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-ABSTRACT-

Purpose

This PhD research aimed to evaluate the impact of introduction of multiparametric
Whole Body-Magnetic Resonance Imaging (WB-MRI) evaluation in patients affected
by myeloma. It focused on diagnostic accuracy of WB-MRI with 18F-
Fluorodeoxyglucose Positron Emission Tomography/Computed Tomography (PET-CT)
and assessing its impact on clinical management. Additionally, it explored quantitative
WB-MRI using advanced radiomics techniques.

Materials and Methods

The study was conducted within the AccuMRI IRST protocol, enrolling 177 patients
from October 2020 to January 2024, with 134 patients undergoing both WB-MRI and
PET-CT within one month. Clinical and laboratory data related to myeloma disease
were collected. The first objective was to assess diagnostic accuracy of WB-MRI and
PET-CT in the detection of bone marrow involvement (BMI) in patients with multiple
myeloma (MM) and high-risk smoldering multiple myeloma (HR-SMM). Furthermore,
inter reader agreement of 3 radiologists with different level of expertise was performed
on reporting WB-MRI in 52 patients. Additionally, an evaluation of WB-MRI
acceptability by 134 patients was performed. The second objective focused on explore
quantitative WB-MRI, leveraging radiomics to extract imaging biomarkers, specifically
on Apparent Diffusion Coefficient (ADC) and Fat Fraction (FF) maps, in a cohort of 84
patients (45 MM, 39 HR-SMM) to differentiate between HR-SMM and multiple
myeloma MM. 6 Volumes of interest (VOI) were placed both in FF and in ADC maps
on pelvic bone (4) and spine (2). Rl and RS are placed around side of bone marrow
trephine. Imaging data were analysed with first, second and higher order quantitative
imaging biomarkers focusing on bone marrow biopsy sites. Logistic regression models
were developed using LASSO feature selection and internally validated with cross-
validation.

Results

WB-MRI demonstrated a sensitivity of 100% (66/66) and specificity of 97% (31/32) for
BMI detection in MM, while PET-CT showed 89% sensitivity (59/66) and 97%
specificity (31/32) (p=0.02 for sensitivity). Additionally, patients with BMI in at least
one imaging modality compared to those without BMI in both WB-MRI and PET-CT,



demonstrated: in HR-SMM higher blood paraprotein levels (p=0.01), in MM higher
blood paraprotein level (p=0.007) and lower-level haemoglobin (p=0.002). WB-MRI
had a significant impact on clinical management, with treatment modifications
consistent in 97% of cases with WB-MRI findings compared to 61% for PET-CT.
Inter-reader agreement for BMI evaluation using MY-RADS was excellent (Brennan
and Prediger > 0.81) across most regions, with ICC values > 0.9 for FF and ADC
evaluations except in the limbs (ICC=0.78 for ADC). Overall, WB-MRI was
appreciated by the majority of patients (121/134, 90.3%), 68.7% of the patients
preferred WB-MRI over other imaging modalities. The preference for imaging
modalities was age-dependent (ANOVA p=0.011), while (Chi-squared p > 0.05) was
independent of sex and a primary cancer site.

Our preliminary radiomics models demonstrated robust performance in distinguishing
between HR-SMM and MM, with a median AUC of 0.80 in the training phase and 0.70
in the test phase. The RS VOI near the biopsy site showed the highest predictive
accuracy (AUC = 0.76 in test). The predictive power remained consistent across distant
VOls, with an AUC ranging from 0.69 to 0.78. Furthermore, the mean intensity of both
FF and ADC sequences correlated moderately with the bone marrow plasma cell
percentage (PC%), demonstrating the potential of radiomics to provide complementary
information to standard biopsy-based biomarkers. The radiopsy model based on WB-
MRI outperformed mean rFF alone but was inferior to plasma cell infiltration
percentage for diagnostic accuracy.

Conclusion

This study demonstrates that WB-MRI provides superior diagnostic accuracy compared
to PET-CT for detecting BMI in myeloma patients and significantly impacts clinical
management. Quantitative WB-MRI, combined with radiomics, offers a promising non-
invasive approach for improving risk stratification and guiding treatment decisions.
Additionally, MY-RADS criteria for WB-MRI interpretations are reproducible, with
excellent inter-reader agreement. WB-MRI is a clinically valuable, patient-friendly

imaging modality for managing multiple myeloma.



-INTRODUCTION-

1.1  DIAGNOSIS OF MULTIPLE MYELOMA

Multiple myeloma (MM) is the second most common hematologic cancer. It accounts
for approximately 1% of cancers and 10% of all hematologic malignancies. MM
originates in plasma cells, which are a vital component of the immune system
responsible for producing antibodies. In MM, these plasma cells become malignant,
proliferating uncontrollably and leading to various health complications including bone

lesions, anaemia, increased infections and kidney damage or failure [1] (Figure 1.1).
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Diagnosis typically involves a combination of blood tests to detect abnormal proteins
(M proteins), urine tests for Bence Jones proteins, and bone marrow biopsy to identify
malignant plasma cells [2,3]. The prognosis of MM varies significantly based on
several factors, including the stage at diagnosis and individual response to treatment.
The five-year survival rate is approximately 54% in the United States, but this can range
from 40% to 82% depending on specific circumstances [4]. Early diagnosis and
treatment are crucial for improving outcomes.

MM evolves from a clinically silent premalignant stage termed monoclonal
gammopathy of undetermined significance (MGUS) with a risk of progression to MM

or related malignancy at a rate of approximately 1% per year. A small subset of patients



has an intermediate clinical phenotype between MGUS and MM, and they are referred
to as having smouldering multiple myeloma (SMM) that has a risk of progression of
approximately 10% per year. In 2014 International Myeloma Working Group (IMWG)
updated criteria for the diagnosis and treatment of these pathologies (Table 1.1) [3,5].

Disorder Diagnostic Criteria

- M-protein: Serum monoclonal protein <3 g/dL.
- Bone Marrow Involvement: Clonal plasma cells
Monoclonal Gammopathy of Undetermined <10% in the bone marrow.

Significance (MGUS) - Absence of End-Organ Damage: No evidence of
hypercalcemia, renal insufficiency, anaemia, or
bone lesions (collectively known as CRAB

features).

Both criteria must be met:

+ Serum monoclonal protein (IgG or IgA) >3

. . gm/dL, or urinary monoclonal protein >500 mg
Smoldering Multiple Myeloma (SMM)
per 24 h and/or clonal bone marrow plasma cells
10-60%

* Absence of myeloma defining events or

amyloidosis

Both criteria must be met:

* Clonal bone marrow plasma cells >10% or
Multiple Myeloma (MM) biopsy-proven bony or extramedullary
plasmacytoma

* Any one or more of the myeloma defining

events

Tab.1.1: IMWG diagnostic criteria for monoclonal plasma cells disorders.

Myeloma defining events are represented by the SLiM CRAB criteria, an updated
framework for diagnosing active multiple myeloma established by IMWG. SLiM
introduces specific biomarkers that can indicate multiple myeloma even in the absence
of the classic end-organ damage CRAB symptoms, allowing for earlier diagnosis and
intervention.

