Université catholique de Louvain

Faculty of Medicine

ONE STEP TNM STAGING OF PATIENTS WITH HIGH RISK PROSTATE CANCER
USING MRI

Vassiliki-Parthena Pasoglou, MD

A dissertation for the degree of Doctor of Philosophy (PhD) in Medical Sciences
February 2016
Promoter
Prof. Frédéric Lecouvet
Jury Members
Prof. Bertrand Tombal
Prof. Jean-Pascal Machiels
Prof. Francois Jamar
Prof. Nicolas Michoux
Prof. Laurence Annet
External Members
Prof. Catherine Cyteval

Prof. Geert Villeirs



TABLE OF CONTENTS

L. ACKNOWIEAZEMENTS..........coiiiiiiit e st st st st st e st e e e e e sbesnee 1
I LiSt Of PUBIICALIONS. .......ooeiticeecee et et sbe st b e b e ne sresbe e srne s e 3
L ABBIEVIQtIONS.......c.oeii i e b et b st e ettt ebe s e e s et e s aen e 4
IVLABSEIACT ... e e e e s st s 5
Vo INEFOAUCTION.....c...o e e b e s s e e e s 7

AL Prostate CanCeTr...........cccovuiiiieiiiiieiee ettt et s e e e e s e e e 7

Al. Incidence/Prevalence

A2. Mortality

A3. Genetics

A4. Symptoms

A5. Screening

A6. Diagnosis

A7. Metastasis

A8. TNM (Tumour Node Metastasis) Staging

A9. Treatment

B. Whole body MRI............co ottt sttt st s 49
B1. General
B2. Components of an MRI system
B3. From local to global Imaging

B4. WBMRI in oncology

VI. Snapshot on knowledge at the beginning of the doctoral thesis. Specific aims of the

(o Lo Yot (o] 1 IR {1113 TR PP 63



VII. STEP 1: WBMRI and detection of Bone Metastasis: A critical review on diagnostic and

comparison to other imaging Modalities.......ccvveveceiiire s e e 66

A. Objective

B. Materials and methods
C. Results

D. Discussion

E. Conclusion
VIII. STEP 2: Feasibility and evaluation of Whole body 3D T1 MR imaging........cccceceeveeevuenne. 93

A. Objective

B. Materials and methods
C. Results

D. Discussion

E. Conclusion
IX. STEP 3: One-step TNM staging of high-risk PCa during a unique MRl session................ 116

A. Objective

B. Materials and methods
C. Results

D. Discussion

E. Conclusion

X. SUMMARY OF RESULTS........oooiiiiiiiiii st s s e 134
XI. FUTURE PERSPECTIVES AND QUESTIONS TO BE ANSWERED...........cccvrinrinininnciienen. 136
XIL REFERENCES.........coiiiiiiiiii i s s st s st s ea er e 141

Xlll. APPENDIX (Publication 1, Publication 2 and Publication 3).......ccccceeeeieveivinvereccnneeenen. 161



. AKNOWLEDGEMENTS

First of all, | would like to express my sincere gratitude to my promoter Prof. Lecouvet for his
inspirational ideas and continuous support throughout my PhD study and related research, for his
patience, motivation, hard work and immense knowledge. My sincere thanks also go to my co-
promoter Prof. Tombal. | am extremely thankful and indebted to him for sharing expertise and

valuable guidance. | could not have imagined having better advisors and mentors for my PhD.

| place on record, my sincere thank you to Nicolas Michoux, for the continuous encouragement. His
guidance helped me during all the time of research and writing of this thesis. | would also like to
thank the rest of my thesis Committee Members: Prof. Machiels, Prof. Jamar, Prof. Annet, Prof.
Cyteval and Prof. Villeirs for their insightful comments and encouragement, but also for their critical

guestions which motivated me to widen my research from various perspectives.

| am grateful to “FNRS Télévie” and the non-profit organisation “Fondation Contre le Cancer” for
their - not only - financial support. It has been a great honour for me to have been given the chance

to conduct my research with the support of the prestigious FRS-FNRS / Télévie Grant.

| would like to thank Prof. Vande Berg, my “maitre de stage”, for giving me the opportunity to study
MSK Radiology amongst the best and for the advice he has provided throughout my time as a
resident. | have been extremely lucky to have had a supervisor who responded to my questions and

queries so promptly.

My sincere thanks also go to all the people of the Radiology Department of Cliniques Universitaires
Saint Luc. Prof. Malghem, and Prof. Maldague, Ahmed Larbi, Patrick Omoumi and Vicky Perlepe who
provided me an opportunity to join their team as intern and for all the precious clinical knowledge
and support. A big thank you goes to Prof. Coche, Prof. Danse, Dr. Dragean, Sandy, Xavier, Latifa

Fellah, Isabelle Leconte, Mariem Sy.

Through it all | would like to express my gratitude to my friends and colleagues for the stimulating
discussions, their help, their encouragement and for always being there... llias, Alexia, Korina,

1



Vassilis, Manolis, loanna, Florence, Julie, Audrey, Raphael, Hanan, Yousra, Marta, Thomas, Pierre.
Tom, Quentin and Pascal for helping us develop the new sequence and protocol... The MRI team of
our hospital... Sabine, Seb, Eric, Souad, Patrick, Frank Peeters... Francoise Martin for her help since

the beginning.

| thank my friends and supervisors in CHR Citadelle de Liége. In particular, | am grateful to Dr.
Tebache and Dr. Collignon for enlightening me the first glance of research and for their words of
encouragement and untiring support; a big thank you to Dr. Kuta, Dr. Bostem and Dr. Rausin. | also
want to thank all my new colleagues in Centre Hospitalier de Jolimont for their help, encouragement

and understanding; Dr. Everarts, Dr. Goddart, Dr. Bitar, Dr Compére...

Last but not the least, | would like to thank my family, “my safety net”. My parents-in-law George
and Katerina. Chrysostomos for sharing expertise, sincere and valuable guidance throughout my life
and studies and for always encouraging me. My grandmother Maria for her love. My brothers Vassilis
and Philip. My mother Kyparissia for the ceaseless encouragement, support, love and attention. You
were, are and always will be my inspiration. My husband Vangelis for his love, encouragement, help,
patience and for always being there for me, even through the most difficult of times... | could not
make it without your support. Finally | would like to thank my son Odysseas for bringing us joy and

fulfilling our lives.



Il. LIST OF PUBLICATIONS

o wbMRI to detect bone metastases: critical review on diagnostic accuracy and
comparison to other imaging modalities.
Pasoglou V, Michoux N, Tombal B, Jamar F, Lecouvet FE.
Clin Transl Imaging (2015) 3:141-157.

o Whole body 3D T1 MR imaging: feasibility and evaluation in metastatic screening,
taking PCa as a model.
Pasoglou V, Michoux N, Peeters F, Larbi A, Tombal B, Selleslagh T, Omoumi P, Vande
Berg BC, Lecouvet FE.
Radiology. 2014 Dec 15:141242.

o One-step TNM staging of high-risk prostate cancer using magnetic resonance
imaging (MRI): Toward an upfront simplified "all-in-one" imaging approach?
Pasoglou V, Larbi A, Collette L, Annet L, Jamar F, Machiels JP, Michoux N, Vande Berg
BC, Tombal B, Lecouvet FE.

Prostate. 2014 May;74(5):469-77.

o Novel imaging techniques reshape the landscape in high-risk prostate cancers.
Lecouvet FE, Lhommel R, Pasoglou V, Larbi A, Jamar F, Tombal B.

Curr Opin Urol. 2013 Jul;23(4):323-30.

o MRI for response assessment in metastatic bone disease.
Lecouvet FE, Larbi A, Pasoglou V, Omoumi P, Tombal B, Michoux N, Malghem J,
Lhommel R, Vande Berg BC.
Eur Radiol. 2013 Jul;23(7):1986-97.



lll. ABBREVIATIONS

BM: Bone Metastasis

BS: Bone Scintigraphy

BVC: Best Valuable Comparator

CNR: Contrast to Noise Ratio

CT: Computed Tomography

LN: Lymph Node

LNM: Lymph Node Metastasis

mpMRI: Multiparametric MRI of the Prostate
NPV: Negative Predictive Value

PCa: Prostate cancer

PPV: Positive Predictive Value

PSA: Prostate Serum Antigen

SNR: Signal-to-Noise Ratio

TXR: Targeted XRays

WBMRI: Whole Body Magnetic Resonance Imaging

99m Tc BS: Technetium 99m bone scintigraphy



IV. ABSTRACT

WBMRI and PET-CT are emerging as powerful tools for the staging of oncologic
patients. The Prostate cancer (PCa) area is no exception, with the dissemination of
multiparametric prostate MRI (mpMRI) as cornerstone tool for the diagnosis, local staging,
and local treatment of patients with localized disease. In contrast, the implementation of
MRI in the distant staging of PCa is much slower. Even though there is compelling evidence
for the low sensitivity and specificity of Technetium Bone Scanning (BS) for the detection of
bone metastases (BM) and of Thoraco-Abdominal CT for the detection of lymph nodes
metastases (LNM), these techniques are routinely used in - current - clinical practice. The
introduction of Whole Body Diffusion Weighted MRI (WBDW!I) with background body signal

suppression challenges this approach.

At first, we conducted an in-depth review of the literature to evaluate the role of WBMRI in
the detection of BM in oncologic patients. We effectuated a comparison of techniques that
are used in the clinical practice (BS, WBMRI, PET, CT) and synthesized the results of the
individual studies into an integrated review. Interestingly, we came across substantial
differences between teams regarding the anatomic sequences and planes used. The need for
homogenization of the WBMRI protocols relating to their anatomic component led us to the

second step.

We then developed a three-dimensional (3D) WB T1 sequence, which could potentially
replace the variable anatomic components of WBMRI protocols for the bone and node
staging of PCa patients. This new sequence can be reconstructed in any plane, is of
millimetric resolution, requires only 18 minutes to complete and demonstrates enhanced

image quality, compared to the two dimensional sequences utilized until now.

Thirdly, we combined this new 3D sequence of the WB with an mpMRI of the prostate, in

order to attain the complete TNM staging of PCa patients in a single step MRI protocol.



The findings of our studies are expected to aid in the improvement of clinical management

of patients with PCa.



V.INTRODUCTION

A. Prostate Cancer

A.1. Incidence/ Prevalence

P rostate cancer is one of the most commonly diagnosed male tumours and is the second

leading cause of death from cancer in men 2

. According to the American Cancer
Society, PCa will affect one in five American men; there are currently more than two million
men living with PCa in the United States and there is a notable global variation of PCa
incidence 3. Asian countries, especially China, have the lowest rates, while the USA,
Scandinavia and Western Europe have the highest (Figures 1 and 2). The relative incidence
of PCa in African American men is higher than in Caucasians (1.6 times higher in the USA).

Regarding the lifetime risk, one in six Caucasians (17.6%) and 1 in 5 African Americans

(20.6%) men will be diagnosed with PCa at some point of their lives.

Various factors such as genetic susceptibility, exposure to unknown risk factors, or
differences in quality of health care and the accuracy of cancer registers can explain these
differences 3. Nevertheless, an increase in the incidence of PCa is lately observed in some

. . 4
Asian countries, maybe due to greater awareness *°.
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Figure 1. Bar graph of the worldwide PCa incidence. Rates are estimated as cases per
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A.2. Mortality

According to SEER (Surveillance, Epidemiology and End Results), PCa is the fifth leading cause
of death in men with an estimated 307,000 deaths in 2012 7. The mortality from 1987 to
1991 statistically increased. From 1991 the observed mortality rate started to decrease: first
at a slow rate of 0.5% per year through 1994 and then at a more rapid decline of 4.1% per
year from 1994 to 2005.

A.3. Genetics

Several highly penetrating genes associated with PCa have been identified. 10-15% of
patients with PCa (white, African, or Asian) have at least one relative who is also affected.
There is an increased risk for developing the disease in first-degree relatives of patients with
PCa 8. Furthermore, there is an excess risk of PCa in men with affected brothers compared to
those with affected fathers, which is consistent with the hypothesis of an X-linked,

or recessive, model of inheritance °.

A.4. Symptoms

The grand majority of PCa are and will stay asymptomatic. Early PCa usually does not cause
any symptoms. The appearance of symptoms is due to the local extension of the tumour.
The symptoms exhibit no difference depending on the benign or malignant nature of the

tumour and can include:

e Dysuria
e Haematuria

e Erectile dysfunction

Furthermore, the PCa growth can compress the urethra, invade the bladder and the ureters,
causing ureterohydronephrosis. On the other hand, PCa can be detected after a
complication caused by metastatic disease such as pain or pathologic fracture. Occasionally,

some patients can be presented with nodal enlargement.
10



A.5. Screening

The aim of screening is to identify a disease at an early stage where it can be treated, in
order to reduce mortality from that disease. The screening of PCa remains a source of
debate and has divided the opinion of the international medical community and the

regulatory bodies of the USA, Europe and the UK.

Two tests are currently widely used for the screening of PCa:
-Digital rectal examination (DRE)

-Blood PSA levels testing (>4 ng/ml).

PSA is a serine protease produced exclusively by prostatic epithelial cells 1% 1t is known that
blood level of PSA is elevated in men with PCa. The risk of PCa for PSA values <0.5 ng/ml is
6,6% and it increases to 26,9% for PSA values between 3.1 and 4.0 ng/ml 1 It has to be
highlighted that a number of benign conditions, such as prostatitis and benign prostate

hyperplasia, can cause an increase in PSA values (and lead to false positive results).

Currently 4 ng/ml is used as the highest normal value. For men in their fifties or younger,
PSA level should be lower than 2.5 ng/ml in most cases. Nevertheless, PCa, including high
grade cancers, is not rare in patients with PSA <4 ng/ml. Thomson et al. demonstrated that

as many as 15% of men with PSA <4 ng/ml had PCa 12

(Table 1). It has to be noted that
various factors can cause a man’s PSA level to increase, such as prostatitis and urinary tract

infections, prostate biopsies and surgery.

The European Randomized Study of Screening for PCa (ERSPC) which was initiated in order
to assess the effect of screening with PSA testing on death rates from PCa, concluded that

PSA-based screening reduced the rate of PCa-related death by 20% 3.

11



PSA level, ng/ml |Risk of PCa, %
0-0.5 6.6

0.6-1 10.1

1.1-2 17.0

2.1-3 23.9

3.1-4 26.9

Table 1. Risk of PCa in patients with low PSA levels according to Thompson et al 2.
On the other hand, this testing was associated with a high risk of over-diagnosis. According
to the ERSPC study, 1,410 men would have to be screened and 48 would have to be treated

in order to prevent one death by PCa.

On the contrary, Andriole et al. in the first report from Prostate, Lung, Colorectal, and
Ovarian (PLCO) Cancer Screening Trial on prostate-cancer mortality, reported that PCa
screening provided no reduction in death rates and that there was no indication of an actual

benefit 1*.

A recent meta-analysis demonstrated that existing evidence from randomised controlled
trials failed to show a significant impact of PCa screening on overall mortality or death from

PCa ©°.

It has been reported that thanks to the PCa screening there is a decrease in PCa mortality in
the USA and Austria, the United Kingdom and France '® and a reduction of the risk of being

diagnosed with metastatic PCa *’.

A.6. Diagnosis

An elevated PSA level with a suspicious DRE should initiate medical investigation (Table 2) 18,
When an infective or inflammatory disease is suspected as the source of the abnormal PSA

levels, the blood test has to be repeated after appropriate antibiotic treatment (4-6weeks).

12



A positive DRE in patients with a PSA level of <2 ng/ml has a PPV of 5-30% *°.

The specificity of PSA can be improved by several modifications, such as PSA density, PSA
density of the transition zone, age-specific ranges and PSA molecular zones °. If a
malignancy is suspected by the DRE, further tests are required, such as a transrectal
ultrasound (TRUS) with a biopsy if necessary. An immediate biopsy should not be prompted
by first time-elevated levels of PSA, except when PSA levels are >20 ng/ml after prostatitis

has been excluded *°.

Only a histopathologist can confirm the diagnosis of PCa. TRUS-guided prostate biopsy is the
gold standard to obtain pathological specimens for the histologic diagnosis of PCa. Random
systematic sextant biopsy L is no longer considered adequate, although it is still superior
compared to biopsies directed only at specific hypo-echoic areas. Studies have suggested
that standard sextant biopsy may underestimate the incidence of cancer, with reported

22,23

false-negative rates of 20-30% There have been several alterations of the biopsy

scheme in an effort to enhance the detection rates®****

(Figure 3). Presti et al.,
demonstrated that 6 systematic biopsies of the peripheral zone are inadequate and a
minimum of 8, including the apex, mid lobar mid gland, lateral mid gland and lateral base,
should routinely be performed %% Ata glandular volume of 30-40 mL, at least 8 cores should
be sampled. The British Prostate Testing for Cancer and Treatment Study recommended 10

2728 Eskew et al.

core biopsies, with >12 cores being not significantly more conclusive
introduced the “5-region” technique of prostate biopsy, in order to increase the diagnostic
yield of prostate biopsy 2°. They found this technique to be safe, and superior to sextant

biopsies in diagnosing PCa in patients with a PSA level of less than 10.

13



First presentation:
TRUS BIOPSY (10-14 cores)

Positive biopsy Negative biopsy

# of cores Clinical follow up

% of each core positive Re-measure PSA

Curative intent Biopsy negative but
Patient factors: life expectancy, Active surveillance clinical suspicion of Pca
co-morbidities, preference
Staging MRI Staging MRI to confirm grade Detection MRI and then biopsy
with Bone and Node and extent TRUS guided by MRI of MRI
MRI on high risk ( PSA>15 or Gleason>7, or DRE T3 guided biopsy

Table 2. Algorithm in imaging men referred with elevated PSA according to Barentsz et al. 2.

14
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Figure 3.

A: Classic sextant biopsy scheme proposed by Hodges et al. 2!

B: The 10-core biopsy proposed by Presti et al. 2
C: The 12-core or double sextant biopsy

D: The 13-core “5-region biopsy” of Eskew et al. %

A.7. Metastasis

The most frequent sites of metastasis in patients with PCa are LNs, bone, lung and liver 30,
Bubendorf et al., carried out 19,316 autopsies in men older than 40 years old and PCa was
found in 8.2% of them *°. Lymphatic or haematogenous metastases were seen in 39.7% of all
patients, and in 65.8% in the 837 patients with clinically known cancer. Regarding distant
metastases, 90.1% of patients had bone involvement, 45.7% had lung and 25% liver

metastasis (Figure 4). 90% of the patients with BM had spine involvement.
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According to Bubendorf et al., there is a strong association between lymphatic and
haematogenous metastasis. Simultaneous haematogenous dissemination is significantly
more frequent in tumours with para-aortic LNM than in those with pelvic LNM (88.9% v
63.9%, P < 0.0001).

According to the same study, the prevalence of haematogenous metastasis is associated

with the grade and the local stage of the tumour.

Brain 1.6%

Lung 45.7%

Pericardium 2.5%

Liver 25%

Adrenal gland 12.8%

Kidney 3.1%

Ureter/ Urethra 3.4%

Bone 90.1%

Figure 4. Distribution of haematogenous metastasis according to Bubendorf et al. (n=556

patients).
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A.8. TNM (Tumour Node Metastasis) Staging

Even though there are several staging systems, the most widely used is the TNM system. For
PCa, T1 refers to organ-confined tumours that are clinically and radiologically occult. T2
refers to organ-confined tumours that are clinically or radiologically apparent. T3 refers to
tumours that extend outside the prostatic capsule in the form of extracapsular extension or
seminal vesicle invasion. T4 refers to tumours that invade the adjacent structures. Lastly, N1
indicates the presence of locoregional LNM and M1 indicates the presence of distant

metastases.

Extracapsular extension is associated with a greater risk of a positive surgical margin and
decreases the possibility of long-term cancer control **. Seminal vesicle invasion is associated

with an increased incidence of positive LNs and a poor prognosis 32

a. Local (T)

a.l1. General

Local staging (T) of PCa is based on findings from digital rectal exam and MRI (Figure 5). The
number and sites of positive prostate biopsies, the percentage of core involvement, tumour

grade, and level of serum PSA provide further information 3334
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TX
TO
T1
T1la
T1b
Tlc

T2

T2a
T2b
T2c

T3

T3a
T3b

T4

Primary tumour cannot be assessed

No evidence of primary tumour

Clinically inapparent tumour not palpable or visible by imaging

Tumour incidental histologic finding in <5% of tissue resected

Tumour incidental histologic finding in >5% of tissue resected

Tumour identified by needle biopsy (because of elevated prostate specific antigen [PSA] level)

Tumour confined within prostate; tumours found in 1 or both lobes by needle biopsy but not
palpable or reliably visible by imaging

Tumour involves one-half of 1 lobe or less
Tumour involves more than one-half of 1 lobe but not both lobes
Tumour involves both lobes

Tumour extends through the prostatic capsule; invasion into the prostatic apex, or the
prostatic capsule is classified not as T3 but as T2

Extracapsular extension (unilateral or bilateral)
Tumour invading seminal vesicle(s)

Tumour fixed or invades adjacent structures other than seminal vesicles (e.g. bladder, levator
muscles, and/or pelvic wall)

a.2. Gleason score

Donald Gleason described the “Gleason score” in 1966 and since then it is the cornerstone

for the diagnosis and management of PCa. The grading is based on the histologic pattern of

arrangement of the PCa cells in a haematoxylin-eosin stained section (Figure 6).

18
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The overall Gleason score is calculated by adding together two Gleason grades from the
performed biopsies. The grading ranges from 2 to 10 and indicates the possibility that a
tumour will spread. A high Gleason score means the cancer tissue is very aggressive and the

PCa is more likely to spread.

PROSTATIC ADENOCARCINOMA
(Histologic Grades)

Figure 6. Gleason drawing sought to assign a number (1-5) to the differentiation of the cells
in the biopsy specimen. 1: small uniform glands, 2: more stroma between glands, 3:
distinctly infiltrative margins, 4: irregular masses of neoplastic glands, 5: only occasional

gland formation.

a.3. Assessment of the risk

In order to assess the risk of metastasis there are many risk assessment methods including

the D’Amico classification, a variety of nomograms and the UCSF-CAPRA score.

The D’Amico classification was originally developed in order to estimate the risk of

biochemical recurrence after treatment for localised PCa *°. The ability of this risk

19



stratification to predict disease progression and patient survival was validated in 2007 by

Boorjian et al. 3,

The D’Amico classification uses PSA level, Gleason grade, and T stage in order to classify men

as low-, intermediate-, or high-risk (Table 3).

Low Risk Diagnostic PSA <10 ng/ml and
highest biopsy Gleason score <6 and
clinical stage T1lc or T2a

Intermediate risk | Diagnostic PSA = but < 20 ng/ml or
highest biopsy Gleason score =7 or
clinical stage T2b

High risk Diagnostic PSA > 20ng/ml or
highest biopsy Gleason score =8 or
clinical T2¢/T3

Table 3. D’Amico risk stratification for clinically localized PCa *°.

By current estimates, high-risk disease accounts for 15% of all prostate cancer diagnoses 3,

Here, it has to be highlighted that there are various definitions of high risk PCa:

American Urological Association
 Preoperative PSA >20 ng/ml, and/or preoperative Gleason score of 8-10, and/or clinical

stage > T2c 35,38

European Association of Urology
 Preoperative PSA >20 ng/ml, and/or preoperative Gleason score of 8-10, and/or clinical
stage >T3a 39

Radiation Therapy Oncology Group
e High risk: T1-2 and Gleason 8-10, or T3 or N1 with Gleason 7
e Very high risk: T3 or N1 with Gleason 8-10 *°

20



National Comprehensive Cancer Network
e High risk: Preoperative PSA >20 ng/ml, preoperative Gleason score of 8-10, or clinical
stage T3a
e Very high risk: T3b-T4

Cancer of the Prostate Risk Assessment (CAPRA)
e Includes age, PSA, clinical stage, Gleason score and percentage of positive biopsy cores **

a.4. Prostate MRI

Although prostate MRI has been available for over 3 decades, it has not been routinely
integrated into clinical care until the last few years. Nowadays, advances in MRI improve the
detection and characterization of PCa by using a multiparametric approach, which combines
anatomical and functional information **. MRI is considered as the most accurate imaging
modality for the staging of PCa, even though there is an important variation in its

performance **, due to variations in technique and interpretation of the MR images.

In order to resolve this problem a group of prostate MRI experts from the European Society
of Urogenital Radiology (ESUR) have developed a consensus regarding the conduct,
interpretation and reporting of mpMRI, based on literature evidence and expert opinion 2,
True evidence-based guidelines were not defined, but a compromise, reflected by “minimal”
and “optimal” requirements has been made. In addition to instructions regarding the MR
protocols, a structured reporting system is described (PI-RADS). PI-RADS is a scoring system

similar to that employed on breast imaging (BI-RADS) and it is now used in order to detect a

lesion and determine the possibility that this lesion is malignant 8 (Table 4).

The multiparametric MRI protocol consists of high resolution T2 weighted images (T2WI) in
three planes (axial, sagittal and coronal) for the analysis of the prostate’s zonal anatomy and

capsule, dynamic contrast-enhanced MRI (DCE MRI) for the analysis of the vascular

21



characteristics of the tumour, diffusion weighted imaging (DWI) and apparent diffusion
coefficient (ADC) maps for the study of the cellularity and aggressiveness of the lesion and
finally, magnetic resonance spectroscopic imaging (MRSI) which is able to show the lower
levels of citrate and higher levels of choline in PCa compared with benign tissue. The value of

MR spectroscopy is uncertain.

The assessment of PCa by MRI has certain limitations. One of the main problems is the

inaccurate volume measurement *#*>4¢

. Two other disadvantages are the limited ability of
MRI to distinguish tumours from other causes of hypointense T2 zones signal in the
peripheral zone - such as scars or areas of prostatitis - and to detect early macroscopic

capsular penetration.
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Score Criteria
Al. T2WI for the peripheral zone (PZ2)
Uniform high signal intensity (SI)
Linear, wedge shaped, or geographic areas of lower S, usually not well demarcated
Intermediate appearances not in categories 1/2 or 4/5
Discrete, homogeneous low signal focus/ mass confined to the prostate
Discrete, homogeneous low signal intensity focus with extra-capsular extension/ invasive behaviour or mass
effect on the capsule (bulging), or broad (>1.5 cm) contact with the surface
A2. T2WI for the transition zone (TZ)
1 Heterogeneous TZ adenoma with well-defined margins: “organised chaos”
2 Areas of more homogeneous low SI, however well marginated, originating from the TZ/ BPH
3 Intermediate appearances not in categories 1/2 or 4/5
4 Areas of more homogeneous low S|, ill defined: “erased charcoal sign”
5 Same as 4, but involving the anterior fibromuscular stroma or the anterior horn of the PZ, usually lenticular or water-drop shaped.
B. Diffusion weighted imaging (DWI)
No reduction in ADC compared with normal glandular tissue. No increase in Sl on any high b-value image (2b800)
Diffuse, hyper Sl on 2b800 image with low ADC; no focal features, however, linear, triangular or geographical features are allowed
Intermediate appearances not in categories 1/2 or 4/5
Focal area(s) of reduced ADC but iso-intense Sl on high b-value images (2b800)
Focal area/ mass of hyper Sl on the high b-value images (2b800) with reduced ADC
C. Dynamic contrast enhanced (DCE)-MRI
1 Type 1 enhancement curve
2 Type 2 enhancement curve
3 Type 3 enhancement curve
+1 For focal enhancing lesion with curve type 2-3
+1 For asymmetric lesion or lesion at an unusual place with curve type 2-3
D1. Quantitative MRS for 1.5 T. Diagram
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D2. Qualitative magnetic resonance spectroscopic imaging (MRSI)
Citrate peak height exceeds choline peak height >2 times
Citrate peak height exceeds choline peak height times >1, <2 times
Choline peak height equals citrate peak height
Choline peak height exceeds citrate peak height >1, <2 times
5 Choline peak height exceeds citrate peak height >2 times
In qualitative analysis, the relative peak heights of citrate and choline are visually compared (pattern analysis), rather than quantified.
The criteria apply for 1.5: for at least three adjacent voxels
Score 1 0 Clinically significant disease is highly unlikely to be present Score 2 0 Clinically significant cancer is unlikely to be present
Score 3 0 Clinically significant cancer is equivocal
Score 4 0 Clinically significant cancer is likely to be present
Score 5 0 Clinically significant cancer is highly likely to be present

A WN R

Table 4. PI-RADS score according to Barentsz et al. 2.
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b. Distant disease

It is widely known that the most common sites of metastatic spread of PCa are LNs and bone
marrow. With a high Gleason score at diagnosis or a rapid PSA progression during follow-up,
guidelines recommend technetium Tc 99m BS and contrast-enhanced CT or MRI of the

abdomen for the screening of BM and LM respectively.

b.1. N Staging

Accurate detection of LNM in PCa is of major significance. Patients with local disease have
the options of radical prostatectomy, watchful waiting, and radiotherapy. LN disease is
associated with poor prognosis and significantly decreased biochemical recurrence-free

survival rates *’. Regarding N staging:

NX  Regional lymph nodes were not assessed
NO No regional lymph node metastasis

N1 Metastasis in regional lymph node(s)

The prostate lymphatics drain into the obturator/internal iliac, external iliac,
presacral/perirectal nodes and, less frequently, into the common iliac nodes *® (Figure 7).
Regional LNM has been observed in 5-12% of PCa patients with clinically organ-confined

cancer 47.

Cheng et al. demonstrated that the 10-year cancer-specific survival was significantly worse in

PCa patients with positive LNs after pelvic lymphadenectomy *.
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Figure 7. Prostate lymphatic drainage
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In patients with intermediate or high risk of having nodal metastases, diagnostic pelvic
lymph-node dissection (PLND) is the gold standard for the detection of nodal disease. Non-
invasive imaging with CT and MRI can be used for N staging, but the sensitivity of these
techniques is only 36% >% and the specificity about 82% >t An important challenge is to avoid
PLND and replace it by new, more sophisticated, sensitive and specific imaging techniques

for the N staging.
The imaging techniques that are currently used for N staging are CT, PET- CT and MRI.

i. CT, MRI and MRL

State-of-the-art CT scanners offer excellent resolution, resulting in visualisation of normal

abdominal LNs. Normal LNs are ovoid in shape and display soft tissue density on CT.

In MR imaging, LNs are best demonstrated on T1-weighted images as they are typically
isointense to muscles and surrounded by hyperintense fat. Short tau inversion time (STIR)
sequences may be useful as malignant nodes can be of high signal, but this aspect is not

specific for malignancy.

The most widely used CT and MR criteria to determine whether a node is benign or

malignant are:

The size: The sole widely accepted criterion for discriminating between normal and
pathologic nodes on CT and MRI is the size. The short axis diameter of a LN should be
measured, in order to minimize errors due to node orientation. The short axis diameter is
measured perpendicularly to the longest diameter of the LN. It has been demonstrated
that this is consistent despite orientation because it is likely to become rounder before it

elongates 3233,

Retrocrural and portohepatic nodes should not exceed 6 mm, while the upper limit of
gastro-hepatic ligament nodes is 8 mm. Retroperitoneal, celiac, mesenteric and pelvic

nodes greater than 10 mm are considered abnormal >*. It has to be noted that multiple,
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slightly smaller (8-10 mm) nodes in these regions should be cautiously interpreted. For
peri-rectal nodes, 3 mm has been recommended as a size threshold for indicating

malignancy *°.

The sensitivity and specificity of LN staging based on the size of the LN is a subject of
considerable controversy, as the frequency of metastasis in normal sized LN is substantial.
In general, the smaller the nodal diameter criterion used to separate malignant from
benign nodes, the higher the sensitivity and the lower the specificity are > It has been

demonstrated that 10-20% of normal-sized locoregional nodes will contain tumour

57,58 56, 58

deposits . On the other hand, 30% of enlarged nodes are benign

The shape and contour: Normal LNs are reniform with regular contours. Irregular LN

borders suggest malignancy due to extra-capsular expansion. Rounded nodes without any

internal fat are also highly suspicious for malignancy.

The number: A group of normal-appearing nodes can suggest malignancy, even though

this sign can lead to false positive interpretations *°.

The morphology: Large metastatic nodes frequently appear heterogeneous on contrast-

enhanced CT and MRI. Large low density on CT and hyper-intense on T2 MR imaging
nodes may be suggesting necrosis, which is particularly common in primary squamous cell

cancers.

Heesakkers et al. compared the diagnostic accuracy of MR lymphoangiography (MRL) with a

new lymph-node-specific MR contrast agent (ferumoxtran-10) to multidetector CT in a

prospective, multicentre cohort study ®. The results suggested that MRL had significantly

higher sensitivity and NPV than CT for patients with PCa who had intermediate or high risk of

having lymph-node metastases. As a result, after a negative MRL, the probability of having

lymph-node metastases is low enough (less than 4%) to omit a PLND. The new imaging MRL

technique could change current practice by eliminating the need for PLND in patients with a

negative MRL. Unfortunately, the evaluation tests of this new contrast agent are currently

withdrawn.

