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Abstract
The thesis provides an overview of my research on the evaluation of whole-body
magnetic resonance imaging (WB-MRI) as a single step imaging technique for
assessment of metastasis in patients presenting with radio-recurrent prostate cancer
(PCa). The work presented is the interim analysis of the LOCATE (localising occult
prostate cancer metastasis with advanced imaging techniques) prospective clinical
trial (study REC number: 15/LO/0776)
Chapter 1 provides a literature review of available clinical and research imaging
techniques for evaluation of metastatic disease in the radio-recurrent prostate cancer
setting. It introduces the WB-MRI techniques employed in chapters 2-5, provides an
overview of pathophysiological basis for WB-MRI signal changes and a review of
current WB-MRI literature related to PCa.
Chapter 2 presents the first part of my research, addressing the repeatability of lymph
node and bone lesion size measurements conducted on various sequences on WBMRI studies. This critical piece of work underpins the development of the reference
standard applied for WB-MRI qualitative and quantitative analysis presented in
chapters 3 and 4 respectively.
Chapter 3 addresses quantitative imaging biomarkers namely signal fat fraction (sFF),
apparent diffusion co-efficient (ADC) and signal enhancement ratio (SER) obtained
from WB-MRI and assesses each as a classifier of nodal & bony metastatic disease
status.
Chapter 4 addresses the diagnostic accuracy of WB- MRI as a qualitative imaging
modality evaluated by expert radiologists; compared against an enhanced reference
standard (involving clinical and imaging 1-year follow-up). Sensitivity/specificity of WBMRI is determined on a per-patient basis. Sensitivity/specificity analyses of
conventional imaging is also provided. Finally, in this chapter, locked sequential read
analysis for the whole-body MRI sequences is presented.
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Chapter 5 is a health economic analysis of imaging techniques evaluated in chapter
3. It was done in collaboration with the health economics team, in order to carry out a
cost comparison analyses between whole body MRI and conventional imaging.
Chapter 6 is a summary of main findings and discussions from chapters in this thesis.
It also dwells on potential applications and future perspectives on some of the imaging
techniques explored in this thesis.
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Impact Statement
Since the introduction of MRI into the clinic in the 80s and 90s, it has revolutionised
the way we diagnose & manage various diseases. For instance, MRI has provided us
deep understanding of brain anatomy and physiology, more than any other imaging
technique. Numerous MRI sequences and functional MRI has made it possible for
scientists to evaluate small but vital organs as well as soft tissues that were previously
difficult to visualise. No other imaging techniques to date could offer such level of
information.
In the war against cancer, MRI has played a pivotal role in diagnoses of disease which
up until recently relied on plain radiographs or CT scans. For instance, treatment of
multiple myeloma has been transformed with the adoption of MRI. Whole-body MRI is
increasingly being advocated for the staging of a variety of cancers.
My thesis focused on the development of whole-body MRI in disease classification
and treatment response monitoring in patients with radio-recurrent prostate cancer. I
compared the diagnostic accuracy of whole-body MRI with conventional imaging in
the disease detection. We found that whole body MRI is as good as conventional
imaging which is often a combination of 2 or 3 different imaging techniques. The
conventional pathway often requires multiple hospital attendances potentially
impacting time to diagnosis, increasing cost and subjecting the patient to ionising
radiation. Whole body MRI was found to be cheaper, can be completed in one
attendance and has no added risk of ionisation.
I also found that quantitative imaging biomarkers derived from MRI may help to classify
nodal and bony lesions into metastases or benign aetiology. I showed that signal fat
fraction could be a good candidate imaging biomarker for prospective clinical
evaluation for disease assessment. Furthermore, it showed how it could be used in a
complementary manner with apparent diffusion co-efficient for disease classification.
With completion of the LOCATE study, my findings could potentially lead the way to
applying whole body MRI as a staging modality for prostate cancer, particularly in
regions or hospitals that do not have access to Prostate Specific Membrane Antigen
(PSMA) PET-CT services. The results also compel further translational research
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relating to quantitative imaging biomarker developments. So far through my work, I
have generated 3 peer-reviewed abstracts and 3 original articles (2 as first/joint-first
author).
In summary, through ongoing clinical translation leading on from my work, the adoption
of an accurate whole-body MRI staging modality for prostate cancer is expected to
lead to cost savings for healthcare systems, ease the burden of multiple investigations
and hospital visits for patients whilst minimising their diagnostic radiation exposure
related risks.
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CHAPTER 1: Introduction
Clinical Challenge
Prostate cancer (PCa) is the leading male cancer in the United Kingdom and a
principal cause of cancer-related mortality with around 46,700 cases diagnosed in
2014 (1). The incidence of PCa has increased markedly over the past 20 years and it
is projected to rise by 12% between 2014-2035, to 233 per 100,000 males (1).
Two of the most common treatment options for localised prostate cancer are external
beam radiation therapy (EBRT) and/or brachytherapy (BRT) (2). However,
biochemical recurrence (BCR) following radiotherapy occurs in 25% of men within 5
years, manifesting as a rising prostate-specific-antigen (PSA) (3). Management
following BCR is guided by the distribution of disease. Imaging is commonly used to
identify sites of local recurrence and/or metastatic spread.
Local recurrence may be investigated by prostate multi-parametric magnetic
resonance imaging (mp-MRI) (4); whilst a multi-modality approach is currently used to
assess for metastatic disease (2). Current standard metastatic disease investigation
includes 99mTc isotope bone scan paired with computed tomography (CT) scan (5)(6).
18

F-choline PET-CT is currently the only other scan commissioned by NHS England in

the national PET/CT tender (7) though not approved by NICE, while

18

F-Fluciclovine

is licensed by NICE in the BCR setting in the UK however not yet widely available (7).
Furthermore,

68

Ga-PSMA is gradually replacing standard imaging due to its superior

diagnostic accuracy, however its availability is often limited to specialist centres and it
is currently only available on a special licence basis or for use in research (7).
It is estimated that about half of men who present with radio-recurrent disease have
distant metastases (either overt on imaging or micro-metastases), which directly alter
their management (6). Patients with overt metastasis on imaging are considered for
systemic therapy (such as androgen deprivation therapy (ADT)) to control disease
spread, whilst those with suspected micro-metastatic (imaging non-visible) disease
are commonly followed up with interval PSA monitoring ± imaging as indicated (8). On
average, BCR precedes overt detection of metastases by 7-8 years using current
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standard imaging modalities. Indeed, it is recognised that up to 50% of men who are
considered by current imaging to be tumour free at BCR have micro-metastatic
disease (9), indicating that the capability of the current imaging paradigm is limited (6).
More specifically, standard imaging such as bone scan have a poor detection rate for
metastatic disease when PSA is less than 20 ng/mL (10), leading to these patients
undergoing expectant management, awaiting further disease progression prior to
initiation of systemic therapy (11).
Studies have shown that almost half of patients who survived for more than 10 years
after radical therapy had no detectable PSA elevation or biochemical relapse (13).
Data have also shown that men who have rising PSA levels after definitive therapy are
at risk of developing metastatic disease and subsequently dying from their disease
compared with those without relapse (12)(13). Earlier detection of relapse or
metastatic disease could be the key to better patient stratification and well-informed
patient management either by opting for active surveillance for low risk individuals or
offering systemic therapy at an earlier time point to a high-risk population. This view
was supported when at the St Galen’s advanced prostate cancer consensus
conference (APCC), 65% of the panellists will initiate ADT in a patient with BCR if for
example their PSA was ≥4 ng/ml, with PSA doubling time of less than 6 months or if
their PSA was ≥ 20ng/ml (14). There has been a call for novel imaging with improved
diagnostic accuracy for metastatic disease detection in the BCR setting (15)(16). Also,
for imaging modalities that are more sensitive and could provide more accurate
assessment of treatment response (including heterogeneity of response) and further
aid rational development of targeted therapies (14)(16).

Magnetic Resonance Imaging (MRI) may offer one solution. Recent technological
advances have enabled the whole-body MRI (WB-MRI) staging of cancers within a
reasonable scanning time, increased soft tissue contrast and without additional
exposure to ionising radiation (17). Several groups have shown the application of WBMRI for staging and response monitoring in a range of malignancies including prostate
cancer (18)(19)(20). The usefulness and performance of WB-MRI will be explored in
the subsequent chapters using both qualitative and quantitative techniques.
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Prostate cancer staging
Clinical staging assigns a stage using data available at the time of diagnosis from
physical examination and imaging studies (table 1), whereas pathological staging
assigns stage based on pathological examination of the prostatic tissue from radical
prostatectomy and any lymph nodes removed from nodal dissection (21)(22) (table 2).
The TNM system stages cancers by the extent of the primary tumour (T), involvement
of regional lymph nodes (N), and also the presence or absence of metastatic disease
(M)). For staging the primary (T stage) and local nodal (N stage) disease, pathological
stage is known to be the more accurate of the two systems (23) as limitations in
physical exam and imaging techniques can result in a clinical stage assignment that
inaccurately estimates the true extent of disease. (24). There is no alternative to
imaging for metastatic disease staging.

Table 1: Clinical staging
Primary Tumour (T)

Regional lymph nodes
(N)

Distant metastasis
(M)

Clinical Stage
CTx

Primary tumour cannot be
assessed

Nx

CT0

No evidence of primary
tumour

N0

Clinically unapparent tumour
neither palpable nor visible
by imaging
Tumour incidental histologic
CT1a finding in 5% or less of
tissue resected
cT1

cT1b

Tumour incidental histologic
finding in more than 5% of
tissue resected

cT1c

Tumour identified by needle
biopsy (e.g., because of
elevated PSA
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N1

Regional
lymph nodes
not assessed
No regional
lymph node
metastases
Metastasis in
regional
lymph nodes

M0

No distant
metastasis

M1

Distant
metastasis

M1a

No regional
lymph
node(s)

M1b

Bone(s)

M1c

Other site(s)
with or
without bone
disease

18

Primary Tumour (T)
cT2
cT2a
cT2b
cT2c

Regional lymph nodes
(N)

Distant metastasis
(M)

Tumour confined within the
prostate
Tumour involves one-half of
one lobe or less
Tumour involves more than
one-half of one lobe but not
both lobes
Tumour involves both lobes

Tumour extends through the
prostate capsule
Extracapsular extension
CT3a
(unilateral or bilateral)
Tumour invades seminal
cT3b
vesicle(s)
Tumour is fixed or invades
adjacent structures other
cT4
than seminal vesicles, such
as rectum, bladder, levator
muscles, and/or pelvic wall
cT3

Table 2: Pathologic Staging
Primary Tumour (T)

Regional lymph nodes (N)

Clinical Stage
pT2

Organ confined

pNx

Regional lymph nodes not assessed

pT2
a

Unilateral, one-half of one
side or less

pN0

No positive regional nodes

pT2
b

Unilateral, involving more
than one-half of one side but
not both sides

pN1

Metastases in regional node(s)

pT2
c

Bilateral disease

pT3

Extra prostatic extension

pT3
a

Extracapsular extension or
microscopic invasion of
bladder neck

pT3
b

Seminal vesicle invasion
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Primary Tumour (T)
pT4

Regional lymph nodes (N)

Invasion of rectum, levator
muscles, and/or pelvic wall

Stage I

Stage II
•
•

Tla, No, Mo, d

•
•
•

Tla, NO, MO, G2-4
Tib, NO, MO, any
G
Tic, NO, MO, any
G
T1, NO, MO, any
G
T2, NO. MO, any
G

Stage III

Stage IV

T3, NO, MO. any G

T4 N0 M0, any G

AJCC TNM using a combination of anatomical, histopathological and imaging characteristics for
disease staging. Figure reproduced from (25)
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Established imaging for metastatic
prostate cancer
There are three imaging techniques routinely used in clinical practice or commissioned
by the NHS for detection of metastatic disease in biochemically relapsed prostate
cancer: Computed tomography, Technetium-99m bone scan and 18F-choline PET-CT.
However, 18F-Fluciclovine & 68Ga-PSMA due to their superior diagnostic accuracy are
now being increasingly used though their availability is currently limited.

Computed Tomography
CT is readily available and is invaluable in diagnosis and staging of almost all cancers,
including prostate cancer. A CT scanner uses a rotating x-ray tube and detector to
pass x-rays through the body at different orientations and to collect emergent beams.
X-rays are attenuated as they traverse the body by tissues that lie within their linear
path. The degree to which a given tissue attenuates the beam is dependent on its
electron density and is termed the linear attenuation coefficient. The multiple
projections through the body are mathematically combined in order to generate crosssectional images (26). For display and standardisation, the attenuation coefficient
values of individual pixels are converted to Hounsfield unit (HU), which is a ratio of the
linear attenuation coefficient of tissues relative to water.
CT is commonly used for assessment of both nodal and distant metastatic disease in
patients suspected of radio recurrent PCa. The primary role for CT in the BCR setting
is in the detection of nodal disease and soft tissue metastases (27), complemented by
99m

Tc bone scan for evaluation of bone metastases. Nodal metastases are generally

ascribed based on the application of a short axis size threshold, with a value greater
than the threshold indicating likely disease presence (28). The sensitivity of CT for
detection of nodal metastases varies according to the size threshold applied but is
generally reported to be low in patients with prostate cancer, with values ranging from
20-60% (27)(29)(30). For example, a study by Heesakkers et al (31) assessed the
accuracy of CT scan for the detection of nodal disease in patients diagnosed with
prostate cancer. 375 patients were recruited and 61/375 were found to have lymph
node metastases on CT. When correlated against histopathological pelvic lymph nodal
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dissection the sensitivity/specificity of CT for lymph node metastases were 34%
(95%CI 23–48%) and 97% (95%CI 94-98%) respectively based on a short axis size
threshold of 10mm for an oval node and 8mm for a round lymph node.
In a meta-analysis of 4264 patients, where 654 patients had lymph node metastasis
confirmed at lymphadenectomy, only 105 of these patients were found to have positive
nodes on CT at staging before the lymphadenectomy. On a per patient level, the
pooled sensitivity of CT for nodal disease in this meta-analysis was 29% (30). CT’s
limited diagnostic accuracy has previously been explained by limitations such as soft
tissue contrast and heavy reliance on size measurement (32)-(34).

Technetium-99m bone scan
Isotope bone scan (Technetium-99m) remains ones of the most widely available and
used imaging modalities for detection of bone metastasis in patients with cancer,
including prostate cancer (35)(36)(37). 99mTc is a metastable form of 99Tc with a halflife of 6 hours. It is often attached to methylene diphosphonate (MDP) or hydroxyl
diphosphonate (HDP) to create the radiotracer for bone scans. Following injection of
T-99m-MDP or HDP, it gets absorbed into hydroxyl apatite component of bone,
particularly in the metabolically active regions. Between 1-2 hours after the injection,
the patient is then scanned with a gamma camera, which has in it, scintillation crystals
that detects gamma rays that are emitted by Technetium 99m.

Computer

reconstruction allows the visualization of the regions of the body where there is uptake
of HDP or MDP along with gamma emission, in three dimensions (38).
99m

Tc bone scan sensitivity for bone metastases is known to be limited with PSA

values of < 20ng/ml (39). For example, in a study by Ketelson et al (40), the overall
sensitivity of

99m

Tc bone scan for metastatic bone lesions was reported as 58.6% in

prostate cancer patients(n=14). Whereas, studies by Cher et al and Kane et al both
with a much larger patient population, reported the probability of bone scan positivity
to be <10 % if the PSA was <10ng/ml (41)(29). The specificity of 99mTc bone scans is
low likley because other pathological conditions such as inflammatory changes,
trauma or degenerative bone disease can cause an osteoblastic effect which may be
difficult to distinguish from that caused by metastases (42).
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A recent meta-analysis by Suh et al (10) evaluated the pooled diagnostic accuracy of
99m

Tc bone scan in the detection of bony metastasis in prostate cancer. Data from over

20,000 patients from 54 studies were reviewed and it showed

99m

Tc bone scan was

positive only in 3.5% of patients when PSA was ≤10 while bone scan positivity was
42% when PSA was >20. This further corroborates previous findings of low sensitivity
of bone scan in the detection of metastatic bone disease in prostate cancer. One
recognised cause of limited sensitivity of
osteoblastic activity for uptake

99m

99

mTc bone scans is the reliance on

Tc MDP/HDP. Osteoblastic activity is a secondary

reparative effect (43), with a clear time lag between initial bone marrow invasion and
the onset of osteoblastic response (43). Furthermore, not all metastatic deposits elicit
an osteoblastic response (44).

18

F-Choline Positron Emission Tomography – Computed
Tomography
PET is an imaging technique capable of providing metabolic or molecular
characterisation of pathology under investigation (45)(46). PET radiotracers can be
created by conjugation or labelling of metabolically active compounds or cell-specific
receptor or ligands with a number of different radioisotopes (47)(48). Increased choline
uptake is a marker of cell proliferation in prostate cancer (49). Choline is needed for
the formation of phosphatidylcholine, which is an important component of cell
membranes (50). Cancer cells due to their aberrant rate of proliferation and cell
membrane formation, need increased amount of choline to meet their production
demand (51). Another mechanism that has been suggested to explain increased
choline uptake in cancer is that

18

F-choline is taken up by cells exhibiting increased

levels of choline kinase and choline transporters (52). Increased expression of choline
kinase has been found in cancer cell lines, including patient-derived prostate cancer
cells (48)(53). Choline kinase is the enzyme responsible for the conversion of choline
to phosphocholine, a precursor of phosphatidyl choline it also serves as a chaperon
protein at androgen receptor binding sites thus playing an important role in androgendriven prostatic proliferation (54).
In a study by Rinnab et al (55), they compared the accuracy of

11

C-choline PET-CT

with histological findings in 15 patients (mean PSA 2.34ng/ml) who had extended
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pelvic lymph node dissection following biochemical relapse.

11

C-choline PET-CT had

a positive predictive value of 53% in detection of lymph node metastasis (55). In a
recent meta-analysis by Guo et al (56) assessing the diagnostic accuracy of

18

F/11C-

Choline PET-CT in detecting metastatic bone disease, 10 studies with 655 patients
were included in the analysis. The individual reported study sensitivities and
specificities ranged from 50% to 100% and from 89% to 100%, respectively. The metaanalysis reported a pooled sensitivity/specificity of 18F/11C-choline for the detection of
bony metastasis as 0.80–0.94/ 0.95–0.99 respectively.
Like other tests, the ability of

18

F-choline PET to detect disease also varies with PSA

level, for example at a PSA <5ng/ml only 50% of patient with suspected BCR
demonstrated disease (48). Work by Cimitan et al showed that out of a cohort of 100
patients presenting with BCR with a mean PSA of 48.28 ng/ml; 54 were positive for
disease on 18F-choline PET and 53/54 where later confirmed as positive on follow up
biopsy and imaging (57).

Newer imaging for metastatic prostate
cancer
Imaging techniques covered in this section are those that have a growing availability
and utilisation at specialist centres for routine clinical application in patients with BCR.
A brief overview of these PET tracers is presented, followed by more detailed
background to whole-body MRI with specific relation to the work presented in chapters
2-4.
68

Ga Prostate Specific Membrane Antigen Positron
Emission Tomography
Prostate specific membrane antigen (PSMA) is highly expressed by prostate cancer
with a more limited expression in benign and extra-prostatic tissues. Its expression
increases with tumour aggressiveness, metastatic disease and disease recurrence
(58)(59). PSMA can serve as a specific target for prostate cancer imaging using the
PSMA ligand Glu-NH-CO-NH-Lys (Ahx)-HBED-CC labelled with Gallium (68Ga) for
PET.
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In a study looking at 236 patients with known histological diagnosis of prostate cancer,
68

Ga-PSMA-HBED PET had a sensitivity of 95% (95% CI 86-98%) at correctly

identifying nodal disease (PPV 98% 95% CI 91-99%) (60). Data from different groups
continues to show the trend

68

Gallium-PSMA is likely to have a better diagnostic

accuracy for detecting metastatic lesions following BCR compared to other PET
tracers (61)-(64). Schmidt-Hegemann et al (65) in a retrospective analysis compared
68

Ga-PSMA-HBED PET-CT with CT only for staging of primary and recurrent prostate

cancer.

68

Ga-PSMA-HBED PET-CT detected 289 lymph node metastases compared

to 85 lymph nodes detected by CT scan alone. The mean short axis diameter of nodes
detected by

68

Ga-PSMA-HBED PET-CT compared to CT alone was 5.8mm and

9.9mm respectively, p<0.01.
99m

68

Ga-PSMA-HBED PET was shown to be superior to

Tc bone scan in the detection of bone metastasis, in a study reported by Pyka et

al. 75/126 patients were diagnosed with bone metastasis and the sensitivity/specificity
of 68Ga-PSMA-HBED PET was 98.7%–100 % and 88.2–100 % respectively (66). The
corresponding values for

99m

Tc bone scan were 86.7-89.3% and 60.8-96.1%

respectively. In a meta-analysis by Hope et al (67), the detection rate of 68Ga-PSMA
PET for nodal disease was 63% (55%-70%) when PSA was <2.0 and 94% (91%-96%)
with a PSA >2.0.
New results published from the proPSMA trial, a prospective randomised multicentre
study comparing

68

Ga-PSMA-11(also known as PSMA-HBED) with reference

standard (CT abdomen and 99mTc bone scan). 302 patients were randomised between
the two arms.

68

Ga-PSMA-HBED PET had 27% greater accuracy than standard

imaging. PSMA-PET was also found to lead to more clinical management change
compared to standard imaging (28% vs 15%, p <0.008) (68). Currently, there are a
number of clinical trials recruiting, aiming to prospectively validate the use of

68

Ga-

PSMA-HBED PET in patients with PCa (69)-(71). Also, further studies are evaluating
other PSMA based tracers such as PSMA-1007, PSMA-THP and PSMA-DCFPyl (72)(74).
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18

F-Fluciclovine Positron Emission Tomography

Anti-1-amino-3-18F-flurocyclobutane-1-carboxylic (FACBC) acid is an amino acid first
synthesized and reported in 1999 (75). FACBC is a Leucine analogue (an essential
amino acid used in the biosynthesis of cellular proteins) (76). Uptake of Leucine is
upregulated in rapidly dividing tumour cells and its inward transport into cells is
mediated by amino acid transporters ASCT2 and LAT (64). ASCT2 and LAT are
upregulated in many cancers and they are often associated with aggressive disease
(77). Once FACBC is in the cancer cell, it accumulates and doesn’t undergo further
metabolism, this thus enables its use as a radiotracer in cancer (78). Unfortunately,
FACBC is not specific to prostate cancer or malignant conditions. It has been found to
be upregulated in certain benign tumours and soft tissue inflammation (78). Odewole
et al showed 18F-Fluciclovine had a better sensitivity compared to CT for the evaluation
of extra-prostatic disease with sensitivities of 77.4% & 18.9% respectively (79).
18

F-Fluciclovine has also been compared to 11C-Choline (11C labelling providing a 20-

minute half-life compared with 110 minutes for

18

F) in a study by Nanni et al (80) for

the detection of nodal and metastatic disease in PCa patients with BCR. In this study,
eleven out of thirty-three patients were identified by both techniques to have
metastasis at the same sites. Six patients had lesions positive on
PET but was negative on

11

C-Choline. No patient had a positive

11

18

F- Fluciclovine

C-Choline with a

negative 18F- Fluciclovine PET scan.
In a recent prospective study (FALCON trial) aimed at evaluating the effect of

18

F-

Fluciclovine on management change in men with BCR, 104 patients were scanned.
Following 18F-Fluciclovine scans, management plans were revised for 66/104 patients.
They also found PSA response rate was higher in the patients scanned with

18

F-

Fluciclovine compared to those that were not (88% vs 72%) (81). There are several
other clinical trials currently recruiting evaluating the use of

18

F-Fluciclovine PET in

patients with PCa (82)(83).
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11

C- Acetate Positron Emission Tomography

Acetate is converted to actetyl-CoA by acetyl-coA synthetase in the mitochondria and
the cytoplasm of cells. Acetyl-CoA is further converted to fatty acids by fatty acid
synthetase, and fatty acid is incorporated into phosphatidyl membrane domains in
cells. This fatty acid synthetic pathway is known to be upregulated in prostate cancer
(84). Acetate can be radiolabelled with 11C.

11

C-Acetate has a short half (20minutes)

and typically requires the use of an on-site cyclotron (85).
11

C-acetate has been shown to have similar diagnostic performance compared to 11C-

choline (85). A study by Buchegger et al also showed good concordance between 11Cacetate and

18

F-choline in 88 out of 92 primary prostatic, nodal and bony lesions

reviewed, with a Cohen’s kappa value of 0.929(86). Strandberg et al assessed the
agreement between

11

C-acetate and Tc-99m bone scan in the detection of bone

metastases. The kappa values between the two modalities were 0.64, while the kappa
between 11C-acetate and clinical follow up (which revealed the true status of a lesion)
was 0.95. The agreement between Tc-99m bone scan and clinical follow up in the
same cohort was 0.66. (87).

Whole body MRI: Previous applications
for assessment of prostate cancer
MRI is a very versatile imaging modality, and it is being increasingly adopted for
screening, diagnosing and monitoring of a number of cancers (88)(89).
WB-MRI is increasingly used as a one-stop imaging modality for various kinds of
malignancies including prostate cancer (90)(91). One of the advantages of WB-MRI is
it provides coverage of the entire body without the exposure to ionising radiation.
Recent advances in both MRI software and hardware have made it possible to
complete whole-body studies within a clinically acceptable scan time (less than 60
minutes). As previously described, a whole-body MRI protocol, typically consists of 1
T1, T2 weighted, contrast enhanced and mDixon sequences.
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Johnston et al reported the diagnostic accuracy of WB-MRI in the primary staging of
56 patients with intermediate to high-risk prostate cancer. The mean sensitivity and
specificity of WB-MRI in the diagnosis of nodal (N1) disease was 1.00 and 0.96
respectively. This was in comparison to

18

F-choline PET-CT which had a sensitivity

and specificity of 1.00 and 0.82 respectively. They further reported the
sensitivity/specificity of WB-MRI for the detection of distant metastasis to the bone
(M1b) to be 0.90/0.88 respectively. Sensitivity/specificity for

18

F-choline PET-CT was

0.8/0.92(92).
Wieder et al reported the sensitivity of WB-MRI as 88% in the detection of metastatic
disease following biochemical relapse in fifty prostate cancer patients. This was in
comparison to

11

C-choline PET which had a sensitivity of 94% (93). Similarly, in

another study, WB-MRI was compared to 18F-choline PET-CT in one hundred and fiftytwo patients with biochemical recurrence after either radical prostatectomy or external
beam radiotherapy. The sensitivity/specificity of WB-MRI for nodal disease detection
was 98%/99% respectively while for bony disease was 99/98% respectively. In this
study, 18F-choline PET-CT served as the enhanced reference standard (94).
In a meta-analysis by Shen et al (95), reviewing over 1,100 patients with metastatic
prostate cancer and comparing WB-MRI, 18F-choline-PET and Technetium-99m bone
scan in diagnosis of bony metastasis. The pooled sensitivities of WB-MRI, 18F-cholinePET and Technetium-99m were 97%, 91% and 79% respectively and with pooled
specificities of 99%, 95% and 82% respectively.
Some of these findings have begun to be reflected for instance in the
recommendations by European association for research and treatment of cancer
(EORTC) and European association of urology both which have considered WB-MRI
as a one size fits all tool for primary staging of high-risk prostate cancer patients
however further prospective studies are needed to be carried to assess utility (96)(97).
Few published data exist showing the performance of WB-MRI in the qualitative
assessment of treatment response. For the ones that exist, results are limited to a
single centre in a very few numbers of patients (15)(42). A consensus paper (98) have
suggested prospective multi-centre interventional trials to assess the performance of
WB-MRI for different types of treatment intervention.
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Tombal et al assessed the performance of axial skeleton MRI compared with prostate
specific antigen (PSA) in treatment response monitoring in hormone resistant prostate
cancer patient. 20 patients were given systemic therapy consisting of either
Estramustine phosphate, Irofulven, Mitoxantrone, or Docetaxel. Baseline scan (using
T1 weighted and T2-fast spin echo fat saturated) were acquired 2 weeks before
treatment. Follow-up scan were acquired 6 months after therapy. Lesion size were
assessed using RECIST 1.1’s (99) recommendations for the total number of target
lesions and maximal diameters. Furthermore, in this study, a bony lesion was deemed
measurable if it was at least 10mm in diameter for spinal lesions or ≥ 12mm in the
pelvic region. 25% increase or 50% decrease in PSA following treatment were adopted
as disease progression and treatment response thresholds respectively. Result of the
study shows there was agreement in MRI and PSA evaluation in 14/20(70%) of
patients. (15).
Quantitative imaging biomarkers such as signal fat fraction (sFF) and ADC have been
evaluated on WB-MRI protocols used in Myeloma and Prostate cancer. Messiou et al
(100) assessed the use of ADC values for treatment response in prostate cancer
patients who were treated with chemotherapy. Twenty-six patients had baseline WBMRI scans 7 days prior to commencement of treatment and then re-scanned 12 weeks
into their chemotherapy. These patients all had CT chest, abdomen and pelvis as part
of their routine treatment evaluation protocol. Tc-99m bone scan were not performed
at 12 weeks in this cohort. A combination of PSA changes and size change criteria (as
per RECIST 1.1) was used to classify disease status into either responder, nonresponder or stable disease. The ADC of responders versus non-responder were
significantly different at 1238+/- 415 versus 1014 +/- 316 x 10-6mm2/s. However, there
was a significant overlap in ADC between responder and non-responders in this study.
Brizmohun et al assessed the use of sFF and ADC as a nodal disease classifier in 43
newly diagnosed intermediate to high-risk prostate cancer patients. 22/43 nodes were
identified as positive using 18F-choline PET-CT as reference standard They found the
mean sFF was lower in PET-positive nodes compared to negative nodes with mean
sFF of 43.1% and 59.2% respectively while there was no significant difference in ADC
for the two groups (101). Further work is currently ongoing to further validate sFF and
ADC as quantitative biomarkers in prostate cancer.
Sola Adeleke Thesis | Oct 2020

29

Within this chapter, I have reviewed the current standard imaging modalities and the
newer (or novel) imaging techniques which are gradually gaining recognition in the
clinic. I also described basic MRI sequences and the current advances made in WBMRI and its potential as a one-stop technique for disease evaluation in prostate
cancer. The data available in literature for each of these modalities are neither
conclusive nor are there any consensus or policy guidelines on the use of these novel
methods. However, the data are exciting, and they could pave way for further practicechanging prospective randomised study which will assess and evaluate its impact on
clinical endpoints such as overall survival while considering their health economic
benefits.
This thesis provides an overview of my research on the evaluation of whole-body
magnetic resonance imaging (WB-MRI) as a single step imaging technique for
assessment of metastasis in patients presenting with radio-recurrent prostate cancer
(PCa). Chapter 2 addresses the repeatability of lymph node and bone lesion size
measurements conducted on various sequences on WB-MRI studies. The
measurement thresholds derived from this chapter was then applied to chapters 3 and
4 respectively. Chapter 3 described the work done on developing quantitative imaging
biomarkers derived from WB-MRI as a classifier of nodal & bony metastatic disease
status. Chapter 4 assessed the diagnostic accuracy of WB- MRI compared against
an enhanced reference standard (involving clinical and imaging 1-year follow-up). The
was performed using sensitivity, specificity, positive and negative predictive value
analyses. The chapter also described the locked sequential read analysis of wholebody MRI sequences. Chapter 5 is a health economic analysis of both WB-MRI and
standard of care imaging described in earlier chapters. Finally, Chapter 6 is a
summary of main findings and discussions from all the chapters. It also dwells on
potential applications and future perspectives on some of the imaging techniques
explored in this thesis.
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CHAPTER 2: Repeatability of lesion
size measurement on whole-body MRI
Problem statement
Diagnostic accuracy studies, where the index imaging test may be better than the
reference, against which it is being compared, are notoriously difficult to conduct.
Whilst histological sampling of discrepant findings between index and reference can
provide a ground truth; in the setting of whole-body imaging where there may be
multiple discrepancies within one patient it would be unethical and/or impossible to
biopsy every discrepant site. In many such cases the index imaging test is compared
against a composite reference based on one or more standard imaging modalities ±
clinical and/or imaging follow-up (1). The LOCATE trial aims to assess the diagnostic
accuracy of WB-MRI in the BCR setting (see appendix 3). It uses a composite
reference of 99mTc bone scan and 18F-choline PET-CT, together with 1-year clinical
follow-up and repeat WB-MRI as a means of defining ground truth for findings on the
index WB-MRI test. One component of the reference is the measurement of size
change between the initial index WB-MRI and a 1-year follow up study. For example,
if a lymph node increased in size between the index WB-MRI and the 1-year follow-up
WB-MRI, then this is to be regarded as likely positive for metastasis in the clinical
context of BCR and rising PSA. Quantifying size change raises two unknowns that
need resolving: (i) the repeatability of a radiologists’ assessment of size estimates on
WB-MRI, and (ii) the best WB-MRI sequence on which to make a size estimate.