SLiM CRAB Criteria:

CRAB stands for the classic end-organ damage indicators associated with multiple

myeloma:

e Calcium elevation: Serum calcium >11.5 mg/dL.



e Renal insufficiency: Serum creatinine >2 mg/dL or creatinine clearance <40
mL/min.
e Anaemia: Haemoglobin <10 g/dL or a decrease of >2 g/dL from baseline.
e Bone lesions: Presence of one or more osteolytic lesions seen on imaging (e.g.,
X-ray, MRI, or PET/CT).
SLiM Biomarkers
e S: Clonal plasma cells >60% in the bone marrow.
e Li: Serum involved/uninvolved free light chain ratio >100, with the involved
free light chain level being >100 mg/L.
e M: More than one focal lesion on MRI, each >5 mm in size.
The incorporation of SLiM biomarkers allows for earlier diagnosis and treatment of
multiple myeloma, potentially before significant organ damage occurs. This is crucial as
patients identified under these criteria may have a high risk of progression to
symptomatic disease. The presence of at least one SLiM biomarker or any CRAB
feature is sufficient for diagnosing active multiple myeloma. Studies have shown that
patients meeting SLiM criteria have an approximately 80% risk of developing
myeloma-related organ damage within two years.
High-risk smoldering multiple myeloma (HR-SMM) represents a critical phase in the
continuum from monoclonal gammopathy of undetermined significance (MGUS) to
active multiple myeloma. HR-SMM is characterized by specific biomarkers that
indicate a significant likelihood of progression to MM. Studies indicate that: the 2-year
risk of progression for patients with >60% clonal plasma cells can be as high as 95% in
some cohorts; for those with an FLC ratio >100, the 2-year progression risk is
approximately 72%, with median time to progression (TTP) around 15 months. A
systematic review and meta-analysis demonstrated that patients meeting high-risk
criteria have longer TTP and lower progression risks than previously reported [6]. They
may benefit from early therapy with lenalidomide as a single agent prolonging time to
symptomatic MM with end-organ damage [7,8]. The SLiM CRAB criteria provide a
structured framework for identifying these patients, enabling better risk stratification
and management strategies aimed at improving outcomes. Regular monitoring and
assessment are key components in managing this patient population effectively.
The SLiIM CRAB criteria represent a departure from traditional management

approaches that delayed treatment until the onset of symptoms. By recognizing



biomarker-defined myeloma as a legitimate disease state, clinicians can now intervene
earlier to manage high-risk patients, with the potential to improve both outcomes and
quality of life. As a matter of fact, end-organ damage in MM includes osteolytic bone
lesions and renal failure, at times, they are not reversible, and they can cause significant
morbidity to patients. Bone disease affects quality of life and represent the major cause
of morbidity and mortality; as a matter of fact, 70% of MM patients has bone
involvement at staging and 80-90% develop bone lesion during the disease [9]. As
research continues to evolve, these criteria will likely play a pivotal role in shaping
future therapeutic approaches in multiple myeloma care.



1.2 IMAGING IN MYELOMA

Bone disease is the most frequent feature of MM and impairs patients ‘quality of life
representing a major cause of morbidity and mortality. Because 80% to 90% of all
patients with MM develop bone marrow (BM) involvement, imaging plays a very
important role in the management of MM. Imaging is pivotal in the accurate
differentiation between solitary plasmacytoma and MM, it is necessary for detection of
focal lesion that represent one of the myeloma defining events (MDE) as well as to
predict the risk of progression from HR-SMM to active MM. Additionally, it could
identify extramedullary disease (EMD) which is recognized as unfavourable prognostic
feature [9,10].

A conventional radiographic skeletal survey was historically used for the assessment of
bone lesions in patients with MM. Many studies have shown higher sensitivity for the
detection of focal lesions with whole-body low-dose computed tomography (WB-LD-
CT), 18F-fluorodeoxyglucose (FDG)-positron emission tomography-computed
tomography (PET-CT) and whole-body magnetic resonance imaging (WB-MRI)
compared to conventional radiographic skeletal surveys [9, 11]. Even if the diagnosis
and response assessment primarily depend on the clinical and laboratory criteria [12],
total-body imaging techniques are an indispensable element in the staging and post-
treatment re-evaluation due to an accurate assessment of the degree of bone marrow
involvement, replacing the conventional skeletal survey. This led to the introduction of
these imaging methods into international guidelines. IMWG suggest a range of possible
imaging investigations including CT, PET-CT, and MRI [13]. In the IMWG
recommendations, WB-LD-CT is central in initial patient assessment for the detection
of osteolytic lesions, but its interpretation is not so simple since focal lytic MM lesions
on CT are difficult to distinguish from osteopenia and degenerative phenomena that are
often present. An additional interpretative challenge on CT is the differential diagnosis
of soft tissue attenuation in the bone marrow cavity that could be due to both
replacement of red marrow by yellow marrow and pathologic tissue. PET-CT is
considered as an alternative method at staging in MM patients. They are used as a triage
method for patients eligible for WB-MRI in instances of negative or inconclusive
results. [10,14]. IMWG recommends WB-MRI for all patients with a suspected



diagnosis of SMM or MM and in case of suspected relapse because of its superior
sensitivity and utility in identifying myeloma-defining events. Furthermore, PET-CT is
recommended as the modality of choice for assessing treatment response. WB-MRI is
the first line imaging method for bone solitary plasmacytoma, whilst PET-CT in case of
extramedullary plasmacytoma [13]. In the United Kingdom, WB-MRI is recommended
as first line imaging for all patients with a suspected new diagnosis of myeloma [15].
The British Society for Haematology additionally recommended the use of WB-MRI for
monitoring response of non-secretory myeloma, oligo-secretory myeloma, and for those
patients with extramedullary disease [16].

In patients with MM, more than one Focal Lesion (FL) on MRI that is at least 5Smm or
greater in size is include in SLiM CRAB criteria as MDE for establish need of systemic
treatment; this criterion allows the identification of bone lesions before the osteolytic
damage visible on CT. Osteolytic lesions are visible on CT when bone destruction has
already occurred and affected at least 30% of the bone trabeculae. Focal lesions
represent foci of plasma cells accumulation within bone marrow and can be detected
before destruction of mineralized bone [17].

Moreover, restrictions in the choice of modality have to be addressed. First, local
availability and costs favour CT [15]. Second, patient characteristics may influence the
choice. Although the number MRI-compatible metallic implants and medical devices is
increasing, the technique is still contraindicated in patients with several older or
incompatible models, due to the risk of device failure and heating. Claustrophobia is an
additional serious limitation to MRI. The more time-consuming WB-MRI examination
may be challenging for patients with active MM who suffer from bone pain, as they are
asked to lie as motionless as possible during image acquisition. Otherwise, motion
artifacts may impede the interpretation of MR images. For some patients, MRI is the
preferred imaging modality due to the need to differentiate benign from malignant
vertebral fractures or to assess painful complications and spinal cord compression
[18,19,20].

18F-FDG PET-CT is a functional whole body imaging modality to assess disease
presence, response or progression by revealing changes in metabolic activity of cells
within neoplastic tissue even without the evidence of morphological changes. The
recently published Italian criteria for myeloma for PET use (IMPeTUs) provided a
standardization of post therapy PET-CT interpretation, in particular the refinement of
the definition of complete metabolic response and its integration into MM staging
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systems. These criteria are a comprehensive evaluation including various
semiquantitative parameters (SUV max, PET-FLs, CT lytic lesions, fracture lesions,
PMD/ EMD disease) and are based on the 5 points Deauville scale (D5-PS), just as for
lymphoma [21].

As for PET-CT, MRI evaluation should include the entire body because up to 10% of
patients have only appendicular skeleton involvement, and up to 50% of the lesions
would be missed performing only the MRI spine [22,23].