27



ii. PET-CT

PET-CT, which provides both functional and anatomical information, has been proven useful
for the concurrent detection of N and M metastasis in various cancers °'. There are many
radiopharmaceuticals that can be used and each of them has different characteristics. The
most widely used is ®F-FDG (18-Fluoro-D-deoxyglucose), which is a non-specific tumour-
seeking radiopharmaceutical. The use of BE_FDG is based on the heightened glycolysis in
tumour cells, which provokes a high uptake of **F-FDG from the tumour. It has to be noted
that kidneys excrete ¥EFDG resulting to a physiological uptake by urinary tract and a
suboptimal analysis of these organs (kidneys, ureters, bladder, prostate). On the other hand,
not all kinds of neoplasms demonstrate high glycolysis. For example neuroendocrine
neoplasms, prostate, kidney, stomach and gastrointestinal tract cancers can have low
glycolysis levels. There are many new and promising radiopharmaceuticals for the detection

of PCa metastasis.

b.2. M Staging

MO  No distant metastasis

M1 | Distant metastasis

M1la Non-regional lymph nodes(s)
M1b Bone(s)

M1c Other site(s) with or without bone disease

The most common metastatic site of PCa is the bone. BMs represent the initial metastatic
site in more than 80% of PCa patients. The main site of BM is the axial skeleton (skull,

vertebra, ribs and collar bone, scapula, and proximal femur) 62,63

. Wang et al., studied 102
patients with BM and they detected 2,000 lesions, 28.9% of which were distributed in the
ribs, 14.8% in thoracic vertebrae, 13.8% in the ilium and 8.0% in the lumbar vertebrae 63,

According to Bubendorf et al., there is a gradual decrease in spine involvement from the
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lumbar to the cervical level (97% v 38%), which is consistent with a subsequent upward
metastatic spread along spinal veins after initial lumbar metastasis It has been suggested
that the distribution of BMs is correlated with the total number of metastatic bone lesions of
patients (Figure 8). With an increase in the metastatic bone lesion numbers, the distribution
of metastatic lesions changes. For example, as the number of metastatic lesions increases,
the proportion of rib metastasis increases from 8.6% for few metastasis to 30.9% for

extensive bone disease .

PCa patients with bone disease cannot have local treatment (surgery or radiation therapy),
hence accurate detection of bone disease is an essential component in the discussion

relating to the treatment approach.
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Extensive bone metastases B Radioulna and
Tibiofibula

Figure 8. Distribution of BMs in the different disease load.

Reprinted from “Study on the distribution features of bone metastases in PCa”’ by Wang C.

Shen Y ®. With the permission of Lippincott Williams.

i. XRays

XRays are considered a relatively insensitive technique, which cannot be used as a screening
method for asymptomatic patients. The detection of lytic bone disease is usually delayed as
well before any radiographic change becomes noticeable, up to 30-50 % of the trabecular

bone has to be destroyed or a lesion must be greater than 1.5 cm.
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Detection of trabecular bone metastases is difficult, especially at the level of the spine where
XRays cannot rule out metastatic disease. Even though rare, cortical bone metastases might

be easier to detect even if they are only a few millimetres wide **.
ii. Computed Tomography

CT is widely used in some cancers for localizing the primary tumour and assessment for
metastatic disease. This technique is used for LNM detection in PCa patients, although the
sensitivity is low, as discussed earlier. On the other hand, CT is not used for T or M screening

in PCa, although bone disease may be present in a significant proportion of patients.

It is evident that CT is more sensitive than XRays for the detection of BM, due to its high
spatial and temporal resolution. The extent and the pattern of BM can be demonstrated by
CT. Helms et al. provided evidence for the capability of CT to quantify medullary density and
asymmetry in order to detect bone disease ®°. Asymmetry of marrow density greater than 20
Hounsfield Units (HU) is likely to represent a pathologic process, although the disease is not

specific.
iii. Bone Scintigraphy

BS is one of the most frequently performed nuclear medicine procedures, as it is a brief,
relatively inexpensive and widely available technique. The radionuclide used is Tc 99m

bound to a bisphosphonate.

Tc 99m accumulates rapidly in the skeletal system even though the uptake mechanisms have
not been completely clarified. The degree of radiotracer uptake depends on the blood flow

66,67

and the osteoblastic activity Imaging is usually performed 2-6 hours after

administration of the radionuclide.

BS has played a crucial role in tumour staging for years, but its reliability has been repeatedly
guestioned, firstly because of the high incidence of false positive results. Wu et al., studied
the clinical significance of solitary rib hot spots on bone scans in patients with extra skeletal

cancer and demonstrated that most solitary rib hot spots on bone scans were benign
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®8 There are sites of increased symmetric activity such as acromial and coracoid processes,
costochondral junctions and the angle of Louis of the sternum. Most importantly, false
positive results are frequently observed in osteoarthritis, Paget’s disease and fractures. Very
frequently a positive BS will lead to another modality (XRay, CT, MRI) in order to clarify the

diagnosis.

Secondly, despite its lack of sensitivity and specificity which have been demonstrated by

various studies 797

, the sequential work up for the detection of BM in PCa patients still
relies on BS. Targeted XRays should elucidate regions of increased uptake in order to
distinguish a benign (fracture, Paget’'s disease, degenerative disease, angioma) from a
malignant etiology. This Tc 99mBS and targeted XRays association is imperfect, and the use

of CT or MRl is often necessary in order to clarify the diagnosis.

iv. SPECT CT (Single Photon Emission Computed Tomography)

SPECT (Single Photon Emission Computed Tomography) consists of a gamma camera - or a
set of gamma cameras - mounted on a gantry and as a result multiple angle imaging is
obtained. The use of SPECT or SPECT-CT has been shown to improve both sensitivity and
specificity of BS for the detection of bone metastases 72374 bt ts sensitivity and specificity

remain suboptimal.

v. PET (Positron Emission Tomography) CT

Interpretation of CT findings is based solely on morphologic changes and contrast
enhancement patterns. PET-CT is the fusion of functional and anatomic information and

arises as an “all organ staging method” for the N and M staging of cancer patients.

The method of PET-CT is based on the phenomenon of spontaneous positron emission by
the nuclei of some unstable ultra-short-lived radionuclides (USLRs). Two gamma-photons
having the same amount of energy (511 keV) are released after the positron annihilates with
an electron. The gamma-photons are moving to opposite directions at almost 180° apart
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(close to collinearly) ”°. The length of the flight of the positron from the emission point to the

annihilation point depends on its own energy and on the density of the environment. In the

muscle it varies from 1 to 8 mm. This is one of the reasons why PET has a smaller resolving

capacity than some other imaging methods (MR, CT).

There is a great variety of radiotracers that can be used (Table 7). In order to obtain ultra-

short-lived positron-emitting radionuclides, a cyclotron complex and a radiochemical

laboratory are necessary.

Purpose of the

Radionuclide Substance Description indicator and __its
range of applications
1 Proliferative activity in
[11C] Thymidine C-thymidine
tumour cells
Speed of phospholipid
" synthesis — marker of
[11C] Choline C-choline
membrane-forming
(PCa)
Speed of the
Fluorine 2—[18F]—fluorine—2— desoxy-d- metabolism of
[18F]

desoxyglucose

glucose (*®F-FDG)

(transmembrane

transfer) of glucose
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Concentration of

dopamine receptors in

18 .
F-fluorine- brain and in some
[18F] DOPA dihydroxyphenylalanine tumours (medullary
(8F-DOPA) thyroid cancer,
pancreas tumours,
GIST, brain tumours)
Speed of
18 18 transmembrane
F-fluoro-ethyl-tyrosine (*°F-
[18F] Thyrosine transfer of amino
FET)
acids (in tumours)
8¢ ion (fluoride) Speed of calcium
[18F] Fluoride metabolism (revealing
18
L bone metastases)
3—deoxy—3—[18F]— Speed of proliferative
[18F] Thymidine .
fluorothymidine (*®F-FLT)  activity in tumour cells
Speed of phospholipid
18 synthesis —
oline -choline
[18F] Choli F-choli

membrane-forming

(PCa)

Table 7. The main radiotracers for PET-CT
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The procedure of the whole-body PET examination includes three stages: the injection of the
radiopharmaceutical, patient positioning, transmission and emission scanning. The
examination is performed on a patient on an empty stomach. The patient should be in a

comfortable position with their eyes closed no less than 20-30 min before and 15 min after

18
the injection of F-FDG in order to preclude hypermetabolism of glucose in muscles. The
patient should drink a minimum of 0.7 L of water before the exam in order to reduce

background activity.

18
For example, F-FDG is slowly introduced intravenously in a volume of no less than 5-10 mL

2
physiological saline at 200220 MBg/m of the body surface. The diagnostic dose of the
radiotracer in whole-body examination amounts to 300-500 MBq and the effective dose is

8.1-13.5 mSv. The optimal time to begin scanning varies between 60 and 120 min after the

18
introduction of  F-FDG "®7”,

Promising new radiotracers have been developed for the staging of PCa: *®F- and *!C-Choline
879 Choline is an essential constituent of the phospholipid cell membrane. As a result, there
is a substantial uptake of the radiotracer by regions with rapid cellular proliferation, such as
tumours. !C-Choline is excreted by the bowel and is a very promising technique for the
imaging of urinary tract tumours such as PCa, as well as hepatocellular carcinoma and
gliomas "°. Hara et al. evaluated *'C-choline PET in few patients with PCa and compared
results with ®F-FDG PET and concluded that the advantage of Yc_cholinePET over ®F-FDG
PET in patients with PCa involved not only the absence of **C-choline activity in the urine but
also the high uptake of Yc_choline in the PCa itself 2. Unfortunately, Yc_Choline has a short
half-life and as a result can only be used by hospitals with cyclotron. On the other hand, **F-

Choline is excreted by the kidneys, it has a longer half-life compared to “Choline and thus a

cyclotron is not necessary.

A new and very up-and-coming technique for PCa detection is Prostate-specific membrane
antigen (PSMA) PET-CT. PSMA is a cell surface protein overexpressed by PCa cells. Ligands of
PSMA are labelled with 68Ga, Tc 99m and 2/*2%13Y| for the detection of PCa metastases or
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80,81,82,83.

local relapse . Afshar-Oromieh et al. demonstrated that suspicious PCa lesions

present excellent contrast as early as 1 h post-injection of PSMA. In a retrospective analysis

68
of 319 patients who underwent Ga-PSMA-ligand PET-CT, the same team found that PSMA

is highly specific for PCa and detects the disease in a high percentage of patients (82.8%)

84,85

vi. MRI

MRI plays a crucial role in the detection, characterization and follow-up of BMs. It possesses
the unique advantage of directly exploring the bone marrow and as a result allows early

detection of bone involvement.

Until now, MRI has been used for the imaging of the complications of metastatic disease
(fractures, neurologic compression) or as a second-line imaging technique if an anomaly is
detected in BS, XRays or CT and there is residual doubt regarding its either benign or

malignant origin.

Numerous studies have demonstrated that MRI of the axial skeleton and, later, WBMRI is

,00,07,7Y,

superior to the current multistep BS based staging protocol 3%2788899091

The usual protocols include the following sequences:

T1 weighted spin echo images:

Bone marrow contains 80% fat, which explains its high signal on T1; hence any malignant
lesion showing a lower signal is easy to detect. As a result T1 is the first sequence used, in

order to detect bone involvement.

The haematopoietic marrow, containing water but also fat, is hypointense to subcutaneous
fat, but hyperintense to normal muscles. If the marrow signal becomes hypointense to the

muscles and vertebral discs, this indicates marrow infiltration %2.
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T2 weighted spin echo images:

Due to the high signal of fatty bone marrow on fast T2 sequences, and similar signal intensity
of some bone metastases (due to water content), the latter may be missed. Fat suppression

is thus mandatory 2

Fat-suppression techniques:

Fat-suppressed MRI sequences demonstrate potential advantages over conventional spin-
echo images for the detection of bone marrow disease. The reduction of the background

signal intensity of fat containing marrow makes high-signal intensity lesions more obvious.

Two of the most widely available methods of fat suppression are short-Tl inversion recovery
(STIR) and frequency selective fat saturation. A 180 - inversion pulse is used initially for short
tau inversion recovery (STIR) sequences % The inversion time is chosen to cancel the signal
of fat. Although the conspicuousness of lesions is more important with fat saturation
sequences, these acquisitions demonstrate some limitations. Because of the suppression of
the signal of lipid protons, the signal-to-noise ratio is reduced resulting in a grainy image
appearance **. Lower signal-to-noise ratio also makes these sequences susceptible to motion
artefacts caused by vascular, peristaltic, respiratory movement or body movement of the
patient. T2 fat saturation sequences are very time-consuming and demonstrate field
inhomogeneities. STIR sequence is less affected by field inhomogeneity and is very sensitive
in detecting bone marrow abnormalities. However, it is less specific as it tends to suppress

anything that has a T1 relaxation time similar to that of fat 3,

Chemical shift imaging

Chemical shift sequences use the signal-cancelling effect between fat and water protons on
opposed phase imaging, in order to highlight bone marrow replacement. The difference in
resonance frequency between water and fat protons has no impact on the contrast of
conventional spin-echo sequences as the 180-pulse cancels the difference. On the in phase

image, the readout gradient is centered on the echo, which appears symmetrically on the
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90-pulse with respect to the 180-pulse and as a result the signal is proportional to the sum of
water and fat protons. By shifting the readout window, it is possible to obtain images the
contrast of which is related to the difference between the quantities of water and fat
protons (opposed-phase images) % The signals of gradient-echo sequences in which fat and
water protons are in phase, are added; if they are opposed-phase, they are subtracted. At
1.5 T, water and fat protons are in-phase if TR = (2 n) 2.4 ms, and opposed-phase if TR = (2n
+ 1) 2.4 ms. No subtraction will occur if the fatty bone marrow is pathologic. Opposed-phase
images will highlight the difference between fat and water containing bone marrow and

bone tumour.

Diffusion Weighted Imaging (DWI):

Diffusion of water molecules is the basis of diffusion-weighted imaging (DW-MRI), although
water mobility in biological tissues is an exceptionally complex process. Even though various
mathematical models of water mobility have been proposed in order to describe empiric
observations, the true nature of water movement in biological tissues is not entirely

understood.

The random movement of particles in a fluid or gas is referred to as “Brownian motion”, in
honour of the botanist Robert Brown who first commented on the motion of pollen grains in
fluid in 1827. In 1905, Albert Einstein constructed a mathematical framework of Brownian
motion, where he established a statistical relationship between the average distance that
particles move over a time interval, as well as functional dependencies on particle size,
medium viscosity and temperature. DWI explores the random motion of water molecules in
the body. Water molecules outside the body are in constant random Brownian motion. For
example, in a glass of water, the motion of the water molecules is completely random and is

%357 This unrestricted motion of water

limited only by the boundaries of the container
molecules is called free diffusion. In biologic tissues, the movement of water is restricted, as

its motion is limited by interaction with cell membranes and macromolecules (Figure 9).
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The tissue cellularity is inversely correlated to the degree of restriction to water diffusion. In
tissues with high cellularity (such as tumour tissue), the movement of water molecules is
deprived. The motion of the molecules is restricted by cell membranes, which act as barriers
to molecule motion in both extra- and intracellular spaces. In contrast, in regions with low
cellularity or where the membranes are damaged, the motion of the water molecules is less

restricted.

Figure 9.

a: Cellularity, intact cell membranes and vessels lead to restricted diffusion of the water
molecules (blue circles) within extracellular, intracellular and intravascular space, all of
which contribute to the signal.

b: Low cellularity and ruptured cell membranes leading to free diffusion.

It has to be noted that this figure is a simplified portrait of the Diffusion mechanism in the
tissues. Cellularity is the first mechanism invoked to explain the restriction of diffusion, but

this remains an oversimplified vision of diffusion in the tissues.

In a DW-MRI study, the amount of signal attenuation from each voxel after application of the
MPGs is related to the strength of the motion probing gradients (MPG) and the diffusion

coefficient.
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S0 exp(-y*G*8%(A - 6/3)D

(where SO is the baseline signal without diffusion weighting; S the signal after applying
diffusion weighting; y, G, A and 6 the gyromagnetic ratio, strength of the diffusion gradients,
time interval between the diffusion gradients and duration of the gradient, respectively).

In the above equitation, the term [-y26262(A—6/3)D] can be replaced by the b-value. It is
possible to quantify the diffusion coefficient by performing imaging using at least two b-
values.

As mentioned above, water movement in tissues is influenced by various factors such as
pressure gradient, ionic and osmotic gradients, capillary perfusion and bulk tissue
movements. Cell membranes and macromolecules slow down the water motion. Thus, the
measurement of diffusion coefficient D in tissues is only an estimation of pure water
diffusivity and is termed “apparent diffusion coefficient” (ADC). By increasing the diffusion
weighting, a signal loss is observed. The rate of the signal loss with increasing b-values

represents the ADC.

Molecular water is the probe used in diffusion-sensitive MR imaging, but it is the non-water
constituents that provide contrast by reducing water mobility relative to free diffusion. The
term “restricted” diffusion may be used to refer to the intracellular water, even though this
suggests that the water has to remain intracellularly. Certainly, cell membranes are at least
semi-permeable to water, thus the term “impeded” diffusion is used to describe water

mobility within the cellular matrix more accurately.

DWI using single-shot echo-planar imaging (EPI) is a well-established method to examine the
brain. However extracranial DWI did not become a clinical standard until recently, because
the use of EPI was complicated by magnetic susceptibility artefacts and severe image

98, 99

distortion in the body . This problem has been largely exceeded with the introduction of

100,101,102
00101102 9nd the

parallel imaging techniques, such as sensitivity encoding (SENSE)
development of stronger gradients and multichannel coils. Despite numerous breakthroughs
in DWI, breath-hold or respiratory triggered scanning was still considered necessary until
2004 when Takahara et al. developed a unique sequence of WB DWI, called “diffusion-

40



weighted whole-body imaging with background body signal suppression” (DWIBS) *°*. This
technique intentionally uses free breathing in order to visualize moving visceral organs and
their lesions. The same team also observed that SNR of DWI during free-breathing was
considerably superior to that of breath-hold scanning. The scanning time is no more a
limitation (as in breath-hold scanning) and the acquisition time is no more confined to a
particular phase of the breathing cycle (as in respiratory triggered scanning). Images with
multiple b-values including high b-values around 1,000 s/mm? can be acquired, thin slices
can be obtained, and multiple signal averaging is possible. Furthermore, these advances
enable volumetric [three-dimensional (3D)] image processing, including maximum intensity

projections (MIPs), volume rendering and multiplanar reformatting (MPR) in any plane.

It is recommended to obtain axial slices in DWIBS, in order to reduce image distortion.
Thanks to thin axial slices (up to 4 mm), high quality reformatted images can subsequently

be created in any plane '®.

The implementation of WB DWI is easier on 1.5-Tesla (1.5-T) than on 3-Tesla (3-T) systems.
The minimization and control of artefacts is more challenging at 3-T but almost all difficulties
raised by high fields have now been solved and DWI can be acquired on both 1.5 and 3T
magnets. Some residual challenges must be addressed. Rapid switching of the magnetic
gradient field with echo-planar imaging cause residual magnetization and results in
geometric distortion and image shearing (Figure 10A) *. This distortion can make it more
difficult to register and align DW images with corresponding morphologic T1- and T2-
weighted images. On the other hand, because of the greater field inhomogeneity at 3 T,
uniform fat suppression across large fields of view can be challenging, and the result is
chemical-shift and ghosting artefacts (Figure 10B) . Finally, due to the fact that the MR
frequency offsets applied differ between anatomic stations, voxel shift occurs in the phase-
encoding direction and cause misalignment of structures (e.g. the spinal cord) between
imaging stations (Figure 10C) *. Coronal reformats are usually less affected because the

phase-encoding direction is anteroposterior.
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Figure 10.

Potential problems with DWI
MRI at 3T.

A: shows geometric distortion
with distorted appearance
(arrows) of right anterior
abdominal wall

B: ghosting artefact
(arrowheads)

C: three image stacks with
misalignment of the spine
(arrows).

Reprinted from “Whole-
body diffusion-

weighted MRI: tips, tricks,
and pitfalls”. Koh et al. *
With permission from ARRS.




DWI provides functional information and DWI images obtained at high b-values can be used
for the detection and characterization of pathologic processes, including malignant tumours
as it enables an “at-a-glance” assessment; this reduces interpretation times of examination
by driving the attention to abnormalities, which can then be evaluated on anatomic whole-
body MR images. Whole-body DW!I is considered a supplement to anatomic whole-body MR

imaging, leading to improved reader performance of the latter 104,105

Most importantly, concurrent bone and node staging become possible with the use of the
WB DWI (Figure 11). WBMRI thus offers, along with PET-CT, this ability to globally assess

cancer (N and M) in one step.

It has to be noted that tumour histologic type and grade, as well as the anatomic location,
affect the ability of DWI to detect it. The detection ability of DWI is good for breast cancers,
myeloma, and lymphoma and for tumours with tightly-packed small cancer cells such as
neuroendocrine tumours, small-cell cancers, and many childhood tumours 106,107,108,109 " o,
the contrary, primary tumours and metastases from renal cancers are sometimes less well

seen 10111
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Figure 11.

a: Whole body DWI
b & c: Anatomic T1

sequence.

PCa patient with bone
(arrows) and node
metastasis (arrowheads)
detected by DWI and
confirmed by the

anatomic sequences



A.9. Treatment

Not all PCa require treatment. The majority of tumours detected by screening are not
aggressive and their evolution is slow. We abstain from an aggressive attitude when the
disease is indolent or when the general condition of the patient is not good with short life

expectancy, as the tumour will not have the time to progress.

The age is not a risk factor for the progression of the tumour. Aggressive cancers should be

treated the same way in every patient, regardless of the age.
a. Radical prostatectomy:

The radical prostatectomy is the reference surgical treatment of PCa. During the surgery the
prostate gland and the seminal vesicles are removed. When the tumour is aggressive, the

regional lymph nodes are also removed.

The prostate can be removed with open surgery (open radical retropubic prostatectomy), or

via laparoscopic and robot-assisted surgery ***.

The complications of this procedure include:

-Haemorrhage

- Infection

- Erectile dysfunction: one of the serious side effects of radical prostatectomy caused by the
damage to the nerves. About half of men are able to regain some of their ability to have

erections. It can take as little as 3 months, but for most men, it will be 6-12 months 112

- Urinary incontinence: this complication is usually caused by damage to the external
sphincter. Up to half of all men who have a radical prostatectomy develop urinary
incontinence ranging from a need to wear pads to occasional dribbling.

- Sterility, vesico-urethral anastomotic stenosis: in 0.5-14.5% of patients.

- Bladder or rectal trauma
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b. External Beam Radiotherapy:

External beam radiation therapy (EBRT) has a long-standing history in the treatment of PCa.
However the technique of the therapy has dramatically evolved 113 Conventional radiation
therapy involves X-ray photons created by a linear accelerator. lonizing radiation achieves
tumour cell kill by creating double strand breaks in DNA. Cells with sufficient damage
typically die a mitotic cell death during subsequent attempts at cell division. Tumour cells,
compared to normal tissues, have a reduced capacity for repairing radiation damage
because of acquired mutations in DNA repair genes. The daily radiation dose is an important
determinant of cell death. Traditionally, daily fraction sizes of 1.8-2.0 Gy have been
employed for most cancers, as this dose is thought to strike a favorable balance between
tumour cell kill and allowance for normal tissue repair. Theoretical modeling has suggested
that the use of fewer but larger fraction sizes, called hypofractionation, may enhance
prostate tumour cell kill - relative to normal tissues - due to the slow proliferation of

prostate cancer cells.

Side effects of radiation therapy are categorized into acute and late effects. Acute effects
occur during treatment or in the immediate 3-6-month period following radiation

treatment, while late effects generally develop a year or more following treatment >

n
general, acute effects following prostate radiotherapy are relatively common, transient and
mild in nature. Acute urinary effects may consist of obstructive and irritative symptoms
including frequency, nocturia, urgency, dysuria, intermittency, and hesitancym'114 but
urinary retention is rare. Acute radiation effects on the bowel include rectal urgency,

frequency, loose stools, tenesmus and proctitis.

The late complications may include bowel urgency, rectal bleeding, urinary urgency, urethral
strictures, reduced bladder capacity, erectile dysfunction, hip fractures and secondary

. . . . . 11
malignancies. Urinary or rectal incontinence are rare .
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c. Brachytherapy

Within recent years, permanent interstitial brachytherapy of the prostate has become a
widely accepted, attractive treatment approach, typically for the low-risk prostate cancers
5 There are two types of brachytherapy: seed implantation (low dose rate therapy - LDR)
and high dose rate therapy (HDR). Both types treat PCa with radiation from within the
prostate gland. 80 to 120 very small radioactive seeds are implanted into the prostate gland

via a fine needle inserted through the perineum 1>

The complications of brachytherapy include irritative and obstructive lower urinary tract
symptoms that can develop immediately as a result of implant trauma or over the first

weeks as a result of the radiation. Urinary retention is rare.

Late rectal complications, including proctitis with diarrhea, tenesmus, or rectal bleeding,

may occur in 2-19% of patients ***.

d. Hormone therapy

Androgens are required for normal growth and function of the prostate. The tumour cells
depend on the hormone testosterone to grow. Lowering the testosterone levels in the body
can: a) lower the risk of an early PCa recurrence after treatment and b) diminish / minimize

an advanced prostate tumour or impede its (re)growth.

The reduction of androgens can be achieved surgically or through the use of medications.
Surgically: orchiectomy

Medically: injection of luteinizing hormone releasing hormones (LH-RHs) which suppresses the
body's natural production of testosterone. Non-steroidal anti-androgen - drugs can also be

used in order to block testosterone from reaching cancer cells.

The side effects of hormone therapy are:
-Nausea and vomiting
-Hot flushes

-Anaemia
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-Lethargy
-Osteoporosis
-Gynaecomastia (sometimes painful)

-Erectile dysfunction
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B. Whole body MRI (WBMRI)
B.1. General

Between 1997 and 2001, the first studies about WBMRI were published %1% The
imaging quality of these early whole body protocols was reduced in comparison to dedicated
examinations and as a result they were not introduced into the clinical routine. The patient
had to be repositioned several times during one examination and the coils had to be
frequently rearranged. Important improvements were the introduction of a rolling table

119

platform mounted on top of the MRI table and the application of parallel imaging

techniques 120 parallel imaging has the advantage of a shorter acquisition time for the same

spatial resolution or a higher spatial resolution within a reasonable acquisition time *2**%,

B.2. Components of an MRI system for WBMRI

The effective imaging region or field of view (FOV) of an MRI system depends crucially on
three hardware components and their performance parameters: (1) the main magnet
providing a uniform magnetic field over the whole imaging volume, (2) the gradient system
providing linearity over the imaging volume and (3) the radiofrequency (RF) system

providing RF signal homogeneity and sensitivity.

The field strength of the main magnet has to be high enough in order to provide adequate
basic magnetization. The latter is mandatory for achieving a high signal-to-noise ratio (SNR)

and a good image quality.

The image distortion is minimized and the signal homogeneity maximized by using a uniform
main magnetic field over the patient. This is achieved by a cylindrical configuration of the

main magnet.

A high-performance gradient system is required for WBMRI protocols. A fast slew rate (given
in mT/m/ms) has to be combined with a high gradient amplitude (given in mT/m). These
characteristics allow short repetition and echo times (TR and TE), which are indispensable for

fast image acquisition and coverage of a large volume in a short period of time. A short TR is
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also important to achieve maximum T1 contrast. The radiofrequency system should provide
homogenous excitation of a large imaging volume. In order to overcome the limited signal
readout due to the modest SNR, surface coils are used. These receive signal for nearby

tissues and improve SNR and thus offer better image quality and spatial resolution.
B.3. From partial to global imaging

The FOV of the WB can be extended by moving the scanner table between acquisitions, so as

to shift the position of the patient relative to the imaging field *>'**

. This technique allows
the successive imaging of different parts of the patient’s body. Moving tables with a range of
approximately 200 cm with RF readout coils (that cover the whole body) are the
prerequisites for multistation WB imaging. The maximum table range directly determines
the imaging range or how much of the patient’s body can be moved through the scanner’s

effective FOV.
B.4. WBMRI in oncology

MRI, with its lack of ionizing radiation, ability to image bone marrow, but also soft tissue,
and spatial resolution is a precious tool for cancer detection and staging. A high sensitivity
has been reported for the detection of metastatic disease notably for neoplasms that

12,125,122 . . ..
125126 padicated assessment of individual

metastasize to the bone, LNs, brain and liver
organs can be combined in one whole-body study combining anatomic and functional DWI

coverage, offering whole body tumour staging.

WBMRI is increasingly used for an ample variety of applications thanks to the improved
accessibility and technological advances described above. Several studies have shown that
MRI is a highly sensitive method for early detection of BM as it allows the identification of
malignant cells in the bone marrow before bone remodelling ***?®. Walker et al. support
that WBMRI represents a convenient and cost-effective method for screening patients with
breast cancer. The imaging protocol included coronal STIR images of the whole body and a
dedicated MR brain protocol. Regarding to the skeleton evaluation, MRI permitted the same

127

- or improved - evaluation compared to scintigraphy ~*’. These results are in concordance
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with an earlier study by Eustace et al., comparing whole body STIR with Tc 99m BS in 49
patients with suspected skeletal metastases 12 The authors demonstrated that WBMRI is an
effective method of examining patients with suspected skeletal metastasis with better

sensitivity than Tc 99m BS.

Regarding to multi-organ screening, Antoch et al., studied 98 patients with various
histologically proven malignancies and concluded that in overall TNM staging the
performance of [*®F]-fluorodeoxyglucose-PET-CT was superior than WBMRI without DWI .
Studies have shown that in patients with lung cancer, WBMRI can be used for the M-stage

assessment and may be considered at least as effective as FDG PET-CT 3.

In 2005, Schmidt et al. compared the accuracy of WBMRI and PET-CT in the staging of

various malignant tumours >

. Regarding to tumour assessment, WBMRI demonstrated a
sensitivity of 86% as the recurrence of an oesophageal carcinoma was not identified by the
technique. As regards to LN involvement, WBMRI had a sensitivity of 80% and specificity of
75%. Finally when it comes to metastatic disease, the sensitivity was 96% and specificity
82%. A study in patients with breast cancer from the same team, confirms that WBMRI is
highly sensitive to distant metastatic disease while PET-CT is more sensitive in detecting LN

involvement

. Regarding to N-staging, PET-CT achieved sensitivity 96% and equal
specificity of 96% at a diagnostic accuracy of 96%, while WBMRI showed a sensitivity of 73%
and a specificity of 77% with a diagnostic accuracy of 75%. Regarding to the M-staging PET-
CT, demonstrated a sensitivity of 91% and specificity of 86% with a diagnostic accuracy of
90%. WBMRI showed a sensitivity of 95%, specificity of 92% and a diagnostic accuracy of
94%. WBMRI accurately detected more metastases of the bone (WBMRI n = 69 versus PET-

CT n=63), liver (n =70 versus n = 67) and showed an equal performance for the detection of

lung metastases.

The main disadvantages of WBMRI are its relatively long scanning times, artefacts from
motion (requiring patient cooperation or general anaesthesia) and limited specificity.

However, advances in hardware and imaging techniques, including additional sequences (are
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reducing the impact of some of these challenges. Most importantly, the introduction of DWI
radically improves the diagnostic effectiveness of WBMRI and promotes the technique as a

tool of choice for PCa staging.

VI. Limits of current staging methods for PCa patients

As mentioned above, accurate staging of PCa patients is crucial in order to adapt treatment
to the actual stage of the disease. A precise evaluation of the metastatic burden is essential,
especially with the development of clinical trials evaluating novel compounds and local

treatment in oligo-metastatic patients =%,

As regards to the local staging of PCa, it is essential for the surgical planning to evaluate the
extracapsular extension and whether or not there is an invasion of seminal vesicles and

136

adjacent organs (bladder, rectum etc) Recent studies have shown that the T staging

accuracy increases with the use of multi-parametric magnetic resonance imaging (mpMRI)

39137 | addition, there is a significant improvement in the quality of radiotherapy treatment

with the use of mpMRI ',

Most guidelines recommend CT and/or abdominal MRI and Tc 99m BS with targeted XRays if

necessary for N and M staging 39,137,

The aforementioned multimodality algorithm necessitates multiple hospital visits and
appointments in different departments (Radiology and Nuclear Medicine), leading to
additional times and discomfort for this group of patients (mostly elderly with multiple
comorbidities). The delays for the interpretation of all these examinations also have to be

considered.

Furthermore, the drawbacks of current staging methods are well-known. Concerning the
bone staging, even though Tc 99m BS is still widely used for the detection of metastatic bone

73,90,118,128
. Th

disease, various studies have underlined its poor sensitivity and specificity e

lack of specificity implies the frequent use of additional targeted radiographs to distinguish
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88139 'Bs suffers from limited spatial

between malignant and benign causes of BS uptake
resolution. SPECT and CT can improve this resolution and the specificity, but their sensitivity

remains low %,

Concerning targeted XRays, Tudor et al., demonstrated that even skilled radiologists miss
approximately 30% of signs that depict evidence of disease and are likely to over-interpret
up to 2% of films that are negative for disease, even though mean accuracy was improved in

the light of the clinical information ***.