Aim
Chapter 2 explores the inter-reader and intra-reader repeatability of size
measurements made by radiologists on individual WB-MRI sequences (coronal water
only mDixon, coronal contrast-enhanced water only mDixon, axial DWI b1000, axial
T2-TSE), and thereby: (i) selects which sequence should be used to estimate size,
and (ii) defines measurement error limits outside of which a real change in size can be
reliably confirmed between temporally separated WB-MRI studies.
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Introduction
Measurement error is a well-recognised phenomenon in imaging (1,2). For example,
estimates of lung nodule size on chest CT vary between 3%-15% depending on the
regularity of the lesion borders (3,4). Estimates of colonic polyp diameter vary by up
to 19% on CT colonography (5) and estimates of prostate volume by 16% on prostate
MRI studies (6). Measurement error is multi-factorial in origin and could relate for
instance to patient-dependent factors (motion artefacts), scanner or vendor dependent
factors(image plane, sequence parameters or vendor specific parameters) and
clinician dependent factors( experience,

measurement technique) (4). Where a

measurement is used for classification, quantifying measurement error becomes
critical to determine the significance of an individual measurement and/or its observed
temporal change.
The two most common sites for metastatic disease in prostate cancer are lymph nodes
and bone (7). Size change of lymph nodes and bone lesions, between two WB-MRI
studies performed 1-year apart, is a key component of the LOCATE study reference
standard. No previous work quantifying size measurement error is available for the
WB-MRI sequences used within the LOCATE study.
Lymph node size measurement error has been assessed on CT. McErlean et al
reported short axis and long axis lesion measurements in lymph nodes on CT in a
cohort of 205 patients with known malignancies (4). The inter-observer and intraobserver agreements for short axis nodal size measurement were 0.884 (0.845-0.909)
and 0.899 (0.863-0.922) respectively(4). In another study by Chung et al, they
assessed the inter-observer agreement for maximum axial diameter measurements of
cervical lymph nodes in head and neck squamous cancer patients. 224 lymph nodes
from 146 patients were assessed. The inter-observer coefficient of variation was 7.6%
with an intra-class correlation (ICC) of 0.9 (8).
Bone lesion measurement is recognised as challenging. In fact, the RECIST 1.1(6)
which is a recommendation of measurements and size thresholds for response
assessment for various organs, has categorised bone lesions as immeasurable
(unless they contain a measurable soft tissue component that is greater than 1.0cm in
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diameter). Due to this limitation, bone lesions are often excluded from primary end
points or objective response assessment for treatment efficacy.
The estimates of size measurement error made within this chapter is important, as we
are using a composite reference standard to classify disease within which size plays
a key role. The outcomes of this chapter are subsequently applied within subsequent
chapters where the diagnostic value of WB-MRI at BCR is explored.

Methods
Patient Cohorts
Two separate cohorts were created from WB-MRI studies performed as part of the
LOCATE trial. The first, for assessment of lymph node size measurement error, was
a random selection of ten patients (median age 74 range 67-83 years, median PSA 6
range 3.8-28.3 µg/L) from those within the LOCATE cohort that had PET-positive
nodal disease at BCR. For evaluation of bone lesion size measurement error, the
second cohort included all patients with suspicious bone lesions as the numbers of
bone lesions per patient were relatively small (twenty-three patients, median age 73
range 66-86 years, median PSA 8.8 µg/L range 1.48-79.53 µg/L). 3 patients via
random occurrence belonged to both cohorts as they had both nodal and bone lesions
selected.

WB-MRI Protocol
The WB-MRI procedure is detailed within the LOCATE study protocol paper
(appendix). In brief, all WB-MRI studies were performed on a single 3T MRI scanner
(Ingenia, Phillips healthcare, Best, Netherlands).

Multi-station acquisitions of

contiguous body regions were performed using the manufacturers’ head coil, two
anterior surface coils and table-embedded posterior coils with the patient in supine
position.
Whole-body coronal pre-contrast mDixon imaging was complemented with axial T2weighted turbo spin echo (TSE), axial DWI (b0 and b1000) and coronal contrastSola Adeleke Thesis | Oct 2020
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enhanced (CE) mDixon imaging. CE MRI was performed following 20 ml of hand
injected intravenous (IV) gadoterate meglumine (Dotarem, Guebert, France). WBMRI protocol parameters are summarised in Table 1.

Table 1 WB-MRI sequence parameters.
MDixon
T2-TSE

(pre- and postcontrast)

DWI (b0, 1000)

Transverse

Coronal

Transverse

TE (ms)

80

2.303

17

TR (ms)

1214.69

3.5

6304.5

5.5

2.5

5.5

Number of slices

40

120

40

Slice
(mm)

5

5

5

500*497

240*238

124*118

89

2

39

1

1

2

538

1847

3354

0.78/0.78

1.04/1.04

2.08

90

15

90

Slice orientation

Space
slices

between

thickness

Acquisition matrix
ETL
Number
averages
Pixel
(Hz)

of

bandwidth

Pixel spacing
Flip angle

Table 1 WB-MRI sequence parameters. T2-TSE, T2-weighted turbo spin echo; mDixon, modified
Dixon; DWI, diffusion weighted imaging; TE, time of echo; TR, time of repetition; ETL, echo train length.
Contrast agent 20 ml intravenous gadoterate meglumine, Dotarem®, Guerbet, Villepint, France.

The pre- and post-contrast mDixon images were reconstructed into water only, fat only
and in-phase and out of phase image datasets as previously reported (9). The DWI
images were used to generate ADC maps (10).

Sola Adeleke Thesis | Oct 2020

43

Nodal size measurement
Two radiologists, reader 1(HS) and reader 2(MC) with 11 and 10 years of crosssectional radiology reporting experience respectively independently reviewed the WBMRI datasets using the Horos image viewing platform (Version 2.4.0, The Horos
Project Nimble Co LLC d/b/a Purview in Annapolis, MD USA).
The body was divided into 4 anatomical regions (head/shoulder, thorax, abdomen and
pelvis). Initially, HS identified up to 10 lymph nodes per patient (that were visible on all
4 WB-MRI sequences – T2-TSE, pre-contrast mDIXON water only, post-contrast
mDIXON water only and DWI b1000) distributed across the 4 body regions for
measurement; with a maximum of 4 within the pelvis and a maximum of 2 in each of
the remaining three body regions. The largest nodes at each anatomical location were
identified for measurement. Of these, only those visible on all 4 WB-MRI sequences
were selected for analysis to facilitate comparison between sequences. Using the
length measuring tool available on Horos, HS then measured each node in both the
short and long axes on each of the 4 WB-MRI sequences.
Where there were <4 pelvic nodes or <2 nodes (other regions), then possible
additional lymph nodes were identified in adjacent anatomical regions to increase the
total nodes sampled to the maximum of 10 nodes per patient. Following the
measurements made by HS, all measurement mark-ups were removed from the WBMRI datasets, except for an arrow on T2-TSE images pointing to each of the nodes
measured by HS. MC then re-measured all arrowed nodes on T2-TSE and identified
and measured the same nodes on the remaining 3 imaging sequences. All
measurement mark-ups were once again deleted at the end of the reading session
(leaving behind only the arrows indicating nodes measured on T2-TSE images).
Following a 2-week washout period, MC then repeated all measurements using the
same set of nodes in order to assess intra-reader repeatability.
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Bone lesion size measurements
Bone lesions on WB-MRI were identified by HS. In addition to the 4 WB-MRI
sequences described above, measurements on pre- and post-contrast mDixon fat
only images were assessed. Reports by Bray et al has shown fat only mDixon
sequence is more sensitive in localising bone lesion and hence measurements,
compared to other sequences albeit in a multiple myeloma cohort (11). Only lesions
visible on all 6 WB-MRI sequences were selected for analysis. Also, in keeping with
nodal measurement methodology, two radiologists, reader 3(PL) and reader 4 (RB)
each with 5 years’ experience respectively, independently reviewed the WB-MRI
datasets using Horos. Bone lesion size measurements were made by the two
readers independently on all sequences following the same process of lesion
localisation and marking as described for nodal size measurements above.
A 2-week washout period was allowed before RB repeated all measurements using
the same set of lesions to assess intra-reader repeatability. All ROIs were stored for
quality control (QC) purposes.

Statistical analysis
Normality of lesion size measurements data was assessed using KolmogorovSmirnov test. Median size and range of lesions were determined for each radiologist
and for each WB-MRI sequence. A Kruskal-Wallis multiple comparison test was used
to assess the differences in size measurements between the WB-MRI sequences for
individual readers and for individual sequences between readers. Bland-Altman
analysis was used to determine inter-reader and intra-reader bias and 95% limits of
agreement for short axis diameter (SAD) measurements.
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Results
Nodal Measurement
A total of 85 nodes were identified for measurement, with a median of 8 nodes per
patient (range 7-10 nodes).
Across all nodes, the median size and range of SAD and LAD measurements made
by the two readers on each of the 4 WB-MRI sequences is summarised in Table 2.

R1 Median size
SAD
(cm)
(range)
R2 Median size
SAD
(cm)
(range)
R1 Median size
LAD
(cm)
(range)
R2 Median size
LAD
(cm)
(range)

Pre-Contrast
mDixon*

Post-contrast
mDixon*

T2-TSE

DWI (b1000)

0.63

0.65

0.53

0.62

(0.30-2.33)

(0.32-2.44)

(0.23-2.27)

(0.35-2.24)

0.70

0.75

0.59

0.75

(0.31-2.39)

(0.43-2.34)

(0.23-2.45)

(0.48-2.23)

1.14

1.12

0.86

0.96

(0.47-3.24)

(0.49-3.74)

(0.48-2.53)

(0.59-8.0)

1.28

1.4

0.97

1.18

(0.54-3.78)

(0.62-4.57)

(0.47-2.83)

(0.71-2.91)

Table 2 Showing the median nodal size and range for each radiologist across each MR
sequence.
R1, reader 1; R2, reader 2; and T2-TSE, T2 weighted turbo spin echo. *measurements performed on
reconstructed water only mDixon images

For both readers, measurements were significantly smaller when performed on T2TSE compared with the other 3 WB-MRI sequences (p<0.05). Median nodal LAD and
SAD was consistently larger for each of the 4 WB-MRI sequences for reader 2(MC)
compared with reader 1(HS) (p< 0.05). Inter-reader and intra-reader Bland Altman
plots of SAD and LAD for each of the 4 WB-MRI sequences are shown in figures 1-4
below. Sample measurements for lymph nodes across sequences are demonstrated
in figures 9 and 10.
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Figure 1. Bland-Altman plots for inter-reader repeatability (SAD)

Figure 1 Bland Altman plots demonstrating inter-reader variability of nodal size measurements (SAD)
on (a) axial T2-TSE; (b) coronal pre-contrast mDixon water only; (c) axial DWI b1000; and (d) coronal
post-contrast mDixon water only images.
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Figure 2. Bland-Altman plots for inter-reader repeatability (LAD)
b
c

a

c

d

Figure 2 Bland Altman plots demonstrating inter-reader variability of nodal size measurements (LAD)
on (a) axial T2-TSE; (b) coronal pre-contrast mDixon water only; (c) axial DWI b1000; and (d) coronal
post-contrast mDixon water only images.

Inter-reader analysis SAD
The 95% limits of agreement (LoA) for SAD between readers for pre-contrast mDixon
water only, post-contrast mDixon water only, DWI b1000 and T2-TSE were 0.34 to 0.45 cm, 0.23 to -0.34 cm, 0.32 to -0.46 cm and 0.33 to -0.46cm respectively. Bias
between the two readers was 0.07, 0.09, 0.15 and 0.07 cm for each sequence
respectively. The inter-reader 95% LoA were narrowest for measurements made on
post-contrast mDixon water only.
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Inter-reader analysis LAD
The 95% LoA for LAD measurements between readers for pre-contrast mDixon
water only, post-contrast mDixon water only, DWI b1000 DWI and T2-TSE were 0.5
to -0.87cm, 0.41 to -0.86cm, 0.29cm to -0.81cm and 0.49 to -0.80cm respectively.
Bias between the two readers was -0.18cm, -0.22cm, -0.25cm and -0.15cm for each
sequence respectively. The inter-reader 95% LoA were narrowest for measurements
made on DWI b1000.

Figure 3. Bland-Altman plots for intra-reader repeatability (SAD)
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Figure 3 Bland Altman plots demonstrating intra-reader variability of nodal size measurements on (a)
axial T2-TSE; (b) coronal pre-contrast mDixon water only; (c) axial DWI b1000; and (d) coronal precontrast mDixon water only images

Figure 4. Bland-Altman plots for intra-reader repeatability (LAD)
a

c

b

d

Figure 4 Bland Altman plots demonstrating intra-reader variability of nodal size measurements on (a)
axial T2-TSE; (b) coronal pre-contrast mDixon water only; (c) axial DWI b1000; and (d) coronal precontrast mDixon water only images

Sola Adeleke Thesis | Oct 2020

50

Intra-reader analysis SAD
Intra-reader 95% LoA for SAD measurements made on pre-contrast mDixon water
only, post-contrast mDixon water only, DWI b1000 and T2-TSE were 0.2cm to 0.35cm, 0.2cm to -0.30cm, 0.30cm to -0.35cm and 0.24cm to -0.31cm respectively.
Bias between the two reads for SAD measurements on each sequence was -0.06cm,
0.05cm, 0.06 cm and 0.02 cm respectively. The intra-reader 95% LoA were narrowest
for measurements made on post-contrast mDixon water only.

Intra-reader analysis LAD
Intra-reader 95% LoA for SAD measurements made on pre-contrast mDixon water
only, post-contrast mDixon water only, b1000 DWI and T2-TSE were 0.64 to -0.71cm,
0.54 to -0.60cm, 0.49 to -0.41cm and 0.51 to -0.52cm respectively. Bias between the
two reads for LAD measurements on each sequence was -0.03cm, -0.02cm, 0.02cm
& -0.01cm respectively. The intra-reader 95% LoA were narrowest for measurements
made on DWI b1000.

Bone measurements
A total of 40 bone lesions were identified for measurements, with a median of 2 lesion
per patient (range 1-6 lesions). Across all bone lesions, the median size and range of
SAD and LAD measurements made by the two readers on each of the 4 WB-MRI
sequences is summarised in Table 3.
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R1 Median
size (cm)
(range) SAD
R2 Median
size (cm)
(range)SAD

PreContrast
mDixon*
water
1.0
(0.502.99)
0.90
(0.52.40)

Postcontrast
mDixon*
water

PreContrast
mDixon* fat

Postcontrast
mDixon*
fat

T2-TSE

DWI
(b1000)

1.10
(0.5-2.30)

0.90
(0.50-2.30)

1.0
(0.5-2.50)

0.95
(0.5-2.20)

0.90
(0.60-2.0)

1.0
(0.5-2.40)

0.90
(0.50-2.40)

1.0
(0.5-2.40)

1.0
(0.6-2.10)

0.90
(0.602.50)

1.30
(0.704.30)

1.20
(0.706.50)

1.20
(0.703.80)

1.20
(0.704.50)

R1 Median
size(cm)
(range) LAD

1.40
(0.7-6.0)

1.60
(0.5-6.50)

1.35
(0.60-6.20)

1.4
(0.5-6.30)

R2 Median
size(cm)
(range) LAD

1.40
(0.74.60)

1.40
(0.8-4.60)

1.40
(0.70-4.60)

1.3
(0.7-4.60)

Table 3 Showing the median bone lesion size and range for each radiologist across each MR
sequence. R1, reader 1; R2, reader 2; SAD, short axis diameter; LAD, long axis diameter and T2-TSE,
T2 weighted turbo spin echo. *measurements performed on reconstructed water only mDixon images

For both readers, there was no significant difference(p>0.05) in bone lesion size
measurements between WB-MRI sequences. This was also the case when size
measurements between both readers were compared along LAD or SAD. Bland
Altman plots for inter-reader & intra-reader measurements for each of the 6 WB-MRI
sequences are shown in figures 5-8. Sample measurements for bone lesions across
sequences, are demonstrated in figures 11 and 12.
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Figure 5. Bland-Altman plots for inter-observer repeatability (SAD)

a

c

b

f

e

d

Figure 5 Bland Altman plots demonstrating inter-reader variability of bone size measurements (SAD)
on (a) axial T2-TSE; (b) coronal pre-contrast mDixon water only; (c) coronal pre-contrast mDixon water
only (d) axial DWI b1000; (e) coronal post-contrast mDixon water only images and (f) coronal postcontrast mDixon fat only images.

Figure 6. Bland-Altman plots for inter-observer repeatability (LAD)

a

d

b

e
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Figure 6 Bland Altman plots demonstrating inter-reader variability of bone size measurements (SAD)
on (a) axial T2-TSE; (b) coronal pre-contrast mDixon water only; (c) coronal pre-contrast mDixon water
only (d) axial DWI b1000; (e) coronal post-contrast mDixon water only images and (f) coronal postcontrast mDixon fat only images.

Inter-reader analysis SAD
The 95% LoA for SAD measurements between readers for pre & post contrast, water
only and fat only sequences range between 1.0cm to -1.5cm. However, T2-TSE
demonstrated a slightly narrower 95% LoA of 0.8cm to -1.15cm. DWI b1000 SAD had
the least agreement between readers with a 95% LoA of 1.3cm to -1.6cm. Bias
between the two readers was -0.24cm, -0.19cm, -0.19cm, -0.15cm, -0.18cm, -0.19cm
& -0.22cm for each sequence respectively.

Inter-reader analysis LAD
The 95% LoA for LAD measurements between readers pre-contrast water only, postcontrast fat only, DWI b1000 and T2-TSE range between 1.0cm to -1.0cm. However,
post-contrast fat only showed the narrowest 95% LoA of 1.0cm to -0.6cm. Precontrast fat only & post contrast water only, had the widest 95% LoA ranging from
1.5cm to -1.0cm. Bias between the two readers for pre & post contrast, water only and
fat only, T2-TSE & DWI b1000 were 0.17cm ,0.27cm, 0.21cm, 0.16cm, 0.1cm & 0.07cm respectively
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Figure 7. Bland-Altman plots for intra-observer repeatability (SAD)
a

b

d

e

c

f

Figure 7 Bland Altman plots demonstrating inter-reader variability of bone size measurements (SAD)
on (a) axial T2-TSE; (b) coronal pre-contrast mDixon water only; (c) coronal pre-contrast mDixon water
only (d) axial DWI b1000; (e) coronal post-contrast mDixon water only images and (f) coronal postcontrast mDixon fat only images.

Figure 8. Bland-Altman plots for intra-observer repeatability (LAD)

a

d

b

e

c

f

Figure 8 Bland Altman plots demonstrating inter-reader variability of bone size measurements (SAD)
on (a) axial T2-TSE; (b) coronal pre-contrast mDixon water only; (c) coronal pre-contrast mDixon water
Sola Adeleke Thesis | Oct 2020

55

only (d) axial DWI b1000 (e) coronal post-contrast mDixon water only images and (f) coronal postcontrast mDixon fat only images.

Intra-reader analysis SAD
The intra-reader 95% LoA for SAD measurements made on pre & post contrast water
only, pre & post contrast fat only all showed LoA ranging between 0.2cm to -0.2cm.
The intra-reader 95% LoA of T2-TSE was between 0.3cm to -0.3cm while the that of
DWI b1000 SAD was 0.4cm to -0.4cm. Bias between the two reads for SAD
measurements for pre & post contrast, water only and fat only, T2-TSE & DWI b1000
were -0.01cm, -0.006cm,0.009cm, 0.02cm, -0.007cm & 0.005cm respectively.

Intra-reader analysis LAD
The intra-reader 95% LoA for LAD measurements made on pre & post contrast water
only and pre & post contrast fat only were similar and ranged between 0.4 to -0.4cm.
The intra-reader 95% LoA of T2-TSE was between 0.3cm to -0.3cm while DWI b1000
LAD was 0.6cm to -0.5cm. Bias between the two reads for LAD measurements for pre
& post contrast, water only and fat only, T2-TSE & DWI b1000 were 0.02cm, 0.017cm,
0.049cm, 0.04cm, 0.005cm & 0.04cm respectively.
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Sample lymph node measurements across sequences
Figure 9. Cervical lymph node measurements on DWI, pre & postcontrast mDixon sequences

Figure 9 Left cervical lymph node measurements on (left to right) axial DWI b1000, coronal precontrast mDixon water only and coronal post-contrast mDixon water only images. Measurements on
DWI b1000 and coronal pre-contrast mDixon water only appear relatively smaller than the on postcontrast imaging
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Figure 10. Pelvic and para-aortic nodal measurements on pre, postcontrast mDixon sequences, T2 & DWI sequences
a

b

c

d

e

f

Figure 9 Measurements of left external iliac nodes (a) and (b) on coronal pre & post-contrast mDixon
water only images. (c) and (d) are right common iliac node on coronal post and pre contrast mDixon
water only images. Finally, (e) and (f) shows left para-aortic node on T2 weighted and DWI b1000
images. Measurements were consistently smaller on pre contrast images compared to post-contrast.
T2 weighted nodal measurements where smaller relative to DWI b1000 and this was found to be
statistically significant
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Figure 11. Pubic ramus lesion measurements on post-contrast
mDixon sequences fat only, water only, DWI & T2 sequences

a

b

c

d

Figure 11 Left pubic ramus lesion measurements on (a) coronal post contrast mDixon fat only (b)
axial DWI b1000 (c) coronal post-contrast mDixon water only and (d) axial T2 weighted imaging. Even
though the long axis on the fat only measurements appeared longer, there was no significant
difference in measurements for intra-reader analyses.
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Figure 12. Thoracic spine lesion measurements on T2 weighted,
post-contrast mDixon sequences fat only, water only, DWI & T2
sequences
a

b

c

d

e

Figure 12 Lower thoracic lesion measurements on (a) axial T2 weighted imaging (b) coronal post
contrast mDixon fat only. Upper thoracic lesion on (c) coronal post-contrast mDixon fat only, (d) axial
T2 weighted imaging (e) coronal post-contrast mDixon water only imaging. Lesions were most
conspicuous on post contrast or fat only images.
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Discussion
The results presented within this chapter indicate nodal size measurements made by
radiologists in the short axis (SAD) were most consistent when performed on contrastenhanced mDixon water only images. This was demonstrated through the interreader and intra-reader Bland Altman 95% LoA being narrowest at 0.23 to -0.34cm
and 0.2 to -0.3cm respectively for contrast-enhanced mDixon water only images
compared with other sequences. Hence, it could be extrapolated that if the SAD of a
lymph node is measured by the same reader on two separate examinations performed
1-year apart (as in the LOCATE study [see appendix 3]) and the SAD has not
increased by >0.2 cm or reduced by >0.3 cm then any difference between the 1st and
2nd study measurements would lie within the 95% LoA for measurement error.
Conversely, any change in SAD outside of these thresholds could be regarded as real,
as it would have only a 5% chance of being attributed to measurement error. The long
axis measurements (LAD) showed DWI b1000 and contrast-enhanced mDixon water
only sequences had a 95% LoA with values between 0.29cm to -0.81cm for interreader and 0.49cm to -0.41cm for intra-reader analyses respectively.
Based on the superior Bland-Altman results of SAD over LAD, SAD measurements on
contrast-enhanced water only sequences were carried out in the LOCATE study. The
choice of SAD over LAD was further reinforced by guidelines in RECIST 1.1(12) where
SAD measurement for lymph node is recommended. Also, numerous data has shown
that lymph nodes tend to elongate in the SAD direction with infiltration of malignant
cells into the nodal cortex (13). In addition, a possible explanation for the narrower
LoA for measurements made on contrast-enhanced mDixon images may relate to the
relative increased conspicuity of lymph nodes following contrast enhancement. It is
possible that this enables clearer delineation of nodal borders, contours and shape
making size measurement more repeatable.
For bone lesion assessments, results indicate intra-reader measurements showed
better repeatability with a narrower 95% LoA compared to inter-reader
measurements. The 95% LoA agreements between intra-reader SAD measurements
for pre & post contrast water only, pre & post contrast fat only were all found to be
similar and were between 0.2cm to -0.2cm. In general, intra-reader SAD
measurements had narrower 95% LoA compared to LAD. As described for nodal
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results above, it could be extrapolated that if a bone lesion is measured by the same
reader on two separate studies performed 1-year apart and the measured lesion has
not increased by >0.2 cm or reduced by >0.2 cm then any difference between the 1st
and 2nd study may represent a measurement variation. These thresholds formed an
integral component of our enhanced reference standard. Though the 95% LoA were
similar for the various mDixon based sequences, we utilised contrast-enhanced
mDixon fat only sequence for bone lesion measurement first, to maintain uniformity
with nodal sequences and second, previous studies have suggested a possible
increased lesion conspicuity on fat only contrast enhanced sequences for bone lesions
(11). Our study, to our knowledge, is the first to evaluate measurement repeatability
for various WB-MRI sequences used in prostate cancer. It will also be the first study
to apply the measurement thresholds in a relatively large cohort of prostate cancer
patients (n=172). We expect this methodological approach will show robustness of the
data and its potential clinical applications.
The findings of this chapter are far from being conclusive due to a number of reasons.
First, the sample size and number of readers involved in the study are considered
important limitations. A properly powered patient cohort perhaps containing wider
range of lesion sizes and a with higher number of readers (with a range of experiences)
might provide a clearer, discrete and well-defined LoA than what is currently obtained
within this chapter.

Second, reader 2(MC) consistently measured nodes larger than reader 1(HS), p<0.05.
In future, perhaps a session could be arranged to help standardise the measurement
technique used by both readers. It’s worthy to note that both readers are consultant
radiologists with many years of experience in cross sectional imaging and that such
variation might be unavoidable. Furthermore, as the LOCATE study uses a change in
nodal size as part of the reference standard and not actual nodal size, consistency of
measurement rather than the ability to measure true nodal size is more important
Third, lesion measurements on the same sequence across different planes (e.g., axial
versus coronal) could provide further insights into not only the best sequence to use
but in what plane, for various types of tissues. On these grounds, caution should be
exercised when interpreting the findings of this study. Nonetheless, the findings are
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fully relevant in the assessment of the WB-MRI dataset acquired within the LOCATE
study.
Fourth, motion and re-positioning effects or misalignment of patient position between
acquisitions might lead to increased variability of measurements taken. Additionally,
pixel size differences between sequences might have also contributed to size
measurement variability due to difference in spatial resolution. For instance, pixel size
for DWI images in our protocol was 4 x 4.2mm compared to T2-TSE 1 x 1mm even
though they had similar FOV 500 x 300mm. DWI had the worst repeatability across
most of our analyses. Finally, results from this chapter might not be generalisable to
findings in other institutions. WB-MRI parameters and choice of sequences are often
non-uniform across centres and minor variations could result in significant differences
study findings (14).

Conclusion
Intra-reader nodal size measurements were carried out by radiologists in the short axis
(SAD) on contrast-enhanced mDixon water only images as they were found to be most
consistent. Similarly, bone lesion size measurements in the short axis were carried out
on contrast enhanced fat only mDixon images due to their consistency.

Sola Adeleke Thesis | Oct 2020

63

References
1. Lederle F , Wilson S, Johnson G, Reinke D, Littooy F, Acher C,
Messina L, Ballard D, Ansel H. Variability in measurement of
abdominal aortic aneurysms. Abdominal Aortic Aneurysm Detection
and Management Veterans Administration Cooperative Study Group.
Journal of vasc surg 1995 Jun;21(6):945-52.
2. Oxnard G, Zhao B, Sima C. Ginsberg M, James L, Lefkowitz R, Guo P,
Kris M, Schwartz L, and. Riely G. Variability of Lung Tumor
Measurements on Repeat Computed Tomography Scans Taken Within
15 Minutes. Clin Oncol. 2011 Aug 10; 29(23): 3114–3119.
3. Hopper K , Kasales C, Van Slyke M, Schwartz T, TenHave T, J
Jozefiak J . Analysis of interobserver and interobserver variability in CT
tumor measurements. JR Am J Roentgenol. 1996 Oct;167(4):851-4.
4. McErlean A, Panicek DM, Zabor EC, Moskowitz CS, Bitar R, Motzer
RJ, et al. Intra- and Interobserver Variability in CT Measurements in
Oncology. Radiology. 2013; Vol. 269, No. 2
5. Interobserver Variation of Colonic Polyp Measurement at Computed
Tomography Colonography Dulku G , Hewavitharana C , Halliday T ,
Ramsay D , Ho R , Phillips M , Mendelson R .Can Assoc Radiol J.
2019 Feb;70(1):44-51
6. Bonilla J , Stoner E, Grino P, Binkowitz B, Taylor A. Intra- and
interobserver variability of MRI prostate volume measurements.
Prostate. 1997 May 1;31(2):98-102.
7. Gandaglia G , Abdollah F, Schiffmann J, Trudeau V, Shariat S, Kim S,
Perrotte P, Montorsi F, Briganti A, Trinh Q, Karakiewicz P, Sun M.
Distribution of metastatic sites in patients with prostate cancer: A
population-based analysis. Prostate. 2014 Feb;74(2):210-6
8. Chung M Cheng K , Choi Y , Roh J , Lee Y 4 , Lee S , Lee J , Baek
J. Interobserver reproducibility of cervical lymph node measurements
at CT in patients with head and neck squamous cell carcinoma. Clin
Radiol 2016 Dec;71(12):1226-1232.
9. Dixon WT. Simple proton spectroscopic imaging. Radiology.
1984;153(1):189-94
10. Latifoltojar A. Developing whole-body magnetic resonance imaging
biomarkers for the assessment of haematological malignancies.
2018.Doctoral thesis. https://discovery.ucl.ac.uk/id/eprint/10055800/ .
Accessed on 19th of July, 2020.
11. Bray T , Singh S , Latifoltojar A , Rajesparan K , Rahman F ,
Narayanan P , Naaseri S , Lopes A , Bainbridge A , Punwani S , HallCraggs M. Diagnostic utility of whole-body Dixon MRI in multiple
myeloma: A multi-reader study. PloS One. 2017 Jul 3;12(7):
12. Eisenhauer EA, Therasse P, Bogaerts J, Schwartz LH, Sargent D, Ford
R, et al. New response evaluation criteria in solid tumours: Revised
RECIST guideline (version 1.1). Eur J Cancer. 2009;45(2):288-47
Sola Adeleke Thesis | Oct 2020

64

13. Ganeshalingam S, Koh D Cancer Imaging. 2009; 9(1): 104–111
14. Barnes A, Alonzi R, Blackledge M, Charles-Edwards G, Collins DJ,
Cook G, et al. UK quantitative WB-DWI technical workgroup:
consensus meeting recommendations on optimisation, quality control,
processing and analysis of quantitative whole-body diffusion-weighted
imaging for cancer. Br J Radiol [Internet]. 2018 Jan;91(1081):20170577

Sola Adeleke Thesis | Oct 2020

65

Chapter 3: MRI derived signal fatfraction for classification of treatment
response
Problem statement
Size measurement, although imperfect, is a commonly used imaging feature used to
ascribe disease status and monitor response to therapy at nodal and soft tissue
disease sites. Bone lesions in prostate cancer are assessed by 99mTc bone scan and
ascribing response to therapy relies on imperfect correlation of reduced 99mTc uptake
in responding lesions. In this chapter, I explore a number of whole-body MR-signal
derived quantitative imaging biomarkers (QIB) for their value as disease status
classifiers and treatment response markers in patients with radio-recurrent prostate
cancer (rPCa).

