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Abstract. Increased metabolism has been found to be one of the most promi-
nent features of malignant tumors. This property led to the development of trac-
ers for the assessment of glucose metabolism and amino acid transport and their
application for tumor diagnosis and staging. Prominent examples are fluoro-
deoxyglucose, methionine and tyrosine analogs, which have found broad
clinical application. Since quantitative procedures are available, these techniques
can also be used for therapy monitoring. Another approach may be based on the
noninvasive detection of apoptosis with tracers for phosphatidyl-serine presen-
tation and/or caspase activation as surrogate markers for therapeutic efficacy.
Finally, the evaluation of hypoxia with nitroimidazoles may be a valuable tool
for prognosis and therapy planning.
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1 Glucose Metabolism

Malignant tumors are tissues metabolizing glucose to lactate to a high
extent. This increased glycolytic activity correlates with a high amount
of mitochondrial-bound hexokinase in the tumor cells. In quickly grow-
ing tumor cells, the hexokinase activity is greatly enhanced, and up to
80% of the molecules are bound to the outer mitochondrial membrane.
Changes in the expression of glycolysis-associated genes during the ma-
lignant transformation have been reported by several groups (Shawver
et al. 1987; Flier et al. 1987; Bos et al. 2002): especially the gene encod-
ing the glucose transporter subtype 1 (GLUT1) is activated early after
transformation of cells with oncogenes such as src, ras or fps. An in-
crease in the mRNA of GLUT1 is observed as early as 4–6 h after induc-
tion of the p21 c-H-ras oncoprotein, while morphological changes oc-
cur after 72–76 h. Furthermore, the increase in GLUT1 mRNA after ras
transfection was independent of the growth rate. In vivo overexpression
of GLUT1 and GLUT3 was found in a series of different human and
experimental tumors. The increase in GLUT1 transcription can be used
for imaging or therapy by cloning a reporter gene or a therapeutic gene
such as suicide genes downstream of the GLUT1 promoter/enhancer
elements (Haberkorn et al. 2002, 2005). Examples are the herpes sim-
plex virus thymidine kinase (HSVtk) gene or the sodium iodide sym-
porter, where adeno associated virus or retroviral vectors have been used
to transfect tumor cells and to measure the uptake of specific substrates
or to treat animals with genetically modified tumors (Sieger et al. 2003,
2004). In these studies, reporter gene expression (green fluorescent pro-
tein, HSVtk or sodium iodide symporter) was specific for tumor cells or
cells with expression of an activated ras oncogene (Fig. 1).

18Fluordeoxyglucose (FDG) for PET studies of glucose metabolism
was introduced as a consequence of autoradiographic and biochemi-
cal studies with glucose analogs in different tissues. Similar to glucose,
2-deoxyglucose (dGlc) and FDG are transported bidirectionally and are
phosphorylated by the enzyme hexokinase. This is possible because
the C-2 position, unlike the C-1, C-3 and C-6 positions, is uncritical
for the binding to the hexokinase. In contrast to glucose-6-phosphate,
FDG-6-phosphate and dGlc-6-phosphate are not further metabolized in
significant amounts during the examination. dGlc-6-phosphate is not



Molecular Imaging of Tumor Metabolism and Apoptosis 127

Fig. 1. Scintigraphic image of a rat bearing a wild type (WT) and a genetically
modified tumor with expression of the human sodium iodide symporter (NIS).
Only the NIS-expressing tumor, the stomach and the thyroid gland show accu-
mulation of 131I

metabolized to fructose-6-phosphate and, therefore, is not a substrate
for the glucose-6-phosphate dehydrogenase. dGlc-6-phosphate may be
converted to dGlc-1-phosphate and uridine-diphosphate(UDP)-dGlc,
followed by an incorporation into glycogen, glycolipids and glycopro-
teins. However, these reactions are very slow in mammalian tissues.
Furthermore, in the brain, the organ where the deoxyglucose method
was applied for the first time, as well as in malignant tumors, glucose-6-
phosphatase activity is downregulated. In contrast to the autoinhibition
of the glucose phosphorylation, FDG-6-phosphate shows no inhibition
of hexokinase activity. Compared to 2-deoxyglucose, FDG is incorpo-
rated very slowly into macromolecules, as has been demonstrated in
yeasts as well as in chick fibroblasts. Due to their negative charge, which
prevents penetration of the negatively charged inner part of the plasma
membrane, FDG-6-phosphate and dGlc-6-phosphate accumulate in the
cells. A further advantage is the rapid clearance of the tracer: similar
to glucose, FDG shows glomerular filtration. However, unlike glucose,
this is not followed by tubular reabsorption, because FDG is not a sub-
strate for the tubular sodium glucose symporter, which is responsible
for the rapid renal clearance.
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PET studies with different animal models showed a correlation of
FDG uptake and the content of GLUT1 and hexokinase mRNA (Haber-
korn et al. 1994). Differences in the FDG uptake in different lung car-
cinomas, with lower values for adenocarcinomas as compared to squa-
mous cell carcinomas, corresponded to the histologically determined
expression of GLUT1, which was higher in squamous cell carcinomas
than in adenocarcinomas. Therefore, the genetic program in malignant
tumors leads to the corresponding FDG uptake values as measured with
PET. Similar results were obtained in bronchioalveolar adenocarcino-
mas, with significantly lower values for the number of GLUT1-positive
cells and FDG uptake and a correlation of histologic grade and the
amount of GLUT1-positive cells and FDG uptake.