Regarding to node staging, a meta-analysis by Hovels et al., reported that both CT and MRI
perform equally poorly in the detection of LNM from PCa >1 Normal structures and other
pathologic processes can mimic nodal disease. Common pitfalls include small bowel loops in
close proximity to the retroperitoneum that can mimic nodal disease, normal ovaries that
can be misdiagnosed as external iliac nodal enlargement, aberrant vessels that can be
mistaken for a LN especially on non-contrast-enhanced CT and normal anatomic variants
such as a left-sided inferior vena cava or duplicated IVC. Finally peritoneal nodules can mimic

mesenteric or pelvic LNs and lymphocoeles.

Multimodality algorithms would advantageously be replaced by one step modalities (WBMRI
and PET) protocols which have suggested their superiority and allow the rapid assessment of

total tumour and all organ evaluation.

Concerning PET-CT, the most commonly used and widely available radiotracer is E_FDG that
is a non-specific tumour-seeking radiopharmaceutical. The use of ®F-FDG is based on the
heightened glycolysis in tumour cells, which provokes a high uptake of c_FDG from the
tumour. It is known that PCa cells are not ®F-FDG-avid as they have low glycolysis levels and
as a result FDG PET modality is poorly efficient 2 Moreover, kidneys secrete BE_FDG and as
a result there is a physiological uptake by urinary tract. This explains a suboptimal analysis of
these organs (kidneys, ureters, bladder, prostate). Choline and more recently PSMA have

been developed and are currently the best tools amongst nuclear medicine techniques.
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All of the methods mentioned above are irradiating and require the injection of a radioactive
product. In rare occasions, as recent chemotherapy or radiotherapy, the interpretation of

the PET-CT is difficult.

Regarding WBMRI, even though various studies demonstrated its superiority compared to
the current staging methods, there is an important heterogeneity between different
countries, centers, or even teams, regarding the anatomic sequences, acquisition planes and
duration of the examination (Table 8). There is an urgent need for precision and
standardization of the protocols, depending on the cancer type and the patient, which is

discussed later.
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STUDY

Walker

Engelhard

Schmidt

J Magn Reson Imaging. 2000 Apr;11(4):343-50.

Eur Radiol (2004) 14:99-105

Eur J Radiol. 2008 Jan;65(1):47-58.
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CANCER

Breast

Breast

Breast

SEQUENCES

WB turbo STIR(coronal)
Thoracic imaging with respiratory gating

WB STIR (coronal) Coronal WB STIR
cranium: axial T2 TSE
spine: T1 FLASH (sagittal)

WB T1 and STIR (coronal)

T1 and STIR of the spine (sagittal)
HASTE/STIR of the lung (coronal and axial)
T2WI and 3Dvibe of the liver (axial)
T1FS+C of the abdomen (axial)



Heusner

Venkitaraman

Gutzeit

Mosavi

Eur J Nucl Med Mol Imaging. 2010 Jun;37(6):1077-86.

J Med Imaging Radiat Oncol. 2009 Jun;53(3):241-7.

Skeletal Radiol. 2010 Apr;39(4):333-43.

AJR. 2012 Nov;199(5):1114-20.
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Breast

Prostate

Prostate, Breast

Prostate

WBDWI

HASTE with fat suppression of the spine (sagittal)

DWI of the spine (sagittal)

WB T2 SPAIR ( axial and sagittal)

WB T2 HASTE (axial)

WB T1 in- and opposed-phase (FLASH) ( axial)

WB T1 volumetric interpolated breath- hold examination (VIBE)
+C

WB T1 and STIR (coronal)
Spine T1 and STIR (sagittal)

WBDWI
T1FS+C of the abdomen (axial)

WB T1 and STIR (coronal)
DWIBS



Takenaka

Ohno

Ohno

Squillaci

J Magn Reson Imaging. 2009 Aug;30(2):298-308.

Radiology. 2008 Aug;248(2):643-54.

J. Magn. Reson. Imaging 2007;26:498-509.

Abdom Imaging (2008) 33:676—688.

NSCLC

NSCLC

Lung

Colon
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WB in phase T1 gradient echo sequence -/+C
WB opposed phase T1-gradient echo sequence
WB sequentially reordered half Fourier multishot STIR

WSB in- phase T1-gradient echo sequence -/+contrast

WB opposed-phase T1-gradient echo sequence

WB sequentially-reordered half-Fourier multishot STIR TSE

WB sequentially reordered half-Fourier single-shot STIR SE-planar

WB in- phase T1-gradient echo sequence -/+contrast

WB opposed-phase T1-gradient echo sequence

WB sequentially-reordered half-Fourier multishot STIR TSE
brain:T1-weighted SE -/+C, T2-weighted fast SE,FLAIR

WB T1 FFE, T2 weighted TSE and STIR TSE, T1 weighted FFE+C
(coronal)

Thorax,abdomen and pelvis: Multiphasic 3D FFE T1 with fat
supression -/+C



Schmidt

Stecco

Sohaib

Giraudet

Heusner

Eur Radiol (2009) Jun 19: 1366-1378.

Radiol Med. 2013 Apr;118(3):465-75.

Br J Radiol. 2009 Aug;82(980):632-9.

J Clin Endocrinol Metab. 2007 Nov;92(11):4185-90.

Eur J Radiol. 2011 Jun;78(3):430-5.

Colorectal

Solid tumours

Renal CA

Thyroid

Melanoma,
NSCLC
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WB T1 and STIR (coronal)

T1 and STIR of the spine (sagittal)
HASTE/STIR of the lung (coronal and axial)
T2WI and 3Dvibe of the liver (axial)

DWIBS

WB T1 and STIR (coronal)

WB STIR and T1(coronal)

T1 gradient echo sequence and T2 HASTE with fat suppression
of the thorax and upper abdomen
3D VIBET1 +C



Michielsen

Eustace

Steinborn

Lauenstein

Ghanem

Eur Radiol. 2014 Apr;24(4):889-901.

AJR1997;169:1655-1661

JCAT 1999;23:123-9.

Eur Radiol. 2002 Aug;12(8):2091-9.

In vivo (2006); 20: 173-182
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Ovarian

Various

Various

Various

Various

DWIBS
WB respiratory triggered T2 TSE (transverse and coronal )
Thorax,abdomen,pelvis:3D T1-weighted gradient-echo +C

WB turbo STIR (coronal)

WB T1 GRE (coronal)
Spine turbo STIR and T1 SE (sagittal)

T1 GRE (coronal)

HASTE with fat suppression
STIR

Spine GRE and HASTE (sagittal)

WB turbo STIR (coronal)
Thorax and abdomen: breath-hold technique was used



Nakanishi

Balliu

Daldrup-Link

Antoch

Magn Reson Med Sci. 2007;6(3):147-55.

Clin Radiol. 2010 Dec;65(12):989-96.

AJR 2001 Jul;177(1):229-36.

JAMA. 2003;290:3199-3206
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Various

Various

Various

Various

WB STIR and T1(coronal)
STIR and T1 of the spine (sagittal)
DWIBS

WB T1 and STIR (coronal)

WB T1(coronal)

Chest and abdomen: T1 and T2
T1+C:abdomen(arterialphase)/chest,abdomen(portal phase)
/pelvis,thighs head (late venous phase)



Schmidt

Schmidt

Manenti

Invest Radiol. 2005 Dec;40(12):743-53.

Eur J Radiol. 2012 Mar;81(3):e269-76.

Eur J Radiol. 2012 Aug;81(8):1917-25.
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Various

Various

Various

WB T1 and STIR (coronal)

T1 and STIR of the spine (sagittal)
HASTE/STIR of the lung (coronal and axial)
T2WI and 3Dvibe of the liver (axial)
T1FS+C of the abdomen (axial)

WB T1 and STIR (coronal)

T1 and STIR of the spine (sagittal)
HASTE/STIR of the lung (coronal and axial)
T2WI and 3Dvibe of the liver (axial)
T1FS+C of the abdomen (axial)

WB T1-weighted -C (coronal) sequences
WB T2- weighted TFE (coronal)

DWIBS

WB 3D-CE-T1W sequences (THRIVE) (axial)



Akay J Med Imaging Radiat Oncol. 2013 Jun;57(3):274-82. Various DWIBS
WB STIR ( coronal)

Krohmer Eur J Radiol. 2010 Apr;74(1):256-61. Various WB T2- STIR (axial)
WB T1-TSE (coronal)

Komori Ann Nucl Med (2007) 21:209-215 Various DWIBS

Table 8. Heterogeneity between teams, regarding WBMRI protocol evaluation for metastatic screening

(anatomic sequences, acquisition planes, variety of primary cancers).
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VI. SPECIFIC AIMS OF THE DOCTORAL THESIS

SNAPSHOT AT THE BEGINNING OF THE DOCTORAL THESIS

The in-depth literature analysis leads to 3 observations that resulted in
the 3 questions addressed in this PhD thesis:
The 3 observations resulted from the in-depth literature analysis, each

initiating one of the 3 hypotheses.

1. WBMRI emerges along with PET as a powerful all-organ screening tool,
allowing T, N and M staging of cancer in one step. This also seems to be the
case in PCa but there is a need for a large-scale review of the literature, in

order to determine the value of the different techniques > STEP 1.

2. There is a wide variety of imaging protocols. This also deserves critical
review and simplification. Anatomic and functional DWI sequence must be
acquired for the N and M staging of oncologic patients. Some confusion
exists concerning the choice of anatomic sequence and there is an urgent

need for harmonisation = STEP 2.
3. mpMRI is the standard of care for T staging of PCa. Furthermore WBMRI

appears very promising for the N and M staging of PCa. The combination of

T, N, M staging into an MRI session is evaluated - STEP 3.
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Based on the above and after detailed evaluation of the current situation,
we built a three-step project to optimize the TNM staging of PCa based on
the use of MRI.

Hypothesis 1:

To perform an in-depth investigation and confirm the value of WBMRI as a
tool for BM screening by effectuating a critical review of the literature.

We reviewed recent progress on the subject of imaging of BM and
investigated the diagnostic performance of WBMRI in comparison to other
modalities used for the detection of BM. We synthesized the results of the
individual studies into an integrated review. Our objective was to outline
the overall picture of the topic, compare the results of different studies and
sum up the problems that are currently addressed. Furthermore, we aimed
to explain the basis of conflicts - if any-, in order to conclude regarding the
best imaging tool for the detection of BM in different types of cancer, the
sequences and planes used by the different teams and finally to support

the further use of WBMRI in the staging of PCa.

Hypothesis 2:

To develop a fast and reliable anatomic MRI sequence for all organ (N+M)
screening. Nowadays, the tendency is to use anatomic and functional DWI
sequences for the staging of cancer. The heterogeneity between teams
concerns the “anatomic part” of the protocol: which are the sequences

and the planes that should be used? In order to harmonize this situation
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we decided to develop a three-dimensional whole body T1 sequence (3D
T1) that can be reconstructed in any plane. We compared this new
sequence with currently used MRI sequences (2D T1 WBMRI with or
without sagittal proton density fat suppression sequence of the whole
spine) for concurrent Bone and Node staging. We wanted to know if this
new 3D T1 sequence could be a sufficient anatomic counterpart to WB

functional DWI for the one step distant (N & M) staging of PCa.

Hypothesis 3:

To assess the feasibility of an all-in-one MRI session for T,N,M staging
We developed an “All-in-one” MRI protocol for Bone, Node and Local

staging of patients with high risk PCa.

This protocol included:

-a 3D T1 anatomic WBMRI sequence for M and N staging

- a whole body diffusion weighted MR sequence (WBDW!I) for M and N
staging

- an mpMRlI for T staging.

We compared the effectiveness to current separate T, N and M work-up,

which consists of mpMRI, Thoraco-abdominal CT and BS +/- XRays.
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VII. STEP 1

WBMRI and detection of Bone Metastasis: A critical review on diagnostic

and comparison to other imaging modalities
A. Objective

Our objective was to provide a critical review concerning the performance
of WBMRI for BM screening versus other nuclear medicine or radiologic
modalities and derive conclusions from a classification tree and an
evidence table. The STARD recommendations (STAndards for the Reporting
of Diagnostic accuracy studies) were used for the quality assessment and

the evidence tables!** 144

. A plethora of imaging modalities is available to
perform the staging of a cancer. There is an important heterogeneity
between studies concerning the methodology, the gold standard and the
sequences used and we tried to synthesize the results in order to
investigate the diagnostic performance of WBMRI, in comparison to other
modalities used for the detection of BM. The objective of the STARD
initiative is to improve the accuracy and completeness of reporting of
studies of diagnostic accuracy, to allow readers to assess the potential for
bias in the study (internal validity) and to evaluate its generalizability
(external validity). Five other reviews studying the diagnostic accuracy of
MRI for BM detection were found.

B. Materials and methods

A systematic search of the literature was performed to identify studies on
WBMRI associated to BM. A sequential search based on keywords under

PubMed was performed, as indicated in Table 9.
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Sequence of the search
1

a U B~ W N

Keywords

MRI OR MR imaging OR magnetic resonance imaging
Search 1 AND Bone

Metastases OR Metastasis

Search 2 AND Search 3

Whole-body OR Whole Body OR wb OR WBMRI OR WBMRI
Search 4 AND Search 5

Number of PubMed References
408,479

51,448

320,240

3,084

76,167

301

Table 9. Search performed with the PubMed Advanced Search Builder.
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Abstracts of all articles that were identified were reviewed by two authors
(V.P., F.L.). In case of disagreement on study eligibility, this was resolved by
discussion and consensus. Eligibility criteria of a study were defined as
follows: (a) report on the diagnostic value of WBMRI in the detection of
BM, (ii) comparison of WBMRI (anatomical sequences) with or without DWI
to BS and/or PET and/or PET-CT, (iii) explicit report on the comparison of
imaging technique capabilities Se (sensitivity) and/or Sp (specificity) in the
same group of subjects, (iv) study of subjects with known primary
malignant solid tumours, (v) whole-body imaging study in which at least
the area from the neck to the pelvis was imaged, (vi) study where the
reference standard did not consist of only one of the tests under
comparison, and (vii) study including at least 10 patients. Only English or
French language studies were considered. Animal studies, opinion or
update articles, case reports, feasibility studies, review studies and meta-
analyses, and retrospective studies were excluded. Finally haematological

cancers, particularly lymphoma and myeloma, were not included.

The remaining articles were independently reviewed by two authors (V.P.,

N.M.). A four-step assessment of the studies was undertaken.

A. Information on main study characteristics and results were extracted

(listed in Table 10), in order to provide a fair overview before evaluation.

B. A review of the reference standard used in each study was performed, in

order to identify potential bias in the estimation of techniques capabilities
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Se/Sp and to determine whether heterogeneity across studies requires

defining of study subsets.

C. A decision tree representing the present situation of studies on WBMRI

was constructed (Figure 12).

D. The superiority of an imaging technique over its competitors in terms of

Se and Sp was evaluated in computing 8 evidence tables (Table 11).

Because of the heterogeneity in the studies design and characteristics,
methods of evaluation and key data reporting, as well as the limited
number of available studies for Se and Sp comparison, no statistical meta-
analysis was performed in this review. The criteria for the quality
assessment and the evidence tables were based on the STARD
recommendations for the amelioration of the quality of reporting of

. - - 14 144
studies of diagnostic accuracy 3 .
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Study Cancer Patients Analysis Modality Reference standards Reported conclusions
(PP/BM)
Antoch* Multiple 98 (11/87) L MRI Histology and clinical/radiological follow-up PET CT > wbMRI for TNM staging
origins PET-CT
Balliu* Multiple 38 (18/-) P MRI Clinical follow-up, additional imaging tests and/ wbMRI > BS (Se, Sp, Acc)
origins BS or biopsy Detects lesions in tissues other than bone
Costelloe Breast 29 R MRI Biopsy or imaging studies other than wbMRI wbMRI > BS (Se) for BM
(29/862) BS and BS Detects lesions of the liver
Daldrup-Link*  Multiple 39 (21/51) P +L MRI Histopathology for 22 of the 51 BM WbMRI > BS (Se) for BM
origins PET All BM: clinical and imaging follow-up WBMRI < PET-CT (Se) for BM
BS
Engelhard” Breast 22 (12/-) P MRI Unclear primary origin cross-checked by at least wbMRI tends to have a higher accuracy
BS ons follow-up study It should be preferred in patients with high
(MRI, BS, CT and X-Rays) suspicion of metastasis
Eustace Multiple 25 (25/-) R MRI Clinical outcome (>12 months) wbMRI > BS (Se) for BM
origins BS Additional imaging (CT, 11 patients; MRI, 6
patients)
Biopsy (13 patients), Autopsy (1 patient)
Gutzeit" Prostate 36 (7/45) L DWw]¥1000 Consensus reading of all available imaging DWIBS is not superior to BS for staging
(1, BS (DWIBS, CT, MRI, Scintigraphy, PET, PET-  \ore BM are detected with DWIBS
breast CT,US, X-Rays)
(25) Oncological follow-up (=6 months)
Heusner" Breast 20 (7/268) P PET-CT BS + other MR sequences + DWI (all patients) DWI sensitive but unspecific for
DW]S/600/800 locoregional or metastatic breast cancer
staging
Heusner Melanoma, NSCLC 109 (11/-) P MRI Radiological and clinical follow-up PET-CT and MRI are equally effective for BM
PET-CT
Jouvet" Melanoma 37(16/-) L MRI + DWI"¥0 Histology or sequential imaging during clinical wbMRI equivalent to combined CT + PET-CT
DWI follow-up (=9 months) + lymph node US in diagnostic performance
PET-CT
CT
Us
Kembhavi® Solid small round cell tumors 34 (6/124) L PET-CT Conventional staging and clinical evaluation wbMRI has high diagnostic accuracy
MRI For BM: PET-CT and BMA/B (30/34 patients)
BS with biopsy (4/34 patients)
Kumar Multiple origins 26 (26/-) R MRI Discordant findings evaluated by Clinical wbMRI and PET-CT>BS (Se, Sp) for BM
PET-CT outcome (=11 months), MRI, Iliac crest
BS biopsy
Laurent” melanoma 35 (-/14) L MRI Histology or imaging or clinical follow-up wbMRI with DWI is the most accurate method

PET-CT

for detecting secondary lesions



Study Cancer Patients Analysis Modality Reference standards Reported conclusions
(PP/BM)
Leboulleux Multiple origins 79 (36/333) P+ R+ L MRI Discordant findings evaluated by second Bone staging is recommended with
BS examination and/or MRI with contrast focused ~ Somatostatin Receptor BS and spine MRI
on the skeletal segment involved
Lecouvet* Prostate 100 (100/=) P MRI + DWI¥1000 Consensus review of available imaging tests wbMRI outperforms BS and BS/TXR for BM
BS (BS/TXR and wbMRI), follow-up =6 months wbMRI performs as well as CT for LM
BS/TXRBS/TXR/CT
Ohno* NSCLC 90 (25/-) P MRI Standard imaging, Biopsy, follow-up wbMRI as effective as FDG-PET for M-staging
PET-CT (=20 months) of lung cancer patients
Pfannenberg”®  Melanoma 64 (-/50) L MRI Histology Whole-quy staging is most accurate by
PET-CT Imaging follow-up (PET-CT, CT, dedicated combining PET-CT and organ-specific
PET MRI, US, BS or X-Rays) WBMRI
CT Clinical follow-up
Sakurai* Thyroid 23 (20/~) R MRI + DWW Minimum of 2 imaging modalities Adding DWI improved sensitivity and the
PET-CT (BS, wbMRI, PET, and CT) overall accuracy of wbMRI for BM
MRI
Schmidt Multiple origins 30 (23/102) P+ L MRI Radiological follow-up (=6 months) wbMRI and PET-CT may improve the detection
PET-CT of BM
Schraml* Neuroendocrine tumors 51 (41/131) P+ L PET-CT Correlation of radiological, histologic and PET-CT and wbMRI have comparable overall
PET surgical data Radiologic follow-up lesion-based but different organ-based
(=12 months) detection rates wbMRI > PET-CT (detection
CT rate) for BM and liver M PET-CT > wbMRI
MRI (Se) for LM and lung M
Sohaib renal 47 (15/34) P+ L MRI Consensus review by 2 radiologists, further wbMRI > BS (Se) for BM
BS imaging and follow-up
Takenaka* NSCLC 115 (25/67) P+ L MRI + DW]¥1000 Results of initial and follow-up imaging (BS,  wbMRI with DWI is as accurate as BS and/or
MRI FDG-PET/CT, wbMRI) Biopsy (n = 52 sites), PET-CT for BM
follow-up
DWI
PET-CT
BS
Venkitaraman  Prostate 39 (10/-) P MRI Initial study of the MRI and BS, other imaging wbMRI did not show a significant advantage
BS (X-rays, CT) and follow-up over BS
Table 10.

*Statistical significance assessed at p 0.05 with no adjustment for performing multiple comparisons

® Qualitative comparison (reported or performed) of techniques’ capabilities

PP number of patients positive to bone metastases, BM number of bone metastases



C. Results

Literature search

Three hundred and one studies concerning WBMRI and BM were found
following the systematic search on PubMed (Table 9). Twenty-four studies
were ellglble 88,90,117,129,130,131,145,146,147,148,149,150,151,152,153,154,155,156,157,158,159,160,

181 while twenty-three presented sufficient data for statistical analysis.

Reference standard

The clinical and imaging follow-up of the patients was used as reference
standard. Considering it included all of the studies under evaluation, the
reference standard was not completely independent. Hence there were
some potential bias for the definition of true negative and for the
assessment of Sp. Certain authors did not use the same reference standard
for all patients or/and lesions, or performed various additional
examinations when disagreement was present between imaging

117, 152, 161

modalities . Confirmation of certain lesions by histologic analysis

117,129,146, 151 ' The reference standards achieved

was present in five studies
by the 23 studies were considered as correctly classifying the target
conditions (lesion or patient). The characteristics and conclusions of these

studies are reported in Table 10.
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Patient selection

All studies included cancer patients who underwent imaging for staging or
evaluation of suspected BM due to symptoms, clinical findings or high
levels of tumour markers. Patients with known BM were included in two
studies. Engelhard et al. studied patients with suspected BM on XRays or
inconclusive findings in BS ®. Costelloe et al. studied only patients with

135 Balliu et

known BM and hence admitted a favourable bias towards BS
al. specified that patients with known BM were excluded 18 Five studies
mention that the patients were newly diagnosed without specifying how
117,149,150, 152, 160 " Tha rest of the studies did not indicate whether the
presence of BM was an exclusion criterion or if patient selection was made

at the initial staging.

Study characteristics

Sample size

An important heterogeneity was observed concerning the sample size. This
has to be highlighted as the strength of the statistical evaluation of the
diagnostic performance of imaging techniques depends on the latter. The
median number of patients recruited in performance studies was 38
[range: 22; 115]; the median number of patients with confirmed BM was

19 [range: 6; 41] and the median number of BM was 87 [range: 14; 862].
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WBMRI planes and sequences

The majority of teams used a whole-body STIR- or T1-weighted imaging in
the coronal plane (n = 12/23 for T1 88,90, 117, 145,152,156,159,162 5 n = 13/23

for STIR 90,131,146,152,153,154,155,156,157,159,160 (Table 11) The oldest publlshed

12

study performed only coronal STIR sequences ° Seven teams added

88,90,117,145,153,157,160

dedicated sagittal sequences . Two teams did not use the

117,152

same imaging protocol for all patients . Daldrup-Link et al. did not

perform STIR in all patients and Kembhavi et al added more sequences

117,152
d

when a metastatic lesion was detecte . Lastly, eight studies included

DWI in their MRI pl’OtOCOl 90,145,148,149,151,154,156,162'
Comparative evaluation of the imaging techniques

Repeatability

Out of the 23 studies, 4 reported inter-observer agreement analysis on a

148,131,151,162

per-lesion basis . 2 reported inter-observer agreement analysis

on a per-patient basis, and 1 reported intra-observer agreement analysis *°.
The visual detection of BM was assessed according to different scoring

scales, using either a 2-point scale (presence or absence of lesion) B1g3-

148 146

point scale ™, a 4-point scale *, or even a 5-point scale (1 = lesion

definitely absent, 2 = lesion probably absent, 3 = lesion equivocal, 4 =

lesion probably present, 5 = lesion definitely present) *****

. The pertinence
of aggregating the results was limited by the complexity of the different
scales. Inter-observer agreement was reported to be very good for WBMRI

DWI (K = 0.87 [0.66; 1.00] based on three studies ******®?): substantial for
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PET-CT (K = 0.75, one study *®?); substantial for WBMRI (K = 0.73 [0.66;

131
).

7

0.90], three studies '*°); substantial for PET (K = 0.70, one study
substantial for DWI (K = 0.66 [0.64; 0.80], three studies'**""); and
moderate for BS (K = 0.60 [0.26; 0.78], three studies ****%).
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STUDY

SEQUENCES

WE T1 (coronal)

WB STIR or T2 (coronal)

Spine T1 (sagittal)

Spine STIR or T2 (sagittal)

Spine GRE and HASTE

DWIBS

Eustace

L

Steinborn

Walker

Lauenstein

Engelhard

EES

Ghanem

Nakanishi

X

Lecouvet

pelvis and femurs

pelvis and femurs

4

Sohaib

X

L

Venkitaraman

X

X

Gutzeit

Balliu

Stecco

Daldrup-Link

% (in ten patients)

Takenaka

Mosavi

Schmidt

A 4

Komori

Giraudet

Chno

Squillaci

Chno

Schmidt (2005)

Schmidt (2008)

Krohmer

Heusner

Schmidt (2009)

Manent

b - A o - B - A

Bkay

=

Michielsen

ENERERERERERERERERE

Table 11. Variability of MRI sequences used for bone staging amongst research teams




Color-coded scale of performance

_ 0.9 < Youden index < 1.0
_ 0.8 = Youden index < 0.9

ELIGIBLE STUDIES

23

All studies are observational
prospective and mono-centric, with a
reference standard that does not rely on

FAIR 0.7 = Youden index < 0.8
POOR Youden index < 0.7
MONO-CANCER
13
without DWI with DWI
7 6
Lesion
Se Sp Acc Youden

DWI  98[96; 100] 71 [47;94] 83 [71:94] 0.69 [0.47; 0.90]
MRl 94 [73; 100] 97 [73; 100] 94 [92; 95] 0.82 [0.69; 0.91]
[MRI+DWI 98 [96; 100] 86 [76; 96] 91 [85; 96] 0.84 [0.76; 0.92]
PET-CT  88[71;97] 95 [80; 100] 91 [88; 95] 0.71[0.71; 0.92]
PET 70 [69; 71] 73 72 0.44
cT 63 [62; 67] 90 [80; 100] 77 [68; 86] 0.55 [0.43; 0.67]
BS 80 [64; 96] 95 [94; 95] 95  0.75[0.58; 0.91]

Region
Se Sp Acc Youden
DWI - - - -
MRI 64 100 a0 0.64
IMRI+DWI 77 [71; 82] 94 [89; 99] 94 0.71 [0.60; 0.81]
PET-CT 79 99 94 0.78
PET - - - -
CT - - - -
BS 60 99 o 0.59
Patient
Se Sp Acc Youden

DWI 91 [86; 96] 44 [8;79] 59 [35; 83] 0.35[-0.06; 0.75]

MRI  82[64;92] 95[90; 100] 88 [84;95] 0.76 [0.54; 0.87]

PET  85[82;88] 94[88-100] 91[88;94] 0.84 [0.82; 0.86]
cT 76 100 92 0.76
BS 78 [70; 96] 92 [80; 100] 88  0.73[0.63; 0.79]

biopsy.
MULTI-CANCER
10

without DWI with DWI

A 4 Y

1
9" Gutzeit

[32]
Lesion
Se Sp Acc Youden

PET-CT 84 [62; 90] 98 [80; 100] 91 [78; 96] 0.74 [0.39; 0.99]
PET 90 - - -

BS 57 [30; 76] 98 [97; 99] = 0.42 [0.29; 0.70]

* Daldrup-Link [29]
Balliu [28]
Eustace [30]
Kumar [37]
Leboulleux [47]
Heusner [34]
Kembhavi [36]
Schmidt [42]
Antoch [27]

Patient

Se Sp Acc Youden
MRI 86 [64; 94] 92 [90; 100] 92 [91; 93]0.78 [0.58; 0.76]
i?ET-CTSB [45; 91]100 [99; 100] 94 [93; 94]0.68 [0.44; 0.91]
PET 86 89 = 0.75
BS 76 [72;81] 88[75; 100] 74 0.63 [0.47; 0.79]

Figure 12 (a). Classification tree
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Context

A classification tree was constructed which provided a global overview of
the diagnostic accuracy of WBMRI when compared with other imaging

techniques used for BM screening (Figure 12).

All studies were observational prospective and mono-center studies. There
were no multi-center studies. Histopathological confirmation was not used
in all patients or all lesions. Half of the teams studied a single cancer and
the remaining half addressed several primary cancers. In mono-cancer

studies, the performance of the imaging techniques was assessed by three

88,145,149 151,154 155
’

studies for breast cancer (three studies and for melanoma

and two studies for prostate (two studies ****°) and NSCLC (two studies

131182) The performance was calculated either on a per-patient-basis, a

per-region basis or on a per-lesion-basis. Only one study assessed the

161

imaging techniques on the three bases . Five studies assessed imaging

. . . - 117,157,158,159,162
techniques on both a per-patient and a per-lesion-basis **//1>71581>9.162

Diagnostic accuracy

A color-coded scale of performance was added to the classification tree.

Concerning mono-cancer studies, [GSGa] DOTA- TOC PET-CT is the most
accurate technique for neuroendocrine tumours 158 \WBMRI +DWI or *FDG
PET-CT in thyroid cancer 136 \WBMRI in renal tumours **°, WBMRI or PET-CT
in melanoma ®"**>> and WBMRI+DWI or PET-CT or BS in lung cancer

131,162 . . .
31162 |n prostate and breast cancers, trends differed for lesion, region and
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patient-based analysis. In patient-based analysis of PCa, WBMRI+ DWI is
more accurate *° (Figure 12), while WBMRI and BS are reported to be

160

equivalent ~". In breast cancer, WBMRI+DWI is more accurate in region-

based analysis '*>, while PET-CT is more accurate in patient-based analysis
163

When we sum up the information from the classification tree, WBMRI+DWI
is superior or equal to other techniques in 5/6 analyses, PET-CT is superior
or equal to other techniques in 5/8 analyses, WBMRI is superior or equal to
other techniques in 7/11 analyses, DWI alone is superior or equal to BS or
PET-CT in 3/6 analyses, BS is superior to WBMRI in 2/6 analyses, and BS is
superior to WBMRI+DWI in 0/3 analyses.

Concerning performances in mono-cancer studies (Figure 12), the
observation of the colour codes suggests that WBMRI+DWI and PET-CT
have similar diagnostic accuracy in region and patient-based analysis, while
WBMRI (with or without DWI) is superior to other imaging techniques in

lesion-based analysis.

In multi-cancer studies (Figure 12), WBMRI is superior to other imaging
techniques in lesion- and patient-based analysis. In prostate and breast
cancers conjoint studies, DWI is more accurate than BS in lesion-based

. 14
analysis **%.
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Capabilities of Se and Sp

According to the evidence table, for the diagnostic value of imaging
techniques (Table 12), there is strong evidence that WBMRI is more
sensitive than BS (4 bSD among 5 SD) 21319181 hut less evidence
concerning the superiority of WBMRI in terms of Sp (3 SD against 6 Eq). The
superiority of MRI compared to BS in terms of Se, is confirmed when DWI is
added (1 bSD among 2 SD) %0.145 " \while evidence on Sp is balanced. There is

151,162

strong evidence that DWI is less specific than PET-CT (3 SD) , While

difference in Se is not evident *°2,

There is some evidence that WBMRI is more sensitive than PET (1 bSD
among 2 SD) >*® put limited evidence that WBMRI is more specific (1
SD). There is some evidence that WBMRI is more sensitive than PET-CT (2
bsSD) *”*8 and little evidence that PET-CT is more specific than WBMRI (1
SD against 7 Eq). There is insufficient evidence that adding DWI to WBMRI
improves its Se compared to PET-CT and very little evidence that it
improves its Sp (1 SD against 1 nsSD +2 Eq). The results are consistent with
the strong evidence that WBMRI+DW!I is more sensitive than WBMRI alone
(1 bSD among 3 SD) **'® and with the lack of improvement in Sp by
adding DWI to WBMRI (1 nsSD against 3 Eq) %2
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MRI superiority PET superiority Equivalence
Se 2(1) 1+1 1
Sp 1+1 1 1

4 studies: Schraml et al., Pfannenberg et al., Daldrup et al., Ohno et al.

5 Se comparisons and 4 Sp comparisons.

MRI superiority PET-CT superiority Equivalence
Se 3(2)+7 3 _
Sp _ 1+3 7

10 studies: Kumar et al., Heusner et al., Schmidt et al., Antoch et al., Sakurai
et al.,, Schraml et al., Laurent et al., Kembhavi et al., Takenaka et al.,
Pfannenberg et al.

13 Se comparisons and 11 Sp comparisons.

MRI+DWI
. . PET-CT superiority Equivalence
superiority
Se 1 ; 3
Sp 1 1 2

3 studies: Jouvet et al., Sakurai et al., Takenaka et al.

