthan 1 min to=10 min [143, 144, 165-171]. The zinc-62
prolonged tissue retention. The high initial uptake is dud€half-life 9.26 h) is produced by the nuclear reaction
to the diffusion of the complex through the cell mem-83Cu(p,n¥2Zn with a proton beam of 27.5 MeV. The
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physical characteristics of the parent nuclide fit wellin copper metabolism in mice bearing ascitic Krebs tu-
with an on-demand production of tB&n/f62Cu genera- mour cells [190] as well as copper excretory capacities
tor by either an in-house or a regional medium-energyn sheep [191].
cyclotron. The generator can be used for 1-2 days fol- 64Cu can be produced by the proton irradiation of
lowing its production. The production 6#Zn as a co- naNi [192] or enriched’8Zn [193]. Both methods are
product after the bombardment of a target for the synthdew-yield routes and suffer from co-production %€u
sis 0f123 has also been suggested [172]. and87Cu impurities, respectively. Production in a nucle-
ar reactor by3Cu(ny)%4Cu gives a low specific activity
product which may be improved by using the Szilard-
Copper-64 Chalmers process [194] or t%éZn(n,pf4Cu reaction.
Deuteron irradiation ofaZn has also been proposed, al-
64Cu (t,,=12.7 h) decays byp* emission (18%, though the yields are low [195]. Enriched targets have
Eg:ma=0.66 MeV) as well as by electron capture #nd been used for good yields with 295 MeV deuterons
emission. Many of the validation studies of Cu-PTSMin the84Ni(d,2n)4Cu reaction [196] or 129 MeV pro-
during the development of the short-livEeCu tracer ton irradiations irf4Ni(p,n)®4Cu [197]. The latter meth-
were performed in animals with the long-livéCu  od allows the use of low-energy cyclotrons.
[155, 160, 173]. The longer half-life is much more feasi-
ble for labelling biomolecules (see for example
[174-179]). lonict4Cu has also been used in studies ofCopper-61
copper metabolic disorders.
64Cu-labelled antibodies are potentially important for61Cu  has  physical  properties 4£3.41 h,
estimating radiation dosimetry by using PET to imageEg,,=1.2 MeV, 61%f* yield) that make it potentially
the tumours prior to therapy with the correspondingvery interesting for in vivo applications. However, to
67Cu-labelled antibody [180]. In high doses, 4€u-la-  date it has not been utilised to the same extent as either
belled antibody might itself be used for radioimmuno-62Cu or 84Cu. 61Cu can be produced by#Ni(a,p)®iCu
therapy. An anticolorectal carcinoma monoclonal anti-(21 MeV) [198] and®®Co(a,2nf1Cu (40 MeV), the lat-
body, 1A3, and its fragments 1A3-F(gbhave been la- ter method being free froffCu impurity [199], as well
belled with®4Cu using the bifunctional chelate Br-ben- as by®INi(p,n)f1Cu (12-9 MeV) [197].
zyl-TETA [175]. Tumour uptake in the hamster model
was superior to the corresponding indium-111 and io-
dine-125 labelled antibodies and fragmert€u-ben-  Technetium-94m
zyl-TETA-1A3 has shown promise in the detection of
small colorectal tumours in humans [181]. High uptake®4™Tc (t,,,=52 min) decays byp* emission (70%,
in the kidneys hindered the use of the fragments clinicalkg, ,,,=2.47 MeV). Access to this radionuclide makes it
ly until a lower molecular weight impurity was removed possible to use PET to solve problems with estimating
chromatographically [182]. Both the tumour uptake andhe uptake of-emitting 9"Tc-labelled SPET radiophar-
the kidney clearance were improved, thereby allowingnaceuticals [200]. The quantitative superiority of PET
the fragments to be administered clinically with reasonpermits modelling of tracer kinetics, dosimetry measure-
able absorbed dose%Cu-CPTAD-Phe-octreotide was ments and studies of structure-activity relationships with
synthesised for imaging somatostatin receptors in tuthe 94nTc-labelled tracers prior to their ultimate wider
mours [183]. Although its uptake in target was 2.5 timesapplication in SPET techniques. The successful prepara-
higher than that oftln-DPTA-p-Phe-octreotide, the tion of 94mTc as pertechnetate allows use of the same
high liver and kidney retention made it less desirable focommercially available kits to prepare tracers for the
use in humans. PET-operating dual-head cameras which will be chemi-
The availability ofé4Cu provides a means of studying cally identical to those labelled wit™Tc, the most im-
copper transport phenomena in isolated cultures or dportanty-emitting radionuclide of recent decades.
rectly in the organism. Three diseases are clearly attrib- Perfusion tracers labelled witi"Tc have been used
utable to defects in copper metabolism in human cellsfor in vivo myocardial studies. In normal subjects and in
Menkes' syndrome, Wilson's disease (WD) and X-patients with perfusion defect®¥mTc-teboroxime imag-
linked cutis laxa®Cu was used to study changes in thees were shown to be strongly correlated to those ob-
uptake and binding affinity for Cu in liver metal- tained usingBN]NH; [200]. Good-quality images were
lothioneins and cells from patients with Menkes’ syn-obtained even though the increased absorbed radiation
drome [184-187]%4Cu export from liver was studied in dose required th&*MTc-teboroxime be administered in
neonatal pigs as an animal model for patients with WDdoses one-seventh that $ffTc-teboroxime [201, 202].
[188]. In WD patients an increase in urinary copper lossn a combined SPET/PET study, the extent of defects in
was detected [189], which could have implications forpatients with coronary disease was found to be similar
predictions of their response to copper chelation therapysing PET with®4"Tc-methoxyisobutylisonitrile (MIBI)
64Cu has also been used to investigate liver disturbancesd [3N]NH; but was assessed to be larger with SPET
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and®nTc-MIBI [203]. It was suggested that the overes-and size of the brain damage and also confirmed and lo-
timation could be due to the lack of attenuation correcealised the EEG findings [216]. The ability to image
tion in SPET. considerably later than the tracer administration may be
