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Abstract

Technetium-99m coordination complexes constitute the backbone of diagnostic nuclear
medicine. Early exciting advances in products for excretory organs / pathways were followed by
arduous research efforts to design and optimise 99Tcm compounds for imaging renal tubular
function and mapping blood flow to myocardium and brain. A variety of neutral, cationic and
anionic complexes of technetium, mostly in +5 or +3 oxidation states and usually involving N, S,
P, O as coordinating atoms, have dominated the field. Blending the well-known versatile
coordination chemistry of technetium with biochemical principles and pharmacology of some
functional groups has helped achieve desirable properties in at least some of the resultant "Tcm

complexes. Fascinating developments to tap the merits of 99Tcm tracer for more sophisticated
targeting approach involving biological substrates have yielded promising results. Use of
appropriate ligands as bifunctional chelating agents (BCA) to form 99Tcm labelled
radiopharmaceuticals has also led to development of several new 99Tcm complexes. Although
99Tcm complexes for metabolism or receptor imaging may still be far from a clinical reality, many
useful efficacious clinical applications have become feasible with the advent of some new 99Tcm

complexes, e.g. imaging infection / inflammation, certain tumours and even hypoxia. A strong
synergism between academic universities and industries has evolved, amidst the rush for
patenting all products and processes, despite low chances of success in developing a clinically
useful product. The enormous research costs have made the new products very expensive and, in
turn, driven many developing countries and large hospital radiopharmacies to seek alternate
means of formulating equivalent products in-house or evolve modified protocols with commercial
products for better economy. This review covers the major investigations of the last decade (bui
by no means exhaustive) after touching upon the milestones of the earlier period and also outlines
the efforts at author's laboratory.

1.0 Introduction

Technetium-99m continues to occupy the centre stage in clinical nuclear medicine and
accounts for well over 80% of all products used in this field. It may not be an exaggeration to
state that the progress in nuclear medicine almost parallels the development of new 99Tcm

radiopharmaceuticals. The early requirement to image the excretory organs / pathways or other
similar clinical needs could be met by the technetium compounds developed at that time. With the
advent of alternate imaging modalities, the emphasis to provide unique or distinctly additional
information in various clinical conditions has become the need of the hour, challenges to be met
by development of "Tcm tracers capable of providing such data, e.g. image the blood flow to
vital organs like myocardium and brain, quantify organ function, mark specifically lesions like an
abscess or tumour etc. More sophisticated demands to study metabolism, receptor involvement in
health and disease, imaging based on molecular recognition etc. have subsequently emerged,
posing further challenges for the development of specific 99Tcm compounds to serve as
radiopharmaceuticals.

121



Extensive research efforts have been devoted to develop ligands to form stable technetium
complexes both for direct use and to serve as bifunctional chelates (BCA) to link technetium with
substrates of potential utility, mostly of biological origin and in recent times of synthetic origin
also. A strong multi-disciplinary approach has thus become essential in the development of new
products, as the principles applicable encompass a number of subjects, such as chemistry,
radiochemistry, bio-chemistry, pharmacology, biology amongst others. Due to the fact that
technetium is completely alien to physiology, blending the well-known versatile co-ordination
chemistry features of technetium (a second row transition element, Z=43, [Kr] d6 s1 electronic
configuration) with known biochemical principles and pharmacology of some functional groups
has helped achieve (of course after arduous efforts) desirable biological properties in at least some
of the resultant complexes.

Over the years, a strong synergism has evolved between academic university researchers
and interested industrial manufacturers of radiopharmaceuticals for sustaining the efforts to obtain
clinically useful products from basic research works, no mean achievement by any standards. The
enormous research costs involved have triggered a rush for patenting every product, though the
chances of success in obtaining a clinically useful product are quite low, as the statistics would
reveal. Against this backdrop, it would be virtually impossible to attempt to cite all the
developments in 99Tcm complexes for functional imaging in this review. The author has chosen to
trace some of the early milestones, cover those developments which have led to either clinically
useful products or shown promise for clinical utility, compare the radiopharmacology features of
products of similar nature, discuss practical aspects in the preparation and use, comment on the
discrepancies in the case of some products, describe the efforts and accomplishments at author's
laboratory (both independently and through a CRP of IAEA) and indicate emerging trends.

By design, this article does not cover "Tcm labelled antibodies and peptides/?er se. While
every effort to include major developments has been taken, it can be by no means claimed
exhaustive. The literature coverage spreads over the past decade, in particular over the 3-4 year
period of IAEA's CRP on "Bulk reagents for production of "Tcm radiopharmaceuticals and kits"
[ 1 ] and the subsequent recent years.