The clinical application of 18FDG was predominantly for tumor di-
agnosis and staging for a variety of tumor entities such as lung, colon,
breast, head and neck, and esophageal cancer, melanoma, and lym-
phoma (Fig. 2). In lung cancer, a meta-analytic comparison of PET (14
studies, 514 patients) and CT (29 studies, 2226 patients) for the demon-
stration of mediastinal nodal metastases in patients with non-small cell
lung cancer (NLCLC) was done by Dwamena et al. (1999). In this ana-
lysis, pooled point estimates of diagnostic performance and summary
ROC curves indicated that PET was significantly more accurate than
CT for demonstration of nodal metastases with p < 0.001. The mean
sensitivity and specificity were 0.79 ± 0.03 and 0.91 ± 0.02, respectively,
for PET and 0.60 ± 0.02 and 0.77 ± 0.02, respectively, for CT. Subgroup
analyses did not alter these findings. The results were collected and eval-
uated in a consensus conference leading to recommended applications
of the method for a variety of tumors (Reske and Kotzerke 2001; Ta-
bles 1 and 2).

Besides staging, the prognostic value of FDG-PET has also been
evaluated. The relation of high pretherapeutic FDG uptake to a poorer

�
Fig. 2. Transaxial PET/CT images of a patient with lung cancer. Top: CT
image showing a large hilar mass. Middle: The fusion image demonstrates the
smaller extent of the tumor and atelectatic lung tissue. Bottom: A metastasis in
the adrenal gland is visualized
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Table 1 Indications of FDG-PET with established or probable clinical value

Differentiated thyroid Restaging of radioiodine-negative lesions
carcinoma Restaging of radioiodine-positive lesions
Esophageal carcinoma Staging lymph nodes, distant metastases
Pancreatic cancer DD inflammation/tumor

Recurrence
Colorectal carcinoma Therapy monitoring

Recurrence
Mammary carcinoma N-staging
Head and neck tumors N-staging

Recurrence
CUP

Lung tumors Solitary pulmonary nodule
N-staging (NSCLC)
Extrathoracic N-staging
Recurrence

Hodgkin lymphoma Staging
Therapy monitoring

Highly malignant NHL Staging
Therapy monitoring

Melanoma N-staging (Breslow > 1.5 mm
or known lymph node metastases)
M-staging (Breslow > 1.5 mm
or known lymph node metastases)
Recurrence
Follow-up for pT3 and pT4 tumors
Follow-up of metastases

Bone/soft tissue tumors Dignity, biological behavior, surgery planning

Table 2 Indications for a clinical value of FDG-PET in single cases

Mammary carcinoma Dignity
M-staging

Ovarian carcinoma Recurrence
Head and neck tumors Detection of a second tumor
Lung tumors Therapy monitoring
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prognosis was observed by different groups in patients with lung cancer
(Ahuja et al. 1998; Vansteenkiste et al. 1999). In a study with 155 pa-
tients, the uptake in the primary lesion of NSCLC was compared to the
clinical outcome: independent of other clinical findings, patients with
higher uptake values had a shorter median survival time than patients
with lower FDG accumulation (Ahuja et al. 1998). In this respect, a cor-
relation was described between tumor growth and FDG uptake (Duhay-
longsod et al. 1995). However, in experimental studies, conflicting re-
ports exist concerning the possible correlation of FDG uptake and tumor
cell proliferation (Brown et al. 1999; Higashi et al. 2000).

PET using 18F-FDG has been applied for the evaluation of treatment
response during chemotherapy, gene therapy, and radiotherapy in a va-
riety of tumors, indicating that FDG delivers useful parameters for the
early assessment of therapeutic efficacy (Bassa et al. 1996; Haberkorn
et al. 1991, 1993, 1997a,b, 1998; Rozenthal et al. 1989). Furthermore,
tumors may react to therapeutic intervention by compensatory reac-
tions, including an increase in glucose metabolism, especially during
the very early phase after treatment.

