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Abstract 
  

The development of molecular medicine and 

our understanding of the processes of disease 

have been mirrored by the development of 

molecular techniques for imaging. Most of the 

current work involves cancer as this is where 

there is the most extensive knowledge of what 

happens at a cellular level.  

Examples of this include the use of specific 

agents such as Tc-99m annexin-V to identify 

apoptosis as soon as 24 hours after 

administration of cytotoxic chemotherapy and 

Tc-99m or F-18 RGD peptides to identify 

active angiogenesis and using imaging to 

demonstrate the effect anti-angiogenic drugs 

such as taxanes. PET techniques have also 

developed form simple F-18 FDG to look at 

cell metabolism to F-18 FMISO which can 

identify hypoxic tissue.C-11 methionine 

amino-acid uptake and C-11 acetate fatty acid 

metabolism 

Receptor imaging has developed from use in 

neuroendocrine tumours using somatostatin 

receptors to other hormones such as oestrogen 

and gastrin. In addition there has been work in 

the brain and in particular the use of imaging 

of pre-synaptic dopamine receptors by I-123 

Ioflupane 

There has been a close and growing relationship 

between our expansion of knowledge of the 

molecular basis of disease and our ability to 

image these processes in-vivo using 

scintigraphic techniques.  
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Introduction: 
 

The essence of functional and molecular 

imaging is to look at how tissues function in-

vivo and use those techniques which allow a 

physiological or pathological process to be 

identified and assessed by non-interventional 

means. To assess a function it is vital that the 

techniques used does not alter that function. For 

example if looking at renal function a 

radionuclide renography may be preferable to a 

contrast IVU as the latter is nephrotoxic and 

could change the function of the kidney as it 

passes through. As a consequence most forms of 

functional imaging at present use isotopic 

technique based on the von Hevesy tracer 

principles where the radio-pharmaceuticals used 

can be in pico-gram concentration and have no 

pharmacological effect.  
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Functional imaging or molecular 

imaging 
 

These two terms may be used interchangeably 

however in the terms of reference of this 

review The definition used is that functional 

imaging encompasses all forms of imaging 

which looks primarily at function but not 

anatomy. Molecular imaging is a subset of 

functional imaging and is interested in looking 

at what occurs at the cell level and not the 

organ level. Except for the possibility of 

optical imaging we are not able to use 

techniques to look at a single cell in vivo but 

what we can do is look at what is happening to 

a group of cells which are responding to a 

stimulus or pathology in a similar way. 

 
Why molecular imaging? 

 

We are living in times of great revolution in 

medical thought. Before the decoding of the 

human genome, and our new understanding of 

the genetic individuality of each person, 

medicine relied on the gross pathological 

response as seen in the majority of patients. This 

is reflected in many chemotherapy drug regimes 

where evidence is collected in randomized 

multi-centre trials and the answers will tell the 

oncologist that what on average gives the best 

overall result (1-3). Though this may be useful 

to the largest number of patients the oncologist 

ends up treating not individuals but populations. 

For example all patients with a stage III invasive 

ductal breast cancer treatment may undergo a 

similar treatment regime. The data to justify a 

particular regime is obtained from a range of 

randomized clinical trial often multi-centre in 

origin and should result in the highest possible 

number of patients having the best possible 

response. However there is a flaw in that 

individuals due to their genetic make –up and 

the genetic make up of their tumour may 

respond differently to the same treatment 

regime. This has been understood in breast 

cancer and patients are now assessed for 

oestrogen receptors and HER-2 to allow more 

precise treatment regimes (4,5). However a 

further assumption is made in the fact that  

 

biopsy material is often only present from one 

site and it is assumed that all sites of the cancer 

have molecular characteristics which are 

identical but we know this is not true as in some 

patients the primary tumour may be oestrogen 

receptor positive but metastases may be receptor 

negative. If we were able to image the patient at 

the molecular level we could understand better 

what is happening in that individual patient and 

also if there is some variation occurring within 

that patient which would have an effect on 

treatment. 

 

The Neuroendocrine model. 

 

We have found that a good example of this has 

been neuroendocrine tumours (NET). These 

tumours tend to be slow growing so that patient 

may take many years to die. During this time the 

tumour may change its nature and this may be 

reflected in how it is imaged. There are two 

main methods for functionally imaging NET in-

vivo. The first method uses the fact that many of 

these tumours retain an embryological amine 

uptake mechanism and can be seen with I-123 

metaiodobenzyl guanidine (mIBG) with about 

60-70% of patients with NET have uptake of I-

123 mIBG (6-8). The second method exploits 

the fact that most of these tumours also have 

over expression of somatostatin receptors which 

can be imaged by the use of a radiolabelled 

octapeptide based on human somatotstatin (In-

111 pentetreotide) which is positive in about 85-

90% of NET (7-11). 
 

