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ABSTRACT
Whole body magnetic resonance imaging (WB-MRI) is being recognised as an alternative to
conventional computed tomography, isotope bone scan and PET-CT scan. Advances in MR
imaging have enabled sophisticated whole body protocols interrogating and imaging
different facets of tumour biology. Furthermore, these multi-sequence WB-MRI protocols
can be applied within patient friendly examination times.
Qualitative and quantitative evaluation of WB-MRI examinations can now readily be
performed, and form the focus of ongoing research into clinical utility for disease staging
and response assessment. Quantitative WB-MRI research has mainly concentrated on
diffusion weighted imaging (DWI) derived apparent diffusion coefficient (ADC), a parameter
broadly representative of tumour cellularity.
This thesis focuses on evaluating WB-MRI in the setting of lymphoma and multiple myeloma
(haematological malignancies) through a series of translational imaging biomarker
developmental studies. The first study retrospectively evaluates the diagnostic accuracy of
WB-MRI (performed at 1.5 T) for the staging of paediatric Hodgkin’s lymphoma (HL)
(Chapter 3) and determines ADC quantitative thresholds for disease detection (Chapter 4).
Following this, a clinical trial of WB-MRI with prospective application of quantitative ADC
thresholds for staging and response assessment of paediatric HL is described (Chapter 5).
The final 3 chapters describe the WB-MRI studies conducted at 3.0 T – exploring the
potential value of higher field strengths, and the reliability of novel quantitative imaging
biomarkers for the diagnosis and response assessment of lymphoma and multiple myeloma.
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Chapter 1 : Background

INTRODUCTION
Contents and organization of the thesis
Whole-body magnetic resonance imaging (WB-MRI) is gaining widespread recognition
within imaging and clinical communities. Qualitative and quantitative assessment of the
entire body is now possible within a single scanning session and various quantitative
imaging biomarkers are being tested for disease staging, treatment response assessment
and prognostication.

This work describes a combination of qualitative and quantitative studies involving WB-MRI
for the assessment of haematological malignancies (paediatric and adult lymphoma, and
multiple myeloma) using both 1.5 T and 3.0 T MRI platforms. The thesis is compromised of
9 chapters as below:

Chapter 1: Introduction and Background
Forms the introduction to the thesis. I provide an overview of lymphoma and plasma cell
disorders in section A of this chapter. This is followed by an overview of MRI physics
relevant to the content of this thesis in section B.

Chapter 2: A Review of Clinical Applications of Whole-body MRI for Imaging Haematological
Malignancies
In chapter 2, I have provided a background literature review on WB-MR imaging with focus
on its applications in lymphoma and plasma cell disorders.
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Chapter 3: Whole-body MRI for Staging of Paediatric Hodgkin’s Lymphoma; A Comparison to
Reference Standard 18F-FDG PET-CT
In this chapter I have presented the results of a retrospective study in a cohort of paediatric
Hodgkin’s lymphoma patients. Within this study, I have investigated the diagnostic
performance of WB-MRI against the reference standard 18F-FDG PET-CT and presented the
results of qualitative assessment of disease using a 1.5 T MRI platform.

Chapter 4: Whole-body MRI for Staging of Paediatric Hodgkin’s Lymphoma: The Application of
MRI Quantitative Parameters for Nodal Staging and Characterisation
As a follow on from previous chapter, I have investigated whether quantitative derived
imaging parameters might improve upon qualitative assessments of nodal disease in the
same cohort of paediatric Hodgkin’s lymphoma patients that are presented in chapter 3.

Chapter 5: Whole-body MRI for Staging and Interim Response Monitoring in Paediatric and
Adolescent Hodgkin’s Lymphoma; A Comparison with Multi-modality Reference Standard
In this chapter I use a combination of qualitative and quantitative 1.5 T WB-MRI to
prospectively investigate the performance of WB-MRI in a large cohort of paediatric
Hodgkin’s lymphoma patients. This work is currently the largest prospective cohort study of
WB-MRI in paediatric lymphoma, and is the first to use pre-defined quantitative and
qualitative criteria for staging and response monitoring in paediatric Hodgkin’s lymphoma
patients.

Chapter 6: Derivation of an Optimal Whole-body MRI at 3.0 T for the Assessment of Adult’s
Lymphoma
Chapter 6 is concerned with application and diagnostic performance of 3.0 T WB-MRI for
initial disease staging and characterisation in adults’ lymphoma. Here I have investigated the
performance of individual MRI sequences as part of WB-MRI protocol for disease
assessment in adults’ lymphoma.
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Chapter 7: Whole-body MRI for Initial Assessment of Plasma Cell Disorders
In this chapter I investigated the performance of 3.0 T qualitative WB-MRI protocol for
disease detection and characterisation in a cohort of patients suspected of multiple
myeloma. I have looked into differences in staging using skeletal survey and whole spine
MRI (as standard imaging) and WB-MRI. Additionally, I have analysed the performance of
each sequence as part of a multi-parametric WB-MRI protocol for disease detection in
patients with multiple myeloma.

Chapter 8: Whole-body MRI for Response Monitoring in Multiple Myeloma; The Application of
Quantitative MRI Parameters
Chapter 8 introduces the application of quantitative derived parameters from WB-MRI scans
for early response categorization in patients undergoing chemotherapy for multiple
myeloma. Several quantitative WB-MRI derived parameters are measured at baseline and
following two cycles of chemotherapy and their association with treatment response is
investigated.

Chapter 9: Thesis summary, discussion and conclusions
Finally, chapter 9 summarises the thesis, provides a discussion, and makes
recommendations for future research.

I have carried out all work myself unless otherwise stated in the declaration section at the
beginning of each chapter.
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Section A: Haematological malignancies
Lymphoma
Lymphoma is a cancer of lymphatic system that starts in lymphocytes and manifests itself
initially within lymphatic organs. The lymphatic system is a part of the immune system of
the body that helps fighting infections and diseases. There are 2 main types of lymphocytes
in lymphatic system:
B lymphocytes: B lymphocytes (B cells) normally help protect the body against
bacteria/viruses by making specific proteins called antibodies. The antibodies attach to the
foreign organism, marking them for destruction by other parts of the immune system.
T lymphocytes: There are several types of T lymphocytes (T cells) in the lymphatic system
and they can be distinguished from other lymphocytes by the presence of a T-cell receptor
on the cell surface. Some T cells destroy foreign organism or abnormal cells in the body.
Other T cells help boost or slow the activity of other immune system cells.
The lymphatic tissues are found across the entire body so lymphomas can manifest almost
anywhere in body.
The major sites of lymph tissue are:

•

Lymph nodes: Lymph nodes are bean-sized collections of lymphocytes and other
immune system cells throughout the body, including inside the chest, abdomen, and
pelvis. They are connected by a system of lymphatic vessels.

•

Adenoids and tonsils: These are collections of lymph tissue in the back of the throat.
They help make antibodies against germs that are breathed in or swallowed.
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•

Thymus: The thymus is a small organ behind the upper part of the sternum and in
front of the heart. It’s important in the development of T lymphocytes.

•

Spleen: The spleen is an organ under the lower ribs on the left side of the body. The
spleen makes lymphocytes and other immune system cells. It also stores healthy
blood cells and filters out damaged blood cells, bacteria, and cell apoptosis products.

•

Bone marrow: The bone marrow is the spongy tissue inside certain bones. This is
where new blood cells (including some lymphocytes) are made.

•

Digestive tract: The stomach, intestines, and many other organs also have lymph
tissue.

Lymphoma is the fifth common malignancy in the UK and is divided into two main subtypes;
Hodgkin’s lymphoma (HL) and non-Hodgkin’s lymphoma (NHL). HL and NHL subtypes can
occur in both children and adults group.
Lymphomas (HL and NHL) are the most common group of cancers in teenagers and young
adults (15–24 years old) and the third most common group of cancers in childhood (0–14
years old), after leukaemia and brain tumours [1].

HL accounts for approximately 38% of lymphoma cases in children and approximately 65%
of cases in adolescents and is the most commonly diagnosed cancer among adolescents
aged 15 to 19 years but rare among children < 5 years [2]. Risk factors for HL include
Epstein-Barr virus (EBV) infection, a history of infectious mononucleosis, as well as human
immunodeficiency virus (HIV) infection [2]. HL has a distinctive bimodal age distribution with
first peak in young adults and the second peak in older male and female patients [3].
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The incidence of adult’s HL in the UK and USA is 2·7–2·8 per 100 000 per year, with roughly
1700 new cases diagnosed in the UK every year [4]. The peak incidence rate in adults is for
patients older than 60 and disease is more frequent in men than women.

HL is classified as either classical or nodular lymphocyte-predominant [5]. Four subtypes of
classical Hodgkin's lymphoma exist, which differ in presentation, sites of involvement,
epidemiology, and association with Epstein-Barr virus; management, however, is broadly
similar in all subtypes [5] (Table [1-1]).

HL is remarkably sensitive to radiation and cure can be achieved in some patients using
radiotherapy alone, although this is rarely the preferred treatment in children and
adolescents. Survival rates for paediatric and adolescent HL have increased from 87% in
1975 through 1979 to 97% in 2003 through 2009.

As with paediatric and adolescent groups, a bi-modal therapy (chemotherapy and
radiotherapy) has replaced radiotherapy alone even in adult patients with localised HL.

The survival rate for adult patients with early stage HL disease is excellent, with overall
survival exceeding 90% [6]. In advanced-stage disease, overall survival is reduced and
reported at around 75–90% [6].
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Table 1–1: Hodgkin's lymphoma subtypes

Nodular lymphocyte-predominant
HL

EBV association

Epidemiology

Clinical features

No association

5% of all HL and it
typically affect
younger patients

75% are early stage; risk of
transformation to high-grade NHL

Classical Hodgkin’s Lymphoma
Nodular sclerosis classical HL

10-40% of
patients EBV
positive

60-80% of HL and it
typically affect
younger patients

Prognosis is better than in other
classical subtypes; Mediastinal mass
present in 80% of patients

Mixed-cellularity classical HL

Up to 75% of
patients EBV
positive

Accounts for 25% of
classical HL

Peripheral and abdominal
lymphadenopathy common

Lymphocyte-rich classical HL

10-40% of
patients EBV
positive

Accounts for 5% of
classical HL

Peripheral lymphadenopathy
common; Mediastinal mass rare; it
tends to affect men > women

Lymphocyte-depleted classical HL

Up to 75% of
patients EBV
positive

Accounts for <1% of
classical HL

Frequently presents as advancedstage disease; Usually seen in older
people and patients infected with HIV

NHL accounts for 62% of lymphoma cases in children and approximately 35% of lymphoma
cases in adolescents [2]. NHL is compromised of several subtypes with the most common
subtypes in children and adolescents are being Burkitt lymphoma (BL) (19%), diffuse large B-
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cell lymphoma (22%), lymphoblastic lymphoma (20%), and anaplastic large-cell lymphoma
(10%) [7].
NHL is the 8th most commonly diagnosed cancer in men and the 11th in women. The
disease accounts for 5.1% of all cancer cases and 2.7% of all cancer deaths [8].

The overall incidence of NHL and of most histologic subtypes increases with increasing age.
In persons older than 65, the incidence is 91.6 per 100,000 persons in 2007-2011. Except for
high-grade lymphoblastic and Burkitt lymphomas (the most common types of NHL seen in
children and young adults), the median age at presentation for all subtypes of NHL exceeds
50 years [9].
Immunosuppression from a variety of causes increases the risk of NHL, including inherited
immunodeficiency disorders, HIV infection, and post-transplantation immune suppression
[10].
Multi-agent chemotherapy is the main form of treatment for most types of NHL. Survival
rates for NHL in children and adolescents have increased dramatically in recent decades,
from 47% in 1975 through 1979 to 85% in 2003 through 2009 [2].
The survival rate for adult’s NHL is 80% for 1st year which decreases to 70% and 65% for 5
and 10 years survival [11].

Diagnosis and Staging
HL and NHL typically present as painless lymphadenopathy, which is frequently cervical or
supraclavicular. In HL, more than half of patients have a mediastinal mass, which can be
asymptomatic or can present as dyspnoea, cough, or obstruction of the superior vena cava
[6]. Systemic symptoms are reported in a quarter of patients. Fever, drenching night sweats,
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and loss of of bodyweight have prognostic importance and are considered as B symptoms.
Other symptoms such as pruritus, fatigue, and alcohol-related pain do not have prognostic
importance and are thus not regarded as B symptoms.
Diagnosis of HL and NHL should be confirmed histologically by sampling of an involved
lymph node.
In both HL and NHL in paediatric and adult groups, staging is based on Ann Arbor staging
[12] and the Cotswold’s modification [13]. There are 4 stages within the Ann Arbor staging
system, based on the anatomical location and distribution of involved lymph nodes and/or
organs:
Ann Arbor staging system and Cotswold modifications
Stage
•

I: Involvement of one lymph-node region or lymphoid structure

•

II: Involvement of two or more lymph-node regions on the same side of the
diaphragm

•

III: Involvement of lymph nodes on both sides of the diaphragm

•

IV: Involvement of extra-nodal sites other than one contiguous or proximal extranodal site

Modifying features
•

A: No symptoms

•

B: Presence of fever, drenching night sweats, loss of more than 10% of bodyweight
over 6 months
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•

X: Bulky disease (mediastinal mass larger than a third of thoracic diameter, or any
nodal mass >10 cm in diameter)

•

E: Involvement of one contiguous or proximal extra-nodal site

Contrast-enhanced CT of the neck, chest, abdomen, and pelvis is mainly used for staging
[14] because it is widely available and is relatively economical. However, in recent years,
functional imaging with 18F-fluorodeoxyglucose (18F-FDG) positron emission tomography
(PET) is increasingly used in combination with CT (18F-FDG PET-CT) to stage disease
accurately, delineate margins for radiotherapy, and provides a baseline for subsequent
response assessments [15].
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F-FDG PET-CT is more accurate than CT for staging lymphomas with increased sensitivity,

particularly for extra-nodal disease evaluations [15].
This is mainly due to the additional functional characterisation provided by 18F-FDG uptake
reflecting glucose metabolism. Such metabolic representation complements morphological
classification provided by CT scanning alone and aid in further characterisation of disease.
Imaging is important to define the extent of disease, for response monitoring and for
prognostication. For instance, as discussed above, the outlook for patients with early-stage
disease (stage I and IIA) is excellent compared to that of patients with advanced stage
disease.
For advanced stage HL disease, the international prognostic score (also known as the
Hasenclever score) is used at baseline to predict prognosis [16]. The score is calculated
according to seven clinical and laboratory factors; the presence of each factor reduces 5
year overall survival on average by 8% [6,16]:
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International prognostic index (Hasenclever score)
•Age >45 years
•Male sex
•Serum albumin concentration <40 g/L
•Haemoglobin concentration <105 g/L
•Stage IV disease
•Leucocytosis (≥15×109 white cells per L)
•Lymphopenia (<0·6×109 lymphocytes per L, or <8% total white-cell count)
Currently, prognostic indices at diagnosis are mostly used to risk stratify patients to inform
therapy, but most include stage as a factor so imaging-determined stage remains relevant
[16].
Interim imaging is frequently performed in clinical and research settings to ensure the
effectiveness of treatment and exclude the possibility of progression. Metabolic response of
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F-FDG PET-CT performed after 2 to 3 cycles of chemotherapy (interim 18F-FDG PET-CT) has

shown to have potential for assigning risk and probably supplement or replace the
international prognostic index [17].

Management
Combined modality therapy (chemotherapy and radiotherapy) has replaced radiotherapy
alone in localised lymphoma because it substantially reduces relapse rate through the
chemotherapeutic eradication of occult disease outside the radiation field and allows for
smaller radiation fields [18,19].
It should be noted that most patients with early-stage disease and B symptoms or bulky
disease have been treated with protocols used for advanced disease. The standard
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treatment for advanced-stage disease is combination chemotherapy, however, the role of
radiotherapy in advanced-stage disease is unclear.

Plasma Cell Disorders
Plasma cell disorders (PCDs) are a diverse group of disorders of unknown etiology
characterized by disproportionate proliferation of a single or multiple clones of B cells and
the presence of homogeneous (monoclonal) immunoglobulin or polypeptide subunits in
serum, urine, or both. This spectrum of progressively more severe monoclonal
gammopathies produces a relatively wide range of disease manifestations, from premalignant monoclonal gammopathy of undetermined significance (MGUS) to malignant
multiple myeloma (MM). Relevant to this thesis, solitary plasmocytoma, MGUS,
asymptomatic MM and MM are briefly described below.

Solitary plasmacytoma
Solitary plasmacytoma is an infrequent form of plasma cell disorders. It involves a localized
accumulation of neoplastic monoclonal plasma cells without evidence of significant bonemarrow plasma-cell infiltration. Solitary plasmacytoma can be classified into 2 groups
regarding to location; medullary plasmacytomas classically occur in the bone of the
vertebrae or skull, whereas extra-medullary plasmacytomas occur in the soft tissues, most
frequently in the head and neck region [20]. It is known that medullary plasmacytoma
progresses more frequently to symptomatic MM than extra-medullary plasmacytoma [20].
Extra-medullary plasmacytomas infiltrate in 2 different ways: extra-medullary infiltration
arising from hematogenous spread and soft tissue infiltration originating from a bone lesion,
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i.e., the presence of extra-osseous lesions linked to skeletal involvement (para-medullary
lesions) [20].
Diagnosis requires a biopsy-proven monoclonal plasma cell infiltration of a single lytic bone
lesion; no additional lesions on bone survey; absence of clonal plasma cells on a random
marrow sample; and no evidence of systemic myeloma.
The majority of patients with medullary plasmacytomas develop symptomatic MM after a
median of 2–3 years, however, the overall median survival of 7–12 years is longer than for
patients in early phases of symptomatic MM [21]. Approximately 15%–45% of patients
remain disease free at 10 years but late recurrences have been reported sporadically. Bulky
disease (≥ 5 cm), age > 55 years, radio-therapy dose, and M protein level are considered as
important prognostic factors for medullary plasmacytomas.
Definitive radiation therapy is the treatment of choice for medullary and extra-medullary
plasmacytomas giving adequate local control. Surgical resection is rarely necessary, but
occasional patients may require decompressive surgery for medullary plasmacytomas in the
presence of cord compression. Adjuvant chemotherapy could be administered but the
results are inconclusive. Although some studies have shown that adjuvant chemotherapy
may prevent or delay progression to symptomatic MM, most have noted no benefit with
the early administration of chemotherapy [22].

Monoclonal Gammopathy of Undertermined Significance
MGUS is characterized by a serum M-protein concentration of <30 g/L, plasma cells in the
bone marrow < 10%, and no related organ or tissue impairment (no end-organ damage such
as hypercalcemia, renal insufficiency, anemia, or lytic bone lesions related to the plasma-cell
disorder) [23]. There must be no evidence of MM, Waldenstrom macroglobulinemia,
31

amyloid light-chain amyloidosis or related plasma-cell proliferative disorders to confirm a
diagnosis of MGUS.
MGUS is typically discovered as an incidental finding when protein electrophoresis is done
for various other reasons unrelated to plasma cell disorders.
In a cohort of 21,463 residents in Minnesota, aged 50 or over, MGUS was identified in
3.2% of participants on routine clinical workup [24]. The prevalence of MGUS was 5.3%
among persons 70 years of age or older and in 8.9% of men older than 85 years. The size of
the M protein was < 1.5 g/dl in 80% and ≥ 2 g/dl in only 4.5% [24].
In a cohort of 241 MGUS patients, 18.2% (n=44) developed MM during a follow-up period of
39 years (median 13.7) with the interval of 1-32 years from diagnosis of MGUS to
developing MM (median 10.4). The overall risk of progression was 1.5% per-year [25]. In
another cohort of 1384 MGUS patients, the risk of progression to MM was approximately
1% per-year, confirming the findings in above patient’s cohort [26].
IgG is the commonest subtype of monoclonal protein in patients with MGUS (68.9%) [27].
Prediction of MGUS progression to overt MM is difficult, however, type of M protein, size of
the M protein, percentage of bone marrow plasma cells and the free light chain (FLC) ratio
are helpful in identifying patients at higher risk of progression. For instance, patients with
IgM or IgA monoclonal protein have increased risk of progression as compared with patients
who have IgG monoclonal protein [26, 28].

Smouldering multiple myeloma
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smouldering (asymptomatic) MM is an intermediate stage between MGUS and overt
multiple myeloma and requires the presence of a monoclonal protein level of ≥ 30 g/l or a
proportion of clonal bone marrow plasma cells of ≥ 10% but no end-organ damage.
smouldering MM has a similar age of presentation as MGUS and symptomatic MM (6070 years) and is most commonly IgG (74%) or IgA (22.5%) [23].
Patients with smouldering MM are at a higher risk of progression to myeloma or related
disorder; 10% per year for smouldering MM versus 1% per year for MGUS. Fifty-nine
percent (163/276) of patients with smouldering MM developed symptomatic multiple
myeloma or AL amyloidosis during follow-up in one study. The overall risk of progression
was 10% per year for the first 5 years, approximately 3% per year for the next 5 years but
risk reverts to MGUS levels after 10 years [29].
Previously, there was no evidence that active treatment of smouldering MM patients
transformed the natural disease history or enhanced long-term outcomes, and hence
treatment was withheld unless progression occurred as defined by end organ damage.
However, it has now become clear that some smouldering MM patients are at higher risk of
progression to symptomatic MM [30]. As such, work has been undertaken to identify
patients at highest risk to progression to MM and risk stratify smouldering MM patients in
order to be able to treat individuals with high risk of progression at early stages of
smouldering MM.
There are three factors that are considered as markers to identify smouldering MM patients
at very high risk of progression to MM (> 80% over 2 years) and are considered by
International Myeloma Working Group (IMWG) in their revised criteria for smouldering MM
[31]. Smouldering MM patients with bone marrow plasma cells of ≥60%, serum FLC ratio of
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>100 or with > 1 focal lesion on cross-sectional imaging have the highest risk of progression
to MM [32, 33, 34].

Multiple myeloma
Multiple myeloma is an uncommon malignancy (18th most common cancer in the UK) and
accounts for 2% of all new cases of cancer each year [35].
Around 5,500 people in the UK are diagnosed with myeloma each year. The risk of myeloma
increases with older age and it is very rare in people under 40 and it is more common in
men than women [36]. Almost half (45%) myeloma cases in the UK each year are diagnosed
in people aged 75 and over.
Over the last decade, myeloma incidence rates have increased by less than a fifth (15%) in
the UK and incidence rates for myeloma are projected to rise by 11% in the UK between
2014 and 2035, to 12 cases per 100,000 people by 2035 [35]. This might be attributed to
numerous factors including advent of special diagnostic tests, better access to diagnostic
tests, changes in clinical practice and management, increased awareness and an ageing
population.
There were around 2,900 myeloma deaths in the UK in 2014 with around 6 in 10 (59%)
myeloma deaths in the UK each year are in people aged 75 and over [35]. Since the early
1970s, myeloma mortality rates have increased by almost three-fifths (56%) in the UK. The
increase is larger in males (65%) than in females (44%), however, over the last decade,
myeloma mortality rates have remained stable in the UK in males and females combined.

Diagnosis and Staging
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Diagnosis of multiple myeloma is based on the presence of clonal bone marrow plasma cells
of ≥ 10% or biopsy proven bony or extra-medullary plasmacytoma and one or more of the
following myeloma defining event:

•

Evidence of end organ damage that can be attributed to the underlying plasma cell
proliferative disorder, specifically:

•

Hypercalcaemia: serum calcium >0·25 mmol/L (>1 mg/dL) higher than the upper
limit of normal or >2·75 mmol/L (>11 mg/dL)

•

Renal insufficiency: creatinine clearance <40 mL per min or serum creatinine >177
μmol/L (>2 mg/dL)

•

Anaemia: haemoglobin value of >20 g/L below the lower limit of normal, or a
haemoglobin value <100 g/L

•

Bone lesions: one or more osteolytic lesions on skeletal radiography, CT, MRI or PETCT

The above criteria are referred to as CRAB criteria (C: Hypercalcemia, R: Renal insufficiency,
A: Anemia and B: Bone lesion) and are considered as end-organ-damage features of overt
multiple myeloma, requiring treatment.
Once diagnosis of multiple myeloma is established, staging of patients for classification and
stratification of disease is required. The most widely used staging system is International
Staging System for multiple myeloma (ISS) that only takes into account a combination of
serum Beta2-microglobulin (Sβ2M) and serum albumin as below [37]:

•

Stage I: Sβ2M < 3.5 mg/L plus serum albumin ≥ 3.5 g/dL (median survival, 62 months)

•

Stage II: Neither stage I nor III (median survival, 44 months)
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•

Stage III: Sβ2M ≥ 5.5 mg/L (median survival, 29 months)

Other staging systems that are less frequently used by clinicians are Durie-Salmon and
Durie-Salmon PLUS staging system [38, 39]. Similar to ISS staging, Durie-Salmon staging
system compromise of 3 different stage as below:

•

Stage I: Presence of all of the following: hemoglobin level > 10 g/dL; serum calcium
level < 10.5 mg/dL; a normal bone structure or solitary bone plasmocytoma assessed
with conventional radiography; low rate of M-component production (IgG level < 5
g/dL; IgA level < 3 g/dL; and Bence Jones protein level < 4 g/24 h).

•

Stage II: Neither stage I nor III

•

Stage III: One or more of the following: hemoglobin value < 8.5 mg/dL; serum
calcium level > 12.5 mg/dL; or advanced lytic bone lesions assessed with
conventional radiography; high M-component production rate (IgG value > 7g/dL;
IgA value > 5 g/dL; Bence Jones protein > 12 g/24 h)

The Durie-Salmon staging system takes into account the X-ray radiography for confirming
the presence of myelomatous bone lesions, but it does not incorporate cross-sectional
imaging techniques. Hence, an updated version of Durie-Salmon staging was developed,
called the Durie-Salmon PLUS staging system. Durie-Salmon PLUS staging takes advantage of
currently available cross-sectional imaging such as CT, 18F-FDG PET-CT and MRI scans to
stage patients as below:
Smouldering Myeloma
•

Stage I A: Can have single plasmacytoma and/or limited disease on imaging
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Multiple Myeloma
•

Stage I B: <5 bone focal lesions, mild diffuse disease

•

Stage II A/B: 5–20 bone focal lesions, moderate diffuse disease

•

Stage III A/B: 20 bone focal lesions, severe diffuse disease

A: Serum creatinine <2.0 mg/dl / no extra-medullary disease
B: Serum creatinine ≥2.0 mg/dl / extra-medullary disease
By incorporating more advanced cross-sectional imaging, the new staging system has the
potential to improve the classification of early disease and discriminate amongst patients
with stage II (good prognosis) and stage III (poor prognosis) disease.
The presence of several staging systems recognises that multiple myeloma is an extremely
heterogeneous disease, both at the cellular and clinical level. For instance, in patients with
non-secretory MM, high tumour burden is accompanied by low Sβ2M and subsequently, the
ISS stage can be misleading [40].
Alongside the incorporation of advanced imaging techniques into staging systems, further
risk stratification is being proposed by application of novel cytogenetic analysis.
On the basis of existing laboratory tests, there are already good and robust markers for risk
stratification. These include Fluorescence in situ hybridization (FISH) test for t(4;14),
deletion 17p13 and 1q21 gain [31]. These markers can be applied to majority of multiple
myeloma patients, a high-risk group of patients can be defined by ISS stage II/III and the
presence of either t(4;14) or 17p13. Alternatively, a low-risk group can be defined by age<
55 years, ISS stage I or II and normal results for the above FISH markers [31].
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Management
As mentioned previously, for solitary plasmacytoma, radiation therapy is the treatment of
choice for achieving local control.
For patients with low risk MGUS (serum monoclonal protein <15 g/l, IgG type and normal
FLC ratio), baseline bone marrow examination or skeletal radiography survey is not
indicated. A bone marrow biopsy is required if the patient has unexplained anemia, renal
insufficiency, hypercalcemia, or bone lesions. Patients should be followed with serum
protein electrophoresis in 6 months, and if stable can be followed every 2–3 years.
In patients with intermediate to high risk MGUS (serum monoclonal protein >15 g/l, IgA or
IgM protein type, or an abnormal FLC ratio) a bone marrow aspirate and biopsy should be
carried out at baseline to rule out underlying plasma cell malignancy. Both conventional
cytogenetics and FISH should be performed on the bone marrow examination. Lactate
dehydrogenase, Sβ2M, and C-reactive proteins should be determined if there is evidence of
multiple myeloma.
If the results of these tests are satisfactory, patients should be followed with serum protein
electrophoresis and a complete blood count in 6 months and then annually for life and no
treatment is required unless there is evidence of progression to multiple myeloma [41].
For smouldering MM patients, at diagnosis, serum protein electrophoresis, complete blood
count, calcium and creatinine values and 24-hour urine for electrophoresis and
immunofixation should be performed and then repeated 2-3 month after initial diagnosis. A
baseline bone marrow biopsy and skeletal survey are mandatory. MRI of the spine and
pelvis is recommended because it can detect occult lesions and, if present, predict for a
more rapid progression to symptomatic myeloma. If the results are stable, the studies
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should be repeated every 4–6 months for 1 year and, if stable, evaluation can be lengthened
to every 6–12 months [41].
Due to limited sensitivity of skeletal survey for detection of myeloma related bone disease,
recent recommendations from National Institute of Health and Care Excellence (NICE) states
that skeletal survey alone is no longer sufficient and cross-sectional imaging with CT, MRI
and/or 18F-FDG PET-CT is recommended according to local practice [42].
Although a recently, a randomized trial has indicated treatment lenalidomide and
dexamethasone versus observation only in smouldering MM can improve outcomes [43],
observation still remains standard of care.
For most patients with multiple myeloma, the treatment is multi-agent (three-drug
regimen) chemotherapy. Additionally, in younger patients (patients < 65 years), the multiagent chemotherapy is usually follows by stem cell (bone marrow) transplant.
Stem cell transplantation can be done using one's own stem cells (autologous
transplantation) or stem cells from a close relative or matched unrelated donor (allogeneic
transplantation). In MM, the majority of transplants performed are of the autologous stem
cell transplant (ASCT).
Section B: Principal of MRI sequences
Magnetic Resonance Imaging (MRI) is an imaging technique that presents anatomical
information based on the magnetic properties of the nuclei of tissue.

Nuclear Spins in a Magnetic Field
Each atom consists of a nucleus containing subatomic particles, protons, neutron sand
negatively charged electrons that orbit the nucleus. Electrons, neutrons and positively
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charged protons spin around their own axis producing a small magnetic field. MRI focus on
magnetic active nuclei, the ones with an odd number of nucleons.
Water consists of two hydrogen and one oxygen atom and it makes up to 80% of human
body. The most common isotope of hydrogen is 1H that has one proton only.
The hydrogen nucleus is the MR active nucleus and is used in MRI because of its abundance
in the body, its odd mass number nucleus and a large magnetic moment (related to nucleus
spin) due to its solitary proton.
In a normal environment, the magnetic moment of MR active nuclei point in random
direction, cancelling each other with no overall magnetic effect (Figure [1-1]).
When nuclei are placed in an external magnetic field (B0) their magnetic moments align with
the main magnetic field assuming any of the two possible state:
• Parallel alignment: when magnetic moments are in the same direction as the main
field. In parallel alignment, according to quantum theory, nuclei have low energy
state and assume a spin up position
• Anti-parallel alignment: when magnetic moments are in opposite direction to the
main field. In anti-parallel alignment, nuclei have high energy state and assume spin
down position (Figure [1-1])
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Figure 1–1: Schematic presentation of protons
Protons in a normal environment (a) and (b) in the presence of external magnetic field (B0).

Owing to the influence of B0 and in addition to spinning on its own axis, MR active nuclei
produce a secondary spin, called precession (spin wobble), causing magnetic moments of
MRI active nuclei to describe a circular path around B0. The speed at which magnetic
moment precess (wobble) about the B0 is called precessional frequency and given by Larmor
equation:

Equation 1

! = B0 "
where ! is the precessional (Larmor) frequency, and " is gyromagnetic ratio which is a
constant for every atom at a particular magnetic field strength (for 1H it is 42.57 MHz/T).
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The magnetic moments of 1H are constantly changing because nuclei are continually moving
between high and low energy states. At any one moment in time there are a greater
proportion of nuclei with their magnetic moments aligned with the field than against it,
producing a net magnetic effect (net magnetisation vector or M0) (Figure [1-2]).

Excitation
In order to manipulate the net magnetisation, a radiofrequency (RF) pulse (B1) with a
frequency that matches the Larmor frequency of precessing protons is required.
An RF pulse at the Larmor frequency of precessing protons, with a certain strength
(amplitude) and for a certain period of time, causes the net magnetization vector to move
away from static magnetic field, and to rotate the net magnetization into a plane
perpendicular to the net magnetisation (or static field) plane. Each RF pulse is characterized
by flip angle, which is the angle that the pulse flips the magnetization.
For a 90° flip angle, the longitudinal magnetisation (Mz, along the z-axis) is converted to
transverse magnetisation (Mxy – in the XY plane, perpendicular to Z) (Figure [1-3]).
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Figure 1–2: Alignment of protons in a static magnetic field
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Figure 1–3: RF excitation and and rotation of the net magnetisation into X-Y plane

Relaxation times/ mechanisms
For a 900 RF pulse, M flips from z axis (Mz) to the y axis (Mxy). Once M has flipped into the
transverse plane and B1 is removed (as soon as RF pulse is switched off), M returns back to
equilibrium via the 2 separate mechanisms, spin-lattice (T1) and spin-spin (T2) relaxations.
The spin-lattice or longitudinal relaxation (T1 relaxation) is the loss of energy from the spin
system to the surrounding environment. Since the external B1 field is removed, the loss of
energy from high energy state (stable position for proton) to lower energy state is facilitated
by magnetic moments of neighbouring protons or other nuclei or molecules.
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The z component of the magnetisation vector (Mz) returns back to its equilibrium value
(M0).
The time course whereby the system returns to thermal equilibrium is mathematically
described by an exponential curve. This recovery rate is characterized by the time constant
T1, which is unique to every tissue:

Equation 2

Mz (t)=M0 (1-e –t/T1)

where t is the time following the RF pulse.
T1 is defined as the time it takes for the longitudinal magnetization (Mz) to reach 63 % of
the original magnetization (Figure [1-4]).
The spin-spin relaxation (T2 or transverse relaxation) arises from the exchange of energy
between spins and hence no energy is actually lost from the spin system.
It occurs as a result of the intrinsic magnetic fields of the nuclei interacting with each other.
This energy exchange produces a loss of phase coherence and results in decay of the
magnetisation vector in the transverse plane.
In addition to T2 relaxation, the presence of magnetic field inhomogeneities may also cause
the spins to dephase which results in dephasing in the x-y plane and is called T2’ relaxation.
T2* relaxation is the combined effect of T2 and T2’ and is defined as:

Equation 3
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1/T2* = 1/T2+1/T2’
The signal decay resulting from transverse or spin-spin relaxation is described
mathematically by an exponential curve, characterised by the time constant T2:

Equation 4

Mxy (t)=M0 (e –t/T2)

T2 is defined as the time it takes for the spins to dephase to 37% of the original value (Figure
[1-5]).
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Figure 1–4: T1 (spin-lattice) relaxation
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Figure 1–5: T2 (spin-spin) relaxation

Hardware
MRI scanners are comprised of a cylindrical superconducting electromagnet, radiofrequency
(RF) coils, gradient coils and shim coils.
The static field polarizes nuclear spins and shim coils keep the static field as homogeneous
as possible, adjusting for the magnetic field variations produced by the body
RF coils can be divided into RF transmitters that are used to manipulate protons within a
static magnetic field and RF receivers that collect the NMR signal.
Gradient in MRI refers to an additional spatially linear variation in static filed strength along
main magnetic field.
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When a gradient is added, the magnetic field produced by the gradient adds to the main
field.
Gradients can be applied in any direction or orientation. Three sets of gradient coils, Gx, Gy
and Gz, are included in the MR system used for slice selection, frequency encoding and
phase encoding respectively. They are normally applied only for a short time as pulses. It is
these three sets of gradients that give MR its three dimensional capability.

Acquisition
During the relaxation processes, the spins shed their excess energy which they acquired
from RF pulse, in the shape of radiofrequency waves. In order to form an image, these
waves need to be collected, a process that involves the use of receiver coils.
The receiver coils are arranged at right angles to the B0 in order to collect the signal which in
turn is fed into a computer to produce an image.

Pulse Sequences
A pulse sequence is a sequence of events that is needed to acquire MRI images. These
events are: RF pulses excitation, gradient switches and signal collecting.
The two basic and widely used MRI pulse sequences used to generate an image are called
spin echo and gradient echo sequences and are described briefly below:

Spin Echo
In spin echo (SE) pulse sequence, an initial 900 RF pulse rotate the magnetisation vector M
to the transverse plane. The echo time (TE) is the time between the 900 RF pulse and MR
signal sampling
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T2* relaxation during the period TE/2 results in dephasing of individual magnetisation
vectors. After the period TE/2 a “refocusing” RF pulse is applied which rotates the
magnetisation vectors by 1800.
The individual magnetisation vectors continue to process and refocus along the –y axis at a
time of TE following the initial 900 RF pulse (Figure [1-6]).
The SE sequence is able to reverse the dephasing caused by T2’ but the T2 relaxation is
unaffected.
The time between each repetition of the sequence is referred to as the repetition time (TR)
and is required to allow the longitudinal magnetization to recover.

