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Abstract

The success of Positron Emmission Tomography (PET) in oncological imaging is
based on the fact that malignancy leads to an alteration in cellular biochemical reactions.
PET tracers, used for detecting malignancies, are synthetic positron emitting analogues of
molecules involved in these metabolic processes. The recent development of the
thymidine analogue ['*F]3’-deoxy-3’-fluorothymidine (FLT) targets the salvage pathway
of DNA synthesis and it is thought to have the potential to visualise cellular proliferation.

The aim of this thesis was to investigate the potential clinical use of FLT in
colorectal cancer (CRC). _

FLT pharmacokinetics in patients with CRC were mapped, and methodologies
for the quantitative analysis of in vivo FLT uptake were defined; subsequently the
accuracy of semi-quantitative indices (SUVs) was assessed. FLT uptake was compared
to that of the established glucose analogue radiotracer ['*F]fluoro-2-deoxy-D-glucose
FDG (calculated using SUVs), in patients with primary and/or metastatic disease. Both
FLT and FDG were compared with Ki67 immunohistochemistry in the same patients to
determine whether PET can quantify cellular proliferation in vivo. FLT was also used to
assess response to cytotoxic drug treatment S5-Fluorouracil (5FU) in cultured CRC cells.

Semi-quantitation in the form of SUVs allowed an accurate interpretation of the
uptake rate of the tracer. FLT PET provides acceptable imaging of primary colorectal
tumours, but there are inherent difficulties in diagnosing the presence of liver metastases,
secondary to the hepatic metabolism of the tracer. There was excellent correlation
between FLT SUVs and Ki67 immunohistochemistry (R=0.8), which can be interpreted
as a true reflection of the proliferative rate of colorectal cancer tissue. In vitro, cell killing
caused by exposure to 5FU resulted in increased FLT uptake, with excellent correlation
(R=0.9).

FLT PET could in the future contribute to a non-invasive method of in vivo-

grading of malignancy and be used to predict early response to adjuvant chemotherapy.
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1.1 Colorectal cancer

1.1.1 Impact on deaths in the United Kingdom

Life expectancy at birth in the UK increased during the last century from 48.5yrs to
75.5yrs for men and 52.4yrs to 80.3yrs for women. When UK government used broadly
defined causes of death and published the mortality data for the calendar year 1998, the
leading cause of mortality, accounting for 40.8% of deaths, was circulatory disease, with
neoplasms accounting for 24.9%, respiratory diseases 16.4%, digestive diseases 3.8% gnd
others 14.1%.
More than one in three people in England will develop cancer at some stage in their lives.
One in four will die of cancer. This means that, every year, over 200,000 people are
diagnosed with cancer, and around 120,000 people die from the disease (Office of
National Statistics, Mortality Statistics: cause, England and Wales 2000). In the UK, as
treatment of ischaemic heart disease improves and the general population ages, trends
show that cancer will become the leading cause of death within the next 10 years.
The most common cancer for men in terms of mortality is lung cancer followed by
prostate cancer and colorectal cancer, and for women is lung cancer followed by breast
cancer and colorectal cancer. Lung cancer is the cancer most commonly associated with
smoking with over 80% of all lung cancer deaths caused by smoking (The UK Smoking
Epidemic: Deaths in .1995. Health Education Authority, 1998). It follows that for non-
smokers, considering both sexes, colorectal cancer (CRC) is the leading cause of cancer

death in the UK.
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1.1.2 Aectiology

CRC arises following the accumulation o f multiple mutations within the cell, which
allow it to escape the growth regulatory control mechanisms and acquire characteristics
which allow invasion. It is well established that a high proportion of CRC arise from pre-
existing benign adenomatous polyps. Work by Muto et al in 1975 first established the
progression from adenoma to carcinoma and suggested that cancers overtake adenomatous
tissue as they invade the bowel wall (Muto et al., 1975). A model describing the specific
genetic changes occurring during the colorectal adenoma carcinoma development was
originally described by Fearon and Vogelstein (Fearon and Vogelstein, 1990; Vogelstein et
al., 1988). This model known as the “Vogelgram” is illustrated in figure 1.1. It
demonstrates the cumulative effect of either loss of genes suppressing growth or mutational

overexpression of genes promoting growth, leading to the development of cancer.

APC CO)K—Z K-ras SMA04 /SMAD2 p53 other alterations
Normal Hyperproliterative Early Late Carcinoma
epithelium epithelium adenoma adenoma
APC
DNA mismatch repair genes TGFpRIIl, BAX
hMSH2, hMLH1, hPM$S1, IGF-IIR, E2F,
HPMS2, hMSH6 & hMSH3 TCF-4

Figure 1.1 Diagram ofthe key genetic events in colorectal cancer tumourigenesis. Two major pathways are
currently accepted: A and B. The genetic events of the traditional adenoma-carcinoma sequence, which
85% of tumours follow, are illustrated in A (Vogelgram). The remaining 15% of tumours follow path B and
exhibit microsatellite instability due to an alteration in a DNA mismatch repair gene. APC = adenomatous

polyposis coli, tumour suppressor gene; COX-2 = Cyclo-oxygenase-2; K-ras = oncogene; SMAD 4/2 =

21
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signaling molecules in the anti-proliferative TGF-8 pathway,; p53 = tumour suppressor gene; TGFBRIl =
transforming growth factor-8 receptor class Il; BAX = apoptosis regulator molecule; IGF-IIR= insulin-like
growth factor receptor class Il; E2F = cell cycle regulated transcription factor, TCF-4 = Tecell factor 4,
transcription factor.

i) Familial adenomatous polyposis

Earlier work into Familial Adenomatous Polyposis (FAP) an inherited syndrome in
which hundreds of colorectal adenomas develop and colorectal cancer is inevitable,
localised a gene on chromosome 5q21-22 responsible for the syndrome (Bodmer et al.,
1987). Vogelstein proposed that alterations in this gene caused hyperproliferation
preceding adenoma formation. He hypothesised that allelic loss at chromosome 5q was
enough to produce hyperproliferation which when associated with alteration of a second
gene is enough to initiate sporadic adenomas. In 1991 this gene became characterised and
is known as the APC (adenomatous polyposis coli) gene (Kinzler et al., 1991).

The vast majority of sporadic colorectal cancers are thought to be initiated by
changes in the APC gene and, together with FAP cancers, accumulate the genetic changes

shown in the Vogelgram which result in the adenoma-carcinoma progression.

ii) Hereditary non —polyposis colorectal cancer and microsatellite instability
Hereditary non-polyposis colorectal cancer (HNPCC) is a syndrome characterised
by the lack of colonic polyposis. It was identified following work by Lynch into families
presenting with colonic adenomas at an early age without the presence of multiple colonic
adenomas (Lynch et al., 1966; Lynch and Krush, 1971). In 1993 colorectal cancers from
patients with HNPCC and a subset of sporadically occurring disease were noted to have a

unique type of genetic abnormality, first known as replication errors and subsequently as
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microsatellite instability (MSI). Microsatellites are short segments of repetitive DNA bases
that are scattered throughout the genome. MSI is defined as “a change of any length due to
either insertions or deletions of repeating units in a microsatellite within a tumour
compared to normal tissue” (Boland et al., 1998) and results from a failure of the cell to
repair errors made during DNA replication. When a group of intranuclear proteins known
as the mismatch repair system-which is responsible fdr removing these errors-fails, then
MSI develops and genes with a lot of microsatellites are particulary susceptable to
alteration.

Cancers demonstrating MSI develop using an alternative genetic pathway to that
described by Vogelstein and this is reflected in the clinical presentation of the tumour.

HNPCC and sporadically occurring CRC have similar histological features and
show a tendency to present on the right hand side of the colon, with approximately two

thirds of HNPCC being detected proximal to the splenic flexure.

iii) Enviromental factors

External factors are contributory to colorectal tumour genésis. This 1s demonstrated
by migrant studies showing varying incidence of this disease around the world. Wynder et
al highlighted a higher incidence of colon cancer in second generation Japanese hnnﬁgrants
to California and Hawaii than Japanese in Japan (Wynder and Reddy, 1974).

Increseased intake of dietary fibre was previously thought to be associated with
lower rates of CRC as demonstrated by Howe et al in a meta analysis of 13 studies (Howe
et al,, 1992). Although contradictory evidence is now emerging from recent studies by

Fuchs, Alberts, Schatzkin and their colleagues, which have shown no benefit or protective
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effect from dietary fibre (Alberts et al., 2000; Fuchs et al., 1999; Schatzkin et al., 2000).
There is currently no explanation to this discrepancy.

Other contributory factors have been thought to be associated with vitamin intake.
Dietary supplementation of folic acid has been shown to be associated with the reduction of
rectal mucosal proliferation indices in patients with adenomas (Khosraviani et al., 2002).
Evidence also exists that red meat has the potential to be a definite risk factor (Potter, 1999)
in addition to a high body mass index in the presence of low levels of physical activity
(Slattery et al., 1997) and increased alcohol intake (summarised in Potter 1999 #462).

Recent developments have highlighted the potential of non-dietary chemo
protective agents. The findings of polyp regression associated with non-steroidal anti
inflammatory drug (NSAID) ingestion in patients with FAP (Giardiello et al, 1993;
Labayle et al., 1991) led to theories regarding an increase in cell death mediated through
inhibition of the enzyme cyclooxygenase (COX) (Piazza et al., 1995). Further work has
demonstrated that lack of the COX-2 isoform in mice corresponded to a reduction in
tumours (Williams et al., 1999). The overexpression of this enzyme in humah CRC tissue
has led to suggestions that the inhibition of COX-2 may lead to the retardation of colon

cancer development (Sano et al., 1995).
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1.2 Staging of colorectal cancer

1.2.1 Background

Once a tumour becomes invasive, it can extend through the layers of the colonic
wall and invade adjacent structures. Lymphatic, haematogenous and peritoneal spread
may also occur. The disease process is staged both clinically and pathologically. The
stage of the disease at presentation may be a reflection not only of the rate of growth and
extension of the tumour but also of the type of tumour and the tumour host relationship.
International agreement on a system of classification is needed in order that groups of
patients can be compared. It also serves to aid in the selection of primary and adjuvant
therapy, estimation of prognosis, assistance in the evaluation of the results of treatment,
facilitation of exchange of information and contribution to the continuing investigation of

CRC (American Joint Commmittee on Cancer, 2002).

1.2.2 Clinical staging

This assessment is based on a full history and physical examination with either
sigmoidoscopy or colonoscopy with biopsy. The presence of extra colonic metastases is
demonstrated using radiological techniques such as chest x-ray, ultrasound, computerised
tomography (CT), magnetic resonance imaging (MRI), in addition to Positron Emissioﬁ

Tomography.

1.2.3 Radiological staging

There has been dramatic evolution in the radiology of CRC over the past twenty

years. In the 1980°’s CRC was diagnosed using Barium enema and its liver metastases
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were visualised with ultrasound and incremental CT. Now there is a definite difference in
the imaging approach. This section addresses the conventional imaging modalities

excluding Positron Emission Tomography.

i) Barium enema

The malignant potential of a polyp is estimated using four determinants; size,
presence or absence of a stalk, architecture and cellular atypia. Barium enema
examin-ation is capable of determining the first threé and therefore detects both adenomas
and carcinomas. Obviously the fourth cannot be assessed.

Two types of examination exist; single and double contrast barium enema
(DCBE) the latter being more appropriate in those individuals who are physically able to
co-operate, and also have a high probability of colonic disease. DCBE has been shown to
depict polyps less than 1cm in size better than the single contrast technique (Gelfand,
1997; Smith, 1997). The reported sensitivities for CRC are between 62 -100% (de Zwart
et al., 2001; Ott, 2000). Barium enema is a technique which examines the entire colon, a
useful adjunct when it is used as a screening tool considering that 5% of patients have a

synchronous tumour and more than one third have additional polyps (Levine et al., 2000).

ii) Ultrasound

Transabdominal U/S is generally not used for the detection of primary CRC
although it has had a role in the detection of colorectal liver metastases. Trans rectal
ultrasound does have an established role in the staging of rectal cancer as it can

distinguish between the various layers of the rectal wall (Heriot et al., 1999; Rifkin et al.,
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1989). This allows attempts at T staging as described in section 1.2.3 with reported

accuracies of between 67-93% (Beynon, 1989)

iif) Magnetic resonance imaging (MRI)

MRI is most useful in CRC located in the rectosigmoid, because image quality is
only minimally degraded by respiratory motion and peristalsis in this relatively fixed part
of the colon.

MRI used to be acquired using a body or external surface coil but more recently
endoluminal or phased array coils are used. The images created with endoluminal coils
allow detailed visualisation of both tumour and rectal wall coﬁrtesy of the high
resolution, although because of the limited field of view it is difficult to evaluate the
mesorectum and surrounding pelvic structures. Phased array coils allow a larger field of
view to be imaged although spatial resolution is lost.

The superior demonstration of rectal wall layers achieved by endoluminal MRI
does not improve staging accuracy of rectal cancer compared with phased array MRI
(Blomqvist et al., 1997). Beets-Tan and colleagues found that the clinically more
important circumferential resection margin in rectal (section 1.3.2) can be predicted very

accurately and consistently with phased array MRI (Beets-Tan et al., 2001).

iv) Virtual colonoscopy
Virtual colonoscopy or CT colonography uses helical CT to generaté high
resolution, two dimensional axial images .of the abdomen and pelvis. In addition three

dimensional images can be constructed from the data obtained. The advantages of virtual
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colonoscopy are its ability to provide a full structural evaluafion of the colon with high
patient acceptance and safety.

The indications for virtual colonoscopy include screening for polyps, incomplete
or failed colonoscopy and the assessment of the proximal colon in a distal obstructing

lesion (Pl et al., 2002).

v) Computerised Tomography

In the 1970s, CT images were acquired by sequentially scanning single slices
(Hounsfield, 1995). The introduction of spiral scanning in 1989 led to faster volume
coverage than sequential slice by slice scanning in addition to increased 3D resolution. In
spiral scanning, the patient is transported continuously through the field of measurement
while the x-ray ﬁbe and the detector rotate continuously. Relative to the patient, the X-
ray focus travels on a spiral path allowing continuous data sampling along the axis of
table motion and thus the long axis of the patient (Kalender et al., 1990).

The principles of image reconstruction are similar for both sequential and spiral
CT although in spiral CT a single slice is reconstructed from the spiral volume data set
Which allows images to be reconstr;lcted from any arbitary position along the long axis of
the patient.

Since the end of the 1990s, rotation times of 0.5s and multirow detectors have

become available, making CT a universal imaging modality for all organs.
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CT imaging of CRC

CT has an established role in the imaging of CRC. It has been successfully
utilised in the assessment of local infiltration of the tumour with the previously
encountered problems with lower stage tumours being overcome by the advent of high
resolution spiral CT (Harvey et al., 1998).

The detection of malignant lymph node metastases is based upon the size criteria
and the arbitary figure of 1cm has been given to delineate malignant disease. However,
this has been shown many times not to be the case. Rodriguez-Bigas demonstrated that
malignant cells exist in nodes less than 1cm and nodes even greater than 3cm have been
shown to be benign (Rodriguez-Bigas et al., 1996).

Previously CT has been shown to be inaccurate in the detection of liver
metastases (Steele, Jr. et al., 1991). Later studies have utilised the different blood supply
of the metastases and the normal liver pﬁrenchyma. The use of intravenous contrast
coupled with the rapid acquisition times of spiral CT has partially addressed this problem
and reported sensitivities of 68-79% (Paul et al., 1994; Zerhouni et al., 1996).