WB-MRI is a radiation-free and contrast administration-free imaging method for
detecting bone and soft tissue pathology. It combines high quality morphological
images with “functional” information. Diffusion-weighted imaging (DWI) is based
upon measuring the random Brownian motion of water molecules mostly in
extracellular space within a tissue [24]. It is emerging as a core sequence of WB-MRI
protocols for disease assessment because of its sensitiveness to tissue cellularity and cell
viability offering excellent lesion-to-background contrast and quantification of the
degree of water motion by calculation of the apparent diffusion coefficient (ADC) map;
changes in ADC can reflect variations in cellularity [25, 26]. DWI and ADC are being
used clinically as qualitative (DWI) and quantitative (ADC) indicators of disease
presence, progression or response to treatment. The biological model of bone-marrow
tumour response proposed by Padhani et al [26, 27] noted that the impact on
quantitative MRI measurements is influenced by the mechanism of action of the drug in
question (mode of tumour cell death), the intrinsic susceptibility of the tumour to
treatment, and early and late stromal reactions of the bone marrow to tumour cell death.
In this scheme (Figure 1.2), re-emergence of fat is part of the bone marrow repair
process. An abundance of yellow bone marrow fat causes low signal intensity on high
b-value DW images. Increasing bone marrow cellularity of red bone marrow and water
content increases signal intensity and paradoxically increases ADC values. Successful
therapy results in increases in ADC values and decreases in signal intensity consistent
with decreasing cellularity but T2-shine through effects following therapy would

increase both signal intensity and ADC values.
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Fig.1.2. Changes in ADC values and high b-value signal intensity in response to therapy [27].

Relationships between bone marrow cell type and ADC; the green box represents tumour response with increased
free tissue water, the burgundy box represents cellular tumour tissue with bound water, and the green-brown box
represents tissue with absent viable tumour containing a variety of tissue elements. F% is fat fraction percentage.

Dixon-type pulse sequences T1 and the relative FF map, derived from fat and water
images, allow quantitative measurement of fat in bone marrow and could be used to
evaluate disease assessment [28,29,30]. The combination of anatomical sequences and
at least two “functional” quantitative sequences made WB-MRI as multiparametric [31].
WB-MRI protocol should include DWI improve diagnostic sensibility and ADC and FF
images in conjunction with all other sequences to maximise specificity in report. In
WB-MRI, the quantitative assessment of bone lesions relies on ADC maps and FF
maps, that allows both better baseline staging and response assessment in myeloma
patients [10,32,33] (Figure 1.3).
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Fig.1.3: Changing in fat, water and plasma cell content during myeloma disease [33].

Interpretation of imaging studies of myeloma patients is often challenging. In the field
of plasma cell disorders, application of the Guidelines for Acquisition, Interpretation,
and Reporting of Whole-Body MRI in Myeloma: Myeloma Response Assessment and
Diagnosis System (MY-RADS) is fundamental for standardization [23]. MR images
show patterns of myeloma disease: normal, focal (focal lesions > 5mm), diffuse, focal
on diffuse, micronodular (focal lesion < 5mm) and paramedullary/extramedullary tissue.
Additionally, MY-RADS provides a mean for assessing response to treatment using
Response Assessment Criteria (RAC), a Likert scale with five points. The ADC
evaluation is included in RAC along with correlation with morphological information.
For soft tissue disease, either paramedullary or extramedullary, are used as size criteria
of Response Evaluation Criteria in Solid Tumors (RECIST) 1.1 . Specifically, RAC 1
and 2 assess therapeutic response, RAC 3 stability, and RAC 4 and 5 progression of
disease. It is proposed a structured report for WB-MRI with evaluation of a maximum
of 5 “dominant” lesions and 2 RAC (primary for predominant pattern and secondary for
other pattern in case of mix response) in each single skeletal region (skull, cervical
spine, dorsal spine, lumbar spine, pelvis, extremity and ribs) and for paramedullary and
extramedullary disease.

PET-CT and WB-MRI provide different and complementary information on the tissue

under investigation giving information about BM in case of not only bone destruction,
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but also assessing tumour burden and disease activity and they can identify bone disease

before bone damage. Table 1.2 summarizes actual evidence about these methods [11].

FDG PET-CT WB-MRI
) ) 15-20 min (including radiopharmaceutical )
Scanning Time o ) 40-60min
injection- 60min)

Contrast medium injection yes None
Radiation Exposure 6-15mSv None
Standardisation and o o

o IMPeTUs criteria MY-RADS guidelines
reproducibility
Focal bone lesions ) o ] o
] Higher Specificity Higher sensitivity
involvement
Diffus bone marrow Highest sensitivity and
involvement specificity

Gold standard for skeletal-
Extramedullary and ) )
) Favored technigue to assess EMD related events and spinal
paramedullary tissues )
cord compression

. . . Emerging data
Evaluation response to modality of choice .
Early changes in ADC e rFF

treatment Early changes in FLs (7 days
y chang (7 days) (21 days)

Lack of data (need further investigations). No statistically significant
Impact on clinical decision difference in the clinical decision to treat.
Patient acceptancy (WB-MRI>PET-CT)

Prognostic Value (no
. . FLs number
direct comparisons FLs number, SUV max value, )
Diffuse pattern

between the two presence/absence of EMD
ADC and FF

techniques)

Tab 1.2: pro and cons of WB-MRI and PET-CT in myeloma. Abbreviations: ADC (apparent diffusion coefficient);
FDG PET-CT (fluoro deoxyglucose positron emission tomography computed tomography); FL (focal lesion); WB-
MRI (multiparametric whole-body magnetic resonance imaging); SUVmax (maximum standardized uptake value);

EMD (extramedullary disease).

A multitude of studies has examined performance of PET-CT relative to various MRI
protocols.

Currently the high sensitivity of WB-MRI is explicitly acknowledged and WB-MRI
with DWI (the protocol recommended by the IMWG for evaluation of monoclonal
plasma cell disorders) is the most sensitive method to detect bone marrow infiltration

for both bone focal lesions (FLs) and diffuse pattern and to evaluate extramedullary
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tissues [10]. Moreover marrow biopsy results were more strongly associated with WB-
MRI findings at the iliac crest [34]. PET-CT has higher specificity than WB-MRI and it
is currently the modality of choice for assessing treatment response and for determining
minimal residual disease-negative status [12,35,36].

Comparative studies have suggested that WB-MRI is more sensitive than PET-CT for
the detection of BM infiltration at diagnosis of MM thanks to its high spatial resolution
and sensitivity to diffuse pattern and to the lack of FDG uptake in a significant (10-
15%) proportion of MM patients which has low-no uptake of FDG myeloma likely due
to a low hexokinase-2 expression that is involved in the glycolytic pathway. WB-MRI
lower specificity can be attributed to the lack of standardization of protocol and
interpretation [34,37,38,39].

Findings on MRI also have prognostic value. The presence of more than 1 FL on
baseline MRI is a poor prognostic indicator in terms of progression free survival (PFS);
the presence of more than 7 lesions is associated with a significantly worse 5-year
survival rate [10]. Although not currently considered a myeloma-defining event, a
diffuse pattern of bone marrow infiltration is considered an indicator of poor prognosis
and correlates with measures of tumour burden and markers or risk [39,40]. Recent
studies indicate that the presence of more than three large focal lesions (>5 cm?) on
WB-MRI is an independent prognostic factor for both PFS and overall survival (OS).
PET-CT also has a prognostic value; parameters such as the number of FLs, maximum
standardized uptake value (SUVmax) and the presence of EMD correlating with shorter
OS and PFS [11].