Figure 1–6: Spin echo sequence
TR: Repetition time, TE: echo time, RF: radiofrequency, Gss: Slice-selective gradient, Gpe: Phaseencoding gradient, Gro: Read-out gradient
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Gradient Echo
An alternative to the spin echo sequence is the gradient echo sequence (GE) for which the
principles of signal formation are different from those of SE.
The echo is formed by the dephasing and rephasing of an MR signal by an imaging gradient.
Where a Spin Echo sequence uses an 1800 rephasing pulse to rephase the spins, the
Gradient Echo sequence uses a gradient polarity reversal (Figure [1-7]).
Changing the polarity of read-out gradient has the same effect as an 1800 RF pulse and it
rephases the dephased spins.
The advantage is that this can be done much faster than the 1800 pulse and the SE which
makes GE useful when fast scans are required. The disadvantage is that it does not correct
for magnetic field inhomogeneities that could translates into the presence of image
artifacts.
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Figure 1–7: Gradient echo sequence
RF: radiofrequency, Gss: Slice-selective gradient, Gpe: Phase-encoding gradient, Gro: Read-out
gradient

Turbo Spin Echo
The turbo spin echo (TSE) or fast spin echo (FSE) pulse sequence resembles conventional SE
sequence in that it uses a series of evenly spaced 180o refocusing pulses after a single 90o
pulse to generate a train of echoes (Figure [1-8]) (as opposed to single 180o refocusing
pulses after a single 90o pulse in conventional SE sequence).
Each 180o pulse generates an echo and are used to acquire multiple lines of data, allowing a
fast acquisition with reduced scanning time and patient’s motion artefact.
Multiple lines of k-space are sampled at each TR compared to one line of k-space at each TR
in SE experiment.
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Figure 1–8: Turbo spin echo sequence

Diffusion Weighted Imaging
Molecular diffusion, or Brownian motion, was first formally described by Einstein in 1905
[44]. The molecular diffusion refers to displacement of any type of molecule in a fluid (e.g.,
water) that is random as the molecule is agitated by thermal energy.
Diffusion weighted (DW) sequence can be created by addition of “diffusion sensitising”
gradients on both sides of a 1800 pulse to the standard spin-echo sequence.
Depending on the duration of the gradient and position of the spins, static spins along the
gradient direction acquire a phase angle. Following the 1800 pulse, the second diffusion
gradient (identical to first one) is applied which simply cancels any phase angle that had
been acquired by static spins after the initial diffusion gradient. Hence, the two diffusion
sensitising gradients have no effect on the phase of static spins.
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However, for randomly moving spins, the effects of the two diffusion sensitising gradients
do not cancel and the phase angle accumulated by moving spins can also reflect the
distance moved by the spins.
The simplest approach explained above is called pulse gradient spin echo (PGSE). PGSE is a
modified SE sequence that was initially developed by Stejskal and Tanner [45] (Figure [1-9]).
DWI sequence can be made sensitive to spins motion and its sensitivity can be changed by
varying the diffusion gradient strength (G), the diffusion gradient duration (δ) or the timing
between diffusion gradients (Δ).
The higher values of G, δ and Δ would cause greater diffusion weighting that can be
expressed as b-value:

Equation 5

$ = " 2. % 2. & 2. (' – &/3 )
b-value characterises the sensitivity of the acquired image to the water motion. In DWI,
multiple b-values images are acquired.
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Figure 1–9: Pulse-gradient spin echo diffusion weighted imaging
G: gradient strength, Δ: timing between diffusion gradients, δ: diffusion gradient duration
RF: radiofrequency, Gss: Slice-selective gradient, Gpe: Phase-encoding gradient, Gro: Read-out
gradient

Quantitative DWI can be possible using apparent diffusion coefficient (ADC) calculated
images. ADC calculation requires acquiring two images with different b values, according to
the equation below:

Equation 6

ADC=In(S0/S1)/b1-b0

where S0 and S1 are the signal intensity obtained with the b0 and b1 values, respectively.
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The relationship between histology and diffusion is complex; however, in general, highly
cellular tissues (like tumours) exhibit restriction to diffusion and hence have a lower ADC.

Echo Planar Imaging
In order to reduce acquisition time and acquire images with a single excitation, most DWI
acquisition use a technique called echo planar imaging (EPI).
EPI is performed using a pulse sequence in which multiple echoes of different phase
encoding steps are acquired using rephasing gradients. This is accomplished by rapidly
reversing the readout or frequency-encoding gradient (Figure [1-10]).
In a single-shot SE-EPI, the entire range of phase encoding steps are acquired in one TR.
In multi-shot echo-planar imaging, the range of phase encoding steps is equally divided into
several "shots" or TR periods.
The benefit of EPI is reduced scanning time, decrease motion artefact and ability to image
fast physiological process (e.g. diffusion) in the body, however, EPI has its own drawbacks
such as sensitivity to susceptibility effects and sensitivity to B0 inhomogeneity.

Contrast-enhanced MRI
MRI contrast agents (mainly gadolinium-based) possess paramagnetic properties and cause
shortening of T1 in tissues where it accumulates, so on contrast-enhanced T1-weighted
images these tissues will have enhanced signals.
It is common to employ T1-weighted gradient echo GRE pulse sequences for contrastenhanced MRI.
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Standard GRE sequences allow rapid acquisition of images and generate T1 contrast by
using decreased flip angle RF pulses (e.g. fast low angle shot [FLASH]). 3D GRE sequences
can also be performed and have the potential to provide higher SNR and isotropic image
resolutions (e.g. 3D-volumetric interpolated breath-hold examinatio[VIBE]) [46]

Figure 1–10: Spin-echo echo planar imaging
RF: radiofrequency, Gss: Slice-selective gradient, Gpe: Phase-encoding gradient, Gro: Read-out
gradient

Fat/Water Imaging
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MRI usually contains signal from both water and fat due to their abundance in the body. In
many pulse sequences, fat appears hyper-intense and without its suppression, the bright fat
signal can hamper the underlying lesion conspicuity. In most MRI applications, the highsignal intensity from fat is suppressed by pre-pulses (for instance in STIR-DWI). For a few
other applications such (i.e. bone marrow diseases and liver fatty changes), detection rather
than suppression of the fat signal can be valuable.
One approach for achieving fat suppression is the simple spectroscopic imaging technique
originally published by Dixon [47]. The original technique acquires two separate images with
a modified spin echo pulse sequence. The first image is acquired with water and fat signals
in-phase and the other is acquired with the readout gradient slightly shifted so that the
water and fat signals are 180° out-of-phase. Dixon showed that from these two images, a
water-only image and a fat-only image can be generated:

Equation 7
IP= W+F and OP=W-F

Equation 8

½ [IP + OP] = ½ [(W+F) + (W−F)] = ½ [2W] = W → Water-only image
and

½ [IP − OP] = ½ [(W+F) − (W−F)] = ½ [2F] = F → Fat-only image
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where IP: in-phase, OP: out-of-phase, W: water-only and F: fat-only images

The water-only image by the Dixon's technique can serve the purpose of fat suppression,
but also, the availability of the water-only and fat-only images allows for fat and water
quantitation as below:

Equation 9

sFF=F/W+F
where sFF is signal fat fraction, F represents the fat-only signal intensity and W is the wateronly signal intensity.
Calculating a fraction from spatially co-localized water and fat signals facilitate
normalization and help in reducing the influence of coil sensitivity [47]. Numerous factors
such as biological, physical, and MRI technical features influence the relative MR signals
from fat and water and it should be noted that the signal fat-fraction is does not accurately
depict the actual fat content of the organ under investigation. Confounding factors such as
T1 bias, T2 relaxation, T2* decay, spectral complexity of the fat spectrum, J-coupling, noise
bias, and eddy current should be addressed for reliable fat content quantification using MRI
[48]. After correcting all confounding factors, the signal fat-fraction becomes equivalent to
the proton density fat-fraction (PDFF) [48].
For instance, the complex-based chemical shift technique uses both magnitude and phase
information from three or more images acquired at echo times appropriate for separation
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of water and fat signals. To correct for T1 bias, a low flip angle of 5° and a repetition time ≥
10ms are typically used at 1.5T [48].
Additionally, a minimum of six echoes are typically used to correct for T2* decay, providing
a good balance between short scan time and robust SNR performance of water-fat
separation with T2* correction [48]. The complex-based methods can also correct for
spectral complexity of fat, in addition to T2* correction [48]. Noise bias is minimized using
phase constrained or magnitude discrimination methods developed previously [49] and
Eddy current are corrected using the hybrid complex-magnitude approach [50].
Since the introduction of the Dixon technique, much work has been undertaken to improve
acquisition, reduce scanning time and incorporate more advanced post-processing
algorithms for a more efficient/accurate qualitative and quantitative fat/water imaging.

Section C: Diffusion in Biological Systems
Biological systems are extremely heterogeneous and are made up of different subcompartments. Diffusion of water molecules is restricted when boundaries in the medium
prevent molecules from moving freely. These effects will depend on the type of restriction,
the shape of the restricting volumes and the type of NMR experiment [51]. The most
effective concept formulated to clarify the low diffusion values found in biological tissues is
that of “tortuosity” [51].
Due to the presence of obstacles such as fibers, macromolecules, organelles etc, water
molecules travel longer paths to cover any given distance. In other words, molecules can no
longer go straight between two points but must diffuse around structures which are
impermeable to them. This situation results in a longer diffusion time needed to diffuse
from A to B.
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The self-diffusion coefficient of free water is around 3.0 x 10−9 m2/s at 37°C, which translates to about 32% of the molecules having reached at least 17 μm during 50 milliseconds,
while only 5% of them have travelled over distances greater than 34 μm [52]. In biological
tissues, however, the actual diffusion distance is reduced to a few micrometers—the right
scale to explore tissue structure—because of the presence of obstacles such as cell walls
[52]. Hence, diffusion MRI has the potential to probe the cellular organization of tissues
noninvasively and in vivo.
Among cellular components, there is strong evidence that membranes are likely to be the
main feature that hinders water diffusion [53]. Water diffusion is modulated by cell size
(decreasing with cell swelling, as observed in stroke), cell density (decreasing with the
increased membrane content), and cell/membrane orientation [53].
Water forms molecular networks whose properties, including diffusion, may be altered in
the vicinity of charged cellular or intracellular membranes. Given the large surface
area/volume ratio of most cells, such a membrane-interacting water network probably
constitutes an important fraction of tissue water [52]. Hence, any changes in the shape, size,
or density of cells would induce variations in the membrane surface area, which could
impact the diffusion MRI signal.
Clinical imaging outside the brain typically use b-values in the range 0-1000 s/mm2,
however, by using b-value ranges extending more than 3000 s/mm2, one may reveal
different diffusion behaviours or compartments. The ADC now reflects the presence of
different diffusion contributions instead of a single diffusion coefficient. One is associated
with a fast diffusion coefficient and the other is associated with a slow diffusion with the
ADC depending on the relative contribution of those two compartments in each voxel.
There is speculation that the slow compartment could correspond to a thin layer of water
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molecules bound to the cell membranes through the particular distribution of their
electrostatic charges [53]. This model accommodates observed changes in cell volume with
the ADC, such as the decrease in ADC during cytotoxic edema [54]. However, the overall
signal observed in a ‘diffusion’ MRI image volume element (voxel) results from the
integration of all the microscopic displacement distributions of the water molecules present
in this voxel [54]. Furthermore, studies have established that the overall low diffusivity of
water in cells could not be fully explained by compartmentation effects from cell
membranes nor by obstruction (tortuosity) effects from cellular macromolecules [53].
It has been often considered that the extracellular compartment might correspond to the
fast diffusion process, as water would be expected to diffuse more rapidly there than in the
more viscous intracellular compartment [53]. The fact that the cytoplasm content remains
largely intact although the cell membrane has been disrupted indicates that some strong
forces must exist within the cytoplasm, maintaining its cohesion and preventing its water
and content from leaking out. The origin of these forces can be found in a particular water
structure which results from the interactions between the negatively charged surfaces of
cytoplasm proteins and the dipolar water molecules. In the case of hydrophilic materials
strong interactions with polarized water molecules arise and the water molecules become
organized into layers. In cells, proteins have an especially profound effect on water due the
presence of their charge which results in protein-water adsorption.
It is now widely accepted that cell water differs from bulk water and is not just a
structureless, space-filling background medium where biological events occur and cell water
viscosity is very high [53, 54]. This water adsorption by the hydrophilic protein matrix gives
the cytoplasm the structure of a gel which retains its water and its volume. Structured water
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also contributes to slow intracellular diffusion in addition to the presence of obstacles as the
hydrogen bonding defects are reduced and less efficient for proton mobility.
For the reasons detailed above, one might speculate that the ‘fast” diffusion pool (≈70%)
would correspond to the tissue bulk water in fast exchange with the water hydration shell
around proteins and macromolecules (whether in the intra- or the extracellular space).
The slow diffusion water pool (≈30%) would originate from packets of highly structured
water molecules which are trapped within a membrane-bound water network and the
three- dimensional cell microtrabecular network.
Given the important surface/volume ratio of most cells, the cell membrane-bound water
certainly constitutes an important fraction of the slow diffusion. It might not be so
surprising that any fluctuation in cell size makes DWI MRI sensitive to cell size variations.
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Chapter 2 : A Review of Clinical Applications of Whole-body
MRI for Imaging Haematological Malignancies
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Whole-body MRI protocol
The primary objective of WB-MRI in cancer imaging is to identify and localise the extent of
metastatic spread and aid in response assessment. In general, it is not to provide detailed
imaging to facilitate local staging of the primary tumour site.
At the time of writing this thesis, there were no consensus on the type of sequence, extent
of anatomical coverage and/or imaging planes that should comprise an optimal WB-MRI
protocol. Indeed, reported WB-MRI protocols vary considerably even when used to evaluate
the same malignancy [1].
Nonetheless, it is recognised that protocols should be tailored to the disease in question [2],
and that WB-MRI should as a minimum provide basic anatomical localisation, typically using
T1, T2 or Short Tau Inversion Recovery (STIR) images.

Imaging pulse sequences
T1 and T2 weighted images are acquired in the majority of reported WB-MRI protocols [3,
4], sometimes complimented/replaced by STIR imaging, which in general has a higher
reported sensitivity for pathology, albeit with a reduced specificity [5]. Combining STIR
images and T1 weighted images can improve specificity, a benefit particularly evident for
assessment of bone lesions [6].
More recently, complimenting anatomical images with DWI MRI is advocated. Compared
with anatomical imaging, DWI provides improved sensitivity and specificity for assessment
of liver lesions [7], bone metastases [8], and potentially for assessment of nodal staging [9,
10].
In the case of WB-MRI, rapid repeated acquisition of images to visualize dynamic changes
and capture early arterial contrast enhancement is challenging due to the required
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anatomical coverage and limitations of standard protocol designs. Despite promising initial
results of dynamic contrast enhanced WB-MRI [11], the simpler approach of assessing the
relative contrast enhancement (CE-MRI) compared with baseline images appears to be a
more practical approach.
Incorporation of DWI and/or CE MRI imaging within a WB-MRI protocol improves
characterisation of disease [12]. For example, Manenti et al [13] show that a fused wholebody DWI and contrast enhanced MRI was superior to each of these sequences alone for
the assessment of individual lesions in five different types of malignancies.

Imaging planes
Coronal imaging is most commonly employed for whole body examinations [14], as this
reduces the total imaging time by providing a greater volume of coverage per acquisition.
Yet, this may not represent the optimal strategy, as greater image distortion exists at the
extremes of the field of view [15]. There is a lack of studies comparing different anatomical
planes in WB-MRI imaging for disease characterisation, but similar to protocols optimised
for local MR imaging, it could be postulated that additional MRI planes in WB-MRI might
provide a more thorough evaluation of disease [16].

Organ specific imaging
Certain organs remain challenging to evaluate by WB-MRI, as either they are conventionally
difficult to assess using MRI (e.g. lung), [17] or fall victim to the reduced spatial and/or
temporal resolution compared with standard site-specific MRI protocols (e.g. liver).
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In terms of the lungs, the low signal to noise ratio of lung parenchyma, magnetic
susceptibility due to multiple air-tissue interfaces and artifacts due to cardiac and
respiratory motions provide significant challenges [18, 19] to MRI evaluation.
To overcome these challenges, breath-hold imaging with acquisition sequences such as fast
low angle shot (FLASH) or Half-Fourier-Acquisition Single-Shot Turbo Spin- Echo (HASTE), T2w turbo spin sequence (TSE) and post-contrast lung MRI are used [19].

Lungs
In 28 patients with confirmed pulmonary metastasis, Bruegel et al [20] tested 7 sequences
and found that T2 TSE, STIR and triggered STIR sequences were the most sensitive for
detecting parenchymal lesions, measuring 1-10 mm. For lesions greater than 11 mm, preand post-contrast volumetric interpolated breath hold examination (VIBE) and HASTE
images demonstrated the highest sensitivity [20]. Frericks et al [21] compared the accuracy
of four different sequences as part of a WB-MRI protocol, against reference standard multidetector CT scan (MDCT). They demonstrated that for lesions greater than 5 mm, coronal
respiratory triggered STIR and axial multiple breath-hold STIR had a sensitivity of 100%
compared to 97.8% and 98.2% for axial respiratory triggered T2-TSE and axial contrast
enhanced 3D-VIBE, respectively.
Liver/Spleen
For dedicated evaluation of the liver and spleen, a dynamic contrast enhanced (DCE)
imaging can be employed [22]. In cancers with a high propensity to metastasize to these
organs, addition of a DCE acquisition to the whole-body MRI protocol may substitute for
dedicated liver specific protocols [23].
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Brain
MRI of brain is the established for diagnosing brain tumours and metastasis, and for presurgical planning and post-treatment evaluation [24]. By implementing a combination of
coronal and sagittal pre and post-contrast 3D Volumetric Interpolated Breath-hold
Examination (VIBE) sequence, Thomson et al [25] investigated the diagnostic performance
of WB-MRI in a cohort of 32 patients compared to a combination of reference standard
imaging. On per patient basis, WB-MRI and dedicated brain MRI depicted brain metastasis
in 7 patients. However, on a per lesion basis, WB-MRI detected 27 brain metastasis
compared to 40 using a dedicated brain protocol. All the metastatic lesions missed on WBMRI were less than 5mm. In a study of 165 cases with histology proven non -small cell lung
cancer (NSCLC), Yi et al [26] found that WB-MRI was able to detect brain metastasis in 5
patients compared to 10 detected by dedicated brain MRI. Out of 5 patients for whom brain
metastasis were missed, one had a single metastasis of 6mm and for other 4, the brain
metastasis was only detected on post-treatment and follow up dedicated brain MRI scans.
Adrenals
Although CT is often considered the preferred primary imaging modality for adrenal mass
assessment, MRI is helpful when further characterisation is required i.e. when CT is unable
to confidently characterise lesions [27].
Generally, a minimum of anatomical imaging (T1 and T2-w MRI) supplemented by chemical
shift imaging (i.e. Dixon sequence) and fat suppression techniques is implemented in
adrenal MRI protocols [27, 28]. In their cohort, Thomson et al [25] showed that compared to
reference standard CT and 18F-FDG PET-CT, WB-MRI was able to depict adrenal tumours in 8
out of 10 patients with positive findings on reference standard imaging.
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Integrating dedicated sequences, tailored for specific locations as part WB-MRI protocols is
feasible given the advances in MR imaging field, and could help address some of the
shortcoming of WB-MRI compared to conventional cross sectional imaging.

Qualitative verses quantitative studies
Clinical implementation of WB-MRI is currently based on qualitative assessment of images
[25, 26]; the utility of quantitative metrics is yet to demonstrate clear benefit. For example,
whilst DWI derived ADC might be helpful in monitoring treatment response [29- 31], the
application of pre-treatment ADC for staging classification remains unclear. Although there
is some data suggesting ADC shows promise as a predictor of response in various cancer
types [32-34], pre-treatment ADC quantitation has yet to demonstrate real clinical utility.
Indeed, most quantitative applications of WB-MRI are reported from single centre studies
and do not address generalizability [29, 30] of measurements. Reproducibility of
quantitative MRI, including ADC values, could be challenging, even when performed within a
single centre. Reproducibility mandates that imaging protocols be fixed, pulse sequences be
standardized, and that variations between hardware technologies understood and
corrected [35]. Currently, and for clinical applications, qualitative disease assessment is the
preferred method as it requires less standardisation and achieve greater generalizability
across different platforms and/or institutions.

Clinical applications of WB-MRI
Lymphoma
There is increasing evidence that WB-MRI provides accurate initial staging and might aid in
treatment response assessment of lymphoma [36, 37].
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Qualitative WB-MRI in lymphoma
Initial staging of paediatric and adult lymphomas can be carried out by WB-MRI protocols
with anatomical-only, functional (DWI)-only and/or a combination of both techniques.
Brennan et al documented a limited sensitivity of just 35% for coronal STIR WB-MRI
compared to reference standard CT for nodal assessment at baseline. They used nodal size
measurement on CT scan as the reference and categorized the size measurement into 16mm, 6-12mm and >12mm groups [38]. They demonstrated that the sensitivity of their WBMRI protocol for nodal assessment increased to 92% if only nodes with short axis diameter
greater than 12mm were considered. It is clear that detection of nodal disease on
anatomical MRI is hampered by the inherent limitations of size thresholding for ascribing
positivity [39]. Furthermore, the accuracy of WB-MRI for small node detection in their
cohort might have been hampered by using coronal only WB-MRI [39].
Kellenberger et al [14] evaluated coronal WB-STIR imaging and confirmed a higher
sensitivity (99 %vs 84%), but reduced specificity (61% vs 94%) for disease detection in
paediatric lymphoma compared with conventional staging methods (a combination of CT
scan, gallium 67 and bone scintigraphy). Punwani et al [36] combined axial and coronal ECG
and respiratory-triggered single shot whole-body STIR imaging in a cohort of 31 paediatric
lymphoma patients, showing sensitivity and specificity of 98% and 99% for nodal staging
and 91% and 99% for extra-nodal staging, respectively. The study also highlighted that
disease in non-enlarged lymph nodes; lung involvement; chest wall invasion; and focal
splenic disease remained difficult to evaluate on anatomical only WB-MRI images.
Abdulqadhr et al [40] demonstrated equivalent staging for WB-DWI MRI compared to
reference standard 18F-FDG PET-CT in 28 out of 31 lymphoma patients. In the remaining
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three cases of indolent non-Hodgkin’s lymphoma, WB-DWI upstaged patients compared to
18

F-FDG PET-CT.

In a cohort of 15 patients with diffuse large B-cell lymphoma (DLBCL) evaluated with WBMRI including DWI, Lin et al [37] demonstrated complete agreement for Ann Arbor staging
with 18F-FDG PET-CT in 14 patients (93%), improving on reported performance using
anatomical imaging alone. It should be noted that the improved performance was in fact
not based on discrimination of disease based on the DWI signal but simply by drawing the
reader’s attention nodal location before subsequent evaluation by standard size criteria
[41].
Combining anatomical and DWI whole-body techniques might provide further benefit for
disease assessment. In the study of 17 newly diagnosed lymphoma patients, Gu et al [42]
showed that adding DWI to T2-w and T2-w SPAIR whole body imaging increased the true
positive lesion detection from 89% to 97%; whilst increasing false positive lesions by 3
percent.
Kwee et al [43] investigated staging of newly diagnosed lymphoma patients (n=108) using
coronal WB-MRI (T1-w and T2-w STIR, without and with DWI) compared to reference CT
staging. They showed that staging was similar in 66.6% (95% CI: 57.3%–74.9%) and 65.4%
(95% CI: 55.8%–73.8%) of cohort using WB-MRI without DWI and with DWI, respectively. In
the discrepant cases, and compared to reference standard, accurate higher staging achieved
by WB-MRI was mainly due to diagnosis of bone marrow involvement, confirmed by bone
marrow biopsy, follow-up CT and 18F-FDG PET-CT studies as reference standard.
Furthermore, under-staging by WB-MRI’s was attributed to lower diagnostic performance
both for lymph node disease and lung/pleural involvements. The authors speculated that
the lower accuracy for lymph node disease could be related to analyzing WB-MRIs in
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coronal plane only. With regards to lung/pleural involvement, the lack of organ specific MRI
sequence was a limitation of the protocol. For an optimized lymphoma protocol, WB-MRI
with anatomical and DWI techniques can be complimented by organ specific imaging.
Table [2-1] summarises publications on the application of WB-MRI in paediatric and adults’
lymphoma.
Table 2–1: WB-MRI in paediatric and adult lymphoma imaging

Author (year)

Cohort
(n)

Subtype

Field
Stren
gth

WBMRI
Sequenc
es

Kellenberger et
14
al (2004)

n=8

Paediatric
HD and
NHL

1.5 T

Coronal
FSE STIR

n=23

HD and
NHL

1.5 T

Kwee et al
44
(2009)

n=31

HD and
NHL

1.5 T

Punwani et al
36
(2010)

n=26

Paediatric
HD and
NHL

1.5 T

Lin et al
37
(2010)

n=15

DLBCL

1.5 T

n=17

Various
subtypes

3.0 T

n=22

Various
subtypes

1.5 T

Brennan et al
38
(2005)

Gu et al
42
(2011)
Quarles van
Ufford et al
41
(2011)

Axial
and
Coronal
STIR/
Sagittal
T1-TSE
of spine
Coronal
T1-W
and STIR
+/- axial
DWI
Axial
and
Coronal
STIR
RARE
MRI
Axial
DWI
Axial T2,
T2 SPAIR
and DWI
Coronal
T1-W
and
STIR,
axial

Reference
Standard
Combination
of imaging
modalities

Statistics

Results

Sensitivity/Specif
icity

WB-MRI: 99/61%
Conventional staging:
84/94%

CT scan

Descriptive
analysis

CT scan

Descriptive
analysis

PET-CT and
CE CT

Sensitivity/Specif
icity

PET-CT

Sensitivity/Specif
icity

PET-CT

PET-CT

Sensitivity and specificity
of 92% and 99.9% for
detection of lymph nodes
>= 12mm

MRI without DWI: 74%
equal staging
MRI with DWI: 75% equal
staging

Sensitivity and specificity
of 98% and 99% for nodal
and 91% and 99% for
extra-nodal staging
93% cases agreement on
Ann Arbor staging

Diagnostic
Sensitivities

T2 +T2 SPAIR: 89%
T2+T2 SPAIR+DWI: 97%

Descriptive
analysis

77.3% (17/22) same Ann
Arbor stage.
22.7% over-staged by WBMRI

76

DWI

Stephane et al
45
(2013)

n=23

Mayerhoefer et
al
46
(2014)

n=140
(total)
Group
A:
n=100
Group
B:
n=40

Littooij et al
47
(2014)

n=36

HD, DLBCL
and
Burkitts
Group A:
DLBCL,
HD, FL,
MZL, MCL,
PTCL,
ALCL
Group B:
MALT,
SLL/CLL

Paediatric
HL, NHL

1.5 T

Axial
DWIBS

PET-CT

Kappa agreement

3.0 T

Axial
SPAIR
DWI and
T1-TSE
or FLASH

PET-CT

Sensitivity/Specif
icity (group A and
group B)

Coronal
T1 and
T2-STIR,
Axial
DWI

PET-CT

Sensitivity/Specif
icity and Kappa
agreement

Axial
DWI and
coronal
T2-TSE

PET-CT

Kappa
agreement

Coronal
T1 and
T2-STIR,
Axial
DWI

CE-CT and
PET-CT

Sensitivity/Specif
icity and Kappa
agreement

1.5 T

Tsuji et al
48
(2014)

Balbo-Mussetto
49
et al (2016)

n=28

DLBCL, FL

3.0 T

n=41

B-cell,
follicular,
mantle
cell, HL

1.5 T

K=0.97 for nodal and 0.99
for extra-nodal agreement.
100% agreement on AnnArbor staging
Group A:
sensitivity/specificity:
97/99.8% for staging
Group B:
sensitivity/specificity:
94.4/100% for staging

K= 0.91 and 0.94 for nodal
and extra-nodal
agreement, respectively.
Sensitivity and specificity
of 93% and 98% for nodal
and 89% and 100% for
extra-nodal assessment
K= 0.71 and 0.90 for Ann
Arbor staging using DWI
only and DWI+T2-TSE,
respectively

sensitivity/specificity of
91%/99% for nodal and
97%/99% for extra-nodal
staging
K=1.00 for per-patient
staging

HD: Hodgkin’s disease. NHL: Non-Hodgkin’s lymphoma. DLBCL: Diffuse large B-cell lymphoma. MZL:
Marginal zone lymphoma. FL: Follicular lymphoma. MCL: Mantle cell lymphoma. ALCL: Anaplastic
large-cell lymphoma. PTCL: Peripheral T-cell lymphoma. MALT: Mucosa- associated lymphoid tissue.
SLL: Small lymphocytic lymphoma. CLL: Chronic lymphocytic leukaemia. TSE: Turbo spin echo. CT:
Computed tomography. DWI: Diffusion weighted imaging. STIR: Short tau inversion recovery. PET-CT:
Positron emission tomography-computed tomography. SPAIR: Spectrally attenuated inversion
recovery. DWIBS: Diffusion weighted imaging with background suppression. FLASH: Fast low angle
shot
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Quantitative WB-MRI in lymphoma
ADC measurement has been investigated for disease characterization at baseline and for
monitoring response in lymphoma following treatment.
For instance, Kwee et al [50] investigated the ADCs of normal lymph nodes compared to
that of lymphomatous lymph nodes in 18 healthy volunteers and 32 patients with newly
diagnosed non-Hodgkin’s lymphoma (NHL). They showed that ADCs of lymphomatous
lymph nodes (0.70 ± 0.22*10−3 mm2/s) were significantly lower than those of normal lymph
nodes (1.00 ± 0.15*10−3 mm2/s) (P < 0.0001). By applying an ADC cut-off value of 0.8*10−3
mm2/s, the authors demonstrated a sensitivity and specificity of 78% and 100% for
discriminating normal from lymphomatous lymph nodes with an area under the curve of
0.86.

Currently, the functional status of nodal and extra-nodal disease in lymphoma following
therapy is assessed by changes in standard uptake volume (SUVmax) of PET [51]. However,
WB-MRI’s ADC has demonstrated promising results for monitoring therapy in lymphomas.
Using a two b-value (50, 800 s/mm2) WB-DWI, Siegel et al [52] demonstrated an increase of
85% in mean ADC, compared to a decrease of 83%, in mean SUVmax of 24 target lesions in
their cohort of 12 diffuse large B-cell (DLBCL) lymphoma patients.
Their finding highlights the potential application of ADC as an adjunct/alternative to SUVmax
measurements for monitoring treatment response in lymphoma’s nodal disease.
An inverse correlation between fractional changes of ADCmean and SUVmax (p<0.002) has
also been reported for 16 patients with Hodgkin’s lymphoma using a 3 b-values (0,300 and
500 s/mm2) WB-DWI following treatment [29].

78

Multiple Myeloma

Qualitative WB- MRI in MGUS
Among the imaging techniques currently used for evaluation of patients with PCDs, WB-MRI
has the highest sensitivity for detecting both diffuse and focal bone marrow involvement
[53-56] and might have a role in the assessment of MGUS patients.
Hillengass et al [57] demonstrated the presence of FLs (23.4%) and diffuse pattern of bone
marrow (BM) involvement (38.0%) in their cohort of 137 patients with MGUS using T1-w
TSE and T2-STIR WB-MRI. The presence of FLs (Hazard ratio (HR)=4.34; p=0.02) and number
of FLs (HR=1.09; p=<0.0001) were deemed to be important for progression to symptomatic
MM. The number of FLs detected in their MGUS cohort ranged from 1-46, highlighting the
limitations of widely accepted biochemical assessment of PCDs.
Using T1-w TSE, T2-STIR and T2*-w FLASH, Bäuerle et al [58] demonstrated the presence of
axial and extra-axial focal lytic lesions in nearly 23% of their cohort of 27 patients with
MGUS on WB-MRI.
By comparing conventional skeletal survey and T1-w TSE and T2-STIR WB-MRI, Fechtner et
al documented the presence of bone marrow disease in WB-MRI of 39% of their cohort
MGUS patients (n=84) [59].
These examples above [57-59] indicate that a subset of MGUS patients will be assigned to
smouldering/symptomatic MM when WB-MRI is used for disease assessment that can have
direct impact on patients’ management plans.
According to the international myeloma working group (IMWG), although WB-MRI identifies
patients with MGUS with focal lesions that possibly reflect infiltration by monoclonal plasma
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cells in the bone marrow, to date, MRI is not recommended as part of the routine workup
for patients with MGUS unless there are clinical features that increase suspicion [60].

Qualitative WB-MRI in smoldering MM
It is expected that half of patients with newly diagnosed smoldering MM progress within the
first 5 years. These patients probably have early MM without detectable features of endorgan damage on conventional biochemical and imaging investigations. One important risk
factor in progression of smoldering MM to symptomatic MM is the number of lytic FLs [61,
62].
In a longitudinal WB-MRI (using T1-w TSE and T2-STIR sequences) study of 63 smoldering
MM patients with a median of 5.4 years follow-up, Merz et al [63] showed that those with
>=2 FLs had 6.6 fold increase in risk of developing symptomatic MM. More importantly, they
showed that of 25/31 patients that demonstrated MRI progression, symptomatic MM was
later diagnosed by conventional biochemical investigations.
Hillengass et al [64] were able to demonstrate the presence of focal lesions on T1-w TSE
and T2-STIR WB-MRI in 28% of patients diagnosed with smouldering MM by standard
criteria. Additionally, more than one focal lesion was identified in 23 (15%) patients of their
cohort. The presence of more than one focal lesion was associated with a substantial
increase in risk of progression to symptomatic MM (HR 4·05, p<0·001; univariate analysis).
The median time to progression was 13 months, and 70% of patients had progressed at 2
years. On multivariate analysis, presence of more than one focal lesion remained a
significant predictor of progression.
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In their cohort the predominant reason for discordance between the WB-MRI and skeletal
survey was the delineation of diffuse bone involvement by WB-MRI where the skeletal
survey is normal.
IMWG recommends that one of PET-CT, low-dose whole-body CT, or MRI of the whole-body
or spine be done in all patients with suspected smouldering multiple myeloma, with the
exact imaging modality determined by availability and resources [65].
A diffuse marrow infiltration pattern is associated with an increased risk of progression, but
is not recommended as adequate to establish the diagnosis of multiple myeloma [65].
Therefore, in patients with diffuse infiltration, solitary focal lesion, or in the presence of
equivocal findings, follow-up examinations in 3–6 months are strongly recommended.

Qualitative WB-MRI in symptomatic MM
Compared to conventional imaging investigations in MM (skeletal survey and whole-spine
MRI), WB-MRI might have additional advantages. For example, the well-known low
sensitivity of skeletal survey for bone disease detection in MM [66- 68] could be further
improved by WB-MRI. Additionally, WB-MRI may provide capability to detect the approx.
50% of focal lesions missed by whole-spine MRI at presentation due to limited spatial
coverage of whole-spine MRI [58].

In their cohort of 60, Dinter et al demonstrated a change of management in 42% of 19
patients, upgraded to a higher stage of Durie-Salmon PLUS by additional findings on WBMRI compared to skeletal survey [69]. Bäuerle et al [58] documented an upstaging 22% 0f
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73 MM patients when the results from the WB-MRI were compared to that of whole-spine
MRI based on the Durie-Salmon PLUS staging.

The majority of studies have evaluated the utility of T1 and T2-w/STIR WB-MRI for disease
detection/staging. However, the addition of techniques such as CE WB-MRI and DWI WBMRI might further improve the assessment of bone marrow disease [70].

Narquin et al [56] demonstrated that, compared to skeletal survey, the addition of whole
body DWI with background suppression (DWIBS) MRI to conventional T1 and STIR WB-MRI
sequences resulted in more lesion detection and upstaging of 37% of their cohort based on
Durie-Salmon staging system. On a site-by-site analysis, DWI WB-MRI outperformed skeletal
survey for assessment of vertebral body, pelvis and ribs.
Squillaci et al [71] demonstrated that for patients with Durie-Salmon PLUS stage III disease,
there was a very good agreement between DWI and CE WB-MRI. However, for stage I and II
diseases, there was a moderate to good agreement between these two sequences. In their
cohort of 36, in one-third of cases, they found evidence of focal lesions on DWI not seen on
CE WB-MRI.
According to IMWG, for MM, MRI is the imaging gold-standard method for the detection of
bone marrow involvement and preferably WB-MRI should be done where available. MRI of
the spine and pelvis can detect majority of focal lesions in MM, and thus, it can be used in
cases where WB-MRI is not available [65].
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For response assessment, IMWG states that MRI might be helpful in the better definition of
complete response. However, the high number of false-positive results suggests that its
combination with methods that reveal active lesions (ie, PET-MRI or PET-CT) might be of
more value in this setting. Novel clinical studies have to include MRI for the response
evaluation in an effort to clarify the role of MRI in this important field of myeloma therapy.
The new guideline by British Society of Haematology (BSH), states that MRI is the gold
standard for the detection of bone marrow infiltration by plasma cells in patients with
suspected myeloma [72]. WB-MRI (typically from the vertex to knees) is recommended and
should include fast T1- and T2-weighted imaging with fat suppression (e.g. STIR) in either
the axial or coronal plane. With MRI scanners capable of diffusion-weighted imaging, the
acquisition should be performed with at least two b-values. An additional T1-weighted
sagittal spine sequence should be incorporated to facilitate assessment of vertebral collapse
and cord compression. Where WB-MRI cannot be performed, STIR and T1-weighted sagittal
spine and axial pelvis sequences should be performed.
For monitoring response, BSH states that conventional MRI may be performed to assess
response to treatment but whole-body diffusion weighted MRI (WB-DWI) should be
considered where available [72].
From a prognostic point of view, IMWG states that The number of MRI focal lesions (>
seven) and presence of diffuse pattern correlate with inferior survival.
Recognising the added value of WB-MRI, updated published guideline by National Institute
for Health and care Excellence (NICE) in UK has advocated and recommended WB-MRI as
the imaging modality of choice for investigating patients suspected of MM [73]. NICE
guidelines also indicate that baseline WB-MRI or FDG PET-CT should be considered for
people who have non-secretory myeloma or suspected or confirmed soft tissue
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plasmacytomas and have not already had either of these tests. WB-MRI is also advocated
for people with myeloma and serological relapse or disease progression and for cases with
smouldering myeloma and disease progression according to NICE guidelines. IMWG states
that limitations of MRI are the prolonged acquisition time, high cost, exclusion of patients
with metal devices in their bodies, difficulties in cases of claustrophobic patients, and
limited field of view [65]. However, cost-effectiveness analysis by NICE guidelines [73] has
shown that WB-MRI cost a third of that of FDG PET-CT and is about 30% and 40% more
expensive than skeletal survey and whole-body CT scans.

Table [2-2] summarises publications on the application of WB-MRI in PCDs.