CT has performed poorly in the detection of recurrent extrahepatic disease. The
reason for this is its inability to differentiate between benign, fibrotic tissue resulting
from surgery and /or radiotherapy and malignant tumour recurrence. The reliance on
change in tumour morphology without any other tissue characteristics makes dealing with
indeterminate tissue masses within the abdomen very difficult. Although modern spiral
CT is more accurate than non-spiral CT (Mendez et al., 1993), MRI is establishing itself
as the more accurate morphological imaging tool (Brown et al., 2003b; Brown et al.,

2003a; Holzer et al., 2003).

29



CT has played a significant role in tumour imaging over the last two decades, as it
1s widely available and clinicians are sufficiently experienced to perform and interpret ihe
investigation. The problerﬁs of this cross sectional imaging modality in terms of both
intra and extra hepatic recurrent disease have been highlighted above. In view of this the

role of functional imaging in CRC is addressed in the following section.

1.2.4 Pathologic staging

Full staging of CRC follows surgical exploration, tumour and regional lymph
node resection which provides tissue for pathological assessment. In the early 1930’s Sir
Cuthbert Duke devised a pathological staging system for CRC (Dukes, 1932) (table 1.1)
which was later modified in 1954 into the modified Astler-Coller classification (Astler
and Coller, 1954). In the 1980’s following close collaboration between the International
Union against Cancer (UICC) and the American Joint Committee on Cancer (AJCC), the
Tumour, Nodes, Metastases (TNM) system of pathological staging was introduced (table
1.2) the importance of which became internationally accepted in the 1990’s. Today in the
UK, the AJCC-TNM is used in conjunction with the Dukes and modified Astler-Coller

classification to pathologically group stage CRC (table 1.3).

30



Stage Definition % of Cases 5-Year Survival

A Confined to bowel wall 10 97%

B Extended through bowel wall, but no lymph node 35 80%
involvement

C1 Lymph node involvement, apical node disease- 65%
free 30

Cc2 Apical lymph node involved . 35%

D Distant metastases 25 5%

Table 1.1 Dukes staging and classification. Stage D has been added to Dukes' original classification. % of

Cases represents the percentage of cases with that stage at diagnosis at first presentation.

Classification Definition of TNM classification
Primary Tumour (T)
™ Primary tumour cannot be assessed.
TO No evidence of primary tumour.
Tis Carcinoma in situ.
T1 Tumour invades the submucosa.
T2 Tumour invades mucularis mucosa.
T3 Tumour invades through muscularis mucosa into subserosa or into
nonperitonealised pericolic or perirectal tissues.
T4 Tumour directly invades other organs or structures or perforates
visceral peritoneum '
Lymph Nodes (N)
NX Regional lymph nodes cannot be assessed
NO No regional lymph node metastases
N1 Metastases in 1 -3 regional lymph nodes
N2 Metastases in = 4 regional lymph nodes
Distant Metastases (M)
MX Presence of distant metastases cannot be assessed
MO No distant metastases
M1 Distant metastases

Table 1.2 Modified TNM classification system for the staging of colorectal cancer.

Stage T N M | Dukes | Modified Astler-Coller
0 Tis NO | MO - -
I T1 NO | MO A A
T2 NO | MO A B1
1A T3 NO | MO B B2
1B T4 NO [ MO B B3
A |T1-T2| N1 | MO C C1
B |[T3-T4{ N1 |MO C C2/C3
HC |AnyT| N2 |[MO C C1/C2/C3
IV |Any T |Any N | M1 - D

Table 1.3 Group staging of colorectal cancer.
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1.2.5 Histological grade

The histological grade is the qualitative assessment of the differentiation of the
tumour expressed as the extent with which a tumour resembles the normal tissue and is
graded as follows:

GX  Grade cannot be assessed

Gl  Well differentiated

G2  Moderately differentiated

G3  Poorly differentiated

G4  Undifferentiated

The terms “low” and “high” grade are employed for G1-G2 and G3-G4 tumours
respectively because it has been suggested this may be associated with outcome

independently of TNM stage group for CRC (Newland et al., 1981).

1.2.6 Other prognostic factors

Currently other independent prognostic fabtors used in patient management and
well supported in the literature are histological types, where small cell and signet ring
cancers have a less favourable outcome (Jass and Sobin, 1989). Extramural venous
invasion has been shown to be a poor prognostic marker (Talbot et al., 1981) and
submucosal vascular invasion arising in adenomas is associated with a higher risk of
regional lymph node involvement (Fenoglio-Preiser and Hutfer, 1985).

The intra-tumoural expression of specific molecules like p27 (Belluco et al., 1999;

Loda et al., 1997), DNA microsatellite instability (Wright et al., 2000) and thymidylate
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synthase (Takenoue et al., 2000) have potential to act as prognostic indicators but need to

be evaluated further before they are routinely included in the staging process.
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1.3 Treatment

1.3.1 Curative colonic surgery

Curative surgery for cancer of the colon comprises of a segmental resection of the
primary lesion based on 'its arterial blood supply. This procedure should also include
dissection of the regional lymph nodes, which acts as an accurate staging procedure for
determining whether adjuvunct chemotherapy will be of benefit (1995). Extended
lymphadenectomy to the para-aortic nodes and initial ligation of the vascular pedicle
were previously thought to confer survival advantages, but this does not appear to be the
case (Sugarbaker and Corlew, 1982; Wiggers et al, 1988). In all cases a thorough
inspection of the peritoneal cavity is carried out looking for synchronous tumours and
metastatic disease. Synchronous tumours'orccur in 1.5 —7.5% of all cases (Davison and
Stern, 1995) and completion colectomy should be carried out. Based on evidence from
progression of polyps into invasive cancers a case can also be made for completion
colectomy once any existing polyps are removed and histopathologically evaluated.
Usually this information is available pre-operatively, but in certain cases, such as a
stenosing primary CRC that does not allow the passage of the colonoscope, the finding
may be intraoperative. It is essential to obtain histological diagnosis before the
conversion of a segmental resection into a radical colectomy. It has also been suggested
that these same principles apply to patients with HNPCC, who have a 45% risk of
developing a metachronous cancer within 10 years (Lynch, »1996). The optimal result of
surgical treatment should result in tumour free resection margins, both longitudinal and
circumferential as well as maintenance of‘ intestinal continuity. It is possible to perform

en bloc resections with curative intent if the tumour is invading adjacent organs.
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1.3.2 Curative rectal surgery

At diagnosis, most rectal tumours have already spread beyond the rectal wall,
either by direct extension or lymphatic spread, and require radical resection. The
overwhelming evidence now available regarding the lateral spread of rectal tumours into
the mesorectal tissues requires an en bloc removal of the cancer with the surrounding
mesorectal fat habouring the blood vessels and lymphatics (known as the mesorectum)
(Heald and Ryall, 1986). Involvement of the lateral or circumferential resection margin is
strongly correlated with the later development of local recurrence. It is now accepted by
most surgeons that a total mesorectal excision should be attempted in all cases. A margin
of at least 1-2cm of normal rectal tissue distal to the tumour should be included to reduce
the risk of anastomotic recurrence. As with colon cancer, any adhesion to adjacent organs
should be resected en bloc with the rectum. Restoration of intestinal continuity is an
important but secondary consideration. It should only be attempted if a well perfused,
tension free anastomosis can be performed. When the cancer is so low that the 2cm
margin cannot be obtained without compromising the sphincter function, the entire
rectum and anus should be removed. This is known as an abdominal perineal resection

and in this case a permanent colostomy is created.

1.3.3 Recurrent disease

There is a standard pattern to the presentation of recutrent CRC. The sites include:
1) Liver >30%
i) Lung and locoregional disease 20-25%

ii1)  Other intraabdominal sites 15-20%
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iv)  Elsewhere 10%
Approximately half of the patients who have undergone surgery for CRC will develop
recurrent disease within 3 years of initial resection. In up to 30% of cases recurrences
following treatment of primary CRC is localised and therefore suitable for curative
resection (Turk, 1993). Ogunbiyi et al has also demonstrated that a significant disease
free interval can be produced by aggressive therapy on appropriately selected cases of

recurrent rectal cancer (Ogunbiyi et al., 1997b).

1.3.4 Management of colorectal liver metastases

Metastases localised to the liver alone occur in approximately half of all patients
presenting with metastatic disease. Liver resection is the only curative option.
Investigation of patients with liver metastases should determine whether the disease 1s
resectable and the criteria usually employed are; lesions confined to a single lobe, no
extrahepatic metastases, patient fit to undergo major surgery, non-jaundiced with good
liver function. Five year survival rates following resection now range between 25% and
39%, with a median survival between 28 and 40 months in most large series. Reported
ten year actual survival rates have also been documented in a few studies ranging
between 20 and 26% of patients (Fusai and Davidson, 2003).

Strategies employed for unresectable colorectal liver metastases (CLM) include
downstaging using neo-adjuvant chemotherapy (most commonly SFU-leucovorin-
oxaliplatin) which is delivered either intravenously or via the hepatic artery. Adam et al
published results of a study of 701 patients with unresectable liver metastases who

underwent neoadjuvant chemotherapy; of this group 13.5% were found to be resectable
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on reevaluation and underwent potenfially curative resection with overall five year
survival rates of 35% from the time of resection (Adam et al.,, 2001). Currently the
European organisation for the research and treatment of cancer (EORTC) is carrying out
a randomised phase III trial comparing the effectiveness of surgery with or without
combination chemotherapy ‘in treating patients who have colorectal liver metastases.

Portal vein embolisation has been used in cases where the liver tumour is
resectable but surgery is contraindicated, because the anticipated liver remnant is too
small. This technique produces atrophy of the affected lobe and compensatory
hypertrophy of the future liver remnant. Azouly et al have showed an increase in
resectability rate of 19% of such patients (Azoulay et al., 2000). In patients with bilobar
disease a two staged procedure can be undertaken allowing liver regeneration following
the initial resection; and the second stage can only be undertaken if clear margins can be
achieved and there is no evidence of disease progression.

Local ablative techniques like radio frequency ablation act as an alterative to
systemic chemotherapy. This technique uses heat generated from a radio frequency
electrode which is inserted into the target hepatic lesion under Ultrasound, CT or MRI
control. Radiofrequency ablation can be administered at open surgery, laparoscopy or

percutaneously (Oshowo et al., 2003).
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1.4 Chemotherapy

1.4.1 Background

As discussed above, the primary treatment of CRC is surgical resection, but over
half of all patients will eventually die of metastatic disease. Approximately 80% of
patients with colon cancer present with localised disease and are suitable for curative
resection. However despite attempted curative surgery, patients have a significant
probability of disease relapse and cancer related death. Over the past few decades there
has been much interest in adjuvant therapeutic approaches that would eliminate
microscopic disease and thereby prevent recurrence.

Once CRC has metastasised , the average survival duration without chemotherapy
is only 3-9 months. Two thirds of patients well enough to participate in clinical trials, and
randomised to best supportive treatment, die within 1 year (Simmonds, 2000). Systemic
chemotherapy is rarely curative in such patients except, sometimes, where metastatic
disease is confined to the liver and potentially resectable after chemotherapy.

The chemotherapeutic drug developments for advanced CRC in chronological
order are as follows:
1960s 5-Fluorouracil (SFU)
1980s Modulated SFU
1990’s Infusional SFU
Newer cytotoxic agents Oxaliplatin

Raltitrexed
Irinitecan
Oral fluoropyrimidines

2000 Agents acting on novel targets/molecular markers.
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1.4.2 5S-Fluorouracil

For the past 40 years S5-Fluorouracil (S5FU) has been the mainstay of drug therapy
for metastat_ic CRC. 5FU belongs to the group of anti-cancer drugs known as the
‘antimetabolites’. These are drugs that interfere with normal cellular function,
particularly the synthesis of DNA and hence cellular replication (Midgley and Kerr,
1999).

5FU is a pyrimidine analogue that re_sembles the bases uracil and thymidine. The
drug penetrates rapidly into cells, where it is converted intracellularly by the enzymes
which normally act on uracil and thymidine converting them into nucleoside forms. It
interferes with the ribonucleotide and deoxynucleotide synth'esis pathways after
phosphorylation which leads to the active fluorinated nucleotides S5-fluorouridine
triphosphate (SFUTP) and S-fluorodeoxyuridine monophosphate (5S-FAUMP). SFUTP can
be incorporated into RNA in place of uridine triphosphate (UTP), leading to inhibition of
the nuclear processing of ribosomal and messenger RNA and may cause other errors of
base pairing during transcription of RNA (Glazer and Lloyd, 1982). 5-FAUMP inhibits
irreversibly the enzyme thymidylate synthase (TS), this leads to depletion of thymidine
monophosphate (dTMP) which is required for DNA synthesis, thus conferring a degree of
S phase specificity on the drug. These two mechanisms for the toxicity of SFU are shown

in figure 1.2.
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Uridine phosphorylase

5FU + 5-Fluorouridine
Hepatic Phosphohbosyl! Undine
dihydrouracil \ transferase kinase
dehydrogenase
Dihydro 5FU 5-Fluorouridylate
5-Fluorouridine 5-Fluorouridine
Catabolism diphosphate monophosphate

5-Fluorodeoxyuridine
diphosphate 5-Fluorodeoxyuridine  5-Fluorouridine
A monophosphate triphosphate

5-Fluorodeoxyuridine

triphosphate
RNA
DNA
Thymidylate synthase
Uridine — -> Thymidine
monophosphate monophosphate
DNA

Figure 1.2 Metabolism and activation of 5-fluorouracil. Upon uptake by cells, 5-fluorouracil (S5FU) is
metabolised via two separate pathways: and represents the ribonucleotide synthesis pathway, in

which 5FU is converted to 5- fluorouridine monophosphate, then to 5-fluorouridine triphosphate and finally
incorporated into RNA. represents the deoxynucleotide synthesis pathway, where SFU exerts two
independent effects. It may become metabolised to 5-fluorodeoxyuridine triphosphate and then incorporated
directly into genomic DNA, with potentially cytotoxic results. Alternatively, SFU may become metabolised to
5-fluorodeoxyuridine monophosphate which inhibits thymidylate synthase, an enzyme important in DNA

synthesis.

The co-administration of folinic acid potentiates the inhibition of TS by 5FU and
increases response rate (Piedbois et al., 1992) and is now a component of most SFU based

regimens used in both the adjuvant and metastatic contexts. Data exists supporting the
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use of infusional SFU where response rate is undoubtedly higher, time to progression
longer, but survival only minimally extended (Woolmark et al., 1998).

Adjuvant therapy in those patients with Dukes B CRC remains controversial,
despite two large studies addressing this issue, IMPACT B2 and NSABP (Erlichman et
al., 1999; Mamounas et al,, 1999). The former study pooled results from five trials
including 1,006 patients with Dukes B2 colon cancer and provided no evidence for the
routine use of SFU/Leucovorin as routine adjuvant treatment in this group. Likewise the
NSABP trial used results from four trials éomparing the relative efficacy of adjuvant
chemotherapy in patients with Dukes B and C disease. Although the results suggested
that patients with Dukes B disease benefited from adjuvant chemotherapy and should be
presented with this treatment option, the number of patients with Dukes B was too
limited to rule out a difference in treatment effect according to staging. In addition this
trial also collectively looked at the studies by creating two comparison groups; the first
group consisted of all patients receiving the better of the two treatments in each of the
four trials, and the second group consisted of patients receiving the inferior treatment.
This allowed a pooling of the results of 1,565 patients with Dukes B cancer and a
reduction in mortality and recurrence when adjuvant therapy was used. It must be noted
however that not all the trials looked at within this study used an observation arm and the
methodology used in the pooling of results for these separate trials in which the treatment
received varied widely is unconventional. These results should therefore be interpreted
with an element of caution. Recently Taal et al published the results of a prospective trial
on behalf of the Netherlands Adjuvant Colorectal Cancer Project (NACCP) randomising

1029 patients with Dukes B or C colorectal cancer to receiving twelve months SFU plus
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levamisole or no further treatment following curative surgery (Taal et al.,, 2001). This
showed a 19% reduction in death among those patients with Dukes B CRC.