4 Se comparisons and 4 Sp comparisons.
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MRI+DWI

superiority MRI superiority Equivalence
Se 3(1) ~ 1
Sp 1 ~ 3

3 studies: Sakurai et al., Takenaka et al., Jouvet et al.

4 Se comparisons and 4 Sp comparisons.

MRI superiority BS superiority Equivalence
Se 5(4)+3 2 3
Sp 3+1 6

9 studies: Balliu et al., Eustace et al., Kumar et al., Leboulleux et al.,
Engelhard et al., Sohaib et al., Daldrup et al., Venkitaraman et al., Takenaka
etal.

13 Se comparisons and 10 Sp comparisons.

MRH_)‘A{I BS superiority Equivalence
superiority

Se 2(1) _ 2

Sp 2 1(1) 1

3 studies: Takenaka et al., Costelloe et al., Lecouvet et al.

4 Se comparisons and 4 Sp comparisons.



DWI superiority PET-CT superiority  Equivalence
Se 1 1 2
Sp 3+1

3 studies: Jouvet et al., Takenaka et al., Heusner et al.

4 Se comparisons and 5 Sp comparisons.

DWI superiority BS superiority Equivalence
Se 1 _ 2
Sp 1 2

2 studies: Takenaka et al., Gutzeit et al.

3 Se comparisons and 3 Sp comparisons.

Table 12. Evidence table demonstrating:
(i) the number and references of comparative studies available,

(ii) the number of comparisons of Se/Sp available (which can be different from the
number of studies when a particular study includes multiple analyses, such as
analyses on a per-patient and a per-lesion-basis of the diagnostic capability

Se/Sp), (iii) the frequency of significance levels.

From superior to inferior quality ranking, a red level is given when
differences between capability values are assessed at a p value compliant
with Bonferroni’s correction (bSD), a black level when differences between
capability values are assessed at a standard p value <0.05 (SD), a green
level when differences between capability values are superior or equal to
5% and are assessed qualitatively, or are reported to be statistically non-

significant (nsSD), and a blue level when differences between capability
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values are inferior to 5% and are assessed qualitatively, or are reported to
be statistically non-significant (Eq). The table can be read as follows: when
comparing WBMRI to PET, there is some evidence, based on one
Bonferroni-corrected statistical difference (1 bSD, in red) among two
statistical differences (2 SD, in black) against one SD plus one non-
significant statistical difference (1 nsSD, in green) and one equivalence (1

Eq, in blue), that MRI is more sensitive than PET.

D. Discussion

Depending on the primary cancer, the recommendations for bone staging
differ **. The most common method for BM detection in breast cancer is
BS °. Targeted XRays should confirm a positive BS, unless multiple foci are
detected. For PCa, staging BS is recommended in patients with a biopsy
Gleason score 27 or with a PSA >10 ng/ml and palpable disease (cT2/T3)

166

prior to treatment ~°. There are no guidelines concerning non-small cell

lung cancer and the necessity of BS 164,167,

Performance of WBMRI

Our data suggest that WBMRI+DWI has a high repeatability and
demonstrate high reproducibility, superior to that of PET-CT, WBMRI
without DWI and BS. The latter tends to be the least reproducible imaging

technique, also when compared to DWI alone.

In terms of diagnostic performance, there is some evidence that WBMRI is
a more sensitive imaging technique compared to PET-CT, PET and BS. The
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sensitivity of the whole-body examination is improved with the addition of
DWI sequence, without improving its specificity. DWI is a very promising

149136 without being able to confirm this

technique for the detection of BM
observation due to the limited number of studies assessing its Se and Sp.
There is strong evidence that DWI alone is less specific than PET-CT,
suggesting that the use of anatomical sequences remains essential in

WBMRI protocols.

The review of "mono-cancer” studies shows that WBMRI+DW!I has higher
or equal diagnostic accuracy to PET-CT in lesion, region and patient-based
analyses. BS is found to be inferior or equal to these two techniques in the
three analyses. Adding DWI to conventional WBMRI sequences improves
the Se of WBMRI in region-based and patient-based analyses. DWI alone
does not demonstrate a sufficiently high accuracy as false positive findings

occur.

Multi-cancer studies represent a heterogeneous framework for assessing
the capabilities of the different techniques and should be considered with
caution if they are used for nuancing conclusions made from mono-cancer

studies.

Comparison with other reviews

Five reviews studying the diagnostic accuracy of MRI for BM detection

were identified. Three of them provide additional contextual information

105,168,1 . . . .
05168169 3nd two may appear redundant. One includes studies discussed in

this review *’° and the second may be considered redundant or potentially
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biased (4/9 of elected studies coming from the same team on the same

18
type of cancer) 7 Yang et al. reported that FDG PET and MRI were

equivalent and both significantly more accurate than CT and BS for BM
screening, based on 67 multi-cancer studies (before January 2010 and
including 7 studies on MRI and 15 on WBMRI) 168 Based on 16 PCa studies
(anterior to November 2012 and including 3 studies on MRI, 1 on WBMRI
and 2 on WBMRI+DWI), Shen et al. reported that MRI was superior to
choline PET-CT and BS in patient-based analysis, although choline PET-CT

169 Based on 11 multi-cancer studies (anterior to

had the highest specificity
September 2010 and including 5 WBMRI studies discussed in our review),
Wu et al. reported that DWI had a high sensitivity but limited specificity for

195 The latter is

the detection of whole-body tumour involvement
consistent with previous reviews showing that although DWI stands out at

detecting bony lesions, it is less capable in soft tissue metastases 172

It has to be noted that there is currently a lack of studies comparing

diagnostic accuracies of WBMRI with PET-CT based on newer tracers such

18

11
as F sodium fluoride *'* C-Choline %727

or Prostate-Specific

Membrane Antigen (PSMA) 8084

Luboldt et al. compared the effectiveness of a fast DWI to anatomic MR

11
sequences and to C-Choline PET- CT and suggested that DWI is equivalent

to, if not more sensitive than, the STIR and T1-weighted SE MR sequences
and as effective as ''C-Choline PET-CT for the detection of PCa BM 7°.

Mosavi et al. evaluated the accuracy of DWI versus NaF PET-CT for the
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detection of BM in patients with PCa, concluding that DWI has higher Sp

177

but lower Se ~*’. Afshar-Oromieh et al. demonstrated that suspicious PCa

lesions present excellent contrast as early as 1 h post-injection of PSMA. In

68
a retrospective analysis of 319 patients who underwent Ga-PSMA-ligand
PET-CT, the same team found that PSMA is highly specific for PCa and

detects the disease in a high percentage of patients (82.8%) %% .

PET-MRI is an innovative diagnostic imaging modality that combines the
anatomical information given by MRI and the functional data from PET.
Even though there has been great progress in this field, there still remain
some issues that need to be resolved. The main pitfalls relate to imaging

178179 The technique is recently

bias and artefacts due to image distortion
introduced and will hopefully help in the comparison of MRI and PET and in
the identification of the necessary and sufficient images to obtain, which

may differ according to the primary cancer.

Weakness of performance study

There were no multi-center studies, which are crucial before
generalization. These studies allow enlarged and homogeneous enrolment
of patients for each cancer type. Furthermore, the participation of
investigators from different countries, regions, even hospitals offer the
guarantee of an objective evaluation, not restricted by local habits and
facilitates evaluation of the inter-center repeatability and reproducibility of

the technique.
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The reviewed studies present different sources of heterogeneity. First of
all, the study design and the patients’ inclusion criteria, which can affect Se
and Sp. An important heterogeneity regarding the gold standard is found
between studies and - sometimes - within the same study. When the gold
standard does not represent the true disease status, Se/Sp and accuracy
are biased ®°. On the other hand, in the context of clinical studies it is
neither feasible nor ethical to biopsy all the metastatic lesions, in order to
have a histopathological confirmation. As a result, it is acceptable to use
the consensus reading of all clinical and imaging follow-up data as gold
standard. At this point, the need of standardization of the gold standard
has to be highlighted. This problem has to be addressed by a working
group of independent clinicians and researchers with experience in the
field of oncology, in order to construct a consensus document which could
include a list of criteria that have to be fulfilled (minimum follow-up period,
appropriate and necessary imaging modalities, scoring system, reading

methodology, relevant clinical or/and biological information, etc).

There was substantial heterogeneity concerning WBMRI sequences that
vary depending on the team, the hospital, the country as well as the
primary cancer. There is an urgent need to determine which sequences are
the most appropriate, “necessary and sufficient” and cost/time-effective,
in order to set a global guideline. Combining whole-body anatomic 3D

sequences to DWI is a potential solution 3 .
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Limitations of the review

Our work is a “snapshot” of the current situation with conclusions that may
change very soon as there are many studies published every month on the

topic.

Only a PubMed search based on English and French language was
undertaken. The search was updated until mid-November 2014 and a
publication bias is possible. Funnel plot analysis was not performed but a
crosscheck of the included studies with those of previous reviews, rule out

the exclusion of a compliant study.

Our conclusions were drawn from a Youden-indexed classification tree and
a four-level reading of statistical reports organized within an evidence
table, providing a hierarchical analysis of the accuracy of imaging

techniques.

A meta-regression was not performed because of the small number of
available studies concerning certain types of cancer and the important
heterogeneity in study characteristics. It remains difficult to establish the
validity of the distributional assumption on between-study variance, as no

. 182
random-effect model analysis was performed 2.
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CONCLUSION:

Our results suggest that WBMRI is superior to BS for BM detection,
independently of the primary cancer. The addition of DWI to WBMRI
protocols improves the sensitivity. Still, the need of anatomic sequences is
indisputable. Although the diagnostic accuracy of WBMRI and PET-CT
appear roughly equivalent, WBMRI is superior in lesion-based analysis.
On the other hand PET-CT exceeds WBMRI in patient- based analysis,

especially in breast and neuroendocrine tumours. There is a need for new

18 11
studies comparing WBMRI to PET-CT with new radiotracers as NaF, C

and 18F Choline and labelled PSMA.

Several meta-analyses confirm the performance of MRI and FDG-PET/CT,
which are both superior to bone scintigraphy and targeted XRays for the
detection of bone metastases in all cancers, on a per-patient and per-lesion

. 168, 183
basis

. Yang et al. found - for all metastatic disease detection on a
per-patient basis - that the pooled sensitivity for FDG-PET/CT, CT, MRI and
BS were 89.7%, 72.9%, 90.6% and 86.0%, respectively %8 The pooled
specificity for PET/CT, CT, MRI and BS were 96.8%, 94.8%, 95.4% and

81.4%, respectively.

There is a critical need for the future studies to respect the guidelines.
There is a lack of multi-center and mono-cancer studies that can help

generalize their results.
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A considerable advantage of MR imaging is the lack of radiation exposure,
contrast injection and its sensitivity to bone marrow infiltration regardless
of the primary cancer, when PET-CT relies on the affinity of the cancer for a

given tracer.

From a more general perspective, it seems that cancer staging cannot be
based on one technique, but it will most likely be shared between WBMRI
and PET according to the primary cancer. This scenario is further supported
by the perspective offered by both techniques of an all-organ (non-bone

limited) screening of metastasis.

The wide variability of anatomic sequences and planes used by different
teams led us to the development of a three dimensional WBMRI sequence
which could potentially replace the different sequences in the different

planes.
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VIIl. STEP 2

Feasibility and evaluation of Whole body 3D T1 MR imaging

A. Objective

Nowadays and following our critical review of the literature in oncologic
imaging, the whole body MRI protocols include two components: the
anatomic and the functional. Even though the functional component of the
protocol is consistent across teams (Diffusion Weighted Imaging), the
anatomic counterpart is highly variable amongst teams. This diversity not
only concerns the sequences but also the planes of the acquisition used.
We developed a three-dimensional whole body T1 Weighted MRI
sequence (3D T1) able to study the whole body, in a limited time and with
optimized spatial resolution, for bone and node staging of patients with
high risk PCa, being sufficient as the only anatomic counterpart of DWI.
The value of this sequence in terms of image quality (SNR and CNR) was
compared to the two dimensional sequence. Finally its diagnostic accuracy

for tumoural lesion detection was evaluated.
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B. Materials and Methods

Patients

The institutional ethics committee approved this prospective study.
Informed consent was obtained from all patients. Thirty consecutive
patients with PCa who were considered as high risk for metastases
(according to published criteria) were prospectively enrolled between

39139182 The mean patient age (tstandard

February and December 2012
deviation) was 69 * 3.3 years. The mean prostate-specific antigen level was
31 + 28 ng/mL. Three patients were not enrolled because of contra-

indications to MR imaging.

MR Imaging

All patients were imaged with a 3.0-T MR unit (Magnetom Verio; Siemens
Medical Solutions, Erlangen, Germany). Patients were placed on the
imaging table headfirst in the supine position and were covered with a
head and neck coil, spine coils, and two six-element body matrix coils. A
coronal two-dimensional whole-body T1-weighted MR imaging pulse
sequence (2D T1), a sagittal proton density fat suppression sequence of the
whole spine (PDFS), a diffusion-weighted MR imaging sequence (DWI), and
a three dimensional whole-body T1-weighted pulse sequence (3DT1) were
performed. The characteristics of the pulse sequence were the following:
a 3D turbo spin-echo SPACE (sampling perfection with application

optimized contrast using different flip angle evolutions) pulse sequence
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was implemented to get high spatial resolution and high contrast
resolution in T1, while limiting both the specific absorption rate and the

acquisition time 6

. An elliptic k-space filter was applied. Then, in-plane
spatial resolution was chosen so as to be the closest to that of the 2D pulse
sequence and to be “as isotropic as possible.” As a result, voxel size after
acquisition and reconstruction were, respectively, 1.14 x 1.43 x 1.20
mm?and 0.57 x 0.57 x 1.20 mm? for whole-body 3DT1-weighted imaging,
1.04 x 1.30 x 4.00 mm®and 1.04 x 1.04 x 4.00 mm?> for whole-body T1-
weighted imaging, 0.81 x 1.01 x 4.00 mm® and 0.81 x 0.81 x 4.00 mm? for
spine PDFS imaging, and 3.52 x 4.42 x 5.00 mm?and 1.76 x 1.76 x 2.70

mm? for whole-body diffusion-weighted imaging.

Other imaging parameters are detailed in Table 13.
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Acquisition time (min)
Sequence

Plane

Slices / Thickness / Gap
FOV / Acquisition matrix
Phase encoding

IPAT factor

Phase oversampling
TR/TE/NSA/TF

Flip angle

Bandwidth

Fat suppression technique

Specific parameters

3DT1

18.5 (4x4.6)

3D SPACE (spin echo)
CORONAL

176 /1.2mm/ -
440x307 / 214x384
Feet-Head

3

0.5
400/13/2/58
variable

407 Hz/pixel

2DT1

6 (4x1.5)

TSET1

CORONAL

50 /4mm / 0.4mm
400x306 / 384x307
Feet-Head

3

1

600/9.4/1/4
140°

260 Hz/pixel

2DT1+PDFS

5.4 (3x1.8)

TSE

SAGITTAL

13 /4mm / 0.4mm
260x260 / 256x320
Feet-Head

2

1
2600/45/2/13
147°

2050 Hz/pixel

FAT SAT

WBDWI

15.8

Diffusion

AXIAL

25/5mm /0.5mm
430x366 / 83x122
Anterior-Posterior
2

0

4500/68/5/-
130°

255 Hz/pixel
SPAIR

b-values: 0/ 800
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weighted imaging, WB2D = whole-body 2D imaging, WB3D = whole-body 3D imaging.

Table 13. Specific parameters of 3DT1. IPAT = integrated parallel acquisition techniques, SPACE = sampling
perfection with application optimized contrast using different flip angle evolutions, SPAIR = spectral adiabatic

inversion recovery, TE = echo time, TR = repetition time, TSE = turbo spin-echo, WBDW = whole-body diffusion-
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Image Analysis

Lesion definition

External, internal, common iliac, inguinal, periaortic, and pericaval nodes
were defined as abnormal when the short-axis diameter was larger than 10
mm, when there was loss of the normal oblong kidney bean shape and of
the fatty hilum, or an irregular outline. In perivisceral (perivesical,
perirectal, etc) locations, a node was defined as abnormal when the short-

axis size was larger than 8 mm 8>1%,

A metastasis was defined as a low signal intensity lesion larger than 8mm
on T1WI and as a high signal intensity lesion on PDFS images. The DWI was

used as an addition to the anatomic sequences 91139

In the absence of a histologic gold standard, as the biopsy of all lesions was
neither possible nor ethical, we used the best valuable comparator (BVC)
as standard of reference. BVC is a panel of reference, consisting of the CT
correlation of equivocal MRI findings, prospective systematic follow-up BS
and MRI studies at 6 months, and clinical and biologic follow-up obtained
during 6 months of follow-up. All of the material was reviewed afterwards
by all of the specialists (radiologists, nuclear medicine physicians and
urologists) who concluded in consensus to the final diagnosis for each

patient, in terms of bone and node metastasis.
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Quantitative image analysis

For the assessment of the image quality of 3D and 2D T1 sequences, both
signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR) in regions of
interest (ROIs) within lesions and corresponding reference tissues were
calculated by one physicist and one radiologist. The reference ROI for the
spine was placed in the bone marrow of an uninvolved lumbar vertebra (L5
or closest uninvolved) (Figure 13A). For the pelvis, the reference ROI was
chosen in the bone marrow of a non-metastatic ischiopubic ramus (Figure
13B). For LNs, a reference ROl was chosen in the local-regional fat. For the
calculation of CNR, the largest bone and node lesions from each anatomic
area were used and the largest possible ROI that fitted the lesion and/or
tissue of interest was chosen (Figure 13C), without including the bone
cortices and anatomic limits of LNs. The standard deviation of the noise (o)
was estimated from a ROl defined outside the body (a large area that
contained only air) (Figure 13D). The SNR was then calculated according to
the following equation: SNR= 0.66 xS/o, where Sis the mean signal
intensity from the reference region and 0.66 a correction factor that takes
into account the fact that the noise is governed by the Rayleigh distribution
87 The CNR was estimated according to a similar equation, as

follows: CNR = 0.66 x (Slesion _ Sreference)/o.
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Figure 13. The reference ROI was placed in uninvolved bone marrow of

lumbar vertebrae for the spine (A) and in uninvolved bone marrow of an
ischiopubic ramus for the pelvis (B). For the calculation of CNR the ROI
was positioned in the largest lesion of every region (C). The standard
deviation of the noise was calculated by placing a ROl in an area

containing only air (D).
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Qualitative image analysis

All the sequences were analysed by two radiologists independently and
blindly (F.E.L. [observer 1] and V.P. [observer 2], with 15 and 3 years of
experience, respectively, in musculoskeletal and oncologic imaging). The
whole-body 2DT1 sequence was read during the first reading, the 2DT1
plus PDFS images were read during the second reading, and the 3DT1
images were read during the third reading. Reading of 3D T1 sequence was
performed with use of multiplanar reformation. The three readings were
performed at 3-week intervals and were randomized. Readings were
performed with a picture archiving and communication system workstation
(Carestream Vue; Carestream Health, Rochester, NY). The number and

location of node and /or BM were recorded for each reading.

Statistical Analysis

The image quality with the 2DT1 and 3DT1 sequences was assessed by
comparing the SNR measured in two reference regions (bone and fat) and
by comparing the CNR in two common metastatic sites (bone and node). A
Wilcoxon rank sum test was performed to assess statistical differences. A
Bonferroni-type correction for performing multiple comparisons was then
applied. As a result, P < 0.025 was regarded as indicative of a statistically

significant difference.

For the estimation of the performance of the different MRI sequences,

Receiver Operating Characteristic (empirical receiver operating
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characteristic) analysis was carried out on a per-patient basis 188

. A pairwise
comparison of the areas under the receiver operating characteristic curve
(AUCs) was made to rank sequences according to their diagnostic

189 The diagnostic performance of each MR imaging

performance
sequence was assessed on a per-lesion basis, followed by a McNemar test
to rank sequences according to their sensitivity °°. Because of the multiple
comparisons, P< 0.0083 was regarded as indicative of a statistically

significant difference.

For each MRI sequence the inter-observer agreement on a per-patient
basis was calculated according to the Scott pi and its associated 95%

¥ The per-lesion based inter-observer agreement

confidence interval (Cl)
of the MRI sequences, was evaluated based on the intraclass correlation
coefficient on the basis of a two-way model in which systematic differences
are relevant and its associated 95% Cl. Agreement was interpreted as
follows: scores of 0 or less were indicative of poor agreement, 0.01-0.20
slight agreement, 0.21-0.40 fair agreement, 0.41-0.60 moderate
agreement, 0.61-0.80 substantial agreement, and 0.81 or greater very

good agreement **2. The sample size was not prospectively planned, as the

study was exploratory.
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C. Results

Patient Population

Ten patients had BM and thirteen LNM according to the standard of

reference. There were forty-one bone lesions and thirty-six node lesions.

Quantitative Image Analysis

3DT1 sequences presented significantly higher SNR and CNR compared to
2D T1 (Table 14 and Figure 14), regardless of the region analysed (P <

0.025).
N 2DT1 3DT1
M IQR M IQR
Ref
SNR | Bone 42 85 60 234 284
Ref fat 12 99 50 260 360
Tum
CNR | Bone 13 47 41 143 104
Tum
lymph 12 52 33 155 228

Table 14. The number of ROIs represents cases for which SNRs and CNRs
could be calculated. In six patients considered for analysis, some
thresholding was automatically performed on the saved data, yielding a
standard deviation of O for the noise ROIs. Hence the number of
measured ROIs fell to the number of used ROIs. For the SNR, the number of
used ROIs fell from 55 to 45 (reference bone) and from 13 to 12 (reference
fat). For the CNR, the numbers fell from 19 to 13 (lesion/bone) and from 13
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to 12 (lesion/node). Data are medians and dispersion values (interquartile

ranges).
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Figure 14. Boxplots for SNR (A) and CNR (B) calculations. 3DT1 sequences

presented significantly higher SNR and CNR compared to 2D T1.
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3DT1 had a significantly higher performance compared to 2DT1 and 2DT1+
PDFS for the detection of node metastases on a per-patient basis (observer
1: AUC =1.00 for 3DT1, 0.81 for 2DT1 + DPFS imaging, and 0.73 for 2DT 1,
with P < 0.001 for 2DT1 vs 3DT1 and P = 0.006 for 2DT1 +PDFS vs 3DT1;
observer 2:AUC= 1.00 for 3DT1, 0.81 2DT1+PDFS, and 0.81 for 2DT1,
with P= 0.006 for 2DT1 vs 3DT1 and P= 0.006 for 2DT1+PDFS vs 3DT1),
whereas no significant difference was observed between sequences for
detecting patients with bone metastases (P> 0.317 for all) (Table 15,
Figures 15 and 16).

Observer Per-patient Analysis* Per-lesion Analysis'

Bone Metastasis Node Bone Metastasis  Node Metastasis
Metastasis

1 2D T1-weighted 3D T1- 2D T1-weighted 3D T1-weighted
imaging, 2D T1- weighted imaging + PDFS, imaging
weighted imaging + imaging 3D T1-weighted
PDFS, 3D T1- imaging
weighted imaging

2 2D T1-weighted 3D T1- 2D T1-weighted 3D T1-weighted
imaging, 2D T1- weighted imaging + PDFS, imaging
weighted imaging + imaging 3D T1-weighted
PDFS, 3D T1- imaging

weighted imaging

Table 15. Pairwise Comparisons of Diagnostic Performance of MR Imaging
Sequences.

104




Figure 15. Detection of a BM in a 63 year old PCa patient. The lesion was not seen on 2DT1 sequence (A) but

correctly identified by 3DT1 sequence (B). Axial reconstruction obtained with multiplanar reformation at same

level confirms the presence of a BM (C).

105



Figure 16. Detection of a node in a 57 year old
PCa patient. The enlarged LN was missed on
2DT1 sequence (A) but correctly identified by
3DT1 sequence (B). Axial reconstruction
obtained with multiplanar reformation at
same level confirms the presence of an
enlarged LN (C).
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On a per-lesion basis, whole-body 3DT1 had a significantly higher
sensitivity than 2DT 1 and 2DT1+PDFS for detecting LNM (observer 1:
sensitivity = 100% for 3DT1, 44% for 2DT1+PDFS, and 33% for 2DT1,
with P < .0001 for 2DT 1vs 3DT1 and P< 0.001 for 2DT1+PDFS vs 3DT1;
observer 2: sensitivity = 92% for 3DT 1, 39% for 2DT1+PDFS, and 39%
for 2DT 1, with P < 0.001 for 2DT 1 vas 3DT1 and P < 0.001 for 2DT1+PDFS
vs 3DT1), while whole-body 2DT1 had a significantly lower sensitivity than
3DT1 and 2DT1+PDFS for detecting BM (observer 1: sensitivity = 98% for
3DT1, 83% for 2DT1+PDFS, and 63% for 2DT1, with P< 0.001 for 2DT1
vs 2DT1+PDFS and P < 0.001 for 2DT1vs 3DT1; observer 2: sensitivity =
100% for 3DT1, 85% for 2DT1+PDFS, and 68% for 2DT1, with P = 0.008 for
2DT1 vs 2DT1+PDFS and P < 0.001 for 2DT 1 vs 3DT1).

Inter-observer Agreement

For the detection of patients with BM, inter-observer agreement was very
good for all the sequences (Table 16). On a per-lesion basis, inter-observer
agreement in the detection of BM was very good for all the sequences
(Table 17). For the detection of BM the inter-observer agreement ranged

from substantial to very good.
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M lesions N lesions

Disagreement Scott's pi Disagreement Scott's pi
2DT1 0/30 1.00[0.74-1.00] 2/30 0.82 [0.44 - 0.95]
2DT1+DPFS 2/30 0.85[0.53-0.96] 4/30 0.66 [0.28 - 0.86]
3DT1 0/30 1.00[0.74-1.00] 0/30 1.00 [0.77 - 1.00]

95% Cl is given in brackets

Table 16. Inter-observer agreement for patient-based analysis.

M lesions N lesions

ICC ICC
2DT1 0.988 [0.975 - 0.994] 0.876 [0.757 - 0.939]
2DT1+DPFS 0.993 [0.985 - 0.007] 0.639 [0.365 - 0.811]
3DT1 0.993 [0.986 - 0.997] 0.965 [0.928 - 0.983]

95% Cl is given in brackets

Table 17. Inter-observer agreement for lesion-based analysis.
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D. Discussion

WBMRI is a non-invasive technique free from ionizing radiation and with
high resolution for bone marrow and soft tissues. Hence it is a technique
which is widely used in oncology. It is known that a precise tumoural
staging is crucial for the clinical management of oncologic patients.

It has been demonstrated that MRI is a highly sensitive method for early
detection of BM, as it allows the identification of malignant cells in the
bone marrow, before bone remodelling. Walker et al. support that WBMRI
represents a convenient and cost effective method for the screening of

patients with breast cancer 127,

Tc 99m bone scintigraphy is widely used for the detection of metastatic
bone disease even though it has been demonstrated by various studies
that MRI has a higher specificity and sensitivity **%. Daldrup-Link et al.,
demonstrated that WBMRI has a higher sensitivity than BS for the
detection of bone marrow metastatic disease in children and young adults
117 schmidt et al., showed that in patients with breast cancer and suspicion

of recurrence, WBMRI and PET-CT have an overall diagnostic accuracy of

91% for lesion detection **.

A wide heterogeneity exists regarding WBMRI protocols between teams,
which largely depends on the target cancer. For the examination of the
whole skeleton in patients with cancer, a coronal 2D MR imaging pulse
sequence and a sagittal pulse sequence on the spine are most commonly
used. The sagittal sequence of the spine is strongly recommended to

detect small vertebral lesions and potential complications of the metastatic
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disease (i.e., fractures and spinal cord or spinal nerve compression) 194 The
use of an axial sequence has been proposed in order to study the skull, the

scapula, ribs and sternum >°%,

The potential to overcome the limitations mentioned above is offered by
three-dimensional imaging. The imaging time can be limited by avoiding
the repetition of the same sequence in different planes. The use of 3D
imaging offers the possibility of multiplanar reconstruction and reduces
partial volume effects from section thickness and intersection gaps,
therefore provides both high-spatial-resolution images and multiplanar

19197 The available 3D reconstruction softwares

reformation capability
offer various image post-processing algorithms such as multiplanar
reconstruction (MPR) maximum intensity projection (MIP), minimum
intensity projection (MinlP), volume rendering and shaded surface display.
It takes a senior reader almost 15 minutes for the interpretation of the

WBMRI protocol with the 3DT1 sequence, while the same reading takes a

junior reader approximately 18-20 minutes.

The long acquisition and post-processing times had, until recently, as a
result the limited use of 3D sequences; however, the development of more
effective imaging techniques and high-performance MR imaging
workstations has allowed the overcoming of these problems. The hardware
used mainly depends, on one hand on the kind of radiofrequency (RF)
receiving coils and the availability to combine them together and on the
other hand on the patient table characteristics and performance. The MR

signal is received either by the transmitter body coil, or by a combination
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of a set of only receiver multi-channel surface coils. In order to optimize the
signal-to-noise ratio (S/N) and to minimize the imaging time, the second
solution is the optimal, because it allows the simultaneous coverage of the
whole body using local coils, which produce a high SNR, and enables
excellent image quality as well as fast imaging. Additionally, regarding the
table, an important point resides in the possibility to connect several
receiving multi-channel coils together, in order to optimize the patient
anatomy coverage. Another important feature is the efficient control of the

patient table movement.

The reduction of the duration of the sequence is crucial. Increasing the
slices’ thickness from 1 to 1.5mm can reduce the time of the acquisition
but with subsequent loss in isotropy and quality of image. Another way to
reduce the duration of the sequence is to increase the Pl (parallel imaging)
acceleration factor (we already operate in parallel imaging with an
acceleration factor 3). Most modern MR systems are built in a parallel
architecture, consisting of a body transmit coil and set of local receiver
coils that feed into parallel channels for signal amplification and
processing. In Pl, information about coil positions and sensitivities can be
used to reduce the number of phase-encoding steps and speed up imaging.
This is quantified by the Pl acceleration factor (typically between 2 and 6).
The temporal and spatial resolution requirements - the field strength at
which the study is performed and the object of interest - all lead to the

decision to use Pl acceleration.
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The major advantages of PI:

-Significant reduction of image acquisition time. This is inversely related to

the acceleration factor (R). If R=2 then image acquisition time is cut in half.

-Reduction in susceptibility artefacts. The Pl acquisition and reconstruction

process lessens phase-related distortions in the MR signal. This is especially

advantageous in echo-planar sequences.

It has to be noted that our goal was to optimize the morphological
sequence that should complement the functional DWI sequences, rather
than directly comparing the two types of sequences. Morphological and
functional sequences have indeed shown their complementarity in
previous works and we did not intend to confirm those previous findings.
Of course we did take into account findings from the DWI sequences in
defining the gold standard used to compare the diagnostic performance of
the morphological sequences. A future goal will be to study the accuracy of
DWI sequence alone, to compare it with individual anatomic sequences
(T2, STIR, etc), and its added value over WBMRI protocols using solely

anatomic sequences.

Our study had several limitations. First, the enrolment of a larger number
of patients is mandatory to validate the present results. The inclusion of
patients is still on-going in our department as part of this project, and
multicenter acquisitions and readings are planned for large-scale

validation. Another limitation is the limited body coverage (top of head to
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upper thighs), although the risk of missing significant peripheral metastasis
is very low °*. Finally, the relatively short follow-up period and the use of a
“best valuable comparator” as a standard of reference must be underlined.
This standard of reference represents the best achievable “truth” in the
absence of systematic histologic proof and is used in many studies

evaluating metastasis detection '’ .

E. CONCLUSION

We developed and introduced to clinical practice a -to the best of our
knowledge- original 3D approach of WB coverage using a 3D T1 weighted
MRI sequence. Our goal was to combine the advantages of 3D and WB
imaging in one sequence. According to our results, 3DT1 sequence can
potentially replace the anatomic sequences currently used for the M and

N staging of PCa.

With the use of 3D T1, which can be reconstructed interactively in every
plane, we tried to simplify the MRI protocol of oncologic patients by

eliminating the use of additional planes as sagittal and axial.

Our results confirm that SNR and CNR are significantly higher on 3DT1 than
2DT1 images. On 3DT1 reading, significantly more patients with node
metastasis are detected than on 2D T1 with or without PDFS. Concerning
the number of metastatic lesions detected by the observers, we observe

that less metastatic bone or node lesions are missed on 3D T1 readings
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than on 2D T1, but this result is not statistically significant. This could be

explained by the small sample size.

Our study also showed that the inter-observer agreement with the 3DT1
sequence was higher than that with 2DT1 for the detection of node
metastasis on a per-patient and a per-lesion basis. Only limited
discrepancies were noted between observers with 3DT1 in the detection of
LNs, which may be difficult on 2DT1. The agreement was also very good for

detecting BM.