Aim
To determine the value of MR-signal derived QIBs (signal fat fraction (sFF), apparent
diffusion coefficient (ADC), and signal enhancement ratio (SER)) as metastatic
disease classifiers and response markers in patients with rPCa.
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Introduction
Size measurement is commonly used for the assessment of lymph nodes. A size of
³1cm in the short axis diameter (SAD) is often applied as a cut-off for a node to be
categorized as pathological (1). This has known limitations, (i) sensitivity is limited as
early cancer spread often may not cause a lymph node to increase its size and
therefore cannot be detected by application of nodal size criteria; and (ii) specificity is
limited as not all nodal enlargement is a consequence of cancer with infection and
variety of systemic disorders also presenting with enlarged nodes (1). It has been
found in certain malignancies that 20% of nodes that <1cm are considered malignant
and over 30% of nodes >1cm will only show inflammatory hyperplasia (1)(2)(3)(4). In
prostate cancer, 25% of lymph nodes that are categorised as normal( based on size
<1cm) at staging have been found to harbour metastatic disease on post-operative
histology (5). In another study series, 63 patients with biopsy proven prostate cancer
were assessed for presence of nodal involvement pre- and post-pelvic lymph node
dissection (PLND). 14/39 nodes(35.8%) with size <1cm on imaging were found to
harbour metastatic disease (6). Histologically, lymph nodes are composed of a
predominantly fatty hilum surrounded by a cellular rim(1)(7). Replacement of the fatty
hilum by cancer cells is commonly seen in patients with metastatic prostate cancer(7).
This is often characterised as a low signal fat fraction(sFF) calculated from water and
fat only mDixon images. Similarly, increased vascularisation and new vessel formation
is one of the important hallmarks of cancer(8). Due to increased vascularisation and
lymphatic drainage of involved organs, tumour cells could ‘seed’ into the adjacent
lymph nodes either by direct vascular/lymphatic drainage or extravasation of tumour
cells through intercellular junctions between adjacent endothelial cells(9). These
brings about both macroscopic and microscopic malignant changes in the lymph
nodes. The nodes become hypercellular due to cancer cellular infiltration(9)(10). The
increased cellularity within a finite nodal capsule causes intra and extra-cellular water
restriction often visualised as increased signal intensity on diffusion weighted imaging
with

corresponding

low

apparent

diffusion

co-efficient(11)(12).

As

these

morphological changes are not often detectable on cross sectional imaging using sizebased criteria, MR techniques (in particular DIXON, diffusion and contrast enhanced
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imaging) offer the opportunity to derive QIBs that reflect these histo-morphological
changes.
My work will explore the development of fat fraction and ADC in prostate cancer as
they’ve shown promise in other diseases and how they could be potentially translated
to clinic following further technical validation. The LOCATE study is unique in that it is
dedicated to assessing patients with post-radiotherapy relapse both for disease
characterisation and treatment response. Using the LOCATE dataset within this
chapter, three MRI derived quantitative imaging biomarkers are assessed as
classifiers of disease status and treatment response markers

Method
An observational cohort, single centre, non-randomized prospective study was
conducted. Institutional ethics permission was obtained (REC number: 15/LO/0776).
The same patient cohort (of 85 patients) as derived and reported within chapter 3 was
used within this study. All patients underwent WB-MRI and other routine clinical
imaging tests as previously described. The WB-MRI sequence parameters are
tabulated in chapter 2 table 1. Figure 1 illustrates patient flow through the study and
the eventual number of patients that were evaluable for this interim quantitative
analysis.
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Figure 1 illustrates patient flow through the study and the eventual
number of patients that were evaluable for this interim quantitative
analysis.

Sola Adeleke Thesis | Oct 2020

69

Quantitative analysis of lymph node MR-signal
Analysis was performed on Horos platform (Version 2.4.0, The Horos Project Nimble
Co LLC d/b/a Purview in Annapolis, MD USA).
85 patients were eligible for quantitative analysis. For each eligible patient, the whole
body was divided into 4 anatomical regions (NECK - base of skull to clavicle, THORAX
-clavicle to diaphragm, ABDOMEN - diaphragm to anterior superior iliac spine (ASIS),
and PELVIS - ASIS to thigh) corresponding to the four coronal anatomical positions of
acquired mDIXON datasets.
A post-doctoral radiology research fellow with 6 years’ experience in WB-MRI
identified nodes for quantitative analysis on contrast-enhanced water only mDixon
images. The research fellow was aware of patient status as having prostate cancer
relapse post-radiotherapy but unaware of the specific location of disease or results of
the routine clinical or imaging tests performed.
A maximum of 10 lymph nodes per patient were systematically selected. The largest
four nodes within the pelvis, then largest two each from each of the other three
anatomical sites. The selected nodes were matched to corresponding sites on precontrast fat only, pre-contrast water only mDixon and also axial DWI images.
For quantitative analysis, the single slice containing the largest nodal dimension was
identified and a short axis dimension measurement was made (SAD). This will later
be a comparator against which other quantitative imaging metrics in this study were
assessed. A region of interest (ROI) was carefully contoured around the margins of
the lymph node on post-contrast water only mDixon images. The ROI was copied and
pasted to pre-contrast fat-only and pre-contrast water only mDixon images. A separate
contour was drawn around the same lymph node on b1000 diffusion weighted images
and copied and pasted onto the corresponding b0 image. The mean MR-signal were
extracted from each of these ROIs in order to calculate the following quantitative
metrics for each node:
Signal fat fraction (sFF) (%): sFF was derived from average signal intensity of precontrast water and fat-only mDixon images. sFF= SIpre-contrast-F / (SIpre-contrast-F + SIpreSola Adeleke Thesis | Oct 2020
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contrast-w

). This was measured directly from the fat-fraction images derived from custom

written plug-in scripts adapted for the Horos platform.
Apparent Diffusion Coefficient (ADC) (x 10-3 mm2/s): ADC was computed using a
mono-exponential curve fitting with b0 and b1000 signal intensities on Matlab r2016a
(MathWorks, Massachusetts, USA)
Signal enhancement ratio (SER) (%): Average signal intensity (SI) was measured for
lesions on pre- and post-contrast water-only mDixon images and SER calculated [(SI
post-contrast-W

- SI pre-contrast-W)/SIpre-contrast-W] x 100).

Derivation of enhanced reference standard for nodal
disease status
A nodal site-specific enhanced-reference-standard (ERS) was derived based on the
combination of 18F-choline-PET-CT status, PSA changes (as per PCWG3 criteria) (13)
(33) and size measurements based on earlier lesion measurement repeatability study
reported in chapter 2 of this document.
The selected nodes on WB-MRI were matched to the relevant

18

F-choline PET-CT

scans and the PET status of each node were revealed from the clinical reports. The
disease status of each node was then determined using the enhanced reference
standard system as described below and illustrated in table 1 and figure 2.

Positive ERS status
For patients who received systemic therapy following baseline imaging, a lymph node
was deemed positive if it increased in size between baseline and 1-year follow-up WBMRI by ≥2mm with a corresponding PSA increase of ≥25% (non-responder); or, if it
reduced in size by ≥3mm from baseline to 1-year follow-up WB-MRI with a concordant
PSA fall of ≥50%(responder), irrespective of PET status (accounting for false-negative
PET findings at baseline).
For patients who did not undergo systemic therapy following baseline imaging, a lymph
node was deemed positive where it increased in size between baseline and 1-year
follow-up WB-MRI by ≥2mm with a corresponding rise in PSA of ≥25%, irrespective of
PET status (accounting for false negative PET findings baseline).
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Negative ERS status
A lymph node was deemed negative if the baseline PET study was negative and there
was no change in nodal size (or a decrease in nodal size of ≥3mm) between baseline
and 1-year follow-up WB-MRI studies, irrespective of administration of systemic
therapy.
Lymph nodes with a positive baseline PET study that decreased in size by ≥3mm
between baseline and 1-year follow-up WB-MRI studies without systemic therapy were
also deemed negative by ERS (accounting for potential false-positive PET findings at
baseline).

Unknown ERS status
Nodes with a size change which was discordant to PSA change between baseline and
1-year follow-up were classified as unknown status. Nodes that were positive on PET
which did not change in size between baseline and 1-year follow-up WB-MRI were
also classified as unknown. Finally, PET positive nodes that increased in size by ≥2mm
between baseline and 1-year follow-up WB-MRI (in the absence of systemic therapy)
whilst PSA remained stable or decreased were deemed unknown. The criteria above
are summarised in Table 1 and figure 2. In addition, figure 3 shows illustration of
positive nodal ERS status.

Table 1 Enhanced reference standard table
18

Outcome

F-choline
PET/ 99mTc
status

Treatment

Size change

PSA change

éêconcorda
nt with PSA
é

éêconcordant
with size
é
Any

Positive

Any

Yes

Positive

Any

No

Negative

Negative

No

Negative

Positive

No

ê or çè
ê

Negative

Negative

Yes

çè

Any

Unknown

Positive

Yes

Unknown

Any

Yes

Unknown

Negative

No

Unknown

Positive

No

çè
éêdiscordan
t with PSA
éêdiscordan
t with PSA
çè

Any
éêdiscordant
with size
éêdiscordant
with size
Any

Unknown

Positive

No

é

ê or çè
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Figure 2
Lesion Level Analysis-Flowchart
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Figure 2 showing enhanced reference standard (ERS) for lesion selection. This was based on the
combination of PET status, pre- and post-treatment size and PSA changes.
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Figure 3 Showing a patient with an ERS positive outcome and also
evidence of treatment response

a

b

c

Figures 3 (a), (b) & (c) above are baseline,1-year follow-up coronal contrast enhanced images and
baseline 18F-Choline PET-CT respectively, of a patient who was positive for nodal disease based on
our ERS. There was a 2.8cm left external iliac node which reduced in size to 1.3cm following ADT. The
baseline and follow-up PSA in this patient were 5.5 µg/L and 2.6 µg/L respectively.
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Quantitative analysis of bone MR-signal
Suspicious bone lesions were identified by a radiologist clinical fellow with 6 years’
experience. Bone lesions of varying sizes were selected across each region (regions
as described in previous section) with at least one lesion in the pelvis. When there
were no visible lesion in the pelvis, then lesion were selected from the remaining
regions, in this case with at least one lesion in the lumbar region, and so on and so
forth. 85 patients were eligible for this quantitative analysis, however only 40 patients
were found to harbour suspicious bone lesions with a total of 71 lesions subsequently
analysed.
ROIs were drawn on the slice with the maximal short axis diameter on post contrast
fat only images and then copied on pre contrast fat only, post contrast & pre contrast
water only images. Then subsequent steps carried out as described in the quantitative
analysis of nodal MR-signal section (see previous section above).

Derivation of enhanced reference standard for bone
disease status
Similar to the derivation of nodal enhanced reference standard above, bone ERS was
derived based on the combination of 18F-choline-PET-CT status, PSA changes & size
measurements based on earlier repeatability study. The disease status of each bone
lesion was determined using the enhanced reference standard system as described
below and outlined in table 1 and figure 2.

Positive ERS status
For patients who had systemic therapy, a lesion was classified as positive if there
was an increase in size of ≥2mm between the baseline and 1-year follow-up WBMRI or presence of a new lesion with a concordant rise in PSA of ≥25% (nonresponder); or if the lesion reduced in size by ≥2mm between baseline and 1-year
follow-up WB-MRI with a concordant PSA fall of ≥50%(responder), irrespective of the
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baseline 99mTechnetium bone scan or 18F-Choline PET (accounting for false negative
PET and bone scan findings).
For patients who did not undergo systemic therapy, a lesion was classified as positive
if there was an increase in size of ≥2mm between the baseline and 1-year follow-up
WB-MRI or presence of a new lesion with a concordant rise in PSA of ≥25%
irrespective of the baseline 99mTechnetium bone scan or 18F-Choline PET (accounting
for false negative PET and bone scan findings). Figure 4 show illustrations of positive
bone ERS status.

Figure 4 Showing a patient with an ERS positive outcome and also
evidence of treatment response-Bone
a

b

C
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Figures 4 (a), (b) & (c) above are baseline, 1-year follow-up coronal contrast enhanced images and
baseline 18F-Choline PET-CT respectively of a patient who was positive for bone metastases based on
our ERS. There was a 2.6cm thoracic vertebra(T11) lesion which reduced in size to 1.1cm (with lack of
contrast uptake) following ADT. The baseline and follow-up PSA in this patient were 28.3 µg/L and 4.6

Negative ERS status
A lesion was classified as negative even though it was visible on either baseline
99m

Technetium bone scan and/or 18F-Choline PET CT but there was concordant

decrease in size without intervention. A lesion was classified as negative if it was not
visible on baseline 99mTechnetium bone scan and 18F-Choline PET CT and there was
no change with/out intervention

Unknown ERS status (UK)
A lesion is classified as unknown if there was a discordant change in size and PSA
regardless of the 99mTechnetium bone scan and 18F-Choline PET CT status at
baseline with or without intervention.

Treatment response assessment
Lesions (bone or nodal) with a positive ERS status that were subject to androgen
deprivation therapy (ADT) or other systemic therapy between baseline and 1-year
follow-up WB-MRI timepoints were selected to explore whether MR-signal derived
quantitative metrics could be used for response monitoring. A node was deemed to be
a responder (following therapy) when the size decreased by ≥3mm, or a nonresponder if size increased by ≥2mm between baseline and 1-year timepoints with
concordant PSA changes. A bone lesion was classified as a responder if it had
reduced in size by ≥2mm between the baseline and follow-up scan and deemed a nonresponder if it had increased in size by ≥2mm between both scans. Figures 5 and 6
show illustrations of responder and non-responder nodal & bone ERS status.
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Figure 5 Nodal lesions fat fraction map changes following ADT for
responding & non-responding lesions
A

B

C

D

Figure 5 Shows changes in fat fraction maps pre(a) & post treatment(b) for a responding large left
external iliac node (red arrow). 4c indicates a para-aortic node (black arrow) which was ERS-positive
at baseline but has increased in size with loss of fat at 1-yr (4d) following systemic therapy. The ‘red’
area on the scale indicates fat fraction of 100% while ‘blue’ indicates little or no fat content.
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Figure 6 Bone lesions fat fraction changes following ADT for
responding & non-responding lesions
A

B

C

D

Figure 6 Shows changes in fat fraction maps pre(a) & post treatment(b) for a responding lesion in the
L4 vertebra (red arrow). 5c indicates right pelvic lesion (black arrow) which was ERS-positive at baseline
but has not changed at 1-yr (5d) following systemic therapy. The ‘red’ area on the colour scale indicates
fat fraction of 100% while ‘blue’ indicates little or no fat content.
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Analysis of MRI derived biomarkers
All statistical analysis was done using IBM® SPSS® Statistics for MAC OS, Version
25.0. Armonk, NY: IBM Corp, Released 2017 and GraphPad Prism version 7.0e for
Mac OS, GraphPad Software, La Jolla California, USA, 2018.

Predictors of nodal disease status
Distribution normality of sFF, ADC and SER was assessed using Kolmogorov-Smirnov
test. Median and interquartile ranges for sFF, ADC and SER were derived for positive
and negative ERS groups. The Mann-Whitney test was used to compare difference in
median sFF, ADC and SER between positive and negative ERS nodes. Baseline WBMRI nodal SAD was compared between positive and negative using the MannWhitney tests. A p value of <0.05 was considered as statistically significant.
A receiver-operating characteristic (ROC) curve was derived to for sFF, ADC and SER
and SAD and area-under-curve (AUC) calculated.

Predictors of treatment response
Median and interquartile ranges for sFF, ADC, SER and SAD were derived for
responder and non-responder groups. The Mann-Whitney test was used to compare
difference in pre-treatment median sFF, ADC, SER and SAD between the two groups.
Pre- and post-treatment median sFF, ADC & SER for responder nodes were
compared by Wilcoxon signed rank test. Percentage change (∆) in sFF, ADC, SER &
SAD for positive treated lesions (both responders and non-responders) were assessed
using Mann-Whitney test. A p value of <0.05 was considered as statistically significant.
Repeatability of nodal and bone sFF measurements between readers and within
readers were analysed using Bland-Altman test. Following initial measurements by
reader 1 described above, all ROIs were then removed from the WB-MRI datasets. An
arrow was used to identify the lesions to be assessed to ensure same sets of lesions
were analysed. Reader 2 then re-measured all ROIs. All ROIs were deleted at the end
of the reading session. Following a 2-week washout period, reader 2 then repeated
the ROIs in the same cohort in order to assess intra-reader repeatability. 53 lymph
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nodes from 17 patients and 30 suspicious bone lesions from 20 patients(c) &(d) were
randomly selected for these analyses.

Results
Lymph nodes
A total of 367 nodes across the 85 patients were identified (per patient median number
of nodes 3, range 1 to 10). The median age was 71 (range 55-83 years) and median
PSA was 6.09 (range 2.09-28.3 ug/L).
69/367 nodes were classified as unknown (UK) and excluded from the analysis. There
were 36/298 positive nodes according to ERS, (median SAD 0.8cm, range 0.4-2.8cm)
and 262/298 negative nodes (median SAD 0.7cm, range 0.3-1.2cm) p<0.01.
At baseline, the median sFF was significantly lower for positive (61%) compared with
negative nodes (78%.) (p<0.01) (figure 7). At baseline, the median ADC for positive
nodes was 1.0 x 10-3mm2/s compared to negative nodes 1.2 x 10-3mm2/s, p=0.1. Also,
there was no difference between SER of positive and negatives with values of 175.8%
and 164.8% respectively, p=0.9. sFF showed the highest AUC (0.80) compared to
other biomarkers for nodal disease classification (figure 8). At a sFF cut off of 75%,
we were able to differentiate between positive and negative nodes with sensitivity of
77.2% and specificity 80.5%, respectively.

Eighteen patients (18/20 positive patients; 33 nodal lesions) were offered systemic
treatment or prostatectomy. 2 patients were excluded, as the patient didn’t have
systemic therapy. 15/18 patients (26 lesions) responded to treatment (13 had ADT
and 2 had chemotherapy (Docetaxel) while 3/18 (7 lesions did not respond to therapy
(2 ADT, 1 chemotherapy). Response was assessed based on the PCWG-3 PSA
criteria (13).
The median SAD for responders (R) and non-responders (NR) at baseline were 1.1cm
(range 0.7-2.8cm) and 0.6cm (range 0.4-0.7cm) respectively (p<0.01) The median sFF
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on baseline WB-MRI was significantly lower for responding 58% (range 25 to 80%)
compared with non-responding nodes 75% (range 68 to 87%) (p<0.05) (figure 9). ADC
and SER didn’t show any significant change pre- and post-treatment. The ADC of
responder and non-responder nodes were 1.3 x 10-3 mm2 /s and 0.7 x 10-3 mm2/s
respectively, p=0.5. SER for Positive and negative nodes were 170.1% and 174.5 %
respectively, p=0.9.
Pre-treatment sFF for responder nodes were 58% (range 25.2%-80.4%) and
increased to 80.1% (range 48.1%-89.3%) post treatment, p<0.01 (figure 10). There
was no difference in ADC pre- and post-treatment with pre- and post-treatment ADC
of 1.0 x 10-3mm2/s (0.3 to 3.2 x 10-3mm2/s) and 0.8 x 10-3mm2/s (0.2 to 7.0 x 10-3mm2/s),
p=0.24. SER pre- and post-treatment were 163.1% (18.78 to 466.2%) and 199.2%
(34.1 to 428.7%), p=0.08.
Figure 11 describes the relative change(∆) = (𝑝𝑜𝑠𝑡 − 𝑝𝑟𝑒)/𝑝𝑟𝑒) in SAD & sFF
following treatment for responders and non-responders. The relative size change was
-0.38 (range -0.17 to -0.58) for responders and 0.6 (range 0.42 to 0.8) for nonresponders p<0.05. Relative sFF changes were +0.34 (range +0.05 to +2.30) for
responders and -0.06 (range -0.24 to 0.20) for non-responders, p< 0.05. Signal fat
fraction changes and outcome status of the 33 positive nodes are described in table
2.

Bone lesions
40 patients with median age 74 (range 65-85 years) and median PSA 4.45 (range
1.48-28.3 µg/L) were identified. 71 bone lesions across 40 patients were identified
(per-patient median 2; range 1 to 4). All patients had

99m

Tc bone scan,

18

F-choline

PET-CT, baseline and follow-up WB-MRI scans.
32/71 bone lesions were classified as unknown by ERS and therefore excluded from
further analysis. 29/39 were classified as ERS positive (median SAD 1.1cm, range
0.8cm to 2.6cm) while 10/39 were ERS negative (median SAD 0.8cm, range 0.4cm to
1.8cm) p<0.01.
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The median sFF was significantly lower for positive (40.0%) compared with negative
bone lesions (64.5%) (p<0.05) at baseline (fig 12b).
At baseline, the median ADC for positive bone lesion was 0.9 x 10-3mm2/s compared
to negative nodes 1.2 x 10-3mm2/s, p<0.05 as described in figure 7b. Also, there was
no difference between SER of positive and negatives with values of 212.5% and
197.5% respectively, p=0.31, see figure 12c.
Seventeen patients (17/19 positive patients; 22 bone lesions) were offered systemic
therapy. 2 patients were excluded as they didn’t have therapy. 11/17 patients (14 bone
lesions) responded to therapy while 6/17 patients (8 bone lesions) did not respond to
therapy. All patients had ADT except one who had chemotherapy. Response was
assessed based on PCWG-3 criteria (13).
At baseline, median size of responder and non-responder lesions were 1.1cm (range
0.8-2.5cm) and 0.8cm (range 0.4-1.3cm) respectively, p<0.01 as shown in figure 13.
At baseline, the median sFF was 18.9% (7.5% to 77.3%) for responders compared to
71.9% (34.5% to 89.1%) for non-responders, p<0.001. On the other hand, at baseline,
the median ADC for responders were 0.86 x 10-3mm2/s (range 0.25 to 3.75 x 103

mm2/s) compared to non-responders 1.38 x 10-3mm2/s (range 0.74 to 1.66 x 10-

3

mm2/s) p=0.25.

The median pre- and post-treatment changes are shown in figure 14. Pre-treatment
sFF for responder nodes were 17.8% (range 7.5% to 63.9%) and increased to 37.0%
(range 17.8% to 80.5%) post treatment, p<0.005 There was no significant change in
ADC pre- and post-treatment with pre- and post-treatment ADC of 0.8 x 10-3mm2/s
(0.2 to 2.7 x 10-3mm2/s) and 0.7 x 10-3mm2/s (0.2 to 1.3 x 10-3mm2/s), p=0.89.SER preand post-treatment were 209.4% (73.79 to 456.8%) and 178.8% (80.9 to 538.3%
p=0.15.
Relative change (∆) in SAD, & sFF following treatment for responders and nonresponders are described in figure 15. The relative size change was -0.27 (range 0.50 to -0.10) for responders and +0.41 (range +0.20 to +0.81) for non-responders p<
0.001. Relative sFF changes were +0.61 (range -0.13 to 4.13) for responders and
+0.01 (range -0.29 to +0.06) for non-responders, p<0.05. There was no significant
difference in ∆ADC change in responder and non-responders with median ∆ change
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in ADC of -0.28 (-0.87 to 1.39) and 0.03 (-0.48 to 0.46) respectively p=0.25. There was
no significant difference between relative ADC change in responder and nonresponders with median ADC change of -0.08(-0.58 to 1.46) and 0.28( -0.48 to 1.56)
respectively p=0.80. Signal fat fraction changes and outcome status of the 22 positive
bone lesions are described in table 3.
Inter-observer repeatability (figure 16) shows that for nodal sFF repeatability, 95%
limits of agreement were between -16.24 to 16.24 indicating that an approximately
greater than 16.24 change in sFF is likely to be a true change (when measurements
are taken by 2 readers) and 95% limits of agreement were between -8.8 to 8.0 when
measurements were taken by the same reader. On the other hand, bone sFF
repeatability 95% limits of agreement were between -11.9 to 9.10 when measured by
2 readers and between -9.19 to 7.22 when measured by the same reader.

Node
Figure 7 Comparison of differences in SAD (size), sFF, ADC and
SER between positive and negative nodes
p=0.0001
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Figure 7(a) above shows comparison of nodal size between positive and negative nodes. The median
size for positive and negative nodes were 0.8cm (range 0.4 to 2.8cm) and 0.7cm (range 0.3 to 1.2cm)
respectively. There was a statistically significant difference with a p<0.01. (b) Shows comparison in sFF
between positive and negative nodes. Positive nodes had a lower sFF compared to negative nodes.
The median sFF of positive nodes was 61% (range 25% to 87%) and for negative nodes 78% (range
52% to 93%) with p<0.01. (c) Comparison of median ADC between positive and negative nodes.
Positive nodes had a median ADC of 1.0 x 10-3mm2/s (range 0.3 to 3.2 mm2/s) compared to negative
nodes with a median ADC of 1.2 x 10-3mm2/s (range 0.3 to 10.0 x 10-3mm2/s). There was no statistical
difference with p=0.1. (d) Showing the comparison of median SER of positive compared to negative
nodes. The median SER for Positive and negative nodes were 175.8% (range 18.8 to 466.2) and
164.8% (range -45.6 to 2,508) respectively, p=0.9

Figure 8 ROC plots below showing pre-treatment diagnostic
performances of sFF, SAD, ADC and SER for nodal disease
classification

Figure 8 ROC curves for the diagnostic performances for nodal disease classification of the four
imaging biomarkers assessed in this study. The AUC for sFF, size (SAD), ADC and SER for nodal
disease classification are 0.80, 0.71, 0.56 and 0.49 respectively.
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Figure 9 Pre-treatment comparison of differences in SAD, sFF, ADC
and SER between responder and non-responder nodes.
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Figure 9(a) shows comparison of nodal size between responder(R) and non-responder (NR) nodes.
The median size for R and NR nodes were 1.1cm (range 0.7-2.8cm) and 0.6cm (range 0.4-0.7cm)
respectively. There was a statistically significant difference with a p <0.01. (b) Shows comparison in
sFF between R and NR nodes. R nodes had a lower sFF compared to NR nodes. The median sFF of
R nodes was 58% (range 25 to 80%) and for NR nodes 75% (range 68 to 87%) with p<0.05. (c)
Comparison of median ADC between R and NR nodes. R nodes had a median ADC of 1.3 x 10-3 mm2
/s (range 0.3 to 3.2 x 10-3mm2 /s) compared to NR nodes with a median ADC of 0.7 x 10-3 mm2/s(range
0.5 to 1.4 x 10-3 mm2 /s). There was no statistical difference with p=0.5. (d) Shows the median SER of
R compared to NR nodes. The median SER for Positive and negative nodes were 170.1% (range 18.8
to 466.2%) and 174.5 % (range 50 to 283.1%) respectively, p=0.9
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Figure 10. Comparison of differences in sFF, ADC and SER
changes in positive responder nodes pre and post-treatment

Figure 10 (a) Shows comparison of nodal sFF of responder nodes between pre- and post-treatment
WB-MRI scans. The median sFF pre-treatment was 58% and increased to 80% post treatment
(p<0.01). (b) Comparison of the median ADC for responder nodes between pre- and post-treatment
WB-MRI scans. The median pre-treatment ADC was 1.0 x 10-3mm 2 /s compared to median post
treatment ADC of 0.8 x 10-3 mm2/s (p=0.25). (c) Comparison of nodal SER of responder nodes
between pre- and post-treatment WB-MRI scans. The median SER pre-treatment was 163.1% and
increased to 199.2% post treatment (p=0.08).

Figure 11 Relative change (∆) in SAD and sFF in positive treated
nodes

Figure 11 above shows the relative change (∆) in nodal size(a) and sFF(b) following systemic therapy.
(a) The post treatment size change (∆) for responder nodes was -0.38 (range -0.17 to -0.58) and for
non-responder nodes was 0.6 (range 0.42 to 0.8) respectively p=0.001. (b)The post treatment sFF
change (∆) for responder nodes was +0.34 (range +0.05 to +2.30) and for non-responder nodes was Sola Adeleke Thesis | Oct 2020
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0.06 (range -0.24 to 0.20 respectively (p=0.001). There was no significant difference between relative
ADC change in responder and non-responders with median ADC change of -0.28(-0.87 to 1.39) and
0.03( -0.48 to 0.46) respectively p=0.25.

Bone
Figure 12 Comparison of differences in SAD (size), sFF, ADC and
SER between positive and negative bone lesions

Figure 12(a) above shows comparison of size between positive and negative bone lesions. The median
size for positive and negative lesions were 1.1cm (range 0.8 to 2.6cm) and 0.8cm (range 0.4 to 1.6cm)
respectively. There was a statistically significant difference with a p=0.001. (b) Shows comparison in
sFF between positive and negative lesions. Positive bone lesions had a lower sFF compared to negative
lesions. The median sFF of positive lesions was 40%(range 7.5 to 89.0%) and for negative lesions
64.5%( range 59.4 to 95.0%) with p<0.01. (c) Comparison of median ADC between positive and
negative lesions. Positive lesions had a median ADC of 0.9 x 10-3 mm2/s (range 0.3 mm2/s to 1.3 x
10-3mm2/s) compared to negative lesions with a median ADC of 1.2 x 10-3 mm2/s s(range 0.7 mm2/s
to 2.1 x 10-3 mm2/s) p<0.05. (d) Showing the comparison of median SER of positive compared to
negative lesions. The median SER for Positive and negative lesions were 212.5% (range 73.79% to
1,699%) and 197.5% (range 38.6%-735.7%) respectively, p=0.31.
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Figure 13 Pre-treatment comparison of differences in SAD & sFF
between responder and non-responder bone lesions
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Figure 13(a) shows comparison of size between responder(R) and non-responder (NR)lesions. The
median size for R and NR lesions were 1.14cm (range 0.81-2.49cm) and 0.83cm (range 0.43-1.35cm)
respectively. There was a statistically significant difference with a p value of 0.01. (b) Shows
comparison in sFF between R and NR lesions. The median sFF of R lesions was 18.85% (7.56% to
77.37%) and for NR lesions 71.97%(34.56% to 89.09%). with p=0.001. Finally, in (c) the median ADC
values of R and NR bone lesions are 0.86 x 10-3 mm2/s (0.25 to 3.75 x 10-3 mm2/s) and 1.38 x 10-3
mm2/s (0.74 to 1.66 x 10-3 mm2/s) respectively, p=0.25.