A number of possible methods for produci#f§Tc  a requirement in patients being treated for primary cere-
have been examined@Mo(p,nP4Tc (13.5-11 MeV), brovascular injury.
naNb(3He,2n) %4nTc (18-10 MeV), 92Mo(a,pn) %4MTc 55Co has been chelated to bleomycin for studies of
(26-18 MeV) and2Mo(a,2nP4Ru- 94T¢c (26—-18 MeV) lung cancer and brain metastases [221-224]. Quantita-
[200, 204-208]. To obtain sufficient yields with small tive information on the biodistribution ¢Co-labelled
cyclotrons E <17 MeV), the%Mo(p,nP4"Tc is the pro- monoclonal antibodies in mice has been repofw&eh?*
duction metﬁod of choice. Using natural molybdenumconjugated by 4-ICE to MAbs of human LS-174T tu-
foil results in six other Tc isotopes as radionuclidic im-mours showed a tumour uptake higher than that in the
purities. Methods for avoiding radionuclidic impurities blood, liver and kidney [210].
have recently been investigated [209]. 55Co production by théHe bombardment of Mn has
been examined [225P5Co has been produced by the
56Fe(p,2n¥°Co reaction using 4927 MeV protons
Cobalt-55 [226]. The long-lived>¢Co is co-produced, which re-
quires that>Co be used within 48 h after bombardment
55Co (t;,,=17.5 h) decays to a large extent (76%)Ry to minimise impurity levels to <5%. THéCo impurity is
emission. The energy of tifig, ..is 1.50 (0.58) and 1.04 reduced when lower beam energies are used [210]. Alter-
(0.42) MeV, giving an estimated loss of 1.6 mm in thenatively, use of enriched target material in the
intrinsic spatial resolution. There are three othisr  54Fe(d,n}>Co reaction is reported to give good yields and
(0.48, 0.93 and 1.41 MeV) associated with the decay gpurity and the target material can be recovered [227].
55Co, resulting in=115% extray's per * emission.
However, phantom studies witCo have shown that
satisfactory resolution can be attained [210] and its phalPotassium-38
macokinetics has been evaluated [211]. SFCG® de-
cays tos5Fe ¢,,=2.6 years with an effective dose of 38K decays with the emission of a positron (100%,
about 6 mSv/MBq, ICRP 60) it is important that the rel-Eg,,,=2.60 MeV). The half-life t{,,=7.6 min) is short
ative amounts of the daughter nuclide are not allowed tenough to allow test-retest studies, but also long enough
increase due to long time lapses between production arid allow data acquisition for several minutes to study or-
administration. Even though the build up of activity of gan uptake as well as clearance ffitenergy causes an
55Fe would be only a small fraction of that BCo, its  estimated 3.5 mm loss in spatial resolution. Phantom
contribution to the effective dose might have to be constudies have shown that quantitatively satisfactory imag-
sidered. es can be obtained [228]. PET imaging has focussed on
55Co has been used in PET imaging either in the ionicationic 38K, primarily as a tracer of myocardial perfu-
form or chelated with biomolecules. Serial PET studiession. The whole-body radiation exposure is not a partic-
of pathological processes have been possible up to sevedarly limiting consideration [229, 230]. SincéK is
al days after the tracer administrati®®Co?* has pri- fairly short-lived and not generator-produced, only im-
marily been used as a marker for calcium uptake in deaging units in close proximity to the cyclotron supplier
generating brain tissue [212-216] and for quantitativecould feasibly use this nuclide routinely.
tomocisternography [192]. Intraneuronal accumulation K+ is the main intracellular cation. Its transport inside
of C&+ is believed to be a mechanism initiating isch-the membrane of the myocardial cell, mediated by the
aemia- and disease-related neuronal death [23Q¢{2* Nat/K+-ATPase pump, is proportional to regional blood
normally crosses the intact BBB to a low extent and penflow and to cell metabolism. Initial extraction is high
etrates the neurones through a non-selective cation ent(§5%) [231].38K* clears rapidly from the blood and pla-
pathway permeable to €a C?* and Mr#+ [218, 219].  teaus in the myocardium between 10 and 15 min [156].
These ion channels are activated to varying degrees tgstimates of absolute myocardial perfusion made with
excitatory amino acids [220]. Accumulation®€o?* in 38K+ correlated well with those of microspheres, but
excitotoxic lesions produced by kainic acid in cats illus-were less accurate than withQ@]H,O [232]. Similar to
trated its potential for imaging such neurodegenerativé?Rb, its retention is not linearly related to myocardial
processes [212]. Patients with ischaemic stroke were eblood flow at high flow rates and underestimation of
amined 18-25 h after tracer injection and 20-80 h afteflow is unavoidable [156, 233]. Compared wRFCu-
the first symptoms [214]. Significad®Co?+* accumula- PTSM and82Rb*, the uptake of8K+ in the liver is low,
tion in the damaged area was observed, irrespective @fhich is particularly advantageous for studies of the in-
the BBB damage. In some cases this accumulation prderior left ventricular wall [156]. Nor does it accumulate
ceded an anatomical visualisation of the infarcted aredn the lungs of smokers as doédNJNH, [233]. Uptake
by MRI and CT. In patients with moderate traumaticof 38K+ in the stomach does not affect the heart images.
brain injury, PET imaging witl¥5Co?* showed the site Significant effects of spinal cord stimulation for relief of
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neuralgic pain at rest and after exercise could not be ré&PET. It is also a shorter-lived alternative to the posi-
vealed by study of myocardial perfusion wi#8K*  tron-emitting7éBr, which to date has been more exten-
[233]. An increase in myocardial accumulation3gf+ sively used in labelling PET ligand&$Br decays with
concomitant with a decrease iH¥H]FDG uptake after 71% B* (Egyma=1.74 MeV) and a low intrinsic loss of
nifedipine administration in patients with systemic scle-spatial resolution (2.2 mm). The major contributiyig
rosis was concluded to indicate the beneficial anti-ischare from the 286 keV line (92%).