In a review of 149 NET patients imaged with 

both I-123 mIBG and In-111 pentreotide we 

found that I-123 mIBG was positive in 63% of 

patients and In-111 pentreotide was positive in 

79% of patients (12). However in 12% of 

patients both the radiopharamceuticals were 

positive but indentifying tumours within the 

same patient some of which accumulated both 

tracers and some which accumulated only I-123 

mIBG or In-111 pentetreotide (Fig 1) so using 

in-vivo molecular imaging we were able to 
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identify three different population of tumour 

cells within the same patient (thos positive with 

both agents and those positive with one of the 

two agents. This may be of great importance in 

deciding optimal therapy as a variety of 

treatments may be needed to effectively treat 

this patient’s tumour. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 
 

This has stimulated further research into this 

rare tumour type. There are 5 subclasses of 

somatostatin receptor and whilst In-111 

pentetreotide has good affinity for sub-type 2 it 

does not localize other subtypes well (13). There 

is another commercially available somatostatin 

based radiopharmaceutical and that is Tc-99m 

depreotide. Thus has affinity for receptor sub-

types 2, 3 and 5. It has been know that NET of 

fore-gut origin are the ones most often found to 

be In-111 pentetreotide negative. In a small 

series of fore-gut NET which had no or poor 

uptake of In-111 pentetreotide  it was found that 

some of these tumours have good uptake of Tc-

99m depreotide (14, Fig 2) showing that 

different NET express different somatostain 

receptor profiles. Again this could have a 

profound effect on treatment as those tumours 

only positive on Tc-99m depreotide may not 

benefit from octreotide based products as these 

only attach to the type-2 receptor sub-group. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 2. Whole body imaging of a 46 year old man 

with thymic carcinoid showing poor uptake of 

In-111 pentetreotide (left hand image) in the 

lung metastases but good uptake of Tc-99m 

depreotide (right hand image). 

 

 
 

We have not been able to tie these variations in 

molecular imaging to factors identifiable on 

immunohistiochemistry until the advent of 

positron emission tomography (PET). PET 

allows imaging of high resolution but also high 

sensitivity making it an ideal, if expensive, 

molecular imaging method. The normal method 

of imaging tumours is to use F-18 fluoro-

deoxyglucose (FDG) which exploits the fact that 

cancers have a higher cell turnover and 

metabolic rate than normal tissue and require 

more glucose then other cells so will have 

preferential uptake in tumour cells. However in 

NET F-18 FDG may be of less use as these 

tumours tend to have a lower metabolic rate and 

can therefore be negative (15). There is a form 

of somatostatin receptor imaging that can be 

used in PET. This combines a peptide octreotate 

which has higher affinity for the type 2 

somatostatin receptor than In-111 pentetreotide 

Fig 1. 56 year old women with a mid-gut 

carcinoid showing different lesions (arrowed) 

within the liver seen on single photon emission 

computed tomography (SPECT) of the liver 

with I-123 mIBG and In-111 pentetreotide. 
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labelled with Ga-68 a positron emitting metallic 

isotope (16). In one of our NET patient imaged  

with both F-18  FDG and Ga-68 octreotate 

multiple sites of disease was found with F-18 

FDG but only one site of disease with Ga-68 

octreotate (Fig 3). Further investigation revealed 

that the tumour sites which were positive for F-

18 FDG had a high Ki-67 (Ki-67 is an 

immunohistological test which looks at the 

proportion of cells in active cell division) whilst 

the single node positive for Ga-68 octreotate 

had a Ki-67 <1%. This could have profound 

effect on her treatment as cytotoxic 

chemotherapy may be expected only to have an 

anti-tumour effect on those tumour sites which 

have a high Ki-67 and are F-18 FDG positive. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3. Coronal PET-CT images of a 36 year old 

women with a fore gut neuroendocrine tumour 

showing multiple sites of disease on F-18 FDG PET 

which biopsy showed the Ki-67 to be >15% and a 

single node positive on Ga-68 DOTATATE imaging  

(arrowed) which in biopsy had a Ki-67 o f only 1%. 

 

 

 
 

Cell division 
 

In most cancers cells divide at a faster rate than 

surrounding tissues. This is important as most 

cytotoxic chemotherapy drugs disrupt the 

process of cell division when there is protein 

production either in mitosis (M phase) or during 

DNA synthesis (S phase) before mitosis (Fig 4).  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4 Diagram of the cell cycle most drugs 

work on the DNA synthesis phase (S 

phase).  