The large randomised controlled trial conducted by Quasar found that the
inclusion of levamisole and high dose folinic acid to SFU and standard dose folinic acid
did not delay recurrence or improve survival (Gray et al., 2000).

The jury ié still out in the value of adjuvant chemotherapy for the treatment of
Dukes B CRC. In real terms a small treatment difference can only be reliably detected
with many more patients. To detect an absolute risk reduction of 4% at 5 years with a
90% power, 4,700 patients are required (Taal et al., 2001). The general consensus in the
oncological world is that in patients with Dukes B CRC and no other medical
contraindications, adjuvant treatment with 6 months of SFU/Leucovorin could be offered
after careful discussion with the patient, who must be aware that such additional
treatment is not definitely proven and that any benefit is likely to be small. It must also be
remembered that that there is a group of patients with high risk characteristics (poorly
differentiated tumours, venous or lymphatic invasion) to whom adjuvant chemotherapy

can be reasonably offered.

1.4.3 State-of-the-art chemotherapy

A brief summary of the more recent drugs is offered as a detailed explanation falls
outside the remit of this thesis.

Irinitecan disrupts cell division and is licensed for first line treatment in patients
with advanced CRC in combination with SFU and folinic acid and as a second line

monotherapy when 5FU based treatment has failed. In randomised controlled trials it has
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increased tumour response rate and extended both progression free and median survival
when used in combination (Douillard et al., 2000; Saltz et al., 2000). Its role as a second
line montherapy when SFU has failed has also shown positive results (Cunningham et al.,
1998).

Oxaliplatin is a platinum compound which inhibits DNA replication by forming
cross links (Culy et al., 2000). Randomised trials involving the use of oxaliplatin in
combination with SFU/folinic acid as first line treattﬁent have shown significant
improvement in tumour response and progression free survival (de Gramont et al., 2000;
Giacchetti et al., 2000).

Raltitrexed inhibits TS and is indicated as a montherapy for palliative treatment
when S5FU is not tolerated or inappropriate and has shown comparable results to SFU
regimens (Cocconi et al., 1998; Cunningham et al., 1996).

Two oral fluoropyrimidines are marketed in the UK, Capecitabine and Tegafur,
these are closely linked to 5FU and are more convenient for patients. Large randomised
trials have shown that they are effective in the treatment of metastatic CRC (Hoff et al.,
2001; Van Cutsem et al., 2001) with potential pharmacoeconomic advanmges (Hoff and
Pazdur, 1998).

The National Institute for Clinical Excellence (NICE) has recently published
recommendations on the use in the NHS of irinotecan, oxaliplatin and raltitrexed in
patients with advanced CRC (NICE 2002). It has advocated the use of irinitecan as a
second line monotherapy following failure of first line SFU based treatment and only
advises the use of combination oxaliplatin plus SFU in patients with CLM confined to the

liver where chemotherapeutic shrinkage would allow possible curative resection.
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Interestingly NICE advises against both irinitecan and oxaliplatin being used as first line
chemotherapeutic agents until further evidence is provided from the Medical Research
Council FOCUS trial. This has received much cnticism amongst UK cancer speqialists
who contest the interpretation of the trial results in addition to the cost analysis (Saunders

and Valle, 2002).

1.4.4 Future perspectives of chemotherapy

In recent years the options for chemotherapy in CRC have expanded enormously.
The development of multiple agents with differing mechanisms of action that can be used
to good effect on their own or in combination with 5FU regimens has made deﬁniné the
ultimate correct schedule for different patients even more of a challenge. Encouragingly
the new regimens have been shown to be as or more effective than SFU when used in
combination or as a monotherapy. The development of prognostic factors and refinement
of predictive testing will aid in allowing the optimisation of the large range of options
available and accurately determine how likely a patient is to benefit from specific drug

treatments.
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1.5 Positron Emission Tomography

1.5.1 Background

Positron emission tomography (PET) is a functional imaging technique, in which
tracer compounds labelled with positron-emitting radionuclides are injected into the
subject of the study. There is a fundamental difference between the underlying
mechanism of image production between clinical radiology and PET. Clinical radiology
uses instrumentation tb induce signal changes and then detects the effects, whereas in-the
case of PET, instrumentation detects the signal buf the radioligand used is the source of
the signal.

PET uses radioligands, also known as tracers to produce images. Positron
emitting isotopes known as radionuclides (*’0, >N, ''C, '*F) are incorporated into a large
number of biolo gicai compounds to create radioligands (or tracer molecules) for studying
normal and pathophysiological processes. The radionuclide used has an unstable nuclei
which decays by the emission of a positron. This behaves in a similar way to an electron
but has a positive charge. The result of this decay is that the emitted positron having
travelled a short distance in human tissue (~1lmm) collides with an electron and

undergoes mutual annihilation which results in the production of energy in the form of
two 511KeV photons or Y rays travelling in opposite directions . If these Y rays are

emitted at 180° to each other, they are detected simultaneously by the PET scanner, a
term known as ‘coincidence detection’ and an image of original radionulide distribution

can be reconstructed.
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For further information regarding the components of a PET facility, including
cyclotrons and scanner types see appendix A. Also, this appendix covers the physics of
annihilation coincidence detection and attenuation correction, necessary for image

processing.

1.5.2 Imaging sequences

i) Whole body image sequences

Iﬁ tﬁe case of CRC the disease has the potential to metastasise to most areas of the
body, hence whole body PET scans are routinely performed. The axial field of view of
the majority of PET scanners is 14.5cm, so subsequently larger areas of the body can only
be imaged by moving the patient couch through the gantry. To complete a wholebody

scan the patient is moved through the scanner.

ii) Dynamic image sequences

In many studies, one is interested not in the static distribution of the tracer at one
particular time but in the rate at which the activity enters and leaves a particular region. It
is in these types of research cases that dynamic imaging is employed and a series of
images over time are acquired. Factors of clinical interest which can be measured using
this technique are peak tracer activity within an organ, the time occurrence of peak
activity, the rate of activity uptake in the organ and the rate of clearance of activity.

In dynamic data sets, each image in the series is acquired over a short space of
time and so only yields a small number of counts in each serial image. If a single image

of a dynamic sequence is displayed it invariably contains considerable statistical noise
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which in turn makes the identification of anatomical structures even more difficult. To
analyse a set of dynamic images, a region of .interest (ROL, section 2.4.2) is placed over
the image with the best anatomical detail and then copied onto the remaining images.
This enables the computation of a time activity curve (TAC) where uptake of the tracer
within the ROI can be mapped as a function of time (count rate v. time). In addition, the

data from the TAC allows further quantitative analysis to be performed.

1.5.3 Biological basis of FDG-PET

“If the carcinoma problem 1is attacked in its relation to the physiology of
metabolism, the first question is: In what way does the metabolism of growing tissue

differ from the metabolism of resting tissue?” Otto Warburg 1924

In 1924 this fundamental question was posed by the German biochemist Otto
Warburg. From a series of observations based on a rat model and later confirmed on
human cancer cell lines he concluded that the predominant form of glucose metabolism in
tumour cells is glycolysis (Warburg, 1931). Tumours have increased demands of ATP
which is derived from glycolysis. This is due to two factors; cancer cells are by definition
rapidly replicating cells and secondly these cells are not efficient in the production of
ATP via the Krebs cycle. This leads to a 19-fold increase"m glucose consumption per
mole of ATP produced. The reason for this is two fold, ﬁrstiy neoplastic degeneration of
tumour cells is associated with a loss of efficient production of ATP and secondly there is
activation of the glucose reliant hexose mc‘mophosphate pathway providing the backbone

for the DNA and RNA synthesis required in growing tumours (Weber, 1977a; Weber,
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1977b). The increased demands of the malignant cell are in some way met by the
increased number of various membrane glucose transporters (Flier et al., 1987; Hatanaka,
1974). A major early marker of cellular malignant transformation is the activation of the

gene coding for the glucose transporter GLUT 1 (Hiraki et al., 1988).

1.5.4 [18F] 2—fluoro-2 deoxy-D-glucose

The application of the above principles led to the development of [18F]2-fluoro-2-
deoxy-D-glucose (FDG). In this tracer the 18F is substituted for the hydroxyl group in the
2- position.

FDG is transported into cancer cells by the GLUTI1 facilitative glucose
transporter molecules. Once inside the cell phosphorylation occurs by the enzyme
hexokinase to form FDG-6-phosphate. This is a polar molecule hence does not cross the
cell membrane well and becomes metabolically trapped. Although FDG-6-phosphate can
be converted back to FDG by the enzyme glucose-6-phosphatase, this is a slow reaction
by an enzyme which is present in very small amounts in cancer cells. Following trapping,
radioactive decay occurs by positron emission.

In the evaluation of FDG images normal uptake can be seen in the brain, heart,
kidneys and urinary tract (see figure 1.3). The brain has a high physiological glucose
metabolism, whilst myocardial uptake is seen as a consequence of insulin sensitive
glucose transporters (GLUT4). Uptake of FDG by the myo&:ardium is variable although
generally uptake is decreased in the fasting state and increased in the presence of insulin.

This is also seen in the skeletal muscle. The effects of fasting on the uptake of FDG has
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led to oncological PET studies being carried out following several hours of fasting to
reduce insulin levels and hence physiological uptake (Wahl et al., 1991).
Competitive inhibition of FDG uptake by glucose in tumour tissue is an additional

reason for optimal scanning to be carried out in the fasting state.

PP* B

Figure 1.3 Normal physiological uptake of FDG. High uptake is seen in the brain (B), in addition to the

myocardium (M). Renal excretion can be seen via the kidneys (K) into the bladder (BI).



1.6 PET in colorectal cancer imaging

1.6.1 Primary disease
i) Screening

Other than the study by Yasuda and colleagues (Yasuda et al., 2000) there is little
substantial published data for the use of FDG-PET in screening for asymptomatic CRC.
This study of 3165 patients demonstrated an unacceptable false positive and negative
rate. Further considering the availability of PET and current costs — two important
contributory factors - this technique is currently unsuitable for unselected screening
programmes.

PET’s role in the detection of colonic polyps has been investigated. Drenth et al
validated pre malignant colonic abnormalities using FDG-PET with endoscopy findings.
In a cohort of 39 patients, PET had a sensitivity and specificity of 74% and 84% when
compared with the gold standard of colonoscopy, making it a useful adjunct in the non-
invasive follow up of patients with CRC (Drenth et al., 2001). Incidental colonic upfake
of FDG was investigated by Tatlidil et al in a retrospective study of 27 patients without a
history of CRC referred for FDG-PET studies. In this study high FDG uptake correlated
with at least a 79% chance 6f histological analysis at the same site being abnormal,
making colonoscopy a reasonable next step for those patients displaying abnormal high
FDG uptake within the colon (Tatlidil et al., 2002).

However, there may be value in detecting polyps on reconstructed CT images
and matching this data to the metabolic signal using the new imaging modality of

PET/CT.
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ii) Symptomatic disease

A PET positive rate of over 95% has been reported in the diagnosis of primary
CRC in symptomatic indi\}iduals (Mukai et al., 2000) . However, endoscopy and barium
enema detect over 90% of CRCs while being significantly cheaper and more widely
available than PET. CT colonography is beginning to make a clinical impact (section
1.5.4). PET is, therefore, unlikely to play a significant role in diagnosing primary CRC,
’although its use as a targeted screening investigation in high risk groups is yet to be fully

evaluated.

1.6.2 Pre-operative staging
Pre operative staging investigations allow all foci of cancer to be treated by an

appropriate combination 'of surgical excision, chemotherapy and radiotherapy so as to

minimise the chance of recurrence.

i) Local infiltration

CT is widely used to stage primary CRC and is an accurate method of assessing
local infiltration especially in advanced tumours (sensitivity 55% - 70%) (Balthazar,
1991; Zerhouni et al., 1996). Conventional and endoluminal MRI are reportedly more
accurate for rectal cancers as is endoanal ultrasound (USS) (Hildebrandt and Feifel, 1995;
Napoleon et al., 1991). Many studies have compared FDG-PET and CT in the staging of
primary CRC. Abdel-Nabi found in 48 patients that PET had a higher sensitivity and
specificity than CT (Abdel-Nabi et al., 1998) and similar results were demonstrated in a

smaller study of 16 patients by Falk et al (Falk et al., 1994). This showed that although
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PET had a increased sensitivity for the pre-operative staging of primary CRC, CT had a
higher specificity. In addition to detecting malignant lymphadenopathy, synchronous
tumours can also be detected using FDG-PET as demonstrated in Pin’s case report (Pin et
al., 2000) FDG-PET does not, however, give accurate information regarding local

infiltration and it is this which might be a key area in which PET/CT comes into its own.

ii) Involvement of lymph nodes and extrahepatic intraabdominal spread

Standard pre-operative evaluation, using size criteria, lymph node involvement
and extrahepatic, intraabdominal spread with CT and MR has been shown to be
inadequate by a number of studies (Freeny et al., 1986, Guinet et al., 1988; Thompson et
al., 1986). These studies report accuracy for CT ranging between 25-73% (overall
sensitivity is 45%) with a 40% sensitivity for MRL Laparoscopy with or without USS
may further improve the accuracy of staging although this is invasive and information is
not available prior to definitive surgery. Immunoscintigraphy (radiolabelled antibodies)
is significantly more sensitive for pelvic and intraabdominal disease when compared to
CT and this technique has potentially useful clinical applications (Veroux et al., 1999).

Lymphoscintigraphy can also play some role in the detection of the sentinel node.

The studies mentioned earlier in this section also comment on the assessment of lymph
node involvement and extrahepatic intraabdominal spread. In Falk’s study of 16 patients,
he demonstrated that FDG-PET was superior to CT for staging (positive predictive value
(PPV) 93% and negative predictive value (NPV) 50% for FDG-PET versus PPV of

100% and NPV of 27% for CT. The study by Abdel-Nabi et al is more interesting
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because it showed no difference between the modalities for detection of lymph nodes
(sensitivity of 29% for both) (Abdel-Nabi et al., 1998). Mukai and colleagues again
showed the limited value of PET in the detection of metastases to regional lymph nodes
surrounding the primary lesion by reporting sensitivities of 22.2% (2/9) for lymph node

detection with specificity of 86.7% (13/15) (Mukai et al., 2000).

