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Abstract

This work inves�gates the quan�ta�ve valida�on and clinical applica�on of two MRI-derived biomarkers in 3T Whole-Body MRI (WB-MRI): the Apparent Diffusion Coeffi-cient (ADC), reflec�ng water mobility and microstructural density, and the Fat Frac�on(FF), represen�ng �ssue fat content. The objec�ves were to assess their robustness,define reference values in healthy �ssues and evaluate their diagnos�c poten�al inMul�ple Myeloma (MM). Technical valida�on was performed using a water phantomfor ADC accuracy and a custom-built fat–water phantom for FF quan�fica�on. In vivocharacterisa�on in 20 healthy females across seven anatomical sites — parenchymalorgans (liver, spleen, pancreas, kidneys) and skeletal regions (vertebrae, pelvic bone,femoral head) — examined repeatability, variability and radiomic feature stability. ADCshowed greater consistency in parenchymal organs, whereas FF proved more stable inadipose-rich skeletal �ssues. The clinical study analysed 107 MM pa�ents (38 Smol-dering, the early asymptoma�c stage; 46 ac�ve; 23 Relapsed/Refractory) against the20 healthy controls. In the pelvic bone the replacement of normal marrow by malig-nant plasma cells was associated with increased ADC and decreased FF. FF consistentlyshowed higher discrimina�ve power in dis�nguishing healthy from infiltrated marroweven at early stages, while ADC reached high significance mainly in advanced disease.Radiomic descriptors further enhanced classifica�on performance, with FF-based mod-els achieving Area Under the Curve (AUC) values above 0.95 and ADC providing comple-mentary informa�on in mul�parametric models. The results demonstrate that ADC andFF can be robustly quan�fied in WB-MRI. FF emerges as the more stable and diagnos�-cally sensi�ve biomarker for bone marrow infiltra�on in MM. The proposed frameworksupports the integra�on of quan�ta�ve biomarkers into non-invasive tools for diagno-sis, staging and longitudinal monitoring of MM pa�ents.



Sommario

Questo lavoro tra�a la validazione quan�ta�va e l’applicazione clinica di due biomarca-tori deriva� dalla risonanza magne�ca Whole-Body MRI (WB-MRI) a 3T: il coefficientedi diffusione apparente (ADC), che rifle�e la mobilità delle molecole d’acqua e quindi ladensità microstru�urale, e la percentuale di grasso (FF), che rappresenta il contenutolipidico dei tessu�. Scopo del lavoro è stato quello di valutare la robustezza quan�-ta�va di tali biomarcatori, definire i loro valori di riferimento nei tessu� sani e anal-izzarne il potenziale diagnos�co nel mieloma mul�plo (MM). La validazione tecnica èstata condo�a u�lizzando un fantoccio di acqua per verificare l’accuratezza delle mis-ure dell’ADC e un fantoccio a emulsione grasso–acqua appositamente realizzato per val-utare la quan�ficazione della FF. La cara�erizzazione in vivo, svolta su 20 sogge� sani disesso femminile e comprendente se�e distre� anatomici - organi parenchimali (fegato,milza, pancreas, reni) e regioni scheletriche (vertebre, osso pelvico e testa femorale) -ha esaminato ripe�bilità, variabilità e stabilità delle cara�eris�che radiomiche. L’ADC hamostrato maggiore affidabilità negli organi parenchimali, mentre la FF si è dimostratapiù stabile nei tessu� scheletrici ricchi di adiposità. Lo studio clinico ha coinvolto 107pazien� con MM (38 Smoldering MM, fase precoce e asintoma�ca; 46 nella fase a�vaMM; 23 Recidivi/Refra�ari MM), confronta� con i 20 sogge� sani. A livello dell’ossopelvico la sos�tuzione del midollo sano da parte di plasmacellule neoplas�che è risul-tata associata a un incremento dell’ADC e a una riduzione della FF. Quest’ul�ma hadimostrato una superiore capacità discrimina�va nel dis�nguere in modo significa�voil midollo sano da quello infiltrato già negli stadi precoci, mentre l’ADC ha raggiunto altasignifica�vità sopra�u�o nelle fasi avanzate. I descri�ori radiomici (cara�eris�che ra-diomiche) hanno ulteriormente potenziato le performance di classificazione, con mod-elli basa� sulle feature delle mappe FF che hanno raggiunto valori di Area Under theCurve (AUC, area so�o alla curva) superiori a 0.95, mentre le cara�eris�che derivatedalle mappe ADC hanno fornito un contributo complementare nei modelli mul�para-metrici. I risulta� dimostrano che ADC e FF possono essere quan�fica� in modo robustonella WB-MRI. La FF emerge come biomarcatore più stabile e sensibile per l’infiltrazionemidollare nel MM. Il framework proposto rappresenta un quadro metodologico ripro-ducibile per l’integrazione dei biomarcatori di imaging quan�ta�vo in strumen� noninvasivi per la diagnosi, la stadiazione e il monitoraggio longitudinale dei pazien� affe�da MM.
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INTRODUCTION

IntroducŒon
MagneŒc Resonance Imaging (MRI) is a non-invasive imaging technique widely used
in clinical diagnosŒcs due to its ability to provide high-resoluŒon images of so‰ Œs-
sues without the use of ionising radiaŒon. Unlike nuclear imaging techniques such as
Positron Emission Tomography (PET) or radiological modaliŒes like Computed Tomogra-
phy (CT) | which rely on the administraŒon of radioacŒve tracers or ionising radiaŒon
| MRI is based on the interacŒon between magneŒc •elds and hydrogen nuclei nat-
urally present in biological Œssues. This allows for safe and repeatable imaging across
mulŒple anatomical regions. Moreover, MRI combines anatomical and funcŒonal infor-
maŒon within a single acquisiŒon, enabling both morphological assessment and Œssue
characterisaŒon.

Recent developments in acquisiŒon techniques and signal modelling have progressively
extended the capabiliŒes of MRI from purely morphological imaging to the quanŒta-
Œve characterisaŒon of Œssue properŒes. This evoluŒon has led to quanŒtaŒve MRI
(qMRI), in which speci•c acquisiŒon sequences and reconstrucŒon strategies are used
to derive physical and physiological parameters directly from the MR signal. When com-
bined with standardised protocols and appropriate post-processing, qMRI enables the
derivaŒon of QuanŒtaŒve Imaging Biomarkers (QIBs) | scalar values that re‚ect un-
derlying microstructural or composiŒonal properŒes. These biomarkers have potenŒal
diagnosŒc, prognosŒc and predicŒve value. As reproducible and non-invasive metrics,
QIBs enable longitudinal assessment of Œssue alteraŒons, supporŒng both clinical in-
terpretaŒon and computaŒonal modelling. They also enhance diagnosŒc precision by
providing objecŒve measurements that complement visual analysis and can be used to
inform personalised treatment planning through quanŒtaŒve insight into disease bur-
den and Œssue composiŒon.

Two quanŒtaŒve biomarkers of parŒcular interest in current clinical research are the
Apparent Di€usion Coeƒcient (ADC) and the Fat FracŒon (FF), derived respecŒvely from
di€usion-weighted imaging and fat quanŒ•caŒon sequences.
ADC quanŒ•es the mobility of water molecules within biological Œssues and is sensiŒve
to microstructural changes such as increased cellularity, •brosis or necrosis.
FF, on the other hand, is an emerging clinical biomarker that measures the proporŒon
of fat within a Œssue and provides insight into its lipid content. It is parŒcularly useful
in the analysis of organs where fat content varies with metabolic, in‚ammatory or in-
•ltraŒve condiŒons.
Although ADC and FF are derived from di€erent physical principles | water di€usion
and chemical shi‰, respecŒvely | they provide complementary informaŒon about Œs-
sue composiŒon and structure. Both biomarkers hold clinical relevance, as they are
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expected to follow physiologically consistent pa‹erns across di€erent biological Œssues
and deviaŒons from these pa‹erns may serve as indicators of pathological change.
These concepts, along with the basic principles of MRI and qMRI, are further detailed
in Chapter 1.

This study focuses on the evaluaŒon of both ADC and FF within the context of 3T Whole-
Body MRI (WB-MRI), a non-invasive imaging modality that enables comprehensive cov-
erage of the enŒre body in a single examinaŒon. WB-MRI combines high anatomical
resoluŒon with advanced funcŒonal imaging, allowing for the extracŒon of quanŒtaŒve
biomarkers across mulŒple organs and Œssue types. This makes it parŒcularly suitable
for the assessment of systemic diseases, in which it is essenŒal to evaluate the extent
of involvement beyond a single anatomical region.
All MRI acquisiŒons and data analyses presented in this work were conducted at the Is-
Œtuto Romagnolo per lo Studio dei Tumori (IRST) \Dino Amadori" in Meldola (FC, Italy),
as part of ongoing clinical and research protocols carried out by the Medical Physics
Unit, with a speci•c focus on the development and validaŒon of quanŒtaŒve imaging
techniques for oncological applicaŒons.