In general, increased FDG transport rates early after treatment are
suggested as evidence of stress reactions in tumors after chemother-
apy, gene therapy or radiation therapy (Haberkorn et al. 1998, 2001).
The glucose carrier shows a complex regulation: glucose transport may
be altered by phosphorylation of the transport protein (Hayes et al.
1993), decreased degradation (Shawver et al. 1987), translocation from
intracellular pools to the plasma membrane (Widnell et al. 1990), or
an increased expression of the gene (Flier et al. 1987). The increase
in glucose transport after exposure of cells to damaging agents has
been ascribed mainly to a redistribution of the glucose transport protein
from intracellular pools to the plasma membrane. Such reactions have
been found in cells exposed to arsenite, calcium ionophore A23187; or
2-mercaptoethanol (Widnell et al. 1990; Wertheimer et al. 1991; Hughes
et al. 1989). Furthermore, increased glucose metabolism has been ob-
served after chemotherapy or gene therapy of hepatoma with HSV thy-
midine kinase (Haberkorn et al. 1998, 2001a,b). Incubation with cy-
tochalasin B or deoxyglucose after the end of treatment increased the
amount of apoptotic cells (Haberkorn et al. 2001a,b), whereas monother-
apy with these drugs had no effect. Enhanced glycolysis may be used
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for a metabolic design of combination therapy, as has been done for
chemotherapy (Haberkorn et al. 1992) or radiotherapy (Singh et al.
2005). These strategies intend to disturb possible repair processes that
are in need of energy by interfering with glycolysis. Besides deoxyglu-
cose, a few compounds are available such as 6-aminonicotinamide,
3-bromopyruvate, oxythiamine, 5-thioglucose, or genistein, where at
least deoxyglucose shows a rather selective toxicity for cells with
chemotherapy resistance (Haberkorn et al. 1992). The design of such
a combination treatment requires data on the changes in the metabolic
pathways with respect to dose and time dependence, which may be ob-
tained by FDG-PET.

2 Amino Acids

Although PET with 18F-fluorodeoxyglucose (FDG) has been proven to
be useful for diagnosis and therapy monitoring in a variety of tumors,
there is a need for complementary information of tumor biology. FDG
is not tumor-selective and shows accumulation in inflammatory lesions.
Furthermore, tissues with high background such as the brain may cause
difficulties in image interpretation. Malignant tumors show changes in
the amino acid transport, protein synthesis and proliferation. Therefore,
many efforts have been made to establish tracers based on amino acids
or proliferation markers.

Radiolabeled amino acids are used for measuring the rate of protein
synthesis and amino acid transport. Besides protein synthesis, amino
acids are precursors for many other biomolecules, such as adenine, cy-
tosine, histamine, thyroxine, epinephrine, melanin and serotonin, and
are important in other metabolic cycles, including transamination and
transmethylation; methionine has a specific role in the initiation of pro-
tein synthesis and amino acids such as glutamine are used for energy.
Since all these pathways create a dependency on amino acid uptake,
amino acid transport does not faithfully represent protein synthesis, but
rather provides a general measure of the cellular need for amino acids.

Amino acids enter cells mainly via specific transport systems (Chris-
tensen 1990). These systems can be sodium-dependent or -independent.
Sodium-dependent transport relies on the sodium chemical gradient and
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the electric potential across the plasma membrane, as well as on the ac-
tivity of the Na+/K+-ATPase. Sodium-independent systems depend on
the amino acid concentration gradient across the cell membrane and
are often coupled to the countertransport (i.e., in the opposite direction)
of K+.

Kinetic studies have identified several sodium-dependent transport
systems: A, ASC and Gly, which transport amino acids with short po-
lar or linear side chains, e.g., alanine, serine and glycine. In general,
a change in affinity occurs when a sodium ion binds to the transporter
protein. Subsequent binding of the amino acid results in a conforma-
tional change in the transporter protein and in turn to the influx of
the attached sodium ion and the amino acid into the cell. System A is
transinhibited by intracellular substrates (i.e., the presence of intracel-
lular substrates slows the uptake of amino acids), whereas system ASC
is trans-stimulated by the presence of intracellular substrates (i.e., the
presence of intracellular substrates increases the activity).

Sodium-independent systems, L (ubiquitously found), B0,+ and y+,
are carriers for branched chain and aromatic amino acids, e.g., leucine,
valine, tyrosine and phenylalanine. System L shows trans-stimulation
by intracellular substrates such as leucine and valine. Most amino acid
carrier systems can also transport synthetic, nonmetabolizable amino
acid analogs.

Regulation of amino acid transport is complex and is influenced by
hormones, cytokines, changes in cell volume and the availability of nu-
trients (Christensen 1990). For example, the number of system A active
carriers increases during starvation; hence patients should be studied
preferentially while fasting.

Malignant cells were found to have an increased amino acid transport
(Boerner et al. 1985; Busch et al. 1959; Isselbacher 1972; Saier et al.
1988). Strong expression of system A has been found in transformed
and malignant cells as a result of oncogene action (Saier et al. 1988) and
a correlation between amino acid transport and cellular proliferation has
been described (Jager et al. 2000; Kuwert et al. 1997).