2.0 Milestones and Concepts in the Evolution of New Products

In the genesis of the growth of 99Tcm compounds, the introduction of DTPA chelate of
technetium, use of stannous tin for reduction of Tc(VTT) in pertechnetate and lyophilisation of pre-
mixed stannous tin - ligand formulation would merit the first mention despite the passage of time.
The subsequent major breakthrough could be cited as the studies on technetium complexes of
derivatised lidocaine analogues, viz. acetanilido iminodiacetic acid based ligands (EDA, LIDA,
HID A). Suitable variation(s) in the functional groups on the ligand backbone to influence the
pharmaco-kinetic behaviour of the resultant technetium complexes, while retaining the same
chelating environment for technetium, was a major development. This eventually led to
introduction of the most preferred hepatobiliary tracer, 99Tcm-mebrofenin [2]. Such systematic
investigations of structure - activity distribution relation (SADR) provided a fresh approach for
the development of many other new products (Table-I). The concept of bifunctional nature of
ligands was also propounded after this work, for in LID As, IDA groups participate in complexing
technetium, while the phenylcarbamoyl moiety bestows some of the required biological features.
Although in the present sense of the term BCA, this may not be strictly correct, the way was
paved for a new approach to develop "Tcm compounds.
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2.1 Use of ligand designs - Existing and derivatised analogues

The design of N,N substituted derivatised tetradentate ligand denoted as diamide-
disulphide (DADS) based on the well-known ethylene diamine (en) ligand, by the Boston
professor pair, Jones and Davison [3], helped explore the advantages of a multidentate ligand
chelating technetium to form a more stable complex of the type [TcOL], cf. labile nature of some
complexes of type MLn. The use of macroscopic quantities of the long lived 99Tc for elucidation
of the structure of the technetium complex of DADS as [TcrV)O(DADS)2]" and application of
HPLC technique to correlate the characterization of the carrier-added (ca)99Tc product with that
of the no-carrier-added (nca) "Tcm product, thanks to the ability to use a radiometric detector in
series with a mass based detector in HPLC system, were important approaches. These major
trends have been extensively followed thereafter. The biological behaviour of the well
characterized product of Tc-DADS in 'nca' form obtained using generator produced 99Tcm,
indicated possibilities for progress towards a clinically useful product for renal function studies
and finally led to development of 99Tcm - MAG3 by Fritzberg et al. [4] as renal tubular function
agent (Table-I). Another similar ligand design, denoted as diamine-dithiol (DADT, BAT) [5], was
used in the research efforts to develop technetium complexes capable of crossing the blood brain
barrier (BBB).

The use of well known or previously investigated ligands of inorganic and analytical
chemistry provided another concept to develop new technetium complexes, though whether any
desired biological role would be available in the product was a question mark. The need for
monocationic complex of technetium to help trace the myocardial blood flow, a concept well
advocated by Prof. Deutsch [6], based on the known in-vivo handling of some organic cations,
opened up this avenue. The early euphoria of success of [Tc(m)(DMPE)2X2]" for myocardial
perfusion imaging in animal models, failure to achieve similar results in humans, recognition of
species dependent bio-distribution patterns, chemical and biochemical investigations to understand
the fate of the product in-vivo and eventual evolution of mixed ligand non-reducible Tc(IH)
complex denoted as Tc-Qn (Tc(IH) complex of tetradentate Schiff base H2L ligands and of alkoxy
phosphines) leading to clinically promising Tc-furifosmin (TcQn) are noteworthy sequence of
developments [7]. The development of the other myocardial perfusion tracer Tc-tetrofosmin, a Tc
dioxo bis-alkoxyphosphine complex, [TcC>2(RP2)2]+ [8] could be also traced to the same structural
requirement in a lipophilic mono cationic complex for myocardial uptake and could be cited as an
off-shoot of the above evolution, but which in fact took precedence to development of Tc-Qi2.

However, the first successful technetium based myocardial perfusion imaging in humans
was accomplished still earlier by the Boston professor pair, Jones and Davison [9], based on the
known inorganic chemistry principles of the ability of isonitrile ligands (neutral, mono dentate) to
stabilise lower valent metal ions in forming coordination complexes, [M^CNR),,] e.g. Tc(I)-t-
butylisonitrile, [Tc(TBI)6]" or more generally [Tc(I)(CNR)6]

+. The ensuing SADR approach gave
birth to Tc-sestamibi (Tc-MJJBI, [Tc(MTBI)6]+), a product now clinically well accepted [10].
Similarly investigations on technetium complexes of vicinal dioximes led to the realisation of the
need for boronic acid group as a cap to provide stability to the complexes and to the development
of the series denoted as Tc-BATO products (boronic acid adducts of technetium dioximes) [11].
Instead of the intended cationic species [12], the neutral complex of Tc-BATO obtained,
nevertheless, led to two useful products, [Tc(nr)(CDO):,X.BR] (Tc-teboroxime) and
[Tc(III)(DMG)3X.BR'], the former for myocardial imaging and the latter for brain imaging [11,13]
(CDO=cyclohexanedionedioxime, DMG=dimethylglyoxime, X=Br/Cl, R=methyl &
R'=methylpropyl).
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The potential of amine-oxime ligands of H4L type capable of tetradentate chelation of
[Tc^O]"0 core through (HL)"J group was exploited by the UMC-Columbia professor pair,
Troutner and Volkert, in the search for small, neutral, lipophilic complex of technetium capable of
crossing the BBB [14,15], the earlier studies of Co and Ni complexes of propylene amine - oxime
(PAO, PnAO) by Murmann et al. [16] of the same University, providing the basis. The ultimate
successful development of Tc-exametazirhe in the hands of an industrial manufacturer [17] who
bought the patent rights and carried out extensive studies revealed the difficulties in introducing
the desired biological properties in a technetium compound. The functional group or structural
feature needed to render satisfactory the tracer retention inside the brain was a major challenge.