Metastases to the liver

Liver metastases are found in 10-25% of patients at the time of operation for
their primary CRC and 25% are candidates for resection (Adson, 1987). CT is the
imaging modality most frequently used in the staging of primary CRC and has a reported
sensitivity of 72% and specificity of 99% with MR having similar results (Freeny et al.,
1986; Rummeny et al., 1992).However, published data also shows that CT failed to
demonstrate lesions in 7% and underestimated the number of lobes involved in 33% of
cases (Ferrucci, 1990; Steele, Jr. et al., 1991). Immunoscintigraphy using Indium-111-
labelled anti-CEA antibodies has shown promise (Patt et al., 1990), but specificity and
poor spatial resolution can be a problem when compared to FDG-PET. Again in Abdel-
Nabi’s study the detection of liver metastases by FDG-PET was shown to be superior to
CT (sensitivities of 88% versus 38%), although this study was not controlled and PET

reporters were not blinded to CT reports (Abdel-Nabi et al., 1998).
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1.6.3 Recurrent disease

i) Detection of local recurrence

Following treatment of primary CRC, patients undergo surveillance of varying
intensity in order to detect recurrence. In up to 30% of cases the recurrence is localised
and therefore suitable for curative resection especially if radical surgery is performed
(Turk PS, 1993). In order to avoid unnecessary morbidity and mortality appropriate
selection of patients is essential.
| MR remains the optimum morphological imaging modality although there were
early reports questioning the ability of MR to distinguish recurrent tumour from benign
fibrotic changes (de Lange et al., 1989). Even so, CT remains the most frequently used
option when detecting recurrence and suffers similar drawbacks when evaluating “scar”
tissue. Immunoscintigraphy has been shown to be superior than CT for differentiating
scar from tumour in the pelvis (Doerr et al, 1991; Lunniss et al.,, 1999). However,
Libutti’s recent prospective study of twenty eight patients comparing PET with CEA
scan and blind second look laparotomy, revealed that FDG-PET scanning is superior to
anti-CEA immunoscintigraphy and could predict those patients with recurrent disease
most likely to benefit from laparotomy (Libutti et al., 2001).

Several authors have confirmed the value of measuring the metabolic activity of a
tissue mass through FDG-PET in order to differentiate between malignant local
recurrence and scar tissue (Ito et al., 1997, Schlag et al., 1989; Strauss et al., 1989). Ina
study by Schiepers and colleagues (Schatzkin et al., 2000) accuracy for disease in the
pelvis was 95% with FDG-PET against 65% with CT (Schiepers et al., 1995). Takeuchi

et al also reported impressive results for the accuracy of PET for diagnosis of pelvic
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recurrence when compared to both CT and MR with 15 of the 16 histologically proven
recurrences imaged positively (Takeuchi et al., 1999). More recent studies have reported
similar findings (Flamen et al,, 1999; Valk et al., 1999). In fact Valk and colleagues
demonstrated sensitivity and specificity of 93% and 98% respectively with FDG-PET
compared to 69% and 96% in the 115 patients with available CT’s. This led to a cost
saving of approximately US$ 3000 per pre-operaitve study through the avoidance of
surgical intervention. To date our own prospective experience comparing PET with CT
in the detection of locally recurrent disease also demonstrated increased accuracy ixsing
PET with a sensitivity of 100% and specificity of 86% compared to 75% and 100% for
CT (Arulampalam et al., 2001). Whiteford’s review of 105 patient records of which 70
had locoregional recurrence also confirmed the superiority of PET when compared to CT
plus colonoscopy with sensitivities of 90% and 70% respectively (Whiteford et al,,

2000).

ii) Evaluating a rising CEA

Evaluating patients who present with an isolated elevation of CEA with minimal
symptoms and normal imaging is ideally suited to PET and PET/CT. Flanagan et al
showed that in 17 out of 22 patients PET was abnormal and recurrence was confirmed by
tissue sampling and/or follow up. PET had a PPV of 89% and NPV of 100% (Flanagan et
al., 1998). A PPV of 89% was also demonstrated by Flamen'’s group with a sensitivity of
79% in a cohort of 50 consecutive patients with an elevated CEA with completely normal
or equivical conventional diagnostic work up (Flamen et al, 2001). The superior

accuracy of PET over CEA has also been discussed by Simo’s group who looked at 58
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patients referred for FDG PET because of an elevated CEA. PET detected recurrence
leading to a major management change in 34 (58%) of the cohort. Of this group 18
underwent curative surgery and 16 were treated with systemic therapy (Simo et al,
2002). In Zervos’s study, of the 15 patients with an increasing CEA level and normal
diagnostic imaging, 14 were found to have abnormal PET scans, 9 of these underwent
surgical exploration with curative intent. This study also looked at 4 patients with
symptoms of recurrent CRC but a normal CEA level and non diagnostic conventional
imaging but positive PET scans. Three of the four were found to have no evidence of
recurrence at surgery, the results of PET scans in these types of patients should therefore

be interpreted with caution (Zervos et al., 2001).

iii) Evaluation of the extent of disease

The evaluation of patients with suspected recurrent CRC aims to differentiate
isolated resectable disease from disseminated metastases allowing appropriate patient
selection for surgical intervention and increasing the chance of disease free survival.
FDG-PET is more accurate than CT for the purpose of evaluating the extent of recurrent
CRC as shown by beth Ogunbiyi and Vitola (Ogunbiyi et al., 1997a; Vitola et al., 1996).
The usefulness of PET in diagnosing peritoneal recurrence of CRC has been investigated
by Tanaka et al in a retrospective review of 23 patients (Tanaka et al., 2002). PET was
found to have a sensitivity of 88% with a diagnostic accuracy of 78% compared to 38%
and 44% respectively for CT. In this study a lesion as small as 15mm in diameter was

diagnosed by PET.
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iv) Hepatic metastases

Schiepers’ study in 1995 evaluated 76 patients presenting with suspected locally
recurrent disease or distant CRC. This confirmed a higher sensitivity and accuracy with
FDG-PET (94% and 98% respectively) compared to CT/USS (85% and 93%) for the
detection of hepatic metastases (Schiepers et al., 1995a). Delbeke compared FDG-PET
with CT and CT portagram in 52 patients treated for CRC and presenting with suspected
hepatic recurrence. PET demonstrated an accuracy lof 92% compared with CT and CT
portagraphy (78% and 80% respectively) for hepatic disease. In this study PET was also
more accurate for extrahepatic disease when compared to CT, 92% versus 71% (Delbeke
etal., 1997). Ogunbiyi's retrospective review also compared PET and CT in the detection
of hepatic metastases and reported a sensitivity of 95% and specificity of 100% for FDG-
PET compared to CT (74% and 85% respectively) A higher accuracy for PET compared
to CT for delineating multiple liver lesions was also reported (Ogunbiyi et al., 1997a)

More recent studies including that of our own unit have systematically confirmed
the benefits of FDG-PET for the detection of Both hepatic and extrahepatic metastases
from CRC. Zhuang’s direct comparison of PET and CT in 80 patients with CLM again
highlighted greater sensitivity of PET (100% vs 71.4% for PET and CT respectively)
(Zhuang et al., 2000). The clinical value of PET in the assessment of potentially curable
liver metastases has been investigated by Topal et al (Topal, 2001). In this prospectively
studied group of 91 consecutive patients considered eligible for liver resection after
conventional imaging, PET provided additional information regarding distant disease in

11% whilst confirming liver metastases in 99%; although in this study PET also falsely
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upstaged 6.6% and understaged 7.7% (all of which had small intra abdominal lesions). In
a study by Fong et al PET’s greater accuracy in identifying distant disease is again
demonstrated (Fong et al., 1999). 40% (16/40) patients had their management influenced
by the PET findings with 6 of these patients being spared unecessary laparotomy by
virtue of Pet’s identification of previously undiagnosed extrahepatic disease. This study
again highlighted a problem with PET and the identification of small lesions. Only 25%
of hepatic lesions smaller than 1cm were detected by PET, while 85% of lesions larger
than 1cm were detected.

Our own prospective study currently in press, evaluated 31 patients initially
staged with spiral CT prior to referral for hepatic resection. These patients then
underwent FDG PET imaging and the results of the two imaging modalities compared in
terms of sensitivity and specificity in addition to the effect that PET had on patient
management. PET detected all the lesions (sensitivity 100%, specificity 91%) whilst CT
incorrectly diagnosed solitary CLM in 5 patients and failed to detect extrahepatic disease
in 4 patients (sensitivity 47%, specificity 91%). This resulted in altered management for
12(39%) of the patients of whom 7 (23%) avoided inappropriate Vsurgery (Arulampalam
et al., 2004).

The recently published evidence from Kinkel’s meta-analysis of the detection of
hepatic metastases from cancers of the gastrointestinal tract using US, CT, MRI and PET,
suggests that FDG PET is the most sensitive non invasive imaging modality for the
diagnosis of CLM and that the optimal evaluation of patients with CLM should include

FDG-PET (Kinkel et al., 2002).
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v) Extrahepatic metastases

Lai et al compared FDG-PET with conventional imaging in 34 patients and
found unsuspected extrahepatic disease in 11 (32%) patients (Lai et al., 1996). Clinical
management was affected in 10 patients directly as a result of PET. Schiepers also
reported in his study that a significant number of unexpected extrahepatic metastases

could be demonstrated using FDG-PET (Schiepers et al., 1995a).

vi) Impact on patient mangement

The advantage that FDG-PET and PET/CT confer to patient management in the context
of recurrent and/or metastatic disease is that they alter clinical management. This may be
by avoiding surgery, early commencement of non-surgical treatments or selecting
patients suitable for surgical re-intervention. FDG-PET is highly accurate for diagnosing
and staging recurrent CRC as demonstrated in a meta analysis by Huebner and
colleagues (Huebner et al., 2000). The meta-analysis of eleven studies (349 patients)
showed a sensitivity of 97%, specificity of 76% and impact on clinical management
ranging between 25% and 34% of cases. Deteétion of unsuspectéd metastases by FDG-
PET ranges from 13-32% (Schiepers et al., 1995). Large savings could be made if PET
was incorporated into the routine management algorithm for recurrent CRC on the basis
of a reduction in unnecessary laparotomies (from 10 to 20%) and the increased number
of resections with curative intent (Larson, 1994). A recent prospective study where the
clinical impact of FDG-PET in patients with suspected or confirmed recurrence was
assessed by comparing the treatment plan assigned by the oncologist in 102 consecutive

patients. The treatment plan was assigned using conventional staging investigations and
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compared to the treatment plan based on the incremental information supplied by PET.
The management plan of 54 of the 102 patients was altered as a direct result of
unexpected PET findings and in 6 further cases the oncologist would not commit to a
plan of management without having access to the PET data. Significantly in this study
planned surgery was abéndoned in 26 of 43 patients (60%) because of incremental PET
findings. Again false negative findings were recorded in 4. patients as a result of the
metastases being less than 1cm (Kalff et al,, 2002).

Table 1.4 summarises some the studies in which PET has changed patient management.

Author No patients | Change in management
Beets et al 35 40% (14/35)
Vitola et al 24 25% (6/24)
Laietal 34 29% (10/34)
Delbeke et al 52 33% (17/52)
| Ogunbiyi et al 23 44% (10/23)
Valk et al 78 31% (24/78)
Flamen et al 103 20% (21/103)
Staib et al 100 61% (61/100)
Fong et al 40 23% (9/40)
Arulampalam et al | 42 38% (16/42)
Whiteford et al 101 26% (26/101)
Meta-analysis
Huebner 349 25%-34%

Table 1.4 Summary of the impact PET has made on patient management

1.6.4 Evaluating subclinical treatment response

Accurate information regarding the response to radiotherapy and/or
chemotherapy in patients being treated for CRC provides useful guidance in predicting,

"planning and revising ongoing adjuvant therapy, especially in the context of the
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unwanted side effects. Studies assessing the uptake of FDG measured by PET and
correlation with the anti-tumour effects of chemotherapy have been reported for certain

tumour types including CRC as discussed below (Nakata et al., 1997; Okada et al., 1991).

i) Response to chemotherapy

The available data suggests highest concentration of fluorine-18 fluorouracil
([**F]FU) in responsive tumour (Shani et al., 1982). Strauss and Conti demonstrated that
lesions with low [*F]FU uptake haa a -signiﬁcant increase in volume and no response to
treatment (Strauss and Conti, 1991). Findlay et al evaluated the metabolism of CRC liver
metastases using FDG-PET before and at intervals after treatment in 18 patients. The
findings were compared with tumour outcome conventionally assessed using change in
size on CT. The results were expressed as a ratio of FDG uptake in tumour and normal
liver (T:L). The T.L ratio 4-5 weeks after treatment was able to discriminate response
from non-response both in a lesion-by-lesion and overall patient response (sensitivity
100%, specificity 90% and 75% respectively) (Findlay et al., 1996). There is currently
speculation that PET/CT may provide a practical solution for evaluating treatment
response due to faster patient throughput and accurate anatomical/metabolic image
registration. Debate continues as to whether ['*F]FU is superior to FDG in predicting the
response to treatment on an individual patient basis (Moehler et al., 1998). There is
uncertainty as to how to obtain the most accurate information on tumour response based
on morphological imaging (Therasse et al., 2000). There are significant problems
applying this methodology (Padhani and Husband, 2000) and in this context the EORTC

has already published guidelines suggesting metabolic criteria should be used for this
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task (Young et al., 1999). The potential role of PET in this aspect of oncology and

particularly in the management of CRC suggests that its uses will increase.

ii) Response to radiotherapy

Similar promise was thought to be present for PET in the evaluation of RT
response. There are some problems, most notably demonstrated by Haberkom
(Haberkom et al., 1991) who evaluated FDG—PET in 21 patients with recurrent CRC
undergoing pelvic RT. A correlation was made between the palliative benefit and

reduction in FDG uptake in 50% of patients (this was also more accurate than CEA).

More recently, Guillem (Guillem et al., 2000) has demonstrated that FDG-PET augments
conventional morphological imaging modalities when used to preoperatively assess
response to chemo-radiation for rectal carcinoma. This is primarily because information
is available preoperatively that allows sphincter saving surgery to be accurately planned.

In a study of 40 patients who were imaged both pre and post radiotherapy for low
rectal cancers, FDG uptake was quantified and found to be a good prognostic indicator in
terms of long term prognosis (Oku et al., 2002).

A further application of FDG-PET and more recently PET/CT is the potential
ability to reduce RT treatment fields by restricting the target volume to the metabolically
active tumour. This is usually smaller than the target volume designated by conventional
CT (Kiffer et al., 1998; Rosenman, 2001). Such an assessment could possibly reduce

unwanted side-effects of RT.
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1.6.5 Biological characterisation using PET

The consideration of the biological characteristics of a tumour allows a more
specific formulation of treatment plans and the possibility of better results i cancer
therapy (Eary, 1999; Price and Jones, 1995). Currently the analysis of biopsy material is
the only way of obtaining patient specific information on tumour biology. Although this
technique provides a method of assessing and characterising cancer, it is both invasive
and has significant sampling error due to the heterogeneity of tumours and variation
between metastatic sites. The unique ability of PET to non-invasively image regional
tumour biology in the form of glucose utilisation using FDG has been discussed in this
section, in addition to the positive impact that this has had in the management of CRC.