To ensure the robustness of ADC and FF biomarkers before their clinical applicaŒon,
this study begins by verifying that both parameters saŒsfy the technical requirements
expected for any quanŒtaŒve imaging biomarker: accuracy, repeatability, reproducibil-
ity and | ideally | linearity across the physiologically relevant range. These properŒes
were evaluated through phantom studies, which provide a stable ground truth against
which the performance of a sequence can be evaluated.
The ADC protocol was tested using a water phantom, con•rming whether the measured
di€usion values were consistent with known physical references at the corresponding
acquisiŒon temperature, as detailed in Chapter 2.
For FF, validaŒon was carried out using a custom-built fat{water emulsion phantom
speci•cally designed to simulate a wide range of fat concentraŒons. This enabled the
assessment of signal stability, linearity and quanŒtaŒve reliability across the full spec-
trum of expected values. As described in Chapter 3, this experimental setup also served
to compare di€erent fat quanŒ•caŒon sequences available on the scanner, providing a
pracŒcal framework for selecŒng the most accurate and robust acquisiŒon protocol for
clinical and research applicaŒons.

Following phantom validaŒon, the in vivo behaviour of each biomarker was assessed
in physiologically normal Œssues. Establishing reference values in healthy subjects is
a fundamental step for clinical interpretaŒon, as it provides a baseline against which
pathological deviaŒons can be measured. In addiŒon to absolute values, the evaluaŒon
of intra-subject repeatability and inter-subject variability is essenŒal to understand the

2



INTRODUCTION

consistency and robustness of the biomarkers across di€erent anatomical regions and
individuals.
Chapters 2 and 4 are dedicated to the systemaŒc characterisaŒon of ADC and FF, re-
specŒvely, using data from a cohort of 20 healthy adult female subjects undergoing
mulŒple WB-MRI acquisiŒons. The analysis was conducted across seven anatomical re-
gions, including both parenchymal organs (liver, spleen, pancreas, kidneys) and bone
Œssues (vertebrae, pelvic bone and femoral head). For each biomarker, the staŒsŒcal
analysis includes assessments of repeatability across the study cohort, longitudinal sta-
bility in repeated scans from a single subject and intra-organ variability. Furthermore,
the structural complexity and feature stability of each biomarker beyond its average
value was explored by performing radiomic analysis, which consists in the extracŒon
of mathemaŒcally de•ned features | numerical descriptors of image properŒes such
as intensity, texture and spaŒal organisaŒon | that quanŒtaŒvely characterise Œssue
morphology and heterogeneity.

Once validated and characterised in healthy Œssue, the clinical applicability of these
biomarkers was evaluated. In this work, the selected clinical context is MulŒple Myeloma
(MM), a plasma cell malignancy characterised by bone marrow in•ltraŒon and pro-
gressive alteraŒon of marrow composiŒon. In•ltrated regions are expected to show
increased ADC values | due to greater water mobility | and reduced FF values |
re‚ecŒng the loss of adipose Œssue. These theoreŒcal expectaŒons were examined
through quanŒtaŒve analysis of a cohort including 20 healthy controls and 107 pa-
Œents at di€erent stages of myeloma: 38 smoldering (SMM), 46 acŒve (MM) and 23
relapsed/refractory (RRMM). Both mean signal values and radiomic features were ex-
tracted from the pelvic bone ADC and FF maps and used in predicŒve models to evaluate
their discriminaŒve power. These analyses are presented in detail in Chapter 5, which
focuses on the clinical evaluaŒon of ADC and FF in mulŒple myeloma, exploring their
individual and combined potenŒal for the non-invasive assessment of bone marrow in-
volvement in the pelvic bone of a€ected paŒents.

The thesis re‚ects the logical progression of the study and is structured as follows:

ˆ Chapter 1 provides the theoreŒcal background of MRI, with a focus on whole-
body and quanŒtaŒve imaging techniques. It explains the physical principles and
clinical relevance of ADC and FF and describes the acquisiŒon protocols adopted
throughout the study.

ˆ Chapter 2 presents the quanŒtaŒve analysis of ADC in healthy Œssues. It includes
phantom validaŒon using a water-based reference and describes the dataset, the
anatomical ROI placement strategy and the feature extracŒon protocol. The anal-
ysis evaluates intra-subject repeatability, longitudinal stability and intra-organ
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variability across seven anatomical regions, as well as radiomic descriptors to as-
sess feature stability beyond mean intensity.

ˆ Chapter 3 focuses on the validaŒon of fat quanŒ•caŒon sequences. A custom-
built fat{water emulsion phantom is used to compare di€erent acquisiŒon meth-
ods and assess the linearity and accuracy of FF esŒmaŒon. The analysis highlights
the impact of di€erent fat modelling strategies on signal behaviour and quanŒ•-
caŒon accuracy and informed the selecŒon and interpretaŒon of FF maps in the
subsequent in vivo analyses.

ˆ Chapter 4 reports the characterisaŒon of FF in healthy Œssues, following the same
dataset and methodological framework adopted for ADC. It includes the evalua-
Œon of repeatability, variability and longitudinal consistency across parenchymal
and skeletal regions and a radiomic analysis to invesŒgate structural and compo-
siŒonal stability in the evaluated anatomical regions.

ˆ Chapter 5 explores the clinical applicaŒon of ADC and FF in mulŒple myeloma.
Building on the characterisaŒon of both biomarkers in healthy Œssues, this chap-
ter focuses on their use for the non-invasive assessment of bone marrow involve-
ment in the pelvic bone. It describes the behaviour of ADC and FF across disease
stages | from smouldering to mulŒple myeloma and relapsed/refractory cases
| and evaluates their diagnosŒc performance through groupwise comparisons
and predicŒve models based on intensity and radiomic features.

4



1 PRINCIPLES AND TECHNIQUES OF MAGNETIC RESONANCE IMAGING

1 Principles and Techniques of MagneŒc
Resonance Imaging

MagneŒc Resonance Imaging (MRI) is a non-invasive imaging technique used for clinical
purposes to provide informaŒon about the human body without using ionising radia-
Œon. It is based on the physical phenomenon of Nuclear MagneŒc Resonance, which
involves the interacŒon between atomic nuclei and external magneŒc •elds.

This chapter presents the fundamental principles of MRI and their applicaŒons in quan-
ŒtaŒve assessment of Œssue properŒes through Apparent Di€usion Coeƒcient (ADC)
and Fat FracŒon (FF) imaging biomarkers. Furthermore, it introduces the concept of
Whole-Body MRI (WB-MRI) and gives an overview of the acquisiŒon systems and se-
quences employed in this work as a foundaŒon for the subsequent experimental and
clinical analyses.

1.1 Fundamentals of MagneŒc Resonance Imaging

MRI is a high-resoluŒon, non-invasive imaging technique that allows the acquisiŒon of
detailed three-dimensional anatomical images and is currently used in clinical pracŒce
for disease detecŒon, diagnosis and treatment monitoring. It is able to provide ex-
cellent so‰ Œssue contrast in anatomical images and also to exploit di€erent physical
properŒes of Œssues | such as proton density, relaxaŒon Œmes, funcŒonal acŒvity, dif-
fusion and fat content | to generate various types of contrast and quanŒtaŒve maps.
Since the working principles involve radiofrequency pulses in the low-energy range of
the electromagneŒc spectrum, MRI is considered safer than other radiographic modal-
iŒes such as Computed Tomography (CT) and Positron Emission Tomography (PET) that
use ionising radiaŒon, respecŒvely X-rays or
 -rays, to produce diagnosŒc images of the
body.

The physical mechanism of MRI is Nuclear MagneŒc Resonance (NMR), a phenomenon
discovered and explained simultaneously by F. Bloch[1] at Stanford University and E.
M. Purcell[2] at Harvard University in 1946. Their theoreŒcal and experimental obser-
vaŒons lead to their Nobel Prize in 1952 and are essenŒals to understand how atomic
nuclei respond to external magneŒc •elds and radiofrequency excitaŒon[3].

In order to interact with an external staŒc magneŒc •eld®B• nuclei must have a nu-
clear magneŒc moment®� which arises from a non-zero nuclear spin®I in nuclei with
an odd number of protons or neutrons. The magneŒc moment is proporŒonal to the
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nuclear angular momentum according to the relaŒon

®� = 

�

h
ƒ�

�
®I = 
 5®I (1.1)

where
 (or 
 n) is the gyromagneŒc raŒo, a constant characterisŒc of each nucleus. The
value of 


ƒ� is parŒcularly high for the‚ H atom and this is one of the main reasons why
hydrogen nuclei are the most commonly used in MRI: their high gyromagneŒc raŒo and
large abundance in biological Œssues lead to a stronger detectable signal.

Atomic nuclei are characterised by states of quantum mechanical nature. The projec-
Œon of the nuclear magneŒc moment along the direcŒon of the external magneŒc •eld
®B• is denoted as thez-component and is given by

� z = 
 5m (1.2)

wherem is the magneŒc quantum number that for spin-‚
ƒ nuclei can take values equal

to ‚
ƒ for spin-up state, aligned parallel to the external •eld, or� ‚

ƒ for the spin-down
state, in the anŒparallel con•guraŒon. Therefore, for the‚ H atom that has nuclear spin
I = ‚

ƒ, only two possible values exist for� z .
When there is no external magneŒc •eld, the two energy levels of spin-‚

ƒ nuclei are
degenerate and equally populated at thermal equilibrium. When an external magneŒc
•eld ®B• is applied, Zeeman interacŒon between the spins and the magneŒc •eld takes
place and cause the spli“ng of the degenerate energy level into two disŒnct states with
di€erent energies, corresponding to spin orientaŒons either aligned or anŒ-aligned
with the external •eld.