Figure 14: Comparison of differences in sFF, ADC and SER
changes in positive responder bone lesions pre- and posttreatment
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Figure 14 (a) Shows comparison of sFF of responder bone lesions between pre- and post-treatment
WB-MRI scans. The median sFF pre-treatment was 17.89% and increased to 37.03% post treatment
(p=0.0009). (b) Comparison of the median ADC for responder lesions between pre- and post-treatment
WB-MRI scans. The median pre-treatment ADC was 0.9 x 10-3mm 2/s compared to median post
treatment ADC of 0.8 x 10-3mm2/s (p=0.76). (c) Comparison of SER of responder bone lesions between
pre- and post-treatment WB-MRI scans. The median SER pre-treatment was 209.4% and increased
to 178.8% post treatment (p=0.15).

Figure 15 Relative change (∆) in SAD and sFF in positive treated
bone lesions
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b

0.75
0.50
0.25
0.00
-0.25
-0.50

3

2

1

Responders

Non responders

-1

1.0

0.5

0.0

-0.5

0

-0.75

p=0.8
2.0

1.5

4

Delta (∆ ) change in sFF

Delta (∆) size change

c

5

1.00

-1.00

p=0.01

Delta (∆) ADCchange

a

Responders

Non-responders

-1.0
Responders

Non-responders

Figure 15 above shows the relative change (∆) in bone lesion size(a) and sFF(b) following systemic
therapy. (a) The post treatment size change (∆) for responder bone lesion was -0.27 (range -0.50 to 0.10) and for non-responder lesions was +0.41 (range +0.20 to +0.81) respectively p=0.0001. (b)The
post treatment sFF change (∆) for responder lesions was +0.61 (range -0.13 to 4.13) and for nonresponder lesions was +0.01 (range -0.29 to +0.06) respectively (p=0.01). There was no significant
difference between relative ADC change in responder and non-responders with median ADC change
of -0.08(-0.58 to 1.46) and -0.28( -0.48 to 1.56) respectively p=0.80.
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Inter & intra observer repeatability of sFF measurements in
nodal and bone lesions
Figure 16
Bland Altman for inter-observer repeatability of sFF on
contrast enhanced water only mDixon

a

Bland Altman plot for intra-observer repeatability of sFF
on contrast enhanced water only mDixon
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Figure 16 Bland-Altman statistics showing the mean difference in sFF plotted against mean sFF. 53
lymph nodes from 17 patients(a) &(b) and 30 suspicious bone lesions from 20 patients(c) &(d) were
randomly selected. 2 radiologists with 5 years’ and 3 years’ experience respectively, independently
assessed sFF changes on the same set of scans (acquired on Philips Ingenia 3T). ROIs were drawn
on contrast enhanced water only mDixon sequence. For nodal sFF repeatability (a) 95% limits of
agreement were -16.24 to 16.24 (dotted lines) indicating that an approx. greater than 16.24 change in
sFF is likely to be a true change (when measurements are taken by 2 readers) and (b) 95% limits of
agreement were between -8.8 to 8.0 when measurements taken by the same reader. On the other
hand, for bone sFF repeatability(c) 95% limits of agreement were -11.9 to 9.10 (dotted lines) indicating
that an approx. greater than 11.9 change in sFF is likely to be a true change (when measured by 2
readers) and finally (d) 95% limits of agreement were between -9.19 to 7.22 when measured by the
same reader
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1

2

3

% sFF change

PCWG-2 PSA
Response?

Follow-up
PSA
(m g/L)

Baseline PSA
(m g/L)

Follow-up
SAD (cm)

Baseline SAD
(cm)

PET status

Location

Patient
number

Node number

Table 2

1

External iliac

Pos

2.8

1.3

5.5

2

Yes

53.9

2

Retroperitoneal

Neg

1.1

0.7

5.5

2

Yes

16.1

3

External iliac

Neg

1.1

0.7

5.5

2

Yes

230.9

4

Para-aortic

Neg

1.1

0.8

3.8

0.8

Yes

11.1

5

Axillary

Neg

0.8

0.4

3.8

0.8

Yes

10.2

Pos

1

0.6

4

2

Yes

50.3

Pos

0.8

0.5

4

2

Yes

31.3

6
7

External iliac
(medial)
External iliac
(lateral)

8

Para-aortic

Neg

1

0.7

4

2

Yes

9.51

9

Axillary

Neg

1

0.7

4

2

Yes

27.6

4

10

Cervical

Neg

0.8

0.5

4

1.9

Yes

38.2

5

11

External Iliac

Pos

0.7

0.4

28.3

4.7

Yes

29.0

12

Para-aortic

Neg

0.7

0.4

28.3

4.7

Yes

50.0

13

Internal Iliac

Pos

1.2

0.5

28.3

4.7

Yes

63.5

14

Retro-crural

Neg

0.9

0.5

28.3

4.7

Yes

11.5

15

Peritoneal

Neg

1.3

0.9

28.3

4.7

Yes

37.2

16

Para-aortic

1.24

0.9

4.7

1.9

7.34

Yes

1.2

17

Left cervical

Neg

0.9

0.5

4.7

1.9

Yes

6.1

7

18

External iliac

Pos

0.8

0.5

4.2

2

Yes

40.1

8

19

External iliac

Pos

1.5

0.7

1.9

0.4

Yes

17.4

9

20

External iliac

Pos

1.1

0.5

6.3

0.1

Yes

38.4

10

21

External iliac

Pos

1.3

0.8

2.5

1.2

Yes

76.5

11

22

External iliac

Pos

1.5

1.0

3.7

0.6

Yes

88.6

12

23

External iliac

Pos

1.1

0.7

5.6

2.2

Yes

5.3

13

24

External iliac

Pos

0.8

0.5

7.7

0.03

Yes

94.8

14

25

Para-aortic

Neg

2.4

2

23.7

1.1

Yes

80.5

15

26

External iliac

Pos

0.8

0.4

7.7

0.9

Yes

30.5

16

27

Neg

0.5

0.9

14

18

No

-13.3

Neg

0.4

0.7

14

18

No

-24.3

6

28

Common Iliac
(upper)
Common iliac
(lower)
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17

30
31

18

Para-aortic
Para-aortic
(upper)
Para-aortic
(lower)

% sFF change

PCWG-2 PSA
Response?

Follow-up
PSA
(m g/L)

Baseline PSA
(m g/L)

Follow-up
SAD (cm)

Baseline SAD
(cm)

PET status

Location

Node number

Patient
number
29

Neg

0.5

0.9

14

18

No

-6.6

Neg

0.6

1

5.6

9

No

-4.4

Neg

0.7

1

5.6

9

No

20.7

32

Left para-aortic

Neg

0.5

0.9

3.7

6.5

No

0.6

33

Right para-aortic

Neg

0.7

1.1

3.7

6.5

No

-15.8

Table 2 PET status, size and PSA changes, signal fat fraction changes and outcome status of the 33
positive nodes (18 patients). 2 patients (3 positive nodes) were excluded, as they didn’t have systemic
therapy. The nodes in green are responders( clinical response criteria PCWG2 (32) of ≥50% decrease
in PSA) while those in red are non-responders(≥25% increase in PSA post-therapy).
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Tc-Bone
status

Baseline SAD
(cm)

Follow-up SAD
(cm)

Baseline PSA
(µg/L)

Neg

--

1.64

1.18

19

1.53

40.47

2

2

Thoracic spine

Pos

Pos

0.95

0.74

28.3

4.65

296.93

3

Sacral spine

Pos

Pos

1.08

0.97

28.3

4.65

99.31

3

4

Right pelvis

Neg

--

1.38

1.09

10.96

2.30

132.61

4

5

Right pelvis

--

Pos

0.81

0.59

25.23

3.47

86.59

5

6

Thoracic
vertebrae

--

Pos

1.60

1.0

4.2

2.8

61.6

7

Lumbar vertebrae

--

Pos

1.20

0.9

4.2

2.8

-13.35

6

8

Lumbar spine

Pos

Pos

2.49

1.95

8.0

4.0

250.68

7

9

Pelvis

Pos

Pos

1.73

0.87

8.0

1.2

413.86

8

10

R Pelvis

Neg

Neg

0.81

0.4

6.77

0.55

-0.31

9

11

Lumbar vertebrae

Neg

Neg

0.99

0.65

11.51

0.20

86.83

10

12

Lumbar vertebrae

--

--

1.8

1.5

9.0

6.0

23.72

11

13

R Pelvis

Neg

Neg

0.90

0.60

9.69

4.80

20.97

14

L Pelvis

Pos

--

1.1

0.8

10.0

4.8

0.82

12

15

Lumbar spine

Neg

Neg

1.02

1.52

1.71

6.50

2.88

13

16

R iliac lesion

Neg

Neg

1.04

1.31

4.49

7.83

6.79

17

L iliac lesion

Neg

Neg

0.54

0.98

4.49

7.83

5.85

14

18

Lumbar spine

Neg

Neg

0.84

1.1

1.8

3.5

2.91

15

19

R femoral

Neg

Neg

0.43

0.73

2.0

6.0

-29.07

16

20

Thoracic lesion

Pos

Neg

0.62

0.9

7.58

11.45

-18.15

17

21

R iliac bone

Pos

Neg

1.35

1.63

2.39

6.12

0.50

22

Lumbar lesion

Pos

Neg

0.83

1.15

2.39

6.12

1.67

% sFF change

99m

Right sacrum

(µg/L)

PET status

1

Follow-up PSA

Bone
lesion
number

1

Location

Patient
number

Table 3

Table 3 showing PET & 99mTc status, size & PSA changes, fat fraction changes and outcome status
of the 22 positive bone lesions (17 patients). 2 patients were excluded, as the patient didn’t have
systemic therapy. All other patients had ADT. Nodes in green are responders, (met the clinical response
criteria PCWG2 (32) of ≥50% decrease in PSA) and brown represents non-responders(≥25% increase
in PSA post-therapy).
Sola Adeleke Thesis | Oct 2020

95

Discussion
This chapter explored the potential value of MR-signal derived metrics for classification
of nodal and bone disease status and as predictors of treatment outcome. The specific
metrics evaluated were sFF, ADC and SER compared against SAD as the traditional
measure of nodal classification. This will be the first study to assess these 3 metrics
simultaneously in a large cohort of prostate cancer patients. In particular, sFF have
yet be reportedly used in any other prostate cancer cohort.
Of the three MR-signal derived metrics assessed in nodes, only median sFF was
statistically different between positive and negative ERS status nodes. Positive nodes
had a significantly lower sFF 61% (range 25% to 87%) compared to benign nodes
78% (range 52% to 93%) with p<0.01. Similar data reported by Appayya et al (14)
showed statistically significant difference between the 2 groups where positive nodes
had a mean sFF of 0.43 a.u. compared to negative nodes with mean sFF of 0.59 a.u.
(p<0.001) in patients with high-risk biopsy-proven, newly diagnosed metastatic
prostate cancer patients. Here we show that sFF can provide a quantitative imaging
biomarker able to classify pre-treatment nodal disease status. Whilst we report a lower
ADC in positive nodes in our study; 1.0 x 10-3mm2/s (range 0.3 to 3.2 mm2/s) compared
with negative nodes 1.2 x 10-3mm2/s (range 0.3 to 10.0 x 10-3mm2/s), the results did
not reach significance, p=0.1. Work done by Eiber et al(11) has shown significant
differences in ADC values for positive and negative nodes in prostate cancer patients.
They reported the mean ADC for malignant nodes as 1.07(+/- 0.23) x 10-3 mm2/s
compared to benign nodes 1.54(+/-0.25) x 10-3 mm2/s (p<0.01). This could perhaps
be due to differences in study cohorts. In the Eiber et al study, 2/29 patients were
recruited following treatment with radical radiotherapy, while majority were following
post-radical prostatectomy relapse.
SAD is the most widely used feature in characterising disease and assessing response
to therapy. In our study, it showed significant difference between malignant 0.8cm
(range 0.4 to 2.8cm) and benign lymph nodes 0.7cm (range 0.3 to 1.2cm) respectively
p<0.01. Though, it is worth noting that there was overlap in the error bars between
positive and negative nodes for SAD much more than was noticed with sFF.
Furthermore, the area under curve (ROC-AUC) for sFF was higher at 0.80 compared
to 0.71 for SAD which signify a better diagnostic performance of sFF for nodal disease
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classification. This represents the first time such results have been shown in a radiorecurrent patient cohort in prostate cancer. Pre & post treatment biomarker changes
for responder nodes were also assessed. There was a significant increase in sFF
following therapy with sFF increasing from 58% to 80% after therapy, (p<0.01).
However, ADC and SER did not show any statistically significant changes pre- and
post-therapy. The ADC for metastatic nodes pre-treatment was 1.0 x 10-3mm

2

/s

(range 0.3 to 3.2 x 10-3mm2/s) while it was 0.8 x 10-3mm2/s (0.2 to 7.0 x 10-3mm2/s)
post treatment p=0.24. This result is supported by data from Song et al (15) where it
was shown that ADC seem to perform poorly when majority of the nodes being
assessed are <1cm. In our study, the size (SAD)range was 0.8cm (0.4cm to 2.8cm)
for positive and 0.7cm (0.3cm to 1.2cm) for negative nodes. SER also didn’t show a
significant difference pre- and post-therapy with values 163.1% (18.78 to 466.2%) and
199.2% (34.1 to 428.7% respectively, p=0.08.
SAD and sFF were the only two quantitative biomarkers that showed significant results
for treatment response monitoring following systematic therapy (ADT). For SAD, there
was a statistically significant difference between responder 1.1cm (range 0.7-2.8cm)
and non-responder nodes 0.6cm (range 0.4-0.7cm), respectively p<0.001. While the
median sFF were 58% (range 25 to 80%) for responder nodes and 75% (range 68 to
87%) for non-responders respectively, p<0.05. In contrast, the difference in ADC
between responders’ 1.3 x 10-3 mm2 /s (range 0.3 to 3.2 x 10-3mm2 /s) and nonresponders 0.7 x 10-3 mm2/s(range 0.5 to 1.4 x 10-3 mm2 /s) did not reach significance,
p=0.5. The relative change (∆=

!"#$$%&'$(&)$*!%&$%&'$(&)$
!%&$%&'$(&)$

) in the SAD post treatment

showed significant difference in responders -0.38 (range -0.17 to -0.58) compared to
non-responders 0.6 (range 0.42 to 0.8) respectively p=0.001. This was also the case
for sFF with responder lesions showing +0.34 change (range +0.05 to +2.30)
compared to non-responders -0.06 (range -0.24 to 0.20 respectively p=0.001.
However, delta changes in ADC between responder -0.28(-0.87 to 1.39) and nonresponders 0.03( -0.48 to 0.46) did not reach significance p=0.25. So far, there hasn’t
been any large studies assessing the utility of sFF and/or ADC in bone metastatic
prostate cancer for response monitoring.
In our study, there was significant difference in size (SAD) between malignant 1.1cm
(range 0.8 to 2.6cm) and benign bone lesions 0.8cm (range 0.4 to 1.6cm) respectively
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p<0.01. Prior work demonstrated that sFF measurements is highly repeatable and can
be used to assess bone lesions (43). In the present study, baseline median sFF of
positive bone lesion was 40%(range 7.5 to 89.0%) compared negative lesions 64.5%(
range 59.4 to 95.0%) with p<0.01. This is supported by a previous study which showed
sFF of bone metastases to be 16% (IQR, 9%–45%) compared to 63% (IQR, 60%–
76%) for non-metastatic bone lesions p < 0.001(16). Furthermore, in our study, ADC
was able to discriminate between positive and negative bone lesions with baseline
ADC of positive lesion being 0.9 x 10-3 mm2/s (range 0.3 to 1.3 x 10-3mm2/s) versus
1.2 x 10-3 mm2/s (range 0.7 to 2.1 x 10-3 mm2/s) for negative lesions, p<0.05. Work by
Hillengass et al in a myeloma cohort showed normal bone having an ADC of 2·7×10−4
mm2/s compared to affected bone 4·0×10−4

mm2/s (17). Peres Lopez et al also

showed ADC was able to distinguish between negative and positive bone lesions in
prostate cancer cohort with negative bone regions having ADC reported as 601.8 x
10−6 mm2/ compared to metastatic bone lesions 993 x 10−6mm2/s (16). In our present
study, pre & post treatment biomarker changes for responder between responder and
non-responder lesions also confirmed the significant changes in sFF but ADC was
unable to demonstrate change post treatment. There was a significant increase in sFF
following therapy with sFF increasing from 17.89% to 37.03%, p<0.01. The ADC for
metastatic bone lesions pre-treatment was 0.9 x 10-3mm 2/s but paradoxically
decreased to 0.8 x 10-3mm2/s, p=0.76. A possible explanation for this is perhaps as
most of these patients had ADT, it has been shown that anti-androgen effect on bone
could lead to initial increase in ADC due to cell killing then later reduction due to tissue
healing (18)(19).
In a similar fashion to nodal disease, SAD and sFF were the only two quantitative
biomarkers that showed significant results for response assessment between
responder and non-responder bone lesions. At baseline, SAD showed statistically
significant difference between responders 1.1cm (range 0.8 to 2.5m) and nonresponders bone lesions 0.8cm (range 0.4 to 1.3cm), respectively p<0.01. While the
baseline median sFF were 18.85% for responder bone lesions and 71.97% for nonresponders respectively, p<0.005. In contrast, there was no significant difference
between ADC of responders with ADC of 0.86 x 10-3 mm2/s and non-responders 1.38
x 10-3 mm2/s, p=0.25. Relative change in the biomarkers (∆) following therapy also
showed significant change in size (SAD) in responders -0.27 (range -0.50 to -0.10)
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compared to non-responders +0.41 (range +0.20 to +0.81), p< 0.001. This was also
the case for sFF with responder bone lesions showing +0.61 (range -0.13 to 4.13)
compared to non-responders +0.01 (range -0.29 to +0.06), p<0.05. Again, ADC was
unable to discriminate between these 2 groups.
Our results show the potential of sFF as a bony disease classifier and a marker of
response in rPCa. It also provides a repeatable technique with a narrow 95% limits of
agreement -8.8 % to 8.0% for repeated nodal measurements taken by the same
reader and similar findings were found for repeated bone measurements with -9.19%
to 7.22%, 95% limits of agreement. We derived an ERS, employing follow-up WB-MRI
and PSA and accounting for limitations in performance of routine imaging tests. In an
ideal clinical situation, histopathology would have been the preferred reference
standard to adjudicate the status of all lesions or their response to treatment. However,
this is always not feasible and often ethically unjustifiable. Even whenever histology is
feasible, post-operative matching and localisation of nodes or lesions might not always
be practicable and could be prone to mismatching especially following extensive nodal
dissections (e.g., ePLND). Composite reference standard system though not without
its own limitations, provides a non-invasive option and helps reduce some of the
mismatch errors mentioned previously. However, composite reference standard might
still leave some lesions out as ‘unknown’ because their disease status couldn’t still be
determined. This is where using histopathology as a reference might offer an
advantage. 69/367 nodes (18.8%) were categorised as unknown in our cohort. It is
difficult to tell if this may or may have not had an impact on our results. However, it
remains quite clear that wrongly classifying a node as either false positive or negative
without applying stringent classification such as ours, might undermine both early
technical and biological validation studies for a candidate biomarker.
Other than the quantitative biomarkers described in this study, dynamic contrast
enhancement (DCE-MRI) based parameters such as Ktrans, Kep and AUGC have been
used to evaluate both localised and metastatic disease and for treatment response
prediction in prostate cancer (20). While it has shown promise in diagnosis of localised
prostate cancer, their use both in the detection of localised prostatic disease and nodal
metastasis is still under active research. Despite well-known limitations in disease
evaluation based on lesion size criteria on cross-sectional imaging, in tracer uptake
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features on

99m

Tc isotope bone scan and the routinely used PSA, there are no other

validated treatment response monitoring tools widely available in clinic. PET-based
metabolic or receptor-based (e.g.,68Ga-PSMA based tracers) and liquid biopsy
biomarkers are currently actively explored and the roles for these new techniques
along with MRI-derived biomarkers will likely expand in the near future.
There are other limitations identified in the study. Such as the present study not being
powered specifically to assess the performances of these quantitative biomarkers,
hence this analysis could be characterised as exploratory in its scope and objectives.
Secondly, MR-signal derived quantitative metrics may change from scanner-toscanner dependent on hardware and software setup. The next step in evaluation,
particularly for sFF, would be to assess multi-centre repeatability to determine how
generalisable the study findings are likely to be. Finally, the few numbers of nonresponder lesions following ADT may have had an impact on how these findings could
be interpreted. Nonetheless, this is the first time such work has been carried out in a
large patient cohort(n=85) and specifically in a radio-recurrent cohort of prostate
cancer patients.

Conclusion
MR-signal derived sFF demonstrates promise as a quantitative marker of nodal &
bone disease. sFF shows clear potential for classifying both nodal & bone metastatic
disease as well as for treatment response monitoring in radio recurrent prostate cancer
it was also found to be repeatable between 2 observers of varying clinical experience.
ADC was unable to classify disease or assess response especially in small sized
lesions (< 1cm SAD) in post-radiotherapy setting.
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CHAPTER 4: Interim analysis of
diagnostic accuracy of whole-body MRI
for detection of nodal and bony
metastasis in patients with radiorecurrent prostate cancer
Problem statement
Current multi-modality conventional imaging techniques have limited sensitivity and
specificity for detection of lymph node and bone involvement in metastatic prostate
cancer (as discussed in Chapter 1). In addition, patients often need to make multiple
hospital visits in order to complete all imaging studies, and current imaging requires
the use of ionising radiation. The LOCATE study (see appendix 3) was designed to
assess whether WB-MRI could provide an alternative one-stop imaging test for
metastatic disease staging in patients with prostate cancer (PCa) presenting with
biochemical relapse (BCR) following radiotherapy. The study was powered to detect
a 20% or greater difference in the sensitivity of WB-MRI compared against a
composite reference standard.

Aim
Chapter 3 presents an interim analysis of 85 of 130 patients recruited into LOCATE
study. It aims to determine the sensitivity/specificity of WB-MRI and to compare this
against sensitivity/specificity for conventional imaging-based staging. Full 130/130
data analysis will be completed and published in a peer review journal. We are
currently waiting on release of data from a number of study sites.
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Introduction
BCR following radiotherapy for PCa occurs in 50% of treated men within 10 years,
manifesting as a rising PSA (1). Patients presenting with BCR are conventionally
imaged with a combination of

99m

Tc bone scan, CT ±

18

F-Choline PET-CT where

available, with the aim of detecting the presence of metastatic disease. This imaging
strategy is recognised as sub-optimal, tending to underestimate disease burden due
to limited sensitivity of these imaging tests. For example, in a meta-analysis, the
sensitivity of CT for detection of metastatic in lymph nodes was reported as 29%, in
the newly diagnosed setting (2).

99m

Tc bone scan is also known to be insensitive for

detection (meta-analysis suggesting a sensitivity of 40% (9)) of early metastatic
disease as it images the secondary reaction within bone of metastatic invasion rather
than the disease process itself (3)(4). As mentioned in a previous chapter, 68Ga-PSMA
is gradually replacing standard imaging due to its superior diagnostic accuracy,
however its availability is often limited to specialist centres and it is currently only
available on a special licence basis or for use in research.

It has been shown that biochemical relapse (as defined by PSA changes (5)) is often
detected 7-8 years prior to when the current imaging modalities are sensitive enough
to detect metastatic disease (6). Furthermore, up to half of men who are considered
disease free on conventional imaging still harbour micro-metastatic disease even
when their PSA is low (for instance less than 10ng/ml) (7). Results from the
STAMPEDE trial ((8) indicates that by the time metastatic disease is detected on
conventional imaging, median overall survival was only 42.1 months when treated with
androgen deprivation therapy (ADT) alone (8). There is a pressing need to develop
clinical imaging modalities that have better sensitivity for detection of metastatic
disease in the BCR setting (9). Imaging tools providing better diagnostic accuracy
could improve management of patients presenting with BCR with the potential to alter
longer term survival due to better patient stratification and selection (10)(11). Magnetic
resonance imaging (MRI) is one technology that may offer a solution. Recent
technological advances have enabled WB-MRI staging of cancers within a reasonable
scan time (12)(13). Furthermore, multi-parametric MRI (a combination of T2, diffusion
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weighted and contrast enhanced imaging) of the prostate has been widely adopted for
detection of local disease within the prostate (14)(15)(16).
A number of studies have reported the assessment of diagnostic accuracy of WB-MRI
in detection of metastatic disease in the biochemical relapse setting (17-20). None of
these studies have been solely dedicated to assessing metastases in radio-recurrent
disease patients. Another unique feature of the LOCATE study, is the use of a followup imaging (WB-MRI) acquired 1 year later, to construct an enhanced reference
standard. By doing this, discordant or suspicious lesions which had been identified on
either conventional or WB-MRI imaging at baseline could be further characterized and
their status determined in the absence of biopsy or histological data. The use of
enhanced reference standard is being increasingly advocated for diagnostic accuracy
imaging studies as reported by Taylor et al and Bossuyt et al (21)(22). LOCATE study
is investigating the diagnostic accuracy of WB-MRI for metastatic disease detection
against an enhanced reference standard (ERS) in patients with BCR.

Methods
An observational, multi-centre, non-randomized prospective study was conducted.
The institutional ethics review board granted approval for the study (REC number:
15/LO/0776). Patients with BCR following EBRT or BRT who met the phoenix criteria
(>2ng/mL rise in PSA from post-radiotherapy nadir PSA) (23)(24), were prospectively
recruited to undergo research WB-MRI in addition to the routine conventional imaging
performed for detection of metastatic disease. Patients with electronic, metallic or
magnetic implants, claustrophobia and those unable to give informed consent were
excluded. Figures 1 and 2 illustrates the STARD (22) flow diagrams for the study.
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Figure 1 showing study flowchart
Standard of Care

Research

Patients suspected of recurrence
of prostate cancer following EBRT
or brachytherapy

Recruitment to the study

Standard re-staging investigations
(CT scan, Isotope, bone scan
PET-CT scan)

1st research whole body MRI scan

Significant
incidental
MDT derived staging and
treatment plan

findings

Whole body MRI derived staging
(staging not disclosed to clinical
team)

Treatment/expectant management

Clinical patient follow up

1-year follow up scan (staging
disclosed to clinical team)

Figure 1 showing the trial flowchart describing the standard of care pathway through which patients are
reviewed and clinical decisions made. Then a parallel research pathway designed to mimic the standard
pathway without interfering in patient care except when clinically significant incidental discoveries are
made on the research arm then results will it be divulged to the clinical team.
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Figure 2: Showing recruitment and flow of participants through the
study
Patients recruited for baseline whole
body MRI scan
N=172

Whole body MRI derived staging
(staging not disclosed to clinical team)

Drop outs
N=30

1-year follow up scan (staging
disclosed to clinical team)
N=142

Excluded as conventional
imaging data and reports not yet
available for analysis
N=42

Patients with two whole body MRI
scans and conventional imaging
available for review
N=100

Excluded as clinical and PSA
data for ERS interpretation are
not yet available for analysis
N=15

Patients who are evaluable for this
interim analysis
N=85
xd

Figure 2 above shows the recruitment flow diagram for the study. Eight-five patients were excluded
due to unavailability of either imaging data, scan reports, PSA or other relevant tests. data
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Sample size calculation
We estimated that 130 patients will give 90% power (statistical significance cut-off of
0.05) to detect a 20% difference in sensitivity between WB-MRI and standard imaging
(18F-choline PET) assuming a 50% prevalence of metastases in this patient
population. The assumed withdrawal rate at 1-year was 10%. However, the observed
withdrawal rate was 23% therefore, sample size was revised to 172 to ensure 130
patients were evaluable.

Routine Clinical Imaging
All patients underwent 99mTc bone scan and 18F-Choline PET-CT ± contrast enhanced
CT as part of standard clinical care at their respective institutions.

99m

Tc Bone Scan

Technetium-99m labelled diphosphonate was administered through intravenous
injection. The standard protocol employed at individual hospitals sites was used. As a
guide, whole body imaging is conventionally performed with anterior and posterior
views, 256 x 1024 matrix and energy window(s) of 140 KeV. Effective dose (ED) is
3mSv (or 5mSv for cancer patients) and Diagnostic Reference Level (DRL) is 600 MBq
(or 800MBq for cancer patients (25).

18

F-choline Positron Emission Tomography (PET) - CT
Imaging
Fluorine-18 (18F) was the radioisotope used and choline was the tracer. A dedicated
combined PET/64-detector-CT (VCT-XT Discovery, GE-Healthcare Technology,
Waukesha, WI), CT was performed (for attenuation correction) using 64x3.75 mm
detectors, a pitch of 1.5 and a 5 mm collimation (120 keV and 10 mA in 0.8 s) imaging
from vertex to mid-thigh. Maintaining the patient position, a whole-body PET emission
scan was performed and covered an area identical to that covered by CT. Acquisitions
were carried out in 2D and 3D mode (4 min/bed position). Trans axial subsets
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expectation maximization with two iterations and 28 subsets were used. The axial field
of view was 148.75 mm and resulted in 47 slices per bed position (25).

Computed Tomography
CT scans of the chest/abdomen/pelvis were performed, they were conducted with
intravenous contrast using the standard staging protocol for CT scan at each hospital
site (26).

Whole-body MRI Protocol
All patients underwent WB-MRI within ± 3 weeks of 18F-choline PET-CT and a second
follow-up WB-MRI 12 months after the baseline study.
Studies were performed using a single 3T MRI scanner (Ingenia, Philips Best,
Netherlands) at University College London Hospital. Patients recruited from other
institutions also underwent WB-MRI at UCLH. The WB-MRI protocol was designed to
limit scan time to a maximum of 1-hour. WB-MRI was performed using the sequence
parameters indicated in chapter 2 table 1.