While the success of FDG-PET in CRC has been widely documented, the role of
PET in the management of cancer in general is not limited to FDG. Other PET tracers
have been developed and are targeted to areas of tumour biology that include protein and
membrane biosynthesis, tissue hypoxia and tumour receptor and/or gene product
expression. Uncontrolled growth is a characteristic of malignant tumours. Techniques
have been known for some time to measure tumour growth rates in tissue specimens but
as discussed these have limitations. It has already been demonstrated by Higashi et al that
FDG uptake is a measure of cell viability and not proliferation (Higashi et al., 1993).
PET has the potential to offer fully quantitative characterisation of tumour growth
through the development of these new radiolabelled ligands: A biological process highly
relevant to CRC and indeed all cancers is the regulation of the cell cycle and cellular

proliferation.
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The potential use of PET as a tool for imaging cellular proliferation in vivo could open
new avenues in the understanding and treatment of CRC by bridging in vitro biological

discovery and clinical medicine.
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1.7 The cell cycle

1.7.1 Background

The cell cycle 1s defined as the fundamental process by which a cell replicates its
cellular and genetic material, resulting in the formation of two identical daughter cells.
This process is essential to the survival and continuing viability of all cells, and various
regulatory mechanisms inherent in the cell cycle ensure that the transmission of genetic

material to the resulting daughter cells is performed in an accurate and reliable manner.

i) Early concepts of cell proliferation

As early as 1875, mitotic figures were noted to be present in tissue sections
examined under the light microscope. From these findings, it was postulated that a cell
could exist in one of two states, either undergoing mitosis or remaining in interphase,
which was considered to be an inactive “resting” state. Despite these preliminary
observations, however, very little progress was made in the understanding of the
underlying biochemical changes induced in mitosis for the next fifty years.

The first major breakthrough, leading to the initial concept of a cell cycle, was
based on the work of Alma Howard and Steve Pelc in 1951 (Howard and Pelc, 1951).
After labelling the roots of Vica faba seedlings with **P, they performed autoradiography
to look for the incorporation of this fadioisotope in cells manufacturing new strands of
DNA. Their results showed that the process of DNA synthesis was entirely distinct from
that of mitosis, and occurred during a discrete period in the middle of the interphase.

They thus concluded that the cell cycle was composed of four stages, with the presence of
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a long gap phase (G1) between mitosis and DNA synthesis, and a second shorter gap

phase (G2) occurring after DNA synthesis.

ii) Localisation of proliferating cells within a tissue

Using high-resolution autoradiography techniques, Hughes performed a similar
set of experiments aimed at studying the localisation of proliferating cells in different
tissues (Hughes et al., 1958). After injecting tritiated Thymidine (H-Tdr) into mouse
small intestine, he found that *H-Tdr incorporation was initially observed only in the
crypt cells of the intestinal epithelium. However, after 24 hours, the presence of *H-Tdr
was detected in epithelial cells along the entire surface of the villi, and at 48 hours could
even be seen in cells shed into the intestinal lumen. He concluded that cell proliferation
occurred only in a specific population of intestinal epithelial cells, namely the crypt cells,
but the resulting daughter cells migrated up into the intestinal villi and were eventually
shed into the lumen. This led to the suggestion that proliferating cells were restricted to a

specialised compartment of normal epithelial tissues.

1.7.2 Current understanding of the cell cycle

The cell cycle comprises four stages: G1, S, G2 and M. The cycle is govemned by
extracellular signals such as the availability of nutrients and growth factors and signals
mediated by cell-cell contact. Transitions from one phase to the next are govemed by a
series of cyclin-dependant kinases (CDKs) that bind to positive effectors, the cyclins,
whose levels fluctuate during the cell cycle. These complexes phosphorylate certain

proteins which results in the progression of the cell through the phases. There also exist
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inhibitory cyclin dependant kinases which can cause cell cycle arrest by deactivating the

complexes and can be triggered by a variety of molecular signals.

i) G1 phase

G1 is the first gap phase of the cell cycle and 1s defined as the period from the end
of mitosis to the start of DNA synthesis. It usually lasts around 5 hours in mammalian
cells, but is the most variable stage of the cell cycle and, depending on the physiological
condition of the cell, may be prolonged to several days or months.

Cells initially begin cycling in the Gl phase, either from the M phase of the
previous round of replication or from a state of quiescence (GO). The G1 phase allows the
cell to grow, check the integrity of its DNA and prepare for DNA synthesis, eg, by
transcribing for necessary enzymes. In order to proceed to the S phase, the cell needs to
pass an important regulatory checkpoint (G1/S) ensuring that it has all the necessary
components to successfully initiate DNA synthesis. If the cell is not allowed to progress

through the cell cycle it will either enter a state of quiescence (GO) or remain in G1 arrest.

ii) S phase

The S phase lasts around 7 hours in mammalian cells and is the period when the
DNA of the parent cell is replicated, resulting in the formation of two identical sets of
chromosomes. The cell has mechanisms to ensure that its DNA is duplicated accurately
so that the genetic information is transmitted in its entirety between one cell generation
and the next. The replicative process must also restrict itself from re-duplicating any

portion of nuclear DNA within a single cell cycle. Failure of these regulatory
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mechanisms can have serious consequences, resulting in cell death or contributing to

cellular neoplastic transformation.

iii) G2 phase

G2 - the second gap phase - is the period from the end of the S phase to the start
of the M phase (3 hours). During this stage, the cell ensures that DNA replication has
been successfully completed, to form two complete diploid sets of chromosomes. Any
errors that may have occurred in the preceeding S phase are corrected at this stage eg, by
P53, otherwise the cell will not be allowed to progress past the G2/M check point and
may be marked for apoptosis. The cell also undergoes replication of its cytoplasmic

organelles and cellular growth in preparation for the final act of cell division.

iv) M phase
During the M (mitotic) phase the cell divides, resulting in the formation of two
identical daughter cells. The M phase comprises of four stages: prophase, metaphase,

anaphase and telophase (Mazia, 1961).

Prophase is characterised by a series of nuclear changes that are visible under the light
microscope. The initial event is the breakdown of the nuclear envelope, which is under
the control of specific cyclin/CDK complexes (Gerace and Foisner, 1994). The nucleoli
are then dispersed and chromosomal DNA is condensed. Finally, the microtubule spindle
apparatus is formed in order to allow the subsequent redistribution of the cell’s genetic

material.
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Metaphase is the stage in which the chromosomes attach themselves to the micro tubules
and eventually become aligned on the spindle equator. The whole spindle apparatus then
becomes compacted, in readiness for separation of the chromosomal DNA.

Anaphase involves the sister chromatids of each original chromosome beginning to pull
apart to form two new, independent chromosomes and move towards opposite spindle
poles. This is facilitated by the formation of anaphase promoting complex (APC) proteins
which lyse the proteins holding the chromatids together(Glotzer et al., 1991).

In Telophase a nuclear envelope forms around each new set of chromosomes and the cell
starts to undergo cleavage of its cytoplasmic organelles (cytokinesis). This results in the
equal division of cellular and genetic material, and formation of two identical daughter

cells.

1.7.3 Cell cycle and cancer

. Several of the molecular mechanisms that regulate the balance between cell proliferation
and cell death may be disturbed in tumours. In terms of CRC faults at the check points
may remove the regulatory checks of repair. G1/S is govemned by the retinoblastoma
protein. This is phosphorylated and therefore removed from the inhibitory check point by
cyclins/CDKs influenced by growth factors (eg, EGF). Several of the molecular
mechanisms that regulate the balance between cell proliferation and cell death, may be
disturbed in tumours, often resulting in net cell growth. In CRC, the cell cycle
checkpoints can be overcome and the cell driven to proliferate, in a number of ways

including:
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(a) APC mutations, in both classical adenoma-carcinomas and MSI cancers. When APC
is dysfunctional, it cannot contribute to the sequestration and breakdown of B-catenin.
Therefore B-catenin accumulates and signals for the overexpression of cyclin D. The
latter complexes with CDKs to drive the cell through the G1/S checkpoint, therefore
committing the cell to DNA synthesis.
(b) Mutations in the TGFp pathway molecules, including TGFBRII (in MSI cancers),
SMADS 2.4 (in adenocarcinomas). Since the TGFp pathway increases the expression of
inhibitors of cyclins/CDKs, any mutated signalling molecule in this path will result in the
decrease of inhibitors. This would allow the cell to transverse the cell cycle checkpoints
and continue proliferating.
(c) P53 promotes the expression of inhibitors of cyclins/CDKs. Therefore when
dysfunctional, inhibitors are decreased, again allowing the cell to progress throught the
cell cycle.

A number of other genes also directly affect the balance of the cell cycle, but are

outside the remit of this thesis.
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1.8 Cell proliferation

1.8.1 Background

“Unfortunately, long lived organisms such as vertebrates need substantial and continuous
cell proliferation through out their extended lives, both for development and long-term
maintenance and repair. In teleological terms, the evolutionary imperative of vertebrates
has been to find a way to allow cell proliferation when needed, while at the same time
efficiently suppressing the genesis of mutated cells leading to deregulated growth. When

such measures fail, cancer is the inevitable consequence” (Evan and Vousden, 2001).

Cell proliferation in vitro and vivo has been studied extensively by using
autoradiography to detect uptake of radioactive thymidine into cellular DNA
Autoradiography is a technique used to identify where a radioactive isotope is localised in
cells or subcellular components. The process involves covering biological material with
photographic film or emulsion. The radioactivity produced by the isotope then causes
local exposure of the overlying film or emulsion, which on development can be detected
as dark grains close to the location of the isotope. By using this technique the cell nuclei
that have incorporated the isotope during the thymidine exposure can then be identified.
The proportion of labelled cells at a short interval after administration of tritiated
thymidine (the labelling index or S phase fraction) is a measure of the proportion of cells
that were in S phasé. All the basic concepts of cellular proilliferation have been derived
from experiments using tritiated thymidine and autoradiography. The study of cell
proliferation has now largely been supefseded by flow cytometry which is an easier

method to study cell cycle properties. This technique involves tagging cells with a
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fluorescent dye whose binding to the DNA is proportional to the DNA content. The cells
are then directed in single file through a laser beam. The intensity of fluorescence
induced by the laser light is detected and the number of cells exhibiting different levels of
fluorescence is recorded. DNA distributions are then analysed by computer, using
mathematical models that allow estimation of the proportion of cells in each phase of the
cell cycle..

Thymidine labelling has been used to estimate the cell cycle time T, and the
duration of individual phases of the cell cycle. In many normal tissues of the adult, only a
small proportion of the cells are actively proliferating. Of the remaining cells, many are
either differentiated or quiescent. Examples of the latter (quiescent) include, bone marrow
stem cells, skin cells that participate in wound healing after damage and hepatocytes that
proliferate after partial hepatectomy. These non cycling cells that retain their capacity for
proliferation are referred to as a GO population. Most tumours also contain non
proliferating cells and in 1962 Mendelsohn introduced the concept of a tissue growth
fraction, which is the proportion of cells within a tumour that are actively proliferating (ie
progressing through the cell cycle) (Slingerland and Tannock, 1998). He suggested that
cells could exist in one of three possible growth states (Mendelsohn, 1962).

i) actively dividing (cycling cells)
it) incapable of further division (terminally differentiated cells)
iii)  presently inactive, but could be stimulated to undergo division (quiescent

cells)
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Although the growth fraction can be estimated by thymidine labelling and

autoradiography, other specific enzymes exist as proliferation dependent markers which

can be detected by flow cytometry. The estimate of the growth fraction is useful since

most chemotherapeutic agents are more toxic to proliferating cells and the growth

fraction would therefore indicate the proportion of tumour cells that might be sensitive to

cycle-dependent chemotherapy.

1.8.2 Cell proliferation in normal tissues

The rate of normal cell proliferation varies considerably in different tissues. Table

1.5 below shows examples of normal tissues with differing proliferative properties. -

Tissues which are continuously rapidly proliferating

Bone marrow
Gastrointestinal mucosa
Hair follicles

Testicular germ cells

Tissues which are continuously slowly proliferating

Tracheobronchial epithelium
Vascular endothelium

Tissues which proliferate in a cyclical fashion

Glandular female breast cells
Endometrial lining of the
uterus

Tissues with the capacity to proliferate after injury

Liver
Bone

Non-proliferating tissues

Skeletal muscle
Cardiac muscle
Cartilage
Neurones

Table 1.5 Proliferative properties of normal tissues.

Some tissues virtually cease replication once the body reaches maturity whilst others

produce millions of new cells every day up to the time of death. The effects of cytotoxic
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drugs will be most obvious in those normal tissues which are dividing most rapidly, and
hence it is risk of toxicity to these tissues which limits the usefulness of the

chemotherapeutic drugs.

1.8.3 Cell proliferation in CRC

In normal colonic mucosa, proliferating cells are predominately located in the
lower two thirds of the crypts one of the first steps in colonic carcinogenesis is increased
cell proliferation and an upward shift of the proliferation zone of colonic crypts. This
expansion of the proliferative compartment has been shown to be a feature at all stages of

malignant progression (Shpitz et al., 1997).

i) Proliferation as a early marker

One of the earliest events in colorectal carcinogenesis is the alteration of the
proliferation of epithelial cells in colonic crypts (Srivastava et al., 2001). Bird et al was
one of the first to describe crypts in mice which were larger, thicker and darker than
normal (Bird, 1987). Further work postulated that these abnormal crypts might be
precursors of cancer and they were described as aberrant crypt foci (ACF) (Tudek et al.,
1989). In the early 1990’s ACF were described by Pretlow et al in the human colon
(Pretlow et al., 1991). Cheng et al looked at crypt production in normal and diseased
human colonic epithelium and interpreted the results as that:‘the rate of crypt production
in human colonic epithelium is increased in a number of disease states (Cheng et al.,

1986).
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The 1dea of abnormal proliferation resulting in ACF in humans was furthered by
Pretlow when he observed their presence in human colon cancer by staining them with
carcinoembryonic antigen (Pretlow et al., 1994).

We now understand that larger ACF with altered morphology, dysplastic
histological findings, altered cell kinetics and mutations in some genes involoved in
colorectal carcinogenesis, are the most probable candidates for the progression to
carcinoma. It is also evident that ACF have most of the requisites necessary for use as
practical early biomarkers of cancer risk.

The importance in identifying this alteration in cellular proliferation is critical in
the identification of colorectal cancer and seems to be fundamental in the progression of

the disease.

ii) Proliferation in colorectal adenomas and polyps

The genetic mutations leading to the transition of normal mucosa through to polyp
formation and eventually carcinoma have been discussed in section 1.1.2 and 1.7.3.

Hyperproliferation is believed to develop in pre-neoplastic epithelium implying
the involvement of the APC gene. There is currently a lack of understanding into the
histogenesis of sporadic human colorectal hyperplastic polyps and colorectal adenomas.
It has also been postulated that sporadic adenomas and polyps grow because of elevated
rates of crypt fission (Wong et al., 2002). This event in?olves the basal bifurcation
followed by longitudinal division of the crypt secondary to deregulation of the cell cycle.

Studies have shown that a high rectal mucosal proliferation indices is associated

with an increase risk of CRC (Deschner et al., 1988; Gerdes et al., 1993; Lipkin et al.,
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l9v87; Paganelli et al., 1990, Risio et al., 1988; Risio and Rossini, 1993; Roncucci et al.,
1988; Rozen et al., 1990). In a study attempting to correlate rectal mucosal proliferation
with the development of adenomas, a cohort of 333 patients who had had at least one
adenomatous polyp removed underwent rectal biopsy from which a labelling index was
calculated. No association was found between rectal mucosal proliferation index and

adenomas (Sandler et al., 2000).

1.8.4 Proliferation as a prognostic marker in colorectal cancer

The role of DNA analysis in the prediction of the outcome of patients with CRC
has been investigated using flow cytometry in a number of studies. Venkatesh et al
performed flow cytometry and DNA analysis on 248 patients with CRC and found that
the combined presence of aneuploidy and an S phase fraction over 20% indicated a
poorer prognosis (Venkatesh et al,, 1994). In a study conducted by the North Central
Cancer Treatment Group flow cytometry was again used to assess DNA content and cell
proliferation in 692 patients with stage B2 or C CRC. In this study the proliferation index
was a significantly strong prognostic factor. In addition those patients with diploid
tumours had a higher survival rate than those with nondiploid tumours. When these two
parameters were combined, those patients with both diploid and low proliferative rate
tumours had a five year survival of 74% compared to 54% five year survival for those
patients with high proliferative non diploid tumours (Witzig et al., 1991). A Southwest
Oncology Group study found contradictory evidence in a study using genetic mutational
status and S phase fraction to try and predict the clinical behaviour of CRC. In this

randomised trial of 66 patients with stage Il and 163 with stage III disease, where they

76



received either surgery and observation or surgery and adjuvant levamisole or SFU +
levamisole, no association was seen between a high proliferative rate in the cancer and a
poor prognosis in either stage of the disease (Ahnen et al., 1998).