Response assessment in MM primarily depends on measurement of monoclonal protein
secreted by plasma cells, in the serum or urine [3]. However, precise imaging disease
assessment and evaluation response to anticancer therapy is fundamental in the optimal
management of patients. WB-MRI and PET-CT are the modalities of choice also to
evaluate minimal residual disease (MRD). Enhanced with DWI and ADC mapping,
WB-MRI allows for the early identification of bone lesions and better differentiation
between active and inactive disease; post-treatment changes in ADC values following
chemotherapy can reflect reductions in tumour cellularity and these quantitative
measurements can help identify residual disease even in the absence of morphological
changes. Studies have shown that an increase in ADC values is associated with a
favourable treatment response, while stable or decreasing ADC values may indicate
persistent or progressive disease [11]. In recent original article, Belotti et al.
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investigated the prognostic role of RAC criteria in 64 newly diagnosed MM patients
after autologous stem cell transplantation (ASCT), and they combined the results of
MY-RADS with those of minimal residual disease (MRD) assessment by
multiparametric flow cytometry (MFC). They demonstrate that RAC criteria were able
to independently stratify patients and to better predict their prognosis and the combined
use of WB- MRI with MFC allowed a more precise evaluation of MRD. Patients with
complete imaging response (RAC1) had better overall survival (OS) and post-ASCT
progression free survival (PFS) than patients with imaging residual disease (RAC>2)
[41].

Given the heterogeneous data in this topic and the heterogeneous characteristics of MM,
recent original articles, meta-analysis and state of the art suggest that it remains unclear
which modality may be the best for response assessment and, maybe, a complementary
role of WB-MRI and PET-CT could be considered for an optimal work-up [38,42,
43,44].

Quantitative imaging biomarkers (QIB) are emerging research fields aiming to translate
quantitative imaging research into clinical practice. A biomarker is a measure: a
characteristic that is objectively measured and evaluated as an indicator of normal
biological processes, pathogenic processes, or pharmacological responses to a
therapeutic intervention. An imaging biomarker is a biological feature, or biomarker
detectable in an image relevant to a patient’s diagnosis [45,46].

The data of WB-MRI (DWI/ADC and FF) may be used as novel possible QIB to
evaluate disease at staging and response to therapy; in particular, MY RADS guidelines
allow response assessment including DWI/ADC [23]. DWI and ADC are being used
clinically as qualitative indicator of disease presence, progression or response to
treatment [47,48].

Moreover, interesting recent publications underline how FF evaluation can aid in the
differential diagnosis of malignant vertebral collapse and malignant focal lesion.
Malignant lesions present high signal intensity on high b-value DWI, pathologic ADC
values due to increased tumour cellularity and decreased fat content. In the study of
Castagnoli et al [49] malignant bone lesions showed significantly lower median FF
(13.87%) compared with normal bone marrow (89.76%) without significant difference
in the median FF of malignant lesions from breast (14.46%), myeloma (13.12%) and
prostate cancer (13.67%) (p > 0.017). Donners et al [50] found that combination high
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DWI signal, mean ADC < 1100 pm?/s and mean FF < 20% can identify active bone
metastases.

Schemeel et al [51] demonstrated that the ADC and proton density fat fraction (PDFF)
values of malignant lesions were significantly lower compared to benign lesions (mean
ADC 861 x 10° mm?/s vs. 1323 x 10 mm?/s, p < 0.001; mean PDFF 3.1% vs. 28.2%,
p <0.001).

In this scenario, the data published so far on whole body quantitative imaging are
particularly promising also in evaluation of response to therapy. Early changes in FF
have been shown to predict response and it seems likely that ADC and FF will be
complementary metrics [52,53,54]. Particularly noticeable is that increase in bone
marrow FF and ADC values are most discriminant features and outperform decrease in
size of FLs (IMWG criteria) to distinguish responders from non-responders’ patients
[38].

Although increasingly used and recommendation by international guidelines, WB-MRI
usage has been confined mainly to expert centres. Important steps in the process of
ensuring uniformity in the acquisition, interpretation, and reporting of WB-MRI are
needed.

A recent Italian survey on WB-MRI in oncology involving 48 members demonstrated
that WB-MRI was mainly performed at 1.5T MRI, with lymphoma, myeloma and
prostate cancer having been the most common indications. The extreme variability in
the choice of imaging protocols and use of contrast agents demonstrates the need of a
standardization of WB-MRI application in clinical practice [55].

Recent publications support the standardization of WB-MRI through implementation of
MY-RADS protocol involving scanners with a range of manufacturers, models and field
strengths. Quantitative measures of image quality were developed and shown to be
significantly correlated with radiological assessment. The OPTIMUM trial supports the
standardization of ADC as a quantitative biomarker for assessing treatment response.
Their rigorous protocol harmonization across multiple centres, which included DWI and
T1-w Dixon sequences, confirms that ADC can reliably reflect minimal residual disease
and changes in disease activity. By aligning protocol with similar recommendations, we
can ensure that ADC measurements are both consistent and clinically meaningful
[56,57]. Recommendations of UK quantitative WB-DW!I technical workgroup and of
Quantitative Imaging Biomarkers Alliance (QIBA) both for FF and for DWI support the
standardization and efficacy [58,59,60].
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It is important also training of radiologists in interpretation; a proposed learning curve
of WB-MRI in MM demonstrated that 80 reports lead to a high level of inter-observer

concordance [61].
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1.3 RADIOMIC STUDY IN ONCOLOGY:
Key Methodological Steps and Considerations

Radiomics is a promising field that enables the extraction of high-dimensional
quantitative features from standard medical imaging modalities, such as CT, MRI, and
PET. This approach is based on the idea that medical images contain intrinsic
information regarding the biological behaviour, structure, and microenvironment of
tumors, which are not readily discernible through visual inspection [62,63,64].

By mining these engineered or handcrafted features, which relate to image intensity,
shape, and texture, derived from predefined mathematical transformations, radiomics
aims to provide additional diagnostic, prognostic and predictive insights, potentially
revolutionizing cancer care. However, to harness the full power of radiomics, studies
must be methodologically rigorous, addressing several critical stages towards its

multistep process (Figure 1.4).
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Fig. 1.4 Ideal radiomics workflow from conceptualization to clinical implementation [64].

1. Clinical Relevance and Study Design

The first step in any radiomics study is the formulation of a clear and clinically relevant
hypothesis. This requires the involvement of a multidisciplinary team, including
radiologists, oncologists, data scientists, bioinformatics... These ensure a comprehensive
understanding of clinical need and real-word applications [64]. The primary goal should
be the development and validation of a radiomics model or signature that addresses an
unmet clinical need, such as improving risk stratification, the prediction of treatment
response or survival outcomes in oncology [65].

Defining this clinical endpoint is crucial for guiding all subsequent steps in the study.
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Once the clinical relevance is established, the following planning stages should be
considered: adhere to specific radiomics checklist as Radiomics Quality Score (RQS) or
METhodological radiomICs Score (METRICS) [63,65], consider multicentric
collaboration and sample size (Figure 1.5). For radiomics studies, particularly those

building machine learning models, ensuring sufficient sample size is crucial to avoid
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Figure 1.5: Flowchart depicting the workflow of radiomics and the application of the RQS [63]

2. Data collection

Accurate and reproducible data acquisition is the cornerstone of a successful radiomics
study. High-quality imaging is necessary to capture subtle differences in tumor
characteristics, and consistent imaging protocols across patients and timepoints are
essential for minimizing variability [64,65]. Ideally, studies should adhere to well-
documented imaging protocols are crucial to augment reproducibility and to eliminate
confounding variability. Phantom studies can be used to assess the inter-scanner and
inter-vendor variability of imaging features. Additionally, repeat scans (test-retest
studies) should be conducted where possible to measure the stability of radiomic
features over time [63].

