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Utilization of metabolic, transport and receptor-mediated
processes to deliver agents for cancer diagnosis
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Abstract

The use of radiopharmaceuticals for the non-invasive diagnosis of cancer has been established in diagnostic radiology over
the last few decades. In particular, with the use of sophisticated imaging modalities such as PET and SPECT and a myriad of
radioisotopes, advances have been made in the detection and treatment of cancer. This article focuses on three available
methods of tumor targeting with radiopharmaceuticals: the utilization of metabolic, transport and receptor-mediated
processes to deliver agents for cancer diagnosis. With selected reference to both clinically approved drugs and drugs
currently under development, methods of uptake are presented either in terms of flow, metabolic or receptor mediated
uptakes. A section of this article is devoted to the monitoring of cancer therapy regimes using radiopharmaceuticals. This
review also discusses some mechanistic approaches available in radiopharmaceutical chemistry to be able to effectively
diagnose and treat sufferers of cancer in the future.  1999 Elsevier Science B.V. All rights reserved.
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1. Introduction the dose to the patient. Radionuclides used in PET
and gamma scintigraphy range in half-life from

1 5 67Radiopharmaceuticals have been used extensively about 2 min ( O) to several days ( Ga). The
in the field of nuclear medicine as non-invasive optimal half-life depends on the time required for the
diagnostic imaging agents to provide both functional radiopharmaceutical to localize in the target tissue.
and structural information about organs and diseased For example, perfusion-based radiopharmaceuticals
tissues [1–6]. Nuclear medicine imaging is con- can use shorter half-lives, since they reach the tumor
siderably more sensitive than most other imaging quickly, whereas radiolabeled large proteins or
modalities (X-ray, CT, MRI) for identifying the monoclonal antibodies (mAbs) often take longer for
presence and extent of malignancy, since biochemi- optimal target to background ratios.
cal changes monitored by positron emission tomog- The most popular radionuclides used in diagnostic
raphy (PET) and single photon emission computed imaging decay primarily by gamma emission, since
tomography (SPECT) generally precede anatomical gamma scintigraphy is the most commonly used
changes. modality. Radionuclides used in PET decay by

Radiopharmaceuticals consist of either a gamma- positron emission. The use of radiopharmaceuticals
2or a positron-emitting radionuclide bound to ligands for therapeutic applications (alpha (a) or beta (b )

which cause selective accumulation in cancerous or emitters) is increasing, and many of these radionu-
diseased tissue following intravenous injection [6]. clides also emit gammas or positrons for application
In cancer diagnoses the effectiveness of these in both therapy and imaging. Most gamma cameras
radiopharmaceuticals is ultimately determined by are designed for specific energy windows, generally
their selectivity for cancerous versus normal tissue. around 100–200 keV. Radionuclides with gamma
Tumors frequently exhibit differences in blood flow, energies outside this range may produce low-quality
glycolysis or nucleic acid synthesis, increase in images with SPECT but are not used routinely.
concentration of specific receptors or an overall Another important factor in choosing radionu-
increase in metabolism compared to the tissue of clides for diagnostic imaging is their cost and
origin. Radiopharmaceuticals are designed to utilize availability. Radionuclide generators are considered
these differences to concentrate selectively and spe- ideal, since many of them are relatively inexpensive
cifically in malignant tissue. and have long shelf-lives. They consist of a longer-

The choice of radionuclide used to label the lived parent isotope decaying to a shorter-lived
radiopharmaceutical is important when considering daughter radionuclide which is separated from the
the mode of diagnostic imaging of cancer. In Tables parent by ion exchange chromatography or solvent
1 and 2 the wide variety of gamma and positron extraction. Even small hospitals can usually afford
emitting radionuclides, their decay characteristics these generators. A few radiometals used for
and methods of production are shown. In designing radiopharmaceuticals are produced by a nuclear
radiopharmaceuticals, important factors to consider reactor. These isotopes are generally affordable,
include the half-life of the radionuclide, the mode of since nuclear reactors can produce many isotopes at
decay, and the cost and availability of the isotope. one time.
For diagnostic imaging, the half-life of the radionu- Accelerator or cyclotron radioisotopes are the
clide must be long enough to allow the synthesis of more expensive mode of production, since only one
the radiopharmaceutical, but short enough to limit isotope is produced at a time.
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Table 1
Gamma-emitting radionuclides

Isotope T Production methods Decay mode E (keV) Reference1 / 2 g

(h)
67Ga 78.26 Cyclotron EC (100%) 91, 93, 185, [191]

296, 388
123I 13.0 Cyclotron EC 28, 159 [191]
131 2I 193.4 Reactor b 364 [191]
99m 99 99mTc 6.0 Mo/ Tc Generator IT (100%) 141 [191]
111In 67.9 Cyclotron, EC (100%) 245, 172 [191]

111 111Cd(p,n) In

Table 2
Positron-emitting radionuclides

Isotope T (h) Methods of production Decay mode E (keV) Reference1 / 2 b1

60 60 60 1Cu 0.4 Cyclotron, Ni(p,n) Cu b (93%) 3920, 3000 [22,23,191]
EC (7%) 2000

61 61 61 1Cu 3.3 Cyclotron, Ni(p,n) Cu b (62%) 1220, 1150 [22,23,191]
EC (38%) 940, 560

62 62 62 1Cu 0.16 Zn/ Cu Generator b (98%) 2910 [23,191]
EC (2%)

64 64 64 1Cu 12.8 Cyclotron, Ni(p,n) Cu b (19%) 656 [21,23,191]
EC (41%)

2
b (40%)

68 68 68 1Ga 1.1 Ge/ Ga Generator b (90%) 1880, 770 [191,192]
EC (10%)

18 18 18 1F 1.83 Cyclotron O(p,n) F b (97%) 635 [191]
EC (3%)

124 124 124 1I 100.3 Cyclotron Te(p,n) I b (25%) 2134, 1533 [191]
EC (75%)

1 5 14 15 1O 0.03 Cyclotron N(d,n) O b (99%) 1723 [191]
8 6 86 8 6 1Y 14.7 Cyclotron, Sr(p,n) Y b (33%) 2335, 2019 [191]