Energy [‚• � ˆ eV]

E = •
No magneŒc •eld

E� ‚
ƒ

= ¸ ‚
ƒ
 5B•

E¸ ‚
ƒ

= � ‚
ƒ
 5B•

� E = 
 5B•
MagneŒc •eld applied

N¸

N�

Figure 1.1: SchemaŒc representaŒon of the Zeeman spli“ng in a populaŒon of spin-‚
ƒ nuclei.

Considering®B• uniform along thez-axis (®B• = B• ßz), the Zeeman Hamiltonian is

ßHZ = � 
 5I zB• (1.3)
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and, as illustrated in Figure 1.1, the energy values are de•ned by the eigenvalues

Em = � 
 5mB• (1.4)

so that the spli“ng of the energy levels generated by the magneŒc •eld can be quan-
Œ•ed by the energy gap between them

� E = 
 5B• : (1.5)

TransiŒons between energy levels can occur when the system absorbs energy through
electromagneŒc radiaŒon with a frequency equal to

! • = 
B • (1.6)

which is known as Larmor frequency and determines the resonance condiŒon required
to excite nuclear spins.
At thermal equilibrium, nuclei distribute among theƒI ¸ ‚ possible energy levels ac-
cording to Boltzmann distribuŒon

N¸

N�
= exp

�
� E
kT

�
= exp

�
5
B •

kT

�
(1.7)

whereN¸ andN� are the number of nuclei per unit volume in the lowest and highest
energy con•guraŒon (respecŒvely the ones with up and down spins),k is the Boltzmann
constant andT is the absolute temperature measured in kelvin.
Since the lowest energy state will be the most populated, in the total amount of nuclei
per unit volume (N = N¸ ¸ N� ) there will be an excess of up spins over the down spins,
as schemaŒcally represented in Figure 1.1, and this quanŒty will give rise to a net nuclear
magneŒzaŒon, known as nuclear magneŒzaŒon at equilibrium

M• = � ¹N¸ � N� º = N � tanh

 5B•

ƒkT
: (1.8)

More generally, the magneŒzaŒon at equilibrium per unit volume is a vector®M• that
has the same direcŒon of®B• and a magnitude given by Curie Law

M• = N

 ƒ5ƒI ¹I ¸ ‚ º

„ kT
B• : (1.9)

In NMR, an addiŒonal oscillaŒng magneŒc •eld®B‚ is generated by a radiofrequency (r.f.)
pulse delivered through a transmit coil, tuned to the resonance frequency and applied
perpendicularly to ®B• (i.e. in thexy-plane). This excitaŒon Œlts the bulk magneŒzaŒon
vector ®M from its equilibrium alignment along®B• by an angle which is called nutaŒon
angle

� = 
B ‚ � (1.10)
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with � equal to the duraŒon of the r.f. pulse applicaŒon. This rotaŒon causes the mag-
neŒzaŒon to begin precessing around®B• at the Larmor angular frequency! • .
The Œme evoluŒon of®M in the Cartesian coordinate system is described by the Bloch
equaŒon:

d ®M
dt

= 
 ®M ¹t º � ®B¹t º (1.11)

where ®B¹t º = ®B• ¸ ®B‚ is the total magneŒc •eld applied to the system.
The Œme-varying magneŒzaŒon induces an oscillaŒng voltage and current in the re-
ceiver coil, according to Faraday's law of electromagneŒc inducŒon. The resulŒng signal
is known as Free InducŒon Decay (FID) and consŒtutes the observable quanŒty used in
NMR experiments to reconstruct informaŒon about the moŒon of the total amount of
spins in the real system and describe the Œssue properŒes and characterisŒcs.

Time (s)

Signal (a.u.)
FID

Figure 1.2: Free InducŒon Decay (FID) signal following radiofrequency excitaŒon in NMR.

As shown in Figure 1.2, the FID is an exponenŒally damped oscillatory signal that de-
cays towards zero. In parŒcular, it is obtained by following the temporal evoluŒon of
the transverse magneŒzaŒonMx y that, a‰er the NMR excitaŒon phase, returns back
to its equilibrium state, where the transverse component is zero. Once equilibrium is
reached on the transverse plane, also the longitudinal componentMz is restored to its
iniŒal valueM• . StarŒng from the acquired signal, it is therefore possible to reconstruct
the two di€erent relaxaŒon processes through which®M ¹t º evolves back to equilibrium.

The transverse relaxaŒon is an entropic process characterised by the loss of phase co-
herence within the spin system. Each spin experiences a local magneŒc •eld resulŒng
from the combinaŒon of the externally applied •eld and the magneŒc in‚uence of sur-
rounding spins and, as a result, magneŒc moments spread over thexy-plane and indi-
vidual spins precess at slightly di€erent rates, gradually losing phase coherence.
Transverse relaxaŒon is therefore mainly due to spin-spin interacŒons and it is described
by an exponenŒal decay of the measurable transverse componentMx y as modelled by
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the following relaŒon
Mx y ¹t º = Mx y ¹• º e� t

Tƒ (1.12)

in which the Œme constant Tƒ is the transverse relaxaŒon Œme. In order to take into ac-
count also the addiŒonal dephasing induced by magneŒc •eld inhomogeneiŒes, com-
mon in experiments, Tƒ will be subsŒtuted by an e€ecŒve transverse relaxaŒon Œme
calculated as

‚
T �

ƒ
=

‚
Tƒ

¸
‚

Tinhomo
: (1.13)

In pracŒce, the observed decay of transverse magneŒzaŒon towards equilibrium is gov-
erned by this shorter Œme constant T�

ƒ that accounts for both intrinsic and extrinsic de-
phasing mechanisms.

Longitudinal relaxaŒon is instead an energeŒc process related to spin-la“ce interac-
Œons that allow a transfer of energy from the nuclear spins to the surrounding la“ce,
allowing the spins to return to their lower energy state aligned with the staŒc magneŒc
•eld.
The recovery of the longitudinal component of the magneŒzaŒonMz ¹t º of ‚ H nuclei
occurs gradually over Œme and is described by an exponenŒal relaŒon

Mz ¹t º = M•

�
‚ � e� t •T‚

�
: (1.14)

In EquaŒon 1.14M• represents the equilibrium magneŒzaŒon and T‚ is the longitudinal
relaxaŒon Œme, which characterises the rate at which the system returns to thermal
equilibrium along thez-axis. The value of T‚ depends on the di€erence in transiŒon
probabiliŒes between the lower and higher energy states: even in the absence of the
r.f. pulse, transiŒons between the two levels are possible due to ‚uctuaŒons around
the Larmour frequency but transiŒons to the lower energy state are more probable.

[A] [B]

Figure 1.3: Diagrams of the longitudinal [A] and transverse [B] relaxaŒon processes[4].
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Figure 1.3 illustrates the exponenŒal recovery of the longitudinal magneŒzaŒonMz with
the Œme constant T‚ and the exponenŒal decay of transverse magneŒzaŒonMx y with
Œme constant Tƒ. It is important to note that, since transverse relaxaŒon leads the sys-
tem towards internal equilibrium without any energy exchange, Tƒ is always shorter
than T‚ and in biological Œssues Tƒ � T‚ .

T‚ and Tƒ relaxaŒon Œmes are di€erent for each speci•c Œssue analysed with NMR be-
cause variaŒons in molecular composiŒon, water content, cellular architecture and mi-
croenvironmental interacŒons a€ect the eƒciency of energy exchange and dephasing
processes. This has a direct impact on contrast and visibility of di€erent Œssue types in
MRI and allows to obtain images which are T‚ -weighted or Tƒ-weighted, where images
voxel brightness predominantly re‚ects longitudinal and transverse relaxaŒon Œme.
An example of images acquired by T‚ -weighŒng or Tƒ-weighŒng is shown in Figure 1.4,
where the spine is imaged using both contrasts. In the T‚ -weighted image ‚uids appear
dark, fat is bright and muscle and bone Œssue show an intermediate grey intensity. The
Tƒ-weighted image is instead generally brighter and parŒcularly useful to highlight ‚u-
ids or to detect pathological condiŒons such as tumour, in‚ammaŒon or trauma.

Figure 1.4: Comparison of T‚ and Tƒ-weighted images for the spine[5].

The relaxaŒon processes described above determine the measurable image contrast,
through which anatomical informaŒon can be represented. As in other diagnosŒc modal-
iŒes, MRI images are displayed by slicing the reconstructed volume along three orthog-
onal reference planes: the axial plane, oriented perpendicular to the longitudinal body
axis, the coronal plane, oriented parallel to the frontal surface of the body, and the
sagi‹al plane, oriented parallel to the median division between le‰ and right sides.
A schemaŒc representaŒon of the three anatomical planes is reported in Figure 1.5.
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Figure 1.5: SchemaŒc representaŒon of the three anatomical planes convenŒonally used in
MRI[6].