aemic effects of nifedipine [234]. Br has been used to synthesise: braygltcose

The short-term distribution @K+ in the brain of the analogues as tracers for the glucose transporter and
cat has been investigated [235]. At 15 min, the radioacblood flow agents [247, 248]; a brominated 1,4-benzodi-
tivity per gram white and grey matter was 0.12% andazepine °Br-BFB) promoted more as a cerebral blood
0.13% of the injected dose, respectively. The uptake wafbow tracer than a receptor mapping agent since the trac-
diffusion-limited. A rapid uptake was followed by a er’s transport inside neurons was essentially flow depen-
wash-out phase which was correlated to PACO dent [249, 250]; brominated neuroleptigsbfomospi-

A number of routes have been used for the productionoperidol, bromperidol, brombenperidol) for studies of
of 38K: 40Ca(dp)38K [236, 237], 4%Ar(p,3npsK [238], the dopamine receptor system [251-254] and zimelidine
40Cafy,xn)3eK [239], and the3>Cl(a,n)38K reaction [156, for study of serotonin receptors [255]. Methods have
240-244]. In the last-mentioned method the NaCl targedlso been presented for brominating aromatic substrates
is dissolved in sterile water after irradiation and the resuch asa-methyltyrosine, phenylalanine, uracil and cy-
sulting 38KCI can be delivered every 30-40 min, which tosine [256].
allows a complete rest/stress study in less than 2 h. A The production of reasonable quantities’eBr re-
small cyclotron can also be used for good yield88if  quires access to at least a medium-sized cyclotron.
by irradiating enriched argon with 16—-12 MeV protonsYields sufficient for investigative studies can be obtained
in the 38Ar(p,n)38K reaction [245]. Although the initial from small cyclotron proton or deuteron irradiations of
costs of the target material are high, little material is losthe krypton-78 or selenium-74-enriched targets, respec-
in the recovery and it can be recycled for repeated irradidvely [257—-259]. Synthetic quantities, however, are ob-
ations tained by the bombardment of arsenic-75 with helium-3

[260, 261],78Kr with deuterons [262] antfSe with pro-
tons [263, 264]. Possible production &Br via 75Kr
Bromine-75 and -76 with 90— 68 MeV deuterons has been studied [265].

Bromine radionuclides have, in general, complicated de-

cay schemes with some less than optimal physical pro@Bromine-76

erties for in vivo imaging/3Br is the most attractive of

the bromine radionuclide3®Br may give high radiation 76Br is a relatively long-lived (},=16.2 h) radionuclide

doses and has a very hifgh energy, which can degrade which emits positrons in 54% of its decays. The long

the spatial resolution by >5 mm. Despite the disadvankfetime can be attractive for the study of ligands which

tages, quite a number of radiolabelled molecules havequilibrate slowly in vivo. Target areas may be more op-

been synthesised which primarily target neuroreceptotimally visualised by scanning at later times when the

populations. The chemical reactivity and electronegativinon-specific uptake has decreased, as long as there are

ty of bromine is intermediate between that of the halonho recirculating metabolites which increasingly contrib-

gens most commonly used for radiolabelling, fluorineute to the specific signal. Radiation exposure consider-

and iodine. Since the C-Br bond is stronger than C-lations may, however, restrict the administered activity

the radiolabel is expected to be more metabolically staand therefore the statistical certainty of observations in

ble than with the iodo-compounds. Bromine-75 and -7éhumans at late times. The energy of the emitted positron

can be produced in specific activities high enough foiis high compared to that of the conventional PET nu-

most applications. Radiolabelling under no-carrier-addedlides, which can be an advantage for radiotherapeutic

conditions is comparable in complexity with that of ra-applications, but is a disadvantage for studies demanding

dioiodinations and is often easier than most synthesdsigh resolution. Many of the publications dfBr-la-

with high specific activity radiofluorine (see review in belled tracers have, in fact, noted th&r has more fa-