Our next objective will be the amelioration of the resolution of this
sequence to 1mm slice thickness, in order to improve even more the
quality of image and its diagnostic accuracy for BM and LNM detection.
Also we could expand the field of view to cover the whole body and not
only from head to thighs, even though the vast majority of BM is limited to
the axial skeleton. Last but not least, our next goal will be the limitation of
the duration of the sequence to less than 15 minutes. It is known that in
order to reduce the acquisition time the quality of image has to be
compromised. In order to reduce the time we can increase the slice
thickness. Also the TR, TE and NSA can be reduced but this reduces the
SNR. By reducing the matrix size the spatial resolution will be lowered. A
trick to achieve high spatial resolution in a reasonable time is by reducing
the field of view only in the phase encoding direction. This is possible

because spatial resolution is determined by the matrix size in the
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frequency encoding direction while scan time is determined by the matrix

size in the phase encoding direction.

For our next step, we combined this new sequence with a whole body DWI
and with a multiparametric MRI of the prostate in order to evaluate the

feasibility of a TNM staging of PCa in one single MRI session.
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IX. STEP 3

One-step TNM staging of high-risk PCa during a unique MRI session
A. Objective

MpMRI is the standard for local (T) PCa staging. WBMRI is effective for the
metastatic screening. This study assesses the feasibility and value of an
"All-in-one" TNM staging combining mpMRI of the prostate and WBMRI
including DWI and an optimized 3DT1 sequence described in previous

step.

B. Materials and Methods:

Patients’ characteristics

This study was approved by the institutional ethics committee. Informed
consent was obtained from all patients. We enrolled 30 newly diagnosed
patients with “high-risk” PCa (PSA>20 ng/ml, Gleason> 8, or T stage> 3a 3,
Median age was 63 years (range: 51-92). Median baseline PSA was
30 ng/ml (range: 1.7-4612). Gleason sum was <7 in 13 patients, 7 in 12 and
28 in 17 patients. 3 patients were treated by radical prostatectomy, 16 by a
combination of EBRT and ADT and 11 by ADT alone, after staging. AJCC
clinical stage was cT2 in 7 patients, cT3 in 14 patients, and cT4 in 9 patients

(Table 18).
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Treatment

EBRT + ADT
ADT (N=11) (N=16) (N=3) Total (N=30)
Age
(years)
Median 62.0 63.5 58.0 62.5
Range 53.0-92.0 54.0-80.0 51.0-66.0 51.0-92.0
50%range 55.0-66.0 57.5-69.0 51.0-66.0 56.0-69.0

Mean (SD) 64.18 (11.02)  64.06(7.25) 58.33(7.51)  63.53 (8.72)
PSA

(ng/ml)

Median 21.7 37.9 72.7 30.0

Range 1.7-4612.0 4.7-206.0 9.0-126.0 1.7-4612.0

50%range 6.8-60.5 15.9-134.5 9.0-126.0 12.0-99.0
470.73 216.87

Mean (SD) (1,377.31) 70.01(72.82)  69.24 (58.58) (834.09)

Gleason sum

6 1(9.1) 0(0.0) 0(0.0) 1(3.3)

7 2 (18.2) 7 (43.8) 3 (100.0) 12 (40.0)

8 4 (36.4) 5(31.3) 0(0.0) 9 (30.0)

9 4 (36.4) 4 (25.0) 0(0.0) 8(26.7)

Table 18. Patient demographics: 30 PCa patients at high risk of metastasis.

Imaging

All patients were imaged with a 3.0-T MR unit (Magnetom Verio; Siemens
Medical Solutions, Erlangen, Germany). The mpMRI of the prostate
consisted of high resolution T2 weighted images (T2WI) in three planes
(axial, sagittal and coronal) for the analysis of the prostate's zonal anatomy
and capsule, dynamic contrast-enhanced MRI (DCE MRI), diffusion

weighted imaging (DWI) and apparent diffusion coefficient (ADC) maps,
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and post-contrast axial T1 weighted images of the pelvis for the study of
regional LNs. At the same time and during the course of the same imaging
session, the patients underwent a WBMRI exam consisting of anatomical

T1-weighted MR images and DWI sequences (Table 19).

Image analysis

Figure 17 demonstrates an example of the reporting sheet of “All-in-one”

protocol.

Local staging:

Two radiologists using the published PI-RADS criteria from the European
Society of European Urology (ESUR) interpreted the mpMRI of the
prostate™® (Figure 18). The ADC values of every suspect lesion, as well as
the maximum diameter of the largest lesion were recorded. As described in
the literature, DCE curves were classified into one of three enhancements:
type one with persistent increase of the enhancement; type two with no
change in enhancement over time (plateau); type three, the most typical

pattern for cancer, with fast enhancement and early wash-out 198,

Distant staging

WBMRI studies were read by two radiologists, recording BM and enlarged

LNs according to previously published criteria **>*%,
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ACQUISITION TIME

TARGET ACQUISITION (MIN:SEC) SEQUENCE TYPE PLANE SLICES, THICKNESS, GAP
PROSTATE T2 02:24 TSE SAGITTAL 21x 3mm, 0.3mm
03:35 TSE TRANSVERSE 30x3mm, 0.9mm
02:00 TSE CORONAL 18x3mm, 0.9
DWI 03:14 Diffusion AXIAL 20x5mm, 0.5mm
DCE 04:07 3D FLASH AXIAL 24x3mm
VIBE 00:18 3D FLASH AXIAL 72x3mm
3D SPACE (spin
WHOLE BODY T1WI 3D (body) 18:28 (4x 4:37) echo) CORONAL 176x1.2mm
DWI (body) 15:45 Diffusion AXIAL 25x5mm, 0.5mm
PROTON DENSITY
(spine) 05:24 (3x1:48) TSE SAGITTAL 13x4mm, 0.4mm
FOV, ACQUISITION
TARGET MATRIX TR, TE, NSA, TF FAT SATURATION SPECIFIC PARAMETERS
PROSTATE 130x130, 192x192 3560, 127,1, 21 / /
240x240, 304x384 3200, 136, 2,19 / /
240x240, 304x384 4790, 136, 2, 19 / /
b-values: 0, 50, 600,
380x326, 110x128 5500, 69, 3 SPAIR 1200
400x300, 173x256 4.04,1.35,1 Q FAT SATURATION Measurements 45
400x300, 202x384 4.04,1.45,1 Q FAT SATURATION /
WHOLE BODY 440x307, 214x384 400, 13, 2,58 / /
430x366, 83x122 4500, 68, 5 SPAIR b-values: 0, 800
260x260, 256x320 2600, 45, 2, 13 FAT SAT /

Table 19. Characteristics of “All-in-one” protocol.




ALL IN ONE MRI Pca STAGING report sheet

PATIENT NAME: DOB: ID:

LOCAL STATUS ( T STAGING)

Extra capsular 5
Seminal vesicles 4
Distal sphincter 4
Bladder neck 4

Other organ rectum

ltiparametric MRI of rostate : su s

Cancer location: Diffuse infiltration of the prostate
Extracapsular spread: 17

GENERAL STATUS (N AND M STAGING)

Bone mets 1

Node mets 1

Whole body MRI T1 and DWI : summary (Arrow=bone met: arrowhead=node met
Nodes:
Bone metastasis:

CONCLUSION: T4 N1 M1

Figure 17. An example of an “All-in-one” sheet, for the clinician with the
summary of local, nodal and bone status of the patient.



Figure 18. An example of Multiparametric MR of the prostate. Axial (a) T2

weighted MR image shows a contact between the tumour (curved arrow)
and the anterior rectal wall (arrow). The normal low signal of the anterior
rectal wall (arrow) has disappeared suggesting an invasion. DW MR image
(b, with b value = 1200) shows high signal of the tumoural tissue
(arrowhead) with low ADC values on the apparent diffusion coefficient
(ADC) map (c) (660mm? /sec) (arrowhead). Post-contrast image and DCE

curve within the lesion (e, f) show type 3 curve (f).

Gold standard:

All patients underwent a routine work up for the M and N screening,
consisting of Tc 99m BS for the detection of BM, followed by targeted
XRays (BS +# TXR) on equivocal foci of increased uptake if the BS was

deemed non-diagnostic and an abdomino-pelvic CT for N staging.
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The imaging studies were read independently and blindly. Final
determination of T, N, and M stage was performed in a consensus session
during which all available data - clinical and biological - were analysed by
radiologists, nuclear medicine physicians and urologists (BVC). In case of
discrepancies between Tc 99m BS or CT and WBMRI, follow-up imaging

studies were obtained after 6 months of treatment.

Statistics:

The receiver-operating curve (ROC) characteristics with their 95% exact
confidence interval (Cl) were calculated for each imaging method.

The comparison of the areas under ROC curve (AUC) effectuated by the
Wald test from logistic regression models at the two-sided 5% significance
level. The statistical analysis software, version 9.2 (SAS®, Bethesda, MD),
was used. The study is exploratory and the sample size was not

prospectively planned.

C. Results

Local Staging (T staging)

The T-staging of our patients is summarized in Table 20 according to the
ESUR guidelines.
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PI-RADS SCORE

Adjacent organ
extension

YES NO TOTAL
7 23 30

0 1 2 4 5 TOTAL
Extra capsular
extension T3a 6 0 NA 20 4 30
Seminal vesicles (T3b) (12 O 0 17 NA 30
Distal sphincter (T4) 21 NA  NA 5 NA 30
Bladder neck (T4) 17 O 0 13 NA 30

YES NO TOTAL
AdJace.nt organ 7 23 30
extension

PI-RADS SCORE

0 1 2 4 5 TOTAL
Extra capsular
extension T3a 6 0 NA 20 4 30
Seminal vesicles (T3b) |12 O 0 17 NA 30
Distal sphincter (T4) 21 NA  NA 5 NA 30
Bladder neck (T4) 17 O 0 13 NA 30

Table 20. Local staging of the patients.

N and M Staging Using WBMRI

According to the BVC, 13/30 patients had metastases (9 BM, 11 LNM).

There were no patients with visceral metastasis.
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Comparison of the Diagnostic Performance of WBMRI and Tc 99m BS+/-
TXR for BM Detection (Figure 18, Table 21,)

Sensitivity of Tc 99m BS + TXR and WBMRI for detecting bone metastases
was 89% and 100%, respectively, and specificity was 90% and 100%,
respectively. One patient with BM and with negative BS was correctly
identified as metastatic by WBMRI. WBMRI correctly identified the absence
of BM in two patients with false positive BS. There was no significant
difference between WBMRI and BS +/- TXR for the detection of BM
according to the comparison of AUC with a mean increase in AUC with

WBMRI.

Figure 18.

a. BS +/- TXR demonstrating multiple bone metastasis (arrows)
b. WBMRI (DWI, T1 of the whole body and PDFS of the spine)

demonstrating multiple bone (arrows) and node metastasis (arrowheads).
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Comparison of the Diagnostic Performance of WBMRI and CT to Detect
LNs Enlargement (N Staging) (Figure 19, Table 22)

Sensitivities of CT and WBMRI for LNM were 82% and 100%, respectively;
specificities were 100% for both. One patient with positive LN was correctly
detected by WBMRI, while missed by CT. There was no significant
difference between WBMRI and CT for the detection of LNM according to
the comparison of AUC. There was a mean increase in AUC of +9.1% (Cl:

-2.9% to +21.0%) with WBMRI compared to CT (P =0.136).

Figure 19.

a. CT demonstrating multiple node metastases (arrowheads)
b. WBMRI (DWI and T1 anatomic sequences) demonstrating bone (arrows)

and bone metastases (arrowheads).
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Comparison of WBMRI and routine work-up (Combination of BS + TXR and
CT) for for Assessing Global Metastatic Status (N and M Staging) (Table
23)

For each combination of LNs and bone metastases assessment, the
patients were classified negative if both exams were negative, and positive
if the one or both assessments were positive. On the basis of BVC, 13
patients were adjudicated metastatic. While WBMRI was in perfect
agreement with the BVC, combined BS + TXR and CT readings disagreed
with the BVC in four cases (two false positive and two false negative
observations). For the detection of bone or node metastasis, sensitivities of
BS £ TXR combined with CT and of WBMRI were 85% and 100% respectively
and specificities were 88% and 100%, respectively. WBMRI was also
superior when it comes to the overall staging of the patients as being
either NOMO or having disease extension beyond the prostate (any
metastases). WBMRI was superior to the combination of BS +TXR and CT
(improvement in all ROC characteristics and of AUC by 13.6% [95% ClI:
+0.7% to +26.5%, P = 0.039]).

126



Figure 19.

a. All-in-one

TXR)

b. Standard work up (mpMRI+CT+BS+/
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BVC for BM

Neg. Pos. Tot. Se % Sp% PPV % NPV% AUC % Overall agreement%
(95%Cl) (95%Cl) (95%Cl) (95%Cl) (95%Cl) (95%Cl)
Total 21 9 30
BS
Neg. 19 1 2089(52-100) 90 (70-99) 80(44-97) 95 (75-100) 90 (77-100) 90 (74-98%)
Pos. 2 8 10
WBMRI
Neg. 21 0 21100 (94-100) 100 (94-100) 100 (66-100) 100 (94-100) 100 (100-100) 100% (NA)
Pos. 0 9 9

Neg. : Negative, Pos. :Positive, Tot.: Total
Comparison of ROC AUCs: +10,3% (95% Cl: -2,3 to + 23%), P= 0,110. Not statistically significant improvement for MRI compared to
standard assessement

Table 21. Imaging Results and Receiver Operating Characteristic for BM according to the gold standard (BVC).
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BVC for LN metastasis

Neg. Pos. Tot. Se % Sp% PPV % NPV% AUC % Overall agreement %
(95%Cl) (95%Cl) (95%Cl) (95%Cl) (95%Cl) (95%Cl)
Total 19 11 30
CcT
Neg. 19 2 2180(48-98) 100 (82-100) 100 (66-100) 90(70-99) 91 (79-100) 93 (78-99)
Pos. 0 9 9
WBMRI
Neg. 19 0 19100 (71-100) 100 (82-100) 100 (72-100) 100 (82-100) 100 (100-100) 10% (NA)
Pos. 0 11 11

Neg. : Negative, Pos. :Positive, Tot.: Total
Comparison of ROC AUCs: +9,1% (95% Cl: -2,9 to + 21%), P= 0,136. Not statistically significant improvement for MRI compared to
standard assessement

Table 22. Imaging Results and Receiver Operating Characteristic for LNM according to the gold standard
(BVC).
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BVC for metastasis

Neg. Pos. Tot. Se % Sp% PPV % NPV% AUC % Overall agreement%
(95%Cl) (95%Cl) (95%Cl) (95%Cl) (95%Cl) (95%Cl)
Total 17 13 30
Standard
Neg. 15 2 1785(55-98) 88 (64-99) 84 (55-98) 88 (64-99) 86 (74-99) 87 (69-96)
Pos. 2 11 13
WBMRI
Neg. 17 0 17100 (75-100) 100 (80-100) 100 (75-100) 100 (80-100) 100 (100-100) 100% (NA)
Pos. 0 13 13

Neg. : Negative, Pos. :Positive, Tot.: Total

Comparison of ROC AUCs: +13,6% (95% Cl:+0,7% to + 26,5%), P= 0,039. Statistically significant improvement for MRI compared to
standard assessement

Table 23. Imaging Results and Receiver Operating Characteristic for Global staging according to the gold
standard (BVC).
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D. Discussion

We evaluated a one-step non-irradiating imaging strategy for a complete
TNM staging of PCa, with evaluation of local disease by mpMRI and of
metastatic spread by WBMRI. MpMRI is essential for the local staging in
intermediate and high-risk PCa, as it demonstrates higher accuracy for the
assessment of extra-capsular extension, seminal vesical and adjacent

structures extension 199,200

. The average sensitivity and specificity of
mpMRI for detecting LNs range around 71% s,

Based on current guidelines, patients with high-risk PCa also require
assessment for distant metastases. In most PCa, the usual sites of
metastases are the pelvic LNs and/or the hematopoietic red marrow of the

axial skeleton 201202203

Visceral metastases are rare and usually appear in
later stages of the disease 2%.

Besides detecting the metastatic spread, WBMRI is a very promising
technique for monitoring of BM under therapy.

Most international guidelines still recognize contrast-enhanced CT or MRI
of the abdomen and pelvis and Tc 99m BS, completed with plain XRays if
necessary, as standard diagnostic techniques to assess initial and follow-up
metastatic status >° . It has been shown that these techniques demonstrate
severe limitations. CT and conventional MRI perform similarly bad
compared to extended pelvic node dissection (ePLND), the unchallenged
gold standard to perform accurate LN staging, with an average specificity of

+80% and reported sensitivity of *40% ™%,

A recent study has
demonstrated, in a series of 100 consecutive high-risk PCa patients, that
WBMRI performed similarly to CT to detect enlarged LNs 0 Sensitivity of
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CT and WBMRI was 77-82% for both, while specificity was 95-96% and 96—
98%, respectively. MRI is superior to Tc 99m BS-based algorithm for the

detection of BM °»13%1%°

. Lecouvet et al. demonstrated that in 100 high-risk
patients, the sensitivity of BS + TXR and WBMRI for detecting BM was 86%
and 98-100%, respectively (p <0.04); specificity was 98% and 98-100%,
respectively *°. Furthermore, Tc 99m BS and abdomino-pelvic CT/MRI
metastatic assessment require at least two separate visits to the hospital,
injection of iodine contrast agent, nuclear waste handling and a significant

radiation exposure (between 3.5 and 25 mSv for CT; 6.3 mSv for Tc 99m

BS) 205

It has to be noted that our study had several limitations including a limited
number of patients. The inter- and intra-observer agreement of WBMRI for
bone and LN lesion detection were not evaluated. Our study was mainly
focused on the feasibility of an “All-in-one” prostate, node and bone
staging MRI. The current gold standard is not perfect, since not all patients
were followed up and radical prostatectomy was only performed in three

patients.

This protocol acquires a contrast injection for the mpMRI of the prostate
and the patient to stay in the MRI machine for 56 minutes. This could be a
problem for older patients or patients with claustrophobia. Furthermore
we did not address the cost effectiveness of this protocol compared to the
sum of current used studies. Finally, a minimum of two different
radiologists is required for the interpretation of this “All-in-one’ protocol
(genito-urinary and musculoskeletal radiologists).
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E. CONCLUSION

We reported the first attempt to perform during a single MR imaging
session the concurrent assessment of local and distant staging of cancer

in high-risk PCa patients.

TNM staging of PCa is feasible in less than one hour in an MRI session
combining mpMRI and WBMRI, outperforming BStTargeted XRays and CT

for discriminating patients, with or without metastasis.

The reduction of the duration of the different sequences is crucial in order

to introduce this “All-in-one”” protocol in clinical practice.
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X. SUMMARY OF RESULTS

The current PhD thesis was set to explore the role of WBMRI in the
staging of PCa patients and to maximize the information on disease

stage in one single MRI session.

To test the first hypothesis, in Step 1 we have conducted a review of the
literature on the subject of WBMRI and BM, in order to clarify the current
evidence on the comparison between WBMRI and BS, CT and PET-CT.
WBMRI is superior to BS for BM detection, independently of the primary
cancer and the addition of DWI improves the sensitivity. Results are less
clear regarding the comparison between WBMRI and PET-CT. WBMRI
seems superior in lesion-based analysis when PET-CT exceeds WBMRI in
patient-based analysis, especially in breast and neuroendocrine tumours.
Undeniably, current cancer staging cannot be based on one sole technique
but it will most likely be shared between WBMRI and PET according to the
primary cancer. In PCa, in patient-based analysis, WBMRI+DW!I is more

accurate than FDG PET-CT and BS.

To test the second hypothesis in Step 2 we developed 3D T1 whole body
sequence for the bone and node staging of high-risk PCa patients. We have
optimized Contrast-to-Noise and Signal-to-Noise ratios, in order to
ameliorate the quality of image in comparison to the standard two-
dimensional sequence. After several tests and modifications, the duration
of this new sequence was shortened / minimized down to 18 minutes. We
introduced this sequence in clinical practice and compared it with current
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MRI anatomic protocol, which includes 2D T1 WBMRI, with or without
Sagittal Fat suppression sequence of the spine. Our results demonstrated
that 3DT1 is feasible and provides better SNR and CNR compared with 2D
sequences, with a diagnostic performance that is as good or better than
the sum of 2D sequences for the detection of bone metastases and better

for the detection of LNM.

To test the third hypothesis, in Step 3 we created a single step “All-in-one”
protocol for the staging of high risk PCa patients consisting of a WBMRI
anatomic sequence including diffusion weighted imaging (DWI) and
prostate mpMRI. This new protocol was compared to the routine bone and
node work up [BS * targeted XRays if necessary (BStTXR) and contrast CT].
Our results demonstrated that TNM staging of PCa is feasible in less than
one hour in an MRI session combining mpMRI and WBMRI, outperforming
the routine screening for discriminating patients with or without

metastasis.
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XIl. FUTURE PERSPECTIVES AND QUESTIONS
TO BE ANSWERED

Our findings create new perspectives and open opportunities in the

staging and management of cancer patients.

A major future goal is to optimize the 3D T1 acquisition by reducing
duration and ameliorating the quality of image (reduce slice
thickness). Another objective is the refinement of the WB DWI sequence.
The addition of DWI to the anatomic sequences provides a better
sensitivity, but is generally noisy, of low spatial resolution and may suffer
from spatial distortion. It is also time-consuming, which is seen as a major
limitation by many end-users. The reduction of the acquisition time of
3DT1 and DWI sequence will result in a higher level of patient comfort, a
reduction of movement artefacts and a considerable lowering of the
cost. Thus, there is room to shorten the duration of the “All-in-one”
protocol (56 minutes), achieve a most efficient workflow, and minimize the
operational costs. In order to reach this goal, a series of modifications and
tests are taking place for the moment with our physicists and technicians,
always taking into consideration not to compromise the quality of the

sequences.

We have evaluated the sensitivity and specificity of the protocol 3DT1+WB
DWI regarding the detection of Bone and Node metastasis. The next

experimental step will be the evaluation of this protocol for the response
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assessment of PCa patients during treatment. Even though bone lesions
are considered non-measurable by BS or plain films, WBMRI could change
this perception. It is common knowledge that the assessment of any
change in tumour burden, tumour shrinkage and disease progression, are
of crucial importance for the clinical evaluation of cancer therapeutics. Our
new 3D sequence could help transpose the concept of Response Evaluation
Criteria In Solid Tumours (RECIST) to the measurement of BM. The 3DT1
sequence has great potential to be used for the follow-up of metastatic
patients, as it allows an accurate size - even volume - measurement of the
metastatic lesions. This anatomic approach has to be compared or summed
with the information on global tumour burden and viability which can be
derived from WBDWI sequences, as demonstrated by other teams.
Assessment of the change in tumour burden is an important feature of the
clinical evaluation of cancer therapeutics. Tumour shrinkage (objective
response) and time to the development of disease progression are
important endpoints. A working group consisting of clinicians with
expertise in prostate cancer management, along with imaging specialists
and statisticians has to be assembled. A database of prospective
documented tumour measurement data has to be created in order to
investigate the impact of a variety of questions (ex: number of target
lesions required, the need for response confirmation, and lymph node

measurement rules) on response and progression-free survival outcomes.
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The task of radiologists can be facilitated by the development of automatic
volume measurement systems, which give a numerical value of the

measured volume.

The 3DT1 sequence could be combined with DWI, which is able to calculate
the total diffusion volumes (tDV) and the associated global median
Apparent Diffusion Coefficient (gADC). Changes in tumour volume in tDV
and gADC may be used to assess the response of metastatic disease and
thus to provide three quantitative metrics from a single radiologic
investigation. Radiologist can now try new commercial software allowing
manual definition of Volumes Of Interest (VOI). However, in patients with
an important number of bone metastasis this could be impractical to use.
Trials testing new software for automatic calculation of the metastatic

volume are ongoing.

We compared the 3DT1 sequence to the combination 2DT1 with a PDFS
sequence of the spine. The comparison of 3DT1 to other protocols -
including STIR sequence of the WB or T2 sequence of the spine - was

beyond the scope of this thesis and is a question to be explored.

The number of patients included in our study was limited to thirty. A larger
scale and - if possible - a multicenter study will provide a better insight into

the subject.
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A solid cost analysis of the 3DT1 sequence and the “All-in-one” protocol
has to be effectuated. The cost of this single step protocol has to be

compared to one of the multimodal staging (BS +/- XRays, CT, mpMRI).

There is an urgent need for standardization of WBMRI protocols between
centers. Which are the best sequences for the study of the bone marrow in
oncologic patients? Could this depend on the cancer type? The best way to
standardize WBMRI protocols is to carry out multicenter monocancer
studies. It can also be accomplished by using a “consensus’” group of
WBMRI experts, based on literature evidence and consensus expert
opinion. True evidence-based guidelines will not be formulated, but a
compromise, reflected by “minimal” and “optimal” requirements can be

established.

Further comparison of WBMRI with PET-CT using new promising
radiotracers such as 11C, 18 choline and mainly PSMA is crucial, in order to
answer which technique is superior for the detection of PCa and metastatic
disease. Furthermore, the success of combining PET with CT has sparked
the interest in trying to combine PET and MRI. The excellent soft tissue
contrast of MRI and its applications of functional imaging (DWI, dynamic
contrast enhancement) in combination with the molecular information
obtained by PET, result in a new hybrid technique, which provides good
anatomic, metabolic, and functional information. Software that provides
fusion of PET and MRI images has been in use for many years in neurology.

The fusion of WBMRI with PET data is more challenging due to the non-
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rigid patient motion between the scans and lack of stable landmarks (such

as in the case of the skull).
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Abstract Numerous imaging modalities are available for
the diagnosis of bone metastases (BM) in patients with can-
cer. This paper reviews published studies comparing whole-
body (wb) MRI to BS, PET or PET-CT to provide up-to-date
evaluation of the diagnostic accuracy of wbMRI to detect
BM. This review is based on a systematic search of the lit-
erature of studies evaluating the diagnostic performance of
wbMRI for BM detection. Evidence synthesis was achieved
via a classification tree, which provides an overview of the
performance of the different imaging techniques and of the
context in which these are assessed, and an evidence table to
seek confirmation of the diagnostic value of the imaging
techniques. Eligible studies (n = 23/301) included patients
with cancer who underwent wbMRI for suspicion of BM or
for systematic cancer staging, compared with at least one
other imaging tool. The evidence supporting the superiority
of wbMRI over BS for BM screening is strong. wbMRI with
diffusion-weighted imaging (DWI) sequence has higher
sensitivity than wbMRI alone. The respective accuracies of
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wbMRI and FDG PET-CT differ depending both on the type
of analysis (lesion, region or patient-based) and primary
cancer. wbMRI and PET-CT emerge as the techniques of
choice for the diagnosis of BM. The inclusion of DWI in
wbMRI protocols is of value to optimize the sensitivity but
does not add in specificity. This indicates the importance of
the anatomical sequences in those protocols. Further com-
parisons between wbMRI and DWI alone, 18F—NaF, e
Choline, PSMA PET-CT and PET-MRI systems remain
necessary.

Keywords Cancer - Bone - Metastasis - Imaging - MRI -
PET - Meta-analysis

Abbreviations

Se Sensitivity

Sp Specificity

CT Computed tomography

MRI Magnetic resonance imaging

wbMRI  Whole-body magnetic resonance imaging

DWI Diffusion-weighted imaging

STIR Short tau inversion recovery

PET Positron emission tomography

SPECT  Single photon emission computed tomography

BS Bone scintigraphy

BM Bone metastases

SD Statistical difference between capability (Se/Sp)
values assessed at a standard p value <0.05

bSD Statistical difference between capability values
assessed at a p value compliant with
Bonferroni’s correction

nsSD Statistical difference between capability values

superior or equal to 5 % assessed qualitatively
or reported to be statistically non-significant
(» > 0.05)
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Eq Statistical difference between capability values
inferior to 5 % assessed qualitatively or reported
to be statistically non-significant (p > 0.05)

Introduction

In adults, bone metastases (BM) are more common than
primary bone cancers. Skeletal metastatic disease occurs in
30-70 % of all cancers. Breast cancer is the first cause of
BM in women and prostate cancer in men, followed by
lung cancer [1]. In many patients, bone involvement is
diagnosed after a complication such as pain, pathological
fracture or compression of adjacent structures. Early and
reliable detection of bone involvement is essential to plan
the most appropriate therapy given the disease stage and to
prevent complications.

Numerous imaging modalities are used to detect bone
involvement. X-rays require extensive bone destruction
before a metastasis can be detected; as a result the diag-
nosis of a metastasis is delayed [2].

Although computed tomography (CT) has better anato-
mical resolution and soft tissue contrast than X-rays, it only
detects cortical and trabecular destruction and not bone
marrow involvement with subsequent delay in diagnosis of
BM. A disadvantage of CT is the use of ionizing radiation,
which may become critical as the survival rates of patients
with cancer are notably increased [2].

Bone scintigraphy (BS) is widely used for the assess-
ment of bone disease and remains the first line imaging
modality for cancer patients with a significant risk for BM.
The results of studies using more recent imaging tech-
niques, i.e., MRI and PET, have underlined its limited
specificity and sensitivity [3, 4]. Single photon emission
computed tomography (SPECT) and CT improve the
specificity of the examination but remain limited in terms
of sensitivity [4, 5].

Positron emission tomography (PET)-CT is used for
staging of a large variety of cancers. The most widely used
tracer '®F-FDG is a non-specific tumor-marker, which re-
lies on the heightened glycolysis in tumor cells. Functional
data from PET are often combined with the anatomical
information provided by CT in one single examination,
bringing together the strength of each technique [6].

Magnetic resonance imaging (MRI) is a sensitive
method for the early detection of BM as it allows the
identification of metastatic lesions in the bone marrow
before bone remodeling occurs. Its effectiveness relies on
the high contrast between normal bone marrow and the
metastatic deposits [7, 8]. Axial skeleton MRI, which
covers the spine, pelvis and proximal femurs, has already

@ Springer

proven to be powerful to detect lesions, with higher sen-
sitivity and specificity than BS [9-11].

Several early studies using a whole-body (wb) MRI
approach have confirmed that wbMRI is superior to BS for
the detection of skeletal metastases [12, 13]. The lack of
ionizing radiation makes it especially promising for the
imaging of pediatric and pregnant patients. Diffusion-
weighted imaging (DWI) pulse sequences have been more
recently included in MRI studies with the hope to improve
the detection of tumoral lesions, characterized by impeded
water diffusivity in tissues [14-16]. Normal structures as
brain, salivary glands, tonsils, spleen, lymph nodes, pros-
tate, and gonads may demonstrate high signal on high b
values DWI, and should not be considered as pathologic
findings [17, 18].

Because of the limitations of older imaging modalities
[19, 20] and thanks to the latest advances in MRI (TNM
staging in a single session [21], shorter examination times
without compromises in spatial resolution [22], 3D whole-
body sequences [23], diffusion-weighted sequences [24]),
the imaging choice for BM screening is progressively
shifting to wbMRI and/or PET-CT. To substantiate this
evolution, the current paper draws up a review of the lit-
erature focusing on wbMRI and compares it to BS, PET or
PET-CT for BM screening, and updates the information on
their respective diagnostic accuracy for BM detection.

Methods

A systematic search of the literature was undertaken to
identify studies using wbMRI for BM screening. A se-
quential search based on keywords was performed under
PubMed as indicated in Table 1.

Following the systematic search, an evaluation of the
abstract content was undertaken to identify articles
assessing wbMRI accuracy for BM detection and compares
it to other BM screening imaging modalities. Therefore,
abstracts of all articles identified upstream were indepen-
dently reviewed by two authors (V. Pasoglou and F. Le-
couvet). Disagreement on study eligibility was resolved by
discussion and consensus. The eligibility criteria of a study
were defined as follows: (i) report on the diagnostic value
of wbMRI in the detection of BM, (ii) comparison of
wbMRI (anatomical sequences) with or without DWI to BS
and/or PET and/or PET-CT, (iii) explicit report on the
comparison of imaging technique capabilities Se (sensi-
tivity) and/or Sp (specificity) in the same group of subjects,
(iv) study of subjects with known primary malignant solid
tumors, (v) whole-body imaging study in which at least the
area from the neck to the pelvis was imaged, (vi) study
where the reference standard did not consist of only one of
the tests under comparison, and (vii) study including at
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Table 1 Design of the Sequence of the search

Keywords delimiting the search

PubMed references

systematic search of the

literature pertaining to whole- 1 MRI OR MR imaging OR magnetic resonance imaging 408479
body MRI of bone metastases 2 Search 1 AND Bone 51448
3 Metastases OR Metastasis 320240
4 Search 2 AND Search 3 3084
5 Whole-body OR Whole body OR wb OR wbMRI OR 76167

wbMRI
6 Search 4 AND Search 5 301

Search performed with the PubMed Advanced Search Builder on 11/20/2014. A set of 301 articles po-
tentially relevant to the quantitative assessment of wbMRI accuracy was identified

least 10 patients. Only English or French language studies
were considered because the investigators were familiar
with these languages. Animal studies, opinion or update
articles, case reports, feasibility studies, review studies and
meta-analyses, and retrospective studies were not included.
Articles dealing with the diagnostic accuracy of wbMRI in
haematological cancers, particularly lymphoma and
myeloma, were not considered.