For the assessment of the protein synthesis rate, relatively complex
kinetic models are necessary. Furthermore, there is no existing constant
correlation between the quantitative data derived from these models and
the grade of malignancy (Ogawa et al. 1993). Although 11C-leucine
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appears to be the best amino acid for measuring protein synthesis rate
(Vaalburg et al. 1992), most studies have used methionine because of
the ease of tracer synthesis. The drawbacks of methionine are its use in
metabolic cycles other than protein synthesis, which results in a variety
of metabolites and difficulties in quantification (Ishiwata et al. 1989,
1996). Conflicting reports have been published about the specificity of
carrier-mediated transport of methionine into brain tumors in studies
comparing D- and L-methionine using an overload of branched amino
acids. Furthermore, at least part of the tracer uptake seems to be the re-
sult of passive diffusion. Cellular uptake in vitro is mainly accomplished
via the L system with minor contributions from systems A and ASC.

Patient studies have revealed high uptake of methionine in the pitu-
itary gland and pancreas, moderate uptake in salivary glands, lacrimal
glands and bone marrow, and low uptake in the normal brain (Jager
et al. 2001). It has been used as a tracer mainly in brain tumors, where
it shows excellent contrast between normal brain and tumors and high
sensitivity for tumor detection (Herholz et al. 1998; Langen et al. 1997).
Also, in a study of 196 patients, the accuracy of differentiation between
low- and high-grade lesions was 79% (Herholz et al. 1998). Tumor de-
lineation was better than with CT, MRI and FDG-PET (Mosskin et al.
1986; Bergstrom et al. 1983; Kaschten et al. 1998).

A high sensitivity for the detection of primary and metastatic brain
tumors was also found using either 11C-tyrosine or L-2-18F-fluorotyro-
sine (Wienhard et al. 1991; Willemsen et al. 1995). Analysis of the
plasma metabolites of 11C-tyrosine revealed that 11C-CO2, 11C-proteins
and 11C-L-DOPA constituted more than 50% of total plasma radioactiv-
ity at 40 min after injection making a complex pharmacokinetic model
for further analysis necessary. Using a five-compartment model, it was
shown that while the net protein synthesis rate was dependent on the re-
cycling of amino acids from protein, tracer influx into the cell was not.
The curve-fitting results of dynamic scans were unreliable because of
the exchange of 11C-tyrosine between plasma and erythrocytes, whereas
the graphical Patlak-Gjedde analysis was not influenced by this. L-2-
18F-fluorotyrosine was studied in 15 patients with brain tumors and
showed rapid uptake, which was mainly attributed to an increase in
transport. Also, an improved localization of tumor tissue for biopsy has
been described for both methionine and tyrosine.
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In head and neck cancer, amino acids have been used mainly for
staging. Primary tumors have shown higher methionine uptake as com-
pared to surrounding tissues, and tumors larger than 1 cm in diameter
have been detected with a sensitivity of 91% (Leskinen-Kallio et al.
1994). Noninvasive tumor grading has not been possible (Lindholm
et al. 1998). Tyrosine-PET has shown comparable results with a signifi-
cantly higher protein synthesis rate for tumor as compared to nontumor
tissue (deBoer et al. 2002).

Lung cancer has also shown high uptake of methionine with high
sensitivity, but low specificity, for solitary pulmonary nodules (Kubota
et al. 1990). Staging was improved by methionine in a retrospective
study, but gave no advantage as compared to FDG-PET.

Comparisons of FDG and amino acids in patients with breast can-
cer have revealed that FDG was better than tyrosine, but not as good as
methionine (Jansson et al. 1995). In lymphoma, no association between
methionine uptake with histologic grade has been seen, unless kinetic
analysis was applied (Rodriguez et al. 1995). Differentiation between
benign and malignant lesions has also been possible for soft tissue sar-
comas using tyrosine-PET (Plaat et al. 1999). Studies with small patient
numbers have been conducted either with methionine or tyrosine in pa-
tients with melanoma, bladder cancer, metastatic nonseminoma, ovarian
cancer and uterine cancer.

Since 123I-α-methyl tyrosine (123I-IMT) has proven to be a promis-
ing SPECT tracer for imaging amino acid transport in tumors (Fig. 3),
124I-IMT and L-3-18F-α-methyl tyrosine (FMT) have been synthesized
for PET studies (Amano et al. 1998; Langen et al. 1990). 124I-IMT accu-
mulates in brain and tumor tissue, reaching a maximum concentration
after 15 min with a washout of 20%–35% at 60 min after injection. An-
imal experiments have confirmed the accumulation of the intact tracer
in brain without incorporation of the tracer into proteins. FMT uptake
was high in the pancreas and in several tumor models. Tumor uptake
of FMT was reduced by inhibition of the amino acid transport systems.
The tumor:blood ratios of FMT in mice with LS180 (human colon can-
cer), RPMI1788 (human B-cell lymphoma) and MCF7 (human mam-
mary carcinoma) tumors at 60 min after injection were 1.8, 5.9 and
3.6, respectively. Most of the activity was localized in the acid-soluble
fraction, suggesting that FMT is mainly not incorporated into proteins.
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Fig. 3. Transaxial PET/CT images of a patient with lung cancer. Top: CT im-
age showing a large hilar mass. Middle: The fusion image demonstrates the
smaller extent of the tumor and atelectatic lung tissue. Bottom: A metastasis in
the adrenal gland is visualized

Clinical studies have shown that brain tumors are better delineated by
FMT as compared with FDG, with no dependence of FMT uptake on
tumor grade (Inoue et al. 1999). In contrast, FMT uptake correlated with
histologic grade in musculoskeletal tumors, but with a better discrimi-
native capacity for FDG.