[246]). vourable properties for in vivo applications. In spite of
the difficulties,76Br-labelled ligands have been success-
fully used in humans for in vivo mapping of central re-

Bromine-75 ceptor populations. The majority of these ligands have
been developed by the Orsay PET group.

The half-life of7%Br (t,,,=1.62 h) is of the same order of

magnitude as that d8F. Thus,”5Br can potentially be Norepinephrine analoguet.oc’h et al. [266] described

used to synthesise positron-emitting bromine analoguethe synthesis and validation wfetabromobenzylguani-

to the fluoro- and iodo-compounds used in PET andline ([Br]MBBG), the brominated correlate to MIBG
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(metaiodobenzylguanidine). These compounds areBenzodiazepindn a preliminary report [282], the partial
functional analogues of norepinephrine that enter theagonist NNC 13-8199 was reported to accumulate pref-
neuron through the same amine pump [267] and are takerentially in regions with high benzodiazepine receptor
en up by myocytes [268]. It can be difficult to quantify density and the binding was readily displaced by flu-
the uptake ofy-emitting [13Y4]- and [123]MIBG with mazenil.

SPET, particularly when the enhancement in the target

organ is not very large compared to the adjacent tissuen-Acetylcholine.Changes in muscarinic acetylcholine
Valette et al. [269] reported thatsBr]MBBG had a high  receptors are believed to be associated with the develop-
cardiac uptake (heart/lung=5-8/1 in dogs) and that itsment of neurodegenerative disorders such as dementia.
neuronal uptake appeared to be less dependent on pabBhe antagonist 7fBr]BDEX (76Br-4-bromodexetimide)
sive diffusion than that of!p3]MIBG. In PC-12 phaeo- was shown to accumulate preferentially in mAChR-rich
chromocytoma tumours in nude mice, Clerc et al. [270]areas, i.e. the frontal cortex, hippocampus and striatum,
reported a high early uptake of®BrJ]MBBG which of rats and baboons [283]. The radioactivity in frontal
peaked after 8 h and an intracellular distribution of ra-cortex reached a plateau in <0.5 h while that in the cere-
dioactivity similar to that of 23]MIBG. The high affin-  bellum continued to decline throughout the observation
ity of [76Br]MBBG for the tumour target and the tenfold period (5 h). Selective uptake could be prevented by
greater range of the particles emitted indicated promisgoharmacological challenge.

for use of this tracer to quantify tumour uptake as well

as for internal radiotherapy, even at centres located #olypeptidesMouse epidermal growth factor, as a mod-
considerable distance from the cyclotron facilities. el for polypeptide distribution studies, was labelled with
78Br and compared with the correspondi?g-labelled

first PET ligands shown to localise preferentially ig- D ?%?p:r?é'di; [Eiiﬁ]ih?{(f)errigzefnéireéz?aroﬁgghlipyg?:semcg

”C.h areas, and it was also shown that its binding in ﬂ?%omponents were attributed to differences in metabolic
striatum of the baboon was saturable and could be dis;

. g . Stability and the strengths of the C—halogen bonds.
plgced by Spiperone [271, 27.2]' Neuraleptic interaction 78Br is produced by théHe irradiation of thin metal-
with D, binding sites was illustrated by the lower

) X . . lic arsenic or CyAs alloy targets [260, 285, 286]. With
[78Br|BSP striatum/cerebellum ratios in haloperidol- . ; . )
treated schizophrenics than in a control group [273]h|gher energy beams, the radiopharmaceutical prepara

Loss of striatal B receptors in a neurological diseasetion 's delayed by 15 h in order to reduce tr con-
P 9 tamination. Highest thick target yields have been report-