Finally, engaging all stakeholders in data collection is integral to the non-image data
collection process.

3. Image Segmentation and Preprocessing

After data acquisition, the next crucial step is image segmentation, which involves
delineating the region of interest (ROI) or volume of interest (VOI) from which

radiomic features will be extracted. This step can be performed manually, semi-

20



automatically, or fully automatically, but the method chosen significantly impacts the
robustness of the study [64]. Accurate segmentation ensures that only the relevant areas
of the image (such as the tumour and its peritumoral region) are analysed. However,
variability in segmentation between different observers (inter-reader variability) and
even the same observer over time (intra-reader variability) can introduce biases
(METRICS).

Pre-processing of the images is another key consideration. Harmonization techniques
like the ComBat algorithm have been proposed to mitigate these differences, but the
lack of universal imaging standards is a major roadblock [65].

4. Feature Extraction, feature selection and model building

Once the ROI or VOI is segmented, gquantitative features can be extracted. Feature
extraction is a high-throughput process, meaning that hundreds to thousands of features
can be derived from a single image. These features are then stored in a database and
linked to the clinical or genomic data [63]. Importantly, not all extracted features will be
useful; features must be carefully selected, and pre- processing steps (e.g., image
normalization) should be clearly reported to avoid overfitting. The use of standardized
software for feature extraction enhances reproducibility.

It is crucial that this process is carried out with rigor to ensure feature robustness and
reliability. The following considerations are essential in this phase [63,65]:

e Transparent Feature Extraction: The use of standardized feature extraction
software and clear documentation of the parameters involved in feature
extraction is critical. Studies should explicitly mention the software and methods
used for feature extraction, and, when possible, employ open-source tools to
ensure reproducibility.

¢ Dimensionality Reduction: Given the high-dimensional nature of radiomics data,
reducing the number of features is necessary to prevent overfitting and improve
model generalizability. Feature selection techniques, such as principal
component analysis (PCA) or clustering, should be employed to identify robust
features that are most predictive of clinical outcomes. The METRICS and RQS
guidelines both highlight the importance of appropriate dimensionality reduction
techniques to avoid overfitting, which can jeopardize the performance of models

in external datasets.
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e Elimination of Redundant and Non-Robust Features: In addition to
dimensionality reduction, the removal of redundant and non-robust features—
those that are highly correlated with one another or sensitive to variations in
image acquisition—is essential. This step ensures that only features that add
distinct value to the model are retained.

e Feature Selection: Feature selection must be handled with care, particularly
when the number of extracted features exceeds the available sample size.
Dimensionality reduction techniques, such as principal component analysis
(PCA), can help by reducing the number of features without losing essential
information. Additionally, radiomics studies should integrate other clinical data
(e.g., genomic, histopathologic) to develop more holistic predictive models.

e Model Building: a variety of machine learning algorithms, such as Least
Absolute Shrinkage and selection (LASSO) regression, can be used to build
predictive models from radiomic features before applying ANOVA to analyse

variance.

5. Model Validation
Model validation is essential for ensuring the reproducibility, generalizability and
reliability of the radiomics model to predict the desired end point. Internal validation
can be achieved using techniques such as cross-validation or bootstrapping, but external
validation—testing the model on independent datasets from different institutions or
populations—is the gold standard to confirm that the model performs well in real-world
settings, including different institutions, imaging devices, and patient populations
[63,64,65]. The use of external datasets is particularly important in radiomics, where
differences in scanners, imaging protocols, and patient populations can greatly affect
model performance. Calibration and discrimination metrics, such as the area under the
receiver operating characteristic curve (AUC), should be reported to evaluate the
model’s predictive accuracy [63,65].
Ensuring sufficient sample size is crucial to avoid overfitting particularly those building
machine learning models. The one-third rule is commonly applied [64,65]:

e Training and validation sets: For model development, the sample size must be

large enough that approximately one-third of the data is used for validation. For
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instance, in a radiomics model with 10 features, a minimum of 133 samples may
be required, with 100 for training and 33 for validation
e External validation: External validation requires additional datasets from
different populations, making multi-center studies important for ensuring
generalizability. This suggests that larger sample sizes, potentially 200 or more
patients, may be needed for comprehensive model validation
e Transparency is also key. Researchers are encouraged to publish their data, code,
and models in open-access repositories, allowing for independent verification
and replication of their work
Radiomics research must move beyond retrospective studies. Prospective clinical trials,
incorporating radiomics models as decision support tools, are necessary to validate their
utility and efficacy in real-world oncology settings.
Figure 1.6 shows the summary of common mistakes within radiomics study and

suggested strategy to overcome them [64].

Common Mistakes Strategies to overcome the mistakes
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with PACS

Pre-segmentation training, automatic
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Prefer standardized and robust feature
extraction, careful feature selection, nested
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explainability

Rigorous, systematic, and transparent
approaches, careful data handling, external
validation

Lack of adherence to standardization,
feature extraction errors, incorrect feature
selection (over- or underfitting)

Lack of transparency, data leakage to the

’a Model validation validation set

Bias favoring positive results, focus on
model accuracy rather than workflow
implementation and reproducibility

Promote standardized guidelines, resources
dedicated to improved workflow

‘% Publication
and clinical use

Fig. 1.6 common mistakes and possible strategies to overcome them in oncological setting [64].

23



Conducting a radiomics study involves several critical steps, each requiring careful
attention to methodological detail to ensure robustness and clinical applicability. From
the initial study design and data acquisition through feature extraction, model building,
and validation, each phase presents unique challenges and opportunities. Addressing
these challenges through standardized methodologies, rigorous validation, and open
science practices will be key to fully realizing the potential of radiomics in personalized
oncology.

With sustained multidisciplinary collaboration and a focus on real-world validation,
radiomics has the potential to revolutionize cancer management and improve patient
outcomes.

Moreover, as highlighted in the assessment of diagnostic imaging [66], demonstrating
the clinical value of any imaging technique—radiomics included—requires a
combination of high-quality research data and real-world evidence. To ensure that
radiomics is not only technically sound but also clinically effective, it must undergo
rigorous clinical testing similar to other diagnostic tools. This underscores the necessity
of integrating both robust clinical trials and real-world data to validate its utility in
patient care.
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-PhD PROJECT-

2.1 STUDY DESIGN

The aim of this study is to evaluate the impact of introduction of WB-MRI, performed
on 3 T scanner according to MY-RADS guidelines [23], in our institution in terms of
diagnostic accuracy, in qualitative and quantitative terms, compared to clinical and
laboratory data (IMWG criteria) and to PET-CT, in 3 cohorts of patients:

COHORT 1

Newly diagnosed patients affected by HR-SMM.