Reporting of routine clinical imaging
Conventional imaging tests (Tc-99m bone scan and

18

F-choline PET-CT) were

reported on a trial imaging proforma (see appendix 3) by a nuclear medicine physician
blinded to the WB-MRI findings, but aware of other clinical details relating to the
patient’s presentation and previous history.
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Reporting of whole-body MRI
Baseline whole-body MRI
A single radiologist with 5 years’ experience of WB-MRI, reported baseline studies
using a standardised reporting proforma (see appendix 3). The radiologist was blinded
to all routine imaging investigations but aware of the presentation of BCR following
previous radiotherapy for PCa.
The body was divided into three broad groups bone, lymph node and the visceral
organs. The bony sites were then divided into 15 sites (from skull to lower limbs),
nodes into 10 sites (from neck to pelvic nodes) and the visceral organs (from brain to
soft tissues in the lower limbs). Study imaging report proforma is in appendix 3.
To determine the relative value of individual WB-MRI sequences in ascribing disease,
the radiologists reviewed each WB-MRI study using a locked sequential read
paradigm. The initial read was performed on pre-contrast mDixon (including IP/OP and
fat/water only images) combined with DWI (including ADC maps). T2-TSE images
were then revealed, and the radiologist rescored all anatomical sites. Finally, the
contrast enhanced mDixon images were revealed and the radiologist provided a final
score for all anatomical sites.
Any incidental findings (unrelated to PCa) were reported to the clinical team managing
the patient. All other details of the WB-MRI proforma report were not revealed at the
time of reporting so as not to bias treatment decisions.
A 1-6-point Likert (27)) scale was used for scoring as has been previously described
for WB-MRI studies (25). 1 – disease definitely not present, 2 – probably not present,
3 – possibly not present, 4 – disease possibly present, 5 – probably present and 6 –
definitely present.
Scoring was conducted based on evaluation of imaging features of lymph nodes, bone
metastases and soft tissue lesions as indicated below in Table 1 and as reported by
Johnston et al (25). Examples of lesions that are scored based on presence of adverse
features are described below in Table 1, figures 3 and 4. The described features were
made available to the readers, they then made determination of the presence or
absence of disease based on the presence or absence of the features enumerated.
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Table 1 showing features suggestive of adverse and benign
changes in both nodes and bones
Benign features

Node

Bone

Lymph node <5 mm in short
axis diameter (SAD) with no
concerning features on DWI,
T2 weighted or contrast
enhanced imaging and
definite benign features e.g.
(i) fatty hilum,
(ii)oval nodal morphology with
clearly defined and
(iii)regular nodal border and
contours.
Normal appearing bone with
uniform moderate-high signal
on T1 weighted imaging and
low-moderate signal on T2
weighted imaging.
Focal lesions demonstrating
clearly incidental/benign
multiparametric signal
characteristics and/or location
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Adverse features
Concerning features could be
described as
(i)size above normal limit e.g.,
>10mm for most,
(ii)loss of fatty hilum,
(iii)irregular border,
(iv)asymmetric high DWI signal
intensity,
(v)low T2 signal

(i)Increase in DWI high b-value
signal vs. background noise.
(ii)low signal intensity on T1 and
(iii)intermediate to high signal
intensity on T2
(iii)lesional contrast enhancement
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Figure 3 Showing patient with a score of 1/6

a

b

Image (a) above shows an axial T2-TSE image of the pelvis at the level of the head of the femur and
(b) shows a coronal contrast enhanced water only mDixon image of the pelvis for the same patient.
There are no adverse features to suggest nodal or bony involvement.
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Figure 4 Showing images of patients with adverse features in
suspected nodal and bony lesions
a

d

b

e

c

f

Images (a) and (b) shows axial T2 and b1000 images of a patient with a suspicious left para-aortic
node. The node has asymmetric high signal on DWI. It was also noted to have a SAD of 1.2cm but with
oval morphology and regular borders. The node was scored 3/6. Images (c) and (d) shows axial DWI
and coronal contrast enhanced water only mDixon images of a patient with a possibly involved right
external iliac lymph node. The node was 1cm in SAD with an irregular border. There was asymmetric
increased signal noted on DWI and evidence of heterogenous contrast enhancement on mDixon
contrast enhanced images. This node was scored 4/6. Images (e) and (f) shows coronal fat only mDixon
and axial b1000 images of a patient at the level of L3 showing a large vertebral lesion. There is a
significant loss of fat signal on mDixon with corresponding large increase in DWI signal intensity relative
to background. This lesion was scored 6/6
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12-month follow-up whole body MRI
The same radiologist (HS) who reported the initial WB-MRI, reviewed all follow-up WBMRI studies. The proforma report for the original baseline WB-MRI and all other
previous investigations were made available at the time of review of the follow-up WBMRI study. The findings on the follow-up study were compared with the baseline WBMRI. The presence of changes in size of lesions evident on the baseline WB-MRI
and/or resolution of lesions evident on baseline WB-MRI was recorded. At this point,
a clinical report was produced for the follow-up WB-MRI study, together with details of
comparison with the baseline WB-MRI and was made available to the clinical team to
guide further patient management.

Derivation of composite enhanced reference standard
Figure 5 schematic illustrates the derivation of a per-patient level metastatic status
using enhanced reference standard (ERS). As with many other previously reported
studies, composite reference standard had to be used because there was no other
ethical way to sample all suspicious lesions. We sought to categorise lesions into
definite positive, negative or unknowns using PET, lesion size threshold from chapter
2 and concordant PSA changes over a period of time, during follow up.
Patients were divided into those with and without metastases evident on conventional
imaging. For those with metastases (left arm of Fig. 5), concordant positive WB-MRI
findings were deemed to be true positive and discordant WB-MRI findings were
considered to be false negative. For patients without metastases on conventional
imaging (right arm of Fig. 5), clinical and biochemical follow-up together with changes
between baseline and follow-up WB-MRI were used to enhance the reference
standard.
Where baseline WB-MRI was negative and concordant with conventional imaging, the
presence of new lesions (at follow-up WB-MRI ± repeat routine imaging) coupled with
a PSA rise over the 12-month were used to classify the baseline WB-MRI as false
negative, i.e., disease was present but not visualised. For positive findings on baseline
WB-MRI which were discordant with conventional imaging, the baseline WB-MRI were
deemed true positive when a new lesion declared itself (on follow-up WB-MRI ± routine
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imaging) or the visualised lesion on baseline WB-MRI is enlarged (on follow-up WBMRI); and this was accompanied with a PSA rise within the 12-month follow-up period.
Whereas the baseline WB-MRI were deemed false positive when the lesion evident
on WB-MRI resolved or reduced in size at follow-up (in the absence of systemic
therapy or targeted therapy to the lesion) regardless of PSA change.
Lesions that resolved following therapy (which is initiated in the 1-year follow up period
irrespective of negative conventional baseline imaging) with corresponding decrease
in PSA were classified as true positive. Patients with negative baseline conventional
imaging with discordant WB-MRI and PSA changes over the 12-month follow-up (i.e.
lesion size/number increase without corresponding PSA increase) were classified as
unknown. Finally, stable, increasing, or reducing follow-up PSA with no change in size
between baseline and follow-up WB-MRI classified the baseline WB-MRI with an ‘true
negative’ status. Examples of true positive and false negative WB-MRI outcome are
illustrated in Figures 8, 9 & 10. Figures 11 and 12 showing concordance and
discordance respectively, between 18F-Choline PET/CT and WB-MRI.

PSA progression defined as ≥25% and ≥2ng/mL increase in PSA recorded at least
12 weeks from baseline or start of treatment and confirmed on a 2nd reading 3-4 weeks
later. ((28)(29).
PSA response defined as ≥ 50% decline from baseline or start of treatment and
confirmed on a 2nd reading 3-4 weeks later (30)(31).
Nodal size change Increase of 2mm or greater and decrease of 3mm or greater in
short axis diameter on contrast enhanced water only mDixon sequence is considered
true change (progression and response respectively) rather than a measurement
variation, with a 95% confidence interval. Based on repeatability studies carried out in
chapter 2
Bone lesion size change Increase of 2mm or greater and decrease of 2mm or greater
in short axis diameter on contrast enhanced water only mDixon sequence is
considered true change (progression and response respectively) rather than a
measurement variation, with a 95% confidence interval.
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Soft tissue lesion size change (disease progression) At least a 20% increase in
size of lesion taking as reference the baseline diameter of the lesion (32).
Soft tissue lesion size change (treatment response) at least a 30% decrease in the
size of lesion, taking as reference the baseline diameter or disappearance of the lesion
(32).

Figure 5 showing enhanced reference standard to determine status
of a lesion

Figure 5 Derivation of composite enhanced reference standard for evaluation of WB-MRI diagnostic
accuracy at a per-patient level for lymph node and metastatic bone disease. TP: True positive, FN:
False Negative, FP: False positive and TN: True negative. UK: unknown, ADT: Androgen Deprivation
therapy.
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Statistical analysis
All statistical analysis was done using IBM® SPSS® Statistics for MAC OS, Version
25.0. Armonk, NY: IBM Corp, Released 2017 and GraphPad Prism version 7.0e for
Mac OS, GraphPad Software, La Jolla California, USA, 2018
Contingency tables were used for sensitivity/specificity analysis using the results of
the WB-MRI. Analysis of WB-MRI against the enhanced reference standard was
performed at a per-patient level for metastatic disease irrespective of site(node or
bone).
Receiver-operating characteristic (ROC) curves was plotted for metastases detection
for each step of the locked sequential read process using the 1-6-point scores(25).
Area-under-curve (AUC) was calculated as an indicator of the added value of WB-MRI
sequences. Inter-reader agreement and concordance between imaging modalities
were assessed using Cohen’s k statistics.

Results
A total of 85 patients (median age 71 range 55-83 years, median PSA 6.09 range 2.0928.3 ug/L) were included in this analysis). All included patients had 99mTc bone scan,
18

F-choline PET-CT, baseline and follow-up WB-MRI scans.

27 patients were positive by ERS, 39 had no lesions. 19 patients had lesions
categorised as unknown (UNK) by the ERS and had no other positive lesion. On WBMRI, there were 23/66, 4/66, 1/66 and 38/66 patients who were classified as true
positive (TP), false negative (FN), false positive (FP) and true negative (TN)
respectively by ERS.
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Per-patient WB-MRI overall metastases
sensitivity/specificity analysis
On a per-patient analysis, the sensitivity/specificity of both WB-MRI was 85.19/97.44%
(table 2). Table 3 shows inter-modality agreement (Cohen’s kappa) between WB-MRI
and

18

F-choline to be 0.85 & 0.77 for nodal and bone metastases and 0.81 when

combined p<0.001 respectively. Concordance was 0.62 for bone metastases when
WB-MRI and Technetium-99m bone scan were compared. Figure 6 shows the ROC
curve describing the diagnostic performance of WB-MRI. The AUC of WB-MRI for
overall detection of any metastatic lesion was 0.81 based on Likert thresholds 3/6.
Figures 7, 8 and 9 shows true positive and false negative cases where WB-MRI and
conventional images were compared against an enhanced reference standard.

Table 2 showing overall sensitivity/specificity of WB-MRI for
metastatic disease detection

Per patient
WB-MRI
accuracy-

Sensitivity
(%)

Specificity (%)

Positive
Predictive
Value (PPV)
(%)

85.19

97.44

96.00

Negative
Predictive
Value (NPV)
(%)
90.48

Table 3 Concordance between imaging modalities

Concordance
between WBMRI & 18Fcholine
Concordance
between WBMRI &
Technetium99m bone
scan

Nodes

Bones

Combined

0.85

0.77

0.81

--

0.62

--
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Figure 6: Receiver operator curve (ROC) showing performance of
WB-MRI combined lesion detection

The AUC for WB-MRI for metastatic disease detection was 0.81. This was for a Likert scoring threshold
of 3/6. A test performance with an AUC of > 0.8 is often regarded as excellent (33).

ROC-AUC WB-MRI locked sequential read analysis
Locked sequential read analysis (LSR) shows mDixon+DWI+T2-TSE+contrast
enhanced sequences had a sensitivity/specificity of 85.71%/100% compared to
mDixon+DWI only (71.43%/95.56%), for the detection of nodal disease. There was no
difference in sensitivity/specificity of mDixon+DWI+T2-TSE and mDixon+DWI for
nodal disease detection. Furthermore, as described in table 3, there was no difference
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in sensitivity between mDixon+DWI+T2-TSE+contrast enhanced sequences and
mDixon+DWI+T2-TSE with both having sensitivity of 81.82% for bony disease
detection. mDixon+T2-TSE+contrast enhanced sequences had a slightly higher
specificity of 98.31% compared to 92.59% for mDixon+DWI for bony lesion detection.

Table 4 showing the sensitivity/specificity of the various sequences
following a locked sequential read

Per-patient
NodePer-patient
Bone-

mDixon+DWI

mDixon+DWI
+T2-TSE

Sens: 71.43%
Spec: 95.56%
Sens: 81.82%
Spec: 92.59%

Sens:71.43%
Spec:100%
Sens:81.82%
Spec:94.34%

mDixon+DWI
+T2-TSE
+ contrast
enhanced
Sens:85.71%
Spec:100%
Sens:81.82%
Spec:98.31%

Table 4 above shows the locked-sequential read sensitivity/specificity results at a Likert score of ≥3/6
taken as positive.

Diagnostic accuracy of 18F-choline PET and Technetium
99m Bone scan on per-patient analysis
18

F-Choline PET scan

Assessment of 18F-Choline PET scan
Per patient analysis
On

18

F-Choline, there were 23/66, 4/66, 2/66 and 37/66 patients who were classified

as true positive (TP), false negative (FN), false positive (FP) and true negative (TN)
respectively by ERS. Table 3 shows the diagnostic accuracy results. 19 patients
exhibited at least one lesion that was classified as unknown based on the ERS (and
exhibited no other positive lesion) and hence were excluded from the analysis, leaving
a total of 66 patients
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Assessment Technetium 99m Bone scan
Per patient analysis
19 patients exhibited at least one bone lesion that was classified as unknown based
on the composite ERS (and exhibited no other positive lesion) and hence were
excluded from the analysis, leaving a total of 66 patients. On

99m

Tc, there were 6/66,

5/66, 2/66 and 53/66 patients who were classified as true positive (TP), false negative
(FN), false positive (FP) and true negative (TN) respectively by ERS.

Table 5 showing sensitivity, specificity, PPV and NPV of 18F-choline
PET for nodal and bony lesions and of Technetium 99m Bone scan
for bony lesions

Sensitivity
(%)

Specificity (%)

Positive
predictive
value (PPV)
(%)

Negative
predictive
value (NPV)
(%)

94.87

92.00

90.24

96.36

75.00

91.38

94.87

92.00

90.24

18

F-choline
Per-patient85.19
(node & bone)
Technetium
99m Per54.55
patient bone
Combined 18Fcholine &
Technetium
85.19
99m
(overall)
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Figure 7: True positive outcome for WB-MRI but classified as
missed disease (false negative) on conventional imaging.

Image above showing a thoracic spine lesion identified on baseline scan in an 80yr old man presenting
with a PSA of 79.53 ug/L, following radio-recurrence. (a) Shows WB-MRI on coronal water-only contrast
enhanced mDixon and (b) inverted b1000 DWI (c) The lesion was not detectable on baseline CT. The
WB-MRI result was revealed to the clinical team and patient was started on systemic therapy. Repeat
imaging performed at 1yr (see images on the right) showing lesion on (d) WB-MRI coronal water-only
contrast enhanced imaging and (e) inverted b1000 DWI. The lesion was now visible on CT scan (f).
Clinically and radiologically, the patient demonstrated disease progression following treatment with
systemic therapy.
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Figure 8: Concordant true positive outcome for a lesion identified
both on conventional imaging and WB-MRI.
a.

b.

e.

c.

d.

Image showing a thoracic spine lesion identified on baseline scans in a 55yr old man presenting with a
PSA of 28.37ug/L, following radio-recurrence (a) Technetium 99m Isotope bone scan at baseline
showing a thoracic lesion. (b) Axial 18F-Choline PET-CT image at baseline showing avid lesion at T5
level (c) a coronal opposed phase mDixon WB-MRI contrast enhanced image (baseline) (d) a coronal
fat only post-contrast WB-MRI (baseline) (e) Posterior view of Technetium 99m bone scan of same
lesion (baseline). The figures above show concordance of WB-MRI with 18F-PET-CT and Technetium
99m bone scan without the exposure to ionising radiation and with same clinical findings confirmed in
just one imaging modality.
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Figure 9: False negative outcome for WB-MRI for a lesion correctly
identified on conventional imaging but missed on WB-MRI
a

c

d

b
e

Images illustrating a left scapula lesion that was not visible on (a) axial T2 weighted WB-MR image at
T6 vertebral level (baseline) and (b) Coronal fat only contrast enhanced image (baseline). The lesion
was however conspicuous both on (c) 18F-Choline PET-CT (baseline) and (e) 68Ga-HBED PSMA PETCT (baseline). The lesion was not visible on (d) 1year follow up axial T2 weighted WB-MRI. PSA at the
time of baseline imaging was 13.23ug/L. Patient was started on systemic treatment based on the
conventional PET results.
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Figure 10 Discordance (Disagreement) between Choline PET and
WB-MRI
a

c

b

d

Fig 10 (a) lumbar lesion visible on coronal, contrast enhanced water only mDixon imaging (b) axial
b1000, DWI image showing a lumbar lesion. The lesion was visible on (c) fused 18F-Choline PET/CT
image. Though lesion appeared sclerotic on the 18F-Choline PET/CT, it wasn’t PET avid. This lesion
was called as negative. However, 1 year later, the lesion became evidently more sclerotic (d) 68GaPSMA PET/CT though still not PET avid.

Sola Adeleke Thesis | Oct 2020

125

Figure 11 Concordance between Choline PET and WB-MRI
b

a

c

Figure 11 Shows lesion on (a) upper thoracic vertebra, which was visible on coronal, contrast-enhanced
water only imaging and (b) coronal fat only imaging. This was concordant with findings on 18F-Choline
PET/CT imaging

Sola Adeleke Thesis | Oct 2020

126

Discussion
Based on this primary analysis, 23 patients were identified to have metastatic disease
on both WB-MRI and conventional imaging (the combination of
and

99m

18

F-choline-PET-CT

Tc bone scan). The sensitivity/specificity were 85.19%/ 97.44% and

85.19%/94.87% respectively. The WB-MRI results were close to those reported by
Wieder et al (12) where overall sensitivity of WB-MRI for the detection of metastatic
disease was 88% on a per-patient basis.
Our study is one of the largest to have assessed diagnostic accuracy of WB-MRI
compared to

18

F-choline-PET-CT and

99m

Tc bone scan in patients following radical

radiotherapy. Our results show both imaging modalities (i.e., WB-MRI and combined
conventional imaging) had comparable accuracy. WB-MRI has the advantage of
assessing both bony and nodal disease in one scan and without the exposure to
ionizing radiation. The costs of PET tracers and availability of nuclear medicine
facilities in some hospitals have been identified as a limitation. There is a case to
advocate the use of WB-MRI as a single one-stop modality to assess recurrent
disease in patients with BCR especially following radical radiotherapy.
The inter-modality concordance between WB-MRI and
between WB-MRI and

99m

18

F-choline-PET-CT, then

Tc bone scan were 0.81 and 0.62 respectively, p<0.001. A

similar study reported the modality agreement between WB-MRI and 18F-choline-PETCT to be 0.77 and 0.68 for bone lesions, when WB-MRI and

99m

Tc bone scan were

compared (25). The high inter-modality concordance between WB-MRI and

18

F-

choline-PET-CT could be due to a number of factors. Bullen clearly describes a
situation where there might be a perfect concordance between two tests but could still
have poor diagnostic accuracy. Or a distinct situation where a new test shows poor
concordance with an existing test but turns out to be more accurate (35). However, in
our study there were both similar diagnostic accuracy and concordance between the
two modalities, further confirming potential similarities between them.
In a study by Barchetti et al (13), WB-MRI was compared to

18

F-choline PET-CT in

one hundred and fifty-two patients with biochemical recurrence after either radical
prostatectomy or external beam radiotherapy. The sensitivity/specificity of WB-MRI for
nodal disease detection was 98%/99% while for bony disease was 99/98%
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respectively (13). It is worthy to note that study used

18

F-choline PET-CT as a

reference standard. In a recent meta-analysis (34), they evaluated the pooled
diagnostic accuracy of 99mTc bone scan in the detection of bony metastasis in prostate
cancer. They demonstrated that bone scan sensitivity was only about 42%. In another
meta-analysis by Shen et al (19), the pooled sensitivities of WB-MRI, 18F-choline-PET
and Technetium-99m were 97%, 91% and 79% respectively and with pooled
specificities of 99%, 95% and 82% respectively for the detection of bony lesions. Some
of these studies further corroborate our findings of low sensitivity of

99m

Tc bone scan

in the detection of metastatic bone disease in prostate cancer.
In the locked sequential read analyses, we found that there may be additional benefit
for adding contrast-enhanced sequence to the protocol has it increases nodal
detection sensitivity from 71.43% to 85.71%. T2 weighted imaging was found however,
to add not much additional value to the sensitivity and specificity at 71.43%/100%
compared to 71.43%/95.56% for mDixon+DWI, in the detection of nodal disease. Also,
T2 weighted imaging or contrast-enhancement was likewise found not to have
increased the sensitivity of bone disease detection compared to mDixon+DWI. This is
in line with recommendations made by Padhani et al in the Met-Rads-P paper where
they suggested that T1 weighted gradient echo Dixon technique with mandatory
imaging reconstruction, STIR and DWI sequences should be regarded as core
protocol for metastatic disease detection in biochemically relapsed patients but
regarded whole body T2 weighted imaging without fat suppression as an optional
sequence (36).

There are a number of limitations to this study. Compared to the results from previous
studies, our WB-MRI sensitivity is relatively lower. One of the possible explanations
could be due to our use of a 1-year follow up imaging to adjudicate lesions found on
baseline MRI. Previous studies perhaps that have used single time point imaging, may
have reported a higher diagnostic accuracy because lesions on baseline WB-MRI may
have been overcalled as positive. Another limitation is that even though we recruited
patients across various sites and had their standard imaging done locally to increase
generalisability, all study scans were interpreted centrally. Using a single or small
number of readers could over-estimate a test’s sensitivity and doesn’t often represent
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a variety of expertise that is obtained in a real-word clinical setting. There are plans to
have a second reader analysis for the WB-MRI data to mitigate some of these
limitations.

There are a considerable number of lesions characterised as unknowns (n=19) due to
the stringent enhanced reference standard we applied. One could argue this may have
altered the patient population representation within the cohort. The effect of this is yet
to be evaluated as this is an interim study. Group and sub-group patient characteristics
and distribution will be described and tabulated in the final main paper manuscript.
The potential effects of these on both the statistical and clinical significance of the
results will be assessed. We also made an assumption that the interim analyses
results will be similar to final data as we’ve analysed over 65% of the total study data
however this might change as data from remaining study sites start coming in.

A recognised limitation in using fat water imaging especially mDixon, is fat water swap
artefact which tends to occur in regions of the body with significant magnetic field
homogeneity such as in the head and neck region and sometimes in the pelvis. This
artefact was identified in a handful of patients especially in the head and neck region.
However, due to the nature of spread of prostate cancer metastases and the low
disease burden in the study patient population, there was little or no impact of the fat
wat swaps on the analyses of the whole-body MRI data.

Finally, it is important to note that

68

Ga-PSMA PET-CT within a short time has led to

significant advances in prostate cancer imaging both in primary and recurrent settings
(37-41) . However, there is yet to be large reported prospective studies to assess its
diagnostic accuracy in comparison to WB-MRI, and the start of the LOCATE trial
predated availability of 68Ga PSMA PET-CT at our institution and therefore a head-tohead comparison was not possible. Data from the Pro-PSMA study and a number of
smaller studies have continued to show clear superiority of PSMA in the detection of
small volume disease especially in the relapse setting. Whether this will translate to
changes in patient outcomes is yet to be seen and also PSMA has been known to
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perform poorly in the assessment of treatment response especially in patients on
androgen blockade.

Conclusion
WB-MRI as a single study had a similar diagnostic accuracy to standard imaging
studies combined. This data suggests WB-MRI could be a desirable alternative to
standard imaging depending on availability and cost benefit analysis.
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Chapter 5: Incremental costs and wait
times for whole body MRI versus
conventional imaging in the LOCATE
study
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Introduction
Typical health economic analysis would aim to quantify the incremental gains, in terms
of effects of a novel technology, against their incremental costs versus that of a
suitable comparator. In this analysis we aim to add to the literature on the above, i.e.
what are the incremental costs of implementing whole body MRI versus those of
suitable comparators? We will also quantify wait times of the alternate tests versus
whole body MRI as our measure of ‘effect’ in the absence of long-term clinical data.
Therefore, using this data, we will be able to determine what the opportunity cost of
implementation of whole-body MRI would be if it were to be adopted at a hospital over
monetary costs and wait times.
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Methods
To estimate the cost of whole-body MRI and the reference tests, individual patient
level administrative data from UCLH and the associated Healthcare Resource Group
(HRG) codes was obtained for 101 trial participants. The data was analysed in RStudio
(1) to determine the HRG codes and costs associated with the diagnostic procedures
used in LOCATE; WB-MRI, CT, PET-CT and bone scan, along with any outpatient
appointments (table 1). Twenty unique HRG codes were identified in the UCLH
dataset, each with their associated hospital-level costs. These were then matched to
procedures in the national NHS reference costs dataset based on their descriptors (2).
It is worthy to note that several different HRG codes may relate to the same procedure
as each unique HRG may represent varying levels of intensity (and hence incur a
different cost). Therefore, weighted average prices were calculated by taking the price
per HRG code, multiplied by the share of activity within the matched procedure. For
example, the cost of a ‘Bone Scan’ is equal to the activity of HRG code ‘RA36Z-UNB’,
‘RA38Z-UNB’ and ‘RN16A-UNB’ multiplied by their respective HRG prices, divided by
the sum of the activity of the three activity codes. Further information on matching
found in table 2.
To account for the true cost of a new imaging technique we must also account for nonpecuniary costs such as wait times for the test and the time taken to report the test
results. In this way, we are able to take into account potential impacts to delays in
treatment. Data on wait times per test type were obtained from the NHS ‘Diagnostic
Imaging Dataset Statistical Release 2018-2019’ (3).

Results
We were unable to directly match three of the 20 HRG codes (RA01Z-UNB, RA02ZUNB, RA04-UNB) as they did not appear in the NHS reference cost dataset. The
weighted mean costs were computed per procedure along with the minimum,
maximum, standard deviations (at the hospital-level). We present the results in table
1, codes in bold text as the most relevant procedures for the evaluation.
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The most expensive test was CHOLINE-PET at £884 (SD: £26) and the cheapest test
was a CT scan of one area at £117 (SD: NA). Whole-body MRI cost approximately
£203 (SD: £19). Interestingly, only 50 out 101 patients in the LOCATE trial were coded
as having a whole-body MRI, it is unclear in the data what other codes could be used
to code for whole-body MRI.

Table 1 Weighted mean costs from LOCATE patients treated at
UCLH (n=101)
ASSIGNMENT

COUNT

WEIGHTED MEAN COST

MIN

MAX

SD

BONE SCAN

68

£228

£204

£537

£42

WBMRI

50

£203

£178

£226

£19

UROLOGY FOLLOW-UP

25

£86

£70

£99

£12

CHOLINE-PET

20

£884

£872

£959

£26

UNKNOWN

16

£215

£179

£394

£71

PET-CT

8

£874

£874

£874

£0

MRI - MULTI WITH CONTRAST

6

£212

£212

£212

£0

MRI - ONE AREA

5

£177

£161

£188

£15

MULTI FOLLOW-UP

4

£151

£135

£166

£18

UROLOGY FIRST ATTENDANCE

3

£165

£165

£165

£0

CT - MULTI WITH CONTRAST

2

£165

£165

£165

£0

CT - ONE AREA

1

£117

£117

£117

NA

ONCOLOGY FOLLOW-UP

1

£118

£118

£118

NA

SPECT-CT

1

£192

£192

£192

NA
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Table 2 Procedure assignment with HRG codes from UCLH data
ASSIGNMENT

HRG CODE

N

MEAN COST

MIN

MAX

SD

BONE SCAN

RA36Z-UNB

46

£218

£204

£240

£18

BONE SCAN

RN16A-UNB

21

£235

£235

£235

£0

BONE SCAN

RA38Z-UNB

1

£537

£537

£537

NA

CHOLINE-PET

RA42Z-UNB

20

£884

£872

£959

£26

CT - MULTI WITH CONTRAST

RA13Z-UNB

2

£165

£165

£165

£0

CT - ONE AREA

RA09A-UNB

1

£117

£117

£117

NA

MRI - MULTI WITH CONTRAST

RD05Z-UNB

6

£212

£212

£212

£0

MRI - ONE AREA

RA02A-UNB

3

£188

£188

£188

£0

MRI - ONE AREA

RA01A-UNB

2

£161

£161

£161

£0

MULTI FOLLOW-UP

WF02A-100

4

£151

£135

£166

£18

ONCOLOGY FOLLOW-UP

WF01A-370

1

£118

£118

£118

NA

PET-CT

RN01A-UNB

8

£874

£874

£874

£0

SPECT-CT

RN04A-UNB

1

£192

£192

£192

NA

UNKNOWN

RA01Z-UNB

8

£179

£179

£179

£0

UNKNOWN

RA02Z-UNB

6

£202

£202

£202

£0

UNKNOWN

RA40Z-UNB

2

£394

£394

£394

£0

UROLOGY FIRST ATTENDANCE

WF01B-101

3

£165

£165

£165

£0

UROLOGY FOLLOW-UP

WF01A-101

25

£86

£70

£99

£12

WBMRI

RA04Z-UNB

34

£215

£205

£226

£11

WBMRI

RD04Z-UNB

16

£178

£178

£178

£0

Table 2 showing multiple HRG codes used for the same tests and with varying costs. A weighted mean
cost was derived by multiplying each HRG code ( e.g. bone scan RA36Z-UNB), by ‘N’ ( number of tests
per HRG code). Each of these was summed up then divided by total number of N for that modality.
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The estimated wait times for each modality are presented in table 3 below. The test with the longest
wait time is whole-body MRI at a total average wait time of 24.4 days, whereas the test with the shortest
wait time CT which seems to offer following-day tests. The average wait time across all tests (including
whole-body MRI) was 10.9 days, and excluding whole-body MRI was 8.1 days.

Table 3 Test request to test report time delays
TEST

‘TEST REQUEST’ TO

‘TEST’ TO ‘TEST

TOTAL

‘TEST’(DAYS)

REPORT’(DAYS)

TIME(DAYS)

X-RAY

0 (0,0)

1 (1,1)

1 (1,1)

ULTRASOUND

14.4 (14,15)

0 (0,0)

14.4 (14,15)

CT

1.1 (1,2)

0 (0,0)

1.1 (1,2)

WB-MRI

21.4 (19,25)

3 (3,3)

24.4 (22,28)

NUCLEAR

18.8 (18,23)

1.1 (1,2)

19.8 (19,25)

PET-CT

7.6 (7,9)

1.8 (1,2)

9.5 (8,11)

SPECT

17.2 (13,23)

1.3 (1,2)

18.5 (14,25)

MEDICINE

Table 3. Number of days from ‘test request’ to ‘test’, and from ‘test’ to ‘test report’ as calculated using
the NHS diagnostic dataset 2018-2019, values are reported in days with the mean as the primary metric,
and minimum and maximum days in brackets (3)

Discussion
In table 1 above, choline-PET/PET-CT scans were the most expensive imaging
modality at £884 per scan. Bone scans were significantly cheaper at £228 per scan
and closer to the cost of whole-body MRI at £203 per scan. CT scans were
approximately £117-165 per scan, depending on whether contrast was used.
Therefore, if whole body MRI were to replace conventional imaging techniques, we
could expect to see a significant cost saving. However, it is not clear whether wholebody MRI would serve as a substitute for existing modalities or as a supplement. This
can only be known once whole-body MRI is nationally adopted, and a follow up study
should evaluate whether we see a reduction in the use of other imaging techniques in
hospitals that adopt whole-body MRI, versus those that do not. Unfortunately, in this
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study, we were unable to obtain such data, furthermore UCLH is a tertiary referral
centre and university hospital that may have the resources or capacity to perform both
whole-body MRI and conventional imaging techniques.
Regarding wait times, we see that patients requiring whole-body MRIs will wait
significantly longer than the next best option. In fact, patients would wait an average
of 4.6 days longer for a whole-body MRI versus any nuclear medicine appointment,
and just over two weeks longer versus a PET-CT, albeit much cheaper. The longest
delay seems to be in the ‘test request’ to ‘test performed’ phase (21.4 days), rather
than the ‘test performed’ to ‘test report’ stage (3 days). In general, WB-MRI was the
imaging modality with the longest time to report test results. This could mean demand
for MRI scans far outstrips supply, and that radiology departments tend to struggle
with this. If whole-body MRI was implemented and did not act as a substitute for other
tests, we would expect there to be further demand on the MRI services which would
subsequently lengthen time to treatment decisions, and potentially may have impacts
on disease progression, however, given the length of follow-up of our study, we were
unable to validate this.