The clinical implications that S phase fraction had for the assignment of adjuvant
chemotherapy has been investigated using flow cytometric DNA analysis on resected
specimens from 167 patients with stage I or I CRC. In both stages there were groups of
patients with high and low S phase fractions. Those subgroups with a high S phase
fraction had significantly worse recurrence rates implying that this biological marker
might help in 1dentifying which patients may benefit from chemotherapy (Cascinu et al.,

1998).

1.8.5 Quantifying proliferation using Ki-67

The recent use of immunohistochemistry using the MIB-1 antibody, which
recognises the cell cycle associated Ki-67 protein allows an easier way to assess
proliferation. The human Ki-67 antigen is a huge protein encoded by a single gene on
chromosome 10, whose expression is tightly controlled by the cell cycle. It is expressed
in all proliferating cells during late G1, S, M and G2 phases but not in the GO phase of the
cycle. It is known that Ki-67 is vital for cell proliferation, since removal of the antigen
results in cessation of the process (Schluter et al., 1993). The application of
immunohistochemical techniques to assess cellular proliferation is preferred as it
preserves the architecture and cytology of histological material without relying on in vz"vo

administration of thymidine analogues (Hall and Levison, 1990; Hall and Woods, 1990)
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The antibody which identifies Ki-67 has been shown to be an excellent indicator
of proliferation in histological material (Brown and Gatter, 1990; Hall and Woods, 1990),
but was limited in surgical pathological practice by only being effective on cryostat
sections. The development of the MIB-1 antibody, has allowed the ki-67 antigen to be
recognised in formalin fixed and wax embedded material (Cattoretti et al., 1992). It has
7been shown to be a robust marker of cell proliferation easily applicable to archive

material (McCormick et al., 1993).

1.8.6 Ki-67 and CRC

There have been contradictory reports regarding the potential role of Ki-67 as a
prognostic indicator in CRC. Ki-67 was selected to assess the proliferation characteristics
because of its potential value in predicting both prognosis and those individuals who may
or may not benefit from adjuvant chemotherapy. Palmqvist et al showed that those
tumours with low Ki-67 expression at the invasive margin had a poor prognosis
(Palmqvist et al., 1999), whilst Kimura et al concluded that the tumours with high
expression at the site of deepest invasion had a worse prognosis (Kimura et al., 2000). In
contrast both Kubota et al who analysed 100 cases of CRC using Ki-67 (Kubota et al.,
1992) and Kyzer et al who examined 30 resected specimens of CRC concluded that Ki-67
could not be used as a prognostic determinate in CRC (Kyzer and Gordon, 1997).

The prognostic value of Ki-67 in CRC has recently b';éen revisited by the National
Surgical Adjuvant Breast and Bowel Project Collaborative Study Group in a retrospective
study of 706 patients with Dukes B and C disease to try and define a marker on which

therapeutic decisions could be made with greater precision. Significant prognostic value
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was found for patients with Duke’s B and C colonic cancer with respect to recurrence
free survival as in addition to overall survival. In this study Ki-67 labelling indices were
unable to differentiate between groups who might benefit from adjuvant chemotherapy

(Allegra et al., 2003).
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1.9 Thymidine PET tracers

1.9.1 Background

As previously discussed, the incorporation of thymidine nucleotides into DNA
during the S phase, has allowed the study of cellular proliferation in tumour cells.

The thymidine nucleotides arise from two pathways de novo and salvage (see
figure 1.4). The salvage pathway involves exogenous thymidine entering the cell by a
process of facilitated diffusion (Vijayalakshmi and Belt, 1988) which then undergoes
successive phosphorylations by the enzyme thymidine kinase (section1.10.3) through
deoxythymidine monophosphate (dTMP) and deoxythymidine diphosphate (dTDP) to
eventually form deoxythymidine triphosphate (dTTP). dTTP is then incorporated into the
DNA following polymerisation by DNA polymerase. The de novo pathway uses
endogenous thymidine by converting deoxyuridine monophosphate ({UMP) to dTMP by

the action of the enzyme thymidylate synthase.

Uridine-P04 (dUMP)

Thymidylate synthase
ENDOGENOUS PATHWAY (de novo)

. A Thymidine-P04
Thymidine (dTMP) dTDP— » dTTP

Thymidine phosphorylase
EXOGENOUS PATHWAY (salvage)

Thymine+dR-1-phosphate

Figure 1.4 De novo and salvage pathways of DNA synthesis
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Thymidine in the precursor pool is derived by both pathways but mainly by local
production (de novo), although there is an inverse relationship. The utilisation of the
endogenous production can be suppressed by exogenous thymidine is supplied in
sufficient amounts and vice versa. Unless there is a shortage of DNA precursor
nucleosides the rate of DNA synthesis depends on the “proliferative state” of the tissue
and not on the concentration of precursors.

The previous mentioned studies in section 1.10.4 have demonstrated the use of thymidine
in the estimation of the tumour growth fraction or labelling index and the relationship that
this has with prognosis. The possible implications of how tumours with a higher or lower
proliferative rate will respond to both chemo and radiotherapy is a field which has
prompted much investigation in the nuclear medicine world through the conduit of

thymidine labelled PET tracers.

1.9.2 Thymidine tracers for imaging proliferation
There are three main criteria in choosing a good imaging agent for PET imaging of cell
proliferation:
1) Proliferating cells should take up the tracer and incorporate it into DNA or
utilise it in the pathway of DNA synthesis.
i1) Metabolite production which could contribute to images should be kept to
minimum.

111) It must be readily labelled with a positron emitter for imaging.
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Radiolabelled thymidine

Since thymidine is not incorporated in the synthesis of RNA, it became the logical
choice for measuring cell growth by introduction of the labelled thymidine nucleoside
into the pool of exogenous substrate for growing cells. Labelled thymidine nucleoﬁdes
would not be useful as tracers as they do not cross the cell membrane.

In view of this, the first PET radiotracer developed for the non invasive imaging
of cellular proliferation was carbon 11 labelled thymidine. It is a short lived tracer with
minimal radiation burden and the potential to be repeated during a course of therapy.
[11C]-Thymidine was initially labelled in the methyl position [methyl-11C]thymidine
(Christman et al., 1972; Sundoro-Wu et al., 1984) but during the 1990s further progress
led to labelling in the ring 2 position, 2-[11C]thymidine. The difference in labelling
positions is relevant in terms of metabolite production. Work by Conti and Goethals in
the 19905 showed that to [methyl-11C]thymidine principally metabolises to radiolabelled
thymine and labelled acidic metabolites (Conti et al., 1994; Goethals et al., 1995). These
metabolites have access only into those cells that also accumulate thymidine and may not
contribute to the background image in the same manner as more freely distributed
metabolites. Shields et al found the main difference in labelling in the ring 2 position is
that the principle metabolite is labelled CO, ([11C]CO; ) which is readily transported
into tissues.and therefore ubiquitous (Shields et al., 1992; Shields et al., 1996). When
compared to the metabolites of the methyl labelled tracer, the likelihood of labelled CO>
becoming trapped within the cells is much less and hence it is easier to differentiate
between the metabolites and the thymidine incorporated into the DNA when one is

attempting quantitative models of thymidine kinetics.
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Both of these carbon 11 labelled tracers have been used in clinical studies. They
have demonstrated uptake in a wide variety of human tumours. Eary et al studied the
metabolism of 2-[11C]Jthymidine using PET in 13 patients with either primary or
recurrent brain tumours and showed its potential for imaging. brain tumour proliferation
(Eary et al., 1999). Van Eijkeren et al looked at [methyl-llC]thymidine and its role in
response to therapy in 13 patients with head and neck tumours. High tracer uptake
specifically in the outer rim of tumour as compared to the central necrotic area was
demonstrated (van Eijkeren et al., 1992). The role of [methyl-11C]thymidine in renal cell
carcinoma was investigated in 11 patients by Edgren and colleagues. They looked at pre
and post PET scans following treatment with interferon and interleukin-2, and found that
the iniages could correctly identify progressive tumours (Edgren M et al., 1995). The
potential of 2-[11C]thymidine being used to detect response to therapy in small céll lung
carcinoma and sarcoma was investigated by Shields, who found that tracer uptake
decreased after sucéessful chemotherapy but, one week following initiation of therapy
tracer uptake remained unchanged in those patients with progressive disease (Shields et
al., 1998a). Recently a study by Wells et al assessed proliferation in vivo using 2-
[11C]thymidine PET in advanced intra-abdominal malignancies. This group found that
2-[11C]thymidine PET derived parameters correlated with Ki-67 immunohistochemistry
and that the measurement of 2-[11C]thymidine in tumours using PET can provide a
surrogate marker of proliferation and also supports its potential as an early assessor of
response to antiproliferative cancér treatment (Wells et al., 2002).

Although both the 2- and methyl labelled [11C]-thymidine show great promise as

a PET tracer of cellular proliferation, their widespread use is hampered by the poor image
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quality and calculation of proliferation rates due to its rapid in vivo metabolic breakdown
and the short half life of C-11.

These impracticalities of its use in routine clinical PET imaging has led to further
research in a bid to develop a more stable thymidine analogue which has fewer labelled
metabolites using longer lived isotopes. Several groups have looked at alternative tracers
labelled with 18F or 124I because of their longer half lives involving the investigation of
18F-labelled 2’-fluoro-5-14C-methyl-1-beta D- arabinofuranosyluracil (FMAU) (Bading
et al,, 2000; Conti et al,, 1995) and 124I-labelled-iododeoxyuridine (Blasberg et al.,

2000). This pursuit led to the development of 18F-3’-deoxy-3’-fluorothymidine (FLT).
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1.10 Development of FLT

1.10.1 Background

3’-deoxy-3’-fluorothymidine (FLT) was originaily investigated as an anﬁviral
chemotherapeutic agent in the treatment of patients with human immunodeficiency virus
(HIV) (Flexner et al, 1994). Clinical trials were abandoned secondary to persistent
haematological toxicity observed in patients treated with FLT. The first description of
Fluorine -18 labelled FLT was by Wilson et al in 1991 (Wilson et al., 1991). Further
modifications to the radiosyrithesis by Grierson et al (Grierson and Shields, 2000), led‘to
Machulla et al developing a simplified approach for the synthesis of FLT which was

easily reproducible for a clinical application (Machulla et al., 2000).

1.10.2 Transport, metabolism and trapping of FLT

FLT enters the cell by the complex method of equilibrative facilitated diffusion.
Work by Vijayalaskshmi and Belt found two sodium dependant mechanisms for transport
of this thymiding nucleoside in mouse intestinal epithelial cells (Vijayalakshmi and Belt,
1988). Further work involving nucleoside transport in human normal and neoplastic cells
demonstrated the presence of two transporters, the nitrobenzylmercaptopurine riboside
(NBMPR) sensitive equilibrative transporter and NBMPR insensitive equilibrative
transporter (Belt et al., 1993).

It 1s difficult to conclude that FLT is a substrate of these sodium dependant
transport mechanisms but from cell line experiments it has been shown that initially there
1s a rapid accumulation of tracer followed by a phase of much slower accumulation (Mier

etal,, 2002).
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1.10.3 Thymidine kinase

The initial rapid accumulation is thought to be associated with the metabolism of
FLT. Once within the cell FLT undergoes phosphorylation by the cytostolic enzyme
thymidine kinase-1 (TK1). TK1 is the principle enzyme in the DNA — salvage pathway.
TK1 catalyzes the one step ATP-dependant phosphorylation of thymidine to thymidiﬁe
monophosphate which is then incorporated into DNA as decribed in section 1.9.1.

TK1 activity is selectively upregulated in the G1/S transition phase of the cell
cycle, reaching its maximum in the late S phase and then declines rapidly in the G2 phase
(Sherley and Kelly, 1988). The imbalance in the enzymic characteristics of TK in colon
tumours was first demonstrated by Herzfeld et al in 1978 who noticed that the mean
activity of TK was several times higher than in non neoplastic colon (Herzfeld et al.,
1978). Further work by Weber et al again demonstrated that in rapidly growing human
colon carcinoma xenografts the activity of this salvage pathway was again elevated
(Weber et al,, 1981). Increased activities of TK isoenzymes were also investigated by
Sakamoto et al who found a five fold increase in human colon tumour cells when
compared to colon polyps (Sakamoto et al., 1985). Following this, he also investigated
the effects of carcinogenesis on colonic TK activity in FAP (see section 1.1.2) and
highlighted that this enzyme might have potential acting as a biochemical marker in
determining the subsequent development of CRC (Sakamoto et al., 1992). In contrast
FLT is a poor substrate for thymidine kinase-2 (TK2), one of the other

deoxyribonucleoside kinases (Toyohara et al., 2002).
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As a salvage pathway enzyme, TK1 fluctuates with DNA synthesis, the activity
being high in proliferating and malignant cells and low or absent in quiescent cells
(Munch-Petersen et al., 1995). This S phase specific role ofthe enzyme as a proliferative
marker has been investigated in 1,692 primary breast cancer patients with high TKI
values, proving TK1 to be an important risk factor in node negative disease. In addition,
TK1 was associated with a beneficial effect in those patients receiving anti-metabolite
chemotherapy, leading to the possibility of it having a role in forming the basis for new
therapeutic approaches involving DNA salvage pathway inhibition using anti-metabolites
(Broet et al., 2001).

The phosphorylation of FLT by TKI, leads to the formation of negatively charged

FLT monophosphate (FLTMP) as shown in figure 1.5.

TKI

FLT

Figure 1.5 Structure of FLT and FLT-MP, following phosphorylation by TK1.
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The negative charge is responsible for the intracellular trapping of FLTMP which,
in a way analogous to the phosphorylation of FDG to FDG-6-phosphate by hexokinase,

leads to the accumulation of radioactivity (see figure 1.6).
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Figure 1.6 Phosphorylation pathways of FDG and FLT (from Positron Emission Tomography scanning:
current and future applications; Czernin J and Phelps ME. Annu. Rev. Med. 2002 53:89-112)

Via this metabolic pathway, FLT acts as a surrogate measure of proliferation by
reflecting TKI activity in the cell cycle. Work to validate this has been carried out in
cultured human lung carcinoma cells where FLT uptake was positively correlated with
cell growth and TKI activity. When cell cycle progression was inhibited, it prevented an
increase in TKI activity in addition to FLT uptake thus suggesting that FLT images are a
reflection of TKI activity and the percentage of cells in S phase (Rasey et al., 2002).