COHORT 2

Patients affected by a first diagnosis of MM

COHORT 3

Patients affected by relapsed or refractory MM (RR-MM)

This is a single centre, observational, prospective, study. The study was approved by
C.E.R.O.M comitato etico della Romagna (AccuMRI trial IRST code 100.15). All
investigations were performed by routine clinical practice. All participants signed an
informed consent to be enrolled in the study, in addition to the standard consent
required by law for MRI scans. From October 2020 to January 2024, we prospectively
enrol 177 myeloma patients, 25 patients affected by metastatic prostate cancer, 54
patients affected by advanced breast cancer and other 51 patients affected by other
malignancy (19 melanoma, 8 neuroendocrine tumours, 7 lymphoma, 5 ovarian cancer, 4
renal cancer, 2 gastric cancer, 2 thyroid cancer, 1 gastrointestinal stromal tumour, 2

paraganglioma) and 3 patients affected by Ly Fraumeni syndrome.

Primary objectives:

e To optimize multiparametric WB-MRI along MY-RADS

¢ Investigating patients' acceptance of WB-MRI

e To compare the diagnostic accuracy of WB-MRI with PET-CT in conjunction
with clinical and laboratory data following IMWG criteria [3] in evaluation of

bone marrow infiltration in patients with myeloma
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¢ Quantitative imaging WB-MRI evaluation of bone marrow infiltration compared
to clinical-laboratory data and PET-CT in staging and follow-up patients
affected by plasma cell disorders

e To evaluate the impact of WB-MRI on decision making and therapeutic
management of patients

e To evaluate inter reader agreement of WB-MRI

Secondary objective:

Explorative analysis of the potential value of radiomics features for risk stratification

(pilot study)
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2.2 3T WB-MRI IN MYELOMA: PROTOCOL SET-UP

General consideration about MR Imaging at 3 T versus 1.5 T

The transition from 1.5 Tesla (T) to 3T MRI scanners presents several significant
differences in terms of image quality, safety, cost and accessibility. Understanding these
factors is crucial for healthcare providers and patients alike.

Image Quality

Magnetic Field Strength and Signal-to-Noise Ratio: The primary difference is the
magnetic field strength; a 3T MRI has twice the strength of a 1.5T MRI. This increased

strength enhances the signal-to-noise ratio (SNR), leading to clearer and more detailed
images, which is particularly beneficial for detecting small lesions and intricate
structures within the body [67]

Time scan: The generally faster scan times associated with 3T machines can enhance
patient comfort and reduce anxiety associated by reducing the duration of the procedure.
This efficiency is particularly advantageous in high-volume medical settings [67]
Resolution: The enhanced magnetic field of a 3T scanner allows for the acquisition of
images with greater clarity and detail. This is especially beneficial in applications for
specialized imaging needs, such as neurological assessments, vascular studies, and
examinations requiring high spatial resolution, while 1.5T MRIs are often adequate for
general imaging purposes [67,68]

Artifacts [67]: While 3T scanners provide superior image quality, they may also
introduce more artifacts - unwanted features in the images - due to the stronger
magnetic field's sensitivity to movement of blood and fluid within the body. These
artifacts can sometimes complicate the interpretation of scans, particularly in patients
with certain implants or conditions

Common Artifacts in 3T MRI Images and their minimization:

e Susceptibility Artifacts: These artifacts arise from differences in magnetic
susceptibility between adjacent tissues, particularly near metallic implants or air-
tissue interfaces. They appear as distortions or signal voids in the images. They
can be reduced using spin echo sequences instead of gradient echo sequences,
which are less sensitive to susceptibility effects. Additionally, employing

techniques like iterative decomposition of water and fat (IDEAL) can help
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mitigate these artifacts by improving fat suppression and separating fat and
water signals effectively

e Motion Artifacts: Caused by patient movement, breathing, or pulsation of blood
and cerebrospinal fluid, these artifacts can manifest as ghosting or blurring in the
images. Strategies for minimization include patient immobilization, using
cardiac or respiratory gating techniques, and applying saturation bands to reduce
the effects of motion. Fast imaging techniques such as echo-planar imaging
(EPI) can also help reduce motion-related artifacts

e Aliasing Artifacts (Wrap-Around): It occur when anatomical structures outside
the field of view are incorrectly mapped onto the image, appearing at the
opposite edge. It can be mitigated increasing the field of view (FOV) during
Image acquisition to ensure that all relevant anatomy is captured within the
imaging area

e Truncation Artifacts: Result from under-sampling data during image acquisition,
leading to sharp edges between areas of high contrast being misrepresented. It
can be minimized increasing the matrix size (more encoding steps) and reducing
the FOV can help alleviate truncation artifacts

o Cross-Excitation Artifacts: Caused by overlapping excitation of adjacent slices
during sequential acquisitions, leading to decreased signal intensity in
overlapping regions. Minimization is obtained through increasing slice gaps and
using interleaved slice acquisition can help reduce these artifacts

e Zipper Artifacts: Result from interference by external radiofrequency (RF)
sources, appearing as bright or dark lines on the image. There is the need to
ensure that all external RF sources are removed from the scanning environment

and inspect for any breaches in RF shielding before scans

Safety Considerations

Implants and Foreign Bodies: One of the significant challenges with 3T MRI scanners is

their interaction with metallic implants. Many devices that are safe in a 1.5T
environment may not be safe at 3T due to the stronger magnetic field. This necessitates

more rigorous screening protocols for patients with implants [69,70,71]
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Specific Absorption Rate (SAR): The SAR, which measures how much energy the body
absorbs during an MRI scan, is higher in 3T scanners. This can lead to increased heating

of tissues, making it less suitable for certain for certain patients [67]

Facilities equipped with 1.5T MRI scanners are more common, making them easier to
access for patients needing imaging services. In contrast, while the number of 3T
scanners is increasing, they may not be as readily available in all regions. 3T MRI
machines are generally more expensive to purchase and maintain, often costing up to

30-40% more than their 1.5T counterparts.

WB-MRI sequences and protocol

All the WB-MRIs are performed in a 3T MRI scanner (Ingenia Philips, Eindhoven,
Netherlands). A head/neck helmet-like coil and a flexible surface body coil are applied
to patients for WB-MRI scans. No intravenous gadolinium contrast was administered.
The typical duration of our WB- MRI examination is 45 min.

The WB-MRI basic protocols at our institution are based on MY-RADS guidelines [23]
and consist of:

e sagittal T1-weighted of the whole spine

sagittal STIR T2-weighted sequences of the whole spine

e axial diffusion-weighted whole-body imaging with background body signal
suppression (DWIBS) technique at two b-Value (b50 e b800) from vertex to
knees

e axial TSE T2 from skull base to knees

e axial T1 Gradient Echo (GRE) mDixon sequences from vertex to knees (in
phase, out of phase, fat only, water only) from vertex to knees

Additional segments and/or sequences can be added according to clinical needs.
Post-processing [71]:

- From the DWI and the Dixon-type images, the Apparent Diffusion Coefficient
(ADC) map and the relative Fat Fraction (rFF) maps are respectively
reconstructed. ADC is calculated with a monoexponential fitting to the signal
intensities in the different b-value DWI images.

- The rFF maps were calculated by (fat- only image)/(fat- only image+water- only

image) x 100 “rFF% = (F/(F + W)) x 100"
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- To facilitate image reading and reporting, we unify (compose) the different
stations of each sequence into single-stack of images with WB coverage
(Mobiview merge).

- A series of Maximum Intensity Projection (MIPs) reconstruction of the high b-
value DW images, rotating around the cranio-caudal axis, allow an ‘at-a-glance’
overview for disease assessment and lesion detection. Typically, these are
displayed in inverse grey scale, thus providing an appearance similar to that of
PET.