Table 2–2: WB-MRI in plasma cell disorders
Author
(year)

Cohort
(n)

Subtype

Field
Strength

WB-MRI
Sequences

Reference
Standard

Statistics

Results

Ghanem et
74
al (2006)

n=54

MGUS and
MM

1.5 T

Coronal STIR

Skeletal
Survey

Descriptive analysis

19% Upstaged by
WB-MRI where
skeletal survey
was negative

BaurMelnyk et
53
al (2008)

n=41

Biopsy
proven MM

1.5 T

MDCT

Descriptive analysis

26.8%
understaged by
MDCT compared
to WB-MRI

Shortt et al
55
(2009)

n=24

Biopsy
proven MM

1.5 T

PET-CT

Sensitivity/Specificity

PET: 59%/75%WB-MRI:
68%/83%

Dinter et al
69
(2009)

n=60

Clinically
proven MM

1.5 T

Coronal T1-w
and STIR/Sagittal T1-w
spine/Axial T1w and STIR of
head
Sagittal T1-w
TSE and axial
and coronal
STIR
Coronal T1-w
and
STIR/Sagittal
T1-w and STIR
of spine

Skeletal
Survey

Symmetry test

68.3% upstaged
by WB-MRI
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Bauerle et
58
al (2009)

n=100

MGUS and
MM

1.5 T

Fechtner et
59
al (2010)

n=403

PCDs

1.5 T

Narquin et
56
al (2013)

n=27

MGUS and
MM

1.5 T

Cascini et
75
al (2013)

n=22

Newly
diagnosed
MM

1.5 T

Coronal T1-w
TSE, Coronal
STIR WB-MRI
and Sagittal
*
T2 FLASH
Coronal T1-w
TSE and STIR
WB-MRI,
Sagittal T1 TSE
*
and T2 of
spine
Axial DWIBS

Whole Spine
MRI

Descriptive analysis

21% upstaged by
WB-MRI

Comparison of
DS and DSPLUS staging

Descriptive analysis

55% showed
disconcordance
between two
staging system

Skeletal
Survey

Descriptive analysis

37% upstaged by
DWIBS

PET-CT

Diagnostic performance

Coronal T1-w
and
STIR/Sagittal
T1-w and STIR
of spine

100% for WBMRI, 81.8% for
PET-CT

MGUS: Monoclonal gammopathy of undetermined significance. MM: Multiple myeloma. STIR: Short
tau inversion recovery. MDCT: Multi-detector-computed tomography. PET-CT: Positron emission
tomography-computed tomography. DWIBS: Diffusion weighted imaging with background
suppression. FLASH: Fast low angle shot. TSE: Turbo spin echo. DS: Durie-Salmon. DS-PLUS: DurieSalmon PLUS.

Biology and Imaging correlation in Bone Marrow
An imaging biomarkers (IB) is a measurement derived from one or more medical images.
IBs provide readily available, non-invasive and cost-effective tools for screening, detecting
tumours and serial monitoring of patients, including assessments of response to therapy
and identification of therapeutic complications [76]. IBs could add value in cancer
research and the use of IBs can enable the measurement of patient response to
treatment before a survival benefit is observed [76]. Relevant to this thesis, the correlation
between ADC and signal fat fraction from WB-MRI and biological process is explained briefly
below.
MM cells in the bone marrow form complex relationships with neighbouring and distant
cells, resulting in an environment that allows MM to thrive. Osteoblasts and adipocytes are
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two dominant cell types in the BM and are both derived from mesenchymal stem cells [77].
In bone, these two pathways appear to be inversely related, illustrated by the loss of bone
and increase of fat in bone marrow during aging or osteoporosis [77]. Many studies have
found that osteoblasts are inhibited in MM, and it is shown that MM cells induce an
osteoblastogenesis to adipogenesis switch in osteoblast progenitor cells [77]. The most well
documented osteoblast relationship in the bone is the forward-feedback mechanism with
osteoclasts known as remodeling. Increased osteoblastic activity leads to increased
osteoclastic activity, which can then trigger recruitment of more osteoblasts and vice-versa
[78]. This cycle is essential for maintaining bone mass and strength. The pathophysiology of
myeloma-induced bone disease progressing through the “vicious cycle” occurs when
myeloma cells hijack the normal bone remodeling process and skew the balance towards
increased osteolytic processes [78]. This state of inhibited osteoblasticactivity and increased
osteoclastic activity leading to osteolytic lesions, weakened bone, pathological fracture, and
a release of bone-embedded growth factors that further promote tumor cell growth.

Unlike the simple inverse correlation between ADC and cellular density that is seen in soft
tissue tumours [50] (such as lymphoma explained above), ADC changes with increasing
marrow cellularity are nonlinear [31]. This is due to the range of normal cellular and
extracellular structures within the bone marrow microenvironment. The distribution and
relative numbers of larger fat-filled adipocytes and smaller myeloid and erythropoietic cells
that resides within the bone marrow affect the appearance of bone marrow on DWI and
mDixon MRI [31]. Yellow marrow is characterised by lower signal intensity and low ADC on
DWI and higher signal intensity and signal fat fraction on fat-only mDixon and signal fat
fraction map images [79]. This is due to higher concentration of adipocyte, lower water
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concentration, reduced proton density and low perfusion of yellow bone marrow. With the
infiltration of marrow by hyper-cellular myelomatous deposits, the large adipocytes are
displaced and the vascularity of bone marrow increases that leads to increased signal
intensity on DWI and decreased signal intensity on fat-only mDixon images [79]. The
decrease in signal intensity on fat-only mDixon images results in lower signal fat fraction
measurement. Paradoxically, increased signal intensity on DWI images could lead to higher
ADC values compared to normal yellow marrow. This is due to the high impedance of the
water diffusion seen in fat-rich yellow marrow. Once all the fat cells are displaced by
myelomatous deposits, ADC values may plateau or decrease [31]. By contrast, red marrow
has higher cellularity and water content and lower fat content than yellow marrow. The
higher cellularity and water content of red marrow attribute to higher signal intensity and
ADC on DWI and lower signal intensity and signal fat fraction on fat-only mDixon and signal
fat fraction map images [31].

Quantitative WB-MRI in MM
Using CE WB-MRI, Lin et al [11] showed a change of less than 12% in the sum of the longest
diameters of focal lesions after treatment was able to stratify poor responders with a 90.0%
specificity. Moreover, in the majority of the good responders, the quantitative changes of
bone marrow enhancement preceded changes in non-enhanced morphological T1-W
images; indicating that change in blood flow precedes anatomical changes on conventional
MRI sequences.
The best evaluated quantitative metric for monitoring response in multiple myeloma has
been ADC. ADC is investigated in conjunction with qualitative DWI analysis for disease
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characterization at baseline and for monitoring response in MM following
chemo/radiotherapy [80- 82]. Horger et al investigated ADC for patient stratification and
evaluation of treatment response using WB-DWI (b=50, 400 and 800 s/mm2); documenting
a 64% mean increase from baseline in responders compared with a 7.8% mean decrease in a
non-responder patient [80]. Furthermore, using a two b-value (50 and 900 s/mm2) WB-DWI,
Giles et al [81] demonstrated a mean increase of 19.8% (+/- 21.5) for ADC measurement in
responders compared to a decrease of 3.2% (+/- 2.2%) in non-responders. They also found a
significant negative correlation between percentage change in mean ADC and percentage
change in laboratory markers between pre and post-treatment time-points.

Applying DWI with 5 b-values (0-750 s/mm2), Koutoulidis et al [82] investigated the ADC of
different pattern of bone marrow involvement on spinal MRI in 99 patients and 16 healthy
volunteers control. They showed that ADC of diffuse pattern of involvement were
significantly different of that of FLs (p<0.001); and both were significantly different from
normal marrow. The mean and standard deviation of ADC in normal, focal, and diffuse MR
imaging patterns were 0.360 × 10−3 mm2/sec ± 0.110, 1.046 × 10−3 mm2/sec ± 0.232, and
0.770 × 10−3 mm2/sec ± 0.135, respectively.
Other MRI sequences have also been trialed for quantitative assessment of PCDs. For
instance, by using iterative decomposition of water and fat with echo asymmetry and leastsquares estimation (IDEAL) technique whole-spine MRI, Takasu et al [83] demonstrated a
significant decrease of signal fat fraction in the vertebrae of patients with symptomatic MM
compared to that of healthy controls, MGUS and asymptomatic MM. Such technique has
the potential to be implemented in WB-MRI protocol to further evaluate other aspects of
bone marrow changes following infiltration of monoclonal plasma cells.
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Summary
Cancer imaging by whole-body MRI is being increasingly implemented, taking advantage of
important milestones in MR hardware and software development. Anatomical images with
excellent tissue contrast and high spatial resolution with full body coverage is now possible
and is actively being trialed for staging and treatment response assessment of a range of
cancer types.

Implementation of WB-MRI may provide a comprehensive, and in many instances, more
accurate, single session imaging method, reducing patient hospital attendance and
facilitating efficient patient management. As demonstrated by studies reported to date, the
integration of morphological and functional MRI sequences in a comprehensive whole body
protocol can aid interpretation, increase sensitivity and specificity of the protocols and
potentially provide quantitative parameters for the assessment of treatment response.
Ongoing hardware and software developments in MR imaging field and greater access to
MRI scanners herald a more widespread and routine clinical application of WB-MRI for
cancer imaging.
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Chapter 3 : Whole-body MRI for Staging of Paediatric
Hodgkin’s Lymphoma; A Comparison to Reference
Standard 18F-FDG PET-CT
Overview:
In this chapter the accuracy of multi-parametric WB-MRI is compared to the reference
standard 18F-FDG PET-CT for initial staging of paediatric Hodgkin’s lymphoma.

Research questions:
1: How does multi-parametric WB- MRI perform compare to current gold-standard imaging
(i.e. 18F-FDG PET-CT) for evaluation of nodal and extra-nodal disease involvement in
paediatric Hodgkin’s lymphoma?

2: How does each sequence of multi-parametric WB-MRI performs in nodal and extra-nodal
staging of paediatric Hodgkin’s lymphoma?

Rationale:
Current gold-standard imaging for assessment of paediatric lymphoma is 18F-FDG PET-CT.
However, 18F-FDG PET-CT imparts a substantial dose of X-ray radiation that is of concern in
children. WB-MRI, combining anatomical and functional MRI sequences, might provide a
radiation free imaging technique for assessment of paediatric lymphoma.

Aims:
1: To compare diagnostic accuracy of multi-parametric WB-MRI against reference standard
18

F-FDG PET-CT in staging of paediatric Hodgkin’s lymphoma.
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2: To compare the performance and accuracy of different MRI sequences for disease
evaluation
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Introduction
Diagnostic imaging remains a significant contributor to ionizing radiation exposure. The
substantial radiation dose of X-ray based imaging techniques is of particular concern for
pediatric examinations. Increased sensitivity to ionising radiation of pediatric patients
together with their longer survival and increased time window for the development of
secondary malignancies [1] has raised concerns [2, 3]. Repeated 18F-FDG PET-CT evaluation
in pediatric patients during disease response assessment is recognized to impart a
significant radiation burden [4], making alternative non-ionizing methods of staging and
response assessment an attractive proposition. WB-MRI does not use ionizing radiation and
could provide an alternative modality for disease assessment in paediatric patients.
This chapter compares the diagnostic performance of WB-MRI and its different sequences in
paediatric patients with HL.
Materials and Methods
The institutional review board approved the study and waived the requirement for
individual patient consent for use of datasets acquired as part of clinical care (R&D No:
12/0195 date:16/06/2012).

Data collection
Our institutional database was reviewed for patients referred with suspected HL to the
paediatric haemato-oncology clinic. The period between 2009-2012 (during which WB-MRI
was part of standard clinical practice at our institution) was interrogated using the following
inclusion criteria: 1) Confirmed HL on biopsy, 2) Age ≤ 18 years, 3) Full WB-MRI dataset at
baseline (below), and 4) 18F-FDG PET-CT performed contemporaneously to WB-MRI and 5)
Follow-up WB-MRI and 18F-FDG PET-CT for minimum of two years after chemotherapy.
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Exclusion criteria were: 1) Prior treatment for malignancy other than HL and 2) Restaging as
part of relapsed HL assessment and 3) Incomplete WB-MRI dataset.

WB-MRI Imaging Protocol
Imaging was performed on a 1.5 T scanner (Avanto, Siemens, Erlangen, Germany), with the
manufacturers’ body and spine array coils and patient in supine position. Immediately prior
to imaging, 0.3 mg per kilogram of body weight of hyoscine butylbromide (Buscopan;
Boehringer Ingelheim, Ingelheim, Germany) was administered.
As a part of WB-MRI protocol, respiratory and electrocardiographically gated axial and
coronal short tau inversion recovery half-Fourier acquisition single shot turbo spin echo
(STIR-HASTE) MRI of the neck, chest, abdomen and pelvis were acquired. DWI was
performed in the axial plane using a combined STIR–EPI sequence with diffusion gradients
applied in three orthogonal directions at b-values of (b0, b300 and b500 s/mm2) and traceweighted images were calculated.
Thoracic evaluation was performed by additional axial periodically rotated overlapping lines
with enhanced reconstruction (PROPELLER) sequence, acquired at maximum inspiration to
separate the mediastinum from the chest wall and to provide dedicated lung imaging.
Stacks were repeated to cover the entire chest.
Multiphase post-contrast T1 weighted imaging of the liver and spleen was acquired as
previously described [5]. In short, following a single intravenous dose (0.1 mmol/kg body
weight) of gadoterate meglumine (Dotarem; Laboratoire Guerbet, Aulnay-sous-Bois,
France), eighty contiguous 2.5mm axial images were acquired every 5s, followed by
interleaved imaging and breath holds continuing for total 2 minutes from the start of
injection.
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Full WB-MRI sequence parameters are detailed in Table [3-1].

Table 3–1: WB-MRI scanning parameters

Parameters

Axial STIR HASTE

Axial STIR DWI

Axial T2 PROPELLER

3D FLASH for DCE

TR/TE (ms)

800/60

4900/66

3000/133

2.87/0.93

Inversion time (ms)

130

180

N/A

N/A

Matrix

256×192

128×96

256×256

256×176

Slice Thickness (mm)

7

4

3

2.5

No. of slices

19

27

23

80

Averages

2

8

1

1

Echo train

256

1

50

1

PAT

2

2

1

2

Flip angle

180

90

150

9

Pixel spacing

1.56*1.56

0.8*0.8

1.25*1.25

1.56*1.56

TR: Repetition time, TE: Echo time, PAT: Parallel acquisition technique, STIR: Short tau inversion
recovery, HASTE: Half fourier acquisition single shot turbo spin echo, DWI: Diffusion weighted
imaging, FLASH: Fast low angle shot technique, DCE: Dynamic contrast enhance
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18

F-FDG PET-CT

Data was acquired by using a PET-CT in-line system (Discovery LS; GE Healthcare,
Milwaukee, Wisconsin). Using standard clinical protocol, FDG dose was calculated using
weight based tables as per published guidelines [6] and was intravenously injected
approximately 60 minutes before imaging. Prior to PET acquisition and with the patient in
the supine position, unenhanced CT images were obtained by using the integrated foursection CT scanner (tube voltage, 140 kVp; tube current, 80 mA; rotation time, 0.8 seconds;
detectors, 4*3.75 mm; pitch, 1.5; collimation, 5 mm) covering skull base to mid-thigh.
Combined trans-axial emission images of 18F-FDG PET and CT were reconstructed to a
resolution of 128*128 and slice thickness of 5 mm. There was a mean time of 4.6 days
between WB-MRI and PET-CT (0-19 days).

WB-MRI Evaluation
Two radiologists (Dr Shonit Punwani and Dr Paul Humphries with 7 and 11 years of
experience in WB-MRI), blinded to clinical data and 18F-FDG PET-CT results, independently
reviewed anonymised datasets using a locked sequential read paradigm. Criteria for disease
involvement were: nodal short axis greater than 1cm; focal signal abnormality within solid
viscera or bone marrow and/or bone cortical disruption. Disease extension (E) was defined
as infiltration seen as contiguous nodal tissue signal extending into adjacent structures.
Pulmonary involvement was defined as a single visible nodule >1cm, or >3 nodules <1cm, as
per current EuroNet PHL-C1 guidelines [7].
The above criteria were applied on a site-by-site basis for 11 nodal and 11 extra-nodal sites
involvement, as described previously [8] and overall staging derived using the modified Ann
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Arbor classification [9]. This was performed with the following locked sequential read
paradigm:
1. WB-DWI trace images (b500 s/mm2) in conjunction with vendor’s generated ADC
maps from all acquired b-values (b0, b300 and b500 s/mm2) were reviewed first.
2. Then anatomical WB-MRI (WB-STIR and T2 BLADE of the thorax) images reviewed in
conjunction with WB-DWI.
3. And finally upper abdominal post-contrast imaging together with anatomical WBMRI and WB-DWI were reviewed.
The entire WB-MRI datasets were then re-evaluated in consensus after a 4-week washout
period by the same radiologists to agree a final consensus overall stage and sites of disease
for each patient.
18

F-FDG PET-CT Reference Standard Evaluation

Two nuclear medicine physicians (Dr Leon Menezes and Dr Athar Haroon with 5 and 3 years
experience in PET-CT), blinded to the clinical data and WB-MRI results, reviewed the 18F-FDG
PET-CT datasets in consensus to form the reference standard on a site by site basis and for
overall staging. Criteria for disease involvement were increased 18F-FDG uptake above liver
uptake within nodal tissue, lung parenchyma, solid abdominal viscera or bone marrow.
Review of Discrepancies between WB-MRI and 18F-FDG PET-CT reference standard
For discrepancies between WB-MRI and the reference standard, an independent expert
panel comprising both radiologists (PH and SP), nuclear medicine physicians (AH, LM) and
pediatric hemato-oncologist (Dr Ananth Shankar and Dr Stephan Daw with more than 10
years of experience in paediatric oncology) reviewed all staging imaging, early response
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assessment imaging after two cycles of chemotherapy, end of treatment imaging and follow
up imaging and clinical assessment to 2 years post treatment. The following criteria were
then applied to classify WB-MRI findings:

True positive: Sites identified as disease on staging WB-MRI and concordant with 18F-FDG
PET-CT were considered true positive. Sites of disease evident on staging WB-MRI not
evident on 18F-FDG PET-CT were classified as true positive if they responded to treatment on
follow-up WB-MRI.
False positive: Sites identified as disease on staging WB-MRI discordant with 18F-FDG PETCT, and not responding to therapy (when response to therapy was present at other disease
sites on other imaging studies), were classified as false positive.
True negative: Sites designated as not demonstrating disease on staging WB-MRI, and
concordant with 18F-FDG PET-CT, were classified as true negative.
False negative: Sites designated as not demonstrating disease on staging WB-MRI that were
positive for disease on 18F-FDG PET-CT, were classified as false negative.
False negative and false positive WB-MRI findings were further classified according to their
cause, either as:
(i) Perceptual error i.e. due to reader error; or
(ii) Technical error i.e. due to limitations of the WB-MRI technique.
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Statistical analysis
Inter-observer agreement between reader 1 and 2 for WB-MRI staging, and between
consensus read WB-MRI and 18F-FDG PET-CT was assessed using Cohen’s kappa statistic.
Kappa values were classified as 0-0.20 slight agreement, 0.21-0.40 fair agreement, 0.41-0.6
moderate agreement, 0.61-0.8 substantial agreement and 0.81-1.00 almost perfect
agreement [10].
Sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV) of
the WB-MRI reads for each reader and for the consensus read were determined for nodal
and extra-nodal disease against the 18F-FDG PET-CT reference standard. Statistical analysis
was performed using Prism version 5.0 (GraphPad, California, USA).

Results
Thirty-seven patients (male/female: 16/21: mean age 16.1y; range 12.8 -18y)
had all required baseline and follow-up WB-MRI sequences and were therefore eligible for
inclusion in the study.
Patient demographics, pathological disease subtype and overall stage are shown in Table [32]. There were 3 patients with stage 1 disease, 11 with stage 2 disease, 2 with stage 2E
disease, 8 with stage 3, and 13 with stage 4 disease based on Ann-Arbor staging. Eight
patients had parenchymal lung involvement, 4 with bone marrow involvement, 5 with chest
wall invasion, 10 with spleen and 1 with liver involvement.
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Table 3–2: Patient’s demographic, disease subtype and final staging

Mean age (range)
Ann-Arbor stage
(n)
I
II
IIe
III
IV
Disease subtype
(n)
NS
LP
MC
CH

Entire Cohort
(n=37)
16.1(12.8-18.0)

Male
(n=16)
15.7 (12.8-18.0)

Female
(n=21)
16.4 (13.3-18.0)

3
11
2
8
13

2
1
1
6
6

1
10
1
2
7

21
8
3
5

8
5
1
2

13
3
2
3

NS: Nodular sclerosing, LP: Lymphocyte predominant, MC: Mixed cellularity, CH: Classical Hodgkin’s

Comparison of locked sequential read for WB-MRI compared to 18F-FDG PET-CT
Using WB-DWI alone for baseline staging, there was a moderate agreement between reader
1 and 2 (k=0.59, 95% CI; 0.39-0.78). Agreement between the two readers improved with the
sequential addition of anatomical images (STIR-HASTE and Thoracic T2 BLADE) to substantial
(k=0.78, 95% CI; 0.63-0.93) and remained substantial with the further addition of post
contrast imaging (k=0.78, 95% CI; 0.62-0.93).
The sensitivity, specificity, PPV and NPV for each component of the WB-MRI locked
sequential read for nodal staging and extra-nodal involvement for each reader is presented
in Table [3-3] and [3-4] respectively.
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Table 3–3: Nodal disease assessment
Sequence

Reader 1

Reader 2

Sen

Spec

PPV

NPV

Sen

Spec

PPV

NPV

WB-DWI

81.3%

65.8%

84.2%

60.9%

80.1%

64.6%

83.8%

59.9%

WB-DWI+STIRHASTE

84.2%

66.7%

86.5%

62.5%

82.9%

68.9%

86.9%

61.7%

WB-DWI+STIRHASTE +DCE

84.2%

66.7%

86.5%

62.5%

82.9%

68.9%

86.9%

61.7%

Sensitivity, specificity, positive and negative predictive values for each reader compare to reference
standard 18F-FDG PET-CT
Sen: Sensitivity, Spec: Specificity, PPV: Positive predictive value, NPV: Negative predictive value, WBDWI: whole body diffusion weighted imaging
STIR-HASTE: short tau inversion recovery half-Fourier acquisition single shot turbo spin echo,
DCE: Dynamic contrast enhanced

Table 3–4: Extra-nodal disease assessment
Sequence

Reader 1

Reader 2

Sen

Spec

PPV

NPV

Sen

Spec

PPV

NPV

WB-DWI

65.5%

98.7%

90.4%

93.9%

68.9%

95.5%

74.0%

94.3%

WB-DWI+STIRHASTE

78.5%

98.1%

88.0%

96.3%

82.1%

95.6%

76.6%

96.8%

WB-DWI+STIRHASTE+DCE

85.7%

97.4%

85.7%

97.4%

96.4%

94.9%

77.1%

99.3%

Sensitivity, specificity, positive and negative predictive values for each reader compare to reference
standard 18F-FDG PET-CT
Sen: Sensitivity, Spec: Specificity, PPV: Positive predictive value, NPV: Negative predictive value, WBDWI: whole body diffusion weighted imaging
STIR-HASTE: short tau inversion recovery half-Fourier acquisition single shot turbo spin echo,
DCE: Dynamic contrast enhanced
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Comparison of consensus WB-MRI read compared to 18F-FDG PET-CT
The sensitivity, specificity, PPV and NPV of the consensus WB-MRI read compared to the 18FFDG PET-CT reference standard was 90.6%, 100%, 100% and 96.6% for nodal sites and
100%, 98.1%, 90% and 100% for extra-nodal sites.

Agreement between consensus overall WB-MRI staging and reference 18F-FDG PET-CT
staging was very good (k=0.89, 95% CI; 0.77-1.00). There were 3 cases with discrepancies
between consensus WB-MRI staging and the 18F-FDG PET-CT reference standard. Two cases
were upstaged by WB-MRI and one case was down-staged, compared to 18F-FDG PET-CT.

Nodal discrepancies between consensus WB-MRI and 18F-FDG PET-CT
For nodal staging, there were 16 false negative nodal sites on WB-MRI consensus read
compared to 18F-FDG PET-CT. There were no false positive nodal sites on WB-MRI.

Out of 16 false negative nodal sites on WB-MRI, 13 were due to sub-centimeter FDG avid
lymph nodes, deemed to be negative on MRI due to size threshold criteria (short axis < 1cm)
(Figure [3-1]). The remaining 3 false negative nodes on WB-MRI consensus were deemed to
be perceptual false negative errors for splenic hilar (n=2) and iliac nodal stations (Figure [32]).

108

Figure 3–1: An example of false negative technical error on WB-MRI
Sub-centimetre right cervical node on DWI b500 image and apparent diffusion coefficient map (A and
B, arrow), and STIR-HASTE (C, arrow) considered non-involved by MRI size criteria. 18F-FDG PET-CT (D,
arrow) demonstrates increased 18F-FDG avidity, in keeping with disease involvement. The node was
called negative on WB-MRI consensus read due to short axis measurement of < 1.0 cm.
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Figure 3–2: An example of false negative perceptual error on WB-MRI
Splenic hilar nodal involvement on 18F-FDG PET-CT (A, arrow) considered as positive by reference
standard imaging. STIR-HASTE image (B) failed to highlight the involved node as it is obscured by
gastric greater curvature. The involved node is evident on DWI b500 image (C, arrow). The nodal
station deemed to be negative on WB-MRI consensus read and constitutes a false negative lymph
node due to perceptual error of MRI readers.

Extra-nodal site discrepancies between consensus WB-MRI and 18F-FDG PET-CT
For extra-nodal sites, there were 3 false positives on WB-MRI compared to the reference
standard 18F-FDG PET-CT. Two false positive sites were due to interpretation of splenic
involvement on multiphase contrast-enhanced T1 weighted MRI and one was due to
depiction of bone marrow involvement on WB-MRI sequences.

After panel evaluation of clinical follow up and imaging to 24 months, the two cases of
splenic involvement on multiphase contrast-enhanced T1 weighted MRI images were
deemed to be false positive perceptual errors. In the case of bone marrow involvement
depicted on WB-MRI, this was deemed to be a true positive MRI finding and false negative
18

F-FDG PET-CT finding, demonstrating resolution on follow up images after treatment

(Figure [3-3]).
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Figure 3–3: Discrepant staging between WB-MRI and 18F-FDG PET-CT
Multi-focal bone marrow lesions of left sacrum (A-C) and left iliac crest (F-H) at baseline scan.
Baseline STIR-HASTE (A and E) and DWI b500 (B and F) scans showing bone metastasis (white arrows)
and pre-sacral soft tissue mass (red arrows). 18F-FDG PET-CT images (C and G) from the same
anatomical locations depicting the soft tissue mass (red arrow). No bone lesions were identified
on18F-FDG PET-CT. Following treatment, the MRI signal abnormality within the left sacrum and left
iliac crest improved, consistent with disease response (D, H).

Following the expert panel review of discrepant cases, the sensitivity, specificity, PPV and
NPV of consensus WB-MRI was 90.8%, 100%, 100% and 96.6% for nodal assessment and
100%, 98.7%, 93.3% and 100% for extra-nodal assessment, respectively (Table [3-5]).
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Table 3–5: Comparison of WB-MRI with 18F-FDG PET-CT and enhanced reference standard

Analyses*

Sensitivity

Specificity

PPV

NPV

84.2%
85.7%

66.7%
97.4%

86.5%
85.7%

62.5%
97.4%

84.2%
87.4%

66.7%
97.9%

86.5%
86.3%

62.5%
98.2%

82.9%
96.4%

68.9%
94.9%

86.9%
77.1%

61.7%
99.3%

Analysis 4
Nodal Sites
Extra-nodal sites

82.9%
96.9%

68.9%
96.2%

86.9%
78.7%

61.7%
99.5%

Analysis 5
Nodal Sites
Extra-nodal sites

90.6%
100%

100%
98.1%

100%
90%

96.6%
100%

Analysis 6
Nodal Sites
Extra-nodal sites

90.8%
100%

100%
98.7%

100%
93.3%

96.6%
100%

Analysis 1
Nodal Sites
Extra-nodal sites
Analysis 2
Nodal Sites
Extra-nodal sites
Analysis 3
Nodal Sites
Extra-nodal sites

Analysis 1: Comparison of WB-MRI with 18F-FDG PET-CT for reader 1
Analysis 2: Comparison of WB-MRI with enhanced reference standard for reader 1
Analysis 3: Comparison of WB-MRI with 18F-FDG PET-CT for reader 2
Analysis 4: Comparison of WB-MRI with enhanced reference standard for reader 2
Analysis 5: Comparison of consensus WB-MRI with 18F-FDG PET-CT
Analysis 6: Comparison of consensus WB-MRI with enhanced reference standard
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Discussion and Conclusion
Accurate tumor staging is paramount to facilitate risk-adapted treatment and maintain
current high cure rates in paediatric’s lymphoma. WB-MRI has been advocated as a
complementary/adjunct non-ionizing method for staging HL in children. However, at the
time of writing this thesis, there were no consensus on the most effective sequences to be
embedded in WB-MRI protocols. Depending on the sequences used, WB-MRI studies can
take up to 1 hour. For instance, WB-DWI is feasible in approximately 20 minutes and is
thought to aid lesion detection and characterization [11], and has been reported to be an
accurate staging method in adults’ lymphoma [12, 13]. However, despite increased
sensitivity for disease detection, DWI has a lower specificity, necessitating addition of
morphological MRI (i.e. STIR-HASTE, T1 or T2-weighted MRI) as complementary sequences
to DWI [14].

At locked sequential read, the assessment of DWI images alone (without anatomical
imaging) resulted in only moderate inter-observer agreement and there was a relatively low
sensitivity of WB-DWI for extra-nodal staging for both readers compared 18F-FDG PET-CT.
Discrepancies between modalities were predominantly due to pulmonary and splenic
involvement and caused by technical error on DWI, rather than perceptual errors made by
the readers. Limitations in accurate detection of pulmonary metastasis (i.e lung nodules)
using MRI in general, and DWI more specifically, are well documented in literature [14, 15].
Cardiac and respiratory motion artefacts, susceptibility-induced image distortions and signal
loss due to the air-tissue interfaces may hamper accuracy of DWI for detection of lung
metastasis.
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Regier et al [16] describe the detection of lung nodules using DWI compared to CT, with a
sensitivity of 97% for nodules over 1cm and 86.4% for nodules 6-9mm, using grey scale
inversion and coronal maximum intensity projection images for lung analysis, a technique
advocated elsewhere [17]. This strategy may have improved the inter-reader agreement in
the current study. Small nodules (≤ 5mm) had a poor detection rate in Regier’s study
(43.8%) [16] highlighting the limited performance of DWI in lung imaging.
The spleen is difficult to assess by DWI alone as the normal spleen appears hyperintense on
DWI trace images, limiting detection of more cellular deposits by reducing contrast between
normal spleen and disease [15]. This limitation might be more relevant when lower b values
are used for DWI MRI. A higher b-value (i.e. b1000) might improve DWI accuracy by
suppressing more background signal compare to b500 used in current study and aiding in
disease localization.

Others have previously found that WB-DWI alone performed poorly compared to WB-STIR
for staging pediatric HL [18, 19]. However, when groups evaluated the addition of DWI to
other WB-MR sequences, report are mixed, some indicating an increase in lesion detection
[20, 21]; whilst others suggesting that DWI adds little over conventional STIR and T1
weighted imaging [22].

In this study, the addition of anatomical sequences to WB-DWI improved agreement
between readers and increased the performance of WB-MRI for extra-nodal disease
evaluation compared to 18F-FDG PET-CT. The current result supports the use of combined
morphological imaging and WB-DWI protocols rather than protocols that employ DWI
alone.
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The majority of nodal discrepancies (13 of 16) between WB-MRI and the enhanced PET-CT
reference were caused by borderline short axis measurements just below the 1cm predetermined positive threshold. Given these results, the use of size thresholds alone to
confer disease positivity on WB-MRI may not be the most appropriate approach and
evaluation, one solution could be application of quantitative ADC measurements to help
determine disease involvement [8, 22, 23, 24].

There were 3 false negative nodal sites on WB-MRI, two cases where splenic hilar nodes
were not appreciated and one in which an iliac node was not recognized. In these cases, the
errors were due to falsely interpreting (perceptual error) the nodes as adjacent normal
structures, for example as splenunculi or bowel loop with T2 shine through on WB-DWI.

DCE liver and spleen MR imaging incorrectly defined disease involvement in two cases.
Variable patterns of enhancement may account for the false perception of disease, even
with experienced readers taking arterial enhancement phenomena into account. Current
recommendations for assessing splenic involvement include high-resolution ultrasound
(USS) of the spleen. Further work is needed to determine if high-resolution USS is more
accurate than the MR sequences employed in this study for the detection of splenic disease.
Should USS prove more accurate, DCE liver and spleen imaging would be redundant,
potentially reducing MR exam time.

There was one false negative 18F-FDG PET-CT in this study, where the expert panel review
felt that multiple focal bone marrow signal abnormality seen on WB-MRI that responded to
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treatment on follow-up imaging was true disease. In the absence of tissue from each
abnormal marrow signal site, longitudinal imaging follow-up is a reasonable approach to
decide if the abnormality represents disease or not.

There are several limitations in the overall study design. A relatively small number of
patients are included in this study. The sample size limits the numbers in each disease stage
and there was only one case of hepatic stage IV disease. Caution is needed in interpreting
the utility of WB-MRI for high stage disease, with such small numbers in each sub-group.
Furthermore, 18F-FDG PET-CT (albeit with consensus review and follow-up imaging) was
used as the reference standard rather than a histopathology. It would not however have
been practical nor ethically acceptable to biopsy each potential site of disease for the
purposes of the study.

In conclusion, WB-DWI alone is not sufficient for staging of pediatric HL and a multiparametric WB-MRI protocol, combining morphological and functional (DWI) MRI is
required to accurately stage pediatric HL. The majority of WB-MRI technical errors were due
to misclassification of sub-centimeter lymph nodes. The added value of quantitative ADC
measurement remains to be evaluated for additional nodal characterisation.
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Chapter 4 : Whole-body MRI for Staging of Paediatric
Hodgkin’s Lymphoma: The Application of MRI Quantitative
Parameters for Nodal Staging and Characterisation
Overview:
This chapter explores the value of quantitative parameters, derived from WB-MRI, for
characterisation of nodal disease in paediatric Hodgkin’s lymphoma.

Research question:
Can quantitative MRI parameters improve classification of nodal disease in paediatric
Hodgkin’s lymphoma compared with conventional size thresholds?

Rationale:
Current assessment of nodal involvement in paediatric Hodgkin’s lymphoma relies on simple
size measurement of the suspected lymph nodes. However, a fundamental weakness to size
based classification is the inability to classify disease nodes below the applied threshold. As
well as macrostructural (size) assessment, MRI also provides an opportunity to derive
quantitative measures reflective of tissue microstruture (cellularity/vascularity) which could
potentially be utilized to provide further characterisation of lymph nodes.

Aims:
To evaluate the usefulness of WB-MRI derived quantitative parameters for nodal disease
assessment in paediatric Hodgkin’s lymphoma
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Introduction
In chapter 3, I have concluded that in more than 80% of nodal discrepancies, WB-MRI
imaging was unable to detect sub-centimeter lymph nodes that were deemed positive due
to 18F-FDG uptake.
Others have shown ADC, as a microstructural imaging biomarker, has potential for further
characterization of suspected malignancies [1, 2]. Several studies have demonstrated lower
ADC values for malignant lymph nodes compared with benign enlarged lymph nodes [3, 4].
For instance, by implementing DWI with b values of 0, 500 and 1000 s/mm2, Holzapfel et al
[3] showed that the mean ADC for lymphomatous nodes was significantly lower (mean ADC
0.64+/-0.09× 10−3 mm2 s -1) compared to benign cervical lymph nodes (mean ADC 1.24+/0.16× 10−3 mm2 s -1).
However, to date there has been little reported on combining the quantitative parameters
provided by sequences such as diffusion weighted imaging (DWI) with standard size
measurement to determine whether this provides improved diagnostic accuracy for disease
detection.
The aim of this study was to determine the potential added diagnostic value of quantitative
parameters derived from WB-MRI for the classification of lymph nodes for paediatric
patients with lymphoma compared to 18F-FDG PET-CT reference standard.

Material and Methods
The data collection, patient cohort, WB-MRI imaging protocol, 18F-FDG PET-CT protocol, WBMRI and 18F-FDG PET-CT image review are detailed in chapter 3. For the purpose of this
study quantitative metrics were extracted for WB-MRI datasets as described below.
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WB-MRI datasets were analysed using Osirix (V 4.1, Pixmeo SARL, Bernex, Switzerland) on a
Mac (Apple, California, USA) workstation. Nodal involvement was assessed in 11 nodal areas
(i.e., cervical, supraclavicular, sub- pectoral, axillary, mediastinal, splenic hilar, liver hilar,
mesenteric, retroperitoneal, iliac, and inguinal regions). The maximum short-axis dimension
of the largest nodal mass in a given region was measured using software calipers as
previously described.
Each of the two WB-MRI reporting radiologists (SP and PH) and independently extracted
quantitative parameters from the WB-MRI dataset. Each radiologist selected and marked
the largest lymph node ≥ 5mm short axis (on STIR-HASTE imaging) in each nodal station, and
recorded the measured size on both STIR-HASTE and b500 diffusion weighted images – to
allow assessment of potential sequence based biases in nodal size measurement. Sites
where all nodes were <5 mm in short axis (on T2 weighted imaging) were excluded from
analysis in order to avoid partial volume errors effecting extracted quantitative variables.
This process created two datasets of marked nodes, one for each radiologist.
For each dataset, a third observer (AL) extracted signal intensity measurements for all nodes
marked by the reporting radiologist. For ADC extraction; a region of interest (ROI) was
manually contoured on b500 images and then copied and pasted to subsequent b300 and b0
images. The average signal intensity of the ROI was calculated at each b value and ADC
derived by least squares fit to the signal intensity versus b-value plot using Mac Excel (2011)
with Solver [1].
Normalized T2 signal intensity (nT2-SI) was also derived; whereby a ROI was carefully
contoured for the marked node on STIR-HASTE images and the average signal intensity of
the ROI normalized against the right obturator internus muscle signal intensity. (A similar
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reference based approach has previously been demonstrated to improve repeatability of
quantitative measurements in patients with prostate cancer [5]).

18

F-FDG PET-CT Reference Standard Evaluation

The 18F-FDG PET-CT reference standard (as described previous chapter) was applied to each
measured node as the ‘ground truth’ for disease presence or absence. To facilitate correct
WB-MRI and 18F-FDG PET-CT nodal matching a consensus review involving the reporting
radiologist and nuclear medicine physician was convened.