EC (66%) 1603, 1248
1043

Diagnostic imaging in oncology fulfils several staging, demonstrate the progress made over the last
purposes: to locate the tumor and any metastases; to 10–15 years, and predict future research directions.
plan treatment and therapy regimes; to monitor
response to therapy; and to identify residual or
recurrent tumor. Diagnosis and staging determine 2. Flow and membrane transport based imaging
treatment options and prognosis of the disease. This agents
review will primarily cover three types of tumor
imaging agents: flow-, metabolism-, and receptor- The simplest mode of delivery of a radiophar-
based agents. Monoclonal antibody-based agents are maceutical to tumors is through first-pass extraction
discussed in other chapters in this book. This review from the blood stream. Radiopharmaceuticals have
provides an overview on some of the more estab- been developed based simply on being carried into

1 5lished agents, and discusses some of the new de- the tumor by blood flow; O-labeled water is an
velopments. This is by no means exhaustive, but example. Other agents are taken up by tumor cells
rather attempts to emphasize the importance of due to a combination of blood flow and other factors,
imaging agents in cancer diagnosis, treatment and such as membrane transport. For example, cations
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201 1such as Tl are actively transported, while some then found that the anti-tumor activity of the Cu(II)
lipophilic radiopharmaceuticals accumulate in tumors complexes of these ligands was significantly en-
by passive diffusion. The advantages of tumor hanced over the activity of the ligands alone [15].
imaging using small molecules that are taken up by These neutral, lipophilic complexes are rapidly taken
more simple mechanisms such as blood flow is the up by cells, and the Cu(II) is reduced to Cu(I) by
ease of preparing the agent and the short time-frame intracellular thiols (probably glutathione) [15,16].
with which images can be obtained. A disadvantage The Cu(I) complexes are unstable and the copper
of these agents is they are by nature non-specific and dissociates and binds to intracellular proteins.

60usually show high-accumulation in other non-target There are a number of copper radionuclides ( Cu,
61 62 64organs as well. In this section we will cover a few Cu, Cu and Cu) available for use in nuclear

examples of this class of compounds. medicine imaging (Table 2). Copper-62 is available
from two generator systems [17,18] and commer-

2.1. Oxygen-15-labeled radiopharmaceuticals cialization of these generators is currently underway
60 61 64[19,20]. The radionuclides Cu, Cu and Cu can

15 15Oxygen-15-labeled O[O ], [ O]CO and all be produced in large quantities with high yields2 2
15[ O]CO and PET have been used to determine on small biomedical cyclotrons [21,22]. For a more

regional blood flow and oxygen utilization in tumors, comprehensive review on copper radionuclides and
and also to monitor the response to therapeutic copper bis(thiosemicarbazones), please see the re-
intervention; however, the blood flow in the tumors view by Blower et al. [23]. The most widely used in

62was highly variable due to inherent heterogeneity in research are the positron-emitting Cu (T 5 9.81 / 2
6 4brain tumor tissue [7]. In another study, tissue min) and Cu (T 5 12.8 h). Because the1 / 2

heterogeneity resulted in the underestimation of the Cu(II)bis(thiosemicarbazones) demonstrated rapid
mean values of oxygen extraction [8]. In gliomas, diffusion into cells followed by trapping of the Cu(I /
PET revealed a persistent depression of oxygen II) ion, these agents were labeled with copper
metabolism as indicated by the regional oxygen radionuclides and evaluated as possible radiophar-
extraction fraction in the regions where the tumors maceuticals for myocardial and cerebral perfusion
were found [9]. imaging [24]. Several structural analogs of the

15Oxygen-15-labeled H O has been used to mea- bis(thiosemicarbazones) were evaluated as blood2

sure regional blood flow, because of a linear relation- flow tracers, and one analog, Cu(II)pyruvaldehyde
4ship between true flow and the tissue counts in a bis(N -methythiosemicarbazone) (Cu-PTSM), was

15region of interest [10]. More recently, H O was chosen for further evaluation [25] (Fig. 1). Cu-2

utilized as a tumor blood flow tracer in combination PTSM was found to have ‘microsphere-like’ kinetics
with other oncological imaging agents. The uptake of since it is non-tissue selective and rapidly extracted

15 18 18H O and F-labeled fluorouracil ( F-FU), a radio- from the blood [26]. This agent was evaluated in two2

labeled analog of a standard chemotherapeutic, have tumor-bearing animal models and found to show
125been compared as non-metabolizable and metaboliz- proportional uptake to I-labeled antipyrene, which

able tracers [11]. Comparison of these two tracers by is a known blood flow agent [27]. The high lipo-
intravenous versus intra-arterial administration philicity which results in high liver uptake and slow
showed that intra-arterial administration improved hepatobiliary clearance makes intravenously ad-
the access of fluorouracil in 87% of tumor metastases ministered Cu-PTSM a less than ideal flow tracer for

15[12]. H O has also been used in functional mapping routine tumor blood flow imaging; however this2

of the location of gliomas prior to PET imaging with tracer has potential application as a radiotherapeutic
11C-labeled methionine [13]. when injected intratumorally.

2.2. Cu-thiosemicarbazones 2.3. Thallium-201

Bis(thiosemicarbazones) were discovered to pos- Thallium-201 (t 5 73.1 h) results from the1 / 2
201sess anti-tumor properties in the 1960’s [14]. It was decay of Pb. Suitable SPECT images can be
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malignant gliomas, astrocytomas, and ependymomas,
differentiates recurrent brain tumors from residual

18mass and correlates with 2-[ F]fluoro-2-deoxyglu-
cose (FDG) PET studies [35–38]. The combination

67 201of Ga and Tl scans can differentiate between
infection and malignancy. For example, a negative
201 67Tl scan with a positive Ga scan indicates
inflammation or infection. In AIDS patients with
lung lesions, thallium in combination with gallium
has been used to distinguish infection from
neoplasms [39]. Kaposi’s syndrome and lymphoma

201incorporate Tl whereas infection does not [39].
201Tl SPECT imaging has also been shown to be
useful in distinguishing malignant intracranial lym-
phoma from non-malignant lesions such as toxoplas-
mosis and multifocal leukoencephalopathy in AIDS
patients [40]. A study comparing the abilities of
99m 67 201Tc-MDP Ga-Citrate and Tl to predict tumor
response to therapy in patients with bone and soft-

201tissue sarcoma showed Tl to be superior [41]. The
201superiority of Tl is attributed to its ability to

directly assess tumor cell avidity.4Fig. 1. Structure of Cu(II)pyruvaldehyde bis(N -
methylthiosemicarbazone (Cu-PTSM), and the mechanism of
trapping inside tumor cells.