Diffusion Weighted sequences. Diffusion Weighted Imaging evaluates the random

motion of water molecules in tissues and the degree of its restriction. DWI sequences
are acquired with different “b values”. The b value represents the strength or magnitude
of the diffusion-weighting gradients applied during the imaging process. It quantifies
how sensitive the DWI sequence is to the movement of water molecules within tissues.
Higher b values indicate stronger diffusion weighting and are used to probe tissue
characteristics like cellularity and microstructural changes. Consequently, a high signal
in high b value sequences expresses a significantly restricted diffusion, that may be
expression of high cellularity (such as in the spleen). Conversely, low b value sequences
are more similar to T2 weighted sequences and are sensible to the water content of the
tissue. Therefore, an area of high signal in low b value sequences that shows a signal
drop in high b value sequences, likely represents a structure characterized by very low
cellularity, such as the bladder or liver cysts.

Two b-values are needed for generating apparent diffusion coefficient (ADC) maps for
lesion characterization and response assessment, the lowest no lower than 50 s/mm? in
order to reduce perfusion-related signals and the highest between 800 and 1000 s/mm?
in order to avoid kurtosis signal [24].

To simplify the interpretation of DWI images and quantitatively assess the degree of
diffusion, ADC maps can be calculated [26,72]. Once these maps have been produced,
ADC can be measured (in pm?/s) with a 2D Region of interest (ROI) on lesions > 1 cm
[23,60].

Free breathing Body Suppressed Diffusion Weighted Imaging (DWIBS) sequences in
WB-MRI can efficiently identify focal and diffuse patterns of malignant disease in bone
marrow; they are also able to detect lymph nodes (that can be then measured in
morphological sequences), lesions within the viscera (such as in the liver), involvement

of the peritoneal leaflets and of the retroperitoneum and, eventually, relatively large

30



areas of local recurrence [73]. Additionally, even though the measurement of ADC
values is not easy to standardize between different scanners and they may be influenced
by the chosen b values, however, general thresholds for the assessment of the bone
marrow can be suggested. Specifically, MY-RADS guidelines state that:

e Normal bone marrow normally has ADC values below 600 - 700 um2/s

e Viable tumour lies between 700 - 1400 um?2/s.

e Necrotic and treated disease normally has ADC values > 1400 um2/s.
In MY-RADS protocol, at least two b values DWI sequences (one with low b value ~
50, one with high b value ~ 800-1000) are acquired, with the possibility of adding an
intermediate b value ~ 600. Images are acquired in the axial plane, with 5 mm slices,
without gaps, from the vertex to the knees. Coronal, high b value, inverted MIP images
can be reconstructed, obtaining the so-called “PET-like” images, that can be used to
grossly assess the disease burden, to preliminarily evaluate the areas of disease and for
pictorial purposes.
T1-Dixon sequences. T1-Dixon sequences in a single acquisition, in-phase and out-of-
phase images are acquired and can be used to obtain “fat-only”, “water-only”, “relative
fat fraction” (FF) and “relative water fraction” maps.
Dixon imaging proves to be a valuable method for assessing bone lesions, as it
quantifies the presence of microscopic intracellular fat content. This technique is well-
established for evaluating bone marrow and has shown high levels of accuracy, with
reported sensitivity and specificity reaching up to 95%, enabling the differentiation
between neoplastic and non-neoplastic lesions [27,74]
T1-Dixon in phase images and Water Only images can be used as morphologic images;
due to their high resolution, are useful to measure bone lesions. T1-Dixon images can
be acquired on an axial plane with 5 mm contiguous slices, from vertex to knees. The
relative Fat Fraction (FF) maps are calculated by (fat- only image)/(fat-only image +
water-only image) x 100%. FF maps allow for a quantitative measure of fat within
lesions, representing a further diagnostic aid when characterizing lesions based on fat
content, especially within the bone marrow but also in other organs [75, 76, 77].
Other morphological sequences. Axial T2 5mm sequences (from vertex to mid thighs)
and sagittal 4-5 mm T1 and T2/STIR sequences of the whole spine are acquired for the

morphological assessment of the whole body.
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T2 sequences can be used to characterize visceral lesions and to measure nodes and
body structures as well as for identifying pleural effusion and ascites. Whole sagittal
spine sequences allow a better understanding of vertebral fracture and spinal cord
compression.
The information derived from the three groups of sequences should always be
integrated and should not be considered by themselves, so to avoid misinterpretation of
findings.
In general lesions that show:

e high signal intensity (SI) on high b value DWI sequences

e intermediate to low values (700-1000 um2/s) in ADC maps

e low FF values (< 20-25%)

e low signal intensity in T1w imaging

are consistent with highly cellular, active, bone Focal Lesion FL (figure 2.1). These

characteristics of signal intensity (SI) are present also in diffuse pattern of bone marrow
infiltration [23, 49].

4
A «2

with active disease.
However, the lesion is poorly depicted on CT scan, due to its ill-defined ground glass appearance and a density similar
to that of adjacent normal marrow. This image shows how CT scan is not reliable for identifying low density non
osteolytic lesions.

The accurate examination of all sequences can lead to a proper differential diagnosis
between benign and malignant lesions. For example, a benign haemangioma of the

spine may sometimes appear as a high SI on DWI and intermediate SI on ADC, but the
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fat content shown by FF images and the appearance in morphological sequences are
reassuring. Conversely, cystic and/or degenerative lesions within the bone might appear
as foci of extremely low FF, but the high ADC signal suggests a benign nature.
Moreover, treated metastatic lesions may keep a high DWI signal, but the high ADC
values are suggestive fore response to therapy. This aspect is called “T2 shine-
through” and refers to high signal on DWI images that is not due to restricted diffusion,
but rather to high T2 signal which 'shines through' to the DWI image. T2 shine through
occurs because of long T2 decay time in some normal tissue [77,78].

MY-RADS guidelines also introduced a score based on the Response Assessment
Criteria (RAC) for assessing the likelihood of response to treatment. This 1 to 5 score is
expressed after evaluating qualitative and quantitative characteristics of each lesion both
in functional imaging and in morphological sequences (table 2.1). According to
guidelines, in clinical reporting template a primary and a secondary RAC score could be
expressed for each anatomical region and for paramedullary and extramedullary tissue
for mixed response to treatment. However, in clinical practice, overall primary and
secondary RAC scores can be express at the end of the report for simplicity.

A particular case where there can be diagnostic doubt between DWI and morphological
sequences is the so call “T1-pseudoprogression” that refers to a worsening TI
appearance in WB-MRI follow-up of lesion visible only in DWI at baseline WB-MRI
with increasing ADC values due to increased bone marrow oedema related to marked
cell death. Increase in BM fat (“dot sign” within the lesion or “halo sign” in the
peripheral part) is also a strong sign of response and may lower ADC values.