(progressive supranuclear palsy) was demonstrated in VK 1 76 6 : ;
. . . A or the’6Se(p,n¥oBr reaction [287, 288] but the high
E/%B\:\ilér:ornlzoﬁsg)rir d(tah((eB{iIStbtierji vagrr]eﬁsé]lgcstr\)/e[lz?].D cost of the enriche®@Se has probably contributed to the
: ; ; YU fact that it is not used for synthetic batch productions.
receptors than BSP and its striatal uptake is 2 times lar "he "aBr(p,xnY/8Kr . 76Br reaction (see review in [289
er [2.75]'.A m_ethod foré In VIVO, kinetic analysis using 246]) requires high-energy beams and suffers from the
multiple injections of 16Br]Blis in baboons has been rather large impurity of/’Br. Separation techniques

presented [276].7Br]|Blis revealed the Dreceptor loss . o .
in the pharmacologically lesioned striatum and nigralg%\llgiezg%?\{ggo?een examined to optimise the yields of

dopamine cells in baboons [277]. A comparison of the
striatum/cerebellum ratios of 7Br|Blis uptake in
schizophrenics with those of a control group corroboratiodme_124
ed the results obtained witHC-ligands indicating no

quantifiable differences in the numbers of @ceptors ,,

. : : . ; 4 has a complex decay scheme. Only 23% of its de-
215780;,%02??2;; [Ii?e]lllegr\(/)vri?TlﬁnBarteﬁa\?eeT)ZleEIOinSOV\I/:nLBcayS lead to the emission of positrons, most of which are

in the baboon to bind selectively and with high affinity °F '€1atively high energy. Many high energs are also

. 5 N i .
to D, receptors [279], and it has been suggested thagtm'tted (>200% pep* decay), some in cascade with the

76 ) ositrons. The spatial resolution of PET images with
Lxgggtlr_igt:ﬁ; rgciypt[)oc;§S|bly be useful for the study of 124-labelled ligands is comparable to that of images with

the traditional PET radionuclides: estimated loss in spa-
Dopamine-Q. The 7®Br-labelled antagonist SCH 23390 tial resolution is 2.3 mm. However, image quality can be
has been shown to localise in-Bch areas in both mice enhanced somewhat if the ligand is highly specific for
and monkeys [280]. NNC 22-0010, g Bntagonist la- the target, if the imaging time is prolonged and if, when
belled with11C and7¢Br, showed regional uptake in pri- feasible, the administered activity is increased [291,
mates that was consistent with; Ibcalisation [281]. 292]. The long half-life (4.2 days) can allow serial scan-
Possible advantages of th@r-labelled ligand for test- ning of slow physiological processes over a period of
retest reproducibility in binding site quantification and days. For ligands with long biological half-lives, the ra-

for metabolic studies at times exceeding 1 h were disdiation dose may be a severe limiting factor. Obviously
cussed. its use does not require proximity to the accelerator.

Dopamine-D. [76Br]Spiperone (BSP) was one of the
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Most of the applications published have usétl sup- [304—-306]. Thel24Te(d,2n}24 process, which has been
plied by the King Faisal Specialist Hospital in Riyadh,used in Riyadh for world-wide deliveries, is described in
Saudi Arabia. [307, 308]. Methods for recovering 99% of th&Te
When the PET images are satisfacté#§l, can be an  from various target materials have been presented [309].
attractive complement tg-emitting iodine nuclides for Enriched 125Te costs less thant24Te. Yields for
predicting dosimetry for therapy witH3l-labelled 125Te(d,3n}24 are reported to be lower [309] but accept-
agents and for improving the accuracy of organ volumeable with thel25Te(p,2n}24 reaction [310]. In the latter
determination. Differentiatedf4]Nal uptake was re- method,123 (8%) would reduce by decay during isola-
ported in multinodal goitres of patients scheduled fortion and transport whilé23 was of the order of 5%.
partial thyroidectomy or radioiodine treatment [293]. Quality control ofl24 has been presented in [311].
The volumes estimated BY4/PET agreed well with
those measured following surgery. Functioning thyroid
volume was assessed with an accuracy of +4%—14% u¥ttrium-86
ing 124 [294]. Flower and collaborators [295] performed
[124]Nal PET scans of patients with Graves’ disease8Y (t,,=14.7 h,3*=33%, several positrons withg, ax
Reliable images as well as accurate calculations of upfarying from 2.34 MeV (4.6%) to 1.04 MeV (15%) and
take and estimations of dose delivery were obtainedy600%Y's per 3* emission) is interesting primarily for
which led to changes in their protocol for therapy withthe possibility of using PET to quantitatively assess the
[13Y4]Nal. The concentrations offf4]MIBG in tumour  pharmacokinetics of% agents used in the palliative
sites in the lung, liver and abdomen of patients with neutreatment of painful bone metastases. Sit®¥edecays
roblastoma and phaeochromcytoma were more reliablgntirely by(3- emission, a correspondiryg or 3*-emitter
estimated with PET than with SPERAIMIBG [296]. (7Y or 88Y vs 88Y) is needed for estimating optimal
The long half-life ofl24 is particularly suited for in therapeutic doses for humans. The half-life88f is
vivo studies of the prolonged time course of uptake ofong enough for sequential scans over several days. The
monoclonal antibodies (MAbs) in solid tumours. The ra-localisation of86Y-citrate in a patient with disseminated
diation dose delivered for thE4-labelled MAbs will  bone metastases from breast cancer was studied for up to
depend on the organ and the antibody used but is typ#5 h using PET [312]. Assuming constant storage of yt-
cally 0.5-2.5 times the correspondiftjl dose [297]. trium in the metastases and skeleton and using the up-
Higher doses have therefore been allowed in diagnosti@ke kinetics of thé%Y agent, radiation doses to the in-
studies of patients already scheduled for radiotherapylividual metastases and normal tissue (bone, liver, red
The uptake of24-labelled 3F8 MAb has been investi- marrow) for the®0Y agent could be calculated. The bio-
gated in neuroblastoma-bearing rats, a child with neuradistribution of86Y-citrate was compared with that #fy-
blastoma and a patient with glioma [291, 298, 299]. IEDTMP in patients with prostatic cancer and multiple
the rat studies there was a good agreement between thene metastases [313]. Both agents showed high tumour
124 images and biodistribution determined by excision.to bone uptake (average), but their kinetics differed.
Variation with time of the uptake of the antibody could Maximum uptake was reached faster with the EDTMP
be assessed. Binding constants for the labelled antibodyomplex (1.5 h vs 2 days), beRY-citrate was predicted
and the dosimetry foR3U]3F8 radiotherapy could be es- to give higher doses to the metastases.
timated. ICR 12, a MAb specific for the humaredB2 86Y can be produced either by bombardf§rCo,
proto-oncogene product, was successfully labelled witlwith 14.2-.10.2 MeV protons in th&5Sr(p,n$8Y reac-
124 and imaged in mice bearing human breast carcinomton or "aRb,CO; with 24-12 MeV 3He in the
xenografts [300]. Rubin and collaborators [301] reported2Rb(EHe,2nP6Y reaction [314]. The former gives fewer
the specific tumour localisation d#4-labelled MAbs  radioactive impurities (4% vs 300%) and can be per-
MX35 or MH99 in rats with subcutaneous human ovari-formed using small cyclotrons. The enriched target can
an cancer xenografts. Miraldi and collaborators [302] utbe recovered with good yields (90%).
ilised the 4% impurity of24 in commercially available
123 to perform a double labelling of 3F8 and subse-
qguently show that the PET images were more detaileiscellaneous
but otherwise corresponded well with the planar images.
[124]lodo-a-methyltyrosine was used to validate the Chlorine-34m
correspondingt23-labelled compound for SPET [303].
Specific uptake was observed in glioblastomas and th&mCl [t,,=32 min, B*=54%, Eg,,~2.47 MeV (0.57)
tumour/cortex ratios changed only minimally betweenand 1.35 MeV (0.43)] is potentially interesting since it is
15 and 60 min. It appears that its uptake can be used asrdermediate in size and electronegativity between the
measure of amino acid transport, but not of incorporaB*-emitterl8F and they-emitter123. It can be considered
tion into protein. an isostere of oxygen or hydroxyl substituents, which
124 can be produced using a low- to middle-energycan generate new routes fib-emitting analogues of O-
proton machine and thel?4Te(p,xn}24 reaction containing compounds. However, it has a complicated
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decay scheme witlB* contributions from34CIl, which  Iron-52 and manganese-52m