Conclusion
Overall, we found that whole-body MRI would likely reduce the cost of imaging if it
acted as a substitute to existing tests such as Choline-PET (-£681), PET-CT (-£671)
and bone scans (-£25) but would probably increase costs if it acts as a substitute for
CT scans (+£38-86). In all cases, and without further expenditure in capital, wholebody MRI would significantly increase the time until the patient receives test results
and would further add to the already high wait times for MRIs.
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Chapter 6: Thesis summary,
discussions and future perspectives
Chapter 2 aimed to evaluate the inter-reader and intra-reader repeatability of size
measurements made by radiologists on individual WB-MRI sequences (coronal water
only mDixon, coronal contrast-enhanced water only mDixon, fat only mDixon, axial
DWI b1000, axial T2-TSE), and thereby to (i) define which sequence should be used
to assess size changes, and (ii) define thresholds of change allowing real change to
be separated from measurement error.
For nodal repeatability experiments, ten patients with PET-positive nodal disease were
randomly selected from radio-recurrent PCa cohort recruited into the LOCATE clinical
study (study REC number: 15/LO/0776). Twenty-three patients with suspicious bone
lesion(s) with a radiology-reported Likert score of ≥4/6 were randomly selected for
analyses.
The results presented within this chapter indicated nodal size measurements made by
radiologists in the short axis (SAD) were most consistent when performed on contrastenhanced mDixon water only images both between readers and with repeated
measurements performed by the same reader. A possible explanation for the narrower
LoA for repeated measurements made on contrast-enhanced mDixon images may
relate to the relative increased conspicuity of enhanced lymph nodes following contrast
enhancement.
Additionally, it was demonstrated that nodal size measurement on T2-TSE images
was smaller for both readers compared to measurements made on the other WB-MRI
sequences. It is uncertain whether the real size of the lymph nodes is more reflective
of the T2-TSE measurements or whether T2-TSE measurements themselves are
underestimates of true nodal size. Previous studies have shown radiologists often
measure nodal size on T2 weighted images, however our study demonstrates that T2
measurements made have poorer repeatability compared with post-contrast mDixon
water only measurements.
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In bone, results indicate intra-reader measurements showed better repeatability with
a narrower 95% LoA compared to inter-reader measurements. The agreements
between Intra-reader SAD measurements for pre & post contrast water only, pre &
post contrast fat only were all found to be similar. We utilised contrast-enhanced
mDixon fat only sequence for bone lesion measurement first, to maintain uniformity
with nodal sequences and second, previous studies have suggested a possible
increased lesion conspicuity on fat only contrast enhanced sequences for bone
lesions. Based on our findings, we were able to make lesion size-change an integral
component of the enhanced reference standard in the LOCATE clinical trial.
Chapter 3 aimed to determine the value of MR-signal derived QIBs (signal fat fraction
(sFF), apparent diffusion coefficient (ADC), and signal enhancement ratio (SER)) as
metastatic disease classifiers and response markers in patients with rPCa. Size
measurement is commonly used for the assessment of lymph nodes. It has been found
in certain malignancies that 20% of nodes that <1cm are considered malignant and
over 30% of nodes >1cm will only show inflammatory hyperplasia. In prostate cancer,
25% of lymph nodes that are categorised as normal (based on size <1cm) at staging
have been found to harbour metastatic disease on post-operative histology. MRIderived QIBs were assessed for possible utility in disease classification and response
monitoring.
An observational cohort, single centre, non-randomized prospective study was
conducted. 85 patients underwent WB-MRI and other routine clinical imaging tests as
previously described. A total of 367 nodes across the 85 patients were identified while
71 bone lesions across 40 patients were identified. All patients had 99mTc bone scan,
18

F-choline PET-CT, baseline and follow-up WB-MRI scans.

Out of the three MR-signal derived metrics assessed in nodes, only median sFF was
statistically different between positive and negative ERS status nodes. Positive nodes
had a significantly lower sFF compared to benign nodes. sFF was the only quantitative
biomarker that showed significant results for treatment response monitoring following
systematic therapy (ADT). In bone, there was significant difference in size (SAD)
between malignant and benign bone lesions. SFF and ADC were able to discriminate
between positive and negative bone lesions. SFF was able to show significant
changes post ADT in bone lesions, with responding bone lesions having a significantly
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higher relative change in median sFF compared to non-responders. Our results further
show sFF measurements are repeatable both between and within readers.
The next step in evaluation, particularly for sFF, would be to assess multi-centre
repeatability to determine how generalisable the study findings are likely to be. We will
also be assessing if the disease diagnostic thresholds derived for sFF from this study
could be applied to and validated in sFF datasets from a different patient cohort,
vendor or institution.
Chapter 4 aimed to determine the sensitivity/specificity of WB-MRI and to compare
this against sensitivity/specificity for conventional imaging-based staging (combination
of

99m

Tc bone scan, CT ±

18

F-Choline PET-CT). Current multi-modality conventional

imaging techniques have limited sensitivity and specificity for detection of lymph node
and bone involvement in metastatic prostate cancer. In addition, patients often need
to make multiple hospital visits in order to complete all imaging studies, and current
imaging requires the use of ionising radiation.
An observational, multi-centre, non-randomized prospective study was conducted.
Patients with BCR following EBRT or BRT who met the phoenix criteria were
prospectively recruited to undergo research WB-MRI in addition to the routine
conventional imaging performed for detection of metastatic disease. Follow-up
imaging (WB-MRI) acquired 1 year later along with conventional imaging and clinical
data was used to construct an enhanced reference standard.
The overall sensitivity/specificity for WB-MRI and conventional imaging(combined)
were similar. However, WB-MRI can be done in one go and avoids exposure to
ionising radiation. There was good concordance between WB-MRI and
PET-CT, unsurprisingly more less so between WB-MRI and

99m

18

F-choline-

Tc bone scan. In the

locked sequential analyses, we found that there may be additional benefit for adding
contrast-enhanced sequence to the protocol has it increases nodal detection
sensitivity. T2 weighted imaging was found however, to add no additional value to the
sensitivity compared to for mDixon+DWI, in the detection of nodal disease. Also, T2
weighted imaging was likewise found not to have increased the diagnostic accuracy
of bony disease detection compared to mDixon+DWI.
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68

Ga-PSMA PET-CT within a short time has led to significant advances in prostate

cancer imaging both in primary and recurrent settings. However, there is yet to be
large reported prospective studies to assess its diagnostic accuracy in comparison to
WB-MRI, and the start of the LOCATE trial predated availability of

68

Ga PSMA PET-

CT at our institution. Future work will focus on comparative assessment of diagnostic
accuracy of WB-MRI versus 68Ga-PSMA in the BCR setting and also the performance
of both modalities in response monitoring especially with hormonal therapies and
androgen receptor targeted agents.
Chapter 5 set out to quantify the incremental gains, in terms of effects of a novel
technology (in this case WB-MRI), against their incremental costs versus that of a
suitable comparator (conventional imaging). We quantified wait times of the alternate
tests versus whole body MRI as our measure of ‘effect’ in the absence of long-term
clinical data. Hence, we were able to determine what the opportunity cost of
implementation of whole-body MRI would be if it were to be adopted in the NHS.
Cost estimates were made for both WB-MRI and conventional imaging by looking at
the healthcare resource group (HRG) codes for the 101 patients recruited from UCLH.
We assessed non-pecuniary costs such as wait times for the test and the time taken
to report the test results. In this way, we were able to take into account potential
impacts to delays in treatment. Data on wait times per test type were obtained from
the NHS ‘Diagnostic Imaging Dataset Statistical Release 2018-2019’. We found the
most expensive test was 18F-Choline PET while the cheapest test was CT scan only.
WB-MRI costs 4 times less than 18F-Choline PET. The test with the longest wait time
was whole-body MRI while CT scan had the shortest wait time. Based on our initial
findings in chapter 3, WB-MRI as similar diagnostic accuracy as conventional imaging
combined.
Finally, this thesis explored the use of WB-MRI and its derived biomarkers for disease
classification and response monitoring in patients with biochemically recurrent
prostate cancer. This could serve as building blocks for further work on WB-MRI both
as a qualitative and quantitative modality for assessing disease. Its qualitative potential
has been shown both in lung and colorectal cancer. There are yet to be big multicentre studies exploring the quantitative potential of WB-MRI especially of fat fraction
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using mDixon sequences. 2 papers are currently being written to publish our findings
based on chapters 3 & 5.

Sola Adeleke Thesis | Oct 2020

145

Appendix
Appendix 1: Academic output
Peer-reviewed paper publications
*Joint first authorship. Equal contribution.

1. Sola Adeleke* , Arash Latifoltojar* , Harbir Sidhu ,Myria Galazi, Taimur T Shah,
Joey Clemente , Reena Davda, Heather A Payne, Manil D Chouhan, Maria Lioumi,
Sue Chua, Alex Freeman, Manuel Rodrigo-Justo, Anthony Coolen, Sachin Vadgama,
Steve Morris, Gary J Cook, Jamshed Bomanji, Manit Arya, Simon Chowdhury, Simon
Wan, Athar Haroon, Tony NG , Hashim U Ahmed & Shonit Punwani Localising Occult
Prostate Cancer Metastasis with Advanced Imaging Techniques. BMC Medical
imaging. 2019;19 (1) 90.
2. Mina Kim*, Franscisco Torrealdea*, Sola Adeleke*, Marilena Rega, Vincent Evans,
Teresita Beeston, Katerina Soteriou, Stefanie Thust, Aaron Kujawa, Sachi Okuchi,
Elizabeth Isaac, Wivijin Piga, Jonathan R Lambert, Asim Afaq, Eleni Demetriou, Pratik
Choudhary, King Kenneth Cheung, Sarita Naik, David Atkinson, Shonit Punwani &
Xavier Golay. Challenges in glucoCEST MR body imaging at 3 Tesla. Journal of
Quantitative imaging in Medicine and Surgery (QIMS) 2019;9(10):1628-1640

3. Tran, M., Latifoltojar, A., Neves, J. B., Papoutsaki, M.V., Gong, F., Comment, A.,
Costa, ASH., Glaser, M., Tran-Dag, MA., El-Sheikh, S., Piga, W., Bainbridge, A.,
Barnes, A.,Young, T., Jeraj, H., Awais, R., Adeleke, S., Holt, C., O’Callaghan, J.,
Twyman, F., Atkinson, D., Frezza, C., Arstad, E., Gadian, D., Emberton, S., Punwani,
S. First-in-human in vivo non-invasive assessment of intra-tumoral metabolic
heterogeneity in renal cell carcinoma. BJR case reports.2019; 2:5(3).

Sola Adeleke Thesis | Oct 2020

146

Peer-reviewed abstract publications
1. A 20mins oral presentation as the lead author at the International society for
magnetic resonance in medicine (ISMRM) conference in Montreal, CA 2019. Sola
Adeleke, Arash Latifoltojar, Harbir Sidhu, Manil Chouhan, Athar Haroon, Asim Afaq,
Reena Davda, Heather Payne, Hashim Ahmed, Shonit Punwani". Fat fraction
provides classification and treatment response assessment of metastatic lymph
nodes for patients with radio-recurrent prostate
cancer" http://discovery.ucl.ac.uk/10078201/
2. Poster presentation as the lead author at the ISMRM in Paris, France in 2018
Adeleke, S., Papoutsaki, M.V., Sidhu, H., Bainbridge, A., Price, D., Carnell, D.,
Punwani, S. (2018) "Hydrogen magnetic resonance spectroscopy: a technique for
predicting clinical outcome in patients with head & neck squamous cell cancer with
locally advanced cervical nodal disease"
http://discovery.ucl.ac.uk/10078203/
3. Poster presentation as a co-author at the ISMRM in Hawaii USA in 2017
Sidhu, H. S., Tudisca, C., Price, D., Adeleke, S., Papoutsaki, M. V., Forster, M.,
Punwani, S. (2017)
"Absence of oxygen enhanced changes in T2 * within head and neck cancer
metastatic cervical lymph nodes is associated with local disease recurrence within 2years following chemoradiotherapy"
http://indexsmart.mirasmart.com/ISMRM2017/SearchResults.php?q=sidhu

Sola Adeleke Thesis | Oct 2020

147

Awarded Summa Cum Laude
***ISMRM Summa Cum Laude – awarded to top 5% of accepted abstracts (pool of
abstracts approx. 5000) ***
Sola Adeleke, Arash Latifoltojar, Harbir Sidhu, Manil Chouhan, Athar Haroon, Asim
Afaq, Reena Davda, Heather Payne, Hashim Ahmed, Shonit Punwani. "Fat fraction
provides classification and treatment response assessment of metastatic lymph
nodes for patients with radio-recurrent prostate cancer".
http://discovery.ucl.ac.uk/10078201/ Proc., ISMRM, 27th Annual Meeting, Montreal
2019.

International Oral Presentation
First-in-man Studies of Glucose-chemical exchange saturation transfer MR imaging
(GlucoCEST) in Patients from two European centres. GLINT 3rd Consortium Meeting
& General Assembly June 16th-17th, Paris 2018.
Presenters: Dr Sola Adeleke & Prof Xavier Golay

Lead moderator of scientific session at ISMRM conference
August 2020
Session name: Cancer imaging: Treatment planning & response assessment.
Monday, 10th of August 2020
Moderators: Dr Sola Adeleke & Dr Arvind Pathak

Lead moderator of scientific session at ISMRM conference
Montreal 2019
Session name: Brain Tumour: CEST, MRS & Diffusion MRI. Wednesday, 15th of May
2019, Montreal, Canada
Moderators: Dr Sola Adeleke & Dr Dariya Malyarenko

Sola Adeleke Thesis | Oct 2020

148

Educational grant award
Awarded $635 ISMRM educational award. This included cash award of $160 and
ISMRM conference fee waiver worth $475.

UCLH charity travel grant award
Awarded £600 grant by UCLH charity. This is to attend the ISMRM conference in Paris,
2020 as a session lead moderator in a scientific session titled: Cancer imaging:
treatment planning and response assessment.

UCL Grad school courses attended

UCL Grad school courses attended

Date

1

Writing skills for new PhD researchers

1st & 6th of February 2017

2

Plagiarism and citing

26th of Feb 2018

3

Mendeley

27th of Feb 2018

4

Your PhD Part 3: Managing & producing your 2nd of March 2018
thesis

5

Writing across genres: for science and medicine 14th of June 2018
PhDs

6

Writing compelling abstracts

28th of June 2018

7

Preparing for your viva

6th of July 2018

8

Creative & critical thinking

11th of July 2018

9

Creativity, spontaneity
presentations

10

Assertive communication with RADA

23rd of July 2018

11

Building confidence in academic writing

23rd of July 2018

Introduction to MATLAB for busy students

26th of July 2nd & 9th of Aug
2018

13

The good viva video (BPSN)

Birkbeck online module

14

Statistics for researchers’ course

7th-9th, 15th and 16th of Nov
2018

15

One to one MRI Physics teaching (By Dr Anita
1hr per week, June-Dec 2018
Karsa)

12

Sola Adeleke Thesis | Oct 2020

and

confidence

in 16th of July 2018

149

UCL Grad school courses attended

Date

16

Audited MPHY0019 (MRI physics module)

January 2019

17

Bitesize
Python)

18

Machine learning made easy using BigML
28th of March 2019
(Level 1)

19

Project management in research

10th June 2019

20

Writing Applications for Funding

3rd March 2020

Other courses and seminar attended

Date

programming

(using

MATLAB

&

8th of March 2019

21

CRUK clinical researcher’s meeting, Burlington August 2016
house London

22

CRUK-ESPRC Cancer imaging centres annual September 2016
conference Manchester

23

Day trip to Oxford university centre for clinical November 2016
magnetic resonance research. To learn set-up
and clinical delivery of DNP-hyperpolarised C13 Pyruvate

24

Visits to King’s college hospital endocrinology August 2016
and diabetes research group to learn how to set
up of hyperglycaemic clamp for GlucoCEST
study infusion protocols in human subjects

25

Presented at the centre for medical imaging June 2016
(CMI) group meeting on the clinical applications
of hyperpolarised MRI in cancer

26

Proceedings and educational sessions ISMRM May 2017
25th Annual meeting Hawai’i, USA

27

Proceedings and educational sessions ISMRM June 2018
26th Annual meeting Paris, France

Sola Adeleke Thesis | Oct 2020

150

Other courses and seminar attended

Date

28

Proceedings and educational sessions ISMRM May 2019
27th Annual meeting Montreal, Canada

29

Proceedings and educational sessions ISMRM August 2020
28th Annual meeting-Virtual meeting
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Appendix 2: Peri-prostatic fat work
Chapter 5: Peri-prostatic fat measurements as a marker of
disease spread (aggressiveness) in patients with radiorecurrent prostate cancer
Problem statement
Previous studies have shown correlation between aggressiveness of prostate cancer
and obesity (1)(2). Obesity has often been measured by the body mass index(BMI)
which is a ratio of weight(Kg) and height(m2). However, BMI does not provide a
measure of fat distribution or metabolic activity of fat in general. Factors such as
genetic regulation, angiogenesis, adipogenesis and local effects of adipokines all play
important roles in the distribution of metabolically active fat in patients (3).
Release of cancer-mediating chemokines and activation of cancer-mediating growth
factors by peri-prostatic fat(PPF) have been demonstrated in patients with locally
advanced prostatic disease or patients with high Gleason grade (4). In recent studies,
measurement of peri-prostatic fat (PPF) on imaging has been correlated with prostate
cancer Gleason grade and local tumour staging in newly diagnosed prostate cancer
patients (4-7).
This chapter utilises the LOCATE cohort to explore whether measurement made on
WB-MRI studies of patients in the radio-recurrent setting can provide a marker of
disease spread (tumour aggressiveness).

Hypothesis
We

hypothesize

that

peri-prostatic

fat

will

be

higher

in

patients

with

metastatic(aggressive) disease.
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Aim
To determine the value of PPF as a classifier of patients into those with no prostatic
disease verses those with metastatic disease spread.

Introduction
Studies have shown that increased peri-prostatic fat volume is linked to increased
cancer aggressiveness and staging (4)(8)(9). According to work by Mangiola et al, it
has been suggested that altered adipose tissue homeostasis play an important role
towards the development of advanced prostate cancer (8). Preclinical experiments
have also shown that upregulation of sterol regulatory element-binding protein
(SREBP) a prometastatic lipogenic protein, promotes cancer aggressiveness and
drives metastatic progression (10). The same study showed mice that demonstrated
upregulation of SREBP earlier on, went on to develop aggressive metastatic prostate
cancer. Dahran et al (11) have shown that (PPF) was able to differentiate between
patients with Gleason 3+4 disease compared to 4+3. They further validated their
findings using immuno-histochemistry (IHC) staining to assess the levels of expression
of tumour necrosis factor alpha (TNFα), androgen receptors (AR) and vascular
endothelial growth factor(VEGF) from 69 patients following radical prostatectomy.
PPF, TNFα and VEGF levels were significantly higher in patients with Gleason score
≥7 compared to Gleason 6 (11).
Salji et al (12) in a retrospective study, assessed the relationship between pretreatment PPF volume and the development of castration resistant prostate cancer
(CRPC). 224 patients with advanced (T3 or N1 or M1) disease had their PPF
measured on a staging pelvic multi-parametric MRI. The median follow up time on
androgen deprivation therapy (ADT) was 40 months. The median PPF volume of
patients who went on to develop CRPC was 37.9 cm3 compared to 16.1 cm3 for those
who had sustained response to ADT, p<0.0001. In a univariate Cox proportional
hazard analysis, out of various variables considered, such as nadir PSA, body weight
and waist circumference, PPF volume had the highest predictive value for CRPC.
They concluded in that study that amount of fat around the prostate could potentially
predict response to hormone therapy (12).
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In general, work to date has shown that PPF relates to tumour aggressiveness (3)(4)
and there are series of published data which has demonstrated that a higher amount
of metabolically active adipocytes situated around the prostate is associated with more
aggressive disease (5)(6). Given the previous results, and as tumour aggressiveness
in the prostate cancer relapse setting is commonly manifested as distant disease
spread, here we explore whether a correlation exists between PPF and the presence
of metastatic disease.

Methods
Patient cohort:
An observational prospective study was carried out as described in previous chapters.
85 patients were assessed as these were the patients with baseline and follow up WBMRI, PSA and clinical data as at the time of analysis. As previously described in
chapter 3, an enhanced reference standard (ERS) was applied to each extra-prostatic
disease using a combination of 18F-choline PET-CT ± 99mTc bone scan, lesion size
change between baseline and follow-up WB-MRI and PSA kinetics to confirm a
positive/negative disease status at baseline (shown in figure 1). Status of Intraprostatic disease was assessed using mp-MRI acquired within 3 months of WB-MRI
and without any focal and systemic intervention in between. Patients were then
categorised into the 3 groups below:
(i) patients with no evidence of prostatic or extra-prostatic (nodal, bone or other
metastatic site) disease following review of mp-MRI and a negative outcome on the
ERS, (least aggressive).
(ii) presence of prostate only disease and no evidence of extra-prostatic disease on
mp-MRI and/or negative outcome on ERS (more aggressive)
(iii) presence of extra-prostatic disease (nodal or metastatic) as evidenced on mp-MRI
and/or positive outcome on ERS, (most aggressive)

Measurement of PPF:
All regions of interest (ROIs) were drawn by a clinical research fellow (unaware of
disease spread), on 3 contiguous slices on axial contrast-enhanced fat-only mDixon
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sequence(figure 2), using the Horos image viewing platform (Version 2.4.0, The Horos
Project Nimble Co LLC d/b/a Purview in Annapolis, MD USA). The ROIs encircled the
peri-prostatic fat at the level of the femoral head and greater trochanter as previously
described (9)(13). Other anatomical borders used were the pubic symphysis anteriorly,
the medial border of obturator internus laterally and the Denonvillier’s facia posteriorly.
In a few of patients with a full bladder pushing the prostate downwards or anatomical
localisation not aligned with above landmarks, the base of the prostate was identified,
and ROIs were drawn from this location. Prostatic ROIs were drawn on the same
contiguous slices as the peri-prostatic fat ROIs. As prostate gland dimensions are
highly variable between individuals even with the same grading or stage of disease,
peri-prostatic fat was normalised for all patients to account for variations in prostatic
volume. Normalised PPF was derived by dividing PPF volume by the prostatic volume
(PV) obtained as previously described (4). In order to carry out an accurate and fully
volumetric ROI analyses of the whole prostate, a fully automated or a semi-automated
segmentation technique using dedicated software would have been required.
However, at the time of this analysis, manual ROI analysis was only feasible.

Repeatability of PPF measurement:
Following initial measurements by reader 1, (with 4 years’ cross-sectional MR imaging
experience), all measurement mark-ups were stored then removed from the WB-MRI
datasets. Reader 2(with 6 years’ cross-sectional MR imaging experience) then remeasured all PFF for the same cohort of patients using the anatomical landmarks
already described. All measurement mark-ups were once again stored then deleted at
the end of the reading session. Following a 2-week washout period, reader 2 then
repeated PPF measurements in twenty randomly selected patients from the same
cohort in order to assess intra-observer repeatability.

Statistical analysis:
Normality of measurements was assessed using Kolmogorov-Smirnov test. MannWhitney test was used to compare the PPF between the two disease status groups.
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Receiver-operating-characteristic (ROC)area-under-curve (AUC) was calculated for
assessment of PPF as a no disease/ disease classifier. Bland-Altman statistics was
used to determine inter-observer and intra-observer bias and 95% limits of agreement
for peri-prostatic fat measurements.

Results
85 patients were eligible for analysis however 19/85 patients’ status were declared as
unknown based on the ERS. Another 21 patients didn’t have mp-MRI within 3 months
of WB-MRI or mp-MRI images were not available for review.
The median age of patients was 74(range 65-85 years) and median PSA 4.45(range
1.48-28.3 µg/L). 8/45 had no-disease detected (least aggressive), 21/45 had localised
disease while 16/45 had metastatic disease (most aggressive).
Patients in the no-disease group (median 2.058, range 1.548-2.627) had a lesser PPF
compared to those with localised disease detected, though this did not reach
significance (median 2.445, range 1.772-6.454), p=0.11(figure 3). The metastatic
disease group had a higher PPF (median 2.630, range 1.797-3.118) than the localised
disease group but with p=0.83(figure 4). The ROC-AUC (figure 5) for no disease/any
disease classification was 0.71 (acceptable). At a PPF cut off 1.925(Youden’s index),
PFF was able to differentiate no disease from any disease with a sensitivity of 84.21%
and specificity of 50.00%
The 95% limits of agreement (LoA) between readers for PPF measurements were
between 57.42% to -39.15% while LoA for intra- reader measurements (after 2 weeks
wash out) were 24.60% to -28.09%, see figure 6. The bias between the two readers
and within 2 separate measurements taken by reader 2 were 9.13 and -1.74
respectively.
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Figure 1 showing enhanced reference standard to determine status
of a lesion

Figure 1 Derivation of composite enhanced reference standard for evaluation of WB-MRI diagnostic
accuracy at a per-patient level for lymph node and metastatic bone disease. TP: True positive, FN:
False Negative, FP: False positive and TN: True negative. UK: unknown, ADT: Androgen Deprivation
therapy.
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Figure 2
2a ROIs for peri-prostatic fat & prostatic volume

2b Peri-prostatic fat volume (3 contiguous slices)

2c Prostatic volume( same 3 contiguous slices)

Figure 2. Region of interest ROI(5a) drawn on Horos (Version 2.4.0, The Horos Project Nimble Co LLC
d/b/a Purview in Annapolis, MD USA) showing peri-prostatic ROI (in blue) and prostatic ROI (in purple).
2b shows the peri-prostatic fat volume across 3 slices and (2c) the prostatic volume on the same 3
slices. PPF was derived by dividing mean volume of (2b) by (2c).
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Figure 3
PPF no residual Prostate cancer (n=8) & localised
disease (n=21)

Figure 3. Peri-prostatic fat for patients with no residual prostate cancer and those with localised
disease.

Figure 4
PPF localised Prostate cancer (n=21) & metastatic disease (n=16)

Figure 4. Peri-prostatic fat for patients with localised prostate cancer and those with metastatic disease.
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Figure 5. Receiver-operating-characteristic (ROC)area-under-curve
(AUC) for no disease, any disease classification

Figure 5. At a PPF cut off 1.925, PFF was able to differentiate no disease from any disease with a
sensitivity of 84.21% and specificity of 50%
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Figure 6
Inter & intra observer repeatability of PPF measurements on fat
only mDixon
a

b

Figure 6. Bland Altman plots demonstrating(a) inter-reader repeatability of PPF measurements and (b)
intra-reader repeatability of PPF measurements on post-contrast mDixon fat only images
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Discussion
We have shown the potential utility of PPF in classifying patients with different disease
burden and aggressiveness. The median PPF for patients in no disease group was
2.058, range 1.548-2.627, while for those with evidence of localised disease was
median 2.445, range 1.772-6.454. However, the difference in PPF between these 2
groups did not reach statistical significance, p=0.11. Similar pattern was found
between localised and metastatic disease median 2.630, range 1.797-3.118 and
likewise not statistically significant, p=0.83.
The differences in PPF in patients between disease groups disease are in keeping
with previously published work demonstrating the relationship between fat and
prostate cancer (11)(5).
The ROC-AUC analyses show the ability of PPF to classify disease groups. PPF was
able to categorise between no disease and any disease groups with AUC of 0.71
(figure 4). This biomarker might show potential especially if it could be replicated in
bigger multi-centre datasets. The biomarker could also be a very useful addition to the
armamentarium of tools for stratifying patients who might otherwise need biopsies
hence, avoiding unnecessary invasive procedures in many more patients.
The fact that patients with disease had a higher PPF than patients with no disease
might suggest that patients with disease could have had a higher, overall and
metabolically active body fat (including pelvic fat) possibly related to obesity(1)(3).
Comparisons of abdominal fat and body mass index (BMI) between disease groups
could help provide evidence for this hypothesis. Within this study it was not possible
to determine whether the higher PPF in patients with disease detected is a promoter
of disease or vice versa. Another point to note is many of the patients in the current
cohort have had HiFU at some point prior to presentation for this study. Studies have
shown that focal therapy using cryotherapy has led to immunosuppressive effect within
local and adjoining tissue (14), which may have affected the biochemical and
metabolic features of the disease. Urano et al also showed this effect was greatest
when treating single prostatic lesions compared to multiple lesions (15). More work
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needs to be done to further explore differences in PPF within different groups in the
context of previous focal prostate therapy.
We showed that PPF measurements are repeatable both between and within readers.
The 95% limits of agreement (LoA) between readers for PPF measurements were
57.42% to –39.15% while LoA for intra- reader measurements (reader 2 after 2 weeks
wash out) were 24.60% to 28.09%. The bias between the two readers and within
reader 2 were 9.13 and -1.74 respectively. This suggests that an approximately
greater than 57% increase or 39% decrease in PPF between readers for the same
patient is likely to be a true difference rather than a measurement error and greater
than 25% increase or 28% decrease in PFF measurements taken at different time
points by the same reader on the same patient is likely to be a true difference.
One of the limitations of this study that it is purely exploratory and sample numbers
are not powered to assess for effect size. However, these results could inform well
designed, adequately powered future studies, to further explore the value of this
biomarker. Another limitation is that there was no matched histological data especially
for extra-prostatic disease to further validate or findings. Finally, as previously reported
(11)(16), it will be good to assess PPF data normalised to BMI and abdominal fat
volume, as this may potentially have an effect in the way the PPF data is analysed or
interpreted. It will also be interesting to see if the trend towards a high PPF in disease
remains the case after PPF data are normalised to BMI and body fat distribution.

Conclusion
PPF can be measured on WB-MRI and differs between patients with different cancer
aggressiveness, though not statistically significant.
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Protocol Summary
Summary of trial design

Sponsor Name:

Whole body multi-parametric MRI: Accuracy in staging of biochemically
relapsed prostate cancer
LOCATE: Localising Occult prostate Cancer metastases with Advanced
imaging TEchniques
UCL

Funder Name:

Prostate Cancer UK (PCUK)

Design:

Prospective cohort study
To prospectively compare diagnostic concordance of whole body multiparametric Magnetic Resonance Imaging (MRI) with current
conventional multi-modality reference standard imaging (CT scan,
isotope bone scan +/- PET-CT scan) for staging of prostate cancer
patients with biochemical relapse following external beam radiotherapy
or brachytherapy of locally advanced prostate cancer
The per site sensitivity and specificity of whole body multi-parametric
MRI for nodal and distant metastasis
• Diagnostic performance of MRI for the assessment of the extent
of the recurrent prostate cancer compared to choline PET-CT
• Interobserver agreement of MRI for disease staging
• Derivation and evaluation of quantitative MRI signal heterogeneity
indices of metastatic disease as predictors of treatment response
to androgen deprivation therapy (ADT)
• Exploration of the Human Epidermal growth factor Receptor
(HER) activated dimer in metastatic castration-resistant prostate
cancer
• Cost-effectiveness of whole-body multi-parametric MRI for
metastatic disease staging compared with conventional staging
with computed tomography and bone-scan

Title:
Short Title:

Overall Aim:

Primary outcome:

Secondary outcomes:

Recruitment target:

One-hundred and thirty patients

Planned Number of
Sites:

Two
• University College London Hospital
• Guys and St Thomas Hospital
Inclusion Criteria:
• Men who have undergone previous external beam radiotherapy
or brachytherapy with or without neo-adjuvant/adjuvant hormone
therapy
• biochemical failure as determined clinically by treating physician

Inclusion and
Exclusion Criteria:

Anticipated duration of
recruitment:
Duration of patient
follow up:
Definition of end of
trail:

Exclusion Criteria:
• Men unable to have MRI scan, or in whom artefact would
significantly reduce quality of MRI
• Men unable to give informed consent
Thirty-six months
For one year or until death
Recruitment: Last patient undergoes staging MRI
Active: Last recruited patients undergo 1 year follow up MRI and/or
undergoes suspected metastatic site biopsy
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Trial Schema
STANDARD OF CARE
Patients suspected of
recurrence of prostate cancer
following EBRT or
brachytherapy

RESEARCH

Recruitment to the study

Standard re-staging
investigations (CT scan,
Isotope bone scan, PET-CT
scan)

MDT derived staging and
treatment plan

Significant
incidental findings

1st research whole body MRI
scan

Whole body MRI derived
staging (staging not disclosed
to clinical team)

Treatment/Expectant
management

Clinical patient follow-up
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Introduction
Background
Locally advanced (T3/4; T (any), N1-2) and metastatic prostate cancer is a lethal disease and mortality
within this group is primarily from prostate cancer rather than from other causes as previously thought
[1]. Whilst locally advanced disease is often treated with local therapies (external beam radiotherapy
(EBRT) / brachytherapy), biochemical failure of therapy occurs in 25% of treated men at 5 years [2].
Failure of local therapy initiates an imaging-based assessment for metastatic disease; yet metastatic
disease is difficult to detect on conventional imaging (CT and bone-scan) unless PSA level are very
high (PSA > 20 ng/mL) [3], and so most men within this group have negative imaging findings and
irrespective of biochemical failure undergo expectant management awaiting disease progression [4].
This is not an unreasonable strategy as escalation to androgen deprivation therapy (ADT) (if not
previously administered) itself has potential toxicity such as hot flushes, breast
tenderness/enlargement, lethargy; osteopenia, osteoporosis; cognitive impairment; and metabolic
syndrome [5]. Where metastatic disease is detected on conventional imaging the UK STAMPEDE study
suggests that with ADT alone median progression free survival (PFS) is only 12 months [6].
We hypothesize that the poor outcome in this group of patients is a consequence of poor patient
stratification, with:
(i)

An inability to select patients appropriately from within the biochemical failure group;

(ii)

And an inability to predict whether any given patient will benefit from ADT.