O-(2-18F-fluoroethyl)- l-tyrosine (L-FET), which is also not incor-
porated into proteins, has been evaluated in mammary carcinoma-
bearing mice and in mice with the colon carcinoma cell line SW707
(Wester et al. 1999; Heiss et al. 1999). Results of transport inhibition
experiments with specific competitive inhibitors have demonstrated that
the uptake of L-FET into SW707 cells is caused mainly by system L. In
vivo studies revealed a plasma half-life of L-FET of 94 min and increas-
ing brain uptake up to 120 min with a brain:blood ratio of 0.9. Xeno-
transplanted tumors have shown higher uptake of L-FET (> 6% injected
dose/g) than all other organs, except the pancreas. High-performance
liquid chromatography (HPLC) analysis of brain, pancreas and tumor
homogenates as well as plasma samples of mice at 10, 40 or 60 min
after injection revealed only unchanged L-FET, indicating high stability
and lack of metabolization of the tracer. Preliminary clinical results are
available for high-grade brain tumors and metastatic melanomas (Weber
et al. 2001).
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Once transported into the cell, tyrosine is metabolized to dihydroxy-
phenylalanine (DOPA), which can be used for melanin synthesis.
Therefore, DOPA labeled with 18F at the 2 position has been used for tu-
mor characterization in melanoma-bearing mice (Ishiwata et al. 1991).
Tumors with a lower melanin synthesis rate accumulated less DOPA
than tumors with a higher rate. The metabolite predominantly found
in these studies was 18F-MeFDOPA. DOPA labeled at the 6 position
is commonly used for the evaluation of the dopaminergic system. It
has also been used to study patients with metastatic melanoma; tracer
uptake was perfusion-independent with DOPA-PET showing a lower
sensitivity as compared to FDG-PET (Dimitrakopoulou-Strauss et al.
2001).

A variety of synthetic amino acids, including α-aminoisobutyric acid
(AIB), 1-aminocyclopentane carboxylic (ACPC) acid, 2-amino-3-
fluoro-2-methylpropanoic acid (FAMP), 3-fluoro-2-methyl-2-(methyl-
amino)propanoic acid (N-MeFAMP) and 1-amino-3-fluorocyclobutane-
1-carboxylic acid (FACBC), have been synthesized and evaluated,
mostly in cell culture and animal systems. AIB is thought to be ac-
tively accumulated in viable cells primarily by the A-type amino acid
transport system and has shown avid uptake in a melanoma model. Ad-
ditionally, ACPC and AIB imaging were found to be superior to FDG
in C6 gliomas and Walker 256 rat carcinosarcoma, especially for identi-
fying tumor infiltration of adjacent brain tissue beyond the macroscopic
border of the tumor, and in low-grade tumors with an intact blood–brain
barrier. Contrast-enhancing regions of the tumors were visualized more
clearly with AIB than with FDG or Ga-DTPA; viable and necrotic-
appearing tumor regions could be distinguished more readily with AIB
than with FDG (Uehara et al. 1997). Increased AIB uptake was also ob-
served in soft tissue sarcomas (Schwarzbach et al. 1999). As for AIB,
amino acid transport assays using 9L gliosarcoma cells demonstrated
that FAMP and N-MeFAMP are substrates for the A type amino acid
transport system and show very high tumor:normal brain ratios: 36:1
and 104:1, respectively (McConathy et al. 2002). In a rat brain tumor
model, maximum tumor uptake of 18F-FACBC was seen at 60 min, with
a tumor:normal brain ratio of 5.6 at 5 min and 6.6 at 60 min after tracer
administration (Shoup et al. 1999).
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Measurement of the effects of therapy on tumor metabolism may
be useful in predicting therapy outcome at an early stage of treatment.
This principle may be applied not only to glucose metabolism but also
to amino acid transport and metabolism. Studies of different human tu-
mors treated with a variety of therapies and of the rat AH109A tumor
model after radiotherapy demonstrated a rapid posttherapeutic reduc-
tion in methionine uptake, reflecting inactivation of protein synthesis
and damage to the membrane transport system (Jansson et al. 1995;
Bergstrom et al. 1987; Schaider et al. 1996). Furthermore, the uptake
of L-1-11C-tyrosine in rhabdomyosarcoma of Wag/Rij rats was dose-
dependently reduced after local hyperthermia (Daemen et al. 1991).
Moreover, the accumulation of AIB is decreased in rat prostate tumors
after long-term treatment with stilbestrol (Dunzendorfer et al. 1981).
These changes were followed later by a reduction in tumor mass.