Figure 2.2 and table 2.2 show WB-MRI protocol based on MY-RADS.
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Category

Description

Main characteristics

RAC 1

Highly likely to be

responding

Unequivocal decrease
in number or size of FL
Fat dot or halo sign in
FL or return of normal
Sl

Increase of ADC from
<1400 pm?/sec to
>1400 or > 40%
For soft tissue disease,
RECIST 1.1 for PR/CR

RAC 2

Likely to be responding

Sligh decries in number
and size of FL but not
to fulfil RAC1

Increase of ADC from
<1000 pm?/sec to
<1400 or 25-40%

For soft tissue disease,

RECIST 1.1 for PR

RAC 3

Stable disease

No change either for
active or inactive

disease

RAC 4

Likely to be

progressing

Equivocal appearance
of new lesion(s)

Reemerging of lesion

Increase SI on DWI
high b-value and
decrease of ADC<1400
For soft tissue disease,
RECIST 1.1 not for PD

RAC5

Highly likely to be

progressing

Unequivocal new
lesions >5 >10mm
New critical fractures
or spinal cord
compression
Evolution from focal to

diffuse pattern

New lesion with ADC
between 600-1000
For soft tissue disease,
RECIST 1.1 for PD

Tab. 2.1: MY-RADS Response Assessment Categories integrating MRI features parameters for a comprehensive

assessment of treatment response.
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ili i T2STIR T1 mDIXON | T2 Multivane +

Philips Ingenia 3T DWIBS T1 (spine) ' .
(bore diameter 70cm) (spine) -XD FFE (3D) | Trigger
Imaging plane Axial Sagittal Sagittal Axial Axial
Field of view (cm) 450x400 200x350 200x350 430 x 430 430 x 430
Matrix size 128 x 112 224x346 224 x 346 268 x 217 288 x 288
Repetition time (ms) 4737 (shortest), 680-700 3400-5000 3.8 (shortest) 2014 (shortest)
Echo time (ms) 62 shortest) 10 60 1.31 (shortest) | 126 (shortest)

. . TSE factor 50/ |
Fast imaging / factor EPI factor 47 | TSE factor4| TSE factorl7 | none
perc. 240 %
Parallel Imaging
2.4 2 2 3 2.9
factor
No. of signals
) 1 (b=50),
averaged forhigh 1 1 1 1
) 6 (b=800)
b-value images/NSA
Section thickness(mm) | 5 4 4 3 5
Gap (mm) 1 0.4 0.4 0 0.5
Voxel (mm) 3.5x3.5x6 0.9x1x 4 09x1x4 16x1.97x3 | 15x15x5
Slices 30 18 18 83 48
Direction of motion
probinggradients/ enhanced default default maximum maximum
gradient mode
Receiver bandwidth 3181.2 Hz 290.6 Hz 267.6 Hz 1504.4 Hz 438.4 Hz
_ STIR STIR _
Fat suppression none Dixon none
(T1=220 ms) (T1=200 ms)

b-values (s/mm2) 50 and 800 0 0 0 0

Tab 2.2: Specific scan parameters of sequences.

Recently we added mDixon Quant sequence to the protocol in order to objectively

identify bone marrow oedema and fat. This sequence yields fat-only and water-only

images and proton density fat fraction (PDFF) parameter maps. The signal model used

for this sequence includes a 7-peak fat model and an R2* correction factor that is

common to both the water and fat signals. PDFF measurements have been shown to be

accurate and precise in the liver and in the bone marrow. Their reproducibility across

sites suggests potential for use in multicentre studies and for the development of
thresholds which could be used to define and quantify disease [27,50,51,81].
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ADC values stability and reproducibility were checked weekly through a dedicated
phantom developed by the Italian association of Medical Physics, whereas FF values
were checked with an in house built phantom following the guidelines developed by
Bush et al [57, 81,82].

DIXON-T1w

Fig 2.2 Example of images acquired according to WB-MRI MY-RADS protocols: A: T1, B: STIR; C and D: DWIBS
b 50 and 800, E:ADC map; F,G,H and I: Dixon T1 in phase, opposite phase, fat only and water only; L: rFF map; M:
T2w; N: MIP DWIBS b800
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2.3 3T WHOLE BODY MRI ACCEPTANCY

As various whole body imaging modalities can be used for diagnosis and follow-up in
different settings, understanding the patient experience may be beneficial in modern
healthcare where it is crucial to recognize and meet patients' needs and preferences [83].
To guarantee patient-centered care and good quality scans, acceptance of WB-MRI is a
pivotal topic and the studies available yielded somewhat divergent findings but none of
them was performed exclusively on 3T MRI scanners. This study aims to evaluate
cancer patients' experience of WB-MRI performed on a 3T scanner compared to other
diagnostic total body examinations in particular PET-TC or Contrast Enhancement CT
(CE-CT).

Materials and methods

From October 2020 to March 2022, all the patients who underwent a first-in-life WB-
MRI at our institution for clinical reasons (cancer staging or follow-up) were asked to
participate in this study for their feedback on the procedure. The questionnaire was
divided into several parts: the first included demographic information and the
examination date. The second part concerned the patient’s experience: the physical and
psychological reactions during the scan, such as dizziness, involuntary muscle
contraction, tingling, tick les, increased temperature, sweating, fatigue, fear, headache,
nausea, and tachycardia. All the data were evaluated using a four-point scale (O not
present; 1 present; 2 unpleasant, but tolerable; 3 intolerable). The third part evaluated
the global level of satisfaction of WB-MRI considering exam duration, noise, the
narrow ness of the tube, and comfort of positioning (1 at ease; 2 low uneasiness; 3
moderate uneasiness; 4 strong uneasiness). Finally, in patients who had already
performed other total body examinations, preference between WB-MRI and other
diagnostic modalities was investigated. Statistical analyses were performed using the
statistical and data management package MedCalc for Windows (Version 5.0.1.0
Ostend, Belgium). ANOVA or Pearson's Chi-squared test was performed to investigate
the influence of age (ANOVA), sex (Chi-squared), and primary cancer (Chi-squared) on
the acceptance of WB-MRI compared to other total body imaging modalities (CT or

PET). Statistical significance was set at P < 0.05 for all tests.
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Results

A total of 134 patients (73 males, 61 females) with a mean age of 61.3 + 13.8 years
were enrolled. Multiple myeloma (56/134, 41.8%) and prostate cancer (20/134, 14.9%)
were the most common cancer types among patients. All patients had already performed
other total body imaging techniques the previous year (CT and PET/CT); 83 patients
(61.9%) had already performed MRI in different body districts with a similar scanner
1.5T or 3T, and only one patient had already undergone WB-MRI in another hospital on
1.5T scanner. In response to an open-ended question, none of these patients reported
differences in symptoms or approval compared to previous MRIs. The most frequent
symptom reported by the patients was a localized increase in temperature (51/134,
38.1%), which was deemed tolerable in all cases, whereas sweating was reported in
only nine cases (9/134—6.7%) and always tolerable (figure 2.3).
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Fig. 2.3 Percentage of symptoms recorded during 3T WB-MRI exams.

Numbness and tingling of the limbs were both reported in 46 (46/134, 34.4%) cases and
were deemed unpleasant or intolerable in 9 (9/46, 19.6%) and 3 (3/46, 6.5%) cases,
respectively (Figure 2.3). Most patients were able to tolerate the length of the WB MRI
as well as the noise and positioning. Only a few patients found the length of the
examination, confined space, and positioning to be uncomfortable. 113 patients
(113/134, 84.3%) perceived the WB-MRI duration as tolerable. Overall, WB-MRI was
appreciated by the vast majority of patients (121/134—90.3%) who said they would
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prob ably undergo the procedure again, whereas 13/134 (9.7%) said they would not
repeat the examination in the future due to the narrowness of tube (3/13), lengthy
examination time (8/13), and uncomfortable positioning (2/13). When asked to express
a preference between the whole body imaging modalities, patients preferred the WB-
MRI in 68.7% of cases (92/134), followed by Computed Tomography in 15.7% of cases
(21/134) and Positron Emission Tomography in 7.4% (10/134), with a 8.2% (11/134) of
patients who said they did not have any preference. The preference for imaging
modalities was influenced by age (p = 0.011) with younger patients preferring WB-
MRI, independently of sex and primary cancer (p > 0.05).

Discussion

Our study showed that