3. Metabolism-based radiopharmaceuticals

obtained, despite the low energy X-rays (63–85 keV)
Metabolic imaging depends on the accelerated1emitted. Interest in Tl arose from its similarities to

metabolism in tumor versus normal tissue. Increased1K , which include their similar hydrated ionic
utilization of glucose, DNA or amino acids mark the

radius, common ionic charge and distribution in the
transformed cell, with the rate of increase roughly1body. Most importantly, Tl binds to the Na–K-
corresponding to the rate of tumor growth. Radio-

ATPase pump and its intracellular uptake is blocked
labeled glucose analogs, amino acids and nucleotides

by known inhibitors of the Na–K-ATPase pump
have been successfully used for metabolism-based1[28,29]. The cellular uptake of Tl is also related to
tumor imaging. Bone imaging agents take advantage

both sodium and glucose transport across the cell
of the changes in bone metabolism that result from201membrane [30]. Tl as a potassium analog was
tumor growth in the bone. In this section, we discuss

originally used as a myocardial imaging agent. and
some radiotracers for metabolic imaging and their

its uptake and redistribution in myocardium is used
modes of delivery.

to measure myocardial perfusion and viability.
201The exact mechanism of uptake of Tl in tumor

cells is not clearly defined. Tumor uptake has been 3.1. Bone imaging agents
1shown to be dependent on blood flow and the Na /

1K pump [30]. Other contributing factors include Of patients diagnosed with breast, prostate or lung
tumor viability, type of malignancy, ion co-transport cancer, 50% eventually develop skeletal metastases
system, calcium ion channel exchange, vascular [42,43]. The most frequently requested diagnostic

99mimmaturity with leakage and increased cell per- nuclear medicine procedure is the Tc-methylene
meability and tumor necrosis [31–34]. diphosphonate (MDP) bone scan. The bone-scan,

201Tl chloride uptake in brain tumors, including unlike X-ray procedures which reflect mineral con-
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tent, outlines physiological processes such as the Several new diphosphonates have been developed
functional reaction of bone to traumatic, inflamma- as bone scanning agents. Only one of these agents is

99m 99mtory, or neoplastic injury [44] which leads to an significantly better than Tc-MDP (Fig. 2b). Tc-
increase in new bone formation and an increase in dimethyleneaminomethylene diphosphonate
skeletal blood flow. Therefore, bone-seeking com- (DMAD) (Fig. 2c) has a higher L/NB ratios in rats
plexes concentrate in skeletal lesions, giving a higher than MDP or hydroxymethylene diphosphonate
lesion to normal bone ratio (L/NB) and enhanced (HMDP), [50,51] apparently due to the low normal

99mvisualization. The metabolism of the tumor cells bone uptake of Tc-DMAD. Clinical studies com-
99m 99mthemselves does not cause increased uptake, but paring Tc-MDP to Tc-DMAD have concluded

99minstead is directly related to local changes in bone that all lesions detected by Tc-MDP were also
99mmetabolism resulting from tumor invasion. The detected by Tc-DMAD and that several lesions

99mTc-MDP bone scan can detect lesions long before observed on the DMAD scan were not seen by MDP
radiographs of the skeleton become abnormal. [52,53].

The ability of diphosphonates to function as bone
seekers presumably arises from their ability to

1 8function as bidentate bridges [45,46]. This bidentate 3.2. 2-[ F]fluoro-2-deoxyglucose (FDG)
character permits the ligands to bridge two metal

99mcenters; e.g. Tc and the calcium of hydroxy- FDG is utilized widely in many aspects of PET
apatite. Subsequent studies of the fundamental diagnostic medicine including cancer diagnosis and
chemistry of Tc-diphosphonate formulations revealed diseases of the brain and heart. The mechanism of
a complicated, time-dependent mixture of uniden- FDG trapping follows the well documented glucose
tified components rather than a single chemical biochemical pathway. FDG is transported in the cell

99mspecies [47–49]. The Tc labeled diphosphonates and is metabolized in the glycolytic system by
show fast blood clearance, reduced soft tissue uptake phosphorylation by hexokinase to FDG-6-phosphate
and increased normal bone uptake. The first diphos- (Fig. 3). However, unlike glucose, FDG-6-phosphate

99mphonate used clinically as a Tc bone scanning is then trapped in the cell due to the very strict
agent was 1-hydroxyethylidene diphosphonate stereochemical and structural demands of the enzyme
(HEDP) which was eventually replaced by MDP due responsible for further catabolism.
to its faster blood clearance and higher skeletal The direct measurement of glucose metabolism
affinity [44] (Fig. 2a). with FDG also yields valuable information about

tumor localization and quantitation (Fig. 4), and an
exhaustive review article is available on the clinical
aspects of FDG in oncology applications [54]. For
tumor staging and assessment of treatment response,
FDG and PET often distinguishes between non-
tumorous masses from viable tumor [55], because of
the increased glucose utilization in these malignant
tumors. This transformation is often associated with

99m downregulation of glucose-6-phosphate and the up-Fig. 2. Phosphonate ligands for labeling with Tc which image
bone metastases. regulation of glucose transporters (especially GLUT-

18Fig. 3. The mechanism of uptake and trapping of 2-[ F]fluoro-2-deoxyglucose (FDG) in tumors.
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transporters [58], but this can be dealt with by the
clinician by fasting the patient 4–6 h prior to
injection [54].

3.3. Amino acids

Although FDG has been a very useful tracer in the
measurement of glucose metabolism in many types
of tumors using PET, it is not necessarily the optimal
tracer in all cases. For example, in neuro-oncology,
tumor detection with FDG is often difficult due to
the high basal metabolism in the brain [59–61].
Also, inflammatory cells have been reported to
exhibit increased glucose metabolism, which may
interfere with tumor imaging [62–64].