Further work by Toyohara et al, comparing [3BH]FLT uptake with [3H]thymidine in 22
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asynchronously growing tumour cell lines showed a correlation between [3H]FLT uptake
and both %S phase fraction (R=0.76) and [‘H]thymidine uptake (R=0.88) ‘égain
demonstrating that FLT uptake reflects tumour cell proliferation. In addition, the authors
found that after 60 minutes incubation, over 90% of the [*H]thymidine was found to be
incorporated into the DNA as compared to negligible (0.2%) amounts of ["HJFLT. The
lack of [3H]FLT incorporation into DNA again highlights that FLT is a marker of cell
proliferation through the enzyme TK1 but is not (as thymidine is) a substrate for DNA

synthesis (Toyohara et al., 2002).
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1.11 Aims of thesis

Following the success of FDG PET in the imaging of colorectal cancer I aim to
investigate the new tracer of cellular proliferation 3’-[18F]Fluoro-3’-deoxythymidine
(FLT) and its potential role in colorectal cancer imaging through conducting both
clinical and cellular studies.

In chapter 3, the in vivo characteristics of FLT utilisation in colorectal cancer is
investigated by comparing different analytical methodologies.

The potential use and impact that FLT could have in imaging CRC is addressed in
Chapter 4, by conducting a comparative study with FDG in patients with proven CRC.

Having established that it can be used as an imaging tool in this disease, Chapter 5
attempts to assess if it can be used to quantify cellular proliferation in vivo, by correlating
quantification of in vivo uptake of FLT in CRC with quantification of proliferation using
immunohistochemistry.

Finally in Chapter 6 the potential role of FLT in assessing response to therapy is
attempted by conducting in vitro experiments with CRC cell lines and the
chemoﬂierapeutic agent 5 Fluorouracil.

The conclusions from this work are discussed in chapter 7.
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CHAPTER 2

Materials and Methods
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2.1 Patients

The protocols for specific laboratory studies are described within the relevant
chapters. To avoid repetition, this chapter covers the methodology which is common to

all the clinical studies.

2.1.1 Patient recruitment

The patients who took part in the following studies were all prospectively
recruited from surgical and oncology outpatient clinics. Inclusion criteria were simply the
presence of primary or metastatic CRC or a combination of the two. The diagnosis of
CRC was made on either histology or clinical and radiological follow up. Radiological
follow up consisted of computerised tomographic colonography (CTC) or virtual
colonoscopy (VC), see section 2.5 for details. In order for the studies to be conducted,
approval was obtained from the Ethics Committees of University College London (UCL)
and University College London Hospital NHS Trust (UCLH) (appendix B). Additionally
the relevant approval from the Administration of Radioactive Substances Advisory
Committee (ARSAC) was also obtained (appendix C).

The patient data set were stored within a Dell™ personal computer using
Microsoft Excell™ software. The data were handled in accordance with the Data
Protection Act and comprised the patient’s:

1) Name
1) Age
i)  Date of birth

iv)  Disease information
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V) Results of imaging
At no time did investigations relevant to this thesis hinder the routine process of

clinical investigation and treatment of these patients.
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2.2 Whole body FDG-PET scan

2.2.1 FDG

The FDG used for the studies within this thesis was obtained from 4 centres:

1) Addenbrookes Hospital, Cambridge (Wolfson Brain Imaging Centre)

i) Hammersmith Hospital (IRSL Cyclotron Unit)

iii) St Thomas’ Hospital (PET Centre)

iv) PET Net Pharmaceuticals (Mount Vernon Hospital)

Arrival ofthe tracer would be between 9.00 and 9.30am and, prior to injection into a
patient, notification that it had passed its quality control would be confirmed by fax from
the producing cyclotron. The dose calibrator in figure 2.1 was used to assay the FDG
which underwent daily quality control testing before the tracer consignment was assayed
(see appendix D). The delivery details documented the volume of liquid dispensed into
the FDG vial, the time at which the FDG was measured prior to dispatch, in addition to
the assayed activity. This information was recorded on a radiopharmaceutical holding

patients record sheet (appendix E).

Figure 2.1 Dose calibrator
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FDG 1s drawn out of the dispensing station using a 23 gauge needle and a 5ml
syringe in a lead syringe holder. Using the dose calibrator and the decay chart (appendix
F) a dose of up to 400MBq (although a higher dose can be administered in heavier
patients) was prepared for patient injection. The guidance for the climcal administration

of radiopharmaceuticals 1s in appendix G.

2.2.2 Patient preparation

- To achieve normoglycaemia, patients were asked to starve for six hours prior to
the scan but were allowed to drink water. For tracer quantification purposes a patient
information sheet was used to record a brief history, the patient’s height (cm), wéight
(Kg) and blood glucose level (mmol/l) (checked on a commercial glucometer
(Glucometer Elite, Bayer Pharmaceuticals, Newbury, Berkshire, UK). A glucose level
below 8.5mmol/l was acceptéd as a cut off for the studies in this thesis, in line with the
protocol for clinical imaging in the Institute of Nuclear Medicine. The injected dose of
tracer and the residual left in the syringe post injection were also recorded so an accurate
administered dose could be calculated.

Prior to injection, the patient was cannulated using a 16 gauge cannula inserted
into a forearm vein. To aid relaxation and help prevent the uptake of FDG in skeletal
muscles Smg of oral diazepam was also administered. Follov&ing injection the patient was

left alone for 45 — 60 mins and asked to lie still before scanning.
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To achieve standardisation of the methodology patients were not routinely
catheterised or given a diuretic to reduce reﬂal tract accumulation of FDG, but were asked
to empty their bladder immediately prior to scanning.

The patient was positioned on the scanning bed with feet facing away from the
gantry with a pillow placed under the knees for comfort and arms placed on either side.
Strapping was placed around the arms for support and to help keep them still.

Data sets from the base of the skull to the upper third of the lower limb were obtained for

all whole body scans.

2.2.3 Acquisition of whole body FDG scan

In all patients except for two patients in chapter 3, Whole body FDG-PET
imaging was performed in 2D mode using the Discovery LS™ (GE medical systems,
Milwaukee, USA) which is the hybrid PET/CT scanner shown in figure 2.2. These two
were imaged using the GE Advance™ (GE medical systems, Milwaukee, USA). In
chapters 4 and 5 the PET emission datasets were attenuation corrected utilising the CT
capability of the Discover}; LS™ (Visvikis et al., 2003). Spiral CT scans were acquired
using a speed of rotation and couch movement of 0.8s and 22.5mm per rotation,
respectively, with a slice thickness of Smm. The CT images were subsequently converted
to maps of PET attenuation coefficients using a bilinear trapsformation (Visvikis et al.,
2003). Transaxial emission images of 4.3x4.3x4.25mm’ (mé;trix size 128x128x%35) were
reconstructed using ordered subsets expectation maximisation (OSEM) with two
iterations and 28 subsets. These slices weré re-orientated to produce whole body coronal

and sagittal images.
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Figure 2.2 Discovery LS™ hybrid PET/CT scanner (GE medical systems, Milwaukee, USA)

In order to minimise any potential bias introduced by using different attenuation
correction techniques within the patient group considered in chapter 3, all of the patients
included in that group had their PET images corrected for attenuation effects using the

two rotating 68Ga/68GE rod sources.
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2.3 Whole body FLT- PET scan

2.3.1 Radiosynthesis of FLT

The FLT used for the studies within this thesis was produced by the IRSL
Cyclotron Unit (Hammersmith Hospital). This was developed by Clejj et al at the IRSL
(Cleij MC et al., 2001), using an automated synthesis system, a photograph of the system
with a corresponding schematic diagram below is shown in figure 2.3 .The complex
radiochemistry leading up to this method of FLT synthesis is outside the scope of this
thesis but below is a simplified, brief description of the final production method for
human use with references to the components seen in figure 2.3.

Enriched H; '*0 was irradiated and transferred into a glassy carbon vessel (figure
2.3). Kryptofix 2.2.2 (15mg, 40umol) and K,CO3 (30 umol) in acetonitrile (1ml) was
added to the ["*F]fluoride and the vessel heated to 140°C for 6min under helium. From
reservoir 2 a second addition of acetonitrile (0.2ml) was made and the. vessel heated to
170°C for 3min. Dimethyl Sulfoxide (DMSO) (1.0ml) was then added from loop 1 over
" 30 seconds and the mixture stirred for 10min at 170°C. A solution of the [*F]JFLT
precursor (20mg) in DMSO (0.2ml) was added from loop 2 over 10s. The vessel was
sealed and the reaction mixture heated for 10min at 170 °C. The vessel was then cooled to
100 °C over 5min. Aqueous 1M Hydrochloric acid (HCL) was added from loop 3 and the
reaction mixture stirred for 1min. An aqueous solution of (I;IaOAc) (0.5M, 1.5ml) from
reservoir 3 was then added and the reaction mixture passed through a neutral alumina
Sep-pak. From reservoir 4, 2ml of water was transferred via the reaction vessel through

the Sep-pak. The combined aqueous eluate was loaded onto a semi-prep C;s column
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Figure 2.3 Automated FLT synthesis system (top) with schematic diagram of apparatus (bottom).
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(Phenomenex Luna, 250mm, 5p) and eluted with 10% ethanol at a flow rate of
7.0ml/min. The eluate was monitbred for radioactivity and absorbance at 254nm.
[**F]JFLT was eluted between 10-12min. The radiosynthesis produced between 1.85 —
3.70 GBq of tracer in 60min using this automated synthesis system.

Prior to dispatch from the IRSL, the FLT would undergo quality control testing;

received doses were >95% pure.

2.3.2 Dose calibration

On arrival, the FLT was assayed using the dose calibrator in an identical manner
as previously described for FDG. The same information recording drawing up process

was also employed (see section 2.2.1).

2.3.3 Patient preparation

For FLT scanning patients were not asked to starve, as glycaemic state has no
influence on cell proliferation. The rest of the patient preparation was as described for

FDG in (section 2.2.2).

2.3.4 Acquisition of whole body FLT- scan

The same hardware was utilised to acquire whole body FLT images as has been
previously described (section 2.2.3). The datasets were also attenuated corrected in the

same manner.
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2.4 Evaluation of tracer uptake

A number of strategies exist for quantifying tracer uptake. For this thesis the

following methods in increasing order of complexity were employed:

2.4.1 Visual analysis

Visual qualitative inspection of static images are made after tracer accumulation
reaches its plateau concentration. This technique is useful for the identification of focal
areas of high tracer accumulation within metabolically active areas. The advantage of
visual analysis is that it is simple but the interpretation of subtle changes is difficult.

Whole body data was analysed in terms of the pattern of distribution of labelled
FDG and also with respect to the measurement of tracer uptake at a specific site. The
quality of the data obtained depends significantly on the figures of merit of the instrument
used, software available and amount of tracer administered. Normal and significant FDG
uptake is always seen in the brain, frequently, but variably, in the myocardium, stomach,
liver, spleen, muscle and the lumen of the gastrointestinal tract. The bone marrow is seen,
with variable intensity, often reflecting response to chemotherapy. The FDG tracer is
eliminated by the kidneys, which are depicted along with the urinary bladder. Since the
data is recorded in 3D, data sets formatted into any plane (transaxial, -coronal, and
sagittal) can be displayed and inspected.

Consensus reporting was used to analyse and issue a 'cliniCal report on each FDG-
PET scan. This procedure involved visual inspection of coronal, sagittal and transaxial
images for each patient in addition to the CT data in those scans acquired using the GE

Discovery LS™. Those present at each reporting session would include at least one
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Nuclear Medicine physician of consultant grade and the physicist and radiographer who
carried out the injection and imaging.
Direct comparisons were made between the FDG PET scan and the corresponding

FLT PET scan by a consensus opinion using visual inspection on a lesion by lesion basis.

2.4.2 Regions of interest

With the exception of chapter 6, a region of interest (ROI) approach was used to
semiquantitate tracer uptake within both normal and malignant tissue.

In the case of the tumours, ROIs were drawn over all identified lesions in the
images. Since the use of ROIs that encompass the lesions 1n their entirety, or the use of
the slice with the maximum count density, may not provicie an accurate activity
concentration in the tumour active region, the method validated by both Lodge et al and
Eary et al was employed (Eary and Mankoff, 1998; Lodge et al., 1999). Lodge’s study
used ROIs to look at FDG uptake in soft tissue masses and Eary investigated FDG
metabolic rates in sarcoma. For each of the ROIs, five consecutive slices were used. The
slices selected were comprised from the one with the maximum count density over each

volume of interest and the four immediately adjacent slices.

2.4.3 Semi-quantitative analysis of tracer uptake (Standardised uptake

values)

In order to obtain more than just qualitative findings in cancer studies semi-
quantitative evaluations have been adopted. One such evaluation is the standardised

uptake value (SUV) which is synonymous with the differential uptake ration (DUR) or
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differential absorption ratio (DAR) .These parameters relate to the value of activity
concentration found in a certain tissue volume of interest to the injected activity per the
patient’s body weight. This allows inter individual differences and varying amounts of
administered activity to be taken into account. It must be remembered with this technique
that the émount of activity found in a region is not always static and may change after
tracer injection by increased uptake of the PET tracer or by washout of the tracer from the
tissue; this is considered in more fully quantitative methods which are discussed below.
SUVs are commonly used in PET oncology studies allowing an index of tracer uptake in
a tumour which may permit differentiation between benign and malignant lesions.

For the studies in this thesis, SUV was defined as:

AxW

SUV =

inj
Where (A) is the average tumour activity concentration in kBg/ml, (W) the
patient's body weight in kg and (A,y) the injected activity in kBq (Graham et al., 2000;

Takeuchi et al., 1999)

The calculated value relates to the activity concentration found in a certain tissue region
of interest (ROI) to the activity per the patient’s body weight. In this way inter individual
differences and varying amounts of administered activity are taken into account. The
amount of activity found in a region is, however, not always static and may change after
tracer injection by increased uptake of the tracer or by washout of the tracer from the

tissue.
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2.4.4 Quantitative analysis of tracer uptake

A quantitative measurement of local tracer utilisation can be obtained using a
kinetic model that closely resembles the movement of the tracer in vivo.

These types of kinetic studies were used in chapter 3 to provide a means of
obtaining values for physiological parameters for FDG and FLT in absolute units. For
example using FDG, glucose metabolic rate can be determined in mol/min/g. The
metabolic rate of a tracer is quantified by using the time course of radioactivity in tissue
and in blood. This provides a more detailed description of the uptake characteristics and
the possibility to determine individual rate constants. The explanation of this follows and
is in terms of rate of glucose metabolism (MR4uc) using FDG and is given by:

MR,= (CP/LC) . {K; . K3/(K2tK3)}= (CP/LC)K;

CP 1s the plasma concentration of glucose.

K; and K; are rate constants for forward and reverse capillary transport of FDG.

Kj refers to the rate of phosphorylation of FDG.

LC is the lumped constant relating FDG kinetics to that of glucose. Although this
constant has been evaluated for brain (Lodge et al., 1999), it is not clear what value this
should take in tumours. For the studies of this thesis the accepted value of 1 was used.
K;is the net rate of influx of FDG.

For the calculation of this measurement, a dynamié imaging sequence (section
1.5.2) with simultaneous arterial blood sampling (section 3."3.3) is used and the model
rate constants are estimated by fitting the tissue and plasma tracer concentrations data to
the compartmentalised model which ié shown schematically below. A fourth parameter

can be introduced (K4), this represents the rate of dephosporylation of the tracer. The
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three-compartment model of FDG kinetics with the respective rate constants is
demonstrated in figure 2.4. The same model is shown in relation to FLT metabolism in

figure 2.5.