1.2 QuanŒtaŒve MRI

In convenŒonal MRI, contrast-weighted images exploit di€erences in Œssue relaxaŒon
properŒes to produce high-quality anatomical images. While the resulŒng so‰ Œssue
contrast is excellent, it remains limited to qualitaŒve analysis and is subject to human
interpretaŒon.
QuanŒtaŒve MRI (qMRI) was developed to overcome these limitaŒons by measuring in-
trinsic physical properŒes of Œssues and expressing them in values associated to mean-
ingful physical units. Its implementaŒon has been enabled by technological progress,
including improved scanner hardware, faster data acquisiŒon and new advanced so‰-
ware algorithms. The raŒonale behind qMRI is therefore to provide objecŒve, repro-
ducible and standardised parameters in the form of quanŒtaŒve maps that, unlike con-
venŒonal MRI, o€er voxel-wise measurements of speci•c physical or physiological prop-
erŒes rather than qualitaŒve signal intensiŒes.

qMRI refers to a range of techniques that enables the quanŒ•caŒon of several Œs-
sue characterisŒcs such as relaxaŒon Œmes, di€usion, perfusion, iron fracŒon, elasŒc
properŒes, temperature, chemical composiŒon and exchange. All of these measurable
parameters can serve as quanŒ•able indicators of biological processes, pathological
changes or treatment response and they are de•ned as QuanŒtaŒve Imaging Biomark-
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ers or QIBs[7].
To explain the physical principles behind qMRI, this secŒon will concentrate on the two
QIBs relevant to the experimental validaŒon of this work: the Apparent Di€usion Coef-
•cient (ADC) and the Fat FracŒon (FF).

1.2.1 Di€usion and Apparent Di€usion Coeƒcient

Di€usion is the movement of parŒcles down their concentraŒon gradients, from regions
of higher concentraŒon to regions of lower concentraŒon. In a free medium, the ‚ux
of parŒcles due to di€usion (®J) is described by Fick's First Law

®J = � D ®+c (1.15)

where c is the concentraŒon andD the di€usion coeƒcient.
This movement is a consequence of the microscopic Brownian moŒon of parŒcles: due
to thermal energy, molecules follow a random translaŒonal moŒon and for the ideal
case of free di€usion, there will be a net mean square displacement equal to

hxƒ¹t ºi = ƒDt (1.16)

in each spaŒal direcŒon in a given Œmet , corresponding to a Gaussian probability dis-
tribuŒon of displacements. The enŒty of this phenomenon is related to the molecular
dimension and shape since the di€usion coeƒcient, according to Stokes-Einstein equa-
Œon[8], is inversely proporŒonal to the radius of the spherical parŒcle and the viscosity
of the ‚uid, besides being directly proporŒonal to the temperature.

Di€usion Weighted Imaging (DWI) is an MRI technique that makes the signal sensiŒve
to di€usion, allowing the detecŒon of Œssue microstructural changes based on the mo-
bility of water molecules. In MRI, di€usion is encoded by including addiŒonal magneŒc
•eld gradients into the pulse sequence, translaŒng the enŒty of water molecules dis-
placement into an a‹enuaŒon of the measurable signal.

The most common method for image acquisiŒon is the Spin Echo Di€usion Weighted
Imaging (SE-DWI), schemaŒcally represented in Figure 1.6.
As in a standard SE sequence, there is a •rstŠ•� r.f. pulse that Œps the longitudinal mag-
neŒzaŒon into the transverse plane, starŒng the spins dephasing, and then a‚‰•� refo-
cusing pulse that reverses the dephasing and leads to the formaŒon of an echo at Œme
TE. Immediately before and a‰er the‚‰•� pulse there are two di€usion sensiŒsing gra-
dients, applied on the three axes for a Œme duraŒon� , both with the same amplitude
(gradient strengthG) but with inverse polariŒes and separated by a Œme gap equal to
� . In this way, the •rst gradient a‰er excitaŒon generates a posiŒon-dependent phase
shi‰ among the spins and during the� period spins that di€use acquire an addiŒonal
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Figure 1.6: SchemaŒc diagram of the Spin Echo sequence for Di€usion Weighted Imaging
(SE-DWI)[9].

phase shi‰. The second gradient exactly realigns only the spins that remained staŒon-
ary in their original posiŒon: only the spins that did not di€use will be rephased and
will contribute to the echo signal, leading to a di€usion-dependent signal loss[10].

The signal a‹enuaŒon depends on water molecule displacement and can be modelled
using a mono-exponenŒal relaŒon

S = S0 e� b�D (1.17)

whereS is the signal measured with di€usion weighŒng,S• is the signal acquired with-
out di€usion gradients andD is the di€usion coeƒcient, usually expressed in mmƒ/s.
The signal sensiŒvity to di€usion depends on the physical characterisŒcs of the di€usion
gradients and is quanŒ•ed by theb-value

b = 
 ƒGƒ� ƒ
�
� �

�
„

�
(1.18)

that combines the parameters of the gradients (gradient amplitudeG, Œme duraŒon�
and Œme gap between the two gradients� ) with the gyromagneŒc raŒo of the proton

 . An higherb-valueincreases the sensiŒvity to di€usion but also leads to greater signal
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a‹enuaŒon and therefore to a lower signal-to-noise raŒo.

From EquaŒon 1.17 it is possible to understand that to measure the di€usion coeƒcient

D = �
‚
b

ln
�

S
S•

�
(1.19)

it is necessary to acquire at least two measurements: one forb = • to determineS•
and one atb > • for D. In real acquisiŒons, the images acquired at di€erentb-values
are •‹ed to the monoexponenŒal model of EquaŒon 1.17 that in its logarithmic form
returns the value ofD as the negaŒve slope of the •‹ed line and the value ofS• as the
intercept.
DeviaŒons from the mono-exponenŒal model can occur, parŒcularly at lowb-values
due to molecular perfusion, as described by the IntraVoxel Incoherent MoŒon (IVIM
Model[11]), or at highb-valueswhere di€usion becomes non-Gaussian due to the Œs-
sue structure, requiring more sophisŒcated models such as Di€usion Kurtosis Imaging
(DKI[12]). To avoid these deviaŒons and more advanced models, the mono-exponenŒal
signal decay is sŒll assumed over an intermediate range ofb-values(from 0 to 800
s/mmƒ), where perfusion and non-Gaussian e€ects are minimised[7].

In biological Œssues, di€usion is not completely free but restricted by structural bound-
aries such as cell membranes, organelles and extracellular matrix components. More-
over, the intrinsic anisotropy of many Œssues in‚uences water mobility since physical
properŒes can vary with the direcŒon along which the analysis is run. The di€usion
measured by MRI is therefore a€ected by restricŒons and anisotropies and, for this
reason, the coeƒcientD in the ideal signal relaŒon (EquaŒon 1.17) is replaced by the
Apparent Di€usion Coeƒcient (ADC), which is operaŒonally de•ned through the same
expression | explicitly formulated in EquaŒon 1.19 | but withD subsŒtuted by ADC
to account for non-ideal e€ects. In pracŒce, ADC values are consistently lower than the
free di€usion coeƒcientD[13].
The ADC is the QIB that re‚ects the di€usion of water molecules within Œssues, includ-
ing the e€ects of both true molecular di€usion and microstructural constraints. In ADC
maps, high values of ADC (i.e. bright regions) indicate high water mobility, typical in
Œssues with low cellularity or disrupted structural integrity such as in necroŒc lesions,
edema or bone marrow in•ltraŒons. Low ADC values (i.e. dark regions) are instead
typical in Œssues with restricted di€usion due to dense cellular structures.
An example of an ADC Map MRI of the upper abdomen acquired in the axial plane
is illustrated in Figure 1.7. The liver is shown on the le‰ side of the image (paŒents'
anatomical right), the stomach on the upper right, the spleen on the lower right and
the vertebral column centrally located in the lower region.
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Figure 1.7: ADC Map of the upper abdomen acquired through DWI in the axial plane.

1.2.2 Fat QuanŒ•caŒon and Fat FracŒon

The quanŒ•caŒon of fat in MRI starts from the physical phenomenon of chemical shi‰[14]:
fat and water protons are surrounded by di€erent molecular environments which mod-
ify the e€ecŒve local magneŒc •eld experienced by each nucleus. Due to di€erences in
molecular size and electronic con•guraŒon, the shielding from the external magneŒc
•eld varies between the two, leading to slightly di€erent Larmor frequencies. This fre-
quency o€set is referred to as chemical shi‰ and is de•ned as the di€erence in res-
onance frequency between fat and water, normalised to the resonance frequency of
water, which is used as a reference.
Fat is composed of mulŒple spectral components, but in a •rst approximaŒon, a single
peak centred on the methylene group is considered. The resonance frequency of fat
is slightly lower than that of water and the chemical shi‰ between the two is approxi-
mately„ :† parts per million (ppm)[15].