Statistical Analysis
All the statistical analysis was performed using Prism software package (Prism version 5.0,
GraphPad software Inc, California, USA).
The sensitivity, specificity, positive predictive value (PPV) and negative predictive value
(NPV) for nodal classification based on size criteria (short-axis dimension ≥10 mm on STIRHASTE and b500 DWI) on WB-MRI for individual readers was derived against the 18F-FDG PETCT reference
The Mann-Whitney test was used to determine significance of differences of mean ADC and
nT2SI between:
(i) 18F-FDG PET-CT positive and negative lymph nodes
(ii) between nodes measured 5 to 9 mm and ≥ 10 mm on STIR-HASTE
Inter-sequence (STIR-HASTE vs DWI) agreement of nodal size measurement for both readers
was determined using Bland-Altman analysis.
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Receiver operating characteristic (ROC) area under curve (AUC) for classification of nodal
involvement was calculated for each reader for each quantitative parameter (DWI size, T2
size, nT2-SI and ADC).
A further analysis of positive sites based on a combination of nodal size together with
application of a previously published ADC thresholds for disease positivity was performed.
ADC cut-off points of 0.77, 1.15 and 1.79× 10−3 mm2 s -1 corresponding to median (1.15×
10−3 mm2 s -1), lower (0.77× 10−3 mm2 s -1) and upper (1.79× 10−3 mm2 s -1) range of ADC
value for 18F-FDG PET-CT positive nodes across all measured nodes from previous study [6]
were applied to the lymph nodes greater than 5mm and less than 1 cm to reclassify as
disease positive. The ADC values from the previous work [6] were derived from a cohort of
paediatric HL patients, using identical DWI protocol with b-values of 0, 300 and 500 s/mm2.
For nodes ≥1 cm, short axis size measurement alone was used as a determinant of positivity
and negativity. The sensitivity, specificity, positive predictive value (PPV) and negative
predictive value (NPV) for nodal classification based on combination of size and different
ADC cut-off values were derived.
Results
There were 152 positive nodal sites on reference standard 18F-FDG PET-CT.
Based on T2 weighted imaging on size criteria alone, the sensitivity, specificity, PPV and NPV
for WB-MRI nodal staging was 84.2%, 66.7%, 86.5% and 62.5% for reader 1 and 82.9%,
68.9%, 86.9% and 61.7% for reader 2.

Nodal ADC and nT2-SI based on 18F-FDG PET-CT positivity
ADC and nT2-SI for disease positive and negative lymph nodes is tabulated in Figure [4-1]
and Table [4-1].
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Figure 4–1: Box and whisker plots of apparent diffusion coefficient (ADC) (a and b) and normalised
T2 signal intensity (nT2-SI) (c and d) for 2 readers
There was a significant difference for both ADC and nT2-SI measurements between 18F-FDG PET-CT
positive and negative nodes for reader 1 (a and c) and reader 2 (b and d).
The boundaries of the box show 25th and 75th percentiles, and the line within the box is the median.
Whiskers show 10th and 90th percentiles. Each point represents a single nodal station. Outliers are
shown (● and ◼).
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Table 4–1: Comparison of ADC and nT2-SI of 18F-FDG PET-CT positive and negative lymph
nodes
−3

2

-1

Median nT2-SI (a.u.)

Median ADC (× 10 mm s )

Reader 1

Reader 2

Reader 1

Reader 2

PET-CT (+)
[number]

1.10 (IQR 0.901.30)
[n=152]

1.10 (IQR 0.90-1.20)
[n=152]

3.70 (IQR 3.01-4.25)
[n=152]

3.58 (IQR 2.944.12)
[n=152]

PET-CT (-)
[number]

1.40 (IQR 1.201.77)
[n=60]

1.60 (IQR 1.30-1.80)
[n=61]

2.86 (IQR 2.46-3.43)
[n=60]

3.05 (IQR 2.453.56)
[n=61]

P value ∗

<0.0001

<0.0001

<0.0001

0.0002

ADC: Apparent diffusion coefficient
nT2-SI: Normalised T2 signal intensity
IQR: Interquartile range
PET-CT: Positron emission tomography/computed tomography

∗: Mann-Whitney test

ADC and nT2-SI based on nodal size
ADC and nT2-SI for nodes split by nodal size is given in Table [4-2]. For lymph nodes 5-9
mm, there was statistically significant difference for ADC measurements between 18F-FDG
PET-CT positive and negative lymph nodes.
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Table 4–2: Comparison of ADC and nT2-SI of lymph nodes based on size criteria
−3

2

-1

Median nT2-SI (a.u.)

Median ADC (× 10 mm s )

Reader 1

Reader 2

Reader 1

Reader 2

Nodes
(5-9 mm)
[number]

1.35 (IQR 1.201.52)
[n=54]

1.40 (IQR 1.101.70)
[n=63]

2.98 (IQR 2.39-3.62)
[n=64]

3.03 (IQR 2.323.51)
[n=68]

Nodes
(≥ 10mm)
[number]

1.10 (IQR 0.901.40)
[n=158]

1.10 (IQR 0.91.30)
[n=150]

3.66 (IQR 2.98-4.25)
[n=148]

3.64 (IQR 2.944.12)
[n=145]

P value ∗

<0.0001

<0.0001

<0.0001

<0.0001

ADC: Apparent diffusion coefficient
nT2-SI: Normalised T2 signal intensity
IQR: Interquartile range

∗: Mann-Whitney test

For reader 1, the median ADC was 1.20 × 10−3 mm2 s -1 (IQR 1.00-1.20 × 10−3 mm2 s -1 for 18FFDG PET-CT positive nodes (n=18) compared to median ADC of 1.40 mm2/s ×10 -6 (IQR 1.301.70 × 10−3 mm2 s -1) for 18F-FDG PET-CT negative nodes (n=36) (p <0.0001) and for reader 2,
the median ADC was 1.10 × 10−3 mm2 s -1 (IQR 1.10-1.20 × 10−3 mm2 s -1) for 18F-FDG PET-CT
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positive nodes (n=23) compared to median ADC of 1.60 × 10−3 mm2 s -1 (IQR 1.40-1.80 × 10−3
mm2 s -1) for 18F-FDG PET-CT negative nodes (n=40) (p <0.0001) (Figure [4-2]).
There was no significant difference of nT2-SI for 18F-FDG PET-CT positive and negative nodes
for lymph nodes measured 5-9 mm for both reader [median (IQR) nT2-SI of 3.24 (2.43-3.89)
and 2.78 (2.36-3.42) for 18F-FDG PET-CT positive and negative nodes for reader 1 (p =0.09)
and 3.04 (2.35-3.41) and 3.03 (2.10-3.67) for 18F-FDG PET-CT positive and negative nodes for
reader 2 (p =0.98), respectively] (Figure [4-2]).
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Figure 4–2: Box and whisker plots of ADC and nT2-SI
ADC measurements for 5-9 mm nodes for both readers (a: reader 1 and b: reader 2) showed
significantly lower ADC values for 18F-FDG PET-CT positive nodes compared to 18F-FDG PET-CT
negative nodes. No significant difference was found for nT2-SI for both readers (c: reader 1 and d:
reader 2)
The boundaries of the box show 25th and 75th percentiles, and the line within the box is the median.
Whiskers show 10th and 90th percentiles. Each point represents a single nodal station. Outliers are
shown (● and ◼).
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Figure [4-3] and [4-4] demonstrate examples of subcentimeter (short axis) lymph nodes and
the application of ADC cut-off values for further characterization of nodal disease.

Figure 4–3: Application of ADC cut-off values to sub-centimeter axillary lymph nodes

Left axillary node was positive on 18F-FDG PET-CT (a) and measured 8mm on STIR-HASTE (b) and DWI
b500 (C) images (arrows), resulting in false negative nodal classification.
ADC maps (d) showing the left axillary node (arrow) with ADC of 0.8 × 10−3 mm2 s -1 that was reclassified as true positive after applying cut-off values of 1.15 and 1.79 × 10−3 mm2 s -1.
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Figure 4–4: Application ADC cut-off values to sub-centimeter cervical lymph nodes
Left cervical node was negative on 18F-FDG PET-CT (a) and measured 5mm on STIR-HASTE (b) and
DWI b500 (C) images (arrows), resulting in true negative nodal classification.
ADC maps (d) showing the left cervical node (arrow) with ADC of 0.9 × 10−3 mm2 s -1 that was reclassified as false positive after applying cut-off values of 1.15 and 1.79 × 10−3 mm2 s -1.
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Inter-sequence comparison of DWI and T2 size measurements
For reader 1, there was a positive bias of 0.31 cm (95% limits of agreement (LoA): -0.590.63) for nodal size measurement between DWI b500 and STIR-HASTE images. For reader 2,
there was positive bias of 0.26 cm (95% LoA: -0.51-0.50) for nodal measurement between
DWI b500 and STIR-HASTE images (Figure [4-5]).

ROC-AUC analysis
ROC-AUC graphs are presented in Figure [4-6]. For reader 1, the AUC of nodal size
measurement on b500 DWI and STIR-HASTE was 0.80 (95% CI, 0.73-0.87) and 0.81 (95% CI,
0.75-0.88), respectively. For reader 2, the AUC of nodal size measurement on b500 DWI and
STIR-HASTE was 0.80 (95% CI, 0.73-0.87) and 0.81 (95% CI, 0.74-0.87), respectively.
The AUC for ADC and nT2-SI for reader 1 was 0.74 (95% CI, 0.67-0.82) and 0.66 (95% CI,
0.58-0.74), respectively. For reader 2 the ADC and nT2-SI AUC was 0.67 (95% CI, 0.59-0.75)
and 0.72 (95% CI, 0.64-0.79), respectively. The results from both readers indicate that the
performance of size measurement is better than that of ADC and nT2-SI measurements.
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Figure 4–5: Inter-sequence agreement

Bland-Altman plots for nodal size measurement on DWI and STIR-HASTE for MRI for (a) reader 1 and
(b) reader 2. There is a positive bias of 0.31 cm (95% LoA: -0.59-0.63) between DWI b500 and STIRHASTE for nodal measurement for reader 1 and positive bias of 0.26 cm (95% LoA: -0.51-0.50) for
nodal measurement between DWI b500 and STIR-HASTE images for reader 2 (b)
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a

b

Figure 4–6: ROC-AUC analysis graphs
Receiver operating characteristic curves for size measurements on STIR-HASTE (T2) and DWI; and
ADC and nT2-SI measurements for (a) reader 1 and (b) reader 2 as disease classifier. For both
readers, size measurement on DWI and STIR-HASTE performs better compared to ADC and nT2-SI.
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The sensitivity, specificity, PPV and NPV following the application of ADC cut-off values of
0.77, 1.15 and 1.79 × 10−3 mm2 s -1 to 5-9 mm lymph nodes for both readers is tabulated in
Table [4-3].
Table 4–3: Application of ADC cut-off values to 5-9 mm lymph nodes
Sensitivity

Specificity

PPV

NPV

ADC values

Reader 1

Reader 2

Reader 1

Reader 2

Reader 1

Reader 2

Reader 1

Reader 2

0.77× 10−3 mm2/s

88.8%

86.1%

60.0%

67.2%

84.9%

86.7%

67.9%

66.1%

1.15× 10−3 mm2/s

92.1%

95.3%

56.7%

65.6%

84.3%

87.3%

73.9%

85.1%

1.79× 10−3 mm2/s

100%

100%

16.7%

19.7%

75.2%

75.6%

100%

100%

The results show an increase in sensitivity for positive nodal detection by applying ADC cutoff values. However, as demonstrated in Table [4-3], the increased sensitivity comes at the
expense of decrease in specificity.

Discussion and Conclusion
Size measurement is conventionally used to determine nodal positivity. I investigated
whether the performance of WB-MRI for nodal classification, based on size measurement,
was different when measurements were made on WB-DWI rather than anatomical WB STIRHASTE. I found that measurements made on either sequence yielded a comparable
diagnostic accuracy for detection of involved lymph nodes. Moreover, size measurement
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provided the best classifier for nodal disease status; and there was very good intersequence agreement for nodal size measurement.
In this study, diseased lymph nodes had significantly lower ADCs than benign lymph nodes
(as highlighted by 18F-FDG PET-CT reference standard); this finding supported the results of
prior investigators [7, 8]. For instance, Perrone et al [9] demonstrated that mean ADC value
for malignant cervical lymph nodes were significantly lower than that of benign
lymphadenopathy (0.85 × 10−3 mm2/s and 1.44 × 10−3 mm2/s, respectively, p <0.01). In
another study, authors showed that compared to benign lymphadenopathy and metastatic
lymphadenopathy from head and neck cancers, lymphomatous lymph nodes had a
significantly lower mean ADC [10]. Whilst the current results support previously published
work, demonstrating good classification by ADC (ROC-AUC of 0.67-0.74), the performance of
ADC was not greater than simply measuring nodal size (ROC-AUC 0.80-0.81).
I also noticed that for nodes deemed negative for disease based on size criteria (measuring
5-9 mm) there was significant difference in ADC between 18F-FDG PET-CT positive and
negative nodes (p <0.0001). It is not surprising therefore, that when applying ADC cut-off
values [6] to 5-9 mm lymph nodes, there was an overall increase in WB-DWI’s sensitivity for
both readers. However, the increase in WB-DWI’s sensitivity comes at the expense of
noticeable decrease in specificity. I conclude that early nodal involvement (where size
remains <1cm) cannot be reliably classified using DWI, and hypothesize that this likely
reflects insufficient increase in cellularity to significantly alter water diffusion [10].
Alternatively, measurements on small (5-9 mm) nodes might be prone to partial volume
effect and errors in quantitative measurements of ADC and nT2-SI.
STIR-HASTE images generate contrast to highlight water whilst nulling signal from fat [11]. In
theory, replacement of the normal fatty hilum by cellular infiltrate as occurs in pathology
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should increase the STIR-HASTE signal from diseased lymph nodes [12]. This was reflected in
the current study with 18F-FDG PET-CT positive lymph nodes demonstrating approximately
20% increased signal on STIR-HASTE images compared to 18F-FDG PET-CT negative nodes. As
a univariate classification parameter, nT2-SI measurement’s performance (ROC-AUC 0.660.72) was not as high as ADC or nodal size measurement parameters.
Ohno et al [13] evaluated 135 metastatic and 135 non-metastatic mediastinal and hilar
lymph nodes in their cohort of 93 patients with N1-N3 non-small cell lung cancer using 1.5T
STIR turbo spin echo MRI, DWI and 18F-FDG PET-CT with reference standard
histopathological samples. In line with current results, they showed that lymph node signal
intensity normalised to muscle signal intensity (LMR: lymph node to muscle ratio) on STIR
turbo spin echo sequence was significantly higher in metastatic lymph nodes compared to
non-metastatic lymph node (mean LMR 1.5 +/- 0.3 (range 0.6-2.2) and 1.0 +/- 0.3 (range 0.41.8) for metastatic and non-metastatic lymph nodes respectively, p <0.0001). However,
contrary to the present results, the performance of LMR for determining metastatic lymph
nodes were higher than ADC in their cohort. This might be caused by two major differences
between the two studies; Firstly, the underlying malignancies were different between the
two cohorts. Secondly, Ohno et al [13] have only investigated mediastinal and hilar lymph
nodes whilst all the measurable nodal sites above and below diaphragm were included in
the current study.
Current findings suggest that nodal size measurement is the most accurate classifier of
positive nodal disease. Furthermore, if DWI is used for the staging of paediatric lymphoma it
is sufficient to make measurements of nodal size directly from DWI rather than from
anatomical imaging such as STIR-HASTE. This may help to reduce scan times by providing an
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opportunity to replace STIR-HASTE with a faster anatomical acquisition such as mDIXON
imaging [14] or obviating the requirement for DWI based on no additional classification
value. Limiting overall scan time is particularly important for paediatric patients and has
direct heath care cost implications.
There were limitations to this study. Firstly, I did not have histopathological confirmation for
positivity/negativity for nodal involvement by lymphoma.

18

F-FDG PET-CT was used as

reference standard because this is the current gold-standard modality of imaging with
excellent performance [15]. I have assumed that discordances between WB-MRI and the
18

F-FDG PET-CT reference are related to limitations in sensitivity/specificity of the WB-MRI

technique, but acknowledge that a small number of lymph nodes may also be misclassified
by 18F-FDG PET-CT. Although ethically and technically challenging, a prospective study with
histological sampling to resolve discrepancies would further aid comparison between
techniques. A second limitation of the study, remains the generalizability of MRI
quantitative features across institutions. For example, absolute ADC values are known to be
dependent on MRI protocol parameters and scanner platform [16, 17]. However, nodal size
measurement remains the most effective disease classifier and positive nodal disease
detection was not improved by addition of ADC quantification.
In conclusion, I have demonstrated that both WB-DWI and WB STIR-HASTE MRI size
measurements had similarly very good performance for classification of nodal disease
involvement in children with known lymphoma. Classification using ADC values was
comparable, but it did not improve overall performance when used together with size
measurement.
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Currently, the use of anatomical criteria for nodal disease classification appears to be
adequate and caution should be taken over the interpretation of ADC values particularly in
small lymph nodes that are not possible to classify by size criteria alone.
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Chapter 5 : Whole-body MRI for Staging and Interim Response
Monitoring in Paediatric and Adolescent Hodgkin’s
Lymphoma; A Comparison with Multi-modality Reference
Standard
Overview:
In this chapter the application of combined qualitative and quantitative WB-MRI for staging
and interim response monitoring is prospectively assessed in paediatric Hodgkin’s
lymphoma cohort

Research question:
Does a combined qualitative and quantitative WB-MRI perform equally to reference
standard imaging for staging and response monitoring in paediatric Hodgkin’s lymphoma?

Rationale:
Current assessment of paediatric Hodgkin’s lymphoma using WB-MRI mainly relies on
qualitative images assessments. However, such approach has limited application, specifically
for the assessment of nodes below the size threshold positivity/negativity criteria; and WBMRI functional and quantitative parameters may aid for further characterisation of these
lymph nodes. Additionally, quantitative WB-MRI parameters might aid for interim response
monitoring

Aims:
To evaluate the usefulness of WB-MRI staging assessment and response monitoring in
paediatric Hodgkin’s lymphoma
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Introduction
In the two previous chapters, I retrospectively investigated the usefulness of qualitative WBMRI for disease staging in paediatric’s HL and examined the added value of WB-MRI
quantitative analysis for nodal disease assessment.
Both of these studies were retrospective analyses, pragmatically conducted based on the
availability of patient datasets.
In these analyses I concluded that whilst WB-MRI has potential for staging in paediatric HL,
its performance was not equivalent to 18F-FDG PET-CT. Moreover, I demonstrated that
performance for nodal disease classification did not significantly improve with addition of
ADC measurement, and that a simple nodal size measurement provided the best single
classifier of disease status.
In contrast, for adult cohorts, Mayerhoefer et al reported high accuracy of WB-MRI
including DWI against a 18F-FDG PET-CT standard of reference for both staging [1], and
treatment response assessment [2].
The purpose of this study was to undertake a powered prospective trial to evaluate the
concordance between WB-MRI and a composite reference standard based on clinical
evaluation, histology and standard staging imaging including 18F-FDG PET-CT for initial
staging and interim treatment response monitoring in paediatric and adolescent Hodgkin’s
lymphoma.

Material and Methods
A prospective single-arm cohort study in a single tertiary referral center was conducted,
following ethical permission (Clinicaltrials.gov number: NCT01459224).
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Patient population
Consecutive patients were prospectively identified between December 2011 and August
2014 inclusive from the pediatric lymphoma service of University College London Hospital.
Inclusion criteria were: age 5-20 years (inclusive), histological confirmation of HL or clinically
suspected HL undergoing staging investigations pending final biopsy confirmation, and
patients/guardian consent. To ensure uniformity of treatment, all patients were either
recruited to the Euronet PHL-C1 or PHL-LP1 trials [3] or were due to undergo treatment
using the chemotherapy regimens of these trials.
Exclusion criteria included previous diagnosis of HL without being disease free for 5 years,
previous chemotherapy and or radiotherapy within the previous 2 years, pregnancy or
breastfeeding and any known contraindication to MRI.

Study conduct
All recruited patients underwent the standard staging investigations employed at the
recruiting institution; (i)
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F-FDG PET-CT, (ii) anatomical WB-MRI sequences with single-

phase post-contrast acquisition through the upper abdomen (without DWI or dynamic IV
gadolinium contrast enhanced series) [see MRI protocol below] (iii) abdominal ultrasound in
cases of equivocal solid organ involvement and (iv) contrast-enhanced chest CT scan in case
of equivocal lung involvement. In addition, as part of the trial intervention, patients
underwent an extended WB-MRI scan protocol which included DWI and dynamic contrast
enhanced sequences.
Thereafter, as part of usual clinical care, patients underwent interim 18F-FDG PET-CT (iPETCT) within 14 days of completing the first two (Euronet PHL-C1) or three (Euronet LP1)
cycles of chemotherapy for initial treatment response evaluation. Patients were invited to
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undergo a second WB-MRI (iWB-MRI) at this time point and were followed for a minimum
24 months post-chemotherapy. Consent for study investigations including collection of
anonymized patient data, was obtained from patients and or their parents / guardians
according to the prevailing institutional and ethical committee guidelines.

Imaging assessments
WB-MRI protocol
Patients were imaged on a 1.5T MRI system (Avanto, Siemens, Erlangen, Germany) from the
skull to mid-thigh in the supine position, using the manufacturer’s body and spine array
coils. Immediately prior to imaging, 0.3 mg/kg of body weight of hyoscine butylbromide
(Buscopan; Boehringer Ingelheim, Ingelheim, Germany) was administered.
At UCLH, basic anatomical sequences are routinely acquired to supplement the low dose CT
component

of

the

18

F-FDG

PET-CT

protocol.

In

brief,

respiratory

and

electrocardiographically gated axial and coronal whole body fat suppressed T2-weighted
MRI together with axial periodically rotated overlapping lines with enhanced reconstruction
(PROPELLER) were acquired through the chest (in maximum inspiration) and complemented
by a single-phase post-contrast T1-weighted sequence (3D Fast low angle shot technique,
FLASH) through upper abdomen at 25 seconds following gadolinium injection.
As part of the research intervention, additional axial free-breathing whole-body DWI (with
four b-values b0, b100, b300 and b500) were acquired through the whole-body together with
multiphase breath-hold dynamic contrast enhanced T1-weighted series through the liver
and spleen (following a single intravenous dose of 0.1 mmol/kg body weight of gadoterate
meglumine (Dotarem; Laboratoire Guerbet, Aulnay-sous-Bois, France) as described
previously [4]. Axial and coronal breath-hold post-contrast T1-weighted MRI of the lungs
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were then acquired following the liver and splenic acquisition. ADC maps were generated
using vendor’s software.
The full WB-MRI scanning protocol was completed within 60 minutes. WB-MRI scanning
parameters are summarised in Table [5-1].
18

F-FDG PET-CT protocol

18

F-FDG PET-CT scans were performed with integrated PET/CT scanners (Discovery ST or

Discovery VCT, GE Healthcare, Waukesha Wisconsin, USA). Patients fasted for 6 hours and
blood glucose levels were tested to exclude hyperglycemia (levels
>180mg/dL). For pediatric patients, the doses were adjusted according to the European
Association of Nuclear Medicine (EANM) pediatric dosage card [5].

18

F-FDG (14MBq -

370MBq) was intravenously injected 60 minutes before imaging. Prior to acquiring the
whole-body PET 3D emission scan, a non-contrast CT was obtained for attenuation
correction (80-120 kVp, modulated mA [10-200mA], pitch 1.375, 3.75mm slice thickness).
Images were acquired at 3 min per bed position as per departmental paediatric protocol.
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Table 5–1: WB-MRI sequence parameters

Axial
STIR HASTE

Coronal
STIR
HASTE

Axial STIR DWI
(b0,100,300,500)

Axial T2
PROPELLER

Axial postcontrast

Coronal
postcontrast

(chest)

(lung)

(lung)

3D FLASH
for DCE

TR/TE (ms)

800/60

800/60

4900/66

3000/133

2.85/0.99

2.94/1.04

(liver &
spleen)
2.87/0.93

Inversion
time (ms)

130

180

180

N/A

N/A

N/A

N/A

Matrix

256×192

128×96

128×96

256×256

256×88

256×128

256×176

Slice
Thickness
(mm)

7

4

4

3

2.5

3.5

2.5

No. of slices

19

27

27

23

104

56

80

Averages

2

8

8

1

1

1

1

Echo train

256

1

1

50

1

1

1

PAT

2

2

2

1

1

1

2

Flip angle

180

90

90

150

15

15

9

Pixel spacing

1.56×1.56

0.8×0.8

0.8×0.8

1.25×1.25

1.4×1.4

1.2×1.2

1.56×1.56

TR: Repetition time, TE: Echo time, PAT: Parallel acquisition technique, STIR: Short tau inversion
recovery, HASTE: Half-Fourier single shot turbo spin echo, DWI: Diffusion weighted imaging
FLASH: Fast low angle shot technique, DCE: Dynamic contrast enhanced
PROPELLER: Periodically rotated overlapping lines with enhanced reconstruction

Contrast-enhanced chest CT
Chest CT was performed in cases of equivocal lung findings on

18

F-FDG PET-CT, after

intravenous contrast (2.0ml/kg Omnipaque 300, General Electric Healthcare, Milwaukee,
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Wisconsin, USA), using a 64-multi-detector row CT scanner (Siemens Somatom 64, Siemens,
Erlangen, Germany) (120kVp, 45 ref. mAs, 0.5s rotation time, 64x0.6mm detectors, pitch
1.4, 24x1.2 collimation).
Abdominal ultrasound
Abdominal ultrasound was performed by a consultant radiologist in case of equivocal solid
organ involvement on other cross sectional imaging.

Staging Imaging Interpretation

Standard staging imaging interpretation
18

F-FDG PET-CT was interpreted by a nuclear medicine physician (Dr Leon Menezes with

over 10 years of experience) on a dedicated workstation (Xeleris 2; GE Healthcare,
Milwaukee, Wisconsin, USA). The basic anatomical WB-MRI sequences including singlephase post-contrast sequences through the upper abdomen (but excluding DWI and
dynamic contrast enhanced sequences), abdominal ultrasound and high-resolution contrastenhanced chest CT images (when available) were evaluated by consultant pediatric
radiologist (Dr Paul Humphries with over 11 years of experience) using a standard picture
archiving and communication system (PACS) (IMPAX version 6.5.1; Agfa-Gevaert, Morstel,
Belgium). The readers derived the disease status for the 18 nodal and 14 extra nodal sites
listed below, as well as the final Ann Arbor stage. Definitions of nodal disease positivity were
those utilized by the Euronet PHL-C1 or LP1 trials [3], and based on long-axis size and 18FFDG uptake in comparison to background activity (Table [5-2]).
Disease volume was derived using all three-axis measurements [(X x Y x Z)/2] for subsequent
treatment response evaluation. The criteria for extra-nodal disease status using standard
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imaging is summarised in Table [5-3].

Table 5–2: Pre-defined criteria for nodal assessment

Standard Imaging
Cross sectional
imaging (Anatomical
MRI sequences, CT
component of PETCT)

Nodes > 2cm **
Positive

Equivocal
Negative

WB-MR Imaging

PET-CT Imaging *

N/A

Nodes > 2cm**

Nodes 1-2 cm

FDG-PET positive

Nodes 1-2 cm with ADC ≤ 1.2

Nodes < 1 cm

FDG-PET positive

Nodes < 1 cm with ADC ≤ 0.8

Nodes 1-2 cm

FDG-PET
equivocal
FDG-PET
negative
FDG-PET
negative

Nodes 1-2 cm with ADC >1.2 and
<1.8
Nodes 1-2 cm with ADC ≥ 1.8

Nodes 1-2 cm
Nodes < 1 cm

Nodes < 1 cm with ADC ≥ 0.8

* Involvement defined as uptake above surrounding background in a location incompatible with
normal physiological activity
** Long axis diameter
The largest diameter of all nodes was measured in 3 planes (axial long and short axis and coronal
cranio-caudal axis) using the fat-suppressed T2-weighted images and CT scan. Disease volume was
derived using all three axis measurements [(X x Y x Z)/2] for subsequent treatment response
evaluation.
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Table 5–3: Pre-defined criteria for extra-nodal assessment
Sites
Pleura

Standard Imaging (Anatomical MRI
sequences, PET-CT, contrast enhanced
CT Chest and abdominal ultrasound)
Involvement of the pleura is assumed if
• the lymphoma is contiguous with the
pleura without fat lamella
or
• the lymphoma invades the chest wall
or
• a pleural effusion occurs which
cannot be explained by a venous
congestion.

Pericardium

Pericardial involvement is assumed if
• the lymphoma has a broad area of
close contact towards the heart
surface beyond the valve level
(ventriculus area) or
• a pericardial effusion occurs/ nodules
without associated mediastinal lymph
node mass.

WB-MRI
Extension: Abnormal nodular moderatehigh signal of equal intensity to nodal
tissue within the pleura contiguous with
the main nodal mass.
Separate: Abnormal high signal of fluid
intensity anatomically in keeping with a
pleural effusion which cannot be
explained by associated pulmonary
oedema; or, pleural nodules discrete to
the main lymph node mass.
Extension: Extensive contact between
mediastinal lymph node mass and
pericardium to the level of the ventricles
in the presence of a pericardial effusion
and / or pericardial nodules.
Separate: Pericardial effusion / nodules
without associated mediastinal lymph
node mass.

Chest wall

Chest wall infiltration is defined as
extension of a mediastinal mass on CT
and/or PET positive focal chest wall
lesion.

Extension: Moderate-high signal
infiltration of the chest wall in continuum
with a lymphatic mass/or positive focal
chest wall lesion.

Lung

A disseminated lung involvement
(implying stage IV) is assumed if

Extension: Abnormal moderate-high
signal infiltration of the lung in continuum
with a lymphatic mass.
Separate: Abnormal moderate-high signal
focus (>1cm diameter) within the lung
discrete to lymphatic tissue or more than
three foci.

• there are more than three foci or
• an intrapulmonary focus has a
diameter of more than 10 mm.
Bone marrow

Bone involvement is assumed if a bone
biopsy is positive or CT bony window is
positive with or without further
confirmation by other imaging
methods in the same region or a
positive bone scan is confirmed by
either FDG-PET or MRI.

Homogenous moderate-high signal foci
within bone at a site discrete to the bone
marrow biopsy.
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Sites
Liver

Standard Imaging (Anatomical MRI
sequences, PET-CT, contrast enhanced
CT Chest and abdominal ultrasound)
Focal changes in the liver structure on
ultrasonography that are suspicious of
tumour are considered positive –
independent of the FDG-PET result.
In case of doubtful involvement of
liver (e.g. structures atypical of tumour
in sonography or MRI) the liver is
considered involved if FDG-PET is
positive.

Spleen

Focal changes in the splenic structure
on ultrasonography that are suspicious
of tumour are considered positive –
independent of the FDG-PET result.
In case of doubtful involvement of
liver (e.g. structures atypical of tumour
in sonography or MRI) the liver is
considered involved if FDG-PET is
positive.

WB-MRI
Extension: Moderate-high signal
infiltration of the liver in continuum with
an adjacent lymphatic mass.
Separate: Low signal (relative to
surrounding liver) discrete foci within the
liver not in continuation with an adjacent
lymphatic mass.

Extension: Moderate-high signal
infiltration of the spleen in continuum
with an adjacent lymphatic mass.
Separate: Low signal (relative to
surrounding spleen) discrete foci within
the spleen not in continuation with an
adjacent lymphatic mass.

Kidney

Diffuse enlargement with distortion of
the renal parenchyma or focal lesion
on CT/MRI/US or PET/CT positive
disease.

Global or focal renal enlargement and / or
discrete renal mass.

Stomach

Focal thickening on CT/MRI that also
demonstrates PET/CT positivity.

Marked wall thickening in a distended
stomach with moderate-high signal.

Pancreas

Diffuse enlargement with distortion of
the pancreatic parenchyma or focal
lesion on CT/MRI/US or PET/CT
positive disease.

Focal signal change within the pancreas
or global pancreatic enlargement.

Bowel

Focal thickening on CT/MRI that also
demonstrates PET/CT positivity.

Focal bowel wall thickening and elevated
STIR-HASTE signal intensity.

The final disease status for nodal and extra-nodal sites were assigned based on all standard
imaging in multi-disciplinary team meetings (MDT), as described below.
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Staging WB-MRI interpretation
Two radiologists (Dr Shonit Punwani and Professor Stuart A. Taylor with 9 and 6 years
experience in WB-MRI) in consensus reviewed anonymized WB-MRI datasets using Osirix ( V
4.1, Pixmeo SARL, Bernex, Switzerland) viewing software on a Mac (Apple, California, USA)
workstation and using all the available sequences (including DWI and dynamic contrast
enhanced images). The radiologists were blinded to the clinical history (other than the
diagnosis of lymphoma) and all other investigations.
The disease status for 18 nodal disease sites (cervical [right (R) and left (L)], supraclavicular
(R and L), subpectoral (R and L), axillary (R and L), mediastinal, splenic hilar, liver hilar,
mesenteric, retroperitoneal, iliac (R and L), inguinal (R and L)) and “other” sites, and 14
extra-nodal disease sites (lung (R and L), pleura, pericardium, chest wall, liver, spleen,
kidney (R and L), stomach, bowel, pancreas, bone marrow and “other” sites) as well as final
Ann Arbor stage were derived according to predefined trial criteria. Specifically for lymph
nodes, disease positivity was defined using a combination of size and ADC criteria (Table [52]). Size criteria for disease positivity were based on those used by the Euronet PHL-C1 or
LP1 trials [3].
ADC quantitation was performed by placing a region of interest in the largest cross section
of the node on the ADC map, guided by anatomically matched axial STIR-HASTE MRI. The
derived ADC cut offs for nodal positivity were based on pilot work, previously published [6].
The criteria for extra-nodal disease on WB-MRI was based on conventional structural
observations and MRI signal changes (Table [5-3]).

Interim treatment response evaluation
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Patients underwent interim 18F-FDG PET-CT (iPET-CT) and interim WB-MRI (iWB-MRI) within
14 days of completing the first two (Euronet PHL-C1) or three (Euronet LP1) cycles of
chemotherapy for initial treatment response evaluation, using identical protocols to their
baseline staging.

Restaging Standard Imaging interpretation
The nuclear medicine physician and consultant radiologist who evaluated the standard
initial staging imaging interpreted the iPET-CT and anatomical iWB-MRI sequences, and
derived the treatment response for all nodal and extra nodal disease sites using predefined
trial criteria based on tumour volume and 18F-FDG uptake (Table [5-4]) [3, 6].
Extra-nodal response was categorized using the definitions described below for the iWBMRI.
The overall interim per patient response for standard imaging was defined using the least
responsive nodal and/or extra-nodal disease sites.

Restaging Whole body MRI interpretation
The same radiologists who interpreted the initial staging WB-MRI, evaluated the iWB-MRI
and derived the treatment response for all nodal and extra nodal disease sites blinded to all
other investigations and using predefined criteria based on changes in nodal volume and
ADC (Table [5-4]). The ADC criteria for response were based on those derived from previous
work [6] and volume changes on that used by the Euronet trials [3]. Extra-nodal response
was evaluated by qualitative assessment of iWB-MRI and classified into four categories: [a]
locally undetectable (complete response), [b] locally detectable but reduction in size or

155

number of deposits (partial response), [c] locally unchanged (no change in the number or
size of deposits) and [d] locally progressive (progressive disease).
The overall per-patient interim response for iWB-MRI was defined using the least responsive
nodal and/or extra-nodal disease sites.

Table 5–4: Nodal disease response assessment
Disease response

Definition for standard
imaging tests

Definition for WB-MRI scan

Complete response
[CR]

Residual tumour volume is less
than 25% of initial staging or <=
2ml and PET negative.

Residual tumour volume is less
than 25% of initial staging or <=
2 ml and ADC greater than 30%
change compared to pretreatment value.

Partial response (inadequate)
[PRi]

Residual tumour volume <75%
but >= 50% of initial staging, or
disease is PET avid (focal or
diffuse uptake exceeding that
of mediastinal blood pool in a
location incompatible with
normal anatomy or physiology).

Residual tumour volume <=50%
but >= 25% of initial staging,
and fractional change in ADC
≥70% compared to pre
treatment value.

Partial response (adequate)
[PRa]

Residual tumour volume <=50%
but >= 25% of initial staging,
and all disease is PET negative
(avidity not exceeding that of
mediastinal blood pool).

Residual tumour volume <75%
but >= 50% of initial staging, or
fractional change in ADC less
than 70% compared to pre
treatment value.

No change
[NC]

Residual tumour volume >=75%
but < 125% of initial staging.

Residual tumour volume >=75%
but < 125% of initial staging.

Progression
[PRO]

Residual tumour volume
≥125%.

Residual tumour volume
≥125%.
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Primary reference standard
The primary reference standard for all 32 disease sites, Ann Arbor stage at initial staging,
and the interim treatment response evaluation was assigned by a MDT meeting attended by
a consultant radiologist, nuclear medicine physician, two paediatric haemato-oncologists
and a haematopathologist. The panel based their assessment on all standard imaging test
results (interpreted as described above), together with all clinical information including
clinical examination findings, blood test results and available histology.

Central review of imaging discrepancies and creation of an enhanced reference standard
Given the potential limitations of standard imaging in staging HL, and the risk of radiologist/
nuclear medicine physician perceptual errors adversely influencing the primary reference
standard, a retrospective enhanced reference standard was produced to better evaluate the
potential accuracy of WB-MRI. Specifically, all discrepancies between WB-MRI and standard
imaging tests (including 18F-FDG PET-CT) at initial staging were reviewed by an expert panel
comprising two radiologists (one of whom was not involved in the main trial radiological
interpretation), two nuclear medicine physicians (one of whom was not involved in the main
trial PET scan interpretation) and two pediatric hemato-oncologists. The panel reviewed all
staging, interim and end of treatment scans and had access to follow up imaging and clinical
outcomes up to 24 months post chemotherapy.

Anatomical boundary description discrepancies
Initially the panel corrected simple labeling discrepancies that were due to differences in
disease site description between those interpreting the WB-MRI and those interpreting
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standard imaging, usually between adjacent anatomical sites. For example, if an involved
node was described as “cervical” on WB-MRI but “supraclavicular” on standard imaging, the
panel opined if this was a true discrepancy or if both modalities had described the same
disease, and just classified its anatomical location differently, in which case the discrepancy
was re-classified as concordant.