Eligible studies identified after the evaluation based on
abstract content were independently reviewed by the au-
thors. Because quality scores remain difficult to assign
objectively to studies design, are subjects of debate in their
proper use [25, 26], and are essentially dedicated to meta-
regression (which is not performed in this review), no
formal quantitative appraisal was performed. The quality of
a study was assessed by checking the compliance in its
implementation with items 3, 4, 5, 7, 10, and 11 listed in
STARD (STAndards for the Reporting of Diagnostic ac-
curacy studies) [27, 28] as well as with questions 1, 2, 3, 6,
7, 10 and 11 listed in QUADAS (QUality Assessment tool
for Diagnostic Accuracy Studies) [28]. Issues on one or
more items, and thus on the exploitability of a study in this
review, were resolved in consensus.

Then, a three-step assessment of the elected studies was
undertaken. Firstly, a review of the reference standard and
patient selection methodology was performed with two
aims: (i) to check whether the reference was independent,
consistently applied and adequate to correctly classify the
target conditions (lesion or patient), (ii) to identify studies
with a potential selection bias, which would motivate a
subgroup analysis of imaging techniques capabilities (Se/
Sp). The outcome of this first step is a collection of studies
being close enough in their reference and population to
ensure a meaningful cross-analysis of the diagnostic
performances.

Secondly, information on the main study characteristics
(i.e. primary cancer, scoring system, imaging modalities
being compared, reference standard) and conclusions were
listed in Table 2 in order to provide a comprehensive
overview before evaluation. The sample size of the

individual studies, as well as the various MR sequences
composing the wbMRI protocols were reviewed in detail.

Thirdly, the comparative evaluation of imaging tech-
niques was performed, starting with the assessment of the
repeatability of the readings from wbMRI (with or without
DWI), BS, PET and PET-CT when possible.

A classification tree, i.e., a visual and analytical decision
support tool, of imaging techniques performance for BM
screening, was built. This tree-shaped overview addresses
the following questions: (i) interventional or observational
prospective study, (ii) multi- or a mono-centric study, (iii)
reference standard consisting in histology for all patients,
(iv) multiple or a unique primary cancer, (v) DWI sequence
included or not in addition to the anatomical MRI, (vi) the
type of primary tumor, (vii) lesion, region or patient-based
analysis (Fig. 1a). A color-coded Youden index scale
measuring the diagnostic accuracy of imaging techniques
was computed and superimposed on the tree, with the aim
to rank imaging techniques and to identify the primary
cancers for which the screening of BM using wbMRI was
the most effective.

An evidence table was computed to seek confirmation of
the superiority of an imaging technique by reviewing the
frequency of significance levels with which its capabilities
(Se/Sp) differed from those of other techniques (Table 3).
Four levels of significance were considered to reflect the
following facts: the capabilities of the imaging techniques
may be compared qualitatively (without statistical tests),
the significance level is rarely adjusted to the number of
hypotheses tested, and/or the actual p value of a test is not
always reported. From superior to inferior quality ranking,
a red level was given when differences between capability
values were assessed at a p value compliant with Bonfer-
roni’s correction (bSD), a black level when differences
between capability values were assessed at a standard
p value <0.05 (SD), a green level when differences be-
tween capability values were superior or equal to 5 % and
were assessed qualitatively, or were reported to be statis-
tically non-significant (nsSD), and a blue level when dif-
ferences between capability values were inferior to 5 %
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and were assessed qualitatively, or were reported to be
statistically non-significant (Eq).

Results
Literature search

Three hundred and one studies pertaining to wbMRI of BM
were identified following the systematic search on PubMed
(Table 1). Twenty-four studies [12, 20, 22, 29-49] met the
eligibility criteria of the refined evaluation by abstract
content, among which twenty-three presented data in suf-
ficient detail to permit a statistical analysis (rejection of

[31]).
Reference standard

Certain limitations, heterogeneity and inconsistency ap-
peared in the implementation of the best achievable method
for establishing the presence or absence of BM. All studies
used as reference standard the clinical and imaging follow-
up of the patients, which included the imaging modalities
under evaluation. Hence, the reference standard was never
completely independent, leading to a potential bias for the
definition of true negative and for the assessment of Sp
[34]. Certain authors did not use the same reference stan-
dard for all patients or/and lesions, or performed various
additional examinations when disagreement was present
between imaging modalities [12, 31, 38, 39, 49]. Histo-
logical examination of certain lesions was performed in
five studies [29-32, 37]. Though deviations from a quality
design (relying in particular on positive answers to ques-
tions 5, 6 and 7 in QUADAS) were observed, the reference
standards achieved by the 23 studies were considered as
correctly classifying the target conditions (lesion or pa-
tient). The characteristics and conclusions of these studies
are reported in Table 2.

Patient selection

All studies included cancer patients who underwent
imaging for staging or evaluation of suspected BM due to
symptoms, clinical findings or high levels of tumor mark-
ers. Two studies included patients with known bone
metastasis [32, 49]. Engelhard et al. [12] studied patients
with suspected BM on X-rays or inconclusive findings in
BS. Costelloe et al. [22] studied only patients with known
BM and admitted a favorable bias towards BS, as the se-
lection of the patients was based on a previous positive BS.
In these studies, the measurement of the capabilities Se/Sp
may be influenced by the selection of the patients based on
positive findings of one imaging modality. In spite of this

@ Springer

Fig. 1 a Classification tree of mono-cancer versus multi-cancerp
studies assessing the performance of imaging modalities in bone
metastases. Each node of the tree shows the number of studies
performed and includes a descriptive analysis of the technique
capabilities (median value and range of capabilities Se, Sp, and
Accuracy). As the diagnostic accuracy of a test is known to be
dependent on prevalence of the disease in the population studied, the
Youden index, a measure of the overall discriminative power of a test
that is not affected by prevalence, is calculated from available data.
Capabilities and performance are given for lesion, region and patient-
based analyses. According to the following arbitrary rule (a red color
code and/or at least a 0.1 difference in Youden index with other
imaging techniques), wbMRI is superior to other imaging modalities
for BM detection. b Classification tree of mono-cancer studies
assessing the performance of imaging modalities in bone metastases.
Capabilities and performance are given for lesion, region and patient-
based analyses. According to the following arbitrary rule (a red color
code and/or at least a 0.1 difference in Youden index with other
imaging techniques), wbMRI appears superior for BM detection in
kidney and melanoma [38, 42], while this superiority is challenged by
PET-CT in breast cancer [12, 35]. wbMRI4-DWI appears superior to
other imaging modalities in prostate cancer [20, 34], while this
superiority is challenged by PET-CT in lung, melanoma and thyroid
cancers [43-45]

selection bias, reported performances were against the fa-
vored modality (see Fig. la, b). Therefore, these study
results were not submitted to a subgroup analysis. Balliu
et al. [30] pointed out that patients with known BM were
excluded. Five studies mention that the patients were newly
diagnosed without specifying how [31, 35, 36, 38, 48]. The
other 13 studies did not specify whether the presence of
BM was an exclusion criterion or if patient selection was
made at the initial staging. As a result, it was not possible
to check whether a selection bias was present in these
studies.

Study characteristics
Sample size

The strength of the statistical evaluation of the diagnostic
performance of imaging techniques depends on the size of
the data samples. A large heterogeneity across studies was
observed with regard to this characteristic. Based on values
that are reported, the median number of patients recruited
in performance studies was 38 [range: 22; 115]; the median
number of patients with confirmed BM was 19 [range: 6;
41]; and the median number of BM was 87 [range: 14;
862].

wbMRI planes and sequences
For the detection of BM, the majority of research teams

used a whole-body STIR- or T1-weighted imaging in the
coronal plane (n = 12/23 for T1 [12, 20, 22, 30, 31, 38, 41,
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Colour-coded scale of performance

["EXCELLENT | 0.9 <Youden index < 1.0

ELIGIBLE STUDIES

_ 0.8 <Youden index < 0.9

0.7 <Youden index < 0.8
Youden index < 0.7

FAIR

23

All studies are observational prospective and
mono-centric, with a reference standard that
does not rely on biopsy.

MONO-CANCER

MULTI-CANCER

13
without DWI with DWI
A 4 A\
7 6
Lesion
Se Sp Acc Youden
DWI 98[96;100] 71([47;94] 83[71;94] 0.69[0.47;0.90]
MRI 94[73;100] 97 [73;100] 94[92;95] 0.82[0.69;0.91]
MRI+DWI  98[96; 100] 86([76;96] 91[85;96] 0.84[0.76;0.92]
PET-CT 99[71;97] 95[80;100] 91[88;95] 0.71[0.71;0.92]
PET 70[69;71] 73 72 0.44
cT 63[62;67] 90[80;100] 77[68;86] 0.55[0.43;0.67]
BS 80[64;96] 95 [94;95] 95 0.75[0.58; 0.91]
Region
Se Sp Acc Youden
DWI - - - -
MRI 64 100 90 0.64
MRI+DWI  77[71;82] 94[89;99] 94 0.71[0.60; 0.81]
PET-CT 79 99 94 0.78
PET - - - -
CT - - = -
BS 60 98 - 059
Patient
Se Sp Acc Youden
DWI 91[86;96] 44[8;79] 59([35;83] 0.35[-0.06;0.75]
MRI 82[64;92] 95[90;100] 88[84;95] 0.76[0.54;0.87]
PET 85[82;88] 94[88-100] 91[88;94] 0.84[0.82;0.86]
CcT 76 100 92 0.76
BS 78[70;96] 92 [80; 100] 88 0.73[0.63; 0.79]

10

without DWI with DWI

A 4 \4

1
9* Gutzeit

[32]
Lesion
Se Sp Acc Youden

PET-CT 84[62;90] 98[80;100] 91[78;96] 0.74 [0.39; 0.99]
PET 90 - - -

BS  57[30;76] 98[97;99] = 0.42[0.29;0.70]

* Daldrup-Link [29]
Balliu [28]
Eustace [30]
Kumar [37]
Leboulleux [47]
Heusner [34]
Kembhavi [36]
Schmidt [42]
Antoch [27]

Patient

Se Sp Acc Youden
MRI  86[64;94] 92[90; 100] 92 [91; 93] 0.78 [0.58; 0.76]
PET-CT 68[45;91] 100 [99; 100] 94 [93; 94] 0.68 [0.44; 0.91]
PET 86 89 = 0.75
BS 76[72;81] 88[75;100] 74 0.63[0.47;0.79]
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Table 3 Evidence table
providing the following
information: (i) the number and
references of comparative
studies available, (ii) the
number of comparisons of Se/
Sp available (which can be
different from the number of
studies when a particular study
includes multiple analyses, such
as analyses on a per-patient and
a per-lesion-basis of the
diagnostic capability Se/Sp),
(iii) the frequency of
significance levels with which
the capabilities Se/Sp differed
between imaging techniques.
Four levels of significance are
considered

MRI superiority PET superiority Equivalence
Se 2(1) 1+1 1
Sp 1+1 1 1

4 studies: Schraml, Pfannenberg, Daldrup, Ohno.
5 Se comparisons and 4 Sp comparisons.

MRI superiority PET-CT superiority Equivalence
Se 32)+7 3 _
Sp 1+3 7

10 studies: Kumar, Heusner, Schmidt, Antoch, Sakurai, Schraml,
Laurent, Kembhavi, Takenaka, Pfannenberg.
13 Se comparisons and 11 Sp comparisons.

MRI+DWI superiority PET-CT superiority Equivalence
Se 1 _ 3
Sp 1 1 2

3 studies: Jouvet, Sakurai, Takenaka.
4 Se comparisons and 4 Sp comparisons.

MRI+DWI superiority MRI superiority Equivalence

Se 3(1) 1

Sp 1 3

3 studies: Sakurai, Takenaka, Jouvet.
4 Se comparisons and 4 Sp comparisons.

Se 5(4)+3 2 3
Sp 3+1 _ 6
9 studies:Balliu, Eustace, Kumar, Leboulleux, Engelhard, Sohaib,
Daldrup, Venkitaraman, Takenaka.
13 Se comparisons and 10 Sp comparisons.

Se 2() _ 2
Sp 2 1(1) 1
3 studies: Takenaka, Costelloe, Lecouvet.
4 Se comparisons and 4 Sp comparisons.

DWI superiority PET-CT superiority Equivalence

Se 1 1 2
Sp _ 3+1
3 studies: Jouvet, Takenaka, Heusner.
4 Se comparisons and 5 Sp comparisons.

DWI superiority BS superiority Equivalence
Se 1 _ 2
Sp _ 1 2

2 studies: Takenaka, Gutzeit.
3 Se comparisons and 3 Sp comparisons.

From superior to inferior quality ranking, a red level is given when differences between
capability values are assessed at a p value compliant with Bonferroni’s correction (bSD), a
black level when differences between capability values are assessed at a standard p value
<0.05 (SD), a green level when differences between capability values are superior or equal
to 5 % and are assessed qualitatively, or are reported to be statistically non-significant
(nsSD), and a blue level when differences between capability values are inferior to 5 % and
are assessed qualitatively, or are reported to be statistically non-significant (Eq). The table
can be read as follows: when comparing wbMRI to PET, there is some evidence, based on
one Bonferroni-corrected statistical difference (1 bSD, in red) among two statistical dif-
ferences (2 SD, in black) against one SD plus one non-significant statistical difference (1
nsSD, in green) and one equivalence (1 Eq, in blue), that MRI is more sensitive than PET
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43, 46-49] and n = 13/23 for STIR [12, 20, 30, 32, 3844,
46, 48]). Axial sequences were not systematically used for
the detection of BM. A single study, the oldest one pub-
lished [32], performed coronal STIR sequences only. Seven
teams added dedicated sequences in the sagittal plane [12,
20, 22, 31, 39, 44, 48], and all teams used a T1-weighted
SE sequence. Two teams did not use the same imaging
protocol for all patients [31, 38]. Daldrup-Link et al. [31]
did not perform STIR in all patients, assuming that the T1
sequence had higher spatial resolution, a comparable sen-
sitivity and a higher specificity than STIR in children.
Kembhavi et al. [38] added more sequences when a
metastatic lesion was detected. Eight studies included DWI
in their MRI protocol [20, 22, 34, 35, 37, 40, 43, 47] and
seven of these studies quantitatively compared the diag-
nostic value of DWI alone or in combination with wbMRI.

Comparative evaluation of the imaging techniques
Repeatability

Over the 23 studies, 4 reported inter-observer agreement
analysis on a per-lesion basis [34, 37, 41, 47], 2 reported
inter-observer agreement analysis on a per-patient basis
[20, 30] and 1 reported intra-observer agreement analysis
[30, 37]. The visual detection of BM was assessed ac-
cording to different scoring scales, using either a 2-point
scale (presence or absence of lesion) [37], a 3-point scale
[34], a 4-point scale [30], or even a 5-point scale
(1 = lesion definitely absent, 2 = lesion probably absent,
3 = lesion equivocal, 4 = lesion probably present,
5 = lesion definitely present) [41, 47]. A consequence of
this is a limitation of the pertinence of aggregating the
results, as the measurement of agreement based on Kappa
statistics may be negatively affected by the complexity of
the scale.

Inter-observer agreement was reported to be very good
for wbMRI + DWI (K = 0.87 [0.66; 1.00] based on three
studies [20, 37, 47]); substantial for PET-CT (K = 0.75,
one study [47]); substantial for wbMRI (K = 0.73 [0.66;
0.90], three studies [30, 41, 47]); substantial for PET
(K = 0.70, one study [41]); substantial for DWI (K = 0.66
[0.64; 0.80], three studies [34, 37, 47]); and moderate for
BS (K = 0.60 [0.26; 0.78], three studies [30, 34, 47]). In-
tra-observer agreement for wbMRI 4+ DWI was reported to
be very good (K = 0.93 [0.90; 0.95], on two readers [37])
and moderate for DWI (K = 0.60 [0.50; 0.70], on two
readers [37]).

Context

The classification tree provides a global overview of the
diagnostic accuracy of wbMRI in comparison with other

@ Springer

imaging techniques used for BM screening, and of the
context in which the accuracy was evaluated (Fig. la, b).

Quite typically, all studies consisted of observational
prospective series and were performed in a single center.
Studies did not use histopathology in all patients or did not
use histopathology at all as reference standard. Half of the
teams studied a single cancer and the remaining half ad-
dressed several primary cancers. In mono cancer studies,
the performance of the imaging techniques was assessed by
a single study, except in breast cancer (three studies [12,
22, 35]), melanoma (three studies [37, 40, 42]), prostate
(two studies [20, 48]) and NSCLC (two studies [41, 47]).
The performance was assessed either on a per-patient-ba-
sis, a per-region basis or on a per-lesion-basis. A single
study assessed the imaging techniques on the three bases
[49]. Five studies assessed imaging techniques on both a
per-patient and a per-lesion-basis [31, 44-47].

Diagnostic accuracy

The color-coded scale of performance superimposed to the
classification tree leads to the following observations. In
mono-cancer studies (Fig. 1b), the most accurate imaging
techniques for BM screening are PET-CT ([®*Ga] DOTA-
TOC) in neuroendocrine tumors [45], wbMRI + DWI or
PET-CT in thyroid [43], wbMRI in renal tumors [46],
wbMRI or PET-CT in melanoma [37, 40, 42] and
wbMRI + DWI or PET-CT or BS in lung [41, 47]. In
prostate and breast cancers, trends differed for lesion, re-
gion and patient-based analysis. In prostate cancer, in pa-
tient-based analysis, wbMRI + DWI is more accurate [20]
(Fig. 2), while wbMRI and BS are reported to be equiva-
lent [48]. In breast cancer, wbMRI + DWTI is more accu-
rate in region-based analysis [22], while PET-CT is more
accurate in patient-based analysis [50].

The cumulative analysis of the color codes shows that
wbMRI + DWTI is superior or equal to other techniques in
5/6 analyses [22, 43, 47], PET-CT is superior or equal to
other techniques in 5/8 analyses [37, 45, 47, 50], wbMRI is
superior or equal to other techniques in 7/11 analyses [12,
40-42, 46, 48], DWI alone is superior or equal to BS or
PET-CT in 3/6 analyses [34, 47], BS is superior to wbMRI
in 2/6 analyses [47], and BS is superior to wbMRI + DWI
in 0/3 analyses [20, 22, 47].

When performances reported in mono-cancer studies
are pooled together (Fig. 1a), the observation of the color
codes suggests that wbMRI 4+ DWI and PET-CT have
similar diagnostic accuracy in region and patient-based
analysis, while wbMRI (with or without DWI) is supe-
rior to other imaging techniques in lesion-based analysis.

In multi-cancer studies (Fig. 1a), wbMRI is superior to
other imaging techniques in lesion and patient-based
analysis. In prostate and breast cancers conjoint studies,
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Fig. 2 Whole-body magnetic resonance imaging (MRI) versus false-
negative bone scintigraphy (BS) for bone metastasis detection in a
65-year-old patient with newly diagnosed prostate cancer (prostate-
specific antigen 18 ng/ml; Gleason score 7 [4 4 3]). a BS (anterior-
posterior and posterior-anterior views) shows no significant lesion.
b Coronal T1 and c diffusion-weighted MR images of the whole body
confirm bone metastases within L3 and the left iliac bone (arrows).

DWI is more accurate than BS in lesion-based analysis
[34].

Capabilities Se and Sp

The evidence table leads to the following observations on
the diagnostic value of imaging techniques (Table 3).
There is strong evidence that wbMRI is more sensitive than
BS (4 bSD among 5 SD) [32, 39, 46, 49] but less evidence
concerning the superiority of wbMRI in terms of Sp (3 SD
against 6 Eq). The superiority of MRI compared to BS in
terms of Se is confirmed when DWI is added (1 bSD
among 2 SD) [20, 22], while evidence on Sp is balanced.
Very limited data exist on the comparison of DWI alone to
BS; DWI may be more sensitive [34] but less specific [47].
Finally, there is strong evidence that DWI is less specific
than PET-CT (3 SD) [37, 47], while difference in Se is not
evident [37].

There is some evidence that wbMRI is more sensitive
than PET (1 bSD among 2 SD) [42, 45] but evidence that
wbMRI is more specific (1 SD) is limited. There is some

Reprinted from Eur Urol. 2012 Jul; 62 (1), Lecouvet FE, El
Mouedden J, Collette L, Coche E, Danse E, Jamar F, Machiels JP,
Vande Berg B, Omoumi P, Tombal B, “Can Whole body Magnetic
Resonance Imaging with Diffusion-weighted Imaging Replace Tc
99m Bone Scanning and Computed Tomography for Single-Step
Detection of Metastases in Patients with High-risk Prostate Cancer?”
with permission from Elsevier

evidence that wbMRI is more sensitive than PET-CT (2
bSD) [45, 51] and little evidence that PET-CT is more
specific than wbMRI (1 SD against 7 Eq). There is insuf-
ficient (statistically demonstrated) evidence that adding
DWI to wbMRI improves its Se compared to PET-CT and
very little evidence that it improves its Sp (1 SD against 1
nsSD + 2 Eq). These results are to some extent consistent
with the strong evidence that wbMRI + DWI is more
sensitive than wbMRI alone (1 bSD among 3 SD) [43, 47],
and with the lack of improvement in Sp by adding DWI to
wbMRI (1 nsSD against 3 Eq) [43, 47].

Discussion

Background and current approach

The guidelines and consensus recommendations for bone
staging in cancer differ substantially depending on the pri-

mary tumor, the local stage, the age and the symptoms of the
patients [52]. For breast cancer, a plethora of imaging
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methods is available for the detection of BM, although the use
of BS is the most consistent [53, 54]. Unless multiple foci are
detected, a positive BS should be confirmed by targeted ra-
diographs or/and CT and MRI. For prostate cancer, staging
BS is recommended in patients with a biopsy Gleason score
>7 or with a prostate-specific antigen >10 ng/ml and pal-
pable disease (cT2/T3) prior to treatment [55]. Regarding the
follow-up of patients, BS is not necessary unless the prostate-
specific antigen (PSA) level is >20 ng/mL, the Gleason sum
is >8, the clinical stage is >T3a or the primary tumor is
poorly differentiated [56—58]. In non-small cell lung cancer,
the literature is not clear regarding the necessity of BS in
every patient, even though the presence of BM radically
changes the treatment and the prognosis [52, 59].

Such guidelines have to be updated in parallel to tech-
nical advances. This process requires a careful comparison
of the newer techniques with the previous standards, in
strong studies of diagnostic performance. Reviews are also
helpful in this evaluation process. This study provides a
critical review of the performance of wbMRI for BM
screening versus other nuclear medicine or radiologic
modalities, and derives conclusions from a classification
tree and an evidence table for contrasting and combining
results from studies implemented in different contexts.

Performance of wbMRI

In terms of self-consistency of the readings, the available
data suggest that wbMRI + DWTI has a high repeatability,
while this repeatability is only moderate for DWI alone.
wbMRI + DWI also demonstrates a high reproducibility,
which is higher than that of PET-CT, wbMRI without
DWI, and BS. The latter tends to be the less reproducible
imaging technique, also when compared to DWI alone.

In terms of capability, there is some evidence that
wbMRI is a more sensitive imaging technique compared to
PET-CT, PET and BS. Adding DWI to wbMRI, the sen-
sitivity of the whole-body examination is improved, with-
out noticeably improving its specificity. DWI appears as a
very promising detection tool for BM [35, 43]. However,
this observation cannot be validated because of the cur-
rently limited number of studies assessing its Se and Sp.
DWI may be more sensitive but less specific than BS.
There is strong evidence that DWI is less specific than
PET-CT, suggesting that the use of anatomical sequences
remains essential in wbMRI protocols.

The review of “mono-cancer” studies shows that
wbMRI with DWI has higher or equal diagnostic accuracy
than PET-CT in lesion, region and patient-based analyses.
BS is found to be inferior or equal to these two techniques
in the three analyses. Adding DWI to conventional wbMRI
sequences improves the accuracy (especially the Se) of
wbMRI in region-based and patient-based analyses.
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However, DWI alone does not demonstrate a sufficiently
high accuracy as false positive findings occur.
Multi-cancer studies constitute a heterogeneous frame-
work for assessing the capabilities of the different tech-
niques, and should be considered with caution if they are
used for nuancing conclusions made from mono-cancers
studies. Though DWTI alone is found equivalent to wbMRI
in lesion-based analysis, this report is based on a single
study [34]. Adding DWI to wbMRI is not assessed in
multi-cancer studies. BS is found to be inferior to wbMRI
and PET-CT in lesion-based and patient-based analyses.

Comparison with other reviews

Five reviews exploring the diagnostic accuracy of MRI for
BM screening were identified among which, three provide
additional contextual information [60—62] and two may ap-
pear redundant (i.e., including studies discussed in this re-
view) [63] or redundant and potentially biased (4/9 of elected
studies coming from the same team on the same type of
cancer) [64]. Based on 67 multi-cancer studies (anterior to
January 2010 and including 7 studies on MRI and 15 on
wbMRI), Yang et al. reported that '*FDG PET and MRI were
equivalent and both significantly more accurate than CT and
BS for BM screening [61]. Based on 16 prostate cancer
studies (anterior to November 2012 and including 3 studies
on MRI, 1 on wbMRI and 2 on wbMRI + DWI), Shen et al.
reported that MRI was superior to choline PET-CT and BS in
patient-based analysis, though choline PET-CT had the
highest specificity [62]. In the latter two reviews, MRI and
wbMRI were not assessed separately. Based on 11 multi-
cancer studies (anterior to Sept. 2010 and including 5 wbMRI
studies discussed in our review), Wu et al. [60] reported that
DWI had a high sensitivity but limited specificity for the
detection of whole-body tumor involvement; a report con-
sistent with previous observations showing that DWI excels
at detecting bony lesions but is less capable in soft tissue
metastases [65].

New techniques non-assessed because not meeting
inclusion criteria

It has to be noted that when it comes to PET-CT, FDG was
the only tracer used in the eligible studies. There is cur-
rently a lack of studies of diagnostic accuracies comparing
wbMRI with PET-CT based on newer tracers such as '°F
sodium fluoride [66, 67], ''C-Choline [65, 68, 69] or
Prostate-Specific Membrane Antigen (PSMA) [70-72].
Luboldt et al. [73] compared the effectiveness of a fast
DWI to anatomic MR sequences and to ''C-Choline PET-
CT. This team suggested that DWI is equivalent to, if not
more sensitive than, the STIR and T1-weighted SE MR
sequences and as effective as ''C-Choline PET-CT for the
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detection of prostate cancer BM. The need for anatomic
sequences to avoid false positive observations must be
emphasized [74]. Mosavi et al. [75] evaluated the accuracy
of DWI versus NaF PET-CT for the detection of BM in
patients with PCa, concluding that DWI has higher Sp but
lower Se. Afshar-Oromieh et al. [72] demonstrated that
suspicious PCa lesions present excellent contrast as early
as 1 h post-injection of PSMA tracer. In a retrospective
analysis of 319 patients who underwent **Ga-PSMA-ligand
PET-CT, the same team found that PSMA is highly specific
for PCa and can detect the disease in a high percentage of
patients (82.8 %) [76].

PET-MRI is an innovative diagnostic imaging modality
that combines the anatomical information given by MRI
and the functional data from PET. Even though there has
been great progress in this field, there are some problems
that have to be resolved. The main pitfalls relate to imaging
bias and artifacts due to image distortion [77, 78]. The
technique is recent and will hopefully help in the com-
parison of MRI and PET, and in the identification of the
necessary and sufficient images to obtain, which may differ
according to the primary cancer.

Weaknesses of performance studies

No multicentre studies were identified during this review,
which are however crucial before generalization. These
studies allow enlarged and homogeneous enrolment of
patients for each cancer type. The participation of inves-
tigators from different horizons offers the guarantee of an
objective evaluation, not restricted by local habits, and
facilitates evaluation of the inter-center repeatability and
reproducibility of the technique [79].

There were different sources of heterogeneity affecting
the reviewed performance studies, starting with the study
design. Patients’ inclusion criteria may affect Se/Sp, and
also the prevalence of lesions. Following more strictly
guidelines such as those summarized by Sardanelli et al.
[80] may limit the different sources of bias (including those
affecting the selection of patients) related to the imple-
mentation of performance studies.

A substantial heterogeneity regarding the “gold stan-
dard” is observed between studies and sometimes within
the same study. It is known that when the reference stan-
dard does not correspond to the true target disease status,
measurement of Se/Sp and Accuracy can be biased [81]. In
patients with multiple BM, the histopathological confir-
mation after biopsy is neither feasible nor ethical, and
probably unnecessary for all lesions. The majority of
studies used the consensus reading of all clinical, biological
and radiological results, along with a clinical and imaging
follow up as gold standard. Thus, the need for standard-
ization of the gold standard emerges. This general problem,

common to any evaluation of a new diagnostic imaging
tool, has to be addressed by a working group of clinicians
with experience in the field of oncology in order to con-
struct a consensus document which, like the STARD ini-
tiative, would include a list of criteria that have to be
fulfilled (minimum follow-up period, appropriate and
necessary imaging modalities, scoring system, reading
methodology, relevant clinical or/and biological informa-
tion, etc.

Furthermore, there was substantial heterogeneity in
wbMRI sequences that vary depending on the team, the
hospital, the country, the primary cancer. In recent studies,
DWI was only used as a complement to the anatomical
sequences. There is an urgent need to determine which
sequences are the most appropriate, “necessary and suffi-
cient” and cost/time effective in order to set a global
guideline. Combining whole-body anatomic 3D sequences
to DWI is a potential solution [23].

This review reveals certain methodological limitations
in current performance studies and in turn, suggests how
future studies should be built. The use of a tool such as
STARD would help improve the quality of research on
diagnostic performance of new technology [27]. Especial-
ly, quantities TP/FP/TN/FN, Se/Sp/Acc with their 95 % CI,
the actual level of significance of a test, estimates of
uncertainty, inconclusive tests and outliers, sources of bias,
and gage repeatability and reproducibility analyses (al-
lowing assessing whether a technique is capable or not)
should be systematically reported to deliver a study of high
quality (reproducible and exploitable).

Limitations of the review

As wbMRI and PET technology for BM detection represent
areally « hot topic », with results of new studies published
each month, our work is as a « snapshot » with conclu-
sions that will show evolution very soon.

Only a PubMed search based on English and French
language was undertaken, while other knowledge databases
(EMBASE, Scopus, ScienceDirect, SpringerLink) and
languages could have been considered to search for rele-
vant performance studies. The search was updated until
mid-November 2014. The review process did not include
unpublished data or studies with unclear or incomplete
reporting of technique capabilities Se/Sp. Hence, a publi-
cation bias remains possible. Funnel plot analysis was not
performed. However, crosscheck of our elected studies
with those of previously published reviews [60-64] con-
firms that no study compliant with our inclusion criteria
was omitted.

We did not apply all of the criteria in STARD [27] and
QUADAS [28] for assessing the quality of performance
studies. Information on implementation (items 1 and 2 in
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QUADAS) and on results (items 12, 13, 19, 20 and 21 to 24
in STARD) in primary studies was often reported in in-
sufficient details or unclear. Therefore, potential for bias
(internal validity) and lack of generalizability (external
validity) were not studied and heterogeneity between
studies was not measured in figures [80]. Twenty-three
studies, respecting 6 questions in STARD and 7 questions
in the QUADAS tool as far as can be ascertained, and
fitting our own inclusion criteria, were considered of ade-
quate quality for review. Our conclusions were drawn from
a Youden-indexed classification tree and a four-level
reading of statistical reports organized within an evidence
table, providing a hierarchical analysis of the accuracy of
imaging techniques. Hence, these conclusions can be ex-
tended or limited depending on whether new studies are
performed or more conservative eligibility/quality criteria
are applied.

Statistical approaches other than a decision tree and
descriptive statistics from raw capability measurements
reported in individual studies could be chosen for evidence
synthesis, though this choice ultimately depends on the
availability and accuracy of key data such as capabilities
values, confidence intervals, and sources of bias. Due to the
limited number of available studies in certain types of
cancer and the heterogeneity in study characteristics (and
their reporting), the search for characteristics significantly
affecting the assessment of Se/Sp was considered of little
relevance and no meta-regression was performed. Fur-
thermore, as it remains difficult to establish the validity of
the distributional assumption on between-study variance,
no random effect model analysis was performed [82].

Conclusion

After previous reviews reporting on the performance of
wbMRI compared to other imaging modalities for the
screening of BM, our study confirms that there is still a
critical need for multicentric and mono-cancer studies re-
specting more accurately the guidelines for implementing
performance studies to enhance knowledge on the field.
Studies assessing DWI and comparing wbMRI to PET with
new promising radiotracers such as '®*NaF, ''C and '|F
Choline and labeled PSMA are still missing, preventing to
reach a definitive conclusion on which of these emerging
methods will become the standard of choice in each pri-
mary cancer for BM screening.

Nevertheless, recently published performance studies
bring additional information on the diagnostic accuracy of
wbMRI. The evidence supporting the superiority of
wbMRI over BS for BM detection, independently of the
primary cancer, is today very robust. DWI alone does not
demonstrate a sufficiently high diagnostic accuracy. DWI
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must be embedded in wbMRI as it improves the sensitivity
of the examination.