The Dixon method, originally proposed by W. T. Dixon in 1984[16], enables the sepa-
raŒon of water and fat signals in MRI by exploiŒng their chemical shi‰ and the resulŒng
phase evoluŒon over Œme. Precessing at di€erent rates, water and fat protons gradu-
ally accumulate a phase di€erence and at speci•c echo Œmes their signals may be either
in-phase (IP) or opposed-phase (OP). In the •rst case, the magneŒzaŒon vectors of fat
and water are aligned and add construcŒvely in the total signal while in the second one
they are oriented in opposite direcŒons and there is signal cancellaŒon.
Under the assumpŒon that water and fat are the only chemical species contribuŒng to
the signal, the resulŒng complex image obtained a‰er applying the Fourier transform
to the acquired data can be wri‹en as

S¹x; yº = »W ¹x; yº ¸ F ¹x; yº � ei � 0
¼ �ei � ¹x;yº � ei � • ¹x;yº (1.20)
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where ¹x; yº are the pixel coordinates,W andF are the magnitudes of the magneŒ-
zaŒons,� 0 is the phase angle of fat relaŒve to water due to the chemical shi‰,� is the
error phase due to magneŒc •eld inhomogeneity and� • is the error phase due to the
acquisiŒon system[15].
The vector representaŒon of such complex signal is illustrated in Figure 1.8.

Figure 1.8: Graphical representaŒon of the vector quanŒŒes involved in the acquisiŒon of the
complex signal through the water (W ) and fat (F) spectral components[15].

The original two-point Dixon technique involves the acquisiŒon and elaboraŒon of two
images, one in the in-phase condiŒon and one in the opposite-phase one. In their com-
plex form, they are respecŒvely indicated as

S• = ¹W ¸ Fº � ei � • (1.21)

S‚ = ¹W � Fº � ei � � ei � • : (1.22)

When the error phase due to the magneŒc •eld inhomogeneity� = • it is possible to
obtain the water-only and fat-only images as an algebraic combinaŒon of EquaŒon 1.21
and EquaŒon 1.22 as follows

W =
‚
ƒ

� jS• ¸ S‚ j (1.23)

F =
‚
ƒ

� jS• � S‚ j : (1.24)

Due to the absolute value, the error phase� • does not a€ect the calculaŒons. For this
reason, the complex form is usually avoided and EquaŒon 1.23 and EquaŒon 1.24 are
wri‹en using only the magnitudes

W =
I P ¸ OP

ƒ
; F =

I P � OP
ƒ

: (1.25)
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Finally, for each pixel the Fat FracŒon (FF) is given by the raŒo between the fat signal
and the total signal as

FF=
F

F ¸ W
=

I P � OP
ƒI P

: (1.26)

The fat quanŒ•caŒon from two-point Dixon technique is a good approximaŒon and is
a simple method, both from a theoreŒcal and a computaŒonal point of view. However,
it su€ers from several important limitaŒons[15, 17, 18, 19]:

ˆ T‚ and T�
ƒ bias: there is no compensaŒon for the relaxaŒon di€erences between

fat and water. Short repeŒŒon Œmes (TR) introduce T‚ -weighŒng that can bias
the signal intensity, while the T�ƒ decay during the echo Œme (TE) leads to signal
loss and an underesŒmaŒon of fat fracŒon.

ˆ B• inhomogeneity: the magneŒc •eld inhomogeneiŒes a€ect the value of the er-
ror phase� . SpaŒal inhomogeneiŒes alter the phase evoluŒon of fat and water,
distorŒng the relaŒonships that assume to know exactly how the two magneŒza-
Œon are aligned at each TE.

ˆ Incomplete modelling of the fat spectrum: modelling the fat spectrum as a single
peak centred on the methylene group resonance frequency is not enough in clin-
ical applicaŒons. In reality, fat spectroscopy shows a mulŒ-peak structure with
di€erent amplitudes and chemical shi‰s and, especially at higher •eld strengths,
this is an important source of errors in fat quanŒ•caŒon.

In order to overcome these limitaŒons, more advanced Dixon-based techniques have
been proposed and validated, including explicit phase correcŒons, compensaŒons for
T‚ and T�

ƒ decays and mulŒ-peak spectral model of fat. Several methods for phase un-
wrapping have been studied[15] and the Dixon method was generalised by acquiring
mulŒple echoes to be‹er esŒmate the •eld map, water and fat images.

An eƒcient soluŒon is the semi-‚exible two-point method that is sŒll based on the
acquisiŒon of two echoes but allows more ‚exibility in the choice of echo Œmes[20,
21].
The acquired signal at each echo Œme TEn (with n = ‚ ; ::;NE) is modelled as

Sn =
�
W ¸ F � ei � n

�
� ei � n (1.27)

with W andF the water and fat signals in image space.� is the dephasing angle

� n = ƒ� � f t n (1.28)

directly proporŒonal to the resonance frequency o€set of the central resonance peak
of fat with respect to water and the echo Œme at which the sample is taken.� = ei � is
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the phasor corresponding to the phase error, dependent on� B• and TE. The important
di€erence with the original two-point method is that here� is not linearly related to
TE.
In the reconstrucŒon following the acquisiŒon, this method analyŒcally computes the
phasor� and solves the complex equaŒons to obtain theF andW images from the
in-phase and out-of-phase echoes, including signal dephasing and decay and also eddy
current correcŒons[21].
In this protocol, the imaging Œme is kept short and the spaŒal resoluŒon is opŒmised.
AddiŒonal improvements can be obtained by including the complete 7-peaks spectrum
of fat-water, parŒcularly relevant for theB• correcŒon in the case of large •elds of view.
This spectrum, illustrated in Figure 1.9, shows the dominant water resonance peak
alongside six smaller peaks corresponding to the di€erent spectral components of fat.

Figure 1.9: Fat-water emulsion MR spectrum acquired at 3T[22].

In qualitaŒve fat imaging, SE sequences can be exploited if adapted to generate mulŒple
echoes in each repeŒŒon Œme. Turbo Spin Echo sequences (TSE) repeat the refocusing
pulse mulŒple Œmes in each TR, obtaining the generaŒon of a train of echoes that allows
to collect mulŒplek-linesa‰er each 90� excitaŒon pulse, reducing the Œme needed to
acquire the wholek-spaceand generate the image.
However, for an accurate fat reconstrucŒon and quanŒ•caŒon, the literature supports
the use of mulŒ-echo Gradient Echo sequences (GRE)[17, 20]. As shown in Figure 1.10
these sequences are composed by an iniŒal r.f. pulse of a ‚ip angle� , Œpically low and
less than 90� . The echo is generated by applying two bipolar gradients. The •rst one is
negaŒve and dephases the transverse magneŒzaŒon, introducing spaŒally dependent
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phase shi‰s due to variaŒons in precessional frequencies. This dephasing is not caused
by intrinsic •eld inhomogeneiŒes alone but is induced by the gradient itself. The sec-
ond gradient is posiŒve and used as a readout gradient, e€ecŒvely rephasing the spins.
By reversing the polarity and duraŒon of the iniŒal dephasing gradient, it realigns the
spins and leads to the formaŒon of a gradient echo at the Œme of acquisiŒon.
With respect to SE sequences, the echo Œme at which the echo is generated is sig-
ni•cantly lower and this enables rapid readouts, allowing the sampling of the phase
evoluŒon between water and fat signals over Œme. Beyond being sensiŒve to phase
variaŒons caused by chemical shi‰, GRE is also compaŒble with mulŒ-echo acquisiŒon
schemes and ‚exible echo Œmes but is much more sensible to the T�

ƒ decay because the
B• inhomogeneiŒes are not canceled out when the echo is generated by gradients.

Figure 1.10: SchemaŒc diagram of the Gradient Echo sequence (GRE)[23].

The fat fracŒon has gained clinical importance for the non-invasive assessment of Œs-
sue lipid content and now represents a valid quanŒtaŒve imaging biomarker in several
diagnosŒc contexts.
In living organisms, each anatomical locaŒon has its own physiological fat percentage
according to the Œssue funcŒon, structural characterisŒcs and metabolic demand. The
possibility to accurately measure the actual fat fracŒon with MRI allows to detect non-
physiological changes for early diagnosis, disease monitoring and treatment response
evaluaŒon of pathological processes that involve fat accumulaŒon, in•ltraŒon or fat
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depleŒon. These alteraŒons can be associated with a wide range of diseases such as
obesity, hepaŒc steatosis, metabolic dysfuncŒons, neuromuscular disorders and bone
marrow pathologies[20, 17].
An example of axial fat fracŒon imaging and its corresponding FF map acquired in a
healthy subject at the upper abdomen level is shown in Figure 1.11. In FF maps, brighter
regions indicate a higher fat content, whereas darker regions correspond to Œssues with
a lower fat fracŒon. The anatomical structures visible in the reported slice are the same
as those described in the ADC map of Figure 1.7 but here the skin contour is more clearly
delineated due to its high and homogeneous fat content.

Figure 1.11: FF Map of the upper abdomen acquired in the axial plane.

1.3 Whole-Body MRI: Imaging Techniques and ApplicaŒons

Recent advancements in MRI techniques have led to the development of extremely ef-
•cient sequences with high spaŒal resoluŒon, reduced acquisiŒon Œmes and speci•c
post-processing techniques that enable excellent Œssue contrast.
These improvements have provided the foundaŒon for the development of Whole-
Body MRI (WB-MRI), a technique that allows complete imaging of the enŒre body within
a single examinaŒon. WB-MRI combines anatomical and quanŒtaŒve sequences and
is parŒcularly useful for systemic disease evaluaŒon in oncologic staging and skeletal
screening.