2.2 Role of metabolite behaviour

The in-vivo fate of tracer studied in animal models and the understanding of nature of
metabolite(s) have helped achieve desirable biological behaviour of new products in some cases;
e.g. Tc-CPI, an ester-isonitrile ligand showing hydrolysis of ester in-vivo [1] (an undesirable
feature in a myocardial tracer), providing the possible trigger for the inclusion of ester group in a
DADT ligand leading to the development of Tc-bicisate (Tc-L,L-ECD) as brain perfiision agent
(which needs a suitable functional group to undergo an intra-cellular interaction to a polar
species) or explaining the rationale for extended experiments of Tc-ECD in over 9 species of
animal models, till finally brain retention in primates could be demonstrated [18,19]. The classical
case is of the renal tubular agent Tc-L,L-EC developed by Verbruggen et al. [20] as a direct
outcome of the study of the metabolite of Tc-ECD, since over 75% of Tc-ECD clearance was
through urinary excretion. The two metabolites of Tc-ECD are Tc-EC monoacid-mono ethylester
and Tc-EC diacid; the latter has been independently developed into a useful renal tubular function
tracer [20]. Since EC is the precursor in the synthesis of ECD, the advantage of a single synthesis
process to obtain two desired ligands could thus be availed [1].

2.3 Use of biochemicals and drugs

The other main concept of attempts to link technetium to known biochemicals or drugs
without vitiating the original pharmacological role, has not been much successful, in spite of
sound approaches to retain the pharmacological action intact in the final product. Probably due to
the relatively smaller molecular sizes and changes in stereo chemistry involved in most cases, the
technetium complexation appears to severely alter the original biological behaviour, even when
the structural perturbations have been kept to the minimum. A classical failure is the inability to
retain the free fatty acid properties in any derivatised fatty acid substrate required for
complexation with technetium, despite excellent chemistry efforts [21,22], which could have
otherwise provided a sound rationale for myocardial imaging tracers (by metabolic trapping,
though not for study of metabolism per se). A successful case has been a recent work from
England on a technetium complex of an antibiotic, ciprofloxacin, the product being called Tc-
infecton, for imaging infections [23]. Another instance of sound success appears to be the case of
retention of the biochemical ability to mark hypoxic tissues with the marker functional group 2-
nitroimidazole, after linking the group as a side arm to an amine-oxime ligand in order to enable
formation of [TcO(PnAO)-l-(2-nitroimidazole)] [24]. This is a promising product for marking
hypoxia (e.g. imaging ischemia), the distribution following initial blood flow and retention by only
hypoxic metabolism; retention being similar to that of classical markers of glucose metabolism and
hypoxia, 14C-2-deoxyglucose and I4C-misonidazole, respectively, as proven by autoradiography
[24,25].
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TABLE I : CONCEPTS IN THE DEVELOPMENT OF NEW GENERATION 99Tcm PRODUCTS

Approach

Use of known ligands & SADR

Isonjtriles and
monocationic complex

vic-dioximes & use of
boronic cap, neutral complexes

Amine-oxime and
neutral, lipophilic complex

Alkyl dithiocarbamates and
neutral, lipophilic complex

Use of designed ligands and SADR

Derivatised 'en', Triamidemonosulphide and /
Derivatised DTPA, dimethylester-DTPA and
Anionic hydrophilic complex

Lipophilic monocationic complex containing
alkoxy-phosphine group

Derivatised 'en1, Diamine-dithiol containing
ester group, Small, neutral, lipophilic complex

Labelled biochemical / drug

Substrate - BCA conjugate

Produces) developed

Tc-MIBI, Tc-sestamibi

Tc-BATO :
Tc-CDO-MeB & TC-DMG-2MP

Tc-HMPAO, Tc-exametazime

TcNNOET, Tc-nitrido complex

Tc-MAG3, Tc-MAGAG
Tc-DMDTPA

Tc-tetrofosmin, Tc-furifosmin

Tc-bicisate

Tc-infecton, Tc-HIgG

Tc-PnAO-2-nitroimidazole

3.0 Technetium radiopharmaceutical chemistry aspects

The use of Tc for investigations of chemistry of technetium radiopharmaceuticals and
the active contributions of several research groups across the world have tremendously enriched
the understanding of the nature and structure of a large number of technetium coordination
complexes [26,27,28]. While the lack of prior knowledge of the exact structure of many first
generation products did not prove to be a specific handicap, the entire development of subsequent
products has been critically dependent on the understanding of the structural features of the new
products [27,28]. It is in fact the knowledge that Tc(V) is the predominant form upon reduction
of pertechnetate in the presence of suitable ligands, mostly resulting in [TcO]5" core complex with
5 or 6 as the coordination number, that led to development of many new products, as well as
formulation procedures involving transchelation of a stronger coordinating group replacing a
weaker ligand, and even with further reduction of oxidation state of technetium [29]. Tc(III) and
Tc(I) are the other oxidation states exploited for complexation.
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TABLE II : FEATURES OF NEW GENERATION TECHNETIUM COMPLEXES USED
AS RADIOPHARMACEUTICALS