This stems from the fact that biochemical monitoring does not necessarily provide the best reflection of
disease status; with the over reliance on biochemical monitoring itself a consequence of flaws with
conventional imaging staging methods:
•

Sensitivity for metastatic disease detection on CT is low; sub-centimeter metastatic lymph
nodes are incorrectly ascribed as normal and early bone lesions are not visible [7]

•

Bone scan is insensitive for early disease detection as it images the reaction within bone of the
presence of disease rather than the disease process itself [8]

There is a clearly recognised and pressing need for development of imaging biomarkers to better detect
disease, monitor treatment and potentially predict response to guide therapy [9]. Magnetic Resonance
Imaging (MRI) methods may offer a solution. Recent technological advances have enabled the reliable
whole-body MRI staging of cancers within a reasonable scanning time [10,11]. Furthermore, multiparametric MRI (T1, T2, contrast enhanced, and diffusion weighted) of the prostate shows promise for
detection of local disease within the prostate and is set to revolutionise the management of early-stage
disease [12].
We have developed and assessed the feasibility of performing whole-body multi-parametric MRI for
staging metastatic disease. We hypothesize that a whole body multi-parametric MRI will be more
sensitive and specific than conventional imaging staging for detection of metastatic disease in patients
with biochemical failure following local therapies. We therefore propose a comparative trial of
conventional imaging verses whole-body multi-parametric MRI within this population of men. We would
further like to explore whether heterogeneity between metastases of multi-parametric MRI signals can
predict men unlikely to respond to ADT. We aim to enhance the main study by exploratory work on
exosome, pathway and genomic analysis, the results of which could lead to complimentary imaging /
non-imaging biomarker combinations of clinical utility for patient stratification Finally we will perform a
health economic analysis to assess the cost-effectiveness of whole-body multi-parametric MRI for
metastatic disease staging compared with conventional staging with computed tomography and bonescans.
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Proposed Trial
Multi-centre prospective cohort study of patients with prostate cancer, presenting with biochemical
failure following external beam radiotherapy or brachytherapy, being evaluated for local recurrence and
metastatic disease spread.

Aim/Outcomes
To prospectively compare diagnostic concordance of whole body multi-parametric Magnetic Resonance
Imaging (MRI) with current conventional multi-modality reference standard imaging (CT scan, isotope
bone scan +/- PET-CT scan) for staging of prostate cancer patients with biochemical relapse following
external beam radiotherapy or brachytherapy of locally advanced prostate cancer.

Primary Outcome
The per site sensitivity and specificity of whole body multi-parametric MRI for nodal and distant
metastasis

Secondary Outcomes
•
•
•
•
•

Diagnostic performance of MRI for the assessment of the extent of the recurrent prostate
cancer compared to choline PET-CT
Interobserver agreement of MRI for disease staging
Derivation and evaluation of quantitative MRI signal heterogeneity indices of metastatic disease
as predictors of treatment response to androgen deprivation therapy (ADT)
Exploration of the significance of the Human Epidermal growth factor Receptor (HER) activated
dimer in metastatic castration-resistant prostate cancer
Cost-effectiveness of whole-body multi-parametric MRI for metastatic disease staging
compared with conventional staging with computed tomography and bone-scan

Cohort
Patient Eligibility
There will be no exception to the eligibility requirements. Queries in relation to the eligibility criteria
should be addressed prior to enrollment. Patients are eligible for the trial if all the inclusion criteria are
met and none of the exclusion criteria applies.

Patient Inclusion Criteria
•

Men who have undergone previous external beam radiotherapy or brachytherapy with or
without neo-adjuvant/adjuvant hormone therapy

•

Biochemical failure as determined clinically by treating physician

Patient Exclusion Criteria
•

Men unable to have MRI scan, or in whom artefact would significantly reduce quality of MRI

•

Men unable to give informed consent
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Recruitment
There will be 3 entry points into the trial:
1. Patients already recruited to FORECAST study: As part of FORECAST trial (REC NO:
13/0204), patient with biochemical failure will undergo a baseline whole body MRI study.
These patients will be identified by the FORECAST trial team and their details passed onto
the LOCATE trial team (note that investigators overlap between the two studies). Potential
participants for LOCATE will be approached for a repeat follow-up 1-year whole body MRI
scan and blood tests.
2. Patients eligible for the LOCATE study that do not participate within the FORECAST trial will
directly be enrolled from relevant clinics at UCLH
3. Patients eligible for the study, and expressing an interest to participate, will be identified at
Guys and St Thomas NHS trust by Dr Simon Chowdhury (Consultant Oncologist, Guys and
St Thomas NHS Trust). They will be provided the patient information sheet and sample
consent for the LOCATE trial and referred to the UCLH oncology clinic (Dr Heather Payne,
Consultant Oncologist, UCLH).
In all cases, patient information sheets and sample consent forms will be made available to patients a
minimum of 24 hours prior to the consent procedure. Following dissemination of these, patients will be
contacted to arrange an appointment for the MRI scan/blood test. Consent will be obtained at the time
of the appointment and prior to commencement of any trial intervention. Patients will be asked to arrive
half an hour before the scheduled time. They will be met and greeted by a nominated member of the
trial team who will go through the patient information sheet and undertake written informed consent. A
signed copy of the consent form will be stored in the site file and also be provided to patients for their
records.

Intervention
Standard of care interventions
Recruited patients will undergo the standard imaging protocol employed at UCLH or Guys and St
Thomas hospital. The standard imaging study compromise of the following:

Multi-parametric prostate MRI
A standard minimum mp-MRI protocol as defined by the UK consensus guidelines on prostate MRI [13]
will be used. Conventional T1 and T2-weighted images are acquired of the prostate in accordance with
the standard imaging protocol employed by each hospital site. Anatomical images are supplemented
by diffusion weighted imaging (as per hospital site protocol); and +/- axial T1 images during dynamic
contrast enhancement.

Computed Tomography
Routine CT staging scans of the chest/abdomen/pelvis will be performed with intravenous contrast
using the standard staging protocol for CT scan at hospital site.

Isotope Bone Scan
Bone scans will be performed using Technetium-99m labelled diphosphonates administered through
intravenous injection. For prostate cancer patients with suspected bony metastasis, the standard
protocol employed at the hospital site will be used. As a guide, whole body imaging is conventionally
performed with anterior and posterior views, 256 x 1024 matrix and energy window(s) of 140 KeV.
Effective dose (ED) is 3mSv (or 5mSv for Cancer patients) and Diagnostic Reference Level (DRL) is
600 MBq (0r 800 for Cancer patients).
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Positron Emission Tomography (PET)- CT Imaging
Where performed during routine clinical care, a choline PET-CT study will be obtained. As a guide, a
dedicated combined PET/64-detector-CT (VCT-XT Discovery, GE-Healthcare Technology, Waukesha,
WI), CT is performed (for attenuation correction) using 64x3.75 mm detectors, a pitch of 1.5 and a 5
mm collimation (140 kVp and 80 mA in 0.8 s). Maintaining the patient position, a whole-body Choline
PET emission scan is performed and covers an area identical to that covered by CT. Acquisitions are
carried out in 2D and 3D mode (4 min/bed position). Transaxial subsets expectation maximization with
two iterations and 28 subsets will be used. The axial field of view is 148.75 mm, resulting in 47 slices
per bed position.

Trial specific interventions
Multi-parametric whole-body MRI
Recruited patients will undergo a multi-parametric whole-body MRI on presentation with biochemical
failure (staging) and then at 12 months (follow-up). All MRIs will be performed at UCLH on a 3T MRI
scanner. The MRI protocol will be limited to a maximum of 1-hour scan time and will be standardized.
The following MRI sequences will be used:

Morphological (T1- weighted) Imaging
Pre-contrast T1 mDIXON breath-held coronal imaging with two flip angles (2.5 and 15 degrees) and
multiple stacks covering head to mid-thigh will be acquired. This sequence is considered as
morphological imaging in this protocol and provides a superior soft tissue and bone contrast images in
a fairly short amount of time. By using two flip angles, we can quantify T1 values at these flip angles for
the comparison of changes at baseline and follow up whole body MRI imaging.

Morphological T2-weighted imaging
Axial T2 weighted turbo-spin-echo (TSE) anatomical images, covering head to mid-thigh will be
acquired from patients in free breathing. These images are mainly providing excellent morphological
data for investigating the nodal and extra-nodal involvement in recurrent prostate cancer and would be
helpful for characterizing and localizing suspected metastasis identified on functional (DWI and postcontrast MRI) MRI sequences.

Diffusion Weighted MRI Imaging (DWI)
Axial fat suppressed free breathing echo planar imaging (EPI) DWI with 2-b values (b0 and b1000
s/mm2 ) with matched resolution and coverage to axial T2 imaging will be acquired. Diffusion-weighted
MRI is sensitive to molecular diffusion due to random and microscopic translational motion of molecules,
known as Brownian motion, because random motion in the field gradient produces incoherent phase
shifts that result in signal attenuation. The areas involved with metastasis appear bright on diffusion
weighted images which, when added to morphological images, aid in diagnosis of suspected area of
involvement.

Post-Contrast T1-weighted imaging
After administration of intra venous (IV) gadolinium (Gd) based contrast agent at standard dose of 0.1
mmol/kg, a repeat T1 mDIXON breath-held imaging with one flip angle (15 degrees) will be performed
covering vertex to toe. Post contrast MRI investigates the vascularity of tumours, as malignancies are
often manifest by an increase in new vessels formation and an increase uptake of contrast material. Gd
reduces T1 relaxation time leading to diseased tissue appearing bright on post-contrast T1 weighted
MRI.

Blood samples
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Blood will be taken from recruited patients, by an appropriately trained member of the trial team, at the
time of each multi-parametric whole body MRI (staging and then at 12 month follow-up). The cannula
will be inserted for the injection of MRI contrast will be used to withdraw blood. Blood samples will be
used for exosome and phenotypic (FACS analysis)/DNA-RNA analysis. In total a maximum of 50 ml of
blood will be taken:
•

up to 3 Acid Citrate Dextrose Solution (ACD)tubes (yellow-capped tubes): to collect ~25 ml
blood for serum separation

•

up to 4 EDTA containing (purple-capped) tubes for PBMC’s isolation and further FACS analysis,
functional assays, and DNA/RNA isolation.

Frozen aliquots-samples will be transported by courier service in dry ice-containing carrier boxes within
24 hours after obtaining the blood sample. Samples will be processed at UCL and KCL laboratories:
•

UCL: Exosome purification and analysis. DNA-RNA isolation and analysis

•

King’s College London: PBMC’s isolation, FACS analysis and functional assays

Health economic data collection
For the health economic analysis, we will collect information on the use of standard imaging tests and
whole-body MRI and the incidence of adverse events associated with each imaging technique at the
time of initial assessment. These data will be obtained from a retrospective review of patient notes for
all patients included in the study.
At one-year follow-up, after revealing results of whole-body MRI, the consistency of patient
management plans between standard staging and whole body will be assessed. If standard staging and
whole-body MRI staging produce the same treatment decisions, there will be no differences in costs
between the two options other than the imaging costs and the health economic analysis will consist of
the imaging costs as described above. If there are differences the health economic analysis will
additionally include the difference in cost of the management plans in terms of the following:
• Imaging investigations
• Medications
• Radiotherapy
• Surgery
• Outpatient visits
• Inpatient stays
• Day cases
The research associate in health economics will, in conjunction with appointed clinical research fellow,
develop a care pathway and populate it with resource use data from published sources and from patient
records.
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Imaging Analysis
Disease reference standard
The pathway for establishing the reference standard for disease status is illustrated below:
Biochemical relapse
patient group

Metastases on
conventional
imaging

KEY
FN: False Negative
TP: True Positive
ADT: Androgen
Deprivation Therapy

Negative on
conventional
imaging

No metastases on
multi-parametric
MRI

Metastases on
multi-parametric
MRI

No metastases on
multi-parametric
MRI

Metastases on
multi-parametric
MRI

FN

TP

expectant
management/local
salvage

expectant
management/local
salvage

ADT (if not
previously given)

ADT (if not
previously given)

Biochemical
monitoring

Biochemical
monitoring

Biochemical
monitoring

12 month repeat
multi-parametric
MRI

12 month repeat
multi-parametric
MRI

12 month repeat
multi-parametric
MRI

New lesions?

Lesion change?

No

Static?

UK

Resolving?
Yes

TN
Heterogeneity
sub-study

Enlarging?
FN

FP

TP

Figure 1: Outcome based reference standard flow chart
As we expect the nodal and metastatic staging by whole body multi-parametric MRI to be superior to
conventional imaging (CT CAP and bone scan), a reference standard based on conventional imaging
alone would not be appropriate. This is a commonly faced problem in radiologic studies. Whilst biopsy
could be performed in cases where the MRI is suspicious for disease but conventional imaging negative,
this would place patients at risk of potential ‘unnecessary’ biopsy related complications, as we do not
know if the MRI findings could represent a true positive or false positive result. We have therefore opted
to derive a 1-year follow-up outcome-based reference standard as detailed above. The 12-month wholebody mp-MRI study will interpret the staging mp-MRI and thereby minimize the number of biopsies
required for confirmation/exclusion of metastatic/nodal disease. Specifically:
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If conventional imaging staging is positive then conventional imaging alone will act as the reference
standard (conventional imaging is highly specific, whilst not sensitive). These patients will be treated
with ADT. All patients will undergo a 12-month follow-up MRI to assess lesion response.
if conventional imaging staging is negative then patients will not have ADT and will be monitored using
PSA (and repeat conventional imaging as clinically indicated); those within this group with:
a positive staging whole-body mp-MRI may be a false positive or a true positive finding; and reevaluation of these lesions will be performed at 12 months by follow-up whole-body mp-MRI.
•

•

•

Where the follow-up study demonstrates a progressive lesion, patients will undergo repeat
conventional imaging +/- targeted biopsy, if clinically possible, and repeat conventional imaging
remains negative. The repeat conventional imaging, if positive, or the biopsy, if repeat
conventional imaging is negative, will then define the reference standard.
Where the follow-up study demonstrates no lesion or a resolving lesion the initial whole-body
mp-MRI finding will be regarded as a false positive (as no treatment has been given in the
interim). It would be unethical to biopsy these patients. Re-imaging with conventional methods
may occur as clinically indicated.
Where the follow-up study demonstrates a static lesion, patients will be managed as per best
clinical practice. If the PSA is rising, they will likely undergo repeat conventional imaging +/biopsy as clinically indicated. If the PSA is stable, the patients may not undergo repeat
conventional imaging or biopsy, in which case they will be excluded from analysis.

a negative staging whole-body mp-MRI may be a false negative or a true negative finding; and a
re-evaluation of these patients will be performed at 12 months by follow-up whole-body mp-MRI.
•

•

Where the follow-up study becomes positive, patients will undergo repeat conventional imaging
+/- targeted biopsy (if clinically possible) of the lesion if conventional imaging remains negative.
The repeat conventional imaging, if positive, or the biopsy, if repeat conventional imaging is
negative, will then define the reference standard.
Where the follow-up study remains negative the initial mp-MRI initial mp-MRI will be regarded
as a true negative. No biopsy will be performed. Re-imaging with conventional methods may
occur as clinically indicated.

Reporting of standard of care imaging
The reference standard imaging (CT CAP, Isotope Bone Scan +/- PET-CT) will be prospectively
reported by two radiologists and nuclear medicine physicians, independently. The report will be
transferred to a proforma and final nodal (N) and metastatic (M) stages will be derived base on the
reported proforma.

Reporting of trial imaging
Staging whole-body mp-MRI
The study will be reported by two radiologists experienced in oncological and functional MR reporting,
independently and then in consensus, blinded to all other imaging tests. The images are reviewed for
the presence of nodal (N) and metastatic (M) disease and each radiologist will record the
presence/absence of disease on the study specific proforma (see appendix 1). The staging of disease
will not be revealed to the clinical team. Where a significant incidental (unrelated) finding is
demonstrated this will be reported on the Radiology Information System (RIS) as per standard clinical
practice. Where no significant incidental findings are noted the study will be reported on the RIS system
as “Study performed as per LOCATE protocol. No significant incidental findings”.

12-month follow-up whole-body mp-MRI
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The study will be reported in consensus by two radiologists experienced in oncological and functional
MR reporting. The consensus proforma report for the staging whole-body mp-MRI will be made
available to the reporting radiologists prior to review of the 12-month follow-up whole-body mp-MRI.
The results follow-up study will be compared with the staging study. The radiologists will generate a
consensus proforma report indicating sites of potential disease and also whether the site is new,
progressing (=>20% increase in size of lesion and/or definite increase in conspicuity on functional
imaging), regressing (<= 30% decrease in size of a lesion and/or definite reduced conspicuity on
functional imaging), static (<20% increase or <30% decrease in the size of a lesion and
equivocal/marginal change in conspicuity on functional imaging), or resolved. A RIS report with disease
locations indicated will be generated on the RIS system and be made available to the clinical care team.

Comparison of standard of care imaging with whole-body
mp-MRI
The research team will correlate the standard of care staging proforma with the staging mp-MRI
proforma and follow-up mp-MRI proforma. A radiologist and NM physician in consensus will review all
discrepancies, between standard of care and whole body mp-MRI. Anatomical matching errors resulting
from discrepancies in ascribing disease location will be recorded and corrected. Residual discrepancies
will be highlighted and statistically assessed.
The per site sensitivity and specificity will be determined against the disease reference standard. In
addition, a sign test for paired data will be used to test for differences in patient staging (i.e., whether a
difference between the disease reference standard and MRI exists in site specific staging).

Repeat conventional imaging +/- lesion biopsy
All highlighted discrepancies will be discussed with the clinical team at the weekly clinical prostate
radiological/surgical meeting. Decisions/recommendations on subsequent patient management will be
made as outlined in section 8.1 above. All decisions will be recorded and uploaded to the electronic
health record system and discussed with the patient prior to action. If repeat conventional imaging is
necessary, this will be performed as per standard clinical practice. If biopsy is required patients will be
consented for this as per standard clinical practice. The best image guided biopsy approach to enable
optimal sampling of the lesion will be undertaken as per standard clinical practice.

Health Economic Analysis
To compare the incremental cost and cost-effectiveness from an NHS perspective of whole-body multiparametric MRI for metastatic disease staging compared with conventional staging with computed
tomography and bone-scan, for men presenting with biochemical failure following external beam
radiotherapy or brachytherapy of locally advanced prostate cancer.
All analyses will conform to accepted economic evaluation methods [14].
The care pathways for men who have previously been confirmed to have prostate cancer and have
undergone local treatment can be divided into the treatment decision pathway and the subsequent
disease pathway. The former includes the time from presentation to treatment decision by the clinician
and includes the imaging tests received; the latter includes the time period following the treatment
decision. The treatment decision pathway will be different between whole-body MRI and conventional
staging, yielding different costs and potentially different treatment decisions. In patients for whom the
treatment decision with whole-body MRI is the same as that with conventional staging, the subsequent
disease pathways will be the same. Where the treatment decision with whole-body MRI is different, the
disease pathway will be different, yielding potentially different costs and health outcomes.
If in the patients studied the concordance between the treatment decisions associated with whole-body
MRI and conventional staging is high, then the economic analysis can focus on the cost of the treatment
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decision pathways only because the disease pathways will be no different. In this case the costeffectiveness of whole-body MRI versus conventional staging depends only on the incremental cost
(positive or negative) of whole-body MRI versus conventional staging in the treatment decision pathway.
Alternatively, if the concordance between the treatment decisions is low, then the economic analysis
ought to focus on both the treatment decision pathways and the subsequent disease pathways because
both of these will vary between whole-body MRI and conventional staging. In this case the costeffectiveness of whole-body MRI depends on the incremental cost of the whole-body MRI versus
standard staging algorithms in the treatment decision pathway plus the incremental costs and health
benefits of the two different disease pathways.
The precise nature of the economic analysis will therefore depend on the degree of concordance
between treatment decisions provoked by whole-body MRI versus conventional staging, which will be
assessed directly in the study.
Scenario1: there is concordance between the treatment decisions associated with whole-body
MRI and conventional staging
In this case, the cost components included in the analysis will be:
•
•
•
•
•

Conventional metastases imaging tests (e.g., abdominal and pelvic CT and bone-scan, plus
additional tests as indicated by the conventional staging algorithm).
Costs of treating adverse events associated with conventional staging.
Whole-body MRI, plus additional tests generated by whole-body MRI.
Costs of treating adverse events associated with whole-body MRI; and,
MDT and other clinical meetings to determine the subsequent disease pathway.

The volume of resource use for each cost component will be measured directly in the study. Unit costs
will be taken from standard published sources. Since the two algorithms yield the same treatment
decisions cost-effectiveness depends on the incremental cost of whole-body MRI versus conventional
staging in the treatment decision pathway.
Scenario 2: there is discordance between the treatment decisions associated with whole-body
MRI and standard staging
In this case, cost-effectiveness depends on the incremental cost (positive or negative) of the treatment
decision pathway and disease pathway associated with whole-body MRI versus conventional staging
and the incremental health benefits (positive or negative). We will calculate cost-effectiveness in terms
of the incremental cost per quality-adjusted life year (QALY) gained using one year and lifetime time
horizons
Cost-effectiveness will be calculated as the mean cost difference between whole-body MRI versus
conventional divided by the mean difference in outcomes (QALYs) to give the incremental costeffectiveness ratio (ICER). Non-parametric methods for calculating confidence intervals around the
ICER based on bootstrapped estimates of the mean cost and QALY differences will be used. The
bootstrap replications will also be used to construct a cost-effectiveness acceptability curve, which will
show the probability that whole-body MRI is cost-effective at one year for different values of the NHS’
willingness to pay for an additional QALY. We will also subject the results to extensive deterministic
(one-, two- and multi-way) sensitivity analysis.
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Sub-study analysis
Comparison of whole-body multi-parametric MRI
performance with Choline PET- CT
A separate retrospective comparative study will be set-up using this data and performed to determine
the relative performance of both tests for detection of metastatic disease and the combined performance
of a PET-MRI protocol against the disease reference standard. The per site sensitivity and specificity
and overall patient staging performance for individual and combined tests will be determined against
the disease reference standard.

Heterogeneity across metastases of multi-parametric MRI
signals for prediction of ADT response
For patients undergoing ADT treatment retrospective quantitative analysis of multi-parametric MRI
signals will be performed to derive heterogeneity indices from confirmed true positive metastatic sites.
The heterogeneity indices will inform Bayesian models to predict high-risk patients with aggressive
disease that progress on ADT within 12-months of treatment.

The significance of the Human Epidermal growth factor
Receptor (HER) activated dimer
This project aims to investigate the significance of the Human Epidermal growth factor Receptor (HER)
activated dimer in metastatic castration-resistant prostate cancer. Up-regulation of the HER1
(EGFR)/HER3 dimer was recently found by the Ng laboratory, for the first time, to limit the efficacy of
anti-EGFR treatment in human breast cancer, as directly shown by imaging of residual disease;
suggesting the potential of combined EGFR/HER3-targeted treatment.
This molecular signaling rewiring is hypothesized to constitute a pathway of resistance to hormonal
treatment in prostate cancer as well.
We intend to quantify the EGFR/HER3 heterodimer using Fluorescence lifetime imaging microscopy
(FLIM) in formalin-fixed prostate cancer tissues as well as in matched circulating exosomes from
patient-derived plasma. We will then correlate the heterodimer quantification with tumour genomic
changes such as PTEN mutation/deletion. The patient-derived correlative experiments will be
complemented by mechanistic in vitro experiments that investigate the effect of EGFR and PI3K/Akt
inhibitors on HER dimer formation in castration-resistant and sensitive prostate cancer cells, and their
exosomes released into the culture supernatants. In the clinical setting, the tissue- and exosomederived HER dimer measurements will be combined with functional imaging (whole body multiparametric MRI) to assess their value and translation as predictive biomarkers of clinical outcome and
response to treatment.

Sample size
130 patients (based on 50% prevalence of metastases) will be required to demonstrate a minimum of
a 20% difference in sensitivity for detection of metastases between multi-parametric and conventional
imaging (power of 90% and statistical significance cut-off of 0.05).
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Safety Reporting
The imaging techniques involved in this trial are well established and the risks of each are well known.
In case of any adverse event, including ‘related’ or ‘unexpected’ SAEs, these will be reported and
submitted to relevant regulatory organization(s).

Incident Reporting
Relevant regulatory bodies will be notified of all deviations from the protocol or GCP immediately. A
report on the incident(s) might be required and a form will be provided if the organisation does not have
an appropriate document (e.g. Trust Incident Form).
If site staffs are unsure whether a certain occurrence constitutes a deviation from the protocol or GCP,
R&D can be contacted immediately to discuss.

Withdrawal of Patients
In consenting to the trial, patients are consenting to trial treatment, assessments, follow-up and data
collection.

Discontinuation of Trial Intervention for clinical reasons
A patient may be withdrawn from trial intervention whenever continued participation is no longer in the
patient’s best interests, but the reasons for doing so must be recorded. Reasons for discontinuing
intervention may include:
•
•
•

Intercurrent illness which prevents further imaging
Patients withdrawing consent to further trial participation
Any alterations in the patient’s condition which justifies the discontinuation of trial imaging in
the site investigator’s opinion

In these cases, patients remain within the trial for the purposes of follow-up and data analysis.

Patient withdrawal from trial intervention
If a patient expresses their wish to withdraw from the trial, the site should explain the importance of
remaining on trial follow-up or failing this of allowing routine follow-up data to be used for trial purposes
and for allowing existing collected data to be used. If patient gives a reason for their withdrawal, this
should be recorded.

Withdrawal of Consent to Data Collection
If a patient explicitly states, they do not wish to contribute further data to the trial their decision must be
respected and recorded on the relevant CRF. In this event details should be recorded in the investigator
site file and no further CRFs must be completed.

Losses to follow-up
If a patient moves from the area, every effort should be made for patient to be followed up via GP.
If a patient is lost to follow-up at a site every effort should be made to contact the patient’s GP to obtain
information on the patient’s status.
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Trial Closure
End of Trial
For regulatory purposes the end of the trial will be 1 year after the recruitment of 130 patients who have
undergone the requisite imaging both at staging and treatment efficacy assessment as per protocol at
which point the ‘declaration of end of trial’ form will be submitted to participating ethical committees, as
required.

Archiving of Trial Documentation
At the end of the trial, all relevant documentation will be archived securely and all centrally held trial
related documentation for a minimum of 5 years. Arrangements for confidential destruction will then be
made. It is the responsibility of PIs to ensure data and all essential documents relating to the trial held
at site are retained for a minimum of 5 years after the end of the trial, in accordance with national
legislation and for the maximum period of time permitted by the site.
Essential documents are those which enable both the conduct of the trial and the quality of the data
produced to be evaluated and show whether the site complied with the principles of GCP and all
applicable regulatory requirements.
All archived documents must continue to be available for inspection by appropriate authorities upon
request.

Early discontinuation of trial
The trial may be stopped before completion as an Urgent Safety Measure.
Sites and relevant regulatory bodies will be informed in writing of reasons for early closure and the
actions to be taken with regards the treatment and follow up of patients.

Withdrawal from trial participation by a site
Should a site choose to close to recruitment the PI must inform the relevant regulatory bodies in writing.
Follow up as per protocol must continue for all patients recruited into the trial at that site and other
responsibilities continue as per trial protocol.

Quality Assurance
A strict MRI quality assurance program will be in place to ensure acquisition of robust scan data
including weekly phantom calibration. Scan acquisition will be overseen by a dedicated research
radiographer and medical physicist to ensure explicit adherence to scan protocol. The QA program will
run throughout the study.

Ethical and Regulatory Approvals
In conducting the trial, the Sponsor and Sites will comply with all laws and statutes, as amended from
time to time, applicable to the performance of clinical trials including, but not limited to:
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•
•
•
•
•
•

The principles of ICH Harmonised Tripartite Guideline for Good Clinical Practice
The Human Rights Act 1998
The Data Protection Act 1998
The Freedom of Information Act 2000
The Human Tissue Act 2004
The Research Governance Framework for Health and Social Care, issued by the UK
Department of Health (Second Edition 2005) or the Scottish Health Department Research
Governance Framework for Health and Community Care (Second Edition 2006)

Ethical Approval
The trial will be conducted in accordance with the World Medical Association Declaration of Helsinki
entitled 'Ethical Principles for Medical Research Involving Human Subjects' (1996 version) and in
accordance with the terms and conditions of the ethical approval given to the trial.
An annual Progress Reports to the REC will be submitted, which will commence one year from the date
of ethical approval for the trial

Site Approval
Evidence of local Trust R&D approval will be provided prior to site activation. The trial will only be
conducted at sites where all necessary approvals for the trial have been obtained.

Protocol Amendments
PI and nominated research fellow will be responsible for gaining ethical approval for amendments made
to the protocol and other trial-related documents. Once approved, trial team will ensure that all amended
documents are distributed to sites and CLRNs as appropriate.
Site staff will be responsible for acknowledging receipt of documents and for implementing all
amendments.

Patient Confidentiality & Data Protection
All identifiable data will be stored in a secure manner and all efforts will be made to adhere with the
Data Protection Act 1998.
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Selection/Obligations of participating
sites/investigators
Site selection
In this protocol trial “Site” refers to the hospital or site where trial-related activities are actually
conducted.
Sites must be able to comply with:
4. Trial imaging, follow up schedules and all requirements of the trial protocol
5. Requirements of the Research Governance Framework
6. Data collection requirements

Selection of Principal Investigator and other investigators
at sites
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Sites must have an appropriate Principal Investigator (PI) i.e. a health care professional authorised by
the site, ethics committee to lead and coordinate the work of the trial on behalf of the site. Other
investigators at site wishing to participate in the trial will be trained and approved by the PI.

Training requirements for site staff
All site staff will be appropriately qualified by education, training and experience to perform the trial
related duties allocated to them, which will be recorded on the site delegation log.
CVs for all staff must be kept up-to-date, signed and dated and copies held in the Investigator Site File
(ISF). GCP training is required for all staff responsible for trial activities. The frequency of repeat training
may be dictated by the requirements of their employing Institution, or 2 yearly where the Institution has
no policy, and more frequently when there have been updates to the legal or regulatory requirements
for the conduct of clinical trials.