The next secŒons of this chapter will focus on the techniques and applicaŒons of WB-
MRI. Beginning with its general principles and implementaŒon in clinical pracŒce, the
speci•c role of WB-MRI in the diagnosis and treatment monitoring of mulŒple myeloma
will be discussed in accordance with internaŒonal guidelines.
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1.3.1 WB-MRI Techniques and Clinical ApplicaŒons

Whole-body MRI (WB-MRI) is a mulŒ-staŒon, mulŒ-sequence imaging technique that
enables the evaluaŒon of the enŒre body in a single examinaŒon without the use of ion-
ising radiaŒon. Anatomical, funcŒonal and quanŒtaŒve sequences are acquired across
mulŒple conŒguous anatomical regions in a mulŒ-staŒon scanning approach, in which
the paŒent table moves to image successive body secŒons. The full coverage typically
spans from vertex (i.e. head) to mid-thigh but can be adjusted to reach knees or feet,
according to speci•c clinical needs.
The complete procedure generally lasts from 25 to 90 minutes, depending on the num-
ber of staŒons, the sequences included and scanner capabiliŒes[24, 25].

The typical WB-MRI protocol includes anatomical, funcŒonal and quanŒtaŒve sequences.
Morphological T‚ and Tƒ-weighted images are acquired through GRE or TSE sequences.
T‚ -weighted images provide anatomical details and highlight bone metastases, while
Tƒ-weighted ones are implemented with fat-suppression techniques such as STIR and
can provide informaŒon about other organs and liquid components.
DWI is typically acquired during free-breathing using 2b-valuesto reconstruct the ADC
parameter: the lowestb-valueis at least 50 s/mmƒ in order to minimise the perfu-
sion e€ects and the highest is recommended to be between 800 and 1000 s/mmƒ. To
achieve a high signal-to-noise raŒo while maintaining short acquisiŒon Œmes and en-
abling the coverage of large anatomical regions, a single-shot echo planar imaging (EPI)
readout is employed in combinaŒon with a single di€usion encoding direcŒon. This also
reduces the image blurring and artefacts caused by eddy currents, without introducing
biases in the Œssues characterised by isotropic di€usion as the ones commonly invesŒ-
gated by WB-MRI[24].
In a mulŒparametric approach, WB-MRI protocols •nally integrate Dixon-based gradi-
ent echo acquisiŒons to reconstruct the fat fracŒon (FF) maps. This is essenŒal to eval-
uate bone marrow involvement and fat distribuŒon across di€erent Œssues[26, 17].

WB-MRI is parŒcularly useful to detect systemic, mulŒfocal or di€use disease pa‹erns
in oncologic, haematologic, metabolic and musculoskeletal contexts[24, 25].
Its clinical applicaŒons include the assessment of mulŒple myeloma, skeletal metas-
tases from prostate or breast cancer, lymphoma, melanoma and gynecologic malig-
nancies, as well as the evaluaŒon of in‚ammatory lesions and treatment response in
arthriŒdes and myopathies . In addiŒon, since WB-MRI does not involve ionising radi-
aŒon and the associated risks, this technique is increasingly used for pediatric imaging
and cancer screening in individuals with hereditary cancer predisposiŒon syndromes
such as Li-Fraumeni or Neuro•bromatosis Type 1 (NF1).

In clinical pracŒce, WB-MRI is typically acquired either in the coronal or axial plane.
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Coronal acquisiŒons may reduce the overall scan Œme by requiring fewer staŒons (i.e.
coils) but they are more subject to distorŒons in DWI compared to axial scans with
equivalent •eld of view and slice coverage. Axial imaging is instead also compaŒble
with cross-secŒonal anatomy of other modaliŒes.
To ensure consistent interpretaŒon, slice thickness must be kept constant across all se-
quences and its typical numerical value in protocols ranges from 5 to 7 mm[24].
WB-MRI can be performed on both 1.5 T and 3 T scanners. In parŒcular, 3 T scanners are
preferred because they o€er high signal-to-noise raŒo (SNR) which is an essenŒal char-
acterisŒcs for quanŒtaŒve techniques. However, it is important to note that at higher
•eld strength the impact of •eld inhomogeneiŒes is much more pronounced and dis-
torŒons could be observed, especially near air-Œssue interfaces and in Dixon scans[27].
Among the other technical diƒculŒes, WB-MRI requires the coordinated use of mulŒ-
ple surface coils | including head-neck, spine and body arrays | to ensure consistent
image quality across the extended •eld of view. The acquisiŒons performed in sepa-
rate staŒons must be integrated in a post-processing step to obtain a single composite
volume from spaŒal alignment and merge.

In order to overcome the main limitaŒons of WB-MRI, dedicated guidelines such as
the Metastasis ReporŒng and Data System for Prostate Cancer (MET-RADS) and the
Myeloma Response Assessment and and Diagnosis System (MY-RADS) have been de-
veloped to promote protocol standardisaŒon and improve the reproducibility of WB-
MRI examinaŒons, especially in the context of mulŒcentre studies. These internaŒonal
recommendaŒons promote the standardisaŒon of acquisiŒon protocols in terms of se-
quence selecŒon and parameter opŒmisaŒon and also provide structured criteria for
image interpretaŒon and results reporŒng, enhancing consistency across insŒtuŒons
and over Œme[28, 25, 29].

1.3.2 WB-MRI in MulŒple Myeloma

MulŒple Myeloma (MM) is a malignant plasma cell disorder characterised by the clonal
proliferaŒon of plasma cells in the bone marrow. It is the second most common haema-
tological cancer and accounts for 1 % of all cancers, with an increasing worldwide inci-
dence[30, 31, 32]. In Europe, approximately 50000 new cases are diagnosed annually,
while in Italy the incidence is esŒmated at 5500{6000 new cases each year, with nearly
30000 paŒents currently living with the disease and a median age at diagnosis of 72
years[33].

Myeloma arises from geneŒc damage occurring during the development of plasma
cells in the bone marrow, leading to their uncontrolled proliferaŒon. These malignant
myeloma cells produce large quanŒŒes of a single, non-funcŒonal anŒbody known as
M-protein, monoclonal immunoglobulin or paraprotein. This accumulaŒon process, il-
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lustrated in Figure 1.12, interferes with the normal haematopoieŒc funcŒon of bone
marrow, prevenŒng normal blood cells - red and white blood cells and platelets - from
being produced.

Figure 1.12: Monoclonal plasma cell proliferaŒon and accumulaŒon in the bone marrow in
MulŒple Myeloma[34].

MulŒple Myeloma condiŒon is preceded by asymptomaŒc precursor condiŒons, bio-
logically related but clinically di€erent.
The earliest stage is Monoclonal Gammopathy of Undetermined Signi•cance (MGUS),
de•ned by the presence of a low concentraŒon of M-protein in the serum, less than
10% clonal plasma cells in the bone marrow and no evidence of end-organ damage.
MGUS is a benign condiŒon, present in 5% of the populaŒon above 50 years old, but
can progress to malignant Smoldering MulŒple Myeloma (SMM) with a rate of 1% per
year.
SMM is sŒll an asymptomaŒc condiŒon but M-protein concentraŒon in serum exceeds
3 g/dL and bone marrow in•ltraŒon of plasma cells ranges between 10% and 60%. In
the 5 years following SMM diagnosis, 10% of paŒents evolve to the MM condiŒon.

The transiŒon from the illustrated precursor stages to acŒve disease (MM) is de•ned
by the detecŒon of at least one Myeloma-De•ning Event (MDE), in combinaŒon with
either � 10% clonal plasma cells in the bone marrow or a biopsy-con•rmed plasmacy-
toma. MDEs include clonal plasma cell in•ltraŒon� 60% in the bone marrow, a serum
free light chain (FLC) raŒo� 100 (with the involved FLC concentraŒon� 100 mg/L) and
the presence of more than one focal lesion on MRI. In addiŒon, the proliferaŒve acŒv-
ity of malignant plasma cells leads to various organ dysfuncŒons that serve as further
evidence of acŒve disease. These clinical complicaŒons include hypercalcemia, renal
insuƒciency, anemia and lyŒc bone lesions and are known as the CRAB criteria[35].
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MM is a systemic disease since plasma cell in•ltraŒons in the bone marrow are dis-
tributed across the enŒre skeleton in a di€use pa‹ern. Whole-body imaging is neces-
sary to evaluate the bone marrow involvement in the axial and appendicular skeleton,
both for diagnosis and monitoring of MM.
Compared to other imaging modaliŒes such as CT or PET, WB-MRI has shown greater
sensiŒvity in detecŒng both focal and di€use pa‹ern of bone marrow in•ltraŒon, par-
Œcularly in early-stage disease. While CT primarily detects corŒcal bone destrucŒon and
PET results may be biased by low metabolic acŒviŒes, WB-MRI is the preferred imaging
technique to assess marrow composiŒon and to detect early bone involvement. With
the advantage of avoiding radiometabolites and ionising radiaŒon exposure, WB-MRI
is the •rst choice also in paŒents follow-ups and treatment monitoring[36].