Technetium complex features
Tc compound / USAN name /

Popular acronym

Tc(V)-DMSA

Tc-lsonitriles, Tc-Sestamibi

Tc-BATO : Tc-Teboroxime (Tc-

CDO-MeB), Tc-DMG-2MP

Tc-MAG3 (Tc-Mertiatide)

Tc-d.l-HMPAO

(Tc-exametazime)

Tc-L,L-ECD (Tc-bicisate)

TC-MRP20

Tc-L.L-EC

Tc-Tetrofosmin (Tc-P53)

Tc-Furifosmin (TC-Q12)

Tc-DACH

TcN - alkyl (alkoxy)-

dithiocarbamate, Tc-NOET

TcN - alkyl (alkylester)-

dithiocarbamate, Tc-NOET

Oxidation

state

V

I

III

V

V

V

V

V

V

Hi

V

V

V

Complex type

[TcOL2]-

[TcU]+

[(TcL3.X).BR]°

[TcOL]"

[TcO(LH)]°

[TcO(LH)]0

[TcOL]°

[TcOL]"

[TcO2L2]
+

[TcLL'2]
+

[TcO2L2]
+

[TcNL2]
0

UcNL2]°

Core atoms

TcOS4

TcC6

TcNgX

TcON3S

TcON4

TcON2S2

TcON3O

TcON2S2

TcO2P4

TcN2O2P2

TcO2N4

TcNS4

TcNS4

Table-II gives details of the nature of complex in many of the important new generation
compounds. It can be seen that there are two instances of proven favourable biological features
noted with Tc dioxo core complexes, viz. [TcO2(Tetrofosmin)2]

+ and [TcO2(DACH)2]", while
there are a number of clinically useful anionic and neutral complexes containing Tc monooxo
core. The presence of alkoxy-phosphine group in the chelates seems to aid myocardial uptake.
The role of HPLC to characterize the product in relation to ca vis-a-vis nca formulations, as well
as to validate simple alternatives, by way of instant TLC (ITLC) and paper chromatography (PC)
for day to day practice in any hospital radiopharmacy, has been well established. In the product
development stage, it is required to establish that the radiochemically pure formulation
(represented by single elution peak in HPLC) and the kit made formulation are comparable in
pharmaco-kinetic studies in animal models. The possibility to investigate chemistry of technetium
radiopharmaceuticals even in 'nca' level (10"7-10"8M) using "Tc (to avoid any radiolysis effects
with "Tcm) and liquid scintillation counting technique has been nicely demonstrated in the case of
Tc-HMPAO [30].
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The new generation products have also brought forth some other aspects like
incompatibility with a large excess of reductant, e.g. Tc-exametazime, and presence of relatively
less excess of ligand to Tc and reductant to Tc molar ratios in the kit / final formulation. The
formation of some products at highly alkaline pH (e.g. Tc-EC) also renders formulation of easy to
use lyophilised kits (the need of hospital radiopharmacy) quite difficult in many cases. The
attendant effects on stability have, in turn, posed challenges in the regular utility of a number of
new generation products. There have been successful attempts to segregate the reductant tin(II)
from the ligand by resorting to a 2 components kit and taking advantage of transchelation process
[29,31], rather than adapt extremely stringent preparatory conditions otherwise needed for
reliable kit formulation [1,32]. The carrier effect of "Tc in generator produced 99Tcm assumes
greater significance with the new generation products, wherein the content of reductant and/or
ligand could be quite low, compared to early 99Tcm products. It can be shown that the technetium
content in 99Tcm is approximately 0.8 ng/mCi of "Tcm in typical daily eluates. At 20-50 mCi/ml
radioactive concentration level, this would represent 0.16-0.4 uM solution only. Thus the need to
use less excess of reductant adds to the already known complications of deleterious effects due to
dissolved oxygen or trace ionic impurities in water. Stringent specifications for pertechnetate
'quality', additive free saline eluent, use of de-ionised water etc. are precautions recommended.

An alternate approach to form technetium complexes involving Tc(V) nitrido core,
[Tc=N]2", has presented interesting possibilities. Tc(V) nitrido group is iso-electronic with Tc(V)
oxo group and could be beneficially used especially when the easy to reach Tc(V) oxo core might
lead to multiple species formation. The preparation of nitrido compounds involves multi-step
formulation and an intermediate species. At least one product each of the same type of complexes
(Table-II) . has shown promise for myocardial and brain perfusion imaging,
{TcN[Et(OEt)NCS2]2}° and {TcN[R(CH2COOMe)NCS2]2}

0, (R=Me/Et), respectively [33,34];
design feature of ether group in the former and of ester group in the latter are benefits from earlier
findings. [TcN(EC)]" has been recently reported [35] and compared with the previously well
studied renal tubular tracer [TcO(EC)]\ Ligands containing P,N / P,S / P,N,S donor atoms have
also been investigated extensively, but no clinical utility has been as yet demonstrated [36].