The in vivo study of other metabolic processes,
such as the rates of protein, RNA or DNA synthesis,
has been carried out to circumvent the problems
associated with FDG. The rate of protein synthesis
(PSR) in tumors can be quantified with positron-
emitting amino acids or amino acid analogs, al-
though it should be noted that the incorporation of an
amino acid is the result of the synthesis of many
different proteins. The first step in protein synthesis
inside the cell is the enzymatic conversion of an
L-amino acid into amino-acyl-tRNA by the enzymeFig. 4. FDG image (anterior whole body). Image of a 38-year-old
amino-acyl RNA synthetase. Amino acids are alsowoman with a history of malignant melanoma. Multiple areas of

increased FDG accumulation are present in the thorax, abdomen degraded by other pathways including decarboxyl-
and pelvis. Images are reproduced with permission from the ation, oxidation and transamination. Desirable prop-
MIR-NM digital teaching file collection at Washington University erties of radiolabeled amino acids for quantifying the
School of Medicine.

PSR include high blood-brain barrier permeability,
rapid clearance and turnover, and favorable metabol-
ic pathways. Using PET, it is not possible to1) and hexokinase. FDG is potentially useful in
discriminate between protein and non-protein bounddifferentiating benign from malignant forms of
radioactivity, therefore, the optimal amino acidstimulated osteoblastic activity because of the high
should have minimal metabolism to non-proteins. Ametabolic activity of many types of aggressive
review of the use of amino acids for measurement oftumors. FDG and PET also demonstrates the po-
protein synthesis by PET has been reported [65].tential for non-invasive tumor staging because of its

1 1ability to detect lymph node metastases from breast Amino acids have been labeled with both C and
18and lung cancers, melanoma and head and neck F for PET imaging of tumors. Amino acids labeled

carcinomas [56,57]. It is important to note that all in positions other than the carboxyl position have
cells metabolize glucose and therefore FDG is not been found to undergo metabolism in more compli-
tumor specific and can present a significant problem cated processes than just protein formation, but are
particularly after therapy when macrophages, which very useful nonetheless. Methionine has been labeled

11exhibit high uptake of FDG, replace tumor cells. with C in the methyl and carboxyl position. L-
1 1Uptake can also be effected by blood sugar levels [methyl- C]methionine was found to form a signifi-

due to competition with glucose for membrane cant amount of non-protein bound metabolites in
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vivo, making it difficult to accurately measure the affinity for the receptor of interest and low affinity
PSR [66]; however, this agent has been of clinical for other receptor systems improves selective tumor
value as a reliable marker of tumor tissue and can be uptake. Designing agents with lower lipophilicity
a useful marker of amino acid transport [67]. For minimizes non-specific binding. For receptor-based

1 1example, L-[methyl- C]methionine has been used in radiopharmaceuticals, one of the most important
clinical studies to measure metabolic changes in considerations is that the radionuclide placement
breast cancer metastases in order to predict response does not significantly decrease the receptor binding
to anticancer therapy [68]. It was found that an of the original ligand. Another important considera-

11increase in uptake of L-[methyl- C]methionine 6–7 tion is the stability of the radiolabeled-receptor
weeks after the beginning of therapy may be an ligand with respect to in vivo metabolism. Receptor
indication of poor response. A comparative study ligands can be larger biomolecules such as peptides,

123with 3-[ I]iodo-a-methyltyrosine (SPECT) and L- or smaller organic molecules such as dopamine or
1 1 folic acid. If a radiometal is used as the isotope of[methyl- C]methionine (PET) showed that the two

choice it is connected to these biomolecules via aagents had comparable uptake and clearance in
bifunctional chelating agent (BFC), which consistsgliomas, indicating that amino acid transport can also
of a chelate to complex the radiometal and abe measured with gamma emitters [69].

1 1 functional group for attachment to the biomolecule.L-[1- C]tyrosine has been investigated extensive-
These factors and others will be discussed in thely in the determination of PSR in tumors [70]. In a
following sections.study of patients with brain tumors, it was found that

prior to radiotherapy, gliomas were clearly visualized
1 1with L-[1- C]tyrosine and PET, while after

67 684.1. Ga- and Ga-citrateradiotherapy, all gliomas remained visible, with PSR
values significantly higher than normal brain tissue.

67Cyclotron-produced Ga (t 5 78 h) decays byThis indicated that the gliomas were still viable after 1 / 2

electron capture and has four principal gammaradiotherapy. In patients with breast cancer, L-[1-
1 1 energies suitable for SPECT imaging: 93, 185, 300C]tyrosine was found to be able to distinguish

and 394 keV. High spin Fe(III) and Ga(III), due tobetween tumor and fibrocystic disease, whereas FDG
31 5their similar electronic configuration (Fe 5 3d ,did not [70].

31 10Ga 5 3d ), have many common properties, in-
31 31˚ ˚cluding ionic radii (Fe 5 0.49 A, Ga 5 0.47 A),

ionization potential and coordination number. In
4. Receptor and transport-mediated vivo, gallium mimics iron.

67radiopharmaceuticals Ga-labeled citrate was first used in tumor imag-
ing nearly 30 years ago [72], and a few years later

67The over-expression of cell surface or nuclear researchers determined that the Ga was actually
67receptors is the premise for receptor-based radiophar- binding transferrin in vivo [73]. Today, Ga-citrate /

maceuticals. To put in perspective the importance of transferrin remains a widely used radiopharmaceuti-
this class of radiopharmaceuticals, in 1994 the cal for the clinical diagnosis of certain types of
Diagnostic Imaging Research Branch of the Division neoplasms, such as Hodgkin’s disease, lung cancer,
of Cancer Treatment of the National Cancer Institute non-Hodgkin’s lymphoma, malignant melanoma and

67held a workshop on ‘Tumor Receptor Imaging’ in leukemia. In Fig. 5 an example of Ga-citrate
Bethesda, MD. This workshop [71] covered many uptake in malignant melanoma is shown. The mecha-

67new advances in cancer biology involving hormone nism of Ga-citrate / transferrin uptake into tumors
and growth factor receptors and certain biochemical has long been disputed. The current theory is that the

67changes that may serve as targets for tumor imaging. Ga-transferrin complex binds to the transferrin
In designing radiolabeled receptor-ligands, selec- receptor present on tumor cells, and is then incorpo-

tivity, low non-specific binding and incorporation of rated into the cell by receptor-mediated endocytosis
the radionuclide are three factors to consider. High [74]. This theory was further examined by determin-
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6 7 67Fig. 5. Ga-citrate image (72 h post-injection). A Ga-citrate image of a 45-year-old man with a history of metastatic melanoma. The
examination reveals foci of markedly increased activity throughout the upper extremities, axilla, chest, abdomen, pelvis, and lower
extremities, bilaterally. Careful examination reveals the superficial nature of some of these lesions. In addition, abnormally increased activity
is noted in the kidneys bilaterally. Images are reproduced with permission from the MIR-NM digital teaching file collection at Washington
University School of Medicine.