Regarding the practical issue of the imaging pathway,
i.e. when considering wbMRI instead of PET-CT for BM
screening, this review provides some additional answers.
Although their diagnostic accuracy appears roughly
equivalent, it appears that wbMRI is superior in lesion-
based analysis, while PET-CT seems to keep some ad-
vantage in patient-based analysis, especially in breast and
neuroendocrine tumors. Notwithstanding this advantage
and apart from all other considerations (radiation exposure,
local availability of the techniques, availability of
dedicated/tumor specific PET tracers, local experience,
cost), wbMRI might be a more “universal” solution as it is
sensitive to bone marrow infiltration by any metastasis
regardless of the primary cancer, while PET-CT defini-
tively relies on the affinity of the cancer and its metastases
for a given tracer [83].

From a more general standpoint, the comprehensive
review of the diagnostic performances suggests that the
work-up of metastases will not remain “mono-technique”
as it has been the historical case for BS; it will most likely
be shared between wbMRI and PET according to the pri-
mary cancer [9, 83]. This scenario is further supported by
the perspective offered by both techniques of an all-organ
(non-bone limited) screening of metastasis [41, 51, 84].
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Conclusion:
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To develop and assess the diagnostic performance of a
three-dimensional (3D) whole-body T1-weighted magnetic
resonance (MR) imaging pulse sequence at 3.0 T for bone
and node staging in patients with prostate cancer.

This prospective study was approved by the institutional
ethics committee; informed consent was obtained from all
patients. Thirty patients with prostate cancer at high risk
for metastases underwent whole-body 3D T1-weighted imag-
ing in addition to the routine MR imaging protocol for node
and/or bone metastasis screening, which included coronal
two-dimensional (2D) whole-body T1-weighted MR imaging,
sagittal proton-density fat-saturated (PDFS) imaging of the
spine, and whole-body diffusion-weighted MR imaging. Two
observers read the 2D and 3D images separately in a blinded
manner for bone and node screening. Images were read in
random order. The consensus review of MR images and the
findings at prospective clinical and MR imaging follow-up at
6 months were used as the standard of reference. The in-
terobserver agreement and diagnostic performance of each
sequence were assessed on per-patient and per-lesion bases.

The signal-to-noise ratio (SNR) and contrast-to-noise ra-
tio (CNR) were significantly higher with whole-body 3D T1-
weighted imaging than with whole-body 2D T1-weighted imag-
ing regardless of the reference region (bone or fat) and lesion
location (bone or node) (P < .003 for all). For node metasta-
sis, diagnostic performance (area under the receiver operating
characteristic curve) was higher for whole-body 3D T1-weight-
ed imaging (per-patient analysis; observer 1: P < .001 for 2D
T1-weighted imaging vs 3D T1-weighted imaging, P = .006 for
2D T1-weighted imaging + PDFS imaging vs 3D T1-weighted
mmaging; observer 2: P = .006 for 2D T1-weighted imaging vs
3D T1-weighted imaging, P = .006 for 2D T1-weighted im-
aging + PDFS imaging vs 3D T1-weighted imaging), as was
sensitivity (per-lesion analysis; observer 1: P < .001 for 2D
T1-weighted imaging vs 3D T1-weighted imaging, P < .001 for
2D T1-weighted imaging + PDFS imaging vs 3D T1-weighted
imaging; observer 2: P < .001 for 2D T1-weighted imaging vs
3D T1-weighted imaging, P < .001 for 2D T1-weighted imag-
ing + PDFS imaging vs 3D T1-weighted imaging).

Whole-body MR imaging is feasible with a 3D T1-weight-
ed sequence and provides better SNR and CNR compared
with 2D sequences, with a diagnostic performance that is
as good or better for the detection of bone metastases and
better for the detection of lymph node metastases.

©RSNA, 2014

Online supplemental material is available for this article.
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hole-body  magnetic

nance (MR) imaging studies

have been increasingly used
for more than 10 years to screen for
bone and soft-tissue metastases (1-3).
The conventional whole-body MR imag-
ing protocol for the screening of bone
and soft-tissue metastases consists of
morphologic  two-dimensional  (2D)
images of the whole body with use of
T1-weighted and fat-suppressed fluid-
sensitive (proton-density fat-saturated
[PDFS] or short inversion time inver-
sion-recovery) sequences generally per-
formed in the coronal plane, in sequen-
tial acquisitions of limited fields of view
that are then fused by using postpro-
cessing software (4-6). Although 2D
pulse sequences provide an acceptable
in-plane spatial resolution, the section
thickness is relatively large, with inter-
section gaps, which can lead to partial
volume effects. These pulse sequences
perform quite well for the detection
of lesions, but the concurrent use of
multiple planes is mandatory—espe-
cially for the study of the spine (7-9).
This repetition of morphologic pulse
sequences in multiple planes is time

Advances in Knowledge

® Whole-body coverage with a
high-spatial-resolution three-
dimensional (3D) T1-weighted
MR pulse sequence is feasible in
clinical practice in less than 18
minutes (voxel size at acquisi-
tion: 1.14 X 1.43 X 1.20 mm?;
voxel size after reconstruction:
0.57 X 0.57 X 1.20 mm?).

® Whole-body 3D T1-weighted im-
aging has a higher signal-to-noise
ratio and contrast-to-noise ratio
compared with two-dimensional
(2D) sequences.

B Compared with whole-body 2D
T1-weighted sequences, the
whole-body 3D T1-weighted
sequence performs equally well
for the detection of bone metas-
tases (sensitivity = 90% vs 100%,
respectively; P = .317) and better
for the detection of abnormal
lymph nodes (sensitivity = 46%
vs 100%, respectively; P < .001).

reso-

consuming. More recently, the addi-
tion of a functional diffusion-weighted
imaging sequence to this conventional
morphologic whole-body MR imaging
protocol was shown to be useful for the
screening of node and bone metastases
from solid cancers or hematologic ma-
lignancies (8-10).

Three-dimensional (3D) imaging is
playing an increasingly important role
in modern MR imaging. Three-dimen-
sional MR imaging acquisitions are
routinely performed in head and neck,
abdominal, thoracic, vascular, obstetric
and/or gynecologic, and musculoskele-
tal indications (11-14). Three-dimen-
sional MR imaging may provide high-
spatial-resolution images that can be
reconstructed in any spatial direction
(coronal, sagittal, oblique, or curvilin-
ear planes), leading to a shorter image
acquisition time and/or better diagnos-
tic performance (12,14-16).

There is a consensus on the need
to combine anatomic and functional se-
quences to achieve optimal diagnostic
effectiveness in oncologic applications
of whole-body MR imaging. In practice,
metastases screening in patients with
cancer is usually performed with a set
of 2D anatomic sequences, in combina-
tion with diffusion-weighted functional
sequences (17-20). Herein, we hy-
pothesized that an optimized 3D pulse
sequence designed to cover the whole
body could replace the set of conven-
tional 2D sequences that are performed
for the anatomic part of screening.

The purpose of this study was
to develop and assess the diagnostic

Implications for Patient Care

B Volumic acquisition of
T1-weighted MR images is fea-
sible at the scale of the whole
body, with subsequent multipla-
nar reformation for reading, par-
alleling multidetector CT scan
acquisition and reading.

B This sequence could be used as a
single morphologic complement
to functional diffusion-weighted
imaging sequences for the
screening of metastases in
patients with prostate cancer.

performance of a 3D whole-body T1-
weighted MR imaging pulse sequence
at 3.0 T for bone and node staging
in patients with prostate cancer. This
sequence was compared with a conven-
tional 2D whole-body T1-weighted MR
pulse sequence used alone or in combi-
nation with a sagittal spine PDFS MR
pulse sequence. Prostate cancer was
chosen because of its “concurrent” tro-
pism for bone and lymph nodes in met-
astatic spread.

Materials and Methods

Patients

This prospective study was approved
by the institutional ethics committee.
Informed consent was obtained from
all patients. Thirty consecutive pa-
tients with prostate cancer who were
considered at high risk for metastases
according to published criteria (21,22)
were prospectively enrolled between
February and December 2012. Pa-
tients were considered at high risk for
metastases whenever they had one of
the following features: clinical stage

Published online before print
10.1148/radiol. 14141242 Content code: [Gu|
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Table 1

Imaging Parameters

Morphologic Sequences

Parameter T1-weighted WB3D T1-weighted WB2D Spine PDFS WBDW*
Acquisition time (min) 17.2 (4 X 4.3) 7.2(4X1.8) 5.4 (3 X 1.8) 15.8
Sequence 3D SPACE (spin echo) TSE TSE Diffusion
Plane Coronal Coronal Sagittal Axial
No. of sections 176 50 13 25
Section thickness (mm) 1.2 4 4 5
Gap (mm) . 0.4 0.4 0.5
Field of view 440 X 307 400 X 306 260 X 260 430 X 366
Acquisition matrix 214 X 384 384 x 307 256 X 320 83 X 122
No. of stations 4 4 4 5
Coverage in z-axis (mm) 1024 1024 1024 968
Phase-encoding direction Feet-head Feet-head Feet-head Anterior-posterior
IPAT factor 3 3 2 2
Phase oversampling 0.5 1 1 0
TR/TE (msec) 400/13 600/9.4 2600/45 4500/68
No. of signals acquired 2 1 2 5
Turbo factor 58 4 13 .

Flip angle (degrees) Variable 140 147 130
Bandwidth (Hz/pixel) 407 260 2050 255
Fat suppression technique Fat saturation SPAIR

Specific parameters

bvalues: 0, 800

Note.—IPAT = integrated parallel acquisition techniques, SPACE = sampling perfecton with application optimized contrast using different flip angle evolutions, SPAIR = spectral adiabatic inversion recovery,
TE = echo time, TR = repetition time, TSE = turbo spin-echo, WBDW = whole-body diffusion-weighted imaging, WB2D = whole-body 2D imaging, WB3D = whole-body 3D imaging.

* Functional sequence.

greater than T3a or at least N1 (n =
19), Gleason score of at least 8 (n =
12), prostate-specific antigen level of
at least 20 ng/mL (n = 5), increasing
prostate-specific antigen level after
local treatment with a doubling time
of 12 months or less (n = 8), and in-
creasing prostate-specific antigen level
while receiving androgen deprivation
therapy with a doubling time of 12
months or less (n = 5). The mean pa-
tient age (*standard deviation) was
69 years = 3.3. The mean prostate-
specific antigen level was 31 ng/mlL *
28. Three patients were not enrolled
because of contraindications to MR
imaging.

MR Imaging

All patients were imaged with a 3.0-T
MR unit (Magnetom Verio; Siemens
Medical Solutions, Erlangen, Germa-
ny). Patients were placed on the imag-
ing table headfirst in the supine position
and were covered with a head and neck

coil, spine coils, and two six-element
body matrix coils. A coronal 2D whole-
body T1-weighted MR imaging pulse
sequence, a sagittal PDFS sequence of
the whole spine, a diffusion-weighted
MR imaging sequence, and a 3D whole-
body T1-weighted pulse sequence were
performed. The latter pulse sequence
was designed as follows: A 3D turbo
spin-echo SPACE (sampling perfection
with application optimized contrast us-
ing different flip angle evolutions) pulse
sequence was implemented to get both
high spatial resolution and high contrast
resolution in T1 while limiting both the
specific absorption rate and the acqui-
sition time (23). An elliptic k-space fil-
ter was applied. Then, in-plane spatial
resolution was chosen so as to be the
closest to that of the 2D pulse sequence
and to be “as isotropic as possible.”
As a result, voxel size after acquisition
and reconstruction were, respectively,
1.14 X 1.43 X 1.20 mm?® and 0.57 X
0.57 X 1.20 mm? for whole-body 3D

T1-weighted imaging, 1.04 X 1.30 X
4.00 mm?® and 1.04 X 1.04 X 4.00 mm?
for whole-body 2D T1-weighted imag-
ing, 0.81 X 1.01 X 4.00 mm? and 0.81
X 0.81 X 4.00 mm? for spine PDFS
imaging, and 3.52 X 4.42 X 5.00 mm?
and 1.76 X 1.76 X 2.70 mm? for whole-
body diffusion-weighted imaging. Other
imaging parameters are detailed in
Table 1. Example images are shown in
Figure 1 and in the Movies (online).

Image Analysis

Lesion definition.—For lymph node
staging, external, internal, common il-
iac, inguinal, periaortic, and pericaval
nodes were defined as abnormal when
the short-axis diameter was larger than
10 mm, when there was loss of the nor-
mal oblong kidney bean shape and of
the fatty hilum, or an irregular outline.
In perivisceral (perivesical, perirectal,
etc) locations, a node was defined as
abnormal when the short-axis size was
larger than 8 mm (24,25).
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Figure 1

c.

Figure 1:  Whole-body 3D MR images in 46-year-old man with prostate cancer. (a) Coronal
reconstructed image shows bone marrow metastasis of left acetabulum (arrow) and right
common iliac pathologic lymph node (arrowhead). (b) Sagittal reconstructed image shows
bone marrow metastasis of second sacral vertebra (large arrow). Invasion of bladder neck

by prostate cancer is seen (small arrow). () Axial reconstructed image shows bone marrow
metastasis at level of left ilium (arrow) and two right obturator lymph node metastases
(arrowheads). This case is also illustrated in the Movies (online), which cover the whole body
in the three planes.

For bone lesions, a metastasis was
defined according to the following cri-
teria: rounded focus larger than 8§ mm
with low signal intensity on T1-weighted
images, high signal intensity on PDFS
images, and high b values on diffusion-
weighted images (4,21).

The standard of reference for bone
and lymph node lesions was based on
a consensus session of all available
morphologic and functional MR images
by three radiologists (V.P., A.L., and
F.E.L., with 3, 8, and 15 years of expe-
rience in reading MR images, respec-
tively), prospective clinical and biologic
follow-up by an uro-oncologist (B.T.,
with 20 years of experience), and imag-
ing follow-up at 6 months.

Quantitative image analysis.—Im-
age quality was assessed for whole-
body 2D T1-weighted imaging and
whole-body 3D T1-weighted imaging
by measuring both signal-to-noise ra-
tio (SNR) and contrast-to-noise ratio
(CNR) in regions of interest (ROIs)
within lesions and corresponding ref-
erence tissues. The measurements
were performed by one physicist (F.P.,
with 25 years of experience in MR im-
aging) and one radiologist (V.P.). For
spine lesions, the reference ROI was
chosen in the bone marrow of an un-
involved lumbar vertebra (L5 or the
closest uninvolved area). For pelvic
lesions, the reference ROI was chosen
in the bone marrow of a nonmetastatic
ischiopubic ramus. For lymph nodes,
a reference ROl was chosen in the
local-regional fat. The largest bone
and node lesions from each anatomic
area were used for this analysis. Each
time the largest possible ROI that fit-
ted the lesion and/or tissue of inter-
est was chosen, without including the
bone cortices and anatomic limits of
lymph nodes. The standard deviation
of the noise (o) was estimated from
an ROI defined outside the body (a
large area that contained only air).
The SNR was then calculated accord-
ing to the following equation: SNR =
0.66 X S/o, where S is the mean sig-
nal intensity from the reference region
and 0.66 a correction factor that takes
into account the fact that the noise is
governed by the Rayleigh distribution
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(26). The CNR was estimated accord-
ing to a similar equation, as follows:
CNR = 0.66 X (Slesion — Sreference) /i,

Qualitative image analysis.—Mor-
phologic images from the whole-body
2D T1-weighted sequence, the whole-
body 2D T1-weighted plus PDFS
sequence, and the whole-body 3D T1-
weighted sequence were consecutively
analyzed by two radiologists indepen-
dently (F.E.L. [observer 1] and V.P.
[observer 2], with 15 and 3 years of
experience, respectively, in musculo-
skeletal and oncologic imaging). The
whole-body 2D T1-weighted images
were read during the first reading,
the whole-body 2D T1-weighted plus
PDFS images were read during the
second reading, and the whole-body
3D T1-weighted images were read dur-
ing the third reading. The radiologists
were blinded to the patient’s clinical
information. To prevent recall bias,
the three readings were performed at
3-week intervals and were random-
ized. Readings were performed with a
picture archiving and communication
system workstation (Carestream Vue;
Carestream Health, Rochester, NY).
Readings of images from whole-body
3D T1-weighted pulse sequences were
performed by each reader separately
with use of multiplanar reformation.
For each reading, we recorded the
number and location of node and/or
bone metastases and the metastatic
status of the patient for bone and for
node metastasis.

Statistical Analysis

The image quality with the 2D T1-
weighted and 3D T1-weighted pulse
sequences was assessed by comparing
the SNR measured in two reference re-
gions (bone and fat) and by comparing
the CNR in two common metastatic
sites (bone and node). A Wilcoxon
rank sum test was performed to as-
sess statistical differences. This non-
parametric test was chosen because
the normality of the data distribution
was not verified (on the basis of the
D’Agostino-Pearson test). A Bonferro-
ni-type correction for performing mul-
tiple comparisons was then applied.
As a result, P < .025 was regarded as

SNRs for Reference ROIs and CNRs for ROIs in Tumors of Interest at Whole-Body 2D

and 3D T1-weighted Imaging

Parameter No. of ROIs 2D T1-weighted Imaging* 3D T1-weighted Imaging* PValuef
SNR
Reference bone 45 85 (60) 234 (284) <.001
Reference fat 12 99 (50) 260 (360) < .001
CNR
Lesion-bone 13 47 (41) 143 (104) .003
Lesion-node 12 52 (33) 155 (228) <.001

Note.—The number of ROIs represents cases for which SNRs and CNRs could be calculated. In six patients considered for
analysis, some thresholding was automatically performed on the saved data, yielding a standard deviation of 0 for the noise
ROIs. As a result, SNR and CNR could not be estimated in these ROIs. Therefore, the number of measured ROIs fell to the number
of used ROIs. For the SNR, the number of used ROIs fell from 55 to 45 (reference bone) and from 13 to 12 (reference fat). For the
CNR, the numbers fell from 19 to 13 (lesion/bone) and from 13 to 12 (lesion/node).

* Data are medians and dispersion values (interquartile ranges. in parentheses).
T Statistical differences (Wilcoxon rank-sum test) between T1-weighted 2D imaging and T1-weighted 3D imaging.

indicative of a statistically significant
difference.

Receiver operating characteristic
(empirical receiver operating character-
istic) analysis was performed to assess
the performance of each MR imaging
sequence on a per-patient basis (27).
A pairwise comparison of the areas
under the receiver operating character-
istic curve (AUCs) was made to rank
sequences according to their diagnostic
performance (28). Then, the diagnos-
tic performance of each MR imaging
sequence was calculated on a per-lesion
basis, followed by a McNemar test to
rank sequences according to their sen-
sitivity (29). Because of the multiple
comparisons, P < .0083 was regarded
as indicative of a statistically significant
difference.

Interobserver agreement on a per-
patient basis was evaluated for each MR
imaging sequence according to the Scott
pi and its associated 95% confidence in-
terval (CI) (30). Interobserver agreement
on a per-lesion basis was evaluated for
each MR sequence according to the in-
traclass correlation coefficient on the
basis of a two-way model in which sys-
tematic differences are relevant and its
associated 95% CI (31). Agreement was
interpreted as follows: scores of 0 or
less were indicative of poor agreement,
0.01-0.20 slight agreement, 0.21-0.40
fair agreement, 0.41-0.60 moder-
ate agreement, 0.61-0.80 substantial

agreement, and 0.81 or greater very
good agreement (32).

Because the study is exploratory,
the sample size was not prospectively
planned. Calculations were done with
software (Statsdirect Statistical Soft-
ware, version 2.7.8 [http://www.
statsdirect.com/] and Matlab [Matlab
R2011b, MathWorks, Natick, Mass]).
Image J software (http://rsbweb.nih.
gov/ij/) was used for the segmentation
of the ROlIs.

Patient Population

On the basis of the standard of refer-
ence (ie, the combination of imaging
findings and clinical information pro-
vided for every patient at baseline and
6-month follow-up), 10 patients had
bone metastasis and 13 had node me-
tastasis. There were 41 bone lesions
and 36 node lesions (Fig 1, Movies
[online]).

Quantitative Image Analysis
SNR and CNR measurements are sum-
marized in Table 2. SNR and CNR were
significantly higher with whole-body 3D
T1-weighted imaging than with whole-
body 2D T1-weighted imaging, regard-
less of the region analyzed (P < .025).
Sensitivity, specificity, positive pre-
dictive value, negative predictive value,
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and 2 X 2 contingency tables were es-
timated for each MR imaging sequence
on a per-patient (Table 3) and per-le-
sion (Table 4) basis.

On a per-patient basis, whole-body
3D T1-weighted imaging had a signif-
icantly higher performance compared
with whole-body 2D T1-weighted im-
aging and whole-body 2D T1-weighted
imaging plus PDFS imaging for de-
tecting patients with node metasta-
ses (observer 1: AUC = 1.00 for 3D
T1-weighted imaging, 0.81 for 2D T1-
weighted imaging + DPFS imaging,
and 0.73 for 2D T1-weighted imaging,
with P < .001 for 2D T1-weighted im-
aging vs 3D T1-weighted imaging and
P = .006 for 2D T1-weighted imaging
+ PDFS imaging vs 3D T1-weighted
imaging; observer 2: AUC = 1.00 for
3D T1-weighted imaging, 0.81 for 2D
T1-weighted imaging + DPFS imaging,
and 0.81 for 2D T1-weighted imaging,
with P = .006 for 2D T1-weighted im-
aging vs 3D T1-weighted imaging and
P = .006 for 2D T1-weighted imaging
+ PDFS imaging vs 3D T1-weighted
imaging), whereas no significant differ-
ence was observed between sequences
for detecting patients with bone me-
tastases (P = .317 for all) (Table E1
[online]; Figs 2, 3).

On a per-lesion basis, whole-body
3D T1-weighted imaging had a signif-
icantly higher sensitivity than whole-
body 2D T1-weighted imaging and
whole-body 2D T1-weighted imaging
plus PDFS for detecting node metasta-
ses (observer 1: sensitivity = 100% for
3D T1-weighted imaging, 44% for 2D
T1-weighted imaging + PDFS imaging,
and 33% for 2D T1-weighted imaging,
with P < .001 for 2D T1-weighted im-
aging vs 3D T1-weighted imaging and P
< .001 for 2D T1-weighted imaging +
PDFS imaging vs 3D T1-weighted im-
aging; observer 2: sensitivity = 92% for
3D T1-weighted imaging, 39% for 2D
T1-weighted imaging + PDFS imaging,
and 39% for 2D T1-weighted imaging,
with P < .001 for 2D T1-weighted im-
aging vs 3D Tl-weighted imaging and
P < .001 for 2D T1-weighted imaging
+ PDFS imaging vs 3D T1-weighted
imaging), whereas whole-body 2D T1-
weighted imaging had a significantly

Per-Patient Analysis: Diagnostic Performance of MR Imaging Sequences in
Comparison to the Standard of Reference

2D T1-weighted

2D T1-weighted

3D T1-weighted

Parameter Imaging Imaging + PDFS Imaging
Bone-positive patients
TP findings
Observer 1 9 9 10
Observer 2 9 10 10
TN findings
Observer 1 20 20 20
Observer 2 20 19 20
FP findings
Observer 1 0 0 0
Observer 2 0 1 0
FN findings
Observer 1 1 1 0
Observer 2 1 0 0
Sensitivity (%)
Observer 1 90 (56, 100) 90 (56, 100) 100 (69, 100)
Observer 2 90 (56, 100) 100 (69, 100) 100 (69, 100)
Specificity (%)
Observer 1 100 (83, 100) 100 (83, 100) 100 (83, 100)
Observer 2 100 (83, 100) 95 (75, 100) 100 (83, 100)
AuC
Observer 1 0.95 (0.80, 1.00)* 0.95 (0.80, 1.00)* 1.00 (0.88, 1.00)*
Observer 2 0.95 ((0.80, 1.00)* 0.98 (0.84, 1.00)* 1.00 (0.88, 1.00)*
PPV (%)
Observer 1 100 (66, 100) 100 (66, 100) 100 (69, 100)
Observer 2 100 (66, 100) 91 (59, 100) 100 (69, 100)
NPV (%)
Observer 1 95 (76, 100) 95 (76, 100) 100 (83, 100)
Observer 2 95 (76, 100) 100 (82, 100) 100 (83, 100)
Node-positive patients
TP findings
Observer 1 6 8 13
Observer 2 8 8 19
TN findings
Observer 1 17 17 17
Observer 2 17 17 17
FP findings
Observer 1 0 0 0
Observer 2 0 0 0
FN findings
Observer 1 7 5 0
Observer 2 5 5 0
Sensitivity (%)
Observer 1 46 (19, 75) 62 (32, 86) 100 (75, 100)
Observer 2 62 (32, 86) 62 (32, 86) 100 (75, 100)
Specificity (%)
Observer 1 100 (81, 100) 100 (81, 100) 100 (81, 100)
Observer 2 100 (81, 100) 100 (81, 100) 100 (81, 100)
AuC
Observer 1 0.73 (0.54, 0.88)t 0.81 (0.62, 0.93)* 1.00 (0.88, 1.00)*

Table 3 (continues)
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Table 3 (continued)

Per-Patient Analysis: Diagnostic Performance of MR Imaging Sequences in Comparison

to the Standard of Reference
2D T1-weighted

2D T1-weighted 3D T1-weighted

Parameter Imaging Imaging + PDFS Imaging
Observer 2 0.81((0.62, 0.93)* 0.81 (0.62, 0.93)* 1.00 (0.88, 1.00)*
PPV (%)
Observer 1 100 (54, 100) 100 (63, 100) 100 (75, 100)
Observer 2 100 (63, 100) 100 (63, 100) 100 (75, 100)
NPV (%)
Observer 1 71 (49, 87) 77 (55, 92) 100 (81, 100)
Observer 2 77 (55, 92) 77 (55, 92) 100 (81, 100)
Node- or bone-positive patients
TP findings
Observer 1 14 15 15
Observer 2 13 14 16
TN findings
Observer 1 14 14 14
Observer 2 14 13 14
FP findings
Observer 1 0 0 0
Observer 2 0 1 0
FN findings
Observer 1 2 1 1
Observer 2 3 2 0
Sensitivity (%)
Observer 1 88 (62, 98) 94 (70, 100) 94 (70, 100)
Observer 2 81 (54, 96) 88 (62, 98) 100 (79, 100)
Specificity (%)
Observer 1 100 (77, 100) 100 (77, 100) 100 (77, 100)
Observer 2 100 (77, 100) 93 (66, 100) 100 (77, 100)
AUC
Observer 1 0.94 (0.79, 0.99)* 0.97 (0.83, 1.00)* 0.97 (0.83, 1.00)*
Observer 2 0.91 (0.74, 0.98)* 0.90 (0.74, 0.98)* 1.00 (0.88, 1.00)*
PPV (%)
Observer 1 100 (77, 100) 100 (78, 100) 100 (78, 100)
Observer 2 100 (75, 100) 93 (68, 100) 100 (79, 100)
NPV (%)
Observer 1 88 (62, 98) 93 (68, 100) 93 (68, 100)
Observer 2 82 (57, 96) 87 (60, 98) 100 (77, 100)

Note.—FN = false negative, FP = false positive, NPV = negative predictive value, PPV = positive predictive value, TN = true
negative, TP = true positive. Numbers in parentheses are the 95% Cl.

* The sequence performed better than a random classifier (P < .0001).
* The sequence performed better than a random classifier (P=.0013).

lower sensitivity than whole-body 3D
T1-weighted imaging and whole-body
2D T1-weighted imaging plus PDFS
imaging for detecting bone metastasis
(observer 1: sensitivity = 98% for 3D
T1-weighted imaging, 83% for 2D T1-
weighted imaging + PDFS imaging, and
63% for 2D T1-weighted imaging, with
P < .001 for 2D T1-weighted imaging

vs 2D T1-weighted imaging + PDFS im-
aging and P < .001 for 2D T1-weighted
imaging vs 3D T1l-weighted imaging;
observer 2: sensitivity = 100% for 3D
T1-weighted imaging, 85% for 2D T1-
weighted imaging + PDFS imaging,
and 68% for 2D TIl-weighted imag-
ing, with P = .008 for 2D T1-weighted
imaging vs 2D T1-weighted imaging +

PDFS imaging and P < .001 for 2D T1-
weighted imaging vs 3D T1-weighted
imaging).

Interobserver Agreement

On a per-patient basis, interobserver
agreement in the detection of patients
with bone metastasis was very good,
regardless of the MR sequence used
(Table 35). Interobserver agreement
ranged from substantial (2D T1-weight-
ed imaging + PDFS imaging: Scott pi
= 0.66 [95% CI: 0.28, 0.86]) to very
good (whole-body 2D T1-weighted im-
aging: Scott pi = 0.82 [95% CI: 0.44,
0.95], whole-body 3D T1-weighted im-
aging: Scott pi = 1.00 [95% CI: 0.77,
1.00]) for detecting patients with node
metastasis. On a per-lesion basis, inter-
observer agreement in the detection of
bone metastasis was very good, regard-
less of the MR sequence used (Table 6).
Interobserver agreement in the detec-
tion of node metastasis ranged from
substantial (whole-body 2D T1-weight-
ed imaging + PDFS imaging: intraclass
correlation coefficient = 0.64 [95% CI:
0.37, 0.81]) to very good (whole-body
2D T1-weighted imaging: intraclass
correlation coefficient = 0.88 [95% CI:
0.76, 0.94]; whole-body 3D T1-weight-
ed imaging: intraclass correlation coef-

ficient = 0.97 [95% CI: 0.93, 0.98]).

Numerous musculoskeletal —applica-
tions of whole-body MR imaging have
been developed during the past decade,
mainly in the fields of oncologic imaging
and rheumatology.

In patients with cancer, precise and
complete tumor staging is crucial for
adequate treatment planning. MR im-
aging is a highly sensitive method for
the early detection of bone metastasis
because it is sensitive to the infiltration
of the bone marrow by malignant cells
before bone remodeling occurs (33-
35). Whole-body MR imaging has been
proved an efficient and cost-effective
tool for the screening of bone metas-
tasis in patients with breast or prostate
cancer (4,36). This technique repre-
sents an alternative to other diagnos-
tic methods, that is, bone scintigraphy
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with targeted radiographys, which lack
specificity and sensitivity in the detec-
tion of bone metastasis (9,37). More
recently, the performance of whole-
body MR imaging has been highlighted
for the concurrent evaluation of bone
and visceral—in particular nodal—me-
tastases, in large part thanks to the
development of diffusion-weighted im-
aging that complements morphologic
MR imaging pulse sequences (5,20,36).
In patients with high-risk prostate can-
cer, whole-body MR imaging outper-
forms the current multimodality work-
up used for the evaluation of bones
and lymph nodes (bone scintigraphy
with targeted radiographs and thora-
coabdominal computed tomography)
(8,10,20,38-41).

A review of the literature shows
a wide heterogeneity in whole-body
MR imaging protocols used in differ-
ent centers or according to the target
cancer and metastases, with a lack of
standardization. Although most exam-
inations are performed in the coronal
plane, a second plane is used in most
cases. For the examination of the whole
skeleton in patients with cancer, a co-
ronal 2D whole-body MR imaging pulse
sequence and a sagittal pulse sequence
on the spine are most commonly
used. The sagittal pulse sequence on
the spine is strongly recommended to
detect small vertebral lesions and po-
tential complications of the metastatic
disease (ie, fractures and spinal cord or
spinal nerve compression) (7,9). The
study of the skull, scapula, ribs, and
sternum may be limited in the coro-
nal plane, and the potential benefit of
acquisition in the axial plane has been
suggested (5,42).

Three-dimensional imaging has the
potential to overcome many of the lim-
itations mentioned earlier. Three-di-
mensional acquisition may shorten the
imaging time by avoiding the repetition
of imaging planes and reduces the par-
tial volume effects resulting from sec-
tion thickness and intersection gaps,
therefore providing both high-spatial-
resolution images and multiplanar ref-
ormation capability (12-14).

In this study, we developed an
original  high-spatial-resolution 3D

Table 4

Per-Lesion Analysis: Diagnostic Performance of MR Imaging Sequences in
Comparison with the Reference Standard

2D T1-weighted

2D T1-weighted

3D T1-weighted

Parameter Imaging Imaging + PDFS Imaging
Bone lesions
TP findings
Observer 1 26 34 40
Observer 2 28 35 41
TN findings
Observer 1 21 21 21
Observer 2 21 20 21
FP findings
Observer 1 0 0 0
Observer 2 0 1 2
FN findings
Observer 1 15 7 1
Observer 2 13 6 0
Sensitivity (%)
Observer 1 63 (47, 78) 83 (68, 93) 98 (87, 100)
Observer 2 68 (52, 82) 85 (71, 94) 100 (91, 100)
Specificity
Observer 1 100 (84, 100) 100 (84, 100) 100 (84, 100)
Observer 2 100 (84, 100) 95 (76, 100) 91 (72, 99)
PPV (%)
Observer 1 100 (87, 100) 100 (90, 100) 100 (91, 100)
Observer 2 100 (88, 100) 97 (85, 100) 95 (84, 99)
NPV (%)
Observer 1 58 (41, 74) 75 (55, 89) 95 (77,100)
Observer 2 62 (44,78) 77 (56, 91) 100 (83, 100)
Node lesions
TP findings
Observer 1 12 16 36
Observer 2 14 14 33
TN findings
Observer 1 17 17 17
Observer 2 17 17 17
FP findings
Observer 1 0 0 0
Observer 2 0 1 1
FN findings
Observer 1 24 20 0
Observer 2 22 22 3
Sensitivity (%)
Observer 1 33(19,51) 44 (28, 62) 100 (90, 100)
Observer 2 39 (23,57) 39 (23, 57) 92 (78, 98)
Specificity (%)
Observer 1 100 (80, 100) 100 (80, 100) 100 (80, 100)
Observer 2 100 (80, 100) 94 (73, 100) 94 (73, 100)
PPV (%)
Observer 1 100 (74, 100) 100 (79, 100) 100 (90, 100)
Observer 2 100 (79, 100) 93 (68, 100) 97 (85, 100)
NPV (%)

Table 4 (continues)
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Table 4 (continued)

Per-Lesion Analysis: Diagnostic Performance of MR Imaging Sequences in Comparison
with the Reference Standard

2D T1-weighted 2D T1-weighted 3D T1-weighted

Parameter Imaging Imaging + PDFS Imaging
Observer 1 41 (26, 58) 46 (29, 63) 100 (80, 100)
Observer 2 44 (28, 60) 44 (28, 60) 85 (62, 97)

Note.—FN = false negative, FP = false positive, NPV = negative predictive value, PPV = positive predictive value, TN = true
negative, TP = true positive. Numbers in parentheses are the 95% Cl.