impairs the spatial resolutio*™CIl can be produced by

34S(p,np4mCl at 22 MeV [315] and®Cl(p,x)*4™Cl at >Fe ¢,,=8.28 h, B*=56%, E;.m,=0.804 MeV) and

35-22 MeV [316]. 52MMn (t;,=21.1 min,B*=97%, Eg,.=2.63 MeV) have
been proposed as bone marrow tracers [326—-328] and
for myocardial imaging, respectively [324, 32%™Mn

Zirconium-89 is generator produced in the decay>&e [330, 331].
52Fe can be produced by2Cr(3He,3n}ZFe [332],

Due to its long half-life89Zr (t,,=3.27 daysf*=23%, 50Cr(*He,2np2Fe [333],5Mn(p,4np%Fe [334, 335] and

EC=77%, Eg,ma=0-897 MeV) has been suggested for"@Ni(p,x)>?Fe [335, 336]. Such a generator must, howev-

use in quantifying the deposition of monoclonal antibod-er, be replenished frequently since the mother nuclide is

ies in tissue or tumour [317]. The Zr-Desferal complexso short-lived.

has been reported to be highly stable with <0.2% of the

Zr lost in 24 h [318]. Using the long-live@zr-Desferal

in a preliminary report [319], the antibody 323A3 was Indium-110

successfully labellec®®Zr can be obtained by the reac-

tions89Y(p,n)89Zr ands9y(d,2nyp9Zr [317-321]. Indium isotopes are routinely used to label biomedical
molecules, particularly blood components, for diagnostic
studies. At present the SPET nuclidédn (t,,=67 h) is

Strontium-83 the most widely used. Thg+-emitter119n (t,,,=1.15 h,
B*=62%, Eg,ma=2.25 MeV) would allow analogous

Palliative therapy witl§9Sr has been extensively used for compounds to be quantified with PET and sequential

pain in disseminated bone metastases. Use of3the studies to be performed within a relatively short time.

emitter83Sr [t;,,=1.35 daysp+=24%, Eg,,=1.23 MeV  Production methods that have been proposed are