Application of advanced biochemical techniques has helped unravel the interaction of the
technetium compounds at cellular level and invariably extensive in-vitro biological evaluation of
the well characterized products has followed the initial demonstration of their efficacy. Elaborate
studies to elicit mechanism(s) involving in-vitro models and isolated organ systems, interventional
procedures etc. are quite common [1,19,20,23,25,27,37]. The new generation technetium
products have thus undergone not only extensive chemical characterization, but also biochemical
investigations. It is this multi-disciplinary evaluation of the biological behaviour that has helped
acquire new information on radio-pharmacology, (e.g. Tc-sestamibi metabolism in liver,
sequential hydrolysis of methoxy groups, accounting for liver clearance) as well as render feasible
new applications in the case of some products (e.g. P glycoprotein involvement in uptake of Tc-
sestamibi making tumour studies meaningful).

4.0 Myocardial tracers

Tc-sestamibi (Tc-MBBI, [Tc(MIBI)6]") is nearly 10 years old and though now clinically
accepted [10], has neither replaced 2O1T1C1 nor arrested the search for new myocardial perfusion
tracers. The need for new tracers arises not just from commercial considerations related to patent
rights, but more so to be close to the ideal agent for the clinical purpose. Superior features
consistent with intended clinical goals require to be available in any new substitute for acceptance.
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TABLE III : COMPARISON OF 99Tcm TRACERS FOR MYOCARDIAL PERFUSION IMAGING @

Product Name

i) USAN

ii) Other names

iii) Trade Name

Mol. Formula

Molecular Weight

Myocardial uptake (% id.)

T1/2 (myocardium)

Preparation

Imaging Time

Heart/Liver (1h)

Salient Features of

myocardial kinetics &

HB clearance rate

1 Day Protocol for two

imaging studies

Tc-Sestamibi

Tc-MIBI

Cardiolite / Miraluma

[Tcw(MIBI)6]
+

777

2.5, 3 (Rest, Stress)

~ 6 h

A, 10min.

60 min

0.6 ± 0.1

Good Myocardial

Uptake & Retention.

Fair

++

Tc-Teboroxime

Tc-CDO-MeB

Cardiotec

{[Tc(lll) (CDO)3CI. BMe}°

579 (Log P = 4.78)

3.5-4

4-5 min

A, 15 min

2 min

High Myocardial Uptake.

Rapid Washout.

Very High Liver Activity

+++++

(Multi-head SPECT)

Tc-Tetrofosmin

Tc-P53

Myoview

{TcwO2[RP2(ROR1)4]2}
+

895

1.2 (Rest)

~4h

Room temp., 15 min

30-60 min

1.2 ± 0.8

Adequate Myocardial

Uptake & Washout.

Fast

++++

Tc-Furifosmin

Tc-Q12

Technecard

{[Tcll"){lR(NR1O)2][P(R"OMe)3]}2r

961

2.2 (Rest)

~6h

A, 15 min

15-60 min

1.4 ± 0.5

Good Myocardial Uptake &

Retention.

Very Fast

++

[7,8,10,11,27]



Table-Ill gives comparative data of the features of myocardial perfusion tracers. Tc-tetrofosmin
would appear to have the edge presently, in view of its greater compatibility for same day
protocol of rest and stress perfusion study (a distinct advantage in clinical setting), thanks to
relatively lower uptake in myocardium (1-1.2%) and relatively faster wash out from myocardium
[8] cf. Tc-sestamibi. In all cases hepatobiliary involvement is an attendant feature due to
similarities in biochemical requirements of the tracers for these two organs; but both faster
clearance from liver introduced by design in the new tracers and SPECT mode of acquiring
images help reduce interference from liver uptake. Tc-Furifosmin is reported to be closer to Tc-
Sestamibi in uptake and retention, but with much less liver interference [7].

There are fine examples of applications evolved thanks to better understanding of the
radiopharmacology of the products. The new myocardial perfusion tracers render feasible practice
of additional techniques to provide more information e.g. on cardiac pumping action, LVEF data
reliably and comparable to conventional MUGA technique. In view of the higher activity and
unaltered prolonged residence in myocardium, gated myocardial images can be acquired using
these new tracers, from which one can deduce the LV volume and therefore calculate LVEF.
Further, patients arriving in emergency cardiac care units could also benefit from the perfusion
study with these tracers by simply being given a dose of the tracer soon after admission, as the
images acquired much later, after the patient is well stabilised, would still represent the perfusion
as at the time of tracer administration. In fact a new branch of emergency care nuclear cardiology
is emerging. The non-cardiac applications with these tracers are noteworthy and consistent with
the biochemical findings of P glycoprotein involvement in the in-vivo handling of Tc-sestamibi. A
rather unique situation of the same kit product for Tc-Sestamibi being described as Cardiolite™
for myocardial imaging and Miraluma™ for tumour imaging is notable. Tc-tetrofosmin has also
shown utility for tumour studies, especially in breast cancer.