In vitro studies have demonstrated that methotrexate and cisplatin in-
duce a decline in AIB and methionine accumulation in L1210 murine
leukemia cells (Scanlon et al. 1983, 1987), leading to the speculation
that the inhibition of methionine uptake by methotrexate may be due
to drug binding to a specific membrane carrier, or a reduction in the
sodium gradient across the plasma membrane, which is necessary for
the uptake of amino acids, or effects on intracellular processes which
support uptake of amino acids. Higashi et al. demonstrated an increase
in methionine and FDG uptake in human ovarian carcinoma cells af-
ter radiotherapy, which was accompanied by an increase in cell volume
(Higashi et al. 1993). These phenomena were interpreted as giant cell
formation with enlarged cellular volume and continued protein synthe-
sis, but accelerated repair was also suggested. Another in vitro study
combined the information obtained from experiments using a transport
tracer (AIB) and a tracer that is transported and metabolized (methio-
nine) and found a decrease in neutral amino acid transport after gene
therapy of hepatoma cells with HSV thymidine kinase and ganciclovir,
indicating treatment effects on the energy-dependent transport systems
(Haberkorn et al. 1997a). Methionine uptake experiments showed a de-
crease in tracer accumulation in the acid-insoluble fraction (represent-
ing nucleic acids and proteins), indicating impaired protein synthesis
and an increase in the acid-soluble fraction. The increase in radioactiv-
ity in the acid-soluble fraction may be caused by enhanced transmethy-
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lation processes, which usually are observed during oncogenic transfor-
mation and after exposure to DNA-damaging agents.

Clinical studies in brain tumors have been done for early evaluation
of treatment response and differentiation between recurrence and radia-
tion necrosis. In ten patients with low-grade gliomas, a dose-dependent
reduction in methionine uptake was seen after brachytherapy (Wurker
et al. 1996). Differentiation between radiation necrosis and tumor re-
currence was possible with methionine-PET (Ogawa et al. 1991). In
another study with ten patients, tyrosine-PET showed no change in the
protein synthesis rate despite a decrease in tumor volume in seven pa-
tients (Heesters et al. 1998).

After radiotherapy of head and neck cancer, a lower posttherapeu-
tic methionine uptake was shown to correlate with therapy response
(Lindholm et al. 1998). Similar results were obtained in patients after
radiotherapy or chemotherapy of lung, breast and rectal cancer (Jans-
son et al. 1995; Daemen et al. 1991). However, the predictive value of
methionine-PET remains questionable.

Amino acids have been suggested to be useful in the differentia-
tion between inflammation and malignancy. Experimental studies have
shown that amino acids accumulate less than FDG in inflammation
(Kubota et al. 1989). However, uptake may occur in benign lesions such
as ischemic brain, infarction, scar, abscesses and sarcoidosis, and also in
irradiated areas. Therefore, active inflammatory cells may need amino
acids and the specificity of amino acids for tumor imaging is not ab-
solute. However, in mice with tumor-infiltrated or inflammatory lymph
nodes, the accumulation of O-(2-18F-fluoroethyl)-l-tyrosineshowed sig-
nificant differences with no overlap between inflammatory and tumor-
ous nodes (Rau et al. 2002).

In summary, amino acids may have a potential role in the character-
ization of the biological properties of tumors as increased amino acid
transport or protein synthesis. Advantages over FDG imaging can be
expected in the imaging of brain tumors, because the background of
tracer accumulation is lower than FDG. The role of amino acids for the
monitoring of tumor response to treatment as well as the differentiation
between inflammation and tumor tissue has to be established in further
studies.
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3 Apoptosis

For the in vivo detection of apoptosis, two main targets in the apop-
totic pathway are of interest: (1) the presentation of phosphatidylserine
residues at the outer side of the plasma membrane and (2) the appear-
ance of activated caspases (Martin et al. 1995; Villa et al. 1997). Phos-
phatidylserine is maintained at the inner site of the plasma membrane
by the adenosine triphosphate (ATP)-dependent enzymes floppase and
translocase (Zwaal and Schroit 1997). Apoptosis induced inactivation
of these enzymes and activation of a scramblase leads to the appearance
of phosphatidylserine on the outer side of the membrane. This effect has
been recently used to develop an imaging agent for apoptosis (Blanken-
berg et al 1998, 1999): Annexin V, a 35-kDa human protein with high
affinity for cell membrane-bound phosphatidylserine, was labeled with
99mTc and investigated for its uptake in apoptotic cells. An increased ac-
cumulation was found in Jurkat cells where the programmed cell death
was initiated by growth factor deprivation, anti-CD95 antibody and dox-
orubicin treatment. Also, anti-CD95 treated mice showed a threefold
rise in hepatic 99mTc-Annexin V accumulation in response to severe
liver damage with histologic evidence of apoptosis. Finally, increased
uptake was detected in animal models using the acute rejection of trans-
planted heterotopic cardiac allografts or transplanted murine B cell lym-
phomas treated with cyclophosphamide (Blankenberg et al. 1999).