(0.90) and 0.803 MeV (0.10)] and PET has been pro!l0Cd(p,n}1dn [337] and the generator systems

posed as a means of estimating strontium uptake in indin(p,xn)*10Sn-119n [338] and 110Cd@He,3n}10Sn-

vidual metastases and other tissues and to optimise thén [339]. The irradiation using enriché#Cd can be

apy. PET phantom measurements have been perform@dcomplished with high production yields using a small

for evaluation of89Sr dosimetry [322]83Sr has been cyclotron (<13 MeV) and the target material can be re-

produced by82Kr(3He,2n$3Sr with 18- 10 MeV [322]  covered. Similar to théZFep2™Mn generator, since de-

with radioactive impurities of 1% and 2.5%, respective-cay to119n occurs with &,,,=4.11 h, the generator will

ly. The daughtef3Rb should be considered when calcu-have to be replenished regularly from a larger host accel-

lating radiation doses due to its long half-life and itserator with 70 MeV protons or 36 Me3He.

emission of several intenygs.

lodine-120
Manganese-51 and -52
120 [B*=46%, t;,,=1.35 h, with a number of positrons
SIMn (t,=46.2 min, B*=97%, Eg,m,=2.21 MeV) and  with Eg, ranging from 1.5 MeV (4.8%) to 4.6 MeV
52Mn (t;,,=5.6 daysB*=29%, Eg,ma=0.575 MeV) have (42%)] has been suggested as an alternativétdor
been suggested for use in the diagnosis and treatment applications in which shortéy,, and highef3* emission
blood diseases [323], as cationic perfusion tracers [324re required [340]. The nuclide has a physical half-life
and for the study of the involvement of manganese in theompatible with the kinetics of MIBG, which is com-
pathophysiology of degenerative neurological diseasesionly labelled with'23 for somatostatin receptor stud-
[325]. 5IMn decays with formation of a daught&Cr ies, and the absorbed dose ¥1-MIBG has been esti-
which has &, of 28 days, requiring that biodistribution mated [341]. 120 is produced by the reaction
of the daughter nuclide be charted and accounted for i#2Te(p,3n}29 using 35 MeV protons with a yield of 7
dosimetry calculation$2Mn, on the other hand, decays mCi/uAh [340]. General drawbacks to its use are the
to a stable nuclide, but >10009s are emitted pep* large loss in spatial resolution (5.4 mm) and >60086
emission and may account for high radiation doses. Bother+ emission.
radionuclides have been produced in acceptable yields
on small cyclotrons b$*Fe(pa)>IMn and>2Cr(p,nP2Mn
reactions using 16.2 MeV protons [325] or on larger madodine-122
chines by théV(3He,2n$2Mn reaction [323].
Labelling of highly extracted compounds wit#2
(B*=77%,t,,,=3.6 min, Eg,,,=3.1 MeV) has been used
as a route to sequential rCBF measurements. 2,4-Dimeth-
oxy-N,N-dimethyl-5-L29]Jiodophenyl-isopropylamine and
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[122]-iodoperidol, analogues of amphetamine and halo€ations, other radionuclides are available that can be
peridol, respectively, have been synthesised for perfusidnansported from a remote cyclotron for imaging with
studies [342, 343]. Rapid electrophilic labelling tech-optimised PET cameras, coincidence coupled dual-head
niques typically used with other iodine radionuclides gaveameras or SPET cameras supplied with specially de-
purified product irc5 min. In animal studies, both tracers signed collimators and shielding. Several PET radio-
were rapidly extracted and retained in cerebral tissuewuclides have a SPET analogue®m{c/omTc,
Since radio-deiodination is not as much a concern with24122,12¢/123,13} ' 75,7y/77Byr, 110n/111n). Many mole-
this very short-lived nuclide, other analogues which haveules of biological interest also contain groups or func-
been shown to be metabolically unstable might be usabt®nalities that permit alternative labelling routes utili-
in these short scanning timé&? is generator produced sing either PET or SPET radionuclides. Integration of
from 122Xe gas, which is a by-product of the PET and SPET radiotracer development would pave the
127(p,5n)23Xe production of high-purity23 [342]. The  way for better exploitation of the current strengths of the
half-life of 122Xe (20.1 h) makes it necessary to replacewo techniques. Higher photon detection efficiency and
the generator 2—-3 times a week, depending on the workgher spatial resolution are achieved with PET due to
load. the “electronic” collimation in coincidence detection.
PET is also quantitatively superior to SPET, although
) new instrumentation and methods for scatter and attenu-
Arsenic-72 ation correction in SPET are reducing the differences.

7275 [3+=88%, t,;,=1.08 daysEq,yq=3.32 MeV (0.20) On the other hand, SPET and planar scintigraphy have

and 2.49 MeV (0.80)] has been suggested for in vivo us@n efficient world-wide net of radionuclide distribution
as a éhemical a.nalogue of phosphorus. It can be pr@-nd pre-manufactured radiolabelling kits. Daily labelling
duced by’2Ge(p,nJ2As using 14 MeV protons and the proc_et_dures are therefo_re sw_nple_, _maklng.such nuclear
enriched target material can be recovered by dry distiIIamedg'F?E_rte‘:hr"queS ra'ilonal n ::Imblc?l routines. ﬁ].n:fd' d
tion [344]. A drawback is the high radiation dose, which®™M camera system costs between one-third an

will restrict the administered activity at long biological ong-ﬁfth as much. as a h!gh-resolutlpn PE.T. amera,
half-lives. which further contributes to its economic feasibility.