Correction of perceptual and technical errors in the primary standard reference and creation
of an enhanced reference standard
Once simple anatomical boundary labeling discrepancies were corrected, the panel
reviewed the remaining discrepancies and decided if the primary reference standard
needed correcting based on all the available imaging and follow up data. Initially simple
perceptual errors in standard imaging interpretation were corrected, for example
unequivocal areas of disease positivity on WB-MRI that responded to treatment, but were
missed on the original

18

F-FDG PET-CT interpretation and visible on the

18

F-FDG PET-CT in

retrospect on panel review (Figure [5-1]).
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Figure 5–1: Example of 18F-FDG PET-CT perceptual error
Right axillary nodal station was called negative on (a) 18F-FDG PET-CT and positive on WB-MRI. b500
Diffusion weighted MRI (b) and apparent diffusion coefficient map (c) showing restricted diffusion
(ADC 1.0 × 10−3 mm2/s). On retrospective evaluation of nodal station, with full follow up data
available, the expert panel judged the right axillary node (arrows) to be a positive nodal site based on
18

F-FDG uptake, and thus a perceptual error on initial

18

F-FDG PET-CT interpretation

159

Thereafter positive findings on WB-MRI not visible on the standard imaging even in
retrospect were reviewed to see if any were technical failures of standard imaging. Only
unequivocal disease sites with clear response to treatment on WB-MRI were considered
technical failures of standard imaging by the panel, otherwise such findings were classified
as WB-MRI false positives. In a similar fashion, the panel identified any false positive
findings on standard imaging. The creation of this enhanced reference standard aimed to
define the true disease status of the patients as far as possible.

Correction of MRI for perceptual errors
Finally, all the WB-MRI errors against the enhanced reference standard were clarified into
perceptual errors when the abnormality was visible in retrospect on the WB-MRI, or
technical error when it was not. By identifying and correcting MRI perceptual errors it was
then possible to assess the theoretical best performance of the WB-MRI protocol.

Study power calculation
Assuming a discordant rate of 20% (extrapolated from pilot data [7]), a total of 55 patients
would be sufficient to exclude a discordance rate of greater than 35% with 80% power and
one-sided 5% significance level. A sample size of 55 patients would also be sufficient to form
a 95%CI with 20% precision around an assumed kappa of 0.86 and an assumed MRI
sensitivity of at least 85% for site-specific disease [7].

Data analysis
Blinded analysis of complete WB-MRI dataset including DWI and DCE and the primary
reference standard was assessed in terms of disease classification, Ann Arbor staging and
interim treatment response evaluation.
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The primary endpoint was based on achieving full (100%) concordance between WB-MRI
and the primary reference standard in terms of correct disease classification for all
anatomical sites. A binary classification of each disease status as either negative or
positive/equivocal was made as part of the reference standard
The primary endpoint was summarized in terms of frequency and percentage of patients
who had a concordance below 100% for all disease sites combined, and separately for nodal
and extra-nodal sites. The median (IQR) discordance rate for each patient was also
calculated.
The true positive rate (TPR) (sensitivity) and false positive rate (FPR) of WB-MRI was
calculated for nodal and extra-nodal disease sites, along with the kappa statistic. Agreement
for Ann Arbor staging and classification of interim treatment response evaluation (for
positive/equivocal disease sites that were concordant at initial staging) were summarized in
terms of frequency, percentages and kappa.
Sensitivity analysis were performed using the outcomes from the central review process,
and the enhanced reference standard.
Specifically, the agreement analyses for staging WB-MRI were repeated:
•

After correcting for anatomical boundary labeling description
discrepancies only

•

Against the enhanced reference standard (including correction of
boundary labeling description discrepancies)

•

Against the enhanced reference standard after removal of WB-MRI
perceptual errors
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Ann Arbor staging agreement was assessed after integrating the results of enhanced
reference standard and after MRI correction for perceptual errors.
Statistical analysis was performed using Stata software package (Version 14. Stata
Corporation LP, College Station, Texas).

Results

Patient characteristics
Fifty-eight patients were recruited (M:F 39:19, median age 16 , range 5-19 years). Eight
patients were excluded (Figure [5-2]). The demographics, disease subtype and treatment
regimen of the final 50 patient study cohort is shown in Table [5-5]. Staging WB-MRI was
performed within median 2 days (range 0-20 days) of 18F-FDG PET-CT without any
complication, and before treatment in all patients. The study flowchart is presented in
Figure [5-2].

Central review and enhanced reference standard
Across the 50 patient cohort, there were 1527 disease sites [875 nodal (850 pre-defined
sites and 25 “other” sites and 652 extra-nodal sites (650 pre-defined sites and 2 “other”
sites)] evaluated by both WB-MRI and standard imaging.
The central review identified and resolved 44 anatomical boundary labeling description
discrepancies. There were 14 perceptual errors in the primary reference standard (10 nodal
and 4 extra-nodal), together with 1 technical error. There were 20 WB-MRI perceptual
errors.
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Table 5–5: Patients' demographics
Baseline characteristics
Age (years)
Median (range)

N (%)
N=50

16 (6 to 19)

Sex
Female
Male

18 (36%)
32 (64%)

Hodgkin’s Lymphoma subtype
Classical
Nodular Lymphocyte Predominant

42 (84%)
8 (16%)

Chemotherapy
OEPA
OEPA/COPDAC
CVP
DHAP/OEPA/COPDAC
Others *

9 (18%)
32 (64%)
7 (14%)
1 (2%)
1 (2%)

OEPA: Vincristine, Etoposide, Prednisolone, Doxorubicin
COPDAC: Cyclophosphamide, Vincristine, Prednisolone, Dacarbazine
CVP: Cyclophosphamide, Vincristine, Prednisolone
DHAP: Dexamethasone, Cytarabine, Cisplatin
*: One patients with stage I and single lymph node involvement that was excised for histopathology
did not received any treatment
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Figure 5–2: The study flowchart
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Per-patient staging agreement
Per-patient concordance rate for each analysis shown in Figure [5-3] and Table [5-6].
The overall discordance rate before and after correcting for simple anatomical labeling
discrepancies was 74% (95%CI: 61.9% to 83.9%) and 60% (95%CI: 47.4% to 71.7%)
respectively. After correcting for labeling discrepancies, the discordance rate was 44% (90%
CI exact 32.0%-56.6%) for nodal sites, and 28% (90% CI exact 17.8%-40.3%) for extra-nodal
sites.
Against the enhanced reference standard, the equivalent discordance rates fell to 44% (90%
CI exact 32.0%-56.6%) for all sites, 34% (90% CI exact 23.0%-46.5%) for nodal sites and 18%
(90% CI exact 9.7%-29.3%) for extra-nodal sites. After removal of WB-MRI perceptual errors,
the discordance rates for all, nodal and extra-nodal sites were 18% (90% CI exact 9.7%29.3%), 16% (90% CI exact 8.2%-27.0%) and 4% (90% CI exact 0.7%-12.1%) respectively.

Per-site staging agreement
Absolute agreement rate, TPR, FPR and Cohen’s kappa statistic for nodal and extra-nodal
disease sites for each analysis are shown in Table [5-7].
Against the primary reference standard, WB-MRI TPR, FPR and kappa agreement were 81%,
5% and 0.77 (95% CI:0.72-0.82) for nodal disease and 72%, <1% and 0.79 (95% CI: 0.68-0.90)
for extra-nodal disease. After correcting for simple anatomical labeling discrepancies the
figures were 90%, 2%, 0.89 (95% CI: 0.86-0.93) and 72%, <1%, 0.79 (95% CI:0.68-0.90) for
nodal and extra-nodal disease, respectively.
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100% (92%-100%)

a
94% (91%-100%)

Agreement % achieved for each patient

100

94% (88%-100%)

90

80

70

100

b

100% (94%-100%)

90

80

70

60

60
Nodal+Extranodal sites

Nodal sites

Extranodal sites

Nodal+Extranodal sites

Median (IQR)

c

100% (97%-100%)

Nodal sites

Extranodal sites

Median (IQR)

100% (94%-100%)

100% (100%-100%)

Agreement % achieved for each patient

100

100% (92%-100%)

97% (97%-100%)

90

80

70

60

100

d

100% (100%-100%)

100% (100%-100%)

100% (100%-100%)

90

80

70

60
Nodal+Extranodal sites

Nodal sites

Extranodal sites

Nodal+Extranodal sites

Median (IQR)

Nodal sites

Extranodal sites

Median (IQR)

Figure 5–3: Per-patient concordance rate for nodal, extra-nodal and combined nodal/extra-nodal sites
(a) WB-MRI and primary reference standard prior to the removal of simple boundary classification
labeling discrepancies
(b) following the removal of simple boundary classification labeling discrepancies
(c) WB-MRI and the enhanced reference standard (following removal of 18F-FDG PET-CT perceptual
and technical errors)
(d) WB-MRI and the enhanced reference standard following removal of WB-MRI perceptual errors.
Median and interquartile range (IQR) are presented for each analysis tier.
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Table 5–6: Per-patient concordance rate for each analysis

Concordance rate

Analysis 1
≤60%
>60% to ≤80%
>80% to ≤90%
>90% to <100%
100%
Analysis 2
≤60%
>60% to ≤80%
>80% to ≤90%
>90% to <100%
100%
Sensitivity analysis 1
≤60%
>60% to ≤80%
>80% to ≤90%
>90% to <100%
100%
Sensitivity analysis 2
≤60%
>60% to ≤80%
>80% to ≤90%
>90% to <100%
100%

Overall
(Nodal and Extranodal sites)
N=50
N (%)

Nodal sites

Extra-nodal sites

N=50
N (%)

N=50
N (%)

-

-

-

1 (2%)
8 (16%)
28 (56%)
13 (26%)

5 (10%)
15 (30%)
16 (32%)
14 (28%)

14 (28%)
36 (72%)

-

-

-

4 (8%)
26 (52%)
20 (40%)

1 (2%)
5 (10%)
16 (32%)
28 (56%)

14 (28%)
36 (72%)

-

-

-

1 (2%)
21 (42%)
28 (56%)

4 (8%)
13 (26%)
33 (66%)

9 (18%)
41 (82%)

-

-

-

9 (18%)
41 (82%)

1 (2%)
7 (14%)
42 (84%)

2 (4%)
48 (96%)

Analysis 1: Comparison between WB-MRI and primary reference standard before correction of
simple anatomical boundaries labelling discrepancies
Analysis 2: Comparison between WB-MRI and primary reference standard following correction of
simple anatomical boundaries labelling discrepancies
Sensitivity analysis 1: Comparison between WB-MRI and enhanced reference standard (after
removal of perceptual and technical errors in the primary reference standard)
Sensitivity analysis 2: Comparison between WB-MRI and enhanced reference standard following
removal of WB-MRI perceptual errors

167

Table 5–7: Overall true positive, false positive and agreement rate
Analyses*

Agreement rate

TPR

FPR

Kappa (95% CI)

Analysis 1
Nodal Sites
Extra-nodal sites

91% (799/875)
98% (638/652)

81% (184/226)
72% (28/39)

5% (34/649)
<1% (3/613)

0.77 (0.72-0.82)
0.79 (0.68-0.90)

Analysis 2
Nodal Sites
Extra-nodal sites

96% (799/831)
98% (638/652)

90% (184/204)
72% (28/39)

2% (12/627)
<1% (3/613)

0.89 (0.86-0.93)
0.79 (0.68-0.90)

Sensitivity analysis 1
Nodal Sites
Extra-nodal sites

97% (809/831)
99% (643/652)

91% (192/210)
79% (30/38)

1% (4/621)
<1% (1/614)

0.93 (0.90 to 0.96)
0.86 (0.77 to 0.95)

Sensitivity analysis 2
Nodal Sites
Extra-nodal sites

99% (822/831)
>99% (650/652)

97% (203/210)
95% (36/38)

<1% (2/621)
0% (0/616)

0.97 (0.95 to 0.99)
0.97 (0.93 to 1.00)

* Analysis 1: Comparison between WB-MRI and primary reference standard before correction of simple anatomical boundaries
labelling discrepancies
Analysis 2: Comparison between WB-MRI and primary reference standard following correction of simple anatomical
boundaries labelling discrepancies
Sensitivity analysis 1: Comparison between WB-MRI and enhanced reference standard (after removal of perceptual and
technical errors in the primary reference standard)
Sensitivity analysis 2: Comparison between WB-MRI and enhanced reference standard following removal of WB-MRI
perceptual errors
TPR: true positive rate; FPR: false positive rate; CI: confidence interval

Against the enhanced reference standard, the WB-MRI TPR, FPR and kappa agreement were
91%, 1% and 0.93 (95% CI:0.90-0.96) for nodal disease and 79%, <1% and 0.86 (95% CI: 0.770.95) for extra-nodal disease.
Following removal of WB-MRI perceptual errors, the TPR, FPR and kappa agreement were
97%, <1% and 0.97 (95% CI: 0.95-0.99) for nodal and 95%, 0% and 0.97 (95% CI: 0.93-1.00)
for extra-nodal assessment compared to enhanced reference standard.
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Against the enhanced reference standard there were 7 WB-MRI false negative nodal sites
due to technical failures (i.e. not visible in retrospect), 2 false positive nodal sites and 2 false
negative extra-nodal sites. Full details of these technical failures are given in Table [5-8].

Ann Arbor staging agreement
Based on enhanced reference standard, there were 2, 26, 5, 14 and 3 patients with Ann
Arbor stage 1, 2, 3, 4 and 4E, respectively.
Agreement between WB-MRI and the primary reference standard for Ann Arbor stage was
substantial (Kappa 0.66 95% CI: 0.50-0.83) with staging concordant between the two in
39/50 (78%) patients (Table [5-9]).
Prior to removal of WB-MRI perceptual errors, agreement between WB-MRI and the
enhanced reference for the Ann Arbor stage was substantial (Kappa 0.72, 95% CI: 0.56-0.88)
with staging concordant between the two in 41/50 (82%) patients.
After removal of WB-MRI perceptual errors concordance was achieved in 48/50 patients
(96%), and the Kappa statistic increased to 0.94 (95% CI: 0.85-1.00). Two patients were
under-staged due to technical failure of WB-MRI compared to enhanced reference (Figure
[5-4]).
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Table 5–8: Nodal and extra-nodal discrepancies
Site

WB-MRI

ERS

Reason
ADC measurement of equivocal node by
size criteria

Supraclavicular (n)

Negative

Positive

Axillary (n)

Positive

Negative

Cervical (n)

Negative

Positive

Axillary (n)

Negative

Positive

Cervical (n)

Negative

Positive

Bone marrow (e)

Negative

Positive

Multi-focal bone marrow involvement
missed on WB-MRI

Cervical (n)

Positive

Negative

ADC measurement of equivocal node by
size criteria

Axillary (n)

Negative

Positive

ADC measurement of equivocal node by
size criteria

Lung (e)

Negative

Positive

Liver Hilar (n)

Negative

Positive

Supraclavicular (n)

Negative

Positive

ADC measurement of equivocal node by
size criteria
Subcentimeter LN positive on FDG PET

Subcentimeter LN positive on FDG PET

Subcentimeter LN positive on FDG PET

Multiple small lung foci detected on CE
chest CT scan and missed on WB-MRI
ADC measurement of equivocal node by
size criteria
Subcentimeter LN positive on FDG PET

List of nodal and extra-nodal sites with discrepancies between WB-MRI and the final enhanced
reference standard following removal of WB-MRI perceptual errors
n: Nodal site, e: Extra-nodal site, LN: Lymph node, PET: Positron emission tomography
FDG: 18F-2-fluro-2-deoxy-D-glucose, ADC: Apparent diffusion coefficient, CE: Contrast enhanced,
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Table 5–9: Ann Arbor staging agreement

Ann Arbor Staging

Trial MRI
(Analysis 1)

I
II
II E
III
IV
IV E

I
N=2

II
N=28

2 (100%)
-

1 (4%)
22 (79%)
4 (14%)
1 (4%)
-

I
N=2

Trial MRI
(Analysis 2)

I
II
II E
III
IV
IV E

2 (100%)
-

I
N=2

Trial MRI
(Analysis 3)

I
II
II E
III
IV
IV E

2 (100%)
-

Primary Reference Standard
II E
III
N=0
N=4
0 (0%)
-

3 (75%)
1 (25%)
-

IV
N=13

IV E
N=3

1 (8%)
12 (92%)
-

1 (33%)
2 (67%)

IV
N=14

IV E
N=3

1 (7%)
13 (93%)
-

1 (33%)
2 (67%)

IV
N=14

IV E
N=3

1 (7%)
13 (92%)
-

1 (33%)
2 (67%)

Enhanced Reference Standard
II
II E
III
N=26
N=0
N=5
1 (4%)
22 (85%)
2 (7%)
1 (4%)
-

0 (0%)
-

3 (60%)
2 (40%)
-

Enhanced Reference Standard
II
II E
III
N=26
N=0
N=5
26 (100%)
-

0 (0%)
-

5 (100%)
-

Analysis 1: Comparison between WB-MRI and primary reference standard
Analysis 2: Comparison between WB-MRI and enhanced reference standard before removal of WBMRI perceptual errors
Analysis 3: Comparison between WB-MRI and enhanced reference standard following removal of
WB-MRI perceptual errors
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a

b

d

c

e

Figure 5–4: Example of WB-MRI technical error

False negative WB-MRI technical error resulting in under-staging of a fifteen year old female patient
with multi-focal bone marrow involvement; (a) axial STIR-HASTE, (b) DWI b500 and (c) coronal STIRHASTE MRI show no discernable bone marrow abnormality.
(d) Fused 18F-FDG PET-CT and (e) coronal 18F-FDG PET projection however demonstrates multi-focal
bone marrow metastasis (arrows). Patent did not receive GCSF as part of her treatment regimen.

Interim Treatment response agreement
Thirty-eight of the 50 patients were evaluable for interim treatment response analysis
(Figure [5-2]). iWB-MRI scans were acquired within a median of 60 days (range 50-80 days)
after staging WB-MRI exams and within a median of 1 day (range 0-7 days) of iPET scans.
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On a per-patient basis, iWB-MRI agreed with the primary reference standard response
classification 25/38 patients (66%, 6 PR and 19 CR), underestimating response in 11 (29%)
patients, and overestimating response in 2 (5%) patients (Kappa 0.28, 95% CI: 0.02-0.54).
Considering all positive concordant sites on initial staging WB-MRI and the primary
reference standard, there were 143 nodal and 26 extra-nodal sites evaluable for interim
treatment assessment.
iWB-MRI agreed with the primary reference standard response classification in 126/143
(88%) nodal sites, underestimating response in 3 (2%) sites and overestimating response in
14 (10%)
iWB-MRI agreed with primary reference standard response classification in 17/26 (66%)
extra-nodal sites. In the remaining 9 (34%) sites, WB-MRI underestimated response (Figure
[5-5]).
The nodal sites with discrepant interim treatment response results are tabulated in Table [510]. For extra-nodal sites, response was underestimated by WB-MRI for bone marrow in 4
sites (3 with reduced but persistent detectable disease and 1 with unchanged disease), and
for spleen and lung in 2 and 3 sites, respectively (all 5 with reduced but persistent disease
on WB-MRI). All of the 9 sites showed complete response on primary reference standard.
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Figure 5–5: Discrepant response classification between WB-MRI and 18F-FDG PET-CT
Subject is an eight years old male subject with stage 4 disease. Baseline WB-MRI (a) and 18F-FDG
PET-CT (c) showing involvement of entire T11 vertebrae. Interim WB-MRI (b) showing no signal
intensity change whilst interim 18F-FDG PET-CT (d) demonstrated complete response. Patient
remained in remission following chemotherapy.

Long term clinical outcomes
Based on long-term follow up data, of the 11 patients in whom iWB-MRI underestimated
treatment response, 10 remained in long-term remission without additional treatment
suggesting iWB-MRI was incorrect. One patient however did undergo additional
radiotherapy for presumed ongoing disease.
Both patients in whom iWB-MRI overestimated response underwent additional
radiotherapy following chemotherapy.
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Table 5–10: Nodal sites with discrepant interim treatment response

Cervical

Reference
standard
response
CR

Inguinal

PRi

CR

Residual PET Positivity

Cervical

CR

PRa

Supraclavicular

CR

PRa

Mediastinal

PRa

CR

Supraclavicular

PRi

CR

Supraclavicular

PRa

CR

Mediastinal

PRi

CR

Percentage residual tumour 26% for WB-MRI and
2.7% for PET-CT
Percentage residual tumour 37% for WB-MRI and
3.8% for PET-CT
Percentage residual tumour 14% for WB-MRI and
40% for PET-CT
Percentage residual tumour 6% for WB-MRI and
70% for PET-CT
Percentage residual tumour 4.6% for WB-MRI and
38% for PET-CT
Residual PET positivity

Cervical

PRO

PRi

Supraclavicular

PRO

PRa

Cervical

PRa

CR

Liver hilar

PRi

CR

Iliac

PRa

CR

Mediastinal

PRa

CR

Supraclavicular

PRa

CR

Mediastinal

PRi

CR

Percentage residual tumour 0 for WB-MRI and 57%
for PET-CT
Percentage residual tumour 3.3% for WB-MRI and
25% for PET-CT
Percentage residual tumour 13% for WB-MRI and
28% for PET-CT
Percentage residual tumour 6.4% for WB-MRI and
42% for PET-CT
Residual PET Positivity

Supraclavicular

PRi

CR

Residual PET Positivity

Disease site

WB-MRI response

Reason for discrepancy

PRa

Percentage residual tumour 34% for WB-MRI and
19% for PET-CT

Percentage residual tumour 53% for WB-MRI and
80% for PET-CT
Percentage residual tumour 32.5% for WB-MRI and
84% for PET-CT
Percentage residual tumour 11% for WB-MRI and
42% for PET-CT

PRa: Partial response adequate
PRi: Partial response inadequate
CR: Complete response
PRO: Progression
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Discussion and Conclusion
In the current study I compared WB-MRI with a combined multi-modality reference
standard based mainly on standard imaging (notably 18F-FDG PET-CT) but including clinical
and histological data for staging and interim treatment response monitoring in pediatric HL.
Whilst accuracy was good for individual disease sites, full concordance with the reference
standard staging was modest, confirming that WB-MRI is not yet ready to replace standard
investigations.
The current findings of intrinsically high sensitivity and specificity for nodal and extra-nodal
staging confirm the data of Littooij et al who performed a similar staging study in a small
cohort of 33 pediatric patients with a range of lymphoma phenotypes [8], and mirror those
of Mayerhoefer et al [1] who studied a large cohort of 140 adult patients. In line with
previous work [7], a rigorous consensus review process was used, taking into consideration
all long term imaging and clinical follow-up to create an enhanced reference standard,
thereby correcting deficiencies in standard staging pathways, and providing a more realistic
evaluation of the accuracy of WB-MRI. Against the enhanced reference, WB-MRI achieved
91% sensitivity for nodal disease.
The performance of WB-MRI for nodal disease assessment in this study is in line with the
results of WB-MRI consensus read for nodal staging presented in chapter 3, reporting a
sensitivity of 90.6%.
However, sensitivity for extra-nodal disease was modest at 79%. WB-MRI perceptual errors
were retrospectively corrected to indicate the theoretical “best” technical performance of
WB-MRI, which increased nodal sensitivity to 97% and extra-nodal disease sensitivity to
95%. However, there were 2 cases of extra-nodal disease (bone marrow and lung
involvement) not seen on WB-MRI in retrospect that were considered as true WB-MRI
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technical errors. One of the advantages of MRI is its high accuracy for detection of skeletal
metastasis [9, 10]. However, in pediatric and adolescent cohorts, a larger proportion of
active marrow (red marrow) compare to fatty marrow (yellow marrow) might reduce
performance [11]. Additionally, the detection of skeletal metastasis might be hampered by
prior administration of Granulocyte-colony stimulating factor (GCSF) and care should be
taken in interpreting images following GCSF treatment.
Furthermore, in clinical practice, perceptual errors are unavoidable and correcting for these
errors will overestimate the likely performance of WB-MRI as it becomes more widely
disseminated; particular emphasis on detecting extra-nodal disease should be made as part
of radiologist training, and the technique will likely performs best in experienced hands.
Agreement for Ann Arbor staging was substantial, which increased to near perfect after
removal of WB-MRI perceptual errors.
The primary analysis, and one rarely performed in the literature, is how often WB-MRI
achieved full concordance with standard imaging for each and every disease site in an
individual patient. Such data is clinically highly relevant, as patients with early unfavorable
response will often undergo targeted radiotherapy to individual involved nodal stations sites
following chemotherapy [12]. Thus if WB-MRI misses a single node at a remote disease site,
the patient may be under-treated. Against the enhanced reference standard, full
concordance for nodal disease was achieved in 66% of patients, which increased to 84%
after removal of WB-MRI perceptual errors, and concordance of over 90% was achieved in
82% of patients. Thus, although headline disease sensitivity data is encouraging, there is a
substantial minority of patients with discordant findings to the standard staging, which may
have treatment implications. The present result suggests that using ADC as a surrogate for
18

F-FDG uptake, although promising [6, 13], is currently insufficient. More than 50% of WB-
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MRI technical errors for nodal staging were caused by applying the predefined ADC cut-off
value to nodes measuring 1-2 cm (and thus indeterminate on size criteria). It is clear there is
overlap in ADC between malignant lymph nodes and normal/reactive lymph nodes and the
optimal ADC cut-off remains unclear, and requires further investigation [14, 15].
In this chapter, the ADC thresholds were applied to 1-2 cm nodes which is methodologically
different from chapter 4 where ADC was only applied to 5-9 mm nodes. However, there is
clearly overlap in ADC of malignant lymph nodes and normal/reactive lymph nodes and the
optimal ADC cut-off remains unclear, requiring further investigation [14, 15]. This should
certainly sound a note of caution, suggesting that WB-MRI is not ready yet to replace
standard imaging, notably 18F-FDG PET-CT. Although access to new 18F-FDG PET-MR
technology is currently very limited, this platform my ultimately prove to be the
investigation of choice and prospective studies are currently underway [16].
To date, most work has focused on initial staging [1, 8, 17], but interim treatment response
assessment is a vital part of achieving a successful patient outcome [18, 19]. i18F-FDG PET is
a strong prognostic indicator in HL [20, 21], with high negative predictive value [22, 23]
which outperforms the International Prognostic Score [24].
The accuracy of iWB-MRI, for interim treatment response assessment is under investigation,
but far from proven [13, 25, 26].
Using simple visual inspection of DWI images, Mayerhoefer et al [2] reported
region-based agreement between WB-DWI with 18F-FDG PET-CT was 99.2% after 1–3
therapy cycles in their cohort of 51 patients with various lymphoma types, and
Tsuji et al [27] found that WB-DWI was concordant with 18F-FDG-PET/CT in 100% of cases
(n=19) with lesion negative interim scans.
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One potential of applying quantitative ADC cut offs for response assessment is to improve
the specificity of simple visual assessment. Littooij et al [28] for example reported that
applying ADC cut-off value of 1.21 × 10−3 mm2/s following chemotherapy increased
specificity for residual nodal disease detection by nearly 30% compared to visual inspection
only.
By applying a similar ADC cut-off, I found that iWB-MRI agreed with the reference standard
(heavily reliant on 18F-FDG PET-CT) in a moderate 66% of patients for interim treatment
response classification.
On a site-by-site basis analysis, interim response on iWB-MRI agreed with the reference
standard in 87% and 66% of nodal and extra-nodal sites, respectively. Thirteen of the 17
nodal discrepancies were simply due to differences between iPET and iWB-MRI for residual
tumor volume estimation, presumably the consequence of inter-observer and/or intermodality variations.
One particular observation was the persistence of abnormal DWI bone marrow signal after
successful treatment, resulting in underestimation of response by WB-MRI and highlighting
a limitation of visual response of extra-nodal disease on DWI. Quantitative ADC
measurements my aid in differentiation between persistent tumour, treatment necrosis and
prior GCSF administration [29] and requires further investigation.
The current study has some limitations. Firstly, an un-blinded expert panel opinion and longterm follow up data was used to derive the enhanced reference standard for staging and
interrogate interim response assessments. However, the results are presented from all tiers
of the analysis, including against the fully blinded primary MDT derived reference standard.
In the absence of a robust reference standard such as histology, imperfect standards of

179

reference can result in inaccurate evaluation of new technologies and such consensus
panels are common in studies of imaging diagnostic accuracy [8, 17, 30].
Secondly, both qualitative and quantitative MRI assessment for staging and response
monitoring were used. The generalizability of ADC quantitation across institutions and
platforms remains challenging because ADC values are known to be dependent on MRI
protocol parameters and scanner platform [31, 32]. However, ADC measurement’s
variability in single-center and multi-center studies have been shown to be good with the
coefficient of repeatability of about 15%–30% across multiple studies [33]. Furthermore, it
should be noted that the ADC variations are known to be less problematic on 1.5T MRI
platforms compared to that of 3.0T scanners because of less homogenous magnetic field
and less robust fat suppression on higher magnetic fields scanners [34].
Thirdly, only paediatric and adolescent HL patients were included in this study. It has been
shown ADC changes following chemotherapy may differ between HL and non-HL subtypes
of lymphoma [25]. Although the stringent inclusion criteria may limit the applicability of my
findings to other subtypes of lymphoma, use of a prospectively recruited homogenous study
population with standardized treatment regimens means that current results are likely
robust for this patent cohort.
The highest b-value of 500 s/mm2 for DWI disease assessment was used. I do acknowledge
that a higher b-value between 800-1000 s/mm2 would have been in-line with current
recommendations on WB-DWI [35], however the ADC cut-off parameters were derived from
previous pilot work [6] using similar DWI protocol as the current study. Additionally, using
highest b-value of 800-1000 s/mm2 instead of 500 s/mm2 could have implications for
disease detection because of improved lesion-to-contrast ratio with higher b-value (due to
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more pronounced background signal suppression from normal tissue), potentially
decreasing perceptual errors for extra-nodal disease assessment.
In conclusion, when compared to standard imaging, WB-MRI with DWI has reasonable
intrinsic diagnostic performance for nodal and extra-nodal staging of paediatric HL.
However, in a substantial minority of patients it fails to achieve full concordance with
standard imaging for all disease sites. WB-MRI has reasonable accuracy for interim
treatment response classification but tends to underestimate disease response, particularly
in extra-nodal disease sites. Overall, although promising, WB-MRI with DWI cannot currently
replace standard imaging investigations in pediatric and adolescent Hodgkin’s lymphoma
and further research is required, particularly to derive optimum ADC cuts for disease status,
and the significance of persistent extra-nodal abnormality following treatment.
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Chapter 6 : Derivation of an Optimal Whole-body MRI at 3.0 T
for the Assessment of Adult’s Lymphoma
Overview:
In this chapter the application of qualitative 3.0 T WB- MRI for staging adult’s lymphoma is
prospectively assessed

Research questions:
1: Does a WB-MRI using 3.0 T platform perform equally to reference standard imaging for
staging in adult’s lymphoma?
2: What is the diagnostic performance of each sequences as part of a multi-parametric WBMRI protocol?

Rationale:
Current assessment of adult’s lymphoma using imaging is widely performed using 18F-FDG
PET-CT. WB-MRI using 3.0 T scanners holds promise as an alternative or adjunct imaging
modality. However, there is currently no agreement on the type and number of sequences
to be employed for WB-MRI protocols.

Aims:
To determine the optimal 3.0 T WB-MRI protocol for staging assessment in adult’s
lymphoma.

185

Author declaration
All of the work in this chapter was conceived, analysed and written by myself, under the
supervision of Dr Shonit Punwani.
WB-MRI image analysis was conducted by Dr Mark Duncan and Dr Maria Klusmann from
radiology department.
18

F-FDG PET-CT analysis was conducted by Dr Francesco Fraioli and Dr Deena Neriman from

nuclear medicine department.

Publication:
1- Whole body 3.0 T MRI for Staging Lymphomas: An Assessment of Multiple Sequences
Compared to Reference Standard Imaging. ISMRM 2018. Conference abstract (Program
Number:3821, Poster Presentation)
Authors: Arash Latifoltojar, Mark Duncan, Maria Klusmann, Kirit Ardeshna, Jonathan
Lambert, Sajir Mohamed Bhai, Alan Bainbridge, Magdalena Sokolska, Shonit Punwani
2- Comparison of Whole-body MRI and PET-CT for staging adult lymphoma: Preliminary
result at 3.0T. ISMRM 2016. Conference abstract (Program Number: 1122, Oral
Presentation)
Authors: Arash Latifoltojar, Natascha Rosa, Maria Klusmann, Mark Duncan, Kirit Ardeshna,
Jonathan Lambert, Sajir Mohamed Bhai, Alan Bainbridge, Magdalena Sokolska, Shonit
Punwani

186

Introduction
3.0 T MRI scanners have the potential to improve diagnostic accuracy through higher
resolution imaging, faster acquisition strategies allowing incorporation of additional
sequences within a clinically feasible scan time. These advantages of 3.0T MRI platforms
could in theory improve diagnostic accuracy of WB-MRI for staging of disease.
The SNR advantage at higher field strength can be compromised by other factors such as
receiver bandwidth, RF and receiver coils designs, spatial resolution and field
inhomogeneity.
For instance, a homogeneous fat suppression is more difficult to achieve at higher filed
strength compared to 1.5T platform due to increased field inhomogeneity [1].
The increased chemical shift at higher field strength does allow more successful frequencyselective fat suppression due to broader frequency difference between protons bound in fat
and water molecules seen at 3.0 T [2]. However, the downside of increased chemical shift is
that it can cause pronounced artifacts seen on 3.0 T such as chemical shift artifact at fatwater (tissue) interfaces (such as pre-renal fat and renal tissue interface) [3]. Clearly, WBMR imaging at 3.0T is more challenging and requires further exploration for its potential
applications.
Following on from chapters 3, 4 and 5; this chapter describes the evaluation of a 3.0 T
protocol for staging adult lymphoma.
The described study prospectively assesses diagnostic accuracy and respective value of
individual 3.0 T MRI sequences against the reference standard 18F-FDG PET-CT for initial
staging of adult HL and diffuse large B-cell lymphoma (DLBCL).
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Material and Methods
A prospective single-arm cohort study following institutional ethical permission (Research
Ethic Committee reference number: 12/LO/0428) was conducted.
Participants were recruited from a single tertiary centre and gave written informed consent.

Patient cohort
Patients were identified from a tertiary lymphoma referral centre between June 2012 and
November 2015 inclusive.
Inclusion criteria were: age ≥ 18y; histopathologically proven HL or DLBCL; no previous
malignancy, chemotherapy or radiotherapy; eGFR > 50 ml/min/1.73 m2 and no
contraindication to MRI.

Study summary
All patients underwent 18F-FDG PET-CT performed as standard of care at UCLH. In addition
to 18F-FDG PET-CT, patients underwent research WB-MRI scans at baseline.
Thereafter, as part of usual clinical care, patients underwent interim and end-of-treatment
18

F-FDG PET-CT and were then followed for a minimum of 12-month following

chemo/radiotherapy.
Recruited patients were asked to attend for a second WB-MRI scan at the time they were
schedule for interim and/or end-of-treatment standard of care 18F-FDG PET-CT studies.
scans.
WB-MRI protocol
Imaging was performed on a 3.0 T platform (Ingenia, Philips, Best, Netherlands). WB-MRI
coverage was from vertex to mid-thigh and was obtained through a multi-station acquisition
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of contiguous body regions with the manufacturers’ head coil, two anterior surface coils and
table embedded posterior coils.
Whole-body coronal two-point pre-contrast modified Dixon (mDixon) imaging was
complimented by axial T2-weighted turbo spin echo (TSE) and axial SPAIR-SSGR DWI (with 4
b-values, b 0,100,300 and 1000 s/mm2). Apparent diffusion coefficient (ADC) maps were
automatically generated from 4 b-values diffusion images by scanner interface using
vendor’s software.
Following the acquisition of last DWI station, an axial pre-contrast mDixon liver and spleen
were planned and acquired in breath-hold to include the entire liver and spleen. Precontrast liver and spleen images were then followed by dynamic contrast enhanced (DCE)
images of liver and spleen subsequent to 20 ml of intravenous gadoterate meglumine
(Dotarem, Guebert, France) pump injection. In brief, using the same pre-planned liver and
spleen station, the first DCE acquisition was acquired in breath-hold (expiration) at the
beginning of injection of IV contrast, followed by a duration of 5 seconds of free-breathing.
The second DCE acquisition acquired at the end of the first free-breathing period and then
patients were constructed for 10 seconds of free-breathing. Another three DCE acquisitions
were acquired subsequently with 10-second of free-breathing between them.
Following the last DCE acquisition, a whole-body coronal contrast-enhanced (CE) mDixon
imaging was performed. Finally, two-stations axial CE lung images were acquired from apex
of the lung to the top of the liver using mDixon MRI. For mDixon imaging a 3D gradient echo
sequence with two echoes acquired at first out-of-phase and first in-phase time of echoes
was used, to maximize signal-to-noise ratio and minimize effect of T2* decay. Postprocessing of attained out-of-phase and in-phase images using scanner software created
fat-only and water-only images. The same procedure was repeated for DCE liver and spleen,
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whole body CE and CE lung mDixon imaging. The WB-MRI protocol for adult’s lymphomas in
Table [6-1].