Since caspases play a key role during the early period of the intracel-
lular signal cascade of cells undergoing apoptosis, benzyloxycarbonyl-
Val-Ala-dl-Asp(O-methyl)-fluoromethyl ketone [Z-VAD-fmk], a pan-
caspase inhibitor, was evaluated as a potential apoptosis imaging agent
(Haberkorn et al. 2001c). Uptake measurements were made with Morris
hepatoma cells (MH3924Atk8), which showed expression of the her-
pes simplex virus thymidine kinase (HSVtk) gene. Apoptosis was in-
duced by treatment of the cells with ganciclovir and a twofold increase
of [131I]I-Z-VAD-fmk uptake was found at the end of treatment with
the HSVtk/suicide system, which consistently remained elevated for
the following 4 h. The slow cellular influx and lack of uptake satura-
tion of [131I]IZ-VAD-fmk are evidence for simple diffusion as a trans-
port mechanism. In addition, the absolute cellular uptake of [131I]IZ-
VAD-fmk was found to be low. Instead of using an inhibitor, synthetic
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caspase substrates that may accumulate in the apoptotic cell by meta-
bolic trapping, thereby enhancing the imaging signal are currently being
investigated. In a recent study, ten radiolabeled peptides containing the
DEVDG sequence, selective for downstream caspases such as caspa-
se-3, were synthesized and evaluated for their uptake kinetics using an
apoptosis test system (Bauer et al. 2005). Within this series of peptides,
radioiodinated Tat49–57-yDEVDG-NH2 and Tat57–49-yDEVDG-
NH2, both containing an additional HIV Tat sequence, were taken up
by apoptotic cells to a significantly higher extent than with the controls.
The enhanced uptake was interpreted as the interaction of the labeled
peptide or fragment with activated caspases. Current efforts are focused
on alternative radioisotopes that include radiometal complexes to fur-
ther improve these characteristics.

4 Hypoxia

Because of uncontrolled growth and a misbalance between tumor mass
and vascularization, oxygen limitation is a common feature of malig-
nant tumors. Oxygen concentration inside solid tumors is reduced,
which contributes to the tumor aggressiveness and poor prognosis of
patients (Stadler et al. 1999). Genomes of tumor cells become unsta-
ble under hypoxic conditions, and hypoxia can be the selective pressure
for the expansion of clones with anti-apoptotic treatment-resistant or
highly metastatic potential (Young et al. 1988; Graeber et al. 1996).
Resistance to chemotherapy and radiation therapy can be attributed, at
least in part, to the hypoxic condition of tumor cells (Teicher 2004).
Hypoxia confers these aggressive properties on the tumors through ei-
ther the remodeling of tumor vasculature or the direct phenotypic
changes of tumor cells themselves. Tumor cells under hypoxia can ac-
quire anti-apoptotic and chemoresistant properties through changes in
the expression of apoptosis-related molecules. Furthermore, the involve-
ment of HIF-1α in the tumor progression to an anti-apoptotic phenotype
was reported (Erler et al. 2004).

Oxygen deprivation is encountered by the induction of various genes.
Hypoxia inducible factor 1 (HIF) plays a central role in this regulatory
system. HIF can induce the production of a variety of gene products
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relevant for metabolism, vascularization, survival, pH and cell migra-
tion. Active HIF-1 is a heterodimer composed of two subunits, HIF-1α

and HIF-1β. HIF-1β is constitutively expressed independent of environ-
mental oxygen concentration, while the expression of HIF-1α is negli-
gible under normoxia and induced under hypoxia. Up to now, HIF-1α,
HIF-2α and HIF-3α have been identified and cloned as the members of
HIF α family that can dimerize with HIF-1α and bind to hypoxia respon-
sible elements (HRE) in the genes of hypoxia-responsive molecules.

Among HIFα family members, HIF-1α is thought to be the key mole-
cule regulating the cellular response to physiological and pathological
hypoxia. Mechanisms of hypoxia-induced expression of HIF-1α have
been intensively studied, and the intracellular level of HIF-1α protein
under reduced oxygen concentration was found to be increased mainly
through stabilization of the protein. Turnover of the HIF-1α protein
is regulated by the ubiquitin–proteasome system, in which target pro-
teins are degraded by proteasome depending on their ubiquitylation (Se-
menza 2002). Under normoxia, the level of the HIF-1α protein is kept
low through rapid ubiquitylation and subsequent proteasomal degrada-
tion. HIF-1α becomes susceptible to rapid ubiquitylation through hy-
droxylation of proline residues at Pro-402 and Pro-564 by prolyl hy-
droxylase 2 (PHD2), which requires oxygen for its enzyme activity
(Berra et al. 2003). In cells under hypoxia, the ubiquitylation and sub-
sequent degradation of HIF-1α is suppressed because of the decrease in
PHD2 activity, and therefore the level of HIF-1a protein increases. In
addition, the activity of HIF-1 as a transcription factor is also controlled
by hydroxylation of HIF-1α protein. Hydroxylation of asparagine resi-
due at Asn-803 inhibits the interaction between HIF-1α and p300, which
is essential for the transcriptional activity of HIF-1 (Lando et al. 2002b).
Because the factor inhibiting HIF (FIH) that hydroxylates Asn-803 is
also an oxygen-dependent enzyme, the transcriptional activity of HIF-1
increases under hypoxia due to the suppressed hydroxylation at Asn-
803 (Lando et al. 2002a; Hewitson et al. 2002). Cells can control the
transcription of HIF-1-regulated genes by sensing the oxygen concen-
tration through the activities of oxygen-dependent enzymes PHD2 and
FIH, and consequently regulating the intracellular level as well as the
transcriptional activity of HIF-1 (Haddad 2002).
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Although HIF-1 can be activated by nonhypoxic pathways, hypoxia
inside the growing tumor mass is the most probable candidate for the
activation of HIF-1α cascade in tumor cells. This is supported by the
fact that both HIF-1α and VEGF expression are upregulated predomi-
nantly in tumor cells around the necrotic areas of highly vascularized
tumor mass in glioblastoma (Plate et al. 1992). Therefore, angiogene-
sis triggered by the hypoxia-HIF-1α-VEGF cascade seems to play an
important role in tumor progression to the more aggressive phenotypes.