67 68ing the uptake of Ga-citrate in two cell lines: one Ga-citrate has not been used for tumor imaging
that had no transferrin receptor, and one where the with PET.
transferrin receptor was overexpressed [75] no re-
turn. 4.2. MIBG

It was found that both transferrin-dependent and
independent mechanisms were responsible for the Meta-iodobenzylguanadine (MIBG), a structural

67uptake of Ga in these transfected cell lines. analog of guanidine (Fig. 6), is an adrenergic
68Ga-labeled citrate / transferrin has also been used blocking agent [77]. Like guanidine, MIBG enters

in diagnostic imaging, but due to the much shorter the adrenergic tissue and is concentrated in the
68 67half-life of Ga than Ga, the disease states studied catecholamine storage vesicles of adrenergic nerve

68are very different. For example. Ga-transferrin has endings and the adrenal medulla. MIBG accumulates
been used to quantify pulmonary vascular per- in tumors of the neural crest tissue and adrenal

68meability using PET [76], since Ga-transferrin is medulla such as pheochromocytomas, non-function-
taken up in the lungs immediately after injection. ing parangangliomas, carcinoid tumors, neuroblas-
PET allows quantification which is not possible with tomas and certain neuroendocrine tumors. MIBG has
67Ga and gamma scintigraphy; however, to date, also been used for imaging the medullary carcinoma
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disease has metastasized to the lymph nodes or if the
primary tumor is located in a site with limited access
it is difficult for the surgeon to achieve complete

123 125resection. A study into using I and I labeled
MIBG demonstrated the feasibility of using MIBG as
a radioguide to ensure complete resection of neuro-
blastoma in children. Improved image quality andFig. 6. Structure of guanethidine (a) and its analog, MIBG (b) that
detection has been achieved by using SPECT inis used for imaging of adrenal tumors and neuroblastoma.

123combination with I. Metastases not observable
131 123using I MIBG were detected with SPECT and I

of the thyroid [78], retinoblastoma [79] melanoma imaging [92].
and bronchial cell carcinoma [80].

MIBG is similar in chemical structure to norepi- 4.3. Somatostatin analogs
nephrine, a neurotransmitter-hormone, and physio-
logically distributes similarly. The uptake of MIBG Some of the first peptide-based tumor receptor
in normal and tumorous adrenergic tissues appears to imaging agents were radiolabeled analogs of the
involve the re-uptake mechanism of norepinephrine hormone somatostatin. Somatostatin (Fig. 7) is a
that does not bind to receptors in the membrane of 14-amino acid peptide involved in the regulation and
the post synaptic effector cell [81]. Two systems release of a number of hormones, including growth
have been identified for MIBG uptake in adrenergic hormone, thyroid-stimulating hormone and prolactin.
cells. Uptake system I, is specific for catecholamines, Somatostatin receptors (SSRs), found on the cell
is saturable, sodium, energy and temperature depen- surface, occur in a number of different normal organ
dent and has a high affinity for MIBG [82]. This is systems including the central nervous system, the
the predominant mode involved in diagnostic imag- gastrointestinal tract, and the exocrine and endocrine
ing [83–85]. Uptake system II is non-saturable, pancreas [93–95]. A large number of human tumors
sodium or energy independent, temperature depen- are also SSR-positive [96]. Somatostatin has a very
dent, low affinity for MIBG and predominates at short biological half-life, but analogs such as oc-
high concentrations of MIBG [82–85]. Upon enter- treotide have much longer residence times [97].
ing the cytoplasm. MIBG and other catecholamines Octreotide, an 8-amino acid somatostatin analog,

111are concentrated in adrenergic storage vesicles by an has been labeled with In using DTPA [98,99] (Fig.
energy dependent proton pump [81,86]. 7) and is approved for human use in the U.S.A. and

Isotopes of iodine used to label MIBG for diag- Europe as a diagnostic imaging agent for neuroen-
nostic imaging and radiotherapy are listed in Tables docrine tumors [100,101]. This agent shows low
1 and 2. The advantages of labeling with iodine are nanomolar affinities for SSR in neuroendocrine

111its relative ease, the retention of the molecule’s tumors [102], and . 80% of In-DTPA-octreotide
overall distribution characteristics, and convenient clears rapidly through the kidneys intact [100] (Fig.
half lives that allow sufficient time between syn-
thesis, injection and imaging. Since only a small
fraction of circulating blood passes through adren-
ergic tissue, a relatively long period of time is
required for the tracer to accumulate in the target
tissue and clear from the blood and non-target
tissues.

Imaging with MIBG can localize sites of neuro-
blastoma not detectable with other imaging mo-
dalities [87]. Accurate detection and localization is
essential as surgical resection is the most effective Fig. 7. Somatostatin and analogs that are used in the imaging of
treatment for localized neuroblastoma [88–91]. If the neuroendocrine tumors.
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8). The combination of sensitivity, specificity and
favorable clearance characteristics has made this
radiopharmaceutical the prototype for a new area of
peptide-based receptor ligands for cancer imaging.

Somatostatin analogs, including octreotide, RC-
160, and several developed by Diatide, Inc., have
been labeled with a variety of radionuclides, includ-

99m 64 68 18 86ing Tc, Cu, Ga, F and Y for diagnostic
imaging by gamma scintigraphy or PET. In the
following paragraphs, several of these will be dis-
cussed.

68 67Ga and Ga have been labeled to octreotide
using the BFC desferrioxamine-B (DFO) (Fig. 9)

68[103,104] to evaluate the potential of Ga-DFO- Fig. 9. Bifunctional chelators used to attach radiometals to
octreotide.octreotide as a PET agent for detection of neuroen-

111Fig. 8. In-pentetreotide image (23 h post-injection). An image of a 43-year-old male with a known gastrinoma. The examination
demonstrates multiple abnormalities. There are multiple areas of increased radioactivity in the liver, thoracic and lumbar spine, pelvis, bone
and chest. Images are reproduced with permission from the MIR-NM digital teaching file collection at Washington University School of
Medicine.