 

Therefore it may of use to identify in vivo if 

cancer cells are activity dividing before giving 

potentially toxic chemotherapy. The methods 

most developed in this field are mainly positron 

emitters and include F-18 fluoro-L-tyrosine 

(FLT) and C-11 methionine. F-18 FLT is carried 

into the cell on S phase tyrosine kinase and has 

been shown to be an effective may to 

demonstrate in vivo the action of anti-

proliferative drugs with reduced uptake of the 

tracer when the cell cycle is disrupted (17). For 

example in non small cell lung cancer it was 

found that F-18 FLT was more specific in 

determining residual tumour than F-18 FDG as 

it had no uptake in post treatment inflammation 

unlike F-18 FDG (18) 
   

C-11 methionine is expensive to make and C-11 

only has a 12 minute half life so the chemistry 

must be performed very quickly incorporating 

the C-11 into the carbon chain and having a 

product ready for injection with a few minutes 
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(19). It has found most use in brain tumours  

including those considered benign because 

normal brain does not undertake mitosis so any 

abnormal uptake can only occur in dividing 

cells in the brain which can only occur in the 

presence of a activity growing neoplastic 

pathology (Fig 5, 19-21). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Apoptosis 
 

In most tissues cell division and cell destruction 

is in balance, however in tumours there can be a 

failure of cell destruction leading to cell 

immortality, this with increased tumour growth 

rates then leads to increasing in the size of the 

cancer. There are two main methods of cell 

death, immediate (necrosis) or delayed called 

apoptosis. Most effective treatments of cancer 

involved induction of apoptosis. Once this 

process starts it is irreversible and cell death in 

10 days is inevitable (22). During apoptosis 

there is blebbing of the cell wall surface and 

reversal of the cell wall so that antigen hidden 

within the cell become exposed. These antigen 

can be complexed to the protein Annexin-V.  

Annexin-V has been labeled with both positron 

emitters and Tc-99m (23). The single photon 

methods are cheaper and have been more widely 

used. It is known that apoptosis commences 

within 24 hours of exposure to an effective anti-

cancer drug even though cell destruction may be 

delayed. This introduces a very interesting 

concept if a Tc-99m annexin-V scan performed 

within 24 hours of a single dose of the chosen 

chemotherapy agent it should only show uptake 

if that drug will effectively destroy that cancer. 

Therefore it may be possible to predict within 

24 hours in any given drug regime is likely to be 

successful or not. In a study of patients with 

Hodgkins it has been shown that if there is 

uptake of Tc-99m annexin V at 24 hours the 

same sites will show complete tumour response 

at 6 months on F-18 FDG PET (24). Further 

studies on other tumour types are need to 

confirm these changes, but if these first study 

results are negative on annexin imaging, this 

could help reduce the number of patients given 

chemotherapy drugs without any hope of 

response.  

For example in a study from the Netherlands 

Tc-99m Annexin V imaging was performed 

after radiotherapy of bulky lymphoma and 

chemotherapy of small cell lung cancer (25). In 

the lymphoma patients there was homogeneous 

uptake of Tc-99m Annexin-V 24 hours after the 

first dose of radiotherapy with most patient 

achieving a complete response. However in 

some of the patients with small cell lung cancer 

uptake of Tc-99m annexin V at 24 hours after 

the first cycle of treatment was patchy and 

subsequently in these patients there was little or 

no response to treatment,  Similar work has now 

been developed using PET agents such as F-18 

Annexin V (26) 
 

Angiogenesis 
 

One of the fascinating facts about tumour 

growth is that as cell growth is disorganized the 

cells end up further and further from an arterial 

blood supply and become hypoxic. One of the 

cells responses to this is to release various 

substances such as vascular epiderimal growth 

factor (vEGF) which causes new blood vessels 

to grow into the tumour mass a process known 

as angiogenisis. (27-29). Many new anti-cancer 

treatments have been directed towards this 

process as the cancer cells are dependent on this 

process to maintain oxygenation and the 

removal of the angiogenisis blood supply can 

lead to tumour necrosis. Simple anti-angiogenic 

drugs include tholidamide though more modern 

drugs such as sunitinib or bevacizumab are 

more effective (30-31). 

Fig 5. C-11 methionine PET-CT showing uptake 

into a TSHoma 
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It would be useful to have an agent which can 

identify this process in-vivo so that it can be 

decided if anti-angiogenic treatment is 

warranted and also to monitor the effect of 

treatment. At present the most specific agents 

identified for this type of imaging are based on 

RGD (Arginine-Glycine-Aspartate) peptides 

which have a high affinity for the alpha-V-beta 

intergens vEGF receptors on the cell wall (32). 