The use of Tc-Teboroxime is not attractive except for the highest myocardial extraction
aspect [11,13], as the very rapid wash-out from myocardium requires expensive multi-head
SPECT to acquire images in short time. A Tc-nitrido compound being developed by Pasqualini et
al. [33] has shown promise for myocardial perfusion imaging, but is not yet in regular clinical use.

A simple new tracer for imaging myocardial infarcts, a technetium complex of 6 carbon
dicarboxylic acid sugar, Tc-glucarate [37], is reported to be superior to Tc-PYP and TC-GHA.

The more efficacious Tc-antimyosin antibody is covered in another article in this Volume. The
other important development, Tc-PnAO-2-nitroimidazole as a promising marker for hypoxia
[24,25], e.g. myocardial ischemia, has been covered in Section 2.3.

5.0 Brain perfusion agents

Tc-d,l-HMPAO and Tc-L,L-ECD are now in regular use. Both exhibit about 5-6% brain
uptake and prolonged retention, but the latter has been shown to have slightly more favourable
pharmaco-kinetic features, in particular more rapid blood clearance and lesser muscle uptake [17-
19]; in turn enabling early imaging feasibility, an advantage in handling some types of patients of
neurological disorders. The lipophilic nature of the tracers drives the products through the
hepatobiliary pathway. The relatively much higher renal excretion of Tc-ECD is thus an added
advantage from the angle of radiation dosimetry to the patients [18,19],

Tc-exametazime is the first FDA approved brain perfusion agent. It is also the first in a
number of other ways, such as recognition of importance of stereospecificity for biological
efficacy [Tc-d,l-HMPAO, Tc complex of racemic form of HMPAO being useful, but not the meso
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form; still later 1-HMPAO has been shown as the active component.], unclear mechanism of brain
retention (despite a number of hypothesis, including a detailed theoretical calculation of a stability
index called solid angle factor sum (SAS) based on the structure of complexes [38]), inherent
instability of the compound, both in-vitro and in-vivo, very extensive investigations on
radiopharmaceutical aspects even after approval for regular use, 'stringent' specifications for the
pertechnetate to be used etc. A lot of information acquired as a result of much studies is
summarised below. The Tc-exametazime is inherently unstable [30,39] and is converted into a less
lipophilic species with time, even in the absence of high levels of radiation [30]. This
decomposition is hastened by radiolysis [40], stannous tin [30] and higher pH [39]. Remedial
measures [39] such as addition of gentisic acid soon after formulating Tc-exametazime, reducing
the pH to 6.5-7, addition of KI to pertechnetate [41] and CoCl2.6H2O [42] or methylene blue [43]
to Tc-exametazime to prolong the shelf-life, refrigerated storage of Tc-exametazime [30,38,40]
etc. have been suggested. The commercial kit product is unique in that it contains the lowest
amount of stannous tin (7.6ug) in any lyophilised kit. The salient finding that the highest stability
of Tc-HMPAO is observed with the least excess of stannous tin [30,38], in turn, demanding a
good match between the content of total technetium in the pertechnetate and the quantity of
reductant to be used, has led to a simple recipe for hospital radiopharmacy involving the use of
saturated stannous tartrate solution (lO^M) [31].

Although many other amine-oxime and related ligands have been systematically evaluated,
none of them have shown useful biological features except potential as BCA [44-46].

Tc-bicisate (Tc-L,L-ECD) is the more recently approved brain perfusion tracer and is both
species specific and stereo specific. This product has been well adapted in many countries even
earlier [1], thanks to more clearly understood mechanism of brain retention involving enzymatic
hydrolysis and absence of any stability problems [1,18,19]. The complex has to be formulated at
pH -7.5 and the commercial kit product comprising two components has been refined over the
years, in that the need to keep the tin-ligand component at <0°C has been later modified to room
temperature storage. A single component lyophilised kit requiring to be prepared according to an
extremely stringent protocol has also been proposed [1,32]. Difficulties in reliable kit formulation,
attributable to the vulnerable -SH group in the ligand have been reported [1,31].

One of the technetium complexes of aminoalkyl diamine-dithiol (DADT, BAT) derivatives
denoted as Tc-NEP-DADT [47] and a Tc-BATO member, Tc-DMG-2MP have also shown brain
retention [11,13], but have no specific additional merits. The same is the case with Tc complex of
a derivative of pyrrole - azomethine called Tc-MRP20 [48]. Technetium nitrido complex of
alkylesterdithiocarbamate, {TcN[R(COOR')NCS2]}°, has been proposed for brain perfusion
imaging, an off shoot of the attempts to use technetium complex of derivatives of alkyl
dithiocarbamates [49] and using ester group in the ligand for brain retention based on intracellular
hydrolysis [34].