The noninvasive imaging of hypoxic areas may be used for the de-
velopment of individualized therapies, new therapeutic approaches or
as a prognostic marker. At present, oxygen partial pressure (pO2) is
measured with the Eppendorf probe, which showed significant corre-
lations of pO2 and therapy response in clinical studies. This method has
several limitations: its application is restricted to lesions located at sur-
face areas and its invasiveness precludes it from being done routinely or
repeatedly. Furthermore, differentiating between areas of necrosis and
areas with anoxic/hypoxic but living cells is not possible.

Nitroimidazoles are reduced under hypoxic conditions by intracellu-
lar reductases to reactive intermediate metabolites. This process is de-
pendent on the hypoxia level and may lead up to a 40-fold increase
in the amount of reduced products. The metabolites bind covalently
to thiol moieties of intracellular proteins, leading to an accumulation
in living hypoxic cells. The resulting complexes can then be detected
with antibodies, MRS, flow cytometry, autoradiography and scintigra-
phy or PET. 2-nitroimidazole can be labeled with 18F, 123I, 131I (io-
dinated azomycinarabinoside, IAZA) and 99mTc. In vitro studies and
animal experiments showed the selectivity of [18F]Fluoromisonidazole
for hypoxic cells. Tracer accumulation was quantitated with mathemat-
ical models as well as by determining the SUV. The results obtained
so far show that [18F]FMISO uptake measurements underestimate the
amount of hypoxia at very low pO2-values (2–3 mmHg). This is prob-
ably caused by the fact that below a defined cutoff level the reduction
processes can no longer be increased.

Clinically, [18F]FMISO was applied for the assessment of myocar-
dial ischemia, tumor hypoxia in head and neck tumors, gliomas, non-
small cell lung tumors and in soft tissue sarcomas (Padhani et al. 2007;
Lee and Scott 2007). Quantitation was done by determining the hypoxic
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fraction volume (FHV), which is defined as the procentual fraction of
tumor pixels showing a tracer accumulation at 2 h after infection at least
1.4-fold higher than the activity in plasma. After radiation therapy, a sig-
nificant decrease of the FHV has been observed. However, the tracer
uptake was not dependent on the tumor size, grading or VEGF expres-
sion. In patients with non-small cell lung cancer or head and neck can-
cer, 97% of the tumors showed accumulation of the tracer, with a great
variability in the extent in different tumor entities, however, but also in
different lesions from the same patient.

4-[18F]Fluoro-2,3-dihydroxy-1–2(2′-nitro-1′-imidazolyl)butane([18F]
Fluoroerythroimidazol, [18F]FETNIM) showed higher tumor:blood
and tumor:muscle ratios in animal experiments than [18F]FMISO (Grön-
ros et al. 2004). The tracer accumulates strongly in liver and tumor,
with no binding to plasma proteins and no peripheral metabolization.
In patients with head and neck tumors, better tumor:muscle ratios were
obtained in comparison to [18F]FMISO.

Preliminary results have been reported for the evaluation of 62Cu-
labeled diacetyl-bis(N4-methylthiosemicarbazone) (62Cu-ATSM) as
a possible hypoxia imaging agent (Padhani et al. 2007). 62Cu-ATSM
showed a rapid clearance from the blood in all patients, with a low
uptake in lung tissue and an intense accumulation in tumors. Further-
more, a negative correlation was found between blood flow and the
flow-normalized 62Cu-ATSM uptake in three out of four patients. This
was interpreted as evidence for an increased 62Cu-ATSM accumulation
under conditions of low blood flow.

In summary, all these imaging procedures may be used to character-
ize the biological features of tumors and their metastases with respect
to metabolism, apoptosis and microenvironment. The information ob-
tained with these techniques can be expected to individualize treatment
and make radioisotope-based methods promising tools for tumor detec-
tion, therapy planning, and therapy monitoring.
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