200 C.S. Cutler et al. / Advanced Drug Delivery Reviews 37 (1999) 189 –211

docrine cancer. The uptake kinetics of 2- and lysine [111]. Two of the peptides evaluated in
18 1 99m[ F]fluoropropionyl-(D)phe -octreotide were deter- vitro by Pearson, et al., Tc-labeled P587 and P829

mined by PET and ex vivo biodistribution and [111], were studied further in animal models [112].
67 18 99mcompared to Ga-DFO-octreotide [105]. This F- These Tc-labeled peptides both have high binding

labeled octreotide analog accumulated rapidly in affinity to the SSR in tumor-bearing rats and favor-
SSR-positive tumors in rats, but it cleared substan- able clearance characteristics. Clinical investigations

67tially by 2 h post-injection. Conversely, Ga-DFO- are ongoing [113].
18octreotide was retained by the tumor. 2-[ F]fluorop- Somatostatin analogs, based on alterations in the

1ropionyl-(D)phe -octreotide cleared through the hep- structure of octreotide, where Tyr(Y) is substituted
67atobiliary system, in contrast to Ga-DFO-oc- for Phe(F) in the 3-position, and/or the C-terminal

treotide, which cleared through the kidneys. At the alcohol is replaced with a carboxylate, demonstrated
18time of this writing, no F-labeled octreotide ana- increased affinity for SSR and increased uptake in

1logs have suitable tumor uptake and clearance SSR tissues in vivo. These substitutions have been
111 111 64characteristics for PET imaging of SSR positive made for In-DTPA, In-DOTA and Cu-TETA

tumors in humans. conjugates and have resulted in significantly higher
1 111Octreotide has been conjugated to the BFCs CPTA SSR tissue uptake compared to In-DTPA-oc-

64 6 4and TETA (Fig. 9), for labeling with Cu [102]. treotide [114,115] and Cu-TETA-octreotide [116].
CPTA, a derivative of cyclam, forms Cu(II) com-
plexes having a 1 1 charge, whereas the Cu-TETA 4.4. Steroid receptor ligands

64complex has a 2 1 charge. Cu-CPTA-octreotide
6 4and Cu-TETA-octreotide showed high affinity for Unlike many cell surface receptors targeted by

the SSR both in vitro and in vivo, but their biological radiopharmaceuticals, receptors for steroid hormones
64clearances were very different. The Cu-CPTA are nuclear proteins and interact at specific sites in

conjugate cleared almost exclusively and very slowly chromatin. Biological action occurs when the steroid
6 4through the liver. Cu-TETA-octreotide cleared penetrates the cell membrane and forms a complex

primarily through the kidneys, with very low liver with the receptor that then associates tightly with the
accumulation. These results demonstrate that the specific regulatory binding sites in the chromatin.
BFC has a major impact on the biological behavior There are typically about 10,000 steroid receptors

6 4of radiometal-BFC-biomolecule conjugates. Cu- per prostate or breast cancer tumor cell, and the
TETA-octreotide is currently being evaluated as a affinities of these nuclear receptors for their ligands
PET imaging agent for neuroendocrine tumors [106]. are generally in the subnanomolar-to-nanomolar

64Preliminary results showed that Cu-TETA-oc- range [117].
treotide and PET detected even more SSR positive During the early 1980’s, steroid ligands labeled

111lesions than the currently used agent, In-DTPA- with radiohalogens were evaluated as imaging agents
octreotide and gamma scintigraphy. for hormone receptor-positive tumors [118–122]. In

Octreotide analogs have also been labeled with the estradiol molecule, bromine or iodine were found
86 90Y for PET imaging prior to radiotherapy with Y to be tolerated only at the 16a-position; however,

90[105,107–110]. Y-DTPA was unstable in vivo, fluorine, a much smaller halogen, is well tolerated at
90resulting in high bone uptake [105,107], but Y- every substituent position and causes no decrease in

86 / 90DOTA was found to be very stable. Y-DOTA- binding affinity or increase in non-specific binding.
3 18Tyr -octreotide has demonstrated high target uptake Of the F-labeled estrogen receptor ligands evalu-

and rapid renal clearance [108,109]. Clinical trials ated, 16b-fluoro-11b-methoxy-17a-ethynyl estradiol
86for PET imaging and radiotherapy using Y- and (bFMOX) (Fig. 10) had the most favorable uptake in

90Y-labeled DOTA-octreotide are imminent the estrogen receptors of the immature rat uterus
18[108,109]. [123]. However, 16a[ F]fluoro-17b-estradiol (FES)

Technetium and rhenium have been complexed to (Fig. 10), one of the initial fluorinated estrogen
somatostatin analogs via chelates formed from pep- analogs evaluated, had the most favorable biodistri-
tides containing the amino acids glycine, cysteine bution in humans; [124] (F. Dehdashti, unpublished
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prostate:bone ratio in baboons compared to rats, and
this agent is currently being evaluated as a prostate
cancer imaging agent in humans [131].

5. Monitoring cancer therapy with
radiopharmaceuticalsFig. 10. Estrogen receptor ligands. Structures of 16b-fluoro-11b-

18methoxy-17a-ethynyl estradiol (bFMOX) and 16a-[ F]fluoro-
17b-estradiol (FES). 5.1. Monitoring hormonal therapy with FES

results). This difference may be because bFMOX An important aspect of receptor-based imaging
was designed to have a low affinity for sex hormone agents is their use in the monitoring of conventional
binding globulin (SHBG), because it was thought or chemotherapy regimes in cancer patients. In
that this protein would decrease the available steroid patients with primary and metastatic breast cancer,
capable of binding estrogen receptors [125]. A more data obtained from PET imaging after FES adminis-
recent model of SHBG and steroid receptor ligands tration correlates with tumor estrogen receptor status
suggests that the protein actually transports the determined in vitro [132]. Comparison studies
steroid to its receptor [126]. A review by Jonson and showed that FDG was more sensitive than FES in
Welch has further discussion of SHBG and steroid staging breast cancer, and that patients who are
receptor ligand interactions [127]. estrogen receptor positive (ER 1 ) by in vitro assays,

Androgen receptors are typically found in prostate but FES negative, may be less likely to respond to
cancer, and an androgen receptor-based radiophar- hormone therapy [133].
maceutical may be useful in imaging the disease. Tamoxifen therapy in breast cancer patients fre-

18Several F-labeled androgen receptor ligands (16b- quently is accompanied by a ‘flare’ reaction, defined
18F-substituted testosterone, 5a-dihydrotestosterone as pain and swelling following initiation of therapy.