Site initiation and activation
Site initiation
Before a site is activated, the trial team will arrange a site initiation with the site which the PI and site
research team must attend. The site will be trained in the day- to-day management of the trial and
essential documentation required for the trial will be checked. Site initiation will be performed for each
site-by-site visit.

Required documentation
The following documentations will be submitted by the site to relevant regulatory bodies prior to a site
being activated by trial team:
7. Trial specific Declaration of Participation/Site Registration Form (identifying relevant local staff)
8. All relevant institutional approvals (e.g. local NHS permission)
9. A completed site delegation log that is signed and dated by the PI
10. A copy of the PI’s current CV that is signed and dated
The trial team will ensure that:
11. If the site was not included in the original CSP application, the Part C is updated and the R&D
form is resubmitted to CSP (who will notify the lead CLRN of the new site)
12. An SSI form is transferred to the site via IRAS

Site activation letter
Once the trial team has received all required documentation and the site has been initiated, a site
activation letter will be issued to the PI, at which point the site may start to approach patients.
Once the site has been activated the PI is responsible for ensuring:
13. Adherence to the most recent version of the protocol
14. All relevant site staffs are trained in the protocol requirements
15. Appropriate recruitment and medical care of patients in the trial
16. Timely completion and return of CRFs

Trial Activation
Principal investigator and nominated research fellow will ensure that all trial documentation has been
reviewed and approved by all relevant bodies and that the following have been obtained prior to
activating the trial:
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17. Research Ethics Committee approval ‘Adoption’ into NIHR portfolio
18. NHS permission
19. Adequate funding for central coordination
20. Confirmation of sponsorship
21. Adequate insurance provision

Informed consent procedure
A screening log should be maintained by the site and kept in the Investigator Site File. This should
record each patient screened for the trial identified with radio-recurrent prostate cancer and the reasons
why they were not registered in the trial if this is the case.
Sites must ensure that all patients have been given the current approved version of the patient
information sheet, are fully informed about the trial and have confirmed their willingness to take part in
the trial.
The PI, or, where delegated by the PI, other appropriately trained site staff, are required to provide a
full explanation of the trial and all relevant treatment options to each patient prior to trial entry and
consent. During these discussions the current approved patient information sheet for the trial should be
discussed with the patient. A minimum of twenty-four hours must be allowed, after reading the patient
information sheet, for patients to consider participation within the trial. Written informed consent on the
current approved version of the consent form for the trial must be obtained before any trial-specific
procedures are conducted. The discussion and consent process must be documented in the
investigator site file along with a copy of approved GP letter.
The trial team will be responsible for:
•
•
•
•
•

Checking that the correct (current approved) version of the patient information sheet and
consent form are used
Checking that information on the consent form is complete and legible
Checking that the patient has completed/initialled all relevant sections and signed and dated
the form
Checking that an appropriate member of staff has countersigned and dated the consent form
to confirm that they provided information to the patient
Giving the patient a copy of their signed consent form, patient information sheet and patient
contact card

Following enrolment:
•

Adding the patient trial number to all copies of the consent form and storage within the
investigator site file

The right of the patient to refuse to participate in the trial without giving reasons must be respected. All
patients are free to withdraw at any time.

Data Collection and Management
Data will be collected from sites on version-controlled case report forms (CRFs) designed for the trial
Data entered onto CRFs must reflect source data at site.
Where supporting documentation (e.g., autopsy report, pathology reports, CT scan images etc) is being
submitted the patient’s trial number will be clearly indicated on all material and any patient identifiers
removed/blacked out prior to sending to maintain confidentiality. A nominated individual will take
responsibility for data collection. Data ‘cleaning’ and database entry will also be performed by the trial
administrator. An external audit of data will be performed according to standard operating procedures
of the sponsor or their delegated body. Data will be held according to the Data Protection Act 1998 and
pseudo-anonymised as necessary. Each participant will be given a study number, and this will be used
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on all of their study records. The paper records will be retained for a minimum of 10 years after the end
of the study. Any information that is transferred between trial centres or from general practitioners’
surgeries will be anonymised.
All case report forms (CRFs) will be completed and signed by staff who are listed on the site staff
delegation log and authorised by the PI to perform this duty. The PI is responsible for the accuracy of
all data reported in the CRF. Once completed the original CRFs will be filed and a copy kept at site. All
entries will be clear, legible and written in ball point pen. The use of abbreviations and acronyms will be
avoided.
Any corrections made to a CRF at site will be made by drawing a single line through the incorrect item
ensuring that the previous entry is not obscured. Each correction will be dated and initialled. Correction
fluid must not be used. The amended CRF must be filed and a copy retained at site.
To avoid the need for unnecessary data queries CRFs will be checked at site to ensure there are no
blank fields before filing. When data is unavailable because a measure has not been taken or test not
performed, enter “ND” for not done. If an item was not required at the particular time the form relates
to, enter “NA” for not applicable. When data are unknown enter the value “NK” (only use if every effort
has been made to obtain the data).
CRFs will be completed at site as soon as possible after patient visit/scans and within 4 weeks of the
patient being scanned.
Prior to filing, data will be checked for legibility, completeness, accuracy and consistency, including
checks for missing or unusual values. Queries will be sent to the data contact at site. When responding
to a query, site staff must update the relevant CRF held at site, as applicable. The amended copy of
the CRF will be attached to the query sheet with a copy at site. All amendments will be initialled and
dated.
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Study Grant Award

Dr Shonit Punwani
Centre for Medical Imaging
University College London
London
NW1 2PG
18 October 2013

Prostate Cancer UK Outcome Notification 2013: Project Grants
Application Reference: PG13-026
Dear Dr Punwani,
Thank you for your submission to the Prostate Cancer UK 2013 call for Project Grants.
We are pleased to inform you that your grant application has been selected for funding.
Reference No.:

PG13-026

Project Title:

Localising Occult prostate Cancer metastases with Advanced imaging
TEchniques (LOCATE)

Award amount:

£285,845.00

Please refer to the above reference number in all future correspondence regarding this grant.
Congratulations on your achievement - this year's funding round saw a very high level of quality
and competition, and we were only able to award funding to the top ranked 12 of 68 peer reviewed
applications.
Please let us know if you wish to receive feedback on your application.
Please note: Before we can issue your contract, we require you to respond to the following query
raised by the Research Advisory Committee as a condition of this award:
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Please note: Before we can issue your contract, we require you to respond to the following query
raised by the Research Advisory Committee as a condition of this award:

Sola Adeleke Thesis | Oct 2020

188

IRAS document
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Appendix 4: Case report form Proforma
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Locate Bone Scan case report form
LOCATE Bone Report Version 1.0 20.02.14
Additional instructions for completing forms
Bone Scan (To be completed by the Trial Nuclear Medicine Physician)

External Scan: Yes

No

Name of external Site:

UCLH Scan: Yes

No

Site
Bone Scan: Total time to report ____ Minutes

Sola Adeleke Thesis | Oct 2020
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Bone Scan quality (please circle):

Good

Skeletal sites in number (please circle):

Adequate

0

Poor

<5

>5

(Skeletal sites maximum 5 –mention the one with maximum metabolic activity)

Skeletal Sites

Negative

Equivocal

(?

Reactive

/? Positive

Size

SUV max

Inflammatory
Skull
Cervical Spine
Thoracic Spine
Lumbar Spine
Pelvis
Sternum
Clavicle/Scapula (L)
Clavicle/Scapula (R)
Ribs (L)
Ribs (R)
Upper Limb (L)
Upper Limb (R)
Lower Limb (L)
Lower Limb (R)

I certify that I have reported this image without prior knowledge of the MRI report
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Signed……………………………………………………………………………………..

Print Name/Initials………………………………………………………………………..

Date:
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Locate PET Imaging case report form
LOCATE PET Report Version 1.0

20.02.14

Additional instructions for completing forms
PET imaging guidance (To be completed by the Trial Nuclear Medicine Physician)
See table below for definitions of T, N and M staging
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Note: Regional pelvic lymph nodes

Note: M Staging

Illustrated above: regional defined as (4’) Illustrated above: Sub classification of
presacral, (5) external iliac, (6’) obturator, metastatic disease stage. M1a: non-regional
(6) internal iliac. Other sites are considered nodal involvement; M1b: metastatic bone
as metastatic nodes

disease and M1c: other organ involvement

Site
PET Imaging: Total time to report ____ Minutes
PET Imaging quality (please circle): Good

Sola Adeleke Thesis | Oct 2020

Adequate

Poor

210

Local Tumour

Location

Apical
Right

Apical Left

Basel

Basel

Not

Right

Left

visible

Confidence
(Circle)
1-Low
2-Adequate

SUVmax

3-Equivocal
4-Good
5-Excellent
(Circle)

T stage

T1

T2a

T3a

T2b

T3b

T2c

T3c

1-Low
T4a

2-Adequate

T4b

3-Equivocal
4-Good
5-Excellent
(Circle)
1-Low

N stage

NX

N0

N1

N2

2-Adequate

N3

3-Equivocal
4-Good
5-Excellent

Nodal Sites
Confidence with main classification as negative, equivocal or positive

Nodal sites

Negative

Equivocal

(?

Reactive

/? Positive

Size

SUV max

Inflammatory
Regional Sites
External iliac
Internal Iliac
Sola Adeleke Thesis | Oct 2020
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Nodal sites

Negative

Equivocal

(?

Reactive

/? Positive

Size

SUV max

Inflammatory
Obturator
Common Iliac
Presacral
Aortic
Metastatic Nodes
Inguinal
Common iliac
Para-aortic
Other abdominal
Nodes

Above

diaphragm to check
Neck nodes

M stage (soft tissues)
Confidence with main classification as negative, equivocal or positive

Nodal sites

Negative

Equivocal

(?

Reactive

/? Positive

Inflammatory

L (LYTIC)
S
(Sclerotic)

SUV max

M (Mixed

Brain
Lung (L)
Lung (R)
Pleura (L)
Pleura (R)
Liver (left lobe)
Liver (right lobe)
Spleen
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Nodal sites

Negative

L (LYTIC)

Equivocal

(?

Reactive

/? Positive

Inflammatory

S
(Sclerotic)

SUV max

M (Mixed

Adrenal (L)
Adrenal (R)
Kidney (L)
Kidney (R)
Pancreas
Mesentery/Peritoneum
Bowel
SOFT

TISSUES:

Neck /Chest
SOFT

TISSUES:

Abdomen

/

SOFT

TISSUES:

Pelvis

Limbs
Other

Stage Continues
Skeletal sites in number:

0

<5

>5

(Skeletal sites maximum 5 –mention the one with maximum metabolic activity)

Skeletal Sites

Negative

Equivocal

(?

Reactive

/? Positive

Size

SUV max

Inflammatory
Skull
Cervical Spine
Sola Adeleke Thesis | Oct 2020
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Thoracic Spine
Lumbar Spine
Pelvis
Sternum
Clavicle/Scapula (L)
Clavicle/Scapula (R)
Ribs (L)
Ribs (R)
Upper Limb (L)
Upper Limb (R)
Lower Limb (L)
Lower Limb (R)

I certify that I have reported this image without prior knowledge of the MRI report

Signed……………………………………………………………………………………..

Print Name/Initials………………………………………………………………………..

Date:
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Fat-fraction provides classification and treatment response assessment of metastatic
lymph nodes for patients with radio-recurrent prostate cancer
Olusola Michael Adeleke1, Arash Latifoltojar1, Harbir Sidhu1,2, Manil Chouhan1,2, Athar Haroon3, Asim Afaq4, Reena
Davda5, Heather Payne5, Hashim Ahmed6, and Shonit Punwani1,2
1Centre

for medical imaging, University College London, London, United Kingdom, 2Dept of Radiology, University College London Hospital(UCLH),
London, United Kingdom, 3Department of Radiology & Nuclear Medicine, St Bartholomew’s Hospital, London, United Kingdom, 4Institute of
Nuclear Medicine (INM), University College London Hospital (UCLH), London, United Kingdom, 5Department of Oncology, University College
London Hospital (UCLH), London, United Kingdom, 6epartment of Surgery & Cancer, Faculty of Medicine, Imperial College London, London, United
Kingdom

Synopsis
Lesion size threshold is the most common imaging feature used to assess response to therapy. Size as an imaging feature has its
limitations. Quantitative imaging biomarkers (QIBs) could identify subtle microstructural changes prior to morphological changes. In this
study, we explored the use of novel whole-body MRI (WB-MRI) QIBs for nodal disease characterisation and treatment response monitoring
in radio-recurrent prostate cancer (rPC). We showed signal fat fraction could discriminate between positive and negative nodes and that it
can be used for response monitoring.

Introduction
Whole-body MRI (WB-MRI) oﬀers the opportunity to provide a cost eﬀective solution for cancer staging (1). However, attempts to use quantitative
imaging biomarkers (QIBs), such as apparent-diﬀusion-coeﬃcient ADC, for classification and response monitoring have met with limited success [2,3]
and are rarely applied in the clinical arena. Lymph nodes are composed of a predominantly fatty hilum surrounded by a cellular rim [4]. Replacement
of the fatty components of lymph node by cancer cells is commonly seen in patients with metastatic prostate cancer [5]. Recent studies in multiple
myeloma have shown that mDixon signal fat-fraction (sFF) is a repeatable and useful QIB for classification and treatment response (6). In this study,
we explored the value of sFF as a nodal status classifier and response marker in patients with radio-recurrent prostate cancer (rPCa).
Methods
Patients with suspicion of rPCa as per phoenix criteria (7) underwent prostate multi-parametric MRI, 18F-choline-PET-CT, 99mTc bone scan as
routine imaging. For research purposes, a baseline 3T WB-MRI was performed (fig 1). Patients underwent treatment guided by routine imaging. All
patients were re-imaged with follow-up WB-MRI at 1 year. Of 120 patients with 1-year follow-up WB-MRI, 40 were randomly selected for quantitative
analysis. Up to10 anatomically distributed nodes were selected for analysis for each patient. sFF for each node was derived as previously described
(8) : SIpre-contrast-F / (SIpre-contrast-F + SIpre-contrast-w ). An enhanced-reference-standard (ERS) fig.2 was applied to each node (using a
combination of choline PET-CT, nodal size change between baseline and follow-upWB-MRI (See Fig 3) and PSA kinetics .Nodes were classified as
positive, negative or unknown based on the ERS. Baseline WB-MRI node size (short axis diameter)and sFF were compared between positive and
negative using the Mann-Whitney test. Receiver-operating-characteristic (ROC)area-under-curve (AUC) calculated for assessment of sFF as a
classifier of nodal disease status. Positive nodes were identified in 14/40 patients(fig 4). 13/14 patients were treated with androgen deprivation
therapy (ADT). Patients were divided into responder and non-responder groups based on PSA PCWG-2 response criteria (9). Baseline and follow-up
(post-treatment) sFF of nodes within these 13 patients was extracted. Baseline size and sFF, and percentage change in (delta)sFF after treatment
were compared between responder and non-responder groups using the Mann-Whitney test. ROC analysis of (delta)sFF was performed.
Results
40 patients [median age 73 (range 65-85years) and median PSA 4.45 (range 0.24-28.3ug/L)] were identified. A total of 206 nodes across the 40
patients were analysed(per patient median number 4, range 1 to10). 75/206 were classified as unknown and excluded from sFF analysis. 30/131 were
positive (short axis median size 0.8 cm, range 0.6-2.7 cm) and 101 (short axis median size 0.7 cm, range 0.3-1.2 cm) negative by ERS. As expected,
positive nodes were significantly larger than negative nodes (p=0.03). The median sFF was significantly lower for positive (0.63) compared
withnegative nodes (0.79) (p<0.0001)(figure 5a).Nodal sFF ROC-AUC was 0.86 for classification of metastatic nodal disease. 28 nodes were included
from 13patients for treatment response analysis(fig4).10/13 patients responded to treatment and 3/13 were non-responders by PCWG-2PSA criteria;
providing 21nodes in the responder and 7nodes in the non-responder groups respectively. sFF nodal characteristics for the responder and nonresponder nodes are given in fig5c. Baseline median sFF was lower for nodes in the responder(0.58a.u.) compared with non-responder(0.75a.u.)
group(p<0.0001). Median (delta)sFF (following ADT) was 31% (range 6.1to 230.9) in the responder and -6.5% (range -24.2 to 20.6) in the nonresponder group(p<0.01), see fig 5d. The ROC-AUC of (delta)sFF was 0.85.
Discussion
Our results highlight the potential of sFF as a marker of nodal disease status and treatment response in patients with rPCa. Prior work demonstrated
that sFF measurements is highly repeatable and can be used to assess bone lesions (10). Here we show that sFF can provide a quantitative imaging
biomarker able to(ROC-AUC of 0.85) to classify pre-treatment nodal disease status. Furthermore, we show that (delta)sFF may help identify non-
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Hydrogen magnetic resonance spectroscopy: a technique for predicting clinical
outcome in patients with head & neck squamous cell cancer with locally advanced
cervical nodal disease
Sola Adeleke1, Marianthi-Vasiliki Papoutsaki2, Harbir Sidhu2, Alan Bainbridge3, David Price3, Dawn Carnell4, Martin
Forster5, Ruheena Mendes4, and Shonit Punwani1
1Centre

for medical imaging, University College London(UCL), London, United Kingdom, 2Centre for medical imaging, University College London,
London, United Kingdom, 3Dept of medical physics and biomechanical engineering, University college london hospitals, London, United Kingdom,
4Dept of oncology, University college london hospitals, London, United Kingdom, 5Research department of oncology, University college london,
London, United Kingdom

Synopsis
Hydrogen magnetic resonance spectroscopy (1H-MRS) is a technically challenging modality. It has the potential to provide specific
metabolic information that could guide clinical decision making. In this study we assess feasibility of performing 1H MRS in patients with
head and neck squamous cell carcinoma (HNSCC) prior to treatment and explore its correlation with post-treatment outcomes.

Introduction
Head and neck squamous cell carcinoma (HNSCC) remains one of the most debilitating and disfiguring types of cancer. Despite advances and
durable treatment responses in other cancers, recurrent disease has been reported in 50% of patients with HNSCC1. Therefore, the ability to predict
treatment outcome could be improved if reliable imaging biomarkers could be developed. This would help clinicians stratify patients based on the
aggressiveness of the disease. In this study, we assessed tissue metabolites in correlation to treatment outcomes using hydrogen magnetic
resonance spectroscopy (1H-MRS) 2,3

Methods
Following institutional approval and consent, 35 patients with HNSCC were recruited for 1H-MRS prior to treatment and followed-up following
treatment over a 2 year period.
Prior to treatment, all patients were scanned on a 1.5T MR scanner (MAGNETOM Avanto, Siemens AG, Erlargen, Germany) using the carotid coils in
the supine position. Anatomical MR imaging across the 3 orthogonal planes was acquired for the 1H-MRS localisation. Manual shimming was
performed to ensure acceptable spectral quality and a 15 x 15 x 15 mm3 spectroscopic volume of interest (VOI) was placed over the diseased node
(Figure 1). A point resolved spectroscopy technique was used with the following parameters: TE=144ms, TR=2000ms, bandwidth=1000Hz, 1024
points acquiring 56 measurements of 4 averages. When the manual shimming was not possible or the spectral quality was too poor, the spectra were
excluded. Post-processing analysis was performed using jMRUI package (Figure 2). The water peaks were used for the phase and frequency
corrections, and a Hankel-Lanczos singular value decomposition (HLSVD) filter was utilised to remove water (4.7ppm), methyl (0.9ppm) and
methylene (1.3ppm). The data were apodised with a 5Hz Gaussian filter and AMARES fitting method was used to estimate the choline/creatine
(Cho/Cr) peaks.
Two medical physicists independently scored the quality of the 1H-MR spectra with a scoring range from 1 to 5. The sum of the scores was
calculated and a cut oﬀ value of >6 was agreed to indicate minimum quality of spectra to be analysed. Cho/Cr ratios were derived for all analysable
datasets.

Patients were classified into those with local complete response (CR, n=20) or nodal
recurrent/residual disease (RD, n=15) depending on the presence or absence of any local
disease relapse based on multi-disciplinary consensus review informed by clinical, imaging
and histopathological follow-up. Cho/Cr ratios were compared using an unpaired student ttest between the two groups analysable datasets.
Results
7/35 patients had spectra identified with score of 7 or greater (Figure 3). This was our spectral quality threshold score. Following exclusion of the
spectra with lower quality scores of less than 7, the Cho/Cr peak ratios were statistically compared between the two patient groups (number of CR
patients = 4 and number of RD patients=3). The mean Cho/Cr ratio of patients within the CR group was (2.0) and was lower than patients within the
RD group (4.22) . The comparison of the two groups was statistically significant with a p value of 0.02.

Discussion
Our results demonstrate feasibility of using Cho/Cr metabolite ratio as a marker of treatment response. However, we found the technique challenging
to apply in the head and neck region – likely related to shimming tolerances of clinical systems 5. Having a minimum of two or more experienced
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Absence of oxygen enhanced changes in T2* within head and neck cancer
metastatic cervical lymph nodes is associated with local disease recurrence
within 2-years following chemoradiotherapy
Harbir Singh Sidhu1, Chiara Tudisca1, David Price2, Sola Adeleke1, Marianthi-Vasiliki Papoutsaki1, Martin Forster3,
Ruheena Mendes4, Stuart Andrew Taylor1, and Shonit Punwani1
1Centre

for Medical Imaging, University College London, London, United Kingdom, 2Medical Physics, University College London Hospital, London,
United Kingdom, 3Research Department of Oncology, University College London, London, United Kingdom, 4Radiotherapy Department, University
College London Hospital, London, United Kingdom

Synopsis
Hypoxia within head and neck squamous cell cancer metastatic lymph nodes is associated with poorer outcomes following chemoradiotherapy
when measured directly using polarographic probes.
The utility of non-invasive pretreatment T2* measurement in prediction of chemoradiotherapeutic response was investigated. Our data
suggest, however, that nodes demonstrating sustained post-therapy complete local response based on two-year follow-up are signiﬁcantly
more hypoxic compared with relapsing-nodes and paradoxically demonstrate a signiﬁcant increase in hypoxia on breathing 100%-oxygen.
Following further work to ascertain the mechanisms of these observed changes, the diﬀerential response to oxygen and lower baseline
oxygenation in responding-nodes could be exploited in risk stratiﬁcation.

Purpose
To evaluate utility of metastatic lymph node (LN) T2* relaxation times breathing air and 100%-oxygen as predictors of chemoradiotherapeutic
response in head and neck squamous cell cancer (HNSCC).

Introduction
Hypoxia is induced by an inability of the vascular system to supply suﬃcient oxygen to growing tumours, and when measured directly by
polarographic methods is associated with poorer outcomes following chemoradiotherapy in HNSCC LN disease [1]. Non-invasive MR
measurement of nodal hypoxia is therefore an appealing target for risk-stratiﬁcation in HNSCC patients. Speciﬁcally, deoxyhaemoglobin
decreases the transverse relaxation time, T2*, from which tissue oxygenation may be inferred [2].

Methods
Institutional approval was obtained. Patients with histologically-proven HNSCC and N2/3 LN-disease [3] were recruited between February-2010
and September-2014. Forty-eight patients (mean-age 59.6years) underwent baseline 1.5T MRI (Avanto, Siemens, Erlangen, Germany) prior to
chemoradiotherapy (median interval 22days). Conventional T2-weighted-sequences were followed by axial T2*-weighted-imaging of the neck
using a standard multi-echo gradient-echo-sequence (Figure-1). T2* images were initially acquired with patient breathing room-air and then
repeated after 100%-oxygen inhalation at 15L/min for four minutes via non-rebreather facemask continuing during scanning. T2* maps were
produced using numerical-ﬁtting algorithm [4] with Matlab(v7.13) on a pixel-by-pixel basis (Figure-2).
Two experienced specialist head and neck radiologists in consensus identiﬁed pathological nodes with reference to prior imaging and
cytology/histology (though blinded to 2-year outcome) and used T2-weighted-images to document short-axis-diameter and qualitative
radiological descriptors/classiﬁers such as nodal contours, enhancement-pattern and necrosis. Each node was then volumetrically contoured
on both ‘air’ and ‘100%-oxygen’ 12ms T2*-weighted-images excluding foci of necrosis. Segmented volumes were then transferred to air and
100%-oxygen T2*-maps respectively. In total 170 nodal volumes-of-interest (median 3/patient; 1-13) were contoured. Median, skewness and
kurtosis of pixel histograms were derived for each node from air and 100%-oxygen T2*-maps.
Multidisciplinary consensus review of at least two-years of clinical, imaging and histopathological follow-up was performed and each patient
was categorized into sustained post-therapy complete local response (C
CR
R; n=33; 104 nodes) or recurrent/residual nodal disease relapse (R
RD
D;
n=17; 66 nodes). Comparisons were made both for the largest-node per-patient (LLN
NP
PP
P) and for all-nodes (AN
AN).
Speciﬁcally, qualitative classiﬁers and short-axis nodal-diameter were compared between the outcome groups using Fishers exact and Mann
Whitney tests respectively. Pairwise parameter diﬀerences between air and 100%-oxygen datasets were calculated using Wilcoxon signed-rank
test. Histographic parameters were compared between each outcome group using Mann Whitney test.

Results
Figure-3 summarises the pretreatment nodal-diameter and histographic T2*-parameters for metastatic nodes between CR- and RD-groups (AN
and LNPP). Figure-4 summarises qualitative radiological-classiﬁers.
There was no signiﬁcant diﬀerence between the groups for nodal-size (p=0.11 AN, p=0.21 LNPP) or binary-classiﬁers of nodal status (Fisher’s
p=0.17-0.55).
Conversely, pairwise comparison revealed a signiﬁcant decrease in median T2* values with 100%-oxygen compared to breathing air in CR-group
(p=0.002 AN, p=0.012 LNPP) but no such signiﬁcant decrease in RD-group (p=0.585 AN, p=0.055 LNPP).
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Localising occult prostate cancer metastasis
with advanced imaging techniques
(LOCATE trial): a prospective cohort,
observational diagnostic accuracy trial
investigating whole–body magnetic
resonance imaging in radio-recurrent
prostate cancer
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Hashim Uddin Ahmed5,18 and Shonit Punwani1,2*
Abstract
Background: Accurate whole-body staging following biochemical relapse in prostate cancer is vital in determining
the optimum disease management. Current imaging guidelines recommend various imaging platforms such as
computed tomography (CT), Technetium 99 m (99mTc) bone scan and 18F-choline and recently 68Ga-PSMA positron
emission tomography (PET) for the evaluation of the extent of disease. Such approach requires multiple hospital
attendances and can be time and resource intensive. Recently, whole-body magnetic resonance imaging (WB-MRI)
has been used in a single visit scanning session for several malignancies, including prostate cancer, with promising
results, providing similar accuracy compared to the combined conventional imaging techniques. The LOCATE trial
aims to investigate the application of WB-MRI for re-staging of patients with biochemical relapse (BCR) following
external beam radiotherapy and brachytherapy in patients with prostate cancer.
(Continued on next page)
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ABSTRACT:
Intratumoral genetic heterogeneity and the role of metabolic reprogramming in renal cell carcinoma have been extensively documented. However, the distribution of these metabolic changes within the tissue has not been explored. We
report on the first-in-human in vivo non-invasive metabolic interrogation of renal cell carcinoma using hyperpolarized
carbon-13 (13C) MRI and describe the validation of in vivo lactate metabolic heterogeneity against multi regional ex vivo
mass spectrometry. hyperpolarized carbon-13 (13C)-MRI provides an in vivo assessment of metabolism and provides a
novel opportunity to safely and non-invasively assess cancer heterogeneity.

INTRODUCTION
Intratumoral genetic heterogeneity in renal cell carcinoma
(RCC) has provided important insights into the evolutionary pathway of RCC tumorigenesis.1 However, routine
analysis of genetic intratumoral heterogeneity has yet to
translate usefully into clinical practice as it requires specialized multiregional tumor sampling, complex computational analysis and sequencing platforms.
Metabolic reprogramming is a feature common to many
solid tumors. Increased glucose uptake, glycolysis and

reduced oxidative phosphorylation, known as the Warburg
effect,2 have been reported in RCC.3 Hyperpolarized
carbon-13 (13C) MRI (HP-MRI) is a novel non-ionizing
imaging technique that allows non-invasive real-time analysis of metabolic pathways in vivo.4 Hyperpolarization
using dissolution-dynamic nuclear polarization (DNP)
technology provides unprecedented sensitivity for the
detection of metabolism of 13C-labeled substrates such
as pyruvate, fumarate and glucose in vivo.4 For example,
following administration of 1-[13C] pyruvate, a number of
studies have reported on the detection of 1-[13C] lactate

© 2019 The Authors. Published by the British Institute of Radiology. This is an open access article distributed under the terms of the Creative Commons
Attribution 4.0 International License, which permits unrestricted use, distribution and reproduction in any medium, provided the original author and source
are credited.
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Challenges in glucoCEST MR body imaging at 3 Tesla
Mina Kim1,2#, Francisco Torrealdea3#, Sola Adeleke4#, Marilena Rega5, Vincent Evans4, Teresita Beeston4,
Katerina Soteriou4, Stefanie Thust2, Aaron Kujawa1,2, Sachi Okuchi1,2, Elizabeth Isaac4, Wivijin Piga4,
Jonathan R. Lambert6, Asim Afaq5, Eleni Demetriou1,2, Pratik Choudhary7,8, King Kenneth Cheung9,
Sarita Naik10, David Atkinson4, Shonit Punwani4, Xavier Golay1,2
1

Department of Brain Repair and Rehabilitation, UCL Queen Square Institute of Neurology, Faculty of Brain Sciences, University College London,

London, UK; 2Lysholm Department of Neuroradiology, National Hospital for Neurology and Neurosurgery, London, UK; 3Medical Physics
and Biomedical Engineering, University College Hospital, London, UK; 4UCL Centre for Medical Imaging, London, UK; 5Institute of Nuclear
Medicine, University College Hospital, London, UK; 6Department of Haematology, University College London Hospital, London, UK; 7King’s
College Hospital NHS Foundation Trust, London, UK; 8Department of Diabetes, School of Life Course Sciences, King’s College London, London,
UK; 9University College London Hospitals NHS Foundation Trust, London, UK; 10Department of Diabetes and Endocrinology, University College
Hospital, London, UK
#

These authors contributed equally to this work.

Correspondence to: Xavier Golay. Department of Brain Repair and Rehabilitation, UCL Queen Square Institute of Neurology, Faculty of Brain
Sciences, University College London, London, UK. Email: x.golay@ucl.ac.uk.

Background: The aim of this study was to translate dynamic glucose enhancement (DGE) body magnetic
resonance imaging (MRI) based on the glucose chemical exchange saturation transfer (glucoCEST) signal to
Methods: An infusion protocol for intravenous (i.v.) glucose was optimised using a hyperglycaemic clamp
to maximise the chances of detecting exchange-sensitive MRI signal. Numerical simulations were performed
to define the optimum parameters for glucoCEST measurements with consideration to physiological
conditions. DGE images were acquired for patients with lymphomas and prostate cancer injected i.v. with
20% glucose.
Results: The optimised hyperglycaemic clamp infusion based on the DeFronzo method demonstrated
rates. DGE signal sensitivity was found to be dependent on T2, B1 saturation power and integration range.
Our results show that motion correction and B0
0

in vivo.
Conclusions: Based on our simulated and experimental results, we conclude that glucose-related signal
remains elusive at 3 T in body regions, where physiological movements and strong effects of B1+ and B0

Keywords: Glucose chemical exchange saturation transfer (glucoCEST) , body magnetic resonance imaging (body
)
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