Work using Tc-99m RGD peptides have shown 

good localization in a mouse model of human 

breast cancer which has also shown inhibition of 

uptake in the presence of taxanes at sites of 

angiogenisis (33,34) but human studies beyond 

phase I have not been performed. Newer work 

looking at PET based products with the option 

of looking more closely at the micro-

environment within the tumour which is 

possible because of the improved resolution 

with PET (35). Also it may be possible to 

combine with MR using the new generation 

PET-MR machines. 

 

Hypoxia 

 

Hypoxia is the response of any cell to a 

reduction of oxygen tension. In the heart it may 

occur as a result of vascular insufficiency whilst 

in tumours it may be the result of tumours out-

growing the existing blood supply. There are 

several consequences of hypoxia. Firstly the 

cells are unable to burn fatty acids or pryuvate 

both of which is oxygen dependent. However 

they can still undergo-anaerobic metabolism of 

glucose. This process is highly inefficient and as 

such there is an increased demand for glucose. 

This increased need for glucose helps to explain 

why tumours and very ischaemic heart can be 

avid for F-18 FDG on a PET scan. However 

uptake of F-18 FDG alone does not in itself 

confirm the presence of hypoxia as other factors 

can result in increased uptake of F-18 FDG.  

Therefore more specific hypoxia markers have 

been sought. These have been based on 

imiadazole esters. These are lipophilic esters 

which enter the cells but when there is high 

levels of oxygen in the cell the ester is broken 

and the hydrophilic components expelled from 

the cell. Therefore the product is only retained 

within the  hypoxic cell (36). The three main 

agents used for hypoxia imaging are all ester 

based and include F-18 fluoromisonidazole 

(FMISO) Cu-64  diacetyl-bis(N4-methylthiose-

micarbazone (ATSM), both PET agents, and  a 

Tc-99m nitroheterocycle  (HL91) a single 

photon agent (36-39). 
 

Imaging hypoxia is important because hypoxic 

cells do not divide and may show resistance to 

chemotherapy drugs which act on dividing cells. 

In addition it would appear that hypoxia inhibits 

wild p53 an inducer of apoptosis. As radiation 

therapy requires the production of oxygen 

radicals as an intermediate step to DNA damage 

the lack of oxygen reduces the number of such 

radicals that can be produced reducing the 

effectiveness of radiation based therapies (40). 

Imaging will predict those areas of tumour less 

likely to respond to specific treatments but may 

do well with anti-angiogenic treatment as their 

blood supply is already compromised (Fig 6).  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 6. F-18 FMISO PET-CT uptake in 

metastatic renal cell carcinoma in cervical 

lymph noded 

 

 
 

One specific area of interest has been the use of 

Tc-99m HL91 in patients with head and neck 

cancer where hypoxia can significantly reduce 

the effect external beam radio therapy in a small 

study there was a good correlation between 

uptake and retention of Tc-99m HL-91 and poor 

response to radiotherapy (41). The important 
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point about imaging however is that each lesion 

or area of the tumour can be looked at 

separately so that in an individual patient some 

sites will have no uptake of tracer and may 

respond well whilst other sites with good uptake 

of these hypoxia agents could be treated by 

other means such as surgery (41). 

In a similar way hypoxia agents could be used 

to identify areas of heart with critical ischaemia 

such that an assessment of the volume of 

myocardium at risk by initiating appropriate 

intervention and allow an early response to 

treatment as it may take up to 6 months for 

myocardium to have a return of function after 

restoration of a good blood supply (42). 
 

Chemo-resistance 
 

The drugs used to treat cancer are expensive and 

have significant amounts of toxicity however it 

is know that in some patients they have little 

effect. It has been shown that there are various 

mechanisms in place which ensure chemo-

resistance within the patient. The best 

investigated of these is the multi-drug 

resistence-1 (MDR1) gene. This codes for a 

surface P-glycoprotein (PgP) which activity 

effluxes toxic substance from the cell (41). It 

has been shown in various studies that Tc-99m 

MIBI is a substrate for PgP and fast washout 

form sites of tumour will predict the presence of 

PgP (44,45). This is important as one of the 

most common effective drugs in breast cancer 

are the taxanes and they are very sensitive to the 

presence of PgP and as a consequence several 

groups have suggested using cancer washout 

rates of Tc-99m MIBI to determine if taxanes 

should be given (46). 
 