Figure 2:  Bone lesion detection in 63-year-old man with prostate cancer. The lesion was missed on
whole-body 2D image but correctly identified on whole-body 3D image. (a) Whole-body 2D coronal image.
No lesion is visible. (b) Whole-body 3D image shows low-signal-intensity lesion in right transverse process of
T4 (arrow). (c) Transverse image obtained with multiplanar reformation at same level confirms the presence
of lesion (arrow).

T1-weighted MR imaging pulse
sequence for whole-body coverage and
assessed its diagnostic performance in

a definite clinical setting. We showed
that the whole-body 3D T1-weight-
ed pulse sequence helped detect

significantly more node metastases as
well as significantly more node-positive
patients compared with whole-body
2D T1-weighted or whole-body 2D
T1-weighted plus spine PDFS mor-
phologic pulse sequences. No signif-
icant superiority of whole-body 3D
T1-weighted imaging was observed for
the detection of bone-positive patients,
although whole-body 3D T1-weighted
imaging depicted more bone lesions
than whole-body 2D T1-weighted pulse
sequences. The gain of performance is
explained by the fact that more nodes
and more bone lesions were detect-
ed on whole-body 3D T1-weighted
images in general and in regions of
difficult analysis, such as the poste-
rior vertebral elements and pelvis.
Indeed, consistent with MR imaging
physics, the whole-body 3D T1-weight-
ed pulse significantly outperformed 2D
sequences in terms of SNR and CNR.
The increase in SNR and CNR (result-
ing from the additional phase-encoding
step in the z direction and the higher
number of signals acquired) combined
with the high spatial resolution and
the multiplanar reformation capability
of whole-body 3D T1-weighted imag-
ing facilitated the study of regions that
otherwise were difficult to study with
conventional pulse sequences, such as
the skull, ribs, sternum, posterior ver-
tebral elements, and abdominopelvic
content.

Our study also showed that the in-
terobserver agreement with the whole-
body 3D T1-weighted pulse sequence
was higher than that with 2D pulse se-
quences when studying node metastasis
on a per-patient and a per-lesion basis.
Only limited discrepancies were noted
between observers with whole-body 3D
T1-weighted imaging in the detection
of lymph nodes, which may be difficult
on 2D images. The agreement was also
very good for detecting bone metastasis.
The difference between the readers’ ex-
perience allowed the evaluation of the
dependence of reading whole-body 3D
T1-weighted images on the observer,
which, according to agreement mea-
surements, was inferior or equal to that
with 2D pulse sequences. The blinded
randomized readings were performed
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Figure 3

Figure 3:

Images in 57-year-old man with prostate cancer and nodal metastasis. Lesion was missed on

whole-body 2D image but correctly identified on whole-body 3D image. (a) Coronal whole-body 2D image.
No abnormal lymph node is identified. (b) Whole-body 3D image shows enlarged left external iliac lymph
node (arrow). (c) Transverse image obtained with multiplanar reformation helps confirm the presence of

enlarged lymph node (arrow).

Table 5

Patient-based Analysis: Interobserver Agreement in 30 Patients

Bone Lesions

Node Lesions

Sequence Disagreement* Scott Pif Disagreement* Scott Pif
2D T1 weighted 0 1.00 (0.74, 1.00) 2 0.82 (0.44, 0.95)
2D T1 weighted + PDFS 2 0.85 (0.53, 0.96) 4 0.66 (0.28, 0.86)
3D T1 weighted 0 1,00 (0.74,1.00) 0 1.00 (0.77, 1.00)

* Numbers of patients.
T Numbers in parentheses are the 95% CI.

3 weeks apart, which suggests that the
high interobserver agreement obtained
with whole-body 3D T1-weighted imag-
ing is related to the higher sensitivity and
multiplanar reformation capability of the
pulse sequence and not to recall bias.

Our study has several limita-
tions. First, the enrollment of a larger
number of patients is mandatory to
validate the present results. The inclu-
sion of patients is still ongoing in our
department as part of this project, and

multicentric acquisitions and readings
are planned for large-scale validation.
Second, in most institutions like ours,
staging cancer with whole-body MR
imaging is performed with coronal
whole-body 2D T1-weighted imaging
and a sagittal short inversion time
inversion-recovery and/or PDFS pulse
sequence of the spine combined with
a whole-body diffusion-weighted imag-
ing pulse sequence, which has gained
widespread interest (40). This combi-
nation of morphologic (whole-body 2D
T1-weighted imaging + PDFS imaging)
and functional (diffusion-weighted im-
aging) sequences is advocated for opti-
mal lesion detection because the spec-
ificity provided with morphologic pulse
sequences complements the sensitivity
provided by diffusion-weighted imaging
(17,19,25,43,44). This complementar-
ity explains the lack of comparison be-
tween the pulse sequences used with
whole-body 3D T1-weighted imaging
and whole-body diffusion-weighted im-
aging in our study, as the question of
replacing this functional sequence was
not considered. Another limitation is
the limited body coverage (top of head
to upper thighs), although the risk of
missing significant peripheral metasta-
sis is very low (4). Finally, the rela-
tively short follow-up period and the
use of a “best valuable comparator” as
a standard of reference must be un-
derlined. This standard of reference
represents the best achievable “truth”
in the absence of systematic histologic
proof and is used in many studies eval-
uating metastasis detection (10).

Future studies should evaluate the
feasibility and diagnostic value of whole-
body 3D T1-weighted imaging for meta-
static bone and node screening in other
cancers, such as breast cancer, mye-
loma, and lymphoma, for which whole-
body 2D pulse sequences have been
shown useful (36,45,46). The value of
the same whole-body 3D T1-weighted
pulse sequence used with contrast ma-
terial injection to screen other frequent
metastatic sites such as the brain and
liver could also be studied (6,47).

In conclusion, we evaluated a high-
spatial-resolution 3D T1-weighted MR
imaging pulse sequence developed for
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Table 6

Lesion-based Analysis: Interobserver Agreement in 30 Patients

Sequence

Bone Lesions

Node Lesions

2D T1 weighted
2D T1 weighted + PDFS
3D T1 weighted

0.988 (0.975, 0.994)
0.993 (0.985, 0.007)
0.993 (0.986, 0.997)

0.876 (0.757, 0.939)
0.639 (0.365, 0.811)
0.965 (0.928, 0.983)

Note.—Data are intraclass correlation coefficients. Numbers in parentheses are the 95% Cl.

whole-body coverage. This sequence
offers better CNR and SNR compared
with classic 2D sequences. Compared
with 2D T1-weighted whole-body MR
imaging used alone or in combination
with sagittal spine sequences, a 3D T1-
weighted whole-body MR imaging pulse
sequence is highly effective for bone
metastases screening and superior for
abnormal lymph node screening in pros-
tate cancer; in future practice, 3D T1-
weighted whole-body MR imaging could
be the single morphologic complement
to functional diffusion-weighted imaging
sequences for metastasis screening.
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BACKGROUND. Multiparametric magnetic resonance imaging (mpMRI) is the standard for
local prostate cancer (PCa) staging. Whole-body MRI (wbMRI) has shown capabilities for
metastatic screening. This study assesses the feasibility and value of an all-in-one AJCC TNM
staging of PCa during a unique MRI session combining mpMRI and wbMRI.

METHODS. Thirty consecutive patients with “high-risk” PCa prospectively underwent mpMRI
of the prostate and wbMRI, in addition to **™Tc bone scan (BS), completed with standard X-rays
(£TXR) and contrast enhanced CT for distant staging. For the statistical analysis, a “best valuable
comparator” (BVC) combining a panel review of all available baseline and follow-up imaging,
biological, and clinical data was used to adjudicate lymph node and bone metastatic status.
RESULTS. Prostate mpMRI was analyzed using ESUR guidelines. Sensitivity of BS+TXR
combined with CT and of wbMRI for detecting metastases (bones or nodes) was 85% and 100%,
respectively, and specificity was 88% and 100%, respectively. For the overall staging of the patients
as being either NOMO or having disease extension beyond the prostate, wbMRI was superior to
the combination of BS and CT (improvement in all ROC characteristics and of AUC by 13.6%
(95% CI: +0.7% to +26.5%, P = 0.039)). The main limitation is the limited number of patients.
CONCLUSIONS. AJCC M and N staging using wbMRI is feasible during the same imaging
session as mpMRI performed for T staging, in less then one hour. wbMRI outperforms
BS+TXR and abdomino-pelvic CT work up for discriminating subsets of patients with or
without distant spread of the cancer. Prostate 74:469—477, 2014.  © 2013 Wiley Periodicals, Inc.
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INTRODUCTION

Prostate cancers (PCa) with a prostate specific
antigen (PSA) >20ng/dl, a Gleason Score> 8§, or a cT
stage > 3, carry a high-risk of biochemical recurrence
after local treatment, of metastatic spread, and of
cancer death [1]. Initially intended for low or interme-
diate risk PCa, external beam radiation therapy
(EBRT) and radical prostatectomy are nowadays the
standard of care for high-risk PCa [1]. These strategies
require a precise evaluation of metastatic spread,
especially with the development of clinical trials
evaluating novel compounds and local treatment in
oligo-metastatic patients [2,3].

The standard assessment of tumor stage is based on
the system established by the American Joint Commit-
tee on Cancer (AJCC) [4]. Local staging of high-risk
PCa implies assessment of extra-capsular extension,
seminal vesicles and adjacent organ extension [5]. This
is critical for surgery planning in order to avoid
surgical margins and for EBRT planning to optimize
the delineation of target organs. Multi-parametric
magnetic resonance imaging (mpMRI) has been shown
to increase the staging accuracy and most treatment
guidelines recognize that local (T) staging of PCa
should be based on mpMRI [6,7]. In addition, mpMRI
has become an essential adjunct for target delineation
in radiotherapy [8].

Most treatment guidelines recommend computed
tomography (CT) and/or abdominal MRI and *™Tc
bone scanning (BS) with targeted X-rays if necessary
for the early assessment of metastatic spread, that is,
for N and M staging [6,7]. Recently, whole body MRI

with diffusion imaging (wbMRI/DWI) has positioned
itself as an accurate alternative to CT and **™Tc BS for
the concurrent evaluation of LN and bone metasta-
ses [9,10].

In the present study, we assessed whether a same
imaging session combining mpMRI and wbMRI is
suitable for single step local (T) and distant (N and M)
staging in high-risk PCa patients.

MATERIALS AND METHODS
Patients Demographics

The study has enrolled 30 consecutive patients with
newly diagnosed high-risk PCa, that is, those with
PSA >20ng/ml, Gleason sum>8, or clinical stage
>T3a [6]. Median age was 63 years (range: 51-92).
Median baseline PSA was 30ng/ml (range: 1.7-4612).
Gleason sum was <7 in 13 patients, 7 in 12 and >8 in
17 patients. After final staging, 3 patients were treated
by radical prostatectomy, 16 by a combination of EBRT
and ADT and 11 by ADT alone. AJCC clinical stage [4]
was cI2 in 7 patients, ¢T3 in 14 patients, and cT4 in 9
patients. The local ethical committee approved the
study and written informed consent was obtained
from all patients (Table I).

Imaging

Three Tesla (3T) mpMRI study of the prostate
consisted of high resolution T2 weighted images
(T2WI) in three planes (axial, sagittal and coronal) for
the analysis of the prostate’s zonal anatomy and

TABLE . Patients Characteristics

Treatment
ADT (N=11) EBRT +ADT (N =16) (N=3) Total (N =230)

Age (years)

Median 62.0 63.5 58.0 62.5

Range 53.0-92.0 54.0-80.0 51.0-66.0 51.0-92.0

50%range 55.0-66.0 57.5-69.0 51.0-66.0 56.0-69.0

Mean (SD) 64.18 (11.02) 64.06(7.25) 58.33(7.51) 63.53 (8.72)
PSA (ng/ml)

Median 21.7 37.9 72.7 30.0

Range 1.7-4612.0 4.7-206.0 9.0-126.0 1.7-4612.0

50%range 6.8-60.5 15.9-134.5 9.0-126.0 12.0-99.0

Mean (SD) 470.73 (1,377.31) 70.01 (72.82) 69.24 (58.58) 216.87 (834.09)
Gleason sum

6 1(9.1) 0 (0.0) 0 (0.0) 1 (3.3)

7 2 (18.2) 7 (43.8) 3 (100.0) 12 (40.0)

8 4 (36.4) 5 (31.3) 0 (0.0) 9 (30.0)

9 4 (36.4) 4 (25.0) 0 (0.0) 8 (26.7)

ADT, androgen deprivation therapy; EBRT, external beam radiation therapy.
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capsule, dynamic contrast-enhanced MRI (DCE MRI),
diffusion weighted imaging (DWI) and apparent diffu-
sion coefficient (ADC) maps, and post-contrast axial
T1 weighted images of the pelvis for the study of
regional lymph nodes. MR spectroscopic imaging was
not performed. During the same imaging session, each
patient underwent an MRI study of the whole body
(WbMRI) consisting of anatomical T1-weighted MR
images and DWI sequences. Imaging times and
parameters are detailed in Table II. All images were
read on PACS workstations allowing multi-planar
reformations.

Local staging, including extra-capsular extension,
seminal vesicles and adjacent organ invasion, was
performed by two radiologists specialized in uroradi-
ology using the published criteria from the European
Society of European Urology (ESUR) [11]. The ADC
values of every suspect lesion, as well as the maximum
diameter of the largest lesion were recorded. DCE
curves were classified into one of three enhancement
patterns as reported in the literature: type one with
persistent increase of the enhancement; type two with
no change in enhancement over time (plateau); type
three, the most typical pattern for cancer, with fast
enhancement and early wash-out [12].

wbMRI studies were read by two radiologists,
recording bone metastasis and enlarged lymph nodes
according to previously published criteria [9].

Comparison With Current Standards and Best
Valuable Comparator (BVC)

All patients underwent routine M and N screening
of high risk PCa, consisting for the assessment of
bone metastases of *™Tc BS study followed by
targeted X-Rays (BSETXR) on equivocal foci of
increased uptake if the BS was deemed non-diagnostic,
and assessment of enlarged lymph nodes by contrast
enhanced abdomino-pelvic CT.

Each imaging study was read without knowledge
of the results of the other modalities. Final adjudica-
tion of T, N, and M stage was done in a consensus
session during which all initial imaging studies were
reviewed by radiologists and nuclear medicine physi-
cians, using all available clinical and biological data
(BVC). In case of discrepancy between *™Tc BS or CT
and wbMRI, follow-up imaging studies were obtained
after 6 months of treatment and included in the
adjudication process [9,13].

Statistical Methods

For each imaging method, we estimated the receiver-
operating characteristic (ROC) characteristics with their
95% exact confidence interval (CI). Areas under ROC

TABLE Il. Imaging Parameters

Specific
parameters

Fat
saturation

FOV,

matrix

Slice
thickness, gap

Sequence

Time
(min/sec)

TR, TE, NSA, TF

Plane

type

Acquisition

Target

3560, 127, 1, 21

21 x3mm, 0.3mm 130 x 130, 192 x 192
30 x3mm, 0.9mm 240 x 240, 304 x 384
18 x 3mm, 0.9mm 240 x 240, 304 x 384
20 x 5mm, 0.5mm 380 x 326, 110 x 128

Sagittal
Axial

TSE
TSE

02:24

03:35
02:00

03:14

T2

Prostate

3200, 136, 2, 19

4790, 136, 2, 19

Coronal

Diffusion Axial

TSE

b-values: 0, 50, 600, 1200

Spair

5500, 69, 3
4.04,135,1
4.04,145,1

DWI
DCE
VIBE

Measurements 45

Q FAT

400 x 300, 173 x 256

24 x 3mm
72 x 3mm

3D flash Axial

04:07

Q FAT

400 x 300, 202 x 384

3D flash Axial

00:18

b-value: 0, 800

/
SPAIR
FAT SAT

400, 13, 2, 58
4500, 68, 5
2600, 45, 2, 13

440 x 307, 214 x 384

25 x5mm, 0.5mm 430 x 366, 83 x 122
13 x4mm, 0.4mm 260 x 260, 256 x 320

176 x 1.2mm

Coronal

3D space
Diffusion Axial

18:28 (4 x 4:37)
15:45
05:24 (3 x 1:48)

T1IWI (body)
Body  DWI (body)

Whole
(WB)

Sagittal

TSE

PDEFS (spine)

56 minutes

field of view; TR =relaxation time; TE =echo time;

proton density with fat signal suppression; TSE =turbo spin echo; FOV

turbo factor.

diffusion weighted imaging; PDFS
number of signals averaged; TF

DWI
NSA
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curve (AUC) were compared by Wald test from logistic
regression models at the two-sided 5% significance
level. The statistical analysis software, version 9.2
(SAS™, Bethesda, MD), was used. The study is
exploratory and the sample size was not prospectively
planned.

RESULTS

Figures 1 and 2 illustrate an example of report of an
“all-in-one  MRI study” combining mpMRI and
wbMRI.

Local Staging of Prostate Cancer Using mpMRI
(T Staging)

Results of the local staging, that is, extra-prostatic
involvement, performed by mpMRI following the
ESUR guidelines are summarized in Table III [11].

N and M Staging Using wbMRI

Based on the BVC, 13/30 patients had metastases
(9 had bone metastases, 11 had lymph nodes). None
had visceral metastases.

Comparison of the Diagnostic Performance of
wbMRI and **"Tc BS + TXR to Detect Bone
Metastases (M Staging)

Table IV illustrates the performance of BS+TXR
and wbMRI for predicting bone metastases, using
BVC as reference. Based on the BVC, nine patients had
bone metastases. Sensitivity of *™Tc BS+TXR and
wbMRI for detecting bone metastases was 89% and
100%, respectively, and specificity was 90% and 100%,

respectively. WbMRI correctly identified bone metasta-
ses in one patient with negative BS, and correctly
identified the absence of bone metastases in two
patients with false positive BS. Comparison of AUC
showed no significant difference between wbMRI and
BS £ TXR for the detection of bone metastases with a
mean increase in AUC with wbMRI compared to
BS 4 TXR of 10.3% (CI: —2.3% to +23%, P =0.110).

Comparison of the Diagnostic Performance of
wbMRI and CT to Detect Lymph Nodes
Enlargement (N Staging)

Table V illustrates the performance of CT and
wbMRI for predicting lymph nodes metastases, using
BVC as reference. Based on the BVC, 11 patients had
enlarged lymph nodes. Sensitivities of CT and wbMRI
for detecting lymph nodes were 82% and 100%,
respectively; specificities were 100% for both. wbMRI
correctly identified lymph nodes in one patient with
negative CT. Comparison of AUC showed no signifi-
cant difference between wbMRI and CT for the
detection of enlarged lymph nodes with mean increase
in AUC of +9.1% (CI: —2.9% to +21.0%) with wbMRI
compared to CT (P =0.136).

Comparison of wbMRI and of the Combination of
BS + TXR and CT for Assessing Global Metastatic
Status (N and M Staging)

The performance of wbMRI to define lymph nodes
and bone status was compared to the results of
BS £ TXR and CT, taking BVC as reference (Table VI).
For each combination of lymph nodes and bone
metastases assessment, the patients were classified
negative if both exams were negative, and positive if

‘ ESUR Score

Extra capsular 5
Mean curve: — Seminal vesicles 4
3 Distal sphincter 4

RN
s WS Bladder neck 4

B ‘ Other organ rectum
T2 sag
Fig. 1. Example of multiparametric (mpMRI) Tstaging: tumor diffusely infiltrates the prostate, showing low signal intensity onT2 images,

high signal intensity on DWI with low ADC values, type 3 enhancement curve. There is non-ambiguous extension to the bladder wall (arrows)
and other organs (extraprostatic spread scored |7 according to ESUR criteria).
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Bone scan

Fig. 2. lllustration of the N and M staging, and of the superiority of wbMRI over bone scintigraphy: coronal Tl (left) and diffusion (center)
weighted MR images of the whole body obtained in the same patient as Figure | show pathologic right iliac node (arrowhead) and bone metas-
tasis within the leftiliac bone (arrow).This bone metastasis was not detected on the bone scintigraphy (right).

the one or both assessment was positive. On the basis
of BVC, 13 patients were adjudicated metastatic.
wbMRI readings were in perfect agreement with the
BVC whereas combined BS+TXR and CT readings
disagreed with the BVC in four cases (two false
positive and two false negative observations). Sensitiv-
ities of BS == TXR combined with CT and of wbMRI for
detecting bone or lymph node metastases were 85%
and 100% respectively and specificities were 88% and
100%, respectively (Table VI). For the overall staging
of the patients as being either NOMO or having disease
extension beyond the prostate (any metastases),
wbMRI was superior to the combination of BS +TXR
and CT (improvement in all ROC characteristics
and of AUC by 13.6% (95% CI: +0.7% to +26.5%,
P=0.039)).

DISCUSSION

To our knowledge, this is the first work evaluating
a single-step non-irradiating imaging strategy for

tumor, node, metastasis (TNM) staging of PCa, incor-
porating evaluation of local disease by mpMRI and of
metastatic spread by whole-body MRI. Such integrat-
ed evaluation is critical in case of high-risk PCa, since
the decision to perform a local treatment, either by
radical prostatectomy or EBRT, and the final planning
of these treatments, largely depend on the local
extension of the cancer [1]. In the last few years,
mpMRI has positioned itself as an essential adjunct to
clinical staging for tumor localization in intermediate
and high-risk PCa [14,15]. Based on a published meta
analysis, the average sensitivity and specificity of
mpMRI for detecting lymph nodes range around
71% [16]. In addition, mpMRI may help planning local
treatment [8,17]. The EAU guidelines recognize that, in
comparison with clinical staging, MRI demonstrates
higher accuracy for the assessment of extracapsular
extension (stage T3a), seminal vesicle invasion (stage
T3b) and invasion of adjacent structures (stage T4) [6].
To reduce the inter-observer variability and standard-
ize reporting, the European Society of Urological
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TABLEIIl. Local (T) Staging at mpMRI According to ESUR Guidelines (Extraprostatic Disease According to PIRADS

Scoring [11])
PI-RAD score

Sign 0 2 3 4 5 Total
Extra capsular extension (T3a) 6 NA 0 20 4 30
Invasion of seminal vesicles (T3b) 12 0 1 17 NA 30
Invasion of apical sphincter (T4) 21 NA NA 4 5 NA 30
Invasion of bladder neck (T4) 17 0 0 13 NA 30
Adjacent organ extension Yes, 7 No 23 30

Radiology has recently produced a set of guidelines
that is based on a consensus of experts [11,18].

Based on current guidelines, patients with high-risk
PCa also require assessment for distant metastases. In
most PCa, the initial seeding of metastatic deposits
occurs in pelvic lymph nodes and/or the hematopoiet-
ic red marrow of the axial skeleton [19-21]. Extra-
nodal visceral metastases are rare at presentation and
appear usually in later stages of the disease [21].
wWbMRI enhances diagnosis of bone metastases but
also allows their monitoring under therapy. wbMRI
will therefore potentially help tackling an important
unmet need, considering the arrival of many new
drugs in advanced PCa and the necessity to assess
their efficacy in a disease that is almost exclusively
metastatic to the bone [10,22,23].

In contrast to what is happening in the therapeutic
arena, there has been no recent major evolution in the
diagnostic techniques. Most international guidelines
still recognize contrast-enhanced CT or MRI of the
abdomen and pelvis, and 99mTe BS, completed with
plain X-rays if necessary, as standard diagnostic
techniques to assess initial and follow-up metastatic
status [6,7]. These techniques carry severe limitations

and, ultimately, provide more of a best guess than a
robust diagnosis. CT and conventional MRI perform
similarly bad compared to extended pelvic node
dissection (ePLND), the unchallenged gold standard
to perform accurate lymph node staging, with an
average specificity of £80% and reported sensitivity of
+40% [24,25]. However, ePLND is not routinely
performed in every patient. A recent study has
demonstrated, in a series of 100 consecutive high-risk
PCa patients, that wbMRI performed similarly to CT
to detect enlarged lymph nodes [9]. Sensitivity of CT
and wbMRI was 77-82% for both, while specificity
was 95-96% and 96-98%, respectively. MRI has been
proven superior to ““™Tc-based algorithm for the
detection of bone metastases, because it detects cancer
cells in the bone marrow before bone remodeling has
occurred [10,13,26]. In the aforementioned study on
100 high-risk patients, the sensitivity of BS = TXR and
wbMRI for detecting bone metastases was 86% and
98-100%, respectively (p < 0.04); specificity was 98%
and 98-100%, respectively [9]. Two independent
wbMRI readers identified bone metastases in 7 and 8
of 55 patients with negative BS + TXR, therefore induc-
ing significant changes in treatment strategy.

TABLE IV. Imaging Results and Receiver Operating Characteristic for Predicting Bone Metastasis on Best Valuable

Comparator (BVC)
BVC (N) for bone metastasis® Overall
Sensitivity ~ Specificity PPV NPV AUC? agreement
Neg. Pos. Tot. % (95% CI) % (95% CI) % (95% CI) % (95% CI) % (95% CI) % (95% CI)
Total 21 9 30
BS
Neg. 19 1 20 89 (52-100) 90 (70-99) 80 (44-97) 95 (75-100) 90 (77-100) 90 (74-98%)
Pos. 2 8 10
wbMRI
Neg. 21 0 21 100 (66-100) 100 (94-100) 100 (66-100) 100 (94-100) 100 (100-100) 100% (NA)
Pos. 0 9 9

Neg, negative; Pos, positive; Tot, total.

“Comparison of ROC AUCs: 4+10.3% (95% CI: —2.3% to +23.0%), P =0.110. Not statistically significant improvement for MRI compared

to standard assessment.
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TABLE V. Imaging Results and Receiver Operating Characteristic for Predicting Node Metastasis on best Valuable

Comparator (BVC)
BVC (N) for nodal metastasis Overall
Sensitivity ~ Specificity PPV NPV AUC? agreement
Neg. Pos. Tot. % (95% CI) % (95% CI) % (95% CI) % (95% CI) % (95% CI) % (95% CI)
Total 19 11 30
CT
Neg. 19 2 21 82 (48-98) 100 (82-100) 100 (66-100) 90 (70-99) 91 (79-100) 93 (78-99)
Pos. 0 9 9
wbMRI
Neg. 19 0 19 100 (71-100) 100 (82-100) 100 (72-100) 100 (82-100) 100 (100-100) 100% (NA)
Pos. 0 11 11

Neg, negative; Pos, positive; Tot, total.

“Comparison of ROC AUCs: +9.1% (95% CI: —2.9% to 4+-21.0%), P =0.136. Not statistically significant improvement for MRI compared

to CT.

In addition of a low sensitivity and specificity, *™Tc
BS and abdomino-pelvic CT/MRI metastatic assess-
ment require—at least—two separate visits to the
hospital, injection of iodine contrast agent, nuclear
waste handling and a significant radiation exposure
(between 3.5 and 25mSv for CT;, 6.3 mSv for 99mTC
BS) [27]. The ideal test for the future should be
straightforward and single-step, provide high diagnos-
tic performance for local staging, lymph nodes, (rare)
visceral, and bone metastases’ screening, and allow
monitoring of response under treatment. It should
minimize or avoid radiation exposure and the need for
contrast agents. wbMRI with DWI and PET/CT
compete for single step whole body assessment of
metastases and imaging of response to therapy in solid
cancers, but PET has limited value compared to MRI
for local staging [22].

Here we report the first attempt to perform during
a single imaging session the concurrent assessment of

local and distant staging of cancer in high-risk PCa
patients, that is, a one-step T, N, M staging of these
patients. A 3T mpMRI study of the prostate was
performed in all 30 patients, consisting of high resolu-
tion T2 weighted images (T2WI) in three planes (axial,
sagittal and coronal) for the analysis of the prostate’s
zonal anatomy and capsule, dynamic contrast en-
hanced MRI (DCE MRI) for the study of the angiogen-
esis, DWI and ADC maps for the study of the
cellularity. wbMRI with diffusion was performed
during the same imaging session to detect enlarged
lymph nodes and bone metastases, as reported previ-
ously [9]. In line with previous works, the sensitivity
and specificity of wbMRI for detecting any metastases
(bone or lymph node) were significantly superior than
those of BS £ TXR combined with CT.

This “all-in-one T, N, M” assessment using mpMRI
and wbMRI was done in less than one hour, during a
single visit to the imaging department, and was non-

TABLE VI. Imaging Results and Receiver Operating Characteristic for Global Diagnosis on Best Valuable Comparator

(BVC)
BVC (N) for metastasis Overall
Sensitivity Specificity PPV NPV AUC? agreement
Neg. Pos. Tot. % (950/0 CI) %o (95(70 CI) Y% (950/0 CI) % (950/0 CI) % (950/0 CI) % (950/0 CI)
Total 17 13 30
Standard
Neg. 15 2 17 85 (55-98) 88 (64-99) 84 (55-98) 88 (64-99) 86 (74-99) 87 (69-96)
Pos. 2 11 13
wbMRI
Neg. 17 0 17 100 (75-100) 100 (80-100) 100 (75-100) 100 (80-100) 100 (100-100) 100% (NA)
Pos. 0 13 13

Neg, negative; Pos, positive; Tot, total.

“Comparison of ROC AUCs: +13.6% (95% CI: +-0.7% to +26.5%), P =0.039. Statistically significant improvement for MRI compared to

standard assessment.
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irradiating. This duration could be reduced even more
if the injection of gadolinium can be avoided, which
would save 4.25min. DCE sequences, however, are
useful to detect extracapsular extension and seminal
vesicles invasion [28,29].

There are several limitations to this preliminary
study, including a limited number of patients. We have
not evaluated the inter- and intra-observer agreement
of wbMRI for bone and lymph node lesion detection,
as this definite question has been addressed in previ-
ous studies [9], and as the current study mainly
focused on the feasibility of a concurrent, one step,
prostate, node, and bone staging using MRL

In a meta-analysis published in 2002, Engelbrecht
et al. [16] suggested that the staging performance of
MRI is influenced by the experience of the reader.
Integrating TNM staging in an all-in-one single step
assessment will require specific training of “prostate”
radiologists, and/or collaboration of “genito-urinary”
and “musculoskeletal” radiologists as done in this
study.

The present gold standard is not perfect, since not
all patients were followed up and radical prostatec-
tomy was only performed in three patients. However,
we used a consensus evaluation of all imaging modali-
ties, by imaging experts, and prospective follow-up of
those patients with any discrepancy between imaging
modalities, showing that initial bone and node evalua-
tion using MRI was correct.

Finally, this study has been conducted on a 3T
MRI magnet, without endorectal coil and spectro-
scopic imaging. MR spectroscopic imaging provides
information about lesion aggressiveness, but does
not give staging information owing to its poor spatial
resolution [30]. In addition, although the data on 3T
mpMRI are still debated, it benefits from higher
signal to noise ratio, thus enabling high quality
imaging within a short time and without the use of
an endorectal coil [31]. With regard to body imaging,
the use of 3T has been challenging compared to
results obtained on 1.5T magnets; however, this
challenge has been addressed and results are now (at
least) similar to those obtained at lower magnetic
fields [32]. This preference for high field MRI paral-
lels the increasing availability of 3 T magnets in most
centers.

The present study did not address precisely the
cost-effectiveness of the all-in-one MRI work-up com-
pared to the current sum of imaging studies. The
difficulty of such an analysis has been pinpointed in a
European Urology editorial on our primary publica-
tion on whole-body MRI [33]. Indeed differences in
health care reimbursements, billing arrangements, and
resource allocation across health care providers make
that analysis difficult. In contrast to the conventional

The Prostate

wisdom, the editorial by Linton and Catto concluded
that wbMRI is not that much more expensive than
current staging tools.

CONCLUSION

In conclusion, this preliminary work suggests that a
“all in one MRI session” combining wbMRI and
mpMRI of the prostate positions itself as a single-step,
non-irradiating technique to perform TNM staging in
high-risk PCa.
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