As cited in WB-MRI Techniques and Clinical ApplicaŒons, the Myeloma Response As-
sessment and Diagnosis System (MY-RADS) was developed to promote standardised use
of Whole-Body MRI in paŒents with mulŒple myeloma. MY-RADS recommendaŒons
focus on acquisiŒon protocols, image interpretaŒon and reporŒng and provide a struc-
tured framework for staging, monitoring and treatment response evaluaŒon, based on
a combinaŒon of morphological, di€usion-weighted and quanŒtaŒve sequences.
The core clinical WB-MRI protocol recommended for mulŒple myeloma is summarised
in Table 1.1.

Sequence Detected
anatomical

region

AcquisiŒon
plane

Slice thickness Derived
calculaŒons

T‚ -weighted
FSE

Whole spine Sagi‹al 4-5 mm

STIR or
fat-suppressed

Tƒ

Whole spine Sagi‹al 4-5 mm

DWI (b=50-100
and 800-900
s/mmƒ) with

STIR fat
suppression

Whole body
(vertex to

knees)

Axial 5 mm ADC map from
monoexponen-
Œal data •“ng

T‚ -weighted
GRE Dixon
technique

Whole body
(vertex to

knees)

Axial ( or
coronal )

5 mm FF map from fat
and water

image
reconstrucŒons

Table 1.1: Core clinical WB-MRI protocol for mulŒple myeloma according to MY-RADS
guidelines[28]

24



1 PRINCIPLES AND TECHNIQUES OF MAGNETIC RESONANCE IMAGING

The detecŒon of focal lesions is based on the idenŒ•caŒon of hyperintense regions
on highb-valueDWI images, coregistered with Dixon-derived fat fracŒon maps[28]. In
cases of pathological marrow in•ltraŒon, the replacement of adipocytes and haematopoi-
eŒc cells by myeloma cells alters the Œssue microenvironment, resulŒng in increased
water di€usivity and a corresponding decrease in fat fracŒon relaŒve to normal mar-
row.

Beyond standardised image interpretaŒon and reporŒng of focal lesions, recent devel-
opments have enabled the use of radiomics and deep learning algorithms in WB-MRI
image analysis.
Radiomics refers to the extracŒon of several mathemaŒcally de•ned features from med-
ical images. The so obtained radiomic features quanŒtaŒvely describe structure, mor-
phology, texture and heterogeneity of Œssues, providing a deeper characterisaŒon of
the invesŒgated regions. Radiomic features serve as QIBs and can be integrated into
machine learning models to predict plasma cell in•ltraŒon, cytogeneŒc aberraŒons and
risk status directly from MRI images of the pelvic bone, in a non-invasive, repeatable
and mulŒ-focal assessment of the bone marrow[37].
In mulŒple myeloma, a further applicaŒon is the evaluaŒon of QIBs in regions near bone
marrow biopsy sites, restricŒng the image •eld in order to target the disease di€usion
pa‹erns in the pelvic bone. This invesŒgaŒon is denoted as radiopsy and aims to create
predicŒve models for clinical diagnosis based on relevant radiological features that are
correlated with histological •ndings. The quanŒ•caŒon and modelling of image charac-
terisŒcs near the biopsy site enable a virtual, non-invasive biopsy approach to monitor
paŒents during treatment and to esŒmate tumor burden by assessing disease in•ltra-
Œon in areas distant from the biopsy site[38].

1.4 MRI AcquisiŒon System and Protocols

All the MRI sequences analysed in this study were acquired using a Philips Ingenia 3T
scanner (Philips Healthcare, Best, The Netherlands), installed at the IsŒtuto Romag-
nolo per lo Studio dei Tumori (IRST) \Dino Amadori" in Meldola, Italy and shown in
Figure 1.13.
This system is equipped with a 3.0 Tesla superconducŒng magnet and the dStream dig-
ital broadband architecture, which allows for direct digital signal transmission from the
coil, improving signal-to-noise raŒo (SNR) and minimising analog signal degradaŒon.
Whole-body acquisiŒons were performed using a combinaŒon of coils, including Q-
Body, dS Anterior, dS Base, dS HeadNeck and dS Posterior coil. The conŒnuous cov-
erage from head to knees is obtained with automaŒc table movement across staŒons
and the •nal datasets are reconstructed into a single seamless image using the vendor's
MobiView algorithm for mulŒstaŒon image composiŒon.
The scanner supports parallel imaging acceleraŒon (SENSE) and is compaŒble with
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Figure 1.13: Philips Ingenia 3T scanner[39].

Compressed-SENSE which reduces scan Œme while preserving image resoluŒon and
contrast.
Signal transmission is achieved using the integrated body transmit coil, while recepŒon
is performed with mulŒ-array surface coils, automaŒcally selected for each anatomical
region. This setup provides high image homogeneity and consistent spaŒal resoluŒon
across the full •eld of view[39, 40, 41].

The scan parameters of both the imaging protocols used in this work | WB-MRI for
Healthy Tissue CharacterisaŒon and WB-MRI for MulŒple Myeloma Imaging | are re-
ported in WB-MRI Protocols and AcquisiŒon Parameters for QuanŒtaŒve Sequences,
with a special focus on the sequences relevant to the quanŒtaŒve analysis of healthy
Œssues and disease-related alteraŒons. Although both protocols included convenŒonal
anatomical sequences (such as T‚ and Tƒ-weighted images) for diagnosŒc and structural
assessment, the descripŒon is limited to the sequences considered in the present work
for their ability to provide reproducible and spaŒally resolved maps of Œssue di€usivity
and lipid content: di€usion-weighted imaging (DWI) and Dixon-based fat quanŒ•caŒon
techniques.

1.4.1 WB-MRI Protocols and AcquisiŒon Parameters for QuanŒtaŒve Sequences

The two WB-MRI protocols used in this work, both implemented and acquired at IRST in
Meldola, are the one dedicated to breast cancer paŒents, employed for healthy Œssue
characterisaŒon, and the one used for mulŒple myeloma imaging.
Both protocols include T‚ -weighted TSE and STIR TSE as convenŒonal anatomical se-
quences for diagnosŒc and structural evaluaŒon.
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The two protocols slightly di€ers in the anatomical coverage: the mulŒple myeloma
protocol extends from the vertex to the knees, while the breast cancer protocol cov-
ers from the vertex to approximately mid-thigh or just below the pelvic region. This
di€erence in coverage is re‚ected in the acquisiŒon duraŒons, which tends to increase
when addiŒonal anatomical staŒons are included, although sequence-speci•c param-
eters may also contribute to variability between protocols.

DWI is included in both protocols and can be classi•ed as spin-echo echo-planar imag-
ing (SE-EPI) scheme with inversion recovery fat suppression, o€ering rapid acquisiŒon
with robust sensiŒvity to microscopic water moŒon. This allows for voxel-wise ADC
computaŒon through mono-exponenŒal •“ng of the signal a‹enuaŒon between two
di€usion weighŒngs (i.e. two images acquired at di€erentb-values).
The acquisiŒon parameters for both protocols are summarised in Table 1.2.

AcquisiŒon Parameter
WB-MRI for

Healthy Tissue CharacterisaŒon
WB-MRI for

MulŒple Myeloma Imaging
AcquisiŒon DuraŒon [s] 204.62 172.84
Pulse Sequence Name DwiIR DwiIR
Echo Pulse Sequence SE SE

AcquisiŒon Plane Axial Axial
Slices Thickness [mm] 6 6

FOV [mm]/AcquisiŒon Matrix 450/128Ö128 450/128Ö106
Pixel Spacing [mm] 1.8Ö1.8 1.8Ö1.8

Phase Encoding DirecŒon AP AP
SENSE AcceleraŒon Yes Yes

TR/TE [ms] 4946.64/62.80 8642.15/53.02
Echo Train Length 47 31

Echo Numbers 1 1
Flip Angle [� ] 90 90

Pixel Bandwidth [Hz/pixel] 3130.00 3734.53
Fat Suppression Technique SPIR SPIR

b-values[s/mm2] 50, 800 50, 800
Di€usion Gradient DirecŒons 3 3

Table 1.2: AcquisiŒon parameters for DWI sequences in both WB-MRI protocols.

Despite minor variaŒons in acquisiŒon parameters between the DWI sequences used in
the two protocols such as repeŒŒon Œme, echo Œme, acquisiŒon matrix size, echo train
length and pixel bandwidth, these di€erences are not expected to signi•cantly a€ect
the comparability of ADC values. Such parameters primarily in‚uence image quality
factors like signal-to-noise raŒo, resoluŒon and scan Œme. However, both sequences
share the same pulse sequence design (DwiIR), acquisiŒon plane (axial),b-values(50
and 800 s/mmƒ), number of di€usion gradient direcŒons (3) and fat suppression tech-
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nique, ensuring consistent di€usion weighŒng and anatomical coverage. Therefore,
the two protocols can be considered technically comparable for the voxel-wise quan-
Œ•caŒon of Œssue di€usivity and the results obtained for paŒents scanned with either
protocols can be considered equivalent and suitable for direct comparison.

The fat fracŒon (FF) maps analysed in this study were generated using a dual-echo
gradient-echo (GRE) sequence, implemented on the Philips Ingenia 3T scanner as part
of the vendor-speci•c mDixon family (Pulse Sequence Name: T1FFE). This implementa-
Œon, o‰en referred to as mDixonAll, acquires two echoes with di€erent echo Œmes and
applies a two-point Dixon reconstrucŒon algorithm to separate fat and water compo-
nents. The resulŒng parametric maps provide voxel-wise esŒmates of proton-density
fat fracŒon expressed as a percentage. In both protocols, the short echo train length
(Echo Train Length = 2) is consistent with the dual-echo design and enables fat-water
decomposiŒon with minimised artefacts.