Receptor imaging 

 

The somatostatin based model described at the 

start of this review shows a receptor based 

imaging working at its most successful. This has 

lead to searches for other receptor based 

systems because not only do they offer the 

chance of high quality imaging but they may 

suggest ways forward in terms of specific 

therapies using either radiolabelled or no 

radiolabelled agents.CEA The classical target 

for tumour imaging is carcino-embyronic 

antigen (CEA) which is over expressed in colon, 

pancreatic and some breast cancer. This antigen 

has been exploited by the use of both antibodies 

and antibody fragments (45-47). The only 

product to be used commercially was a Fab’ 

labeled with Tc-99m called CEAscan. (49) This 

product was able to identify nodal metastases 

from cancer of the colon and was used widely 

until the advent of F-18 FDG PET, since when it 

has been withdrawn from the market  

There have been further attempts to use this 

antigen for developing a therapeutic 

radionuclide therapy for metastatic colon cancer 

(50). However there seem be significant 

problems in that there is patchy penetration of 

the tumour masses by the antibody and at 

present the most hopeful results seem to be to 

use a combination of chemotherapy and 

radiolabelled antibodies (51). 
 

Prostate cancer 
 

Prostate cancer also has a unique antigen in the 

prostate specific antigen (PSA). This has been 

targeted for diagnostic use in North America by 

an In-111 labelled antibody marketed as 

“Prostoscint”. This has found a specific use in 

indentifying lymph node disease within the 

pelvis which is important in small tumours 

where radical therapy is being considered (52). 

PSA is not an ideal antigen to use for 

radionuclide therapy as it is present on both 

dead tissue and live cells. A better target is the 

Prostate Specific Membrane antigen (PMSA) 

which is present on live prostate and prostatic 

cancer cells Phase I and some early phase II 

studies using either Y-90 or Lu-177 have shown 

some promising results (52). However work has 

been stalled due to financial issues. 
 

Oestrogen receptors 
 

Oestrogen is a very tempting target to use on 

functional imaging. Manipulation of the 

oestrogen receptor is used in both benign and 

malignant disease and imaging could be of use. 

In one interesting study it has been shown that 

reduction in uptake of F-18 labelled oestrogens 

had a better correlation with response of breast 
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cancer to treatment than use of F-18 FDG as 

breast tissue during treatment often initiates an 

inflammatory reaction which results in non-

specific uptake of F-18 FDG (54). 
 

Gastrin receptors 
 

Gastrin receptors are  widely distributed 

throughout the gastro-intestinal tract however 

whilst there has been good labeling shown with 

gastrin or bombesin based peptides one problem 

has been a significant pharmacological effect 

even in tracer quantities leading to severe 

nausea and vomiting (55,56). 
 

Dopamine receptors 

The dopamine system has been the second most 

successful form of receptor based imaging. Its 

use however has not been related to cancer but 

to the diagnosis of Parkinson’s syndromes such 

as Parkinsons’s disease and Supra-nuclear palsy.  

The product which has been developed 

commercially is I-123 Ioflupane. This is taken 

up into the pre-synaptic cells in the basal 

ganglia. As the uptake is into the pre-synaptic 

cells anti-Parkinsonian drugs such as L-DOPA 

can be continued during the imaging procedure 

which can be important for those patients who 

become dependent on these drugs for their 

mobility.  

As the Parkinson’s syndromes progresses there 

is first of all loss of uptake of I-123 Ioflupane in 

the putamen, and then in the basal ganglia, 

Finally there is cerebral cortical uptake as there 

is no longer a critical mass of pre-synaptic cells 

to take up the tracer (57,58, Fig 7).  

 

 

 

 

 

 

 

 

 

 

 
 

 

Fig 7 Transverse tomographic I-123 Iopfulpane 

imaging in a normal subject (a) and a patient 

with early Parkinson’s Disease (b). Note in the 

abnormal study there is unilateral loss of 

activity in the right putamen (arrowed).  

 

 

The main use of this technique is to differentiate 

true Parkinson’s syndromes from drug induced 

tremor and benign tremor where at least 25% of 

cases are still in doubt after clinical assessment 

but less than 5% after imaging (59). 

More recent work has also shown a 

positive study in patients with a movement 

disorder and problems with short term 

memory suffer caused by Lewy body 

dementia (60).  

 

Conclusions 
 

Functional imaging to our knowledge has 

the ability to design specific imaging tests 

to exploit disease increase. At present 

most of the applications are in cancer 

(Table 1) with some of the methods 

already available either in clinical practice 

or human research. As our knowledge of 

the molecular basis of disease increases 

these techniques will be applied in other 

major areas including cardiology and 

neurology.  
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