18and mibolerone, 16a- and 16b- F-7a-methyl-19- Clinically, it may be difficult to distinguish between
18nortestosterone, 20-[ F]-fluoroR1881 (metribolone) a flare reaction and disease progression. Further

18and 20-[ F]-fluoromibolerone) have been synthes- evaluation using FDG and FES in breast cancer
ized and evaluated in male rats [128,129]. Of these, patients undergoing tamoxifen therapy was carried
three agents were selected for imaging in a non- out to determine if increased FDG uptake after

18human primate model: 16b-[ F]fluoro-5a- initiating tamoxifen therapy (‘metabolic flare’) pre-
18dihydrotestosterone (16b-[ F]FDHT), 16b- dicted a hormonally responsive breast cancer [134].

18 18[ F]fluoromibolerone, and 20-[ F]-fluoro- There was a significant correlation between increased
mibolerone [130]. A steroid-SHBG effect has also tumor uptake of FDG and greater blockade of FES
been observed with these androgens. 16b- 7–10 days after initiation of tamoxifen therapy in

18[ F]FDHT (Fig. 11) showed a 37-fold greater patients who responded to the hormonal therapy than
in non-responders.

5.2. Multi-drug resistance

A major cause of failure in the treatment of cancer
is the development of multi-drug resistance (MDR).
MDR is a condition in which the tumor acquires
resistance to a structurally and functionally diverse
group of compounds following administration of a

18 single chemotherapeutic agent. The resistance corre-Fig. 11. Structure of 16b-[ F]fluoro-5a-dihydrotestosterone (16b-
18 lates to the overexpression of a family of related[ F]FDHT) used for imaging androgen receptors in prostate

cancer. mammalian MDR and multidrug resistance-associ-
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ated (MRP) genes which code for transporters that
pump drugs out of the cell [135–138]. The best
characterized of these transporters is P-glycoprotein
(Pgp), a transmembrane protein (M 5 170 000) ex-r

pressed on the plasma membrane of tumor cells
[139,140]. Pgp is an ATP dependent efflux pump
that renders resistance by transporting chemothera-
peutic agents out of the cell.

MDR reversal or modulator agents are drugs that
could be co-administered with the chemotherapeutic
drugs to block or inhibit these transporters and
thereby enhance accumulation of chemotherapeutic
drugs. The first generation of modulators, cyclos-
porin A and verapamil, were successful experimen-
tally in inhibiting MDR mediated by Pgp. When used
clinically, however, these agents proved to be inef-
fective as their toxic side effects occurred before

99mFig. 12. Tc-sestamibi: Imaging agents for multi-drug resistancereversal of MDR was achieved [141]. Research has
(MDR) in tumors.

since focused on developing agents that inhibit Pgp
at concentrations that will not induce cytotoxic or
pharmacological side effects. Although these drugs MDR expressing and non-expressing tissues. Clinical

99mtend to be quite diverse chemically, many are evaluation of Tc-sestamibi demonstrated efficient
lipophilic and positively charged at neutral pH [142]. functional imaging of Pgp expression in breast

Immunohistochemical techniques to characterize cancer patients [157] and patients with refractory
Pgp expression in human tumors [143–149] require cancer [158].
tissue biopsies, are labor intensive and can be
unreliable due to tumor heterogeneity [137,150]. 5.3. Imaging of tumor hypoxia
Based on these limitations and the need for an in
vivo assay to evaluate newly developed MDR rever- A major problem faced in treating cancer is the
sal agents, an imaging agent was sought. As sub- resistance of tumors to treatment. Besides MDR,
strates of Pgp tend to be lipophilic and monocationic another cause of tumor resistance is the development
at physiological pH, the same requirements common of hypoxic regions (areas of low oxygen tension)
to agents developed for myocardial imaging, the within tumors. Hypoxic regions have been shown to
possibility was raised that myocardial imaging agents be resistant to traditional chemotherapy [159–161]
might be suitable substrates for Pgp. and radiotherapy [162,163]. Compounds known as

The first myocardial agent evaluated as a possible hypoxic cell sensitizers have been developed that
99msubstrate for Pgp was Tc-hexakis(2-methoxy-iso- render these regions more sensitive to radiation.

99mbutylisonitrile (sestamibi) (Fig. 12). Tc-sestamibi Methods exist for measuring hypoxia, however a
consists of technetium in the 1 1 oxidation state non-invasive diagnostic test would be useful for
bound to six alkyl isonitrile groups in an octahedral clinical applications [164,165]. Radiopharmaceuti-
geometry [151], and the complex is extremely stable cals selectively retained by these hypoxic regions

99min vivo. Tc-sestamibi accumulation in mitochon- would provide a non-invasive technique and would
dria is driven by membrane potential. The initial be of benefit in determining the course and success

99mdistribution of Tc-sestamibi into mitochondrial of treatment.
rich tissues accounts for its accumulation in the The first radiopharmaceutical agents for hypoxia
heart, kidney, liver, skeletal muscle and tumors in were based on nitroimidazoles, a class of hypoxic

99mvivo. Tc-sestamibi is a substrate of Pgp [152– cell sensitizing agents. After diffusing into a cell,
156]; a three fold difference is observed between nitroimidazoles undergo a one-electron reduction in
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viable cells, forming an anionic radical, that upon improved compound (DM5-194796) has since been
reoxidation in normal cells diffuses out of the cell. In described [180].
hypoxic cells the nitroimidazoles are further reduced In certain cases the technetium core complexes
to more reactive species that bind to cell components without the nitroimidazole groups have even greater
[165]. Analogs of nitroimidazoles have been labeled hypoxia selectivity than the nitroimidazole contain-

18 123with F for PET imaging and I for SPECT ing complexes [181]. Based on this finding the
18 99mimaging. The fluorinated analog, [ F]-fluoro- compound, Tc-HL91, which does not contain a

misonidazole (FMISO) (Fig. 13) is retained in nitroimidazole group and is similar in structure to
hypoxic tissue in cerebral ischemia, [166,167] BMS-181321, was evaluated for its hypoxic selec-
myocardial infarction [168,169] and tumors [170]. tivity. It demonstrated increased uptake in hypoxic
Although the differences between hypoxic tissue and and low flow ischemic myocardium [182], and in a
normal tissue are seen by PET and SPECT with preliminary study uptake in human tumors seemed to
these analogs, they suffer from low cellular uptake be attributable to the presence of hypoxic tissue
and slow normal tissue clearance requiring long [165]. The major disadvantage of this agent is that
periods of time between injection and imaging imaging times of up to 4 h are required for optimal
[168,169,171]. contrast [183].