6.0 Renal tubular function agents

A true replacement to hippuran-*I has been a challenging task in the development of
technetium complexes, as no Tc compound is completely extracted and secreted into urine. It has,
however, been possible to develop compounds which are handled by the renal tubules and actively
secreted into urine. Structural feature requirements for recognition by renal tubules and for
delivery by serum protein bound transport propounded way back by Despopoulos [50], [-C(=O)-
NH-CH2-COOH], have been sought in the technetium complexes to achieve some degree of
success. For most clinical purposes, a renogram agent based on renal tubular handling would be
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very much more useful, apart from being superior to purely GFR based agent such as 99Tcm -
DTP A, and hence the intense research efforts. Tc-MAG3 complex contains the structure referred
to above, while Tc-EC has a structural mimic, 3 oxygen atoms at 3-4 A0 to one another in
Tc(=O)-NH-CH2-COOH, cf. -C(=O)-NH-CH2-COOH. Both Tc-MAG3 and Tc-EC show less
excretion than hippuran, but Tc-EC has relatively superior features [1,20,31]. The room
temperature formulation recipe of Tc-EC is another practical advantage.

Tc-MAG3, the first successful technetium based renal tubular agent, also belongs to the
category of products continued to be much investigated even after approval for regular use. The
early apprehensions of differences in the purity of kit formulated and chromatographically purified
product [51] were removed with refinements in kit formulation procedures. However, due to
inherent nature of possible trace impurities in MAGS synthesis as well as different types of Tc -
MAG3 complexes feasible [1,52], interference from hepatobiliary involvement during renography
studies has not been ruled out. One study is in fact devoted to the anomalies in Tc-MAG3
behaviour [53], Modifications to MAG3 ligands to overcome the drawbacks have been sought,
replacing glycine by another amino acid, introduction of chiral centre to influence the
stereochemical role etc.; some superior results have been achieved, e.g. 99Tcm -D-MAGAG [54].

Tc-L,L-EC requires to be prepared at highly alkaline pH of 11-12 and it is consequently
difficult to present in a reliable single component lyophilised kit form, though a commercial kit has
been cited in literature. Detailed stringent protocol for kit formulation has been suggested
[1,31,32]. A multi-component kit recipe would be generally necessary [1,31], but advantage of
ease of transchelation (using GHA) based kit has also been reported [31]. As discussed earlier, the
development of Tc-EC for renal tubular function, is an outcome based on the excretory pattern of
Tc-ECD and the study of its metabolite(s).

The attempts to utilise cysteine, cystine and analogues for complexing technetium for
obtaining renal agents had shown mixed findings [55], but the same group from India has recently
demonstrated a new product for renal tubular function imaging. 99Tcm complex of dimethyl ester
of DTPA denoted as Tc-DMDTPA, has shown promising results including in human volunteers
[56,57]. Analogous to Tc-DTPA, the Tc-DMDTPA complex is anionic, but has predictably less
(-50%) electrophoretic mobility. Ease of reliable, stable, single component lyophilised kit
formulation, room temperature preparation of Tc-DMDTPA in high yield, purity and stability and
similarity in biological behaviour to hippuran- l j lI and Tc-MAG3 in both normal and probenecid
(renal tubular transport inhibitor) treated mice are the salient advantages reported [31,57].

A cationic pathway renal tubular agent has also been reported from UK involving the
complex of 1,2-diaminocyclohexane (DACH) [58]. The product, [Tc(V)02(DACH)2]", is
formulated using stannous tartrate reduction of pertechnetate and has shown utility for eliciting
renal tubular function, when anionic pathway is not freely accessible due to high concentrations of
circulating anions, e.g. during chemotherapy.

7.0 Products for imaging infection / inflammation

The ability to image infection either directly or by marking the inflammatory response of
the body to infection is a very useful procedure for patient management, especially when
associated with high specificity. Technetium complex of the antibiotic, ciprofloxacin called Tc-
infecton, is the main recent development for imaging infection [23]. The use of this product
appears to be, however, confined to UK. Amongst the technetium complexes useful for labelling
WBC (leucocytes) in order to target Tc-leucocytes to sites of infection, Tc-HMPAO has been the
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most well established [59]. In fact, much of the effort for stabilisation of Tc-HMPAO has
stemmed from this need [42,43]. Tc-ECD, being tissue specific, has not been mentioned for this
purpose, except in a recent report [60]. Tc-citrate, Tc-glutathione etc. have also been shown to
concentrate in inflammatory lesions and in some tumours.

99Tcm - human immunoglobulin G (HIgG, HIG) is a serendipitous discovery for imaging
inflammation. The labelling of HIG with 99Tcm is achieved directly by mild reduction of
disulphides to liberate free sulphydryl groups or through a BCA, hydrazino nicotinamide
(HYNIC) [61]. Isonicotinyl hydrazine with an activated ester reacts with an amino group of the
protein/ peptide and then with pertechnetate to give a Tc complex uncharacterised as yet. In the
attempts to harness the efficacy of chemotactic peptides as substrates for imaging infection
(covered elsewhere in this Volume), as they act by binding to receptors on the WBC accumulated
at the site of infection, HYNIC is the preferred bifunctional route for labelling with 99Tcm.