18

F-FDG PET-CT protocol

18

F-FDG PET-CT was performed on a combined GE Discovery LS PET-CT in-line system (GE

Healthcare, Milwaukee, Wisconsin, USA). Patients fasted for 6 hours and blood glucose
levels were tested to exclude hyperglycemia (levels >150mg/dL).
A standard dose of 5.5 MBq/kg of 18F-FDG was intravenously injected 60 minutes before
imaging. Whole-body examinations were performed in the supine position, from skull base
to mid-thigh. Prior to acquiring the whole-body PET emission scan, a non-contrast CT of the
body was obtained using the integrated four-slice CT scanner (140kVp, 80mA tube current,
0.8s rotation time, 4x3.75mm detectors, pitch 1.5, 5mm collimation). PET images were
reconstructed using CT for attenuation correction. Combined trans-axial emission
images of 18F-FDG PET and CT were then reconstructed at 128 x 128 resolution and 5mm
thickness.
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Table 6–1: WB-MRI sequence parameters
T2-TSE

mDixon
(pre and postcontrast*)

DWI **
(b0, 100, 300, 1000)

DCE
(Liver and spleen)

Post-contrast Lung

Imaging plane

Transverse

Coronal

Transverse

Transverse

Transverse

TE (ms)

80

1.02/1.8

71

1.02/1.8

1.02/1.8

TR (ms)

1228

3.0

6371

3.0

3.0

FOV(mm*mm)

500*300

502*300

500*306

512 * 512

512 * 512

Voxel size (mm*mm)

1*1

2.1*2.1

4*4.2

1.2*1.2

1.2*1.2

Number of Slices

40

120

40

80

68

Slice Thickness (mm)

5

5

5

5

6

Acquisition Matrix

500*286

144*238

124*72

256 * 254

336 *332

ETL

91

2

39

2

2

Acceleration factor (SENSE)

2

2

2.5

2.8

2.8

Pixel Bandwidth (Hz)

537

1992

3369

1890

42055

Acquisition time per station
(s)

47

17

152

17

17

Number of stations

6

4

6

1

2

T2-TSE: T2-weighted Turbo Spin Echo, mDixon: modified Dixon, DWI: diffusion Weighted Imaging,
DCE: dynamic contrast enhanced, TE: time of echo, TR: time of repetition, FOV: field of view, ETL:
echo train Length, SENSE: sensitivity encoding.
* Contrast agent 20 ml intravenous gadoterate meglumine, Dotarem, Guerbet, France
** spectrally attenuated inversion recovery (SPAIR) + slice selective gradient reversal (SSGR)

WB-MRI review
Two radiologists (Dr Mark Duncan and Dr Maria Klusmann with 5 and 3 years of experience)
reviewed the anonymized datasets separately, blinded to the clinical history (other than the
diagnosis of lymphoma) and all other imaging investigations. All images were reviewed
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using Osirix ( V 4.1, Pixmeo SARL, Bernex, Switzerland) viewing software on a Mac (Apple,
California, USA) workstation.
Each patient’s WB-MRI was prepared as four separate sequence-combinations:
1) “WB-MRI DWI+IP “: pre-contrast in-phase T1-weighted mDixon + DWI (b1000)
2) “WB-MRI T2 “: T2-TSE images only
3) “WB-MRI Post-C “: post-contrast water-only mDixon, DCE liver/spleen and CE lung mDixon
4) “WB-MRI All “: all images included in 1, 2 and 3 above
At each reading session, the reporting radiologist evaluated one of the 4 sequencecombinations for a given patient. A subsequent reading session was scheduled at a
minimum of two-week interval to allow for wash-out before a second sequencecombination for the same patient was evaluated. Further reading sessions and interval
wash-out periods conducted until all sequence-combinations for all patients were fully
analysed.
For each sequence-combination of WB-MRI read, the disease status for 18 nodal disease
sites (cervical [right (R) and left (L)], supraclavicular (R and L) , subpectoral (R and L), axillary
(R and L), mediastinal, splenic hilar, liver hilar, mesenteric, retroperitoneal, iliac (R and L),
inguinal (R and L)) and “other” sites, and 14 extra nodal disease sites (lung (R and L), pleura,
pericardium, chest wall, liver, spleen, kidney (R and L), stomach, bowel, pancreas, bone
marrow and “other” sites) as well as final Ann Arbor stage were derived.
For lymph nodes, disease positivity was defined as short-axis diameter ≥ 10 mm. The criteria
used for extra-nodal involvement were as described previously in chapter 4 (Table 13).
A 6-point scale was used to score confidence of disease presence in nodal and extra-nodal
sites (1: definitely unlikely, 2: highly unlikely, 3: unlikely, 4: likely, 5: highly likely, 6: definitely
likely). Nodal and extra-nodal sites scored as 4-6 were considered positive for disease
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presence. Additionally, the time to evaluate each component of WB-MRI read was recorded
for each reader.
After the completion of both radiologists independent reading sessions, a consensus
meeting was held between the two reporting radiologists and discrepant sites of disease
between the two radiologists re-evaluated to derive a consensus opinion.
18

F-FDG PET-CT interpretation

18

F-FDG PET-CT images were reviewed by two nuclear medicine physicians (Dr Francesco

Fraioli and Dr Deena Neriman with over 5 years of experience) in consensus. Readers were
aware of the diagnosis of lymphoma but were unaware of the WB-MRI findings. All images
were assessed on a workstation (Xeleris 2; GE Healthcare, Milwaukee, Wisconsin, USA) and
results were recorded for the regional divisions defined above for WB-MR imaging. The
maximum short-axis nodal mass diameter was measured on the CT component of the 18FFDG PET-CT images by using software callipers. The maximum standardized uptake value
(SUVmax) for the node exhibiting the greatest uptake at each anatomic site was recorded.
Disease positivity was defined as the presence of nodes with focal 18F-FDG uptake greater
than that of the surrounding background in a location incompatible with normal physiologic
activity [4], SUVmax greater than 2.5 [5], or a CT nodal short-axis dimension ≥ 10 mm [6].
The same 6-point scale was used to score confidence of disease presence in nodal and
extra-nodal sites and 18F-FDG PET-CT -determined Ann Arbor stage was recorded.
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Figure 6–1: An example of 18F-FDG PET-CT perceptual error

Images of a 24-year-old female patient with Hodgkin’s lymphoma highlighting extra-nodal
perceptual error on 18F-FDG PET-CT.
Splenic involvement was considered positive on WB-MRI and negative on 18F-FDG PET-CT. Following
the consensus review, the panel corrected the disease site to be positive on 18F-FDG PET-CT and
subsequently, the enhanced reference standard was positive for splenic involvement.
(a) T2-TSE, (b) DWI b1000, (c) ADC map, (d) DCE spleen: early-arterial phase, (e) DCE spleen: midarterial phase, (f) DCE spleen: late-arterial phase, (g) 18F-FDG PET and (h) 18F-FDG PET-CT. Arrows
showing a focal splenic lesion.

Expert panel review and derivation of enhanced reference standard
Given the potential limitations of standard imaging and the risk of radiologist/ nuclear
medicine physician perceptual errors adversely influencing the WB-MRI and 18F-FDG PET-CT
staging, a retrospective enhanced reference standard (ERS) was produced to better evaluate
the potential accuracy of WB-MRI. Specifically, all discrepancies between consensus WBMRI All and 18F-FDG PET-CT at initial staging were reviewed by an expert panel comprising of
two radiologists (MD and MK) and two nuclear medicine physicians (FF and DN) as
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previously described for 1.5 T MRI study in chapter 5. An example of the expert panel
consensus process is given in Figure [6-1].
WB-MRI and ERS non-concordant sites were classified as WB-MRI perceptual errors when
the abnormality was visible in retrospect on the WB-MRI, or technical errors when it was
not.
The study flowchart is presented in Figure [6-2].

Statistical analysis
Statistical analysis was performed using Prism software (Prism Version 6.0, GraphPad,
California, USA).
Sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV) of
individual radiologists’ and the consensus radiologist read for each sequence-combination
was determined against the ERS for nodal and extra-nodal staging separately. Agreement
between the WB-MRI reads and ERS Ann Arbor stage was determined using kappa statistics.

Finally, a repeated measure analysis of variance (ANOVA) with Tukey’s multiple comparison
test was was used to assess time to report each sequence for each reader.

For all evaluations a p value of < 0.05 was considered as statistically significant
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Figure 6–2: The study flowchart
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Results

Patient cohort
Twenty-seven patients were prospectively recruited (M:F 13:14, median age 43 , range 2287 years). Five patients were excluded from the analysis; 1 had 18F-FDG PET-MRI, 1 only had
whole-body CT scan, 1 did not initially consent to any imaging with radiation exposure and 2
did not have the 18F-FDG PET-CT images available for comparison.
The demographics, disease subtype, treatment regimen and Ann Arbor of the final 22
patient study cohort is shown in Table [6-2].
Staging WB-MRI was performed within median 10 days (range 0-44 days) of 18F-FDG PET-CT
without any complication, and before treatment in all patients.
There were 633 anatomical sites (390 nodal and 243 extra-nodal sites) evaluated across the
22 patients by both WB-MRI and 18F-FDG PET-CT.
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Table 6–2: Patients’ demographics
Patient Characteristic (N=22)

Number or Median (range)

Age

32 (22-87)
Male/Female: 12/10

Sex
Ann Arbor stage
I
II
III
IV
IVE

7
8
2
3
2

Subtype
HL
DLBCL

14
8
Chemotherapy regimen

ABVD
RCHOP
ABVD-BEACOPP
Rituximab

10
8
3
1

HL: Hodgkin’s lymphoma, DLBCL: diffuse large B-cell lymphoma, ABVD: adriamycin, bleomycin,
vinblastine, dacarbazine, RCHOP: rituximab, cyclophosphamide, doxorubicin, vincristine,
prednisolone, BEACOPP: bleomycin, etoposide, doxorubicin, cyclophosphamide, vincristine,
procarbazine, prednisone

Enhanced reference standard derivation
There were 11 anatomical boundary discrepancies identified, which after correction by the
expert panel resulted in 53 nodal and 8 extra-nodal disease positive sites across the cohort.
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Subsequently, one 18F-FDG PET-CT extra-nodal false negative perceptual error (Figure [6-1])
and one 18F-FDG PET-CT nodal false positive perceptual error was identified and corrected
by the expert panel, resulting in a final total of 52 nodal and 9 extra-nodal disease positive
sites across all patients.

Comparison of WB-MRI and enhanced reference standard
The sensitivity, specificity, PPV and NPV for nodal and extra-nodal staging for each reader
and for consensus read of all sequence-combinations is summarised in Table [6-3] and Table
[6-4], respectively.
The sensitivity, specificity, PPV and NPV for nodal staging for consensus WB-MRI read were
75%, 98%, 89% and 96% for WB-MRI DWI+IP, 76%, 98%, 89% and 96% for WB-MRI Post-C, 83%,
99%, 92% and 97% for WB-MRI T2 and 87%, 100%, 100% and 98% for WB-MRI All. The
sensitivity, specificity, PPV and NPV for extra-nodal staging for consensus WB-MRI read
were 67% 100%, 100% and 98% for WB-MRI DWI+IP, 89%, 100%, 100% and 99% for WB-MRI
Post-C,

89%, 100%, 100% and 99% for WB-MRI T2 and 100%, 100%, 100% and 100% for the

WB-MRI All.
Against the ERS, there were 7 false negative disease sites due to technical failure in
detection of sub-centimeter lymph nodes by WB-MRI (Figure [6-3]).
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Table 6–3: Comparison of different MRI sequences for nodal assessment
Reader 1

Reader 2

Consensus

WB-MRI

WB-MRI

WB-MRI

WB-MRI

WB-MRI

WB-MRI

WB-MRI

WB-MRI

WB-MRI

WB-MRI

WB-MRI

WB-MRI

DWI+IP

Post-C

T2

All

DWI+IP

Post-C

T2

All

DWI+IP

Post-C

T2

All

Sen

60%

65%

69%

68%

73%

75%

85%

83%

75%

76%

83%

87%

Spe

97%

98%

98%

99%

97%

99%

98%

99%

98%

98%

99%

100%

PPV

77%

87%

89%

95%

85%

93%

85%

94%

89%

89%

92%

100%

NPV

94%

95%

95%

95%

96%

96%

98%

97%

96%

96%

97%

98%

DWI+IP: whole-body diffusion weighted imaging + pre-contrast in-phase mDixon, Post-C: whole-body
post-contrast water only mDixon + dynamic contrast enhanced liver and spleen + contrast enhanced
lung, T2: whole-body T2-weighted turbo spin echo, All: whole-body MRI with all available sequences,
Sen: sensitivity, Spe: specificity, PPV: positive predictive value
NPV: negative predictive value

Table 6–4: Comparison of different MRI sequences for extra-nodal assessment
Reader 1

Reader 2

Consensus

WB-MRI

WB-MRI

WB-MRI

WB-MRI

WB-MRI

WB-MRI

WB-MRI

WB-MRI

WB-MRI

WB-MRI

WB-MRI

WB-MRI

DWI+IP

Post-C

T2

All

DWI+IP

Post-C

T2

All

DWI+IP

Post-C

T2

All

Sen

44%

67%

67%

89%

44%

89%

78%

89%

67%

89%

89%

100%

Spe

99%

99%

97%

100%

99%

100%

100%

100%

100%

100%

100%

100%

PPV

80%

86%

46%

89%

80%

89%

87%

100%

100%

100%

100%

100%

NPV

98%

99%

99%

100%

98%

100%

99%

99%

98%

99%

99%

100%

DWI+IP: whole-body diffusion weighted imaging + pre-contrast in-phase mDixon, Post-C: whole-body
post-contrast water only mDixon + dynamic contrast enhanced liver and spleen + contrast enhanced
lung, T2: whole-body T2-weighted turbo spin echo, All: whole-body MRI with all available sequences,
Sen: sensitivity, Spe: specificity, PPV: positive predictive value
NPV: negative predictive value
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Figure 6–3: False negative technical error on WB-MRI
Images of 46-year-old male patient with Hodgkin’s lymphoma showing a sub-centimeter FDG avid
(SUVmax 5.1) retrocrural lymph node that was considered negative nodal site on WB-MRI. The positive
nodal station is shown (arrows) on (a) T2-TSE, (b) DWI b1000 and (c) CE mDixon in-phase WB-MRI
images and (d) CT scan, (e) fused 18F-FDG PET-CT and (f) 18F-FDG PET images.

Ann Arbor stage
The kappa agreement for Ann Arbor staging for each reader and for consensus read of all 4
sequence-combinations against the ERS is summarised in Table [6-5].
Compared to ERS, WB-MRI DWI+IP consensus read incorrectly under-staged 4 patients. Two
patients under-staged due to false negative interpretation of bone marrow involvement on
DWI (one technical and one perceptual error) while in other 2 cases false negative nodal
involvement (in mediastinal and supraclavicular stations, both technical errors) resulted in
under-staging of disease (Figure [6-4]).
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WB-MRI Post-C and WB-MRI T2 consensus reads each under-staged 1 patient, due to false
negative interpretation of nodal involvement (mediastinal, technical error) and false
negative interpretation of bone marrow metastasis (technical error), respectively.
The consensus WB-MRI All read had perfect agreement with ERS for Ann Arbor staging
[kappa= 1.00 (95% Confidence interval: 1.00-1.00)].
The mean (standard deviation) for time to report WB-MRI DWI+IP , WB-MRI Post-C , WB-MRI T2
and WB-MRI All were 7.4(2.4), 7.9(2.0), 8.5 (2.5) and 8.7 (3.2) minute for reader 1 and
8.1(2.3),7.8(2.4), 8.7(3.1) and 7.5 (2.3) minute for reader 2, respectively.
For both readers, there was no significant difference for time to report for WB-MRI DWI+IP ,
WB-MRI Post-C , WB-MRI T2 and WB-MRI All reads.

Table 6–5: Kappa agreement for Ann Arbor staging between WB-MRI protocols and
enhanced reference standard staging
Reader 1

Kappa
95% CI

*

Reader 2

Consensus

WB-MRI

WB-MRI

WB-MRI

WB-MRI

WB-MRI

WB-MRI

WB-MRI

WB-MRI

WB-MRI

WB-MRI

WB-MRI

WB-MRI

DWI+IP

Post-C

T2

All

DWI+IP

Post-C

T2

All

DWI+IP

Post-C

T2

All

0.58

0.53

0.49

0.90

0.63

0.90

0.90

0.92

0.72

0.93

0.93

1.00

0.31-

0.37-

0.44-

0.72-

0.37-

0.53-

0.71-

0.72-

0.52-

0.82-

0.82-

1.00-

0.79

0.87

0.92

1.00

0.87

0.98

1.00

1.00

0.97

1.00

1.00

1.00

WB-MRI: whole body magnetic resonance imaging, DWI+IP: whole body diffusion weighted imaging
+ pre-contrast in-phase mDixon, Post-C: whole body post-contrast water only mDixon + dynamic,
contrast enhanced liver and spleen + contrast enhanced lung, T2: whole body T2 weighted turbo spin
echo, All: whole body MRI with all available sequences, 95% CI: 95% confidence interval,
*

weighted kappa
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Figure 6–4: Comparison of different MRI sequences as part of WB-MRI protocol
Images of a 31-year-old female patient with Ann Arbor stage II Hodgkin’s lymphoma
Patient had bulky mediastinal disease (not shown here) and right sided supraclavicular nodal
involvement.
(a): DWI b1000 , (b) T2-TSE, (c) Post-contrast water-only mDixon and (d) fused 18F-FDG PET-CT.
The right supraclavicular node (arrows) is shown on b, c, and d but was not evident on DWI b1000 (a),
resulting in under-staging of disease by WB-DWI.

Discussion and Conclusion
MRI yields excellent tissue contrast through a wide range of available pulse sequences and
can provide images of several morphological characteristics and functional processes in the
body. Whilst the availability of a wide range of pulse sequences could provide an
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opportunity to further improve imaging using WB-MRI, it could also lead to more variations
in protocol design, implementation and the assessment of pathology under investigation.
In this study I investigated the diagnostic performance of different WB-MRI protocols at 3.0
T for staging of HL and DLBCL lymphomas.
The overall performance of WB-MRI for nodal and extra-nodal staging was at best when all
available sequences (WB-MRI All) were reviewed by reporting radiologists, in separate and
consensus reads. For Ann Arbor staging, there was a similar pattern of increasing agreement
with the ERS when all available sequences were assessed concurrently, showing a perfect
agreement between WB-MRI All and the ERS.
The result from WB-MRI at 3.0 T demonstrates an improvement in Ann Arbor staging and
extra-nodal disease assessment compared to 1.5 T, however, nodal disease characterisation
remains inferior to that of 18F-FDG PET-CT.
The feasibility of using WB-MRI for staging lymphoma has been investigated in several
previous studies [7- 10]. However, majority of the published work either used a single
morphological/functional sequence [11] or investigated the sequential added value of
multiple sequences [9, 12] as part of the WB-MRI protocol and yet rarely in literature the
diagnostic yield of each sequence for evaluation of same subject has been investigated
separately. Kwee et al [12] reported no additional advantage for supplementing DWI to
combined T1 and T2-w WB-MRI for staging lymphomas. In their cohort of 108 patients with
various subtypes of lymphoma, they found that T1 and T2-weighted WB-MRI without DWI
was concordant with CT staging in 66.6% of cases, compared to 65.4% concordance for that
T1 and T2-weighted WB-MRI with DWI.
A constant finding in the current study is the inferior diagnostic performance of WB-MRI
DWI+IP

imaging in nodal and extra-nodal staging, for both readers and for the consensus read.
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Following the consensus read, there were still 4 cases that were under-staged with WB-MRI
DWI+IP

compared to ERS in the current cohort, giving a concordance rate of 82%.

Similarly, using a 3.0T WB-MRI, Tsuji et al [9] showed that DWI alone was concordant with
reference standard 18F-FDG PET-CT in 78% (n=22) of 28 patients with DLBCL (n=17) and
follicular lymphoma (n=11). However, they also showed that agreement improved (26/28)
when T2-weighted imaging was supplemented to DWI only WB-MRI, highlighting the
limitation of WB-DWI only imaging. In concordance with the findings of Tsuji et al [9], I also
observed an improved diagnostic performance for WB-MRI T2 for nodal and extra-nodal
disease detection and Ann Arbor staging.
The final consensus WB-MRI T2 had concordance rate of 95% (21/22) for Ann Arbor staging
in the current cohort, with one patient under-staged due to a false negative interpretation
of metastatic bone disease.
Comparably, I found that the consensus WB-MRI post-c had a similar concordance rate of 95%
(21/22) for Ann Arbor staging, under-staging one patient due to a false negative
interpretation of mediastinal involvement.
To the best of my knowledge, there are no other reports in literature for staging lymphomas
using post-contrast WB-MRI as a stand-alone sequence. However, by calculating normalized
signal intensity, Wu et al [13] compared different MR sequences for lesion conspicuity and
detectability at 3.0 T WB-MRI in 18 DLBCL patients. They showed that at baseline, fatsuppressed T2-TSE MRI and post-contrast T1-w MRI (using volumetric interpolated breathhold examination (VIBE) with fat suppression) had higher contrast ratio than non fatsupressed T2-TSE, pre-contrast T1-w and DWI MRI. Their finding could explain the observed
diagnostic yield of post-contrast mDixon WB-MRI in my cohort.
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Additionally, it should be noted that in early days of WB-MRI (and prior to adoption of DWI
into the MRI protocols), promising results were reported from contrast-enhanced WB-MRI
[14].
Lauenstein et al [15] reported that WB-MRI using contrast-enhanced 3D T1-weighted
gradient echo depicted metastases in 43 of 51 patients with various types of malignancies,
whereas the reference standard imaging techniques (CT scan, isotope bone scan and brain
MRI) depicted metastases in 42 patients. WB-MRI in their cohort showed a better
performance for detecting brain, hepatic and osseous metastasis
It has been suggested that contrast-enhanced WB-MRI should be the foundation for all WBMRIs protocols of all organ systems [16].
Recently, in a study of 18 patients with various malignancies including lymphoma (n=7) and
by using 18F-FDG PET-CT as the reference standard, Obara et al [17] showed that, CE WBMRI outperformed both DWI and fat-suppressed T2 only WB-MRI in terms of sensitivity and
specificity for disease detection.
Whilst the results of this study suggest higher diagnostic accuracies for WB- T2 and WB-CE
MRI protocols compared with WB-DWI, the additional value of DWI should not be
disregarded. For instance, ADC measurement at 3.0 T may aid interim and end-of-treatment
response evaluation [9, 18, 19].
The results of consensus WB-MRI All showed seven false negative nodal technical errors that
were all sub-centimetre 18F-FDG avid nodes on 18F-FDG PET-CT, corroborating the findings of
authors who have highlighted the limitations of size-criteria alone for nodal disease
positivity [20].

206

The results for nodal assessment on 3.0 T is in line with the findings from chapter 3, 4 and 5
for nodal disease characterisation in paediatric group, confirming current limitation of WBMRI for nodal disease assessment.
The time to report WB-MRI does not significantly change when all available sequences are
reviewed. The availability of additional morphological and/or functional sequences might
aid in better characterisation of the pathology under investigation, facilitating more
assertive review of the WB-MRI extended protocol.
Imaging at 3.0 T has the advantage of a hypothetical linear increase in SNR compared to
1.5T platforms which can be used to decrease temporal and/or increase spatial resolution.
However, the SNR advantage at higher field strength can be compromised by other factors
and imaging at 3.0 T remains challenging.
Several MR properties change with increasing static magnetic field strength. T1 and T2
relaxation times change with increasing magnetic field. The T1 relaxation time will increase
by about 30% and the T2 relaxation time will be shorter by about 15% at 3.0 T compared to
1.5T [21, 22]. To account for altered T1 and T2 relaxation times, one could increase the
repetition time (TR) for T1-weighted imaging and reduce echo (TE) and repetition times (TR)
for T2-weighted imaging in order to prevent a loss in SNR and drastic alteration of image
contrast.
Increased Larmor frequency requires excitation RF pulses with higher frequency (shorter
wavelength) that increase the RF absorption by the tissue and consequently increase the
SAR. One of the advantages of higher resonance frequency is the faster phase cycling of
spins. The time until fat and water protons precess in phase (ie, point in the same direction)
will be shorter compared with that at 1.5 T. This may be advantageous for pulse sequences
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that use opposed-phase echo times for fat suppression because they can be used with
shorter echo times which, in turn, should reduce artifacts and increase acquisition speed [2].
As described previously, the chemical shift increases linearly and proportionally to static
magnetic field [1].
This causes a separation of resonance frequencies between protons bound in different
molecular environments. For instance, the chemical shift separation between the
precession rate of fat and water protons is 3.5 part per million (ppm) which is equivalent to
about 220 Hz at 1.5 T and about 440 Hz at 3.0 T [23]. The broader frequency difference
between protons bound in fat and water molecules seen at 3.0 T could improve the
robustness of fat suppression as it allows for more successful frequency-selective fat
suppression [2, 23]. The downside of increased chemical shift is that it can cause
pronounced artifacts seen on 3.0 T such as chemical shift artifact at fat-water (tissue)
interfaces (such as pre-renal fat and renal tissue interface) [3].
This study has several limitations. Firstly, the patient cohort is relatively small. Nevertheless,
I have been able to demonstrate the importance of implementing a multi-parametric
protocol for improving diagnostic performance of WB-MRI in this cohort.
Secondly, I have only included HL and DLBCL patients in my study. Whilst the stringent
inclusion criteria have resulted in a homogenous group of patients, generalisation of my
findings to other subtype of lymphomas, specifically non FDG-avid lymphomas, is limited.
Finally, I used an un-blinded expert panel opinion and follow up data to derive the enhanced
reference standard for staging. As explained in chapter 3 and 5, and in the absence of
histological samples from all suspicious disease sites, such consensus panels are common in
studies of imaging diagnostic accuracy [20, 24, 25].
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In conclusion, I demonstrated very good diagnostic performance for nodal/extra-nodal
assessments using WB-MRI by implementing a combination of MRI sequences. I also
showed perfect agreement for Ann Arbor staging of patients when all available sequences
were presented for disease evaluation, however, care should be taken if/when DWI MRI is
used as a stand-alone sequence for WB-MRI protocol.

209

References
[1] Schmitz BL, Aschoff AJ, Hoffmann MH, et al. Advantages and Pitfalls in 3T MR Brain
Imaging: A Pictorial Review. Am J Neuroradiol 2005; 26:2229-2237.
[2] Bley TA, Wieben O, Francois CJ, et al. Fat and water magnetic resonance imagng. J Magn
Reson Imaging 2010; 31:4-18.
[3] Huang SY, Seethamraju RT, Patel P, et al. Body MR Imaging: Artifacts, k-Space, and
Solutions. Radiographics 2015; 35: 1439-1460.
[4] Johnson SA, Kumar A, Matasar MJ, et al. Imaging for Staging and Response Assessment in
Lymphoma. Radiology. 2015; 276(2):323-338.
[5] Noordijk EM, Carde P, Dupouy N, et al. Combined-modality therapy for clinical stage I or
II Hodgkin's lymphoma: long-term results of the European Organisation for Research and
Treatment of Cancer H7 randomized controlled trials. J Clin Oncol. 2006; 24(19): 3128–3135.
[6] Torabi M, Aquino SL, Harisinghani MG. Current Concepts in Lymph Node Imaging. J Nucl
Med. 2004; 45(9):1509-1518.
[7] Van Ufford HM, Kwee TC, Beek FJ, et al. Newly diagnosed lymphoma: initial results with
whole-body T1-weighted, STIR, and diffusion-weighted MRI compared with 18F-FDG
PET/CT. Am J Roentgenol. 2011; 196(3):662-669.
[8] Gu J, Chan T, Zhang J, et al. Whole-body diffusion-weighted imaging: The added value to
whole-body MRI at initial diagnosis of lymphoma. Am J Roentgenol. 2011; 197(3):W384-91.
[9] Tsuji K, Kishi S, Tsuchida T, et al. Evaluation of staging and early response to
chemotherapy with whole-body diffusion-weighted MRI in malignant lymphoma patients: A
comparison with FDG-PET/CT. J Magn Reson Imaging. 2015;41(6):1601-1607.
[10] Regacini R, Puchnick A, Shigueoka DC, et al. Whole-body diffusion-weighted magnetic
resonance imaging versus FDG-PET/CT for initial lymphoma staging: systematic review on
diagnostic test accuracy studies. Sao Paulo Med J. 2015;133(2):141-150.
[11] Brennan DD, Gleeson T, Coate LE, et al. A comparison of whole-body MRI and CT for the
staging of lymphoma. Am J Roentgenol. 2005;185(3):711-716.
[12] Kwee TC, Vermoolen M, Akkerman E, et al. Whole-body MRI, including diffusionweighted imaging, for staging lymphoma: Comparison with CT in a prospective multicenter
study. J Magn Reson Imaging, 2014;40(1): 26–36.
[13] Wu X, Nerisho S, Dastidar P, et al. Comparison of different MRI sequences in lesion
detection and early response evaluation of diffuse large B-cell lymphoma--a whole-body
MRI and diffusion-weighted imaging study. NMR Biomed.2013; 26(9):1186-1194.
[14] Lauenstein TC, Goehde SC, Herborn CU, et al. Three-Dimensional Volumetric
Interpolated Breath-Hold MR Imaging for Whole-Body Tumor Staging in Less Than 15
Minutes: A Feasibility Study. Am J Roentgenol. 2002; 179(2):445-449.

210

[15] Lauenstein TC, Goehde SC, Herborn CU, et al. Whole-body MR imaging: evaluation of
patients for metastases. Radiology. 2004; 233(1): 139–148.
[16] Lauenstein TC, Semelka RC. Emerging Techniques: Whole-Body Screening and Staging
with MRI. J Magn Reson Imaging. 2006;24(3):489-498.
[17] Obara P, Loening A, Taviani V, et al. Relative value of three whole-body MR approaches
for PET-MR, including gadofosveset-enhanced MR, in comparison to PET-CT. Clin Imaging.
2018; 48:62-68.
[18] Hagtvedt T, Seierstad T, Lund KV, et al. Diffusion-weighted MRI compared to FDG
PET/CT for assessment of early treatment response in lymphoma. Acta Radiol.2015;
56(2):152–158.
[19] Wu X, Kellokumpu-Lehtinen PL, Petrovaara H, et al. Diffusion-weighted MRI in early
chemotherapy response evaluation of patients with diffuse large B-cell lymphoma – a pilot
study:
comparison
with
2-deoxy-2-fluoro-D-glucose-positron
emission
tomography/computed tomography. NMR Biomed.2011; 24(10):1181–1190.
[20] Punwani S, Taylor SA, Bainbridge A, et al. Pediatric and adolescent lymphoma:
comparison of whole-body STIR half-Fourier RARE MR imaging with an enhanced PET/CT
reference for initial staging. Radiology. 2010; 255(1):182-190.
[21] Stanisz GJ, Odrobina EE, Pun J, et al. T1,T2 relaxation and magnetization transfer in
tissue at 3T. Magn Reson Med 2005; 54: 507–512.
[22] Bezelaire CMJ, Duhamel GD, Rofsky NM et al. MR imaging relaxation times of
abdominal and pelvic tissues measured in vivo at 3.0 T: preliminary results. Radiology 2004;
230:652–659.
[23] Chang KJ, Kamel IR, Macura KJ, et al. 3.0-T MR Imaging of the Abdomen: Comparison
with 1.5 T. radiographics. 2008; 28(7):1983-1998.
[24] Kwee TC, van Ufford HM, Beek FJ, et al. Whole-Body MRI, Including Diffusion-Weighted
Imaging, for the Initial Staging of Malignant Lymphoma. Invest Radiol.2009; 44(10):683-690.
[25] Stephane V, Samuel B, Vincent D, et al. Comparison of PET-CT and magnetic resonance
diffusion weighted imaging with body suppression (DWIBS) for initial staging of malignant
lymphomas. Eur J Radiol.2013; 82(11):2011-1017.

211

Multiple Myeloma

212

Chapter 7 : Whole-body MRI for Initial Assessment of Plasma
Cell Disorders
Overview:
In this chapter the accuracy of multi-parametric WB-MRI for disease detection is compared
to reference standard skeletal survey and whole-spine MRI.
Secondly, the diagnostic performance of different MRI sequences for disease assessment in
multiple myeloma is evaluated. By investigating each of the available sequences and
highlighting the most effective technique(s), it is shown that the length of the MRI scan can
be shortened, thus improving acceptability to patients and reducing scan costs

Research questions:
1: How does multi-parametric WB-MRI perform compared to current standard imaging
(skeletal survey and whole-spine MRI) for imaging patients with suspected multiple
myeloma at the time of diagnosis?
2: Which sequence(s) within a multi-parametric WB-MRI protocol perform better for
delineating myeloma bony disease?

Rationale:
Current imaging investigations in multiple myeloma can potentially underestimate the
disease burden because either 1) they are relatively insensitive to underlying bone marrow
changes (skeletal survey) or 2) they do not cover the entire skeleton (MRI spine). Hence a
more sensitive technique with wider coverage of the axial and appendicular skeleton might
improve disease diagnosis by reducing the chances of missing disease foci, and improve
assessment of disease burden and extent.
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Aims:
1- To compare WB-MRI against reference standard skeletal survey and whole-spine
MRI for bony disease detection in patients suspected of multiple myeloma
2- To investigate the comparative performance of MRI sequences for disease
evaluation in multiple myeloma
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All of the work in this chapter was conceived, analysed and written by myself, under the
supervision of Dr Shonit Punwani and Professor Margaret Hall-Craggs.
WB-MRI image analysis was conducted by Professor Margaret Hall-Craggs and Dr Shonit
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Skeletal survey and whole-spine MRI analysis was conducted by Dr Charles House and Dr
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Introduction
Bone disease is the hallmark of multiple myeloma (MM), occurring in the majority of
patients and is associated with bone pain, pathological fractures, and hypercalcemia and
has a major impact on quality of life [1, 2].
As highlighted in chapter 1, the presence of bone involvement is considered an important
aspect of CRAB criteria in MM (C: Hypercalcemia, R: Renal insufficiency, A: Anemia, B: Bone
disease), manifesting ‘end-organ’ damage, requiring treatment.
Radiography of the entire skeletal system (skeletal survey) is widely used for assessment of
MM bone disease in the majority of hospitals.
However, an important limitation of X-ray is that it is relatively insensitive to bone disease
and requires an estimated 30-70% of bone destruction before lytic bone lesions are visible
[3, 4].
MRI is more sensitive for evaluation of the bone marrow because it is able to to detect bone
marrow impairment before the bone structure is compromised [5]
Due to the constraints of Durie-Salmon staging system (see chapter 1), (mainly related to
false-negative findings on conventional X-ray examination in the early stages of the disease),
cross sectional imaging (MRI of the spine) was embedded into the updated staging system
(Durie-Salmon PLUS staging), taking into account the number of bony lytic lesions required
to assign different stages [6].
Despite providing a more accurate and detailed examination of the axial skeleton, a major
limitation of whole-spine MRI is the lack of anatomical coverage of appendicular skeleton,
which potentially results in underestimation of disease extent.
Consequently, WB-MRI has been indicated for assessment of entire skeletal system in
patients with MM [7, 8, 9, 10].
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The purpose of the current study is to compare WB-MRI to skeletal survey and whole-spine
MRI for disease detection and initial staging in patients with suspicion of multiple myeloma.
Additionally, the different MRI sequences within the WB-MRI scan protocol are compared
for assessment of bone marrow involvement by MM.

Material and Methods
Patient cohort and study design
A prospective single-arm observational study was conducted. Institutional ethics permission
was obtained (REC Number: 12/LO/0428). Participants were recruited from a single tertiary
centre and gave written informed consent.
Patients were included if they had a suspected diagnosis of symptomatic MM but were
previously untreated with chemotherapy or radiotherapy. Inclusion criteria were: age ≥ 18y;
clinical suspicion of symptomatic MM; no previous malignancy, chemotherapy or
radiotherapy; eGFR > 50 mL/min/1.73 m2; no contraindication to MRI. Patients, who were
recruited into the study from multi-disciplinary team meetings, underwent staging WB-MRI
before starting treatment.

Laboratory Investigations
The date of first diagnosis, initial ISS stage, subtype of multiple myeloma, and laboratory
findings (serum and urine protein, electrophoresis, hemoglobin levels, 24-h urinary protein
excretion, serum β2-microglobulin, and results of electrophoresis and bone marrow biopsy)
were recorded for all patients.

Conventional imaging investigations
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Skeletal survey in patients with suspected MM consisted of 10 different projections of the
axial and appendicular skeleton. It included plain radiographs of:
• Lateral skull
• Both humeri (anterior/posterior (AP) projection)
• Lateral view cervical spine
Lateral and AP views thoracic spine

•

• Lateral view lumbar spine
AP view pelvis

•

• AP view both femurs
• AP view both tibias and fibulas
Whole-spine MRI was performed on either a 1.5 T (Symphony, Siemens, Erlangen, Germany)
or a 3.0 T (Ingenia; Phillips Healthcare, Best, Netherland) MRI systems (Table [7-1]).

Table 7–1: Whole-spine MRI sequence parameters

1.5 T

3.0 T

T1-TSE
582/9

T2-TSE
4190/114

T2-TIRM
2500/35

T1-TSE

T2-TSE

T2-STIR

665/8

3000/1000

4915/50

Slice thickness
(mm)

3

3

4

4

4

4

Echo train length

3

25

8

5

22

19

Pixel bandwidth

181

192

181

462

420

250

Flip angle

150

161

150

80

90

90

Acquisition matrix

384*269

448*336

256*179

736*730

736*725

440*293

TR/TE (ms)

TR: Time of repetition, TE: Time of echo, TSE: Turbo spin echo, STIR: Short tau inversion recovery,
TIRM: Turbo inversion recovery magnitude. All sequences acquired in sagittal orientation
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Whole body MRI protocol
Imaging was performed on a 3.0 T platform (Ingenia, Philips, Best, Netherlands). WB-MRI
coverage was from vertex to toe and was obtained through a multi-station acquisition of
contiguous body regions with the manufacturers’ head coil, two anterior surface coils and
table embedded posterior coils.
Whole-body coronal two-point pre-contrast modified Dixon (mDixon) imaging was
complimented by axial T2-weighted turbo spin echo (TSE) and axial SPAIR-SSGR DWI (with 4
b-values, b 0,100,300 and 1000 s/mm2). Apparent diffusion coefficient (ADC) maps were
automatically generated from 4 b-values diffusion images by scanner interface using
vendor’s software.
Following hand injection of 20 ml of intravenous gadoterate meglumine (Dotarem, Guebert,
France), a whole-body coronal contrast-enhanced (CE) mDixon imaging was performed.
Post-processing of attained out-of-phase and in-phase images using scanner software
created fat-only and water-only images.
The WB-MRI protocol for multiple myeloma cohort is presented in Table [7-2].
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Table 7–2: WB-MRI sequence parameters

**

T2-TSE

mDixon (pre and postcontrast*)

DWI
(b0, 100, 300, 1000)

Imaging plane

Transverse

Coronal

Transverse

TE (ms)

80

1.02/1.8

71

TR (ms)

1228

3.0

6371

FOV(mm*mm)

500*300

502*300

500*306

Voxel size (mm*mm)

1*1

2.1*2.1

4*4.2

Number of Slices

40

120

40

Slice Thickness (mm)

5

5

5

Acquisition Matrix

500*286

144*238

124*72

ETL

91

2

39

Acceleration factor
(SENSE)

2

2

2.5

Pixel Bandwidth (Hz)

537

1992

3369

Acquisition time per
station (s)

47

17

152

Number of stations

9

5 (6)

9

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, SENSE: sensitivity encoding.
* Contrast agent 20 ml intravenous gadoterate meglumine, Dotarem, Guerbet, France
** Spectrally attenuated inversion recovery (SPAIR) + slice selective gradient reversal (SSGR)

Conventional imaging analysis
All available skeletal survey and whole-spine MRI exams were reviewed by two experienced
musculoskeletal radiologists (Dr Charles House and Dr Kannan Rajesparan with 15 and 5
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years experience) independently and then in consensus, blinded to WB-MRI and laboratory
investigations.
The skeleton was divided into 16 anatomical locations: skull, cervical spine, shoulder girdle
[left (L) and right (R)], humerus (L and R), chest wall (L and R), thoracic spine, lumbar spine,
pelvis (L and R), femur (L and R), lower leg (L and R) and any additional other site(s).
The presence or absence of bone marrow involvement in each of these site(s) was recorded.
A 5-point Likert scale [11] was used to score confidence of an identified lesion representing
myeloma (0=non-diagnostic quality images, 1=unlikely, 2=indeterminate, 3=likely and
4=highly likely disease). The pattern of bone marrow involvement (normal, focal, diffuse and
diffuse + focal) was also noted for each patient.
The Durie-Salmon staging for skeletal survey and Durie-Salmon PLUS staging for whole-spine
MRI were assigned to each patient based on the findings of skeletal survey and whole-spine
MRI, respectively.