Chelates coordinated to 2-nitroimidazole groups Fujibayashi and co-workers [184,185] have shown
99m 4have been labeled with Tc [172–175]. These that a copper complex, Cu(II)-diacetyl-bis(N -

complexes exhibited specific retention in hypoxic methylthiosemicarbazone) (Cu-ATSM) (Fig. 14), is
tissue in models of myocardial ischemia retained in ischemic tissue but diffuses out of
[173,176,177] and in tumors [178]. Bristol–Myers normoxic tissue. This complex is in a class of copper

99mSquibb developed several Tc labeled 2-nitroim- bis(thiosemicarbazones) which have been evaluated
idazole complexes by coordinating ligands that form in vitro and display uptake that is either non-hypoxia
neutral Tc complexes to nitroimidazole groups selective (e.g. Cu-PTSM) to hypoxic selective [186].
known to be selective for hypoxic tissue. The first The variety of copper radionuclides available allows

99msuch compounds were the neutral Tc-BATO the potential of multiple isotope studies utilizing
complex conjugated to either a 2- or 4-nitroimidazole Cu-ATSM or in conjunction with a blood flow tracer
moiety [172]. The reduction of the nitroimidazole such as Cu-PTSM. Studies conducted using the
groups of these compounds was found to be more Langendorff isolated perfused rat heart model, in
difficult to reduce than misonidazole [172,179]. This which oxygen concentration can be controlled,
was considered a problem since the selective trap- showed that specific retention of Cu-ATSM is due to
ping in hypoxic tissue is due to the reduction of the oxygen depletion [187]. It has also been shown that
nitroimidazoles. Another agent was developed that
incorporated technetium(V) propylene amine oxime
(Tc-PnAO) to 2-nitroimidazole (BMS-181321); this
was shown to be selective for hypoxic tissue. An

18 4Fig. 13. Structure of [ F]-fluoromisonidazole (FMISO), an analog Fig. 14. Structure of Cu(II)-diacetyl-bis(N -methylthiosemicar-
of 2-nitroimidazole that is used to image hypoxia in tumors. bazone) (Cu-ATSM).
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60Cu(ATSM) can delineate hypoxic tissue in tumors exists for the scientist to look at a particular disease
in vivo [188]. Cu-ATSM differs from the blood flow and to identify what discriminates it from healthy
agent Cu-PTSM by the addition of a single methyl tissue. With this knowledge at hand and the myriad
group on the ligand backbone, which results in a 100 of tumor targeting mechanisms available, radiophar-
mV lowering of the reduction potential of Cu-ATSM. maceuticals can be designed accurately to target a
In the case of Cu-PTSM, Cu(II) is reduced to Cu(I) particular type of cancer.
by the normal electron transport chain of mito-
chondria in both normoxic and hypoxic tissue (Fig.
1), whereas with Cu-ATSM, Cu(II) is only reduced 7. Glossary
by oxygen depleted mitochondria in hypoxic tissue

4[185,189,190]. The reduction of Cu-ATSM requires ATSM diacetyl-bis(N -methylthiosemi-
both abnormally high NADH concentrations and carbazone)
intact Complex I system mitochondrial electron bFMOX 16b-fluoro-11b-methoxy-17a-
transport chain. Thus, the retention of Cu-ATSM ethynyl estradiol
indicates the presence of intact mitochondria, but BFC bifunctional chelator
disturbed electron flow (namely high NADH) caused BMS-181321 oxo((3,3,9,9-tetramethyl-1-
by depletion of the final electron acceptor, oxygen. (2-nitro-1H-imidazol-1-yl)-4,8-
Cu-ATSM with its lower redox potential is not diazaundecane-2,10-dione dioxi-
reduced in normoxic tissue and therefore quickly mato)(3-)-N,N9,N0,N90)-
washes out. In hypoxic tissues, the Cu(II) of Cu- technetium(V)
ATSM is quickly and irreversibly reduced to Cu(I) CPTA 4-[(1,4,8,11-tetraazacyclotetradec-
and retained. The higher redox potential of Cu- 1-yl)methyl]benzoic acid
PTSM allows it to be reduced in both normoxic and DFO desferrioxamine-B
hypoxic tissue and therefore retained in both. DMAD dimethyleneaminomethylene di-

phosphonate
DTPA diethylenetetraaminepentaacetic

6. Summary and conclusion acid
EDTA ethylenediaminetetraacetic acid

18Over the past few decades the diagnosis of disease FES 16a-[ F]fluoro-17b-estradiol
18with radiopharmaceuticals has progressed from FDG 2-[ F]fluoro-2-deoxyglucose

18 18rudimentary radioactive small molecule tracers to 16b-[ F]FDHT 16b-[ F]fluoro-5a-dihydro-
targeting molecules based upon defined biological testosterone

18and chemical processes. With the availability of FMISO [ F]-fluoromisonidazole
18 18sophisticated imaging modalities and radionuclides [ F]-FU F-labeled fluorouracil

the clinician has available techniques for the non- h hours
invasive diagnosis of cancer as well as the means to HEDP 1-hydroxyethylidene diphospho-
accurately monitor the efficacy of therapeutic treat- nate
ments. In this review we have discussed three such HMDP hydroxymethylene diphosphonate
available methods; the utilization of metabolic, trans- HSA human serum albumin

3port and receptor-mediated processes to deliver keV kilo-electron volts (10 )
agents for cancer diagnosis. mAb monoclonal antibody

It is now possible to identify the presence of MDP methylene diphosphonate
cancer (e.g. FDG), the type of tumor with specific MDR multi-drug resistance

6receptor based drugs (e.g. androgen, estrogen, MeV mega-electron volts (10 )
somatostatin receptor positive cancer) and to monitor PET positron emission tomography

4the effectiveness of treatment (e.g. the existence of PTSM pyruvaldehyde-bis(N -methyl-
hypoxia). With the advances in drug design and the thiosemicarbazone)
large numbers of tumor types, the opportunity now sestamibi 2-methoxyisobutaneisonitrile
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