S.O Tumour imaging agents

Small technetium complexes capable of specifically imaging tumours have eluded the
researchers except in a few cases like Tc(V)-DMSA, particularly useful for medullary thyroid
cancer [62,63] and in recent times Tc-citrate to a limited extent [64]. The development of Tc(V)-
DMSA as a clinically useful product, though perhaps a case of chance success, has been followed
by chemical characterisation studies and the structure has been proven to be [Tc(V)0(DMSA)2]"
[65]. Considerable work on the radiochemical and biological properties of this product, especially
in comparison with the more widely used renal cortical imaging agent "Tcm(III)-DMSA (Tc-
succimer), has been reported [12].

The utility of Tc-Sestamibi and Tc-Tetrofosmin for imaging tumours, especially metastasis
of breast and thyroid cancer, and of Tc-HMPAO for some brain tumours can be next cited [66-
68]. It is reported that the ability to elicit metastases in thyroid cancer patients using Tc-isonitriles
(Tc-TBI, Tc-MEBI) without having to take the patients off eltroxine would provide a convenient
screening test prior to the use of large dose ulI for scanning to locate metastases, which requires
to take the patients off eltroxine [68]. Similarly, the use of the well-known renal agent Tc-
gluceptate as a 18F-FDG mimic for brain tumours like glioma has been shown to be beneficial
[69]. Reports of other technetium complexes for tumour imaging also abound in literature, e.g.
Tc-citrate [64], Tc-glutathione [70].

The major thrust approach for efficacious tumour imaging is based on monoclonal
antibodies and small synthetic peptides (covered in another article in this Volume). An exciting
new advance is the investigations on the use of molecular biology based substrates, such as oligo
nucleotides and later more suitable peptide nucleic acids (PNA), for labelling with 99Tcm for
possible tumour imaging [71,72]. The possibility of intracellular localisation of such radiolabelled
substrates through hybridization technique after making use of a protein unique to the target cell
holds promise; but many hurdles have to be overcome prior to realising clinical applicability.

9.0 Receptor based products

99Tcm based receptor radiopharmaceuticals are not yet a clinical reality. The only successful
case is that of 99Tcm - neogalactosyl glycoalbumin (NGA) [73] for binding hepatocyte binding
protein (HBP) receptor, a plasma membrane bound hepatocyte specific receptor that binds
galactose terminated glyco proteins. Tc-NGA would be useful for staging certain liver diseases
(since HBP is implicated in cirrhosis, hepatoma and liver metastases) and for monitoring response
to therapy.
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The concept of BCA to attach receptor specific molecules with 99Tcm has been extensively
investigated [74], but with limited success. Arduous chemical studies followed by receptor
binding experiments have revealed poor specificity in most cases, e.g. [Tc(V)O(DADS)-Progestin],
[Tc(ra)(CO)(diethyldithiocarbamato-Spiperone)3], [Tc^-BATO-QNB] & [Tc(V)O(DADS)-QNB].
It appears that in all cases the complexation with technetium severely alters the bio-activity and
precludes receptor binding. Attempts to overcome steric effects by increasing the distance
between the essential functional groups have not been much successful. The important aspects to
be reckoned with are molecular weight & size, iipophilicity changes, stereochemical effects and
non-specific binding [74,75]; two approaches called tridentate-monodentate (3+1) scheme (the
former for facile chelation with Tc and the latter for presenting the receptor avid moiety) and
pendant scheme have been pursued.

The novel concept of molecular mimics, i.e. Tc-chelate simulating a regular ring structure
in a native receptor binding molecule [75], especially in a steroid (e.g. progesterone) / drug (e.g.
morphine), is being pursued to target receptor sites for imaging using 99Tcm. Radiolabelled
peptides have been recognised as the most likely successful candidates for imaging receptors
(covered in another article in this Volume), based on the promising experience with m In labelled
octreotide. The earlier stated problems in disguising and presenting technetium to the receptors
persist, but scope for optimism is seen in this approach. In view of the importance of receptor
imaging capability in health and disease, research efforts are continuing in more than one way.

10.0 Epilogue

As the search continues for new products and newer areas of applications, 12jI compounds
would provide the vital bridge between truly biological PET tracers based on n C / 18F labelled
compounds and the much more easily accessible SPECT tracers based on "Tcm and i nIn
products, thereby rendering a transition from PET to SPECT, that is from medical research to
clinical utility, a reality. m I n products would provide a fine complement to "Tcm compounds,
especially for imaging process(es) involving slower kinetics of tracer and in the cases where
conjugation of In-BCA with the bio-active substrate causes less alterations of the biological
activity. Though the question "After 99Tcm, what next?" is posed time and again, the well-known
attractive advantages of 99Tcm are not likely to be matched by any other tracer in the foreseeable
future and consequently the impetus to develop 99Tcra based radiopharmaceuticals will continue. It
could be safely predicted that the future of radiopharmaceuticals and in turn, clinical nuclear
medicine, will continue to be dominated by "Tcm products, as has been the case in the past.
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