WB-MRI image analysis
Using the same anatomical locations, WB-MRI images were reviewed by two radiologists
(Professor Margaret Hall-Craggs and Dr Shonit Punwani with over 25 years and 12 years
experience) separately, then in consensus, without knowledge of the results of all other
imaging and laboratory investigations.
Images were reviewed in locked-sequential read in the following order:
1) Pre-contrast mDixon WB-MRI (in-phase mDixon images)
2) T2-TSE WB-MRI
3) DWI WB-MRI (b1000)
4) Post-contrast mDixon WB-MRI (contrast-enhanced water-only mDixon images)
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Pre-contrast in-phase mDixon was chosen for image analysis because it resembles the T1-w
spin-echo sequence, commonly used in MM imaging.
On pre-contrast in-phase mDixon and T2-TSE WB-MRI, focal lesions (FLs) were seen as >
5mm focal area of hypointensity compared to surrounding bone marrow. On DWI, FLs were
identified as focal areas of restricted diffusion, shown as bright areas on DWI b1000 images
with increased ADC compared to surrounding marrow. On post-contrast images, FLs were
identified as focal areas of increased contrast uptake compared to surrounding marrow.
Diffuse marrow involvement was identified as regions of homogenously decreased bone
marrow signal on pre-contrast in-phase mDixon and T2-TSE WB-MRI. On DWI, Diffuse
marrow involvement was identified as homogenous signal increase of bone marrow on b1000
images and on post-contrast mDixon seen as a homogenous areas of increased contrast
enhancement compared to normal bone (Figure [7-1] and Figure [7-2]).
As for the conventional imaging review, a 5-point Likert scale [11] was used to score
confidence of an identified lesion representing myeloma. The presence of marrow
involvement and number of FLs for each of the MRI sequences and the pattern of bone
marrow involvement was noted for each patient.
Patients without lesions on skeletal survey and/or whole-spine MRI and WB-MRI
examinations were regarded as true negative when these findings were confirmed by
normal laboratory tests and normal bone marrow biopsies.
Patients with concordant positive findings on skeletal survey and/or whole spine MRI and
WB-MRI examinations were regarded as true positive following confirmation by laboratory
tests and bone marrow biopsy results.
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On per-patient basis, the discrepancies between WB-MRI and skeletal survey and/or whole
spine MRI evaluations were resolved using laboratory tests, bone marrow biopsies and
multi-disciplinary team (MDT) meeting outcomes.
On per-site basis, patients with concordant positive and concordant negative sites on WBMRI and skeletal survey and/or whole-spine MRI were considered as true positive and true
negative sites, respectively.

Figure 7–1: Focal bone lesion

The patient is a 73 year old male with IgG multiple myeloma. A focal lesion (FL) in the right femur is
shown on (a) T2-TSE, (b) diffusion weighted imaging (b1000 inverted grey scale), (c) pre-contrast inphase and (d) post-contrast water-only mDixon (arrow).
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Figure 7–2: Diffuse marrow involvement

The patient is a 55year old male with kappa light chain multiple myeloma. Diffuse marrow
involvement is shown in (a) T2-TSE (pelvis, arrows), (b) diffusion weighted imaging (b1000 inverted
grey scale, pelvis, arrows), (c) pre-contrast in-phase mDixon (pelvis, arrows; spine, dashed arrows)
and (d) post-contrast water-only mDixon (pelvis, arrows; spine, dashed arrows).

Per-site discrepancies between WB-MRI and conventional imaging findings were resolved
using all available baseline and follow-up clinical and radiological investigations, including Xrays, MRI (focal), CT scans and 18F-FDG PET-CT scans as below:
1. Positive findings on WB-MRI and negative on skeletal survey and/or whole-spine MRI
were considered true positive only if the results were confirmed on other available
baseline and/or follow-up clinical and imaging investigations
2. Positive findings on WB-MRI and negative on skeletal survey and/or whole-spine MRI
were considered as false positive if the results from other baseline and follow-up
investigations were negative for disease presence
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3. Negative findings on WB-MRI and positive on skeletal survey and/or whole-spine
MRI were considered as false negative WB-MRI findings
4. Finally, positive findings on WB-MRI that have not been further evaluated on other
investigations were considered as unresolved discrepancies

Statistical analysis
Per-patient sensitivity, specificity, positive predictive value (PPV) and negative predictive
value (NPV) for skeletal survey, whole-spine MRI and WB-MRI were derived against the
standard laboratory and bone marrow biopsy results.
Per-patient agreement between WB-MRI and skeletal survey for the Durie-Salmon staging
were summarised in terms of frequency and percentage. Additionally, per-site agreement
between WB-MRI and skeletal survey for detection of bone marrow involvement were
summarised in terms of frequency, percentage and kappa.
Per-site sensitivity, specificity, PPV and NPV for skeletal survey and WB-MRI were also
derived.
Similarly, the results of whole-spine MRI and WB-MRI for the Durie-Salmon PLUS staging
were summarised in terms of frequency and percentage.
A repeated measure analysis of variance (ANOVA) with Turkey’s multiple comparison posttest was used to compare median value of the number of positive focal lesions on different
sequences as part of WB-MRI protocol.

Results
Patient cohort
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Thirty patients were prospectively identified from multi-disciplinary team meetings between
June 2012 to September 2014 inclusive (M:F 13:17, median age 55 years, range 36-82
years).
Twenty-six patients were identified with symptomatic MM according to international
myeloma working group (IMWG) criteria [1]. Based on IMWG criteria, 2 patients were
assigned to solitary plasmacytoma group, 1 patient was assigned to asymptomatic MM
group and 1 patient was assigned to MGUS group.
Symptomatic multiple myeloma patients’ demographic, staging and laboratory investigation
results are presented in Table [7-3].
Table 7–3: Patients’ demographics

ISS: International staging system, DS-PLUS: Durie-Salmon PLUS staging, MGUS: Monoclonal
gammopathy of undetermined significance, PAD (Bortezomib, Doxorubicin, Dexamethasone), CVD
(Cyclophosphamide, Bortezomib, Dexamethasone), VTD (Bortezomib, Thalidomide, Dexamethasone),
MPV (Melphalan, Prednisone, Bortezomib)
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Skeletal survey results
Twenty-eight patients underwent skeletal survey examinations. One patient with
asymptomatic MM and one patient with symptomatic MM (based on IMWG criteria) did not
have the skeletal survey.
There were 4 patients (14.3%) where the skeletal survey findings were discordant between
the two readers.
The skeletal survey for one patient with MGUS and one patient with solitary plasmacytoma
were negative for bone marrow disease and assigned as true negative results for skeletal
survey. For one elderly patient (82 years old) with solitary plasmacytoma and generalised
osteopenia, skeletal survey was concluded positive for diffuse marrow involvement. This
was assigned as a false positive result for skeletal survey.
For the remaining 25 symptomatic MM patients, the skeletal survey was negative in 10
patients (false negative results) and positive in 15 patients (true positive results) for bone
marrow involvement.
Per-patient sensitivity, specificity, PPV and NPV were 60%, 66.7%, 93.8% and 16.7% for
skeletal survey for myelomatous bony disease detection.

Whole-spine MRI results
Whole-spine MRI was available for 25 patients. Five patients with symptomatic MM did not
have whole spine MRI at baseline.
There was one case (4%) where the whole-spine MRI findings were discordant between two
readers.
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For two patients with solitary plasmacytoma, whole-spine MRI results for bone marrow
myelomatous involvement were negative, concordant with other standard laboratory and
bone marrow biopsy results (true negative findings).
For patients with MGUS (n=1) and asymptomatic MM (n=1), whole-spine MRI results were
reported as positive for diffuse marrow involvement. Long-term routine laboratory and
imaging follow-ups of these two patients showed no progression to overt symptomatic MM
and hence whole spine MRI results were considered as false positive findings.
For the remaining 21 patients with symptomatic MM, whole-spine MRI results were positive
in 18 patients (true positive) and negative in 3 patients (false negative).
Per-patient sensitivity, specificity, PPV and NPV were 85.7%, 50%, 90.0% and 40.0% % for
whole-spine MRI for myelomatous skeletal disease detection.

WB-MRI results
All 30 patients had WB-MRI with no complications prior to any treatment. There were no
discrepancies between the two readers’ interpretations for the presence of myelomatous
disease.
There was bone marrow involvement on WB-MRI analysis in 1 patient assigned to
asymptomatic MM and in one patient assigned to MGUS by standard criteria. As with whole
spine MRI results, the WB-MRI findings were considered as false positive interpretations
because no progression to overt symptomatic MM was observed on long-term routine
follow ups.
For two patients with solitary plasmacytoma, WB-MRI results for bone marrow
myelomatous involvement were negative, concordant with other standard laboratory and
bone marrow biopsy results (true negative findings).
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Bone marrow involvement was found in 25 (96%) of 26 patients with confirmed
symptomatic MM. WB-MRI appeared normal in 1 patient who had bone marrow infiltration
by plasma cells on biopsy (bone marrow plasma cell percentage of 30%).
Per-patient sensitivity, specificity, PPV and NPV were 96.1%, 50.0%, 92.6% and 66.7% for
WB- MRI for myelomatous bony disease detection

Comparison of WB-MRI and Skeletal survey
For assessment of bone involvement, the results of WB-MRI and skeletal survey were
concordant in 17/28 (60%) of cases. In 2 of these (7%), no bone involvement was found on
skeletal survey or WB-MRI. Of these two patients with concordant negative bone
involvement on skeletal survey and WB-MRI, one was assigned to MGUS (true negative) and
one assigned to symptomatic MM (false negative) according to standard criteria.
In the remaining 15 (53%), positive bone involvement findings were observed for both
skeletal survey and WB-MRI and confirmed by laboratory and bone marrow biopsy results
(Figure [7-3]).
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Figure 7–3: Concordant skeletal survey and WB-MRI
The patient is a 46 year old male with IgG MM. (a) Post-contrast water-only mDixon image showing
multiple enhancing focal lesions in pelvis (arrows). (b) Pelvic AP view showing the same lesions
(arrows) in pelvis

For one solitary plasmacytoma patient, skeletal survey was concluded positive for diffuse
bone involvement but was negative on WB-MRI and routine laboratory tests. In the
remaining 10 patients (35%), the results of skeletal survey and WB-MRI were also
discrepant, showing underestimation of disease involvement by skeletal survey.
In these cases, whilst no bone involvement was seen on skeletal survey (Durie-Salmon stage
1), but there was bone disease seen on WB-MRI and confirmed by the laboratory tests and
bone marrow biopsy, resulting in up-staging of 35% of cases to Durie-Salmon stage 3 (Figure
[7-4]).

230

Figure 7–4: Discordant skeletal survey and WB-MRI
A 72 year old man, presented with severe back pain, increased IgG and anemia
(a, b, c): The skeletal survey (performed 8 days prior to WB-MRI) appears to be normal. (d,e)
Diffusion weighted imaging (b1000) of pelvis (d) and chest (e) showing the presence of multi-focal
(arrows) bone infiltration. Pre-contrast fat-only mDixon (f) and post-contrast water-only mDixon (g)
showing multiple focal lesions in pelvis and femur.

For the per-site analysis, 476 sites were evaluated by both skeletal survey and WB-MRI in 28
patients. There were 80 positive concordant (16.8%) and 197 negative concordant (41.4%)
sites. The remaining 199 sites (41.8%) were discrepant between skeletal survey and WB-MRI
interpretations.
When all available baseline and follow-up clinical and imaging results are pooled together,
out of 199 discordant sites, there are 6 false positive (Figure [7-5]), 16 false negative (Figure
[7-6]), 133 true positive (Figure [7-7]) and 2 true negative WB-MRI findings (Figure [7-8]).
The remaining 42 sites (all assigned as positive on WB-MRI) were considered as unresolved
discrepant sites.
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The breakdown of concordant positive and negative sites and the breakdown of discordant
sites and their final outcome are shown in Table [7-4].
Excluding unresolved sites (n=42), per-site sensitivity, specificity, PPV and NPV are 93.0%,
97.1%, 97.3% and 92.6% for WB-MRI and 41.9%, 99.0%, 97.9% and 60.4% for skeletal
survey.

Figure 7–5: False positive WB-MRI finding
The patient is a 55 year old female who was diagnosed with MGUS at the time of scanning. Right (a)
and left (b) lateral femoral X-ray views were considered negative for disease. Pre-contrast fat-only
mDixon (c) and post-contrast water-only mDixon (d) interpreted as diffuse disease involvement of
both femurs. Based on laboratory and biopsy results, WB-MRI findings were considered as false
positive for right and left femoral involvement
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Figure 7–6: False negative WB-MRI finding
The patient is a 49 year old female with kappa light chain multiple myeloma. The right humerus was
considered as positive for bone involvement on skeletal survey (a)(arrows) and negative on WB-MRI
[(b) pre-contrast fat-only mDixon, (c) post-contrast water-only mDixon and T2-TSE)]
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Figure 7–7: True positive WB-MRI finding
The patient is a 52 year old female with lambda light chain multiple myeloma. Skeletal survey (a) was
negative for bone disease whilst post-contrast water-only mDixon (b) and inverted b1000 DWI (c) from
WB-MRI protocol show a focal lesion in the right pelvis.
A follow-up pelvic MRI, 8 weeks after WB-MRI, shows the same focal lesion on turbo inversion
recovery magnitude (TIRM) (d) and DWI MRI (e).
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Figure 7–8: True negative WB-MRI finding
The patient is a 86 year old female with solitary plasmacytoma. Skeletal survey (a) was deemed
positive for bilateral femoral involvement. Pre-contrast in-phase mDixon and fat-only mDixon
showing normal marrow.
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Table 7–4: Breakdown of positive and negative concordant sites and discordant sites
Outcome for discordant sites
Negative
concordant
Site
(n)
16

Discordant site

Cervical spine

Positive
concordant
Site
(n)
1

WB-MRI
FN
(n)

WB-MRI
TP
(n)

Unresolved

(n)

WB-MRI
FP
(n)

11

0

3

7

1

Thoracic spine

7

7

14

0

1

12

1

Lumbar spine

5

7

16

0

1

15

0

Shoulder girdle

3

25

28

0

2

15

11

Chest

6

17

33

0

0

26

7

Humerus

8

28

20

0

8

6

6

Pelvis

20

9

27

2

0

21

4

Femur

21

7

28

2

0

20

4*

Tibia/Fibula/Feet

0

47

9

1

0

4

4

Skull

8

16

4

1

0

2

1

Others

1

18

9

0

1

5

3

Total

80

197

199

6

16

133

40*

(n)

n= number of sites, FP: False Positive, FN: False Negative, TP: True Positive,
* There were 2 additional discrepant femoral sites, positive by skeletal survey and negative by WBMRI. The final outcome was true negative WB-MRI and false positive skeletal survey finding
(presented in Figure [7-8]).

A comparison of skeletal survey and WB-MRI findings based on each of the
pre-defined anatomical location is shown in Table [7-5].
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Table 7–5: Comparison of positive findings on skeletal survey and WB-MRI according to
anatomical locations

Anatomical Location

Skeletal survey

Whole-body MRI

Cohen’s Kappa (95% CI)

n/total (%)

n/total (%)

Skull

8/28 (28.6%)

10/28 (35.7%)

0.83 (0.62-1.00)

Cervical spine

4/28 (14.3%)

9/28 (32.1%)

0.05 (0-0.25)

Shoulder girdle

3/28 (10.7%)

10/28 (35.7%)

0.16 (0-0.48)

Humerus

8/28 (28.6%)

8/28 (28.6%)

0.19 (0-0.68)

Chest wall

3/28 (10.7%%)

16/28 (57.2%)

0.16 (0-0.35)

Thoracic spine

8/28 (28.6%)

19/28 (67.8%)

0.19 (0-0.44)

Lumbar spine

6/28 (21.4%)

20/28 (71.4%)

0.08 (0-0.28)

Pelvis

11/28 (39.2%)

21/28 (75%)

0.35 (0.11-0.60)

Femur

11/28 (39.2%)

21/28 (75%)

0.35 (0.11-0.60)

Lower leg

0/28 (0%)

2/28 (7.1%)

N/A

CI: Confidence interval, n: Number of patients, Total: Total number of patients
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Comparison of WB-MRI and whole-spine MRI
Using whole-spine MRI as part of the Durie-Salmon PLUS staging there were
•

5 MGUS (20%)

•

6 stage 1 (24%)

•

7 stage 2 (28%)

•

7stage 3 (28%)

The addition of WB-MRI resulted in up-staging of 15 cases (60%). A comparison of the DurieSalmon PLUS staging according to whole-spine MRI and WB-MRI is shown in Table [7-6] and
Figure [7-9].

Table 7–6: Comparison of Durie-Salmon PLUS staging between whole-spine and WB-MRI

Durie-Salmon Plus

Stage

Stage

stage

Whole spine MRI

Whole body MRI

MGUS

5

1

Stage 1

6

1

Stage 2

7

1

Stage 3

7

21
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Figure 7–9: Durie-Salmon PLUS staging based on whole-spine and WB-MRI

Comparison of WB-MRI sequences
The final Durie-Salmon PLUS staging using 4 different MRI sequences as part of the WB-MRI
protocol are illustrated in Figure [7-10].
The addition of post-contrast water-only mDixon and DWI to anatomical imaging (precontrast in-phase mDixon and T2-TSE) resulted in up-staging of the majority of cases.
Lesion detection rate of each sequence for identifying FLs (scored as 3 and 4 on scoring
system) across the entire cohort is shown in Figure [7-11].
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Figure 7–10: Durie-Salmon PLUS stage according to each MRI sequence

(a) pre-contrast in-phase mDixon (light blue graphs), (b) T2-TSE (dark blue graphs), (c) post-contrast
water-only mDixon (orange graphs) and (d) diffusion weighted imaging (DWI) (red graphs).
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Figure 7–11: Focal lesion detection rate of each MRI sequence

The median and interquartile range (IQR) are presented for each sequence across the entire skeleton.
Using a one-way ANOVA with Tukey’s multiple comparisons test, there were statistically significantly
difference for lesion detection between pre-contrast mDixon and T2-TSE compared to DWI (p<0.05).
No other significant difference was illustrated between the applied sequences.

241

Discussion and Conclusion
In the present study, the value of WB-MRI in patients with suspected MM was
systematically evaluated in terms of lesion detection and affect on tumor staging. This was
achieved by ranking the influence of WB-MRI against established laboratory and clinical
findings, by comparing WB-MRI to conventional X-ray skeletal survey in detecting bone
infiltration and its effect on Durie-Salmon staging, and by comparing WB-MRI to wholespine MRI and its affect on Durie-Salmon PLUS staging.
In this work, WB-MRI showed more disease than X-ray skeletal survey. In 35% of cases there
was skeletal involvement on WB-MRI and positive biochemical investigations with negative
skeletal survey.
In their cohort of 54 patients, Ghanem et al [13] demonstrated that disease was
underestimated in 19% of cases using skeletal survey compared to WB-MRI. They showed
that in 13/54 of their cases, there were false negative skeletal surveys compared to WBMRI.
The results from current study confirm previous findings [12] showing that WB-MRI was
better than skeletal survey for disease detection in MM.
The higher percentage of discrepancies between skeletal survey and WB-MRI findings in the
current study compared to Ghanem et al [12] could be attributed to different WB-MRI
protocols. Ghanem et al [12] only used coronal WB-MRI using short tau inversion recovery
sequence (STIR), whereas the current results are based on a more extensive protocol,
including DWI and post-contrast Dixon imaging.
DWI has been shown to be a superior imaging technique for evaluation of the bone marrow
by various authors [13- 15].
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In an analysis of 44 patients with MM, prostate and breast cancers and by measuring
lesion/background signal intensity, Pearce et al [16] demonstrated a higher lesion
conspicuity on DWI b800 WB-MRI compared to WB-STIR and WB-T1 images for evaluation of
bone lesions.
Narquin et al [17] demonstrated a 37% upstaging of their cohort of 27 patients with
suspected MM when the results of WB-DWI were compared to that of skeletal survey. Their
result was similar to the 35% upstaging observed in the current cohort, indicating that the
addition of DWI to WB-MRI protocols could upstage more patients compared to more
conventional T1 and T2 (+/- STIR) WB-MRI.
The addition of WB-MRI to whole-spine MRI resulted in up-staging of 60% of cases
according to Durie-Salmon PLUS staging in the current study.
In their cohort of 100 patients with confirmed MGUS (n=27) and symptomatic MM (n=73),
Baurele et al [18] demonstrated an upstaging of 22% of their cases when the results of WBMRI was compared to whole-spine MRI according to Durie-Salmon PLUS staging.
Compared to this study, we found that WB-MRI upstaged a higher percentage of disease
than whole-spine imaging alone (22% vs 60%).
Such a difference between these two studies might be explained by the differences in whole
spine and WB-MRI protocols used. In the Baurele study, the whole-spine protocol consisted
of T1-weighted spine echo, T2-STIR and post-contrast T1-TSE (with fat saturation) whilst the
WB-MRI protocol comprised of T1-weighted spine echo, T2-STIR and T2* weighted MRI [18].
The absence of contrast-enhanced imaging and DWI in WB-MRI protocol, probably explains
lower percentage (22%) of Durie-Salmon PLUS disease upstaging compared to current
results. Squillaci et al [19] demonstrated that the addition of DWI to contrast-enhanced T1weighted WB-MRI resulted in upstaging of 33% of their cohort of 36 confirmed MM
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patients. These findings are also confirmed in the current study where it is demonstrated
that contrast-enhanced and DWI WB-MRI have a higher diagnostic yield for disease
detection compared to morphological imaging alone which resulted in the shift of DurieSalmon PLUS staging to a higher stage.
One potential limitation of contrast-enhanced MRI in patients with MM could be in cases
where administration of contrast agent is contraindicated (i.e. renal failure and low eGFR).
In such instances, pre-contrast WB-MRI using Dixon based imaging techniques might prove
beneficial.
In a study of 27 patients with bone metastasis from breast cancer, Costelloe et al [20]
showed overall higher lesion conspicuity with contrast-enhanced water-only and fat-only
Dixon MRI (compared to conventional T1, T2 and STIR) for detection of bone metastasis.
Such observation could be more pertinent in area with higher ratio of yellow/red marrow
where a high conspicuity is produced between the dark lesion and the bright yellow marrow
on fat-only mDixon images.
These findings could highlight the potential advantage of using mDixon sequence as an
alternative to standard T1 weighted sequences where CE MRI is contraindicated.
There are limitations to the current study. Firstly, the protocol used for whole-spine MRI
was not homogenous across the entire cohort as two different MRI platforms were used.
Secondly a direct comparison of T2-STIR and DWI WB-MRI was not possible as part of the
present study due to time constrain. However, a potentially higher diagnostic yield for DWI
might be expected compared to T2-STIR because DWI has been shown in previous studies to
be more sensitive to early bone disease than T2-STIR [16, 19, 21].
In conclusion, the current study has shown that WB-MRI upstages myeloma patients
compared to skeletal survey and whole spine MRI, using Durie-Salmon and Durie-Salmon
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PLUS staging, respectively, at the time of initial evaluation of patients suspected to have
MM.
Additionally, contrast-enhanced mDixon and DWI MRI sequences are shown to be more
sensitive for myeloma disease detection, resulting in higher proportion of disease upstaging
compared to pre-contrast mDixon and T2-weighted sequences.
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Chapter 8 : Whole-body MRI for Response Monitoring in
Multiple Myeloma; The Application of Quantitative MRI
Parameters

Overview:
In this chapter the effectiveness of multi-parametric WB-MRI for early response monitoring
in multiple myeloma is investigated

Research questions:
1: Do multi-parametric WB-MRI quantitative biomarkers change early in the course of
induction chemotherapy?
2: Do early changes of quantitative WB-MRI biomarkers correlate with disease response
assessment following chemotherapy?

Rationale:
Currently, treatment monitoring in multiple myeloma is assessed by global measures of
response and random sampling of bone marrow. These techniques fail to reflect the
heterogeneous nature of initial disease and its changes following treatment. WB-MRI
quantitative parameters might be able to provide an objective non-invasive technique for
assessment of response across the entire skeleton and also predict earlier whether there is
response to treatment.

248

Aims:
1: To investigate the early changes of multi-parametric WB-MRI quantitative parameters in
symptomatic multiple myeloma patients following two cycles of induction chemotherapy.
2: To investigate the efficacy of multi-parametric WB-MRI quantitative parameters for
delineation of disease response.

Author declaration
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supervision of Dr Shonit Punwani.
WB-MRI image analysis was conducted by Professor Margaret Hall-Craggs and Dr Shonit
Punwani.
The clinical assessments and data were conducted and provided by Professor Kwee Yong
and Dr Neil Rabin.
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Introduction
The continued development of novel and highly effective treatment protocols for multiple
myeloma (MM) has produced a need for increasingly sophisticated tools to assess
treatment response in this cancer. Biochemical measurements of paraprotein and heavy or
light chains are global measures of treatment response, while bone marrow-based
techniques have the disadvantage of limited sampling, and neither modality addresses the
spatial heterogeneity of this disease.
Functional MRI techniques such as contrast enhanced (CE) [1], diffusion weighted imaging
(DWI) [2] and fat-water imaging [3], have become widely available on clinical MRI scanners,
providing an opportunity to explore these techniques for response assessment using wholebody MRI (WB-MRI).
Apparent diffusion coefficient (ADC) has been associated with treatment response in MM
[4] whilst changes in abnormal vasculature as measured by CE MRI following therapy has
been correlated with response [1].
Bone marrow infiltration by MM leads to changes in haematopoietic (red) and fatty (yellow)
marrow, that can be quantified by fat-water magnetic resonance imaging techniques [3, 5].
In patients with symptomatic MM, signal fat fraction (sFF) of lumbar spine has been
reported to be significantly lower when compared to patients with asymptomatic disease
[3]. Response to treatment may therefore be expected to lead to an increase in the sFF of
involved bone, however such changes have not been investigated as a response measure.
The aim of this study was to explore and compare the use of DWI, CE and sFF functional WBMRI measures, in the evaluation of newly diagnosed MM patients prior to, and early after
starting chemotherapy.
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Materials and Methods
Study conduct
A prospective single-arm observational study was conducted. Institutional ethics permission
was obtained (REC Number: 12/LO/0428) (see chapter 7).

Patient cohort
Thirty patients were prospectively identified from multi-disciplinary team meetings as
described in chapter 7.
Symptomatic MM patients (n=26) were treated with 4 to 8 cycles of Bortezomib-based
chemotherapy and repeat WB-MRI performed at the end of the second cycle, 8 weeks after
the first scan. Treatment response was evaluated by the clinical team, blinded to imaging
results, based on international myeloma working group (IMWG) consensus criteria after
Bortezomib induction [6] and patients classified into ‘responder’ and ‘non-responder’
groups based on achieving a minimum of partial response [6]. All non-responders (less than
partial response) were escalated to salvage chemotherapy treatment with Bortezomib,
Thalidomide and Dexamethasone (VTD) whilst responding patients went on to have
immediate (n=7) or deferred (n=8) autologous stem cell transplant (ASCT). All patients that
had the deferred ASCT were as part of PADIMAC trial (PADIMAC trial: EudraCT 2010021598-35)

Volunteer cohort
Repeatability of WB-MRI quantitative metrics was assessed in 10 healthy volunteers. WBMRI was performed twice, scan separated by a median of 4 weeks [range 1-11 weeks].
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The healthy volunteers were recruited from our institutional employees between January
2013 to October 2014 and there were 6 men and 4 women with a median age of 33 years
(range 24-39 years).
WB-MRI technique
WB-MRI protocol is detailed in chapter 7. Sequence parameters are tabulated in Table [8-1].

Table 8–1: WB-MRI sequence parameters at 3.0 T
**

Axial T2-TSE

Coronal mDixon (pre and
post-contrsat)

Axial DWI (b0, 100, 300,
1000)

TE (ms)

80

1.02/1.8

71

TR (ms)

1228

3.0

6371

FOV(mm*mm)

500*300

502*300

500*306

Voxel size (mm*mm)

1*1

2.1*2.1

4*4.2

Number of Slices

40

120

40

Slice Thickness (mm)

5

5

5

Acquisition Matrix

500*286

144*238

124*72

ETL

91

2

39

Acceleration factor (SENSE)

2

2

2.5

Pixel Bandwidth (Hz)

537

1992

3369

Scan time (s)

47

17

152

Number of stations

9

5 (6)

9

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, SENSE: sensitivity encoding
** Spectrally attenuated inversion recovery (SPAIR) + slice selective gradient reversal (SSGR)

WB-MRI quantitative analysis
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WB-MR image review is detailed in chapter 7. For quantitative analysis, focal lesions (FLs) in
10 contiguous anatomical locations (skull, cervical spine, shoulder girdle, humerus, chest
wall, thoracic spine, lumbar spine, pelvis, femur and lower leg) were localized on WB-DWI
and CE water-only mDixon MRI. The presence of bone marrow involvement by focal lesions
(FLs) in each of 10 anatomical locations was recorded. A 5-point Likert scale [7] was used to
score confidence of an identified lesion representing myeloma (0=non-diagnostic quality
images, 1=unlikely, 2=indeterminate, 3=likely and 4=highly likely disease).
Due to heterogeneous nature of MM and its tendency to involve the entire skeleton, and in
order to provide a practical and comparable global measure of disease across bony sites, a
maximum of 20 FLs per-patient were selected based on the following applied rules:

I.

Included only lesions ≥ 5 mm, scored 3/4 and visible on
anatomically matched b1000 DWI and CE water-only mDixon

II.

Included all lesions from anatomical locations with <3 lesions

III.

Included largest lesions from other sites, to a maximum of 4
lesion per-site, to a make up for a maximum of 20 FLs per-patient based on current
Durie-Salmon PLUS staging criteria [8].

Biomarker quantitation
Analysis was performed using Osirix (V 4.1, Pixmeo SARL, Bernex, Switzerland) viewing
software on a Mac (Apple, California, USA) workstation.
For quantitative analysis, a single slice containing FLs largest dimension was identified by
the reporting radiologists and the quantitative parameters were derived, using region of
interest (ROI), encompassing the largest dimension of FLs as below:
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Estimated Tumour Volume (eTV) (Cm3): Individual lesion volume was calculated from 3-axis
measurements on CE water-only mDixon (X/Y) and b1000 DWI (Z) images, eTV was calculated
as (X × Y × Z/2).

Enhancement ratio (ER) (%): Average signal intensity (SI) was measured for lesions on preand post-CE water-only mDixon images and ER calculated [(SI post-contrast-W - SI pre-contrast-W)/SI
pre-contrast-W] ×

100).

Apparent Diffusion Coefficient (ADC) (x 10-3 mm2/s): Average signal intensity of lesions was
derived for each b-value. ADC was derived using a mono-exponential curve fit implemented
in MATLAB 2011a (MathWork, Massachusetts, U.S.A) [9].
Signal fat fraction (sFF) (a.u.): sFF was derived from average signal intensity of on precontrast water and fat-only mDixon images. sFF = SI pre-contrast-F/(SI pre-contrast-F + SI pre-contrast-W)
[10].
Finally, and as an internal control within the patient cohort, the sFF of the greater
trochanter (which is not commonly involved by myeloma) was calculated at each timepoint
using a 3 cm2 ROI.

Volunteer cohort
The sFF and ADC repeatability was assessed on matched coronal mDixon and ADC maps by a
single observer. For each volunteer, 7 ROIs were placed on a single slice of the following:
•

T10 vertebral body

•

L4 vertebral body
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•

Sacrum

•

Sacral ala

•

Iliac crest

•

Femoral head and neck

•

Mid-shaft femur and distal femur)

Additionally, 2 cm3 circular ROI of the spleen on ADC maps and a 3cm3 circular ROI of
subcutaneous adipose tissue at the level of right femoral greater trochanter on mDixon MRI
images were measured at two time points using Osirix (Version 4.0, Apple, California, USA).

Statistical analysis
Grouped analysis
Distribution normality was assessed by the Kolmogorov-Smirnov test. Mean lesion values of
the selected MRI biomarkers (eTV, ER, ADC and sFF) were derived for both groups, for
baseline and post 2nd cycle scans. Changes of MRI biomarkers between baseline and post 2nd
cycle scans were assessed for each group by the two-tailed paired t-test.
The Mann-Whitney test was used to compare lesion count between responder and nonresponder groups. Statistically significant differences were defined as p <0.05.

Per-patient analysis
Median values of eTV, ER, ADC and sFF for each lesion for individual patient were derived
for baseline and early post-treatment studies. Changes of median eTV, ER, ADC and sFF
between the two time-points were assessed for each patient by the two-tailed Wilcoxon
matched-pairs signed-rank test.
Receiver operating characteristics (ROC) curves, for prediction of non-responding patients,
were derived for absolute value of each MRI biomarker at each time-point, and for
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percentage change in each MRI biomarker following treatment ([early post-treatment –
baseline] x 100 / baseline). The area under the curve (AUC) was quantified to assess
performance for discriminating non-responding patients across all MRI biomarkers
thresholds. Statistically significant differences were defined as p <0.05.

Biomarker repeatability (volunteer cohort)
Repeatability of sFF and ADC of bone, ADC of spleen and sFF of subcutaneous adipose tissue
was assessed by one-way random single measure interclass correlation coefficient (ICC)
statistics and Bland-Altman plots.
Statistical analysis was performed using Prism software (Prism Version 6.0, GraphPad,
California, USA).

Results
Out of 26 patients with confirmed symptomatic MM, three patients (3/26) did not have the
second scan due to interval surgery or patient preference. Two further patients with post
2nd cycle scans were excluded from quantitative analysis as one underwent radiotherapy
and a second had no FL. MRI biomarkers were evaluated in the remaining 21 patients.
Demographics, blood tests, staging and treatment regimens for 21 patients are summarized
in Table [8-2].
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Table 8–2: Patient cohort
Patient Characteristic (N=21)
Age
Sex

Number or Median (range)
55 (36-69)
Male/Female: 13/8

Chain Isotype
IgG
IgA
Light chain

14
4
3
ISS stage

I
II
III

6
12
3
DS-PLUS Stage

I
II
III

1
2
18
Induction regimen

PAD
CVD
VTD

16
3
2
Bone Marrow percentage plasma cells

65 (15-90)

Beta-2 Microglobulin (mg/L)

3.8 (1.3-10.3)

Albumin (g/L)

40 (32-53)
79 (58-105)

Creatinine (µmol/L)

ISS: International staging system DS-PLUS: Durie-Salmon PLUS PAD: Bortezomib, Doxorubicin,
Dexamethasone CVD: Cyclophosphamide, Bortezomib, Dexamethasone VTD: Bortezomib,
Thalidomide, Dexamethasone

15/21 patients achieved a minimum of partial response (PR) after induction chemotherapy
[3/15 with PR, 3/15 with complete response (CR), and 9/15 with very good partial response
(VGPR)] and were collectively classified as the responder group. 6/21 patients achieved less
than PR (< PR) to induction chemotherapy [4/6 with minimal response (MR), 1/6 with stable
disease (SD) and 1/6 with progressive disease (Prog)] and were collectively classified as nonresponders.
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Grouped analysis
The median number of lesions evaluated per patient was 14 [range 1-18]. A total of 186
[median 14, range1 to 18] and 68 [median 12, range 7 to 15] FLs were evaluated in
responder and non-responder groups respectively (p =0.33).
Mean [standard deviation (SD)] eTV, ADC, sFF and ER at baseline and post-2nd cycle for
responders and non-responders is shown in Table [8-3].
Following treatment, there was a significant reduction in eTV in responding groups (p<0.02)
whilst no significant change was observed in non-responder group (p =0.09). sFF increased
significantly for the responder group (p <0.0001), but not for the non-responder group (p
=0.21). Similarly, ADC significantly increased in responders (p =0.001) but not in nonresponders (p =0.15). No significant change was observed for ER for either group (p =0.99
and 0.48 for responders and non-responders, respectively). Group based analysis for
temporal changes of each biomarker is presented in Figure [8-1].

Per-patient analysis
One (1/15) responder patient had a single FL and was therefore excluded from per-patient
analysis. An example of a FL at baseline and post-2nd cycle in a responding patient is
presented in Figure [8-2].
Following treatment, there was a significant increase in sFF for 13/14 responders (p <0.01 to
0.03). For the remaining patient (1/14) with 4 FLs the change in sFF did not reach statistical
significance (median sFF 0.27 at baseline and 0.36 a.u. post-2nd cycle, p =0.12). There was no
significant change in sFF following treatment in any of the 6 non-responder patients (p value
between 0.30 and 0.60).
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ADC values increased significantly following treatment in 7/14 responders (p<0.01 to 0.04).
6/14 responders demonstrated no significant change of ADC (p =0.12 to 1.0); and 1/14
showed a significant decrease in ADC (median ADC of 1.08 at baseline and 0.68 x 10-3 mm2/s
post-2nd cycle, p=0.01).