Plasma membrane

Plasma pool Precursor pool Metabolite pool

Figure 2.4 Three compartment model of FDG kinetics

Plasma Tissue
Thymidine
PyrimidinA Kinase 1
FLT FLT FLT-P
Transport Thymidine

dephosphorylase

K

Figure 2.5 Metabolic pathway of FLT within three compartment kinetic model.
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The two methods used in chapter 3 to fully quantify uptake of FLT were Patlak

graphical analysis and Non linear regression.

i) Patlak graphical analysis

Patlak et al developed a model which can be used for any tracer where uptake in
vthe final compartment is irreversible and assumes no dephosphorylation and therefore K4
to be zero. Although it must be realised that if K4 is not zero then there will be an
underestimation of the metabolic rate of the tracer. This method does not allow for the
calculation of the individual rate constants K; and K; (Patlak et al., 1983).

This 1s based on the assumption that the ratio of the tracer concentration in tissue
to that in plasma i1s linearly increésing when plotted as a function of normalised time, and

is given by the following expression:

@ B !CP (¢)dr'

C,(t) ' C,()

where, Ci(t) and C,(t) is the tracer concentration in tissue and plasma at a particular time
point t respectively, K; is the tracer blood-tissue transfer constant or influx rate constant,
V is a constant related to the blood volume.

For chapter 3, visual inspection was used tc; determine from the Patlak
plots the time point where the linear behaviour commenced. K; as the net influx constant
was subsequently obtained from the sloﬁe of this linear part of the plot in units of

ml/g/min.

106



ii) Non linear regression

The most straight forward method used to estimate the metabolic rate of a tracer is
by ﬁttiAng tissue time activity curves to a two-tissue compartment model using an arterial
input function and non-linear regression routines by means of a mathematical model
(Huang et al., 1980). This method has the advantage of not only obtaining the K but also
the enzyme (K3) activities. |

There is debate regarding whether the hydrolysis of FDG-6-PO4 to FDG (K4) by
phosphatase should be taken into account when estimating the metabolic rate of glucose.
Original work by Sokoloff et al and furthered by Reivich et al (Reivich et al., 1979;
Sokoloff et al., 1977) demonstrated negligible hydrolysis in the brain and therefore did
not take K, into account. The opposite was found by Okazumi et al in hepatocellular
carcinoma, where K4 values were found to be similar or greater than Kj this can be partly
explained by the high level of glucose-6-phosphatase activity.

It is now accepted that for each tumour the presence and possible effect of K4
should be investigated in order to establish its inclusion.

Dynamic imaging sequences as discussed in section 1.5.2 are required in order to
establish time-activity curves. In addition arterial sampling as described in chapter 3 is
also needed for the determination of an input function as well as blood time activity
curves.

A three compartment (4K) model was used in conjunction with non-linear
regression analysis. The kinetic constants describing the tracer pharmacokinetics for the

three compartment model used were: K; and K; as the influx and efflux constants

107



respectively between the plasma to the free tracer compartment, while K3 and K, are the

rates of phosphorylation and dephosphorylation respectively.
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2.5 Computerised Tomography

2.5.1 Patient preparation

i) CT abdomen, pelvis, liver and chest
Patients are asked to not eat anything for four hours prior to the scan and can drink non-
fizzy drinks upto one hour before the scan. No other special preparation is required. Oral

contrast may be given just prior to CT of the abdomen and pelvis.

ii) CTC (CT pneumocolon)

Bowel preparation in order to clean the colon was required and this took place the day
before thé examination. Preparation involved ingestion of one sachet of oral picolax the
day before the CTC (between 7.30 and 9 am for a morning appointment and before 7pm
for an aftemoon appointment). Patients were encouraged to drink clear fluids
(approximately 500ml per hour) continuously and a low residue diet was allowed until
approximately 18 hours prior to the scan. Immediately befére the scan, patients were

required to drink two glasses of water.

2.5.2 Image acquisition
i) Abdomen, pelvis and liver
CT scans of the abdomen and pelvis were contrast enhanced and performed in either a
Somatom Plus 4 or a Somatom Plus 4 Volume Zoom {both Siemens AG Medical
Engineering Group, Forchheim, Germany). The contrast used was Omnipaque 350
(Nycomed Amersham plc, Amersham Piace, Little Chalfont, Bucks, UK.). Scanning

protocol with the Somatom Plus 4 for the abdomen and pelvis involved Smm contiguous
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slices after giving 100ml intravenous contrast at 4ml per second with a 45-second delay.
_ For bi- or triphasic liver imaging patients were'scanned at 20s, 50s, 180s with slices being
5mm thick at 2.5mm intervals. For the Plus 4 Volume Zoom CT scanner, abdomen and
pelvis imaging involved dynamic multislice imaging with 3mm contiguous
reconstructions after giving 100ml intravenous contrast at 4ml/s with a 45 second delay.
For bi- or triphasic liver imaging patients were scanned at 35s, 50s, 180s with slices being

3mm thick at 1.5mm intervals.

ii) Chest

Standard, non-contrast enhanced scans were performed as detailed above.

iii) CTC (CT pneumocolon)

Patients were given 120ml of Omnipaque 350 intravenously at a rate of 5Sml/s and
scanned after a 25s delay. Scanning took place in the prone and supine positions (in order
to reduce faecal artefact that may obscure mucosal lesions) after an initial scanogram was

taken.

2.5.3 Image reconstruction and analysis

All data was processed on the CT scanner Siemens workstation where images
were reconstructed accordingly. Images were usually-forma&ed into the transaxial plane,
but when necessary coronal and sagittal ﬁrints were produced on a SUN microsystems

workstation.
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A Radiologist of specialist registrar or consultant grade evaluated all images. In
addition, all CT scans were presented at a weekly CRC MDT meeting where they were

re-evaluated by a Radiologist of consultant grade. All films were visually analysed.
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2.6 Confirmation of diagnosis and follow up

In line with guidelines issued by the government on optimal individualised care
for patients with a confirmed diagnosis of CRC, a multi disciplinary team (MDT)
managed all those patients presented in this thesis. This group consisted of both medical
and allied healthcare professionals. Included in the group were radiologists, nuclear
medicine physicians, surgeons, medical and clinical oncologists as well as nursing staff.
The objective of the MDT is to offer the CRC patient the optimal care by hamessing the
expertise of a.variety of medical specialities, rapid referral between the specialists and
maintenance of high standards through audit.

This group made consensus decisions regarding the clinical management of
complex cases and therefore formed an ideal forum to present both PET and CT data in
order to decide management based on this and relevant clinical information.

All diagnoses in the studies related to this thesis were confirmed either on
histological evidence following biopsy or surgery or by careful clinical and radiological

follow-up within the CRC MDT.
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CHAPTER 3

Characterisation of in vivo FLT

uptake in colorectal cancer
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3.1 Background

PET allows the quantitative measurement of the concentration of positron-
emitting tracers within a three-dimensional object in vivo. By using different
radioligands, specific types of regional tumour metabolism can be measured. In the case
of FDG the final aim has been the quantitative determination of glucose uptake. Since
tumours exhibit a variety of different histological characteristics, the measurement of the
rate constants within ‘a “compartmentalised Systém” discussed in section 2.4.4 has to be
independent, in order that values for physiological parameters in absolute units can be
obtained. This will lead to a quantitative measurement of local tumour utilisation with
regard to that tracer.

In this situation individual rate constants may be determined with the help of a
dynamic PET measurement. This requires arterial blood sampling simultaneously with
the PET image measurement. The resulting time activity curves can be evaluated by
fitting the measured data to the dynamics of the tracer model so that the rate constants
may be obtained.

The dynamic approach to determine individual rate constants is not readily
compatible with the whole body PET protocols described in section 2.2.3. Dynamic rate
constant measurements require additional imaging time, therefore this is not practical for
routine clinical use and for the most part is limited to scientific investigations into new
tracers. The acquisition of this dynamic data is described'."in the methodology of this

chapter.
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3.2 Aims

The aim of this chapter is to study the in vivo metabolism and pharmacokinetics
of FLT in patients with primary and metastatic CRC. The objectives are to
1) compare uptake patterns of FDG and FLT.
i1) investigate potential methods for the quantitative assessment of in-vivo FLT
utilisation.

1i1) compare semi-quantitative with fully quantitative measures of FLT uptake.
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3.3 Methods

3.3.1 Patient recruitment

All patients recruited for this study presented with either primary of metastatic
CRC. This cohort was made up of patients referred internally to the UCLH NHS trust
multidisciplinary team in addition to those referred from peripheral district general
hospitals.

All patients were asked to give written consent following a full explanation of the
procedure (appendix H).

Pre-scanning preparation details for both FDG and FLT imaging can be found in

chapter 2.

3.3.2 Dynamic data acquisition

A total of eleven patients with a total of 20 malignant lesions (4 primary, 6 liver
metastases, 5 lung metastases, and 5 extrahepatic metastases) were included in this
investigation. All patients underwent FDG scanning followed by an FLT investigation
with a median intervening period of 4 days (range 1-7). Imaging comprised of a 60min
dynamic acquisition which commenced immediately following bolus tracer
administration. The location for the dynamic acquisition was such that wherever
available, multiple lesions were included in the field of view. That location was
determined in conjunction with the CT scans available. |

All data was acquired in 2D mode using the GE Advance in the case of 2 patients
and the GE Discovery LS in the remainingl 9. For the latter cases the CT facility was used

to aid in the exact localisation of lesions. In order to keep all parameters during data
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acquisition consistent within the group of patients included in this study, the CT
attenuation correction capability of the GE Discovery LS was not employed. All emission
datasets were corrected for attenuation using data acquired with two rotating *Ga/**Ge
rod sources.

The dynamic acquisition comprised of the following frame durations: 15 x 5
seconds, 3 x 15s, 6 x 20s, 11 x 60s, 9 x 300s. The time of transmission acquisition was 3
mins per axial field of view, which has been shown in the past by Visvikis et al to be
reliable in reducing the overall data aquistion time without compromising the accuracy of
SUV measurements (Visvikis et al.,, 2001). Transmission data was corrected for post-
injection emission contamination and processed using an unsupervised segmentation
algorithm prior to its utilisation for the attenuation correction of the emission data as
described by Bettinardi et al (Bettinardi et al., 1999).

Transaxial emission images of 4.3 x 4.3 x 4.25m.m3 (matrix size 128 x 128 x 35
slices per axial field of view) were reconstructed using Ordered Subsets Expectation
Maximisation (OSEM) with 2 iterations and 28 subsets. All images were decay corrected
to the time of the first frame of the dynamic series and both scatter and random
corrections were applied.

Following the end of the dynamic acquisition a whole body scan was performed

with emission frames of Smin per bed position as described in section 2.2.3.

3.3.3 Acquisition of blood sampling data

Both arterial and venous blood was analysed in each FLT study. No blood

sampling was undertaken during the FDG scans. Arteral blood was drawn from an
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arterial line inserted into the patient’s radial artery. Prior to this, bilateral arterial supply
to the hand was confirmed and documented with hand held Doppler (Huntleigh
Healthcare). Any doubt in the detectable presence of both a patent radial and ulnar artery
excluded the patient from the study. The local anaesthetic lignocaine (2%, 0.5-1ml) was
infiltrated subcutaneously followed by insertion of a 20 gauge cannula into the radial
artery. The cannula was connected to a 3-way tap to aid rapid blood letting. Intermittent
flushing of the line with heparinised saline prevented the arterial line from clotting off.

Venous sampling was carried out through a designated line, on the opposite side
to the arterial line. This was via a 16 — 18gauge cannula which was inserted into a large
forearm vein or into a vein in the ante-cubital fossa. Again a 3-way tap was attached and
the line was regularly flushed.

In order to allow access to both the artenial and venous lines during the dynamic
acquisition phase of the scan, the patient was positioned with arms above the head,
supported by both arm and head rests. Figure 3.1 demonstrates the patient position used
including the sites of both sampling cannulas. In addition, the venous line used for tracer
injection is also shown.

A series of manual blood samples were taken from the arterial and venous lines
during acquisition of the dynamic scan. A stop watch was started which coincided with
the start of the scan enabling sampling at specific time points. A sample was taken every
7s for the first 2min post injection, followed by 30s intervals for the next 2min. Between
5-10min, a sample was drawn every minute, followed by Smin sampling up to 30
minutes. Thereafter blood samples were taken in 10min intervals until the end of the

scamn.
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Figure 3.1 Patient positioning for arterial and venous blood sampling. The arterial and venous sampling

cannulas are shown (a) and (v) in addition to the injection cannula (i).

The blood samples were collected in labelled 2ml syringes and a portion of each
sample was centrifuged in the Eppendorf Minispin (Eppendorf AG, Hamburg, Germany)
to obtain plasma information (figure 3.2). Activity concentration in both the blood from
the original sample and plasma from the centrifuged sample for both the arterial and
venous blood was measured using a Gamma counter (1282 Compugamma, Universal
Gamma Counter, Wallac, Crownhill, Milton Keynes, UK.) shown in figure 3.3. The

counter had previously been cross calibrated with the scanner.
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Figure 3.2 Eppendorf minispin centrifuge (Eppendorf AG, Hamburg, Germany)

Figure 3.3 Gamma counter (1282 Compugamma, Universal Gamma counter, Wallac, Crownhill, Milton

Keynes, UK.)
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3.3.4 FLT metabolite analysis

At certain time points 10ml volumes of blood were withdrawn for FLT metabolite
analysis. These time points were at Smin, 15min, 30min, 60min and 90min post injection.
After the blood was centrifuged, cell — free plasma was prepared.by mixing plasma (1ml)
with methanol (9ml). Following centrifugation (3000rpm, 10minutes) the supernatant
was concentrated in vacuo and the residue reconstituted in mobile phase [MeCN - 0.1M
KH,PO,4 (15 : 85 v/v)]; 1.5ml. The reconstituted sample was filtered (Millipore MV
Syringe filter, 0.4pm, Waters, Elstree, Herts, UK.) before injection on a Waters p-
Bondapak Clv8 column (300 X 7.8mm; Waters, Elstree, Herts, UK.) and eluted with 0.1M
potassium dihydrogen phosphate-acetonitrile (85: 15v/v) at 3ml/min. The HPLC eluate
was monitored sequentially for absorbance at 286nm and radioactivity. The fraction of
unchanged FLT was determined by integrating the areas under the radioactive curve for

each sample. FLT eluted on this system had a retention time of 9min.

3.3.5 Data analysis

i) Regions of interest and time activity curves
Regions of interest approach as described in section 2.4.2 was used to analyse the
reconstructed FDG and FLT images in order to obtain time activity curves (TACs) for
malignant lesions in addition to the normal liver. Since bone marrow has been another
organ identified as having high physiological uptake of FLT (Shields et al.,, 1998b),
TACs were also obtained for normal bone marrow.

To construct a TAC, ROIs were identified in an image created from the sum of

the last three frames of the dynamic acquisition series and then placed over the complete
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series. In the normal liver, ten 20mm diameter regions were drawn in the late summed
image and projected to the whole of the dynamic series. The mean of these ten average
activity concentrations was subsequently calculated for each image in order to yield the
normal liver TAC. For the normal bone marrow, three ROIs were placed in consecutive

slices over the same vertebra.

ii) Image derived input function

The image derived, input function utilises the measured activity in the abdominal
aorta of human subjects to non-invasively estimate blood-pool input function in
abdominal PET scans.

To calculate the image derived input function ROIs were placed over the
abdominal or thoracic aorta (AA and TA), depending on the body location whert;. the
dynamic images had been acquired. These ROIs were drawn over six consecutive
transaxial slices on the summed image of the frames acquired between 30s and 60s post
injection. These same ROIs were then projected onto the complete dynamic datasets and

TACs were subsequently derived.
iii) Standardised uptake value

Standardised uptake values were calculated using the method described in section

243.
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iv) Patlak analysis