In an ideal world, the first criterion for the choice of
imaging technique to be used should be the reliability of
Antimony 118 the information obtained. Once the reliability has been
ascertained, then cost-effectiveness demands must be
18Sb B*=74%,t,,,=3.5 min, Eg,,,,=2.7 MeV) for po-  considered. Integration of the imaging techniques would
tential use in the cationic or complexed form is generatogjlow kinetic information obtained from PET radiotracer
produced from the longer-lived tellurium-118,46  validations to be directly used to optimise tracers for
days) obtained by bombarding®Sb targets with SPET, particularly when the only difference between the
67.5-25 MeV protons [345, 346}18Sh gives low radi- tracers is that different isotopes of one of the atoms in
ation doses and has no serious physical drawbacks othgfe molecule are used. In this way PET methodology
than the short half-life of the parent, requiring schedulcould fairly easily be transferred to the more widely
ing for its frequent replacement. available SPET for large population studies or imple-
mentation into diagnostic routines. Furthermore, differ-
ences in the half-lives of the PET/SPET radionuclide an-
Summary alogues make complementary multi-technique studies
feasible in which the time of the in vivo observation
The positron-emitting radionuclides span a wide rangeould more appropriately be adapted to the speed of the
of half-lives and physical properties. Thus, in principle,biological process studied. Dual-headed camera systems
it would appear that an appropriate radionuclide couldor SPET and for whole-body imaging have recently be-
be found to suit most clinical demands. In practice, howeome an attractive alternative for high-volume, routine
ever, the applicability of a radionuclide is very much de-nuclear medicine investigations. When supplied with
pendent on how and in what quantities it can be proheavy high-energy collimators with thick septa, these
duced, whether and how far it can be transported, whetltameras can also be utilised with PET radiopharmaceuti-
er there are undesirable components in its decay schemals using conventional single-photon detection. Howev-
and, if so, how they affect image quality, whether the raer, both the spatial resolution and the sensitivity of these
dionuclide is chemically convertible to radiotracers withapplications will be greatly improved by the coinci-
appropriate biochemical behaviour and, finally, whethedence-coupled dual-head cameras under development.
its characteristics are compatible with the clinical ques- Most of the radionuclides and generator systems re-
tions being asked and the imaging techniques availabléewed here can be produced by a mediumgh-ener-
to study them. gy (<40 MeV) cyclotron. In general, the longest-lived
Even though!8F and the bio-isotopeslC, 13N and  nuclides can be transported and used up to day(s) after
150 are the most important radionuclides for PET applitheir production, although it must be remembered that
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the fraction of radioactive impurities and/or daughter 2.
nuclides may grow as the desired radionuclide decays.
Those radionuclides with short half-lives such¥éscan
only be implemented in proximity to the production site.
The generator-produced radionuclides allow a certain
amount of self-sufficiency, except for those which must
be replenished on a daily basis due to the short half-lives,
of the mother nuclide>fFef2Mn (8.28 h), 62Zn/62Cu
(9.26 h),1105nA10n (4.11 h)].

There are further physical factors to be considereds.
which may restrict use of alternative radionuclides in
certain clinical situations and/or with certain camera sys-
tems. For instance, when high spatial resolution is re-
quired, such as in imaging the functional behaviour in
small structures within an area with a complex uptake
pattern, radionuclides that emit high-energy positrons-,
are not an optimal choice and should probably be avoid-
ed. The intrinsic spatial resolution for images usiig
62Cu, 76Br, 82Rb and29 will be further impaired by 3.5, s.
4.0, 5.7, 4.7 and 6.3 mm, respectively, due to their high
positron energies.

For some applications, a high photon flux may be
problematic. The detection rate of random events in du-
al-head coincidence systems without collimators is ver
high with 18F and may be accentuated when using any o %L
the radionuclides that emit a large fractionysfper 3*

emission: for instancé2Mn (1018%),83Sr (313%) and 171

86Y (882%). Some of the radionuclideK, 51Mn, 52Fe,
75Br and118Sh) have additionals with very high ener-
gies, which would be expected to penetrate through a

SPET collimator and head shieldings, thereby limiting12.

their applicability in such systems. However, neither
62Cu nor %8Ga havey's that restrict their use in either
PET or SPET systems.

Finally, some of the alternative radionuclides conS|d—
ered for clinical use in this review2in, 55Co, 72As,
76Br and124) may give high radiation doses, especially

at long biological half-lives. The administered radioac-15.

tivity will have to be reduced accordingly, with image
quality degraded by the poor signal to noise ratios.

In spite of the physical limitations summarised here 16
some of these alternative radionuclides have been qwte
successfully used in specific research and clinical appll-
cations. However, the avenues chosen for applications
such radionuclides will be taken by many more imaging
units when the match between physical properties angg
clinical and imaging limitations is as optimal as possi-
ble.
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