AcquisiŒon parameters used in the two WB-MRI protocols are summarised in Table 1.3.
The two FF sequences are technically equivalent and, as stated for DWI sequences, the
di€erences between the two protocols are not expected to signi•cantly alter the qual-
ity or quanŒtaŒve consistency of the resulŒng maps.

AcquisiŒon Parameter
WB-MRI for

Healthy Tissue CharacterisaŒon
WB-MRI for

MulŒple Myeloma Imaging
AcquisiŒon DuraŒon [s] 13.67 16.05
Pulse Sequence Name T1FFE T1FFE
Echo Pulse Sequence GRE GRE

AcquisiŒon Plane Axial Axial
Slice Thickness [mm] 3 3

FOV [mm]/AcquisiŒon Matrix 430/268Ö217 480/300 Ö237
Pixel Spacing [mm] 0.8 Ö0.8 0.8 Ö0.8

Phase Encoding DirecŒon AP AP
SENSE AcceleraŒon Yes Yes

TR/TE [ms] 3.79/shortest 3.64/shortest
Echo Train Length 2 2

Echo Numbers 1 1
Flip Angle [� ] 10 10

Pixel Bandwidth [Hz/pixel] 1110 1344.09
Fat QuanŒ•caŒon Model 2-point Dixon 2-point Dixon

Table 1.3: AcquisiŒon parameters for Fat FracŒon sequences (mDixonAll-based) in both
WB-MRI protocols.

In addiŒon to the convenŒonal dual-echo mDixon-based sequences used for FF map-
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ping, the more recent mDixonQuant implementaŒon has been lately integrated into
the WB-MRI protocols for both breast cancer and mulŒple myeloma imaging.
This sequence is based on a low-‚ip-angle, mulŒ-echo gradient-echo acquisiŒon (Pulse
Sequence Name: T1FFE), speci•cally designed to support advanced fat quanŒ•caŒon
through a mulŒ-peak fat spectral model. The mDixonQuant framework acquires six
echoes with di€erent echo Œmes (Echo Train Length = 6), enabling simultaneous esŒ-
maŒon of fat, water and T�

ƒ maps while correcŒng for confounding e€ects such as eddy
currents and •eld inhomogeneiŒes. This sequence was iniŒally developed for the ac-
curate quanŒ•caŒon of hepaŒc fat content but was subsequently opŒmised for whole-
body imaging applicaŒons with high spaŒal resoluŒon and short acquisiŒon Œmes over
a wide range of echo Œmes and •elds of view[20].

AcquisiŒon parameters used for the mDixonQuant sequences in both WB-MRI proto-
cols are summarised in Table 1.4.
The sequence design and acquisiŒon parameters are idenŒcal in both the protocols.
The only di€erent value is the acquisiŒon duraŒon and it is due to the anatomical cov-
erage of the protocols.

AcquisiŒon Parameter
WB-MRI for

Healthy Tissue CharacterisaŒon
WB-MRI for

MulŒple Myeloma Imaging
AcquisiŒon DuraŒon [s] 12.61 15.20
Pulse Sequence Name T1FFE T1FFE
Echo Pulse Sequence GR GR

AcquisiŒon Plane Axial Axial
Slice Thickness [mm] 6 6

FOV [mm]/AcquisiŒon Matrix 400/160Ö160 400/160Ö140
Pixel Spacing [mm] 2.1Ö2.1 2.1Ö2.1

Phase Encoding DirecŒon AP AP
SENSE AcceleraŒon Yes Yes

TR/TE [ms] 5.61/shortest 5.61/shortest
Echo Train Length 6 6

Echo Numbers 1 1
Flip Angle [� ] 3 3

Pixel Bandwidth [Hz/pixel] 2367 2367
Fat QuanŒ•caŒon Model MulŒ-peak Dixon MulŒ-peak Dixon

Table 1.4: AcquisiŒon parameters for Fat Quant sequences (mDixonQuant-based) in both
WB-MRI protocols.
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2 QuanŒtaŒve ADC Analysis in Healthy
Tissues

In order to apply the Apparent Di€usion Coeƒcient (ADC) as a reliable clinical biomarker,
it is essenŒal to de•ne its typical range and variability in normal Œssues. Deriving ref-
erence distribuŒons and staŒsŒcal measures from a well-controlled healthy cohort is
necessary to disŒnguish physiological variability from pathological alteraŒons in clini-
cal pracŒce and research applicaŒons.

This chapter presents the quanŒtaŒve assessment of ADC in healthy Œssues, focusing
on seven anatomically disŒnct organs.
Regions of interest (ROIs) were manually placed on WB-MRI images acquired with a
standardised protocol from a large cohort of healthy subjects and later processed for
feature extracŒon. StaŒsŒcal analysis was performed to describe the behaviour of ADC
values and the results are presented in terms of sample repeatability, organ-speci•c
characterisaŒon and intra-subject repeatability for a single paŒent.

2.1 PaŒents

This study was based on a dataset of 20 adult female paŒents who underwent WB-MRI
at the IRST "Dino Amadori" (Meldola, Italy) between 2023 and 2025, as part of clinical
staging or follow-up for oligometastaŒc breast cancer. All imaging was acquired using a
standardised WB-MRI protocol[29], described in detail in WB-MRI Protocols and Acqui-
siŒon Parameters for QuanŒtaŒve Sequences. Di€usion-Weighted Imaging (DWI) was
performed with two b-values(0 and 800 s/mmƒ) and Apparent Di€usion Coeƒcient
(ADC) maps were generated through mono-exponenŒal •“ng.

PaŒents with invasive ductal or lobular carcinoma were excluded to minimise the like-
lihood of undetected lesions in the Œssues of interest. Only scans showing no visible
abnormaliŒes in the target organs were considered for analysis. Furthermore, images
were reviewed to ensure high diagnosŒc quality: acquisiŒons containing severe moŒon
artefacts or scanner-induced distorŒons were excluded so that only anatomically intact
regions were included in the ROI analysis.

The dataset includes 20 paŒents (mean age 57� 13 years, range: 35{79 years) for a to-
tal of 41 acquisiŒons. For most subjects, mulŒple Œme points were selected, as paŒents
typically underwent repeated WB-MRI examinaŒons for clinical staging and monitoring.
Among the available scans, a subset was selected for each paŒent based on image qual-
ity and study requirements. Speci•cally, two acquisiŒons were selected for 14 paŒents,
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one acquisiŒon for four paŒents, three acquisiŒons for one paŒent and six longitudinal
scans for one paŒent, with inter-scan intervals ranging from three to nine months.
This structure enables both inter-subject analysis across the whole healthy cohort and
intra-subject repeatability assessment based on longitudinal data from a single case.

2.2 Data CollecŒon and Processing

Following image acquisiŒon, all data were anonymised and processed to extract quanŒ-
taŒve di€usion metrics from anatomically healthy Œssues. All 41 acquisiŒons underwent
the same standardised analysis work‚ow to maximise reproducibility and comparabil-
ity across subjects. The following secŒons describe in detail the methodology used for
ROIs selecŒon and placement and radiomic feature extracŒon using the SIBEX so‰ware.

To verify the accuracy of ADC measurements, a preliminary test acquisiŒon was per-
formed using a spherical water phantom at room temperature. The mean ADC value
measured in the phantom (2047� 61 mmƒ/s) was consistent with expected reference
values, supporŒng the reliability of the imaging protocol[42].

2.2.1 ROIs Placement

WB-MRI visualizaŒon and ROIs placement were performed using MIM®(MIM So‰ware
Inc., Cleveland, OH, USA[43]), a commercial plaŠorm widely used in clinical imaging
and research applicaŒons. The so‰ware allowed for interacŒve manipulaŒon of the
mulŒ-planar image data and facilitated consistent ROIs placement across paŒents and
anatomical planes.

To evaluate di€usion properŒes across mulŒple Œssue types, seven anatomically dis-
Œnct regions were selected: liver, spleen, pancreas, kidneys, vertebrae, pelvic bone
and femoral head. These organs were chosen for their clinical relevance, their Œssue
heterogeneity and their inclusion in Whole-Body MRI assessments. Importantly, they
represent a mix of parenchymal and osseous Œssues with varying microstructural prop-
erŒes and di€usion behaviours, providing a comprehensive sampling of physiological
ADC values.

For each organ, three regions of interest (ROIs) were manually placed to improve sta-
ŒsŒcal robustness. ROIs were drawn with a cylindrical shape and a target volume of
approximately 2.6 cm„ . Based on voxel dimensions (1.8Ö1.8Ö6 mm„ ), this corresponds
to an average of� 140 voxels per ROI, although minor variaŒons occurred due to pixel
interpolaŒon introduced by the MIM®so‰ware during placement.
Due to its smaller anatomical size and more irregular shape, the pancreas required a
reduced ROI volume of 0.5 cm„ , in order to ensure precise placement and avoid parŒal
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