Table 8–3: Temporal changes of imaging biomarker in responder and non-responder
groups

Responders
(n=15)

Non-responders
(n=6)

Scan

Mean eTV (SD)

Mean ER
(SD)

Mean ADC (SD)

Mean sFF (SD)

Baseline

0.41 (0.36)

142 (101.40)

0.89 (0.32)

0.28 (0.11)

†

†

†

Post-2nd cycle

0.28 (0.30)

Baseline

0.52 (0.53)

107.5 (41.77)

0.59 (0.15)

0.40 (0.14)

Post-2nd cycle

0.29 (0.28)

131.5 (72.46)

0.78 (0.41)

0.43 (0.17)

142 (67.30)

1.34 (0.49)

0.52 (0.16)

eTV: estimated total tumour volume
ER: Enhancement ratio
ADC: Mean apparent diffusion coefficient
sFF: Signal fat fraction
SD: Standard deviation
†: Significant change (p<0.05) compared with baseline scan

In the non-responder group, ADC did not change significantly following treatment in 4/6
patients (p =0.50 to 0.97), and increased in 2/6 (p =0.02 and 0.03).
The eTV decreased significantly in all 6 non-responders (p <0.01 to 0.01) and in 13/14
responding patients (p = <0.01 to 0.02) with no significant change in the patient with 4 FLs
(p =0.62).
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Figure 8–1: Box and whisker plots of temporal changes of imaging biomarkers
The boundaries of the box show 25th and 75th percentiles, and the line within the box is the
median. Whiskers show 10th and 90th percentiles. Means (+) and outliers (•) are shown. sFF: signal
fat fraction, ADC: apparent diffusion coefficient, eTV: estimated tumour volume,
ER: enhancement ratio
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Figure 8–2: An example of a focal lesion at baseline and following treatment
WB-MRI scan of a 52 year old female patient before (A1-C1), and following 2 cycles (A2-C2) of
induction PAD (Bortezomib, Doxorubicin, Dexamethasone) chemotherapy
(A1, A2) Coronal signal fat fraction map, (B1, B2) Coronal post-contrast water-only mDixon and (C1,
C2) Axial b1000 diffusion weighted MRI images depicting a focal lesion at the level of L3 vertebral body
on the left side (arrows). Compared to baseline and following 2 cycles of treatment there were 42.7%
reduction in eTV, 51.7% reduction in ER, 25% increase in ADC and 80% increase in FF of the focal
lesion.

In 6/14 responders, there was no significant change of ER following treatment (p =0.20 to
0.93). The ER decreased significantly in 2/14 (p <0.01) and significantly increased in 6/14 (p
<0.01 to 0.03). There was no significant change of ER in 3/6 (p =0.14 to 0.31), and a
significant increase of ER in 3/6 (p =0.01 to 0.05) non-responder patients following
treatment. Changes in sFF, ADC, eTV and ER for lesions in typical responder and a nonresponder patients are provided in Figure [8-3] and [8-4], respectively.
263

Figure 8–3: Changes of WB-MRI biomarkers in a responding patient
Signal fat fraction (sFF), apparent diffusion coefficient (ADC), estimated tumour volume (eTV) and
enhancement ratio (ER) at baseline and post-2nd cycle scans. The patient is a 46 years old male who
achieved complete response after induction chemotherapy with PAD (Bortezomib, Doxorubicin,
Dexamethasone). Each data point represents a focal lesion at the baseline scan and the
corresponding lesion on the post-2nd cycle scan. Significance defined as p <0.05. For ADC, sFF and ER
a marked heterogeneity for lesional response is observed.
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Figure 8–4: Changes of WB-MRI biomarkers in a non-responding patient

Signal fat fraction (sFF), apparent diffusion coefficient (ADC), estimated tumour volume (eTV) and
enhancement ratio (ER) between baseline and post-2nd cycle scans. The patient is a 55 years old
male patients who achieved minimal response after induction chemotherapy with PAD (Bortezomib,
Doxorubicin, Dexamethasone). Each data point represents a focal lesion at the baseline scan and the
corresponding lesion on the post-2nd cycle scan. Significance defined as p <0.05. For ADC and ER a
marked heterogeneity for lesional response is observed.
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In per-patient analysis and as demonstrated in Figure 8-3 and 8-4, there was a consiredable
heterogeneity of response at lesional level for the same patient.
Two patients (2/21) were excluded from analysis of the trochanteric sFF due to tumour
involvement (n=1) or artifact (n=1). There were no significant changes of sFF in normal
appearing greater trochanter (n=19) following therapy (mean [standard deviation] of 0.97
[0.007] and 0.97 [0.007] at baseline and post-treatment, respectively, p =0.16).

ROC Curves
The ROC curve analysis for eTV, ER, sFF and ADC using baseline, early post- treatment and
percentage change following treatment as predictors of non-responding patients and AUC
values are tabulated in Table [8-4]. ROC analysis indicated that a threshold of 12.6%
increase in sFF correctly identified response to treatment with 100% sensitivity and 100%
specificity (AUC, 1.0).

Biomarker repeatability (volunteer cohort)
Median and interquartile ranges (IQR) of bone, splenic and subcutaneous adipose tissues
ROIs for the first and second studies and ICC (95% confidence interval) between temporally
separated studies are shown in Table [8-5]. The ICC of sFF and ADC of normal bone were
0.98 (95%CI 0.96-0.98) and 0.47 (95%CI 0.26-0.63) respectively. The Bland-Altman plots for
bone sFF and ADC measurements are presented in Figure [8-5].

266

Table 8–4: Univariate area under the curve analysis of the imaging biomarkers according
to final response
AUC

Baseline

Post-2nd cycle

Percentage
changes

95% CI

Std.

Lower bound

Upper bound

eTV

0.55

0.15

0.26

0.84

ER
ADC
sFF

0.48
0.78
0.78

0.13
0.10
0.11

0.23
0.58
0.56

0.72
0.98
1.00

eTV

0.56

0.15

0.26

0.86

ER
ADC
sFF

0.51
0.80
0.73

0.13
0.10
0.12

0.26
0.61
0.49

0.76
0.99
0.97

eTV

0.42

0.13

0.16

0.69

ER
ADC
sFF

0.48
0.70
1.00

0.13
0.13
0.00

0.22
0.44
1.00

0.74
0.96
1.00

eTV: Estimated tumour volume, ER: Enhancement ratio, ADC: Mean apparent diffusion coefficient
sFF: Signal fat fraction, AUC: Area under the curve, Std: Standard deviation

Table 8–5: Biomarker repeatability (ICC) of normal volunteer cohort

Bone

Spleen

Adipose tissue

ADC

sFF

ADC

sFF

1st scan

0.31 (0.28-0.36)

0.74 (0.55-0.93)

0.75 (0.74-0.79)

0.95 (0.93-0.96)

2nd scan

0.31 (0.26-0.35)

0.70 (0.56-0.94)

0.77 (0.75-0.80)

0.94 (0.93-0.96)

ICC (95% CI)

0.47 (0.26-0.63)

0.98 (0.96-0.98)

0.83 (0.47-0.95)

0.93 (0.75-0.98)

ADC: Apparent diffusion coefficient, sFF: Signal fat fraction
ICC: Interclass correlation, CI: Confidence interval
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Figure 8–5: Bland-Altman plots of sFF and ADC of bone
Signal fat fraction (sFF) and apparent diffusion coefficient (ADC) in normal volunteers. For sFF, 95%
limits of agreement were -0.085 to 0.105 (a.u.) with standard of bias of 0.048. For ADC, 95% limits of
agreement were -134.3 to 162.1 (× 10-3 mm2s-1) with standard of bias of 75.61. There is a wider
dispersion of values for ADC and mean difference between two measurements in each subject are
closer to zero for sFF compared to ADC. The dotted lines represent 95% level of agreement.

Discussion and Conclusion
WB-MRI is increasingly used for evaluation of patients with MM at the initial diagnosis.
Recently, qualitative and quantitative assessments of WB-MRI have yielded promising
results for monitoring response in MM [1, 2, 11].
This study demonstrates that MR derived sFF is a reliable and quantifiable technique and
that the changes following 2 chemotherapy cycles was a consistent and accurate classifier of
final treatment response.
The current findings on WB-MRI confirms previous studies that reported on repeatability
and reproducibility of sFF of lumbar spine [12] and subcutaneous adipose tissue [13].
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A significant increase in sFF in patients classified as responders (13/14) compared to no
significant change in non-responders was observed in this study (6/6).
Few studies have investigated sFF quantification of bone marrow in MM. Takasu et al [5]
demonstrated a significant decrease in lumbar spine fat fraction [using iterative
decomposition of water and fat with echo asymmetric and least-squares estimation (IDEAL)
MRI] [14] of 24 MM patients, compared to healthy volunteers, and the patients with
monoclonal gammopathy of undetermined significance or asymptomatic MM patients. In
their cohort, discriminant analysis of sFF showed that 92% of patients were classified
correctly into symptomatic or non-symptomatic MM groups.
Although a significant increase of ADC in the responder group was found, I also observed
more variation in per-patient analysis than reported previously on 1.5T DW MR imaging [4,
15]. The temporal changes of ADC following myelomatous infiltration and treatment are
complex and affected by several factors such as the amount of fatty (yellow) marrow, cell
size, bulk flow in capillaries and cellular architecture [16]. Furthermore, the direction and
magnitude of ADC changes may depend on the stage of bone remodeling cycle captured in
individual patients, and individual lesions.

A significant decrease in eTV following treatment in almost all the patients was observed
(19/20) but no significant change in FL enhancement following treatment was noted,
concurring with a previous report [1].
Persistent increased angiogenesis previously reported in MM following successful treatment
[17] might explain no significant change in FL enhancement in my cohort.
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Furthermore, a significant decrease in eTV (using three-axis size measurements) in both
responders and non-responders could highlight inadequacy of simple single-axis size
measurement as a measure of response.
A pre-requisite of a successful response biomarker, in addition to changing with treatment,
is clinically acceptable repeatability. I determined the repeatability of bone ADC and sFF
measurements in normal volunteers, and showed that sFF has excellent repeatability (ICC of
0.98) compared with moderate repeatability of ADC (ICC bone 0.47). A separate splenic ROI
was used as DWI is normally performed with fat-suppression which may reduce the signalto-noise ratio on DWI images in normal marrow and affect ADC calculation and thus
repeatability. In the spleen (where DWI signal is high), ADC has good repeatability.
The repeatability of sFF measurements, its changes following treatment together with the
significant increase with successful chemotherapy, strongly supports the use of sFF as a
biomarker of treatment response in patients with MM.
Additionally, there was a considerable heterogeneity of response between different lesions
in the same patient that could provide useful information when assessing potential nonresponding sites across multiple anatomical locations. However, it should be noted that
because of marked heterogeneity at lesional level, per-patient changes could be driven by
large changes in few lesions.
The current study has some limitations. Although differential responses between lesions
within individual patients was observed, it is not feasible confirm response on a per lesion
basis, as reference standard was defined by a global patient-based response. It is possible
that individual lesions that do not appear to be responding are the sites of clonal resistance

270

to therapy of same myeloma clones. Further temporal follow-up +/- individual lesion biopsy
is necessary to explore this hypothesis.

Because the focal pattern constitutes the most common pattern of bone marrow
involvement in MM [18], as reflected in this cohort, my findings may not be generalizable to
patients with diffuse only pattern of disease.
The second time-point (post 2nd cycle) was an arbitrary choice in this study as there is
currently no consensus on the optimal point for early/late follow up imaging in MM using
WB-MRI.
Changes as early as one-month post chemotherapy have been documented for ADC in MM
patients [10], however, the most optimal post-treatment interval with greatest sensitivity to
separate responder and non-responder patients is yet to be confirmed.
The WB-MRI protocol was limited to static CE MRI following a constant administration of 20
ml of gadolinium as opposed to dynamic CE MR imaging. As such, the final gadolinium
concentration at equilibrium state is measured, which provides less discriminative
information than dynamic CE imaging, as previously reported when applied to the spine MRI
for prognostic categorization of MM patients [19].
Finally, I acknowledge that my volunteer cohort, used to assess quantitative parameter
repeatability, was not sex- and age-matched to patient cohort.
The current observations require subsequent confirmation in a larger patient cohort.
Imaging was performed on a single MRI scanner and so biomarker generalizability between
platforms and institutions/settings is untested. However, the pulse sequences used are
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routinely available on all commercially available scanners, quantification is relatively simple,
and repeatability of sFF (the best response biomarker) is almost perfect.

It is particularly feasible to reduce WB-MRI scan time, suitable for myeloma assessment, to
about 15 minute. This could provide a safe, fast and cost-effective technique with simple
and reliable quantification of sFF to assess treatment response accurately, and has the
potential to aid treatment stratification by early identification of poorly responding patients.
Moreover, sFF imaging may demonstrate heterogeneity of lesion response, which, if
verified, may identify lesions containing resistant clones of disease, facilitating targeted
biopsy and guiding further therapy. Evolving risk stratification methods are integrating more
advanced and sophisticated tests (e.g. cytogenetic analysis) for assessment of MM, and WBMRI sFF could potentially provide added value in making clinical management decisions
within this heterogeneous disease.
In conclusion, WB-MRI sFF assessment using a simple MRI technique provides a reliable
biomarker for assessing therapeutic response and potentially discriminates clinical outcome
in patients with symptomatic multiple myeloma.
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Chapter 9 : Thesis summary, discussion and conclusions
In this chapter, I summarise the main findings of the studies included within the thesis and
highlight suggestions for further potential research.

Chapter 3
Research Question: How does multi-parametric WB-MRI perform compared to current
gold-standard imaging (i.e. PET-CT) for evaluation of nodal and extra-nodal disease
involvement in paediatric Hodgkin’s lymphoma and what is the diagnostic performance of
each component of multi-parametric WB-MRI?
Here, in a retrospective qualitative analysis, I investigated the diagnostic performance of
whole-body MRI against 18F-FDG PET-CT reference standard in 37 paediatric Hodgkin’s
lymphoma patients using a combination of functional and morphological MR imaging.
The results from two independent readers demonstrated a relatively high sensitivity and
specificity for nodal evaluation. Furthermore, a subtle increase of both sensitivity and
specificity was observed when DWI was complemented by additional morphological MRI
technique highlighting the importance of a combined imaging approach as opposed to DWI
only imaging. When extra-nodal disease assessment was considered for each reader, the
DWI sensitivity was moderate and subsequently increased by addition of morphological MRI
and dynamic contrast enhanced liver and spleen imaging.
The consensus WB-MRI read showed comparable performance and very good agreement
between WB-MRI to 18F-FDG PET-CT for nodal and extra-nodal disease and Ann-Arbor
staging.
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These results were encouraging and suggested that WB-MRI could be considered for staging
of paediatric lymphoma. However, they also demonstrated that sub-centimetre lymph
nodes remained challenging to classify on WB-MRI, leading to the evaluation of quantitative
MRI nodal characteristics as presented in chapter 4.

Chapter 4
Research Question: Do quantitative WB-MRI parameters add any additional value to
accepted size measurement criteria for nodal assessment in paediatric Hodgkin’s
lymphoma?
For analysis, I derived the quantitative metrics for visible nodes on both morphological and
functional MRI for all the nodes measuring ≥ 5 mm and used 18F-FDG PET-CT to classify
nodes into positive and negative for disease. This evaluation was conducted for two
separate radiologists. I extracted ADC and normalized T2 signal intensity from all nodes
identified by each radiologist.
I found that ADC was significantly lower in positive nodes compared to negative nodes as
defined by 18F-FDG PET-CT, and that normalized T2 signal intensity was higher in positive
nodes; however, simple short axis size measurement outperformed both MRI quantitative
variables as a univariate parameter for nodal disease status.
Furthermore, ADC thresholds were applied for characterization of sub-centimetre nodes
(which would be missed by size thresholds), and whilst there was an increase of sensitivity
for detection of 18F-FDG PET-CT positive nodes, there was also a substantial decrease in
specificity. Given that the majority of nodes below a centimetre are negative for disease, a
significant drop in specificity had a large impact on the diagnostic performance.
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My results highlighted that presently, size criteria remained the best determinant of disease
positivity/negativity in lymph nodes in paediatric’s HL.
Having conducted two retrospective analyses, the next step was to conduct a powered
prospective evaluation of a combined qualitative + quantitative WB-MRI approach for
staging of paediatric lymphoma.

Chapter 5
Research Question: Does a combined qualitative and quantitative WB-MRI perform equally
to reference standard imaging for staging and response monitoring in paediatric Hodgkin’s
lymphoma?
In this chapter I prospectively evaluated the application of qualitative and quantitative WBMRI parameters for nodal and extra-nodal disease assessments, at initial diagnosis and in
early post-treatment (interim response) assessment in 50 paediatric patients with HL.
I confirmed that WB-MRI was indeed inferior to a combined reference standard (including
18

F-FDG PET-CT) for both nodal and extra-nodal staging. After removal of potential sources

of error, there remained incomplete agreement for nodal and extra-nodal staging, which
could have result in incorrect treatment decision.
Moreover, by combining qualitative assessment with quantitative ADC measurements, I
showed that interim WB-MRI disagreed with interim 18F-FDG PET-CT, in nearly a third of
cases for disease response assessment. In the majority of cases with disagreement on
interim imaging results, WB-MRI underestimated the disease response compared to 18F-FDG
PET-CT. Underestimation of interim disease response could also have significant
implications for patients e.g. unnecessary treatment escalation.
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The prospective study confirmed my initial retrospective findings described in chapter 3 and
4 suggesting that WB-MRI is not as yet a suitable substitute for reference standard imaging
in paediatric HL.

Chapter 6
Research Questions: Does a WB-MRI using 3.0 T platform perform as well as reference
standard imaging for staging in adult’s lymphoma? What is the diagnostic performance of
each sequences as part of a multi-parametric WB-MRI protocol?
In this chapter I implemented and used a 3.0 T WB-MRI protocol to investigate qualitative
disease assessment in adult’s lymphoma compared to reference standard 18F-FDG PET-CT.
As 3.0 T WB-MRI is relatively novel, I undertook an evaluation of four different sequencecombinations to help understand the diagnostic value of each sequence.
I showed that, when assessed separately, DWI was inferior to both CE mDixon and T2-TSE
MRI for both nodal and extra-nodal staging. However, using all available sequences together
(including DWI) provided complete agreement for extra-nodal staging and a very good
agreement for nodal staging between WB-MRI and the reference standard.
Yet, as with 1.5 T paediatric studies, discrepancies in nodal staging remained, due to
misclassification of small 18F-FDG positive lymph nodes.

Chapter 7
Research Question: How does multi-parametric WB-MRI perform compared to current
standard imaging (skeletal survey and whole-spine MRI) for initial assessment of patients
with suspected multiple myeloma and which sequence(s) perform better for delineating
myeloma bony disease?
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Having developed a 3.0 T WB-MRI protocol, in this chapter I applied the protocol for the
assessment of multiple myeloma; where nodal disease is not of concern. In case of multiple
myeloma, my current results confirm the previous findings of the comparison between WBMRI and skeletal survey, namely that WB-MRI is significantly superior to skeletal survey for
disease staging. My results also showed that for disease detection, WB-MRI performance
was significantly superior to that of whole-spine MRI.
I also compared the added value of additional sequences (DWI, T2-TSE and CE) as part of the
WB-MRI protocol. My results confirmed that DWI performed significantly better for disease
detection compare to unenhanced mDixon, T2-TSE and post-contrast mDixon MRI. This
finding reiterates the importance of implementation of DWI as an integral part of a WB-MRI
protocol for disease detection in multiple myeloma.

Chapter 8
Research Question: What are the changes of multi-parametric WB-MRI quantitative
biomarkers at early stages of chemotherapy in multiple myeloma and do these changes
correlate with response to treatment after the induction chemotherapy?
Whilst most of the work on application of WB-MRI in multiple myeloma has been focused
on qualitative assessment of disease at staging and following chemotherapy, there is
growing evidence supporting the potential of quantitative imaging biomarkers for disease
characterisation. However, so far, the published works have mainly focused on potential
application of DWI’s apparent diffusion coefficient and to a lesser extent, quantitative
metrics derived from dynamic contrast enhanced MR imaging. In this chapter I evaluated
the potential value of ADC, contrast enhanced signal intensity ratio and fat/water signal
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ratio as measures of disease treatment response. I demonstrated that lesional signal fat
fraction was a highly repeatable parameter with a good ability to monitor treatment
response potentially on a lesion by lesion basis.

Future direction and research
The work presented within this thesis stems from single centre expert studies. Where
clinical potential has been demonstrated, such studies should be followed by multi-centre
evaluations to determine generalisability of technique and health economics.
The work presented in this thesis could lay the foundation for potential future multi-centre
trials (nationally and/or internationally) investigating the utility of imaging biomarkers for
response assessment in a range of primary and/or metastatic bone cancers. For the results
to be disseminated, such prospective large multi-centre trials are necessary to further
scrutinise the role of imagng biomarkers for monitoring treatment reposne and
prognostication.
For instance, one potential area is where new chemotherapy agents are being tested for
their efficacy in the management of patients diagnosed with multiple myeloma or patients
with metastatic bone disease.
There are also several potential technical areas that could be further developed before such
multi-centre studies are planned. Such developments may help to improve both diagnostic
performance and, more importantly, patient acceptance of WB-MRI protocols.
One major unmet need is to trial technologies that accelerate WB-MRI acquisition. Like
most other applications of WB-MRI, within this thesis, I implemented a WB-MRI technique
based on “multi-stations” scanning. However, there is now availability of continuous moving
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table (CMT) scanning technology. Furthermore, compressed sensing methods and multiband imaging are becoming clinically available which may significantly decrease scan times.
A second area that needs ongoing research is the progressive clinical translation of
quantitative imaging biomarkers derived from WB-MRI images. The most promising
biomarker within this thesis was fat fraction derived from mDixon images and assessed as a
marker of disease response in multiple myeloma. The repeatability of this imaging
biomarker together with its clinical value demonstrated in multiple myeloma, suggest that it
may also be of value in different malignancies with bone metastases. It would be interesting
also to look at fat fraction as a classifier of nodal disease status, where the fatty hilum of
normal nodes becomes gradually replaced by cellular infiltrate. Indeed, this may address the
current limitation of applying WB-MRI for lymphoma staging. There have been ongoing
developments in the derivation of fat-fraction, providing for more accurate strategies and
analysis methodologies (e.g. 3-6 point mDixon acquisition, fitting strategies that correct for
T2* related signal changes effecting fat-fraction). Future whole-body MRI studies could
benefit from adopting these improvements.
Additionally, the imaging biomarkers could be integrated and linked to other blood
biomarkers and cytogenetics analysis for a more thorough characteristation of disease at
diagnosis and following treatment. For instance, circulating tumour cells (CTC) and
circulating tumour DNA (ctDNA) analysis could be combined with imaging biomarkers such
as ADC and sFF for better characterisation of response heterogeneity in patients with
primary or metastatic bone cancers.
In fact, one appealing potential of WB-MRI, as shown in this thesis, is its ability to noninvasively probe the spatial heterogeneity of disease across multiple body sites. As such,
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WB-MRI could be used to interrogate inter-patient and intra-patient heterogeneities
following treatment to address patient’s tailored management plan.
In conclusion, this thesis presents a sequential body of work demonstrating where WB-MRI
may have clinical value and where its performance is limited. With further technical
developments and generation of multi-centre study data, it is likely that WB-MRI will enter
routine clinical practice for the assessment of specific diseases within the next 5 years.
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Atkinson D, Allen C, Emberton M, Punwani S. Evolution of multi-parametric MRI
quantitative parameters following transrectal ultrasound-guided biopsy of the
prostate. Prostate Cancer and Prostatic Dis. 2015; 18(4): 343-51.
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The FORECAST Study - Focal Recurrent Assessment and Salvage Treatment for
Radiorecurrent Prostate Cancer. Contemp Clin Trials. 2015: S1551-7144(15)30038-0.
doi: 10.1016/j.cct.2015.07.004.
7. Hamy V, Dikaios N, Punwani S, Melbourne A, Latifoltojar A, Makanyanga J, Chouhan
M, Helbren E, Menys A, Taylor S, Atkinson D. Respiratory motion correction in
dynamic MRI using robust data decomposition registration – Application to DCE-MRI.
Med Image Anal 2014; 18(2): 301–313.
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Conference presentations (first author)
1. Whole body functional and anatomical MRI: Accuracy in staging and interim
response monitoring of Childhood and Adolescent Hodgkin’s Lymphoma compared
to multimodality conventional imaging. ISMRM 2018 (Power pitch presentation)
2. Whole body 3.0 T MRI for Staging Lymphomas: An Assessment of Multiple
Sequences Compared to Reference Standard Imaging. ISMRM 2018 (poster
presentation)
3. Whole Body Magnetic Resonance Imaging in Paediatric Hodgkin’s Lymphoma; The
Application of Quantitative parameters for Nodal Staging ISMRM 2018 (poster
presentation)
4. Long-term prognostic value of whole-body MRI fat fraction signal changes following
initial Bortezomib treatment of patients with multiple myeloma. ISMRM 2017
(poster presentation)
5. Anatomical sites' dependency of 3.0 T whole-body MRI's signal fat fraction and
apparent diffusion coefficient in multiple myeloma focal lesions. ISMRM 2017
(poster presentation)
6. Whole-body MRI for initial assessment of plasma cell disorders including multiple
myeloma. ISMRM 2017 (poster presentation)
7. Whole body functional and anatomical MRI: Accuracy in staging of Childhood and

Adolescent Hodgkin's Lymphoma compared to conventional multimodality
imaging. ISMRM 2017 (poster presentation)
8. Early post-treatment changes of multi-parametric whole-body MRI quantitative
parameters following Bortezomib induction in multiple myeloma; Preliminary results
at 3.0 T. ISMRM 2016 (Power poster presentation)
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9. Comparison of Whole-body MRI and PET-CT for staging adult lymphoma: Preliminary
result at 3.0T. ISMRM 2016 (oral presentation)
10. Whole-body diffusion weighted imaging in multiple myeloma: Temporal changes of
Gaussian and non-Gaussian diffusion parameters following treatment. Initial
experience at 3.0T. ISMRM 2016 (poster presentation)
11. Whole body functional and anatomical MRI: Accuracy in staging and treatment
response monitoring in Childhood and Adolescent Hodgkin’s Lymphoma compared
to conventional multimodality imaging. RSNA 2016 (oral presentation)
12. Quantitative whole-body MRI for early post-treatment monitoring in multiple
myeloma. BCISMRM 2016 (oral presentation)
13. Whole-body MRI in multiple myeloma: The utility of imaging biomarker for
treatment response monitoring following two cycles of Bortezomib chemotherapy.
CRUK/ESPRC cancer imaging centre. From bench to bedside: validating and
qualifying imaging biomarkers, Natonal trainee workshop 2016 (oral presentation)
14. Whole Body (WB) MRI in Newly Diagnosed Multiple Myeloma (MM): Fat Fraction
Changes at 8 Weeks Predict Response to Induction with Bortezomib Regimens. ASH
2015 (poster presentation)
15. Whole body multi-parametric MRI; A comparison of the diagnostic performance of
different sequences. ISMRM 2015 (poster presentation)
16. Multi-parametric whole body MRI in paediatric lymphoma; A comparison with
reference standard PET-CT. ISMRM 2015 (poster presentation)
17. Whole body mDixon MRI in multiple myeloma: Quantitative derived parameters
changes following chemotherapy. ISMRM 2015 (poster presentation)
18. Whole Body Diffusion Weighted Imaging in Multiple Myeloma; A Comparison of
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Gaussian and Non-Gaussian Diffusion Models for Quantitative Derived Parameters.
ISMRM 2015 (poster presentation)
19. Transrectal ultrasound guided biopsy: effect on natural history of multi-parametric
MRI signal and derived quantitative parameters. ISMRM 2014 (oral presentation)
20. Size, ADC and T2-signal- a reproducibility study of parametric measurements for
classification of nodal disease in paediatric hodgkin’s lymphoma. ISMRM 2014
(poster presentation)
21. 1Multi-parametric Whole-Body MRI for Staging Prostate Cancer. BIR 2014 “Multiparametric imaging of Prostate cancer (oral presentation)
22. The effect of trans-rectal ultrasound (TRUS) guided biopsy on prostate multiparametric MRI (mp-MRI) quantitative derived parameters. BIR 2014 “Multiparametric imaging of Prostate cancer (poster presentation)
23. Assessment of whole-body DWI combined size and ADC criteria for determination of
nodal disease status in paediatric Hodgkin's lymphoma. ISMRM 2013 (poster
presentation)
24. Effect of prostate haemorrhage on post-biopsy T1, T2 weighted MRI signal and DWI
derived ADC values: A longitudinal study. ISMRM 2013 (poster presentation)
25. Multi-parametric whole body MRI in paediatric lymphoma: Should we consider
functional and quantitative parameters for assessment of nodal diseases status?
ISMRM 2013 “cancer gone multimodal” workshop (oral presentation)
26. Are prostate diffusion weighted imaging ADC measurements affected by post-biopsy
haemorrhage? ECR 2013 (poster presentation)
27. Whole-body multi-parametric MRI Ann Arbor staging of paediatric Hodgkin's
lymphoma: evaluation of agreement with PET-CT. ESPR 2013 (oral presentation)
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Awards

1) ISMRM, Summa Cum laude award, 2016

2) Radiology Research Trust (RRT) travel award (1000 £), 2016

3) UK Myeloma Forum (UKMF) travel award (1000 £), 2015

4) ISMRM, Magna Cum laude award, 2013, 2018

5) ISMRM Educational Stipends (2015, 2017, 2018)
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Appendix B

MELT Trial
MELT (MRI Evaluation of Lymphoma Treatment) trial is a Cancer Research UK (CRUK) funded
prospective single-centre study evaluating 1.5 T functional and morphological whole-body
MRI for staging and response monitoring in paediatric Hodgkin’s lymphoma in comparison
to reference standard PET-CT.
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New test to find out where in your body the trouble is
INFORMATION SHEET FOR CHILDREN AGED 5-8 YEARS
What is research?
When we want to try something new that may be
more clever, but we are not completely sure.
Why do you ask me?
We have a new test that we think is more clever
to find out where the trouble is inside you.

Do I have to take part?
No, it is up to you and your parents. Ask your nurse or doctor if
you have any questions.
What will happen to me if I take part?
You will have all the tests that we would normally give
you including something called an MRI. The MRI
takes pictures like a camera but the pictures are of
inside your body (part of this is research). Taking an MRI scan
does not hurt and it is very safe. The MRI scanner is like a big
doughnut with a hole in the middle. There is a special bed in the
middle that you will be asked to lie on. You will need to lie quite
still. It will take about an hour to do the MRI scan. You will need
to have a tiny plastic tube (cannula) put in so we can
give you a special dye. We can put magic cream on
before this is done to help take the pain away. The MRI
scanner makes a bit of noise so you will be able to wear
MELT Patient Information Sheet- Children 5 to 8 – v5.0 - 30April12
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earplugs or headphones. You can listen to a CD if your want.
Your mum or dad, or another adult can be with you all the time.

The scanning machine can be a little
noisy but we will give you some
headphones and you can also listen to
music if you like. You can even bring your own music along. We
will also give you a button that you can press when you are
having the scan to make the scan stop if you are scared.
Doctors have told us that the tests you will have for this research
are safe.
Will joining in help me?
We cannot promise the project will help you but maybe it can
help other children with the same problem.
If you are worried about anything you can talk to
your parents, your doctor and the people doing the
MRI.
What if I don’t want to be part of the research anymore?
If at any time you don’t want to be part of the research anymore
just tell your parents, doctor or nurse.
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PATIENT INFORMATION SHEET

Whole body functional and anatomical MRI: Accuracy in staging and
treatment response monitoring in Adolescent Hodgkin’s Lymphoma
compared to conventional multimodality imaging
MELT – MRI Evaluation of Lymphoma Treatment
INFORMATION SHEET FOR CHILDREN AGED 13-15 YEARS
Introduction
You are invited to take part in this research project, where we are doing a special type of scan
to get more information about your illness. It is important that you understand why we are
doing this and what is involved for you. We would appreciate it if you could take the time to
read this information sheet. You can discuss it with your family, friends or the nurses and
doctors looking after you. We can answer any questions you may have before you decide
whether to agree to taking part. Thank you for your time.
Background
Your doctors think that you have an illness called lymphoma. You may have gone to the
doctor after finding a lump, a swollen tummy, or just ‘not feeling quite right’.
Investigations for suspected lymphoma
When you first come to our hospital, you will require a number of investigations. This is so the
doctors can find out more about the illness. They can then decide upon the best way in which
to treat it. After starting treatment, the investigations have to be repeated at certain times to
check that the illness is getting better and to help the doctors plan the next stages of
treatment.
What is a research project?
A research project is a way of people finding out new things. In this project, we have found a
new type of MRI scan and we need to know how it can help us. We hope that is will give us
more information about illnesses than the scans we already do.
What is the purpose of this research project?
Lymphoma may develop in many parts of the body, including the lymph nodes, spleen, bone
marrow, blood, or other organs. Treatment of the disease involves chemotherapy, radiation
therapy, or a combination of the two. The exact treatment chosen by your doctor depends on
the findings of scans that you have that tell your doctor where the disease is located. These
scans are necessary but most use radiation (x-rays) to produce images of the body.
We would like to see if we can use magnetic resonance imaging (MRI) scanning techniques
that use magnets and radiowaves rather than radiation to produce an image of the body. MRI
scans should be safer than other scans that use radiation. But, first we need to see if MRI is
MELT Patient Information Sheet- Children 13 to 15 - v4.1 - 04 January 2013
PIS Template Version 1 15 12 09 (SOP T07 Ass’d Template 1)
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as good as the other scans that you will have as part of the normal assessment of the disease
before and during the treatment.
Magnetic resonance imaging
Magnetic resonance imaging, or MRI, is a type of scan which can give very detailed pictures
of the inside of the body. Taking an MRI scan does not hurt and it is very safe. The MRI
scanner looks like a big polo mint with a hole in the middle.
Why have you asked me to take part in the project?
We have asked you to take part because we suspect you have an illness that we want to find
out more about. We want to do this by doing the special ‘research’ MRI scans as well as all
the other investigations.
Do I have to take part in the project?
No, you do not have to take part. You can decide whether you want to or not. If you change
your mind, that will not be a problem and it will not affect your clinical care. You just need to
tell the doctors who are looking after you.
How do I get involved?
If you do think you want to take part, we will ask you to sign a ‘assent form.’ This shows that
we have discussed the project with you and that you agree to be involved. However, you can
still change your mind even after you have signed the form.
What will happen to me if I take part?
You will have all the investigations that your doctors would normally do for this illness. The
special research MRI scans will be done at the same time. They will take longer, so you will
be asked to lie still for longer, sometimes up to an hour.
The MRI scan takes pictures like a camera but the pictures are of inside your body. Taking an
MRI scan does not hurt and it is very safe. The MRI scanner is like a big polo mint with a hole
in the middle. There is a special bed in the middle that you will be asked to lie on. Before the
scan starts you will need to have a small plastic tube (cannula) put into a vein so we can give
you an injection through it during the scan. The injection is a kind of dye that allows us to get
more information during the scan. You will be asked to lie still during the scan and if you are
having a research scan, it will take longer to do, sometimes up to an hour.
The MRI scanner is quite noisy so you will be able to wear earplugs or headphones. You will
usually be able to listen to a CD at the same time.
CT scans (not MRI scans) involve the use of radiation. There are laws governing the use of
radiation in research and experts have looked at the scans you will have and do not believe
there is any extra risk to your health in having these scans.
There will be no other scans or tests you have to do for this project. However, if we take any
samples of the lymphoma, we will need to look at it in the laboratory. This will happen
anyway, even if you do not take part in the research project as the doctors looking after you
need to know what it looks like under a microscope.
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Questions
Will I have to come to hospital more frequently?
No. The ‘research’ MRI scans will be performed at times when your doctors would normally
want you to have a normal MRI scan.
Will I have to spend more time in hospital if I take part in this study?
Yes. There will be an extra time for the MRI scan (total of 1 hour) when you would usually
have had a scan that lasts 35-40 minutes. The MRI scan will take longer, but this will not
involve an overnight stay.
Will I come to any harm by being part of this study?
We do not expect you to come to any harm by having a research MRI scan in addition to the
conventional MRI scan.

Thank you for reading so far – if you are interested, go to PART 2
PART 2
What happens if the research shows new information?
Sometimes during a research project new things are found out about the research procedure.
Your doctor will tell you all about it if this happens.
What if there is a problem or something goes wrong?
If you are worried about anything to do with the project you can talk to your parents, your
doctor and the people doing the research project. If you don’t feel these people answer your
questions or sort the problem out your parents have been given details of who to talk to.
Whatever your worries are make sure you speak to either your parents, your doctor or nurse
about them.
Will anyone else know I’m doing this?
All information collected about you during the research project will be kept confidential. Any
information about you that leaves the hospital will have your name and other personal details
removed so that you cannot be recognised from it.
Will any samples be taken or any genetic tests be done?
No, not as part of this research project
Who is organising and funding the research?
This study is organised by a group of doctors working in University College London Hospital
and funded by Cancer Research UK (CRUK).
Who has reviewed the study?
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Before the project goes ahead it has been checked by CRUK and a group of experts called a
research ethics committee.

Useful contacts:
Local Contacts:
Your doctor ........................................................... Tel: ......................................................
Your nurse ............................................................. Tel: ........................................................
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Appendix C

MASTER Trial

MASTER (MRI Accuracy in STaging and Evaluation of treatment Response in Cancer) is a
prospective single-centre study, evaluating 3.0 T functional and morphological whole-body
MRI for staging and response monitoring in lymphoma, multiple myeloma and prostate
cancer
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Appendix D

LOCATE Trial

LOCATE (Localising Occult prostate Cancer metastases with Advanced imaging TEchniques)
is a Prostate Cancer UK (PCUK) funded prospective multi-centre trial evaluating 3.0 T multiparametric whole-body MRI in patients with radio-recurrent prostate cancer compare to
multi-modality conventional (CT, isotope bone scan +/- PET-CT) imaging.
So far I have recruited 160 patients to the study. Recruitment and analysis is ongoing
currently.
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NRES Committee London - Chelsea
Research Ethics Committee (REC) Bristol Centre
Level 3, Block B
Whitefriars
Lewins Mead
Bristol
BS1 2NT
Telephone: 0117 342 1380

19 June 2015
Dr Shonit Punwani
Reader in Cancer Imaging and Honorary Consultant Radiologist
University College London
Level 3, East wing, 250 Euston Rd
NW1 2PG
Dear Dr Punwani
Study title:
REC reference:
IRAS project ID:

LOCATE: Localising Occult prostate Cancer metastases
with Advanced imaging TEchniques (LOCATE)
15/LO/0776
148693

Thank you for your letter of 11 June 2015, responding to the Committee’s request for further
information on the above research and submitting revised documentation.
The further information has been considered on behalf of the Committee by the Vice Chair.
We plan to publish your research summary wording for the above study on the HRA website,
together with your contact details. Publication will be no earlier than three months from the
date of this favourable opinion letter. The expectation is that this information will be published
for all studies that receive an ethical opinion but should you wish to provide a substitute
contact point, wish to make a request to defer, or require further information, please contact
the REC Manager, Miss Gemma Oakes, nrescommittee.london-chelsea@nhs.net. Under
very limited circumstances (e.g. for student research which has received an unfavourable
opinion), it may be possible to grant an exemption to the publication of the study.
Confirmation of ethical opinion
On behalf of the Committee, I am pleased to confirm a favourable ethical opinion for the above
research on the basis described in the application form, protocol and supporting documentation
as revised, subject to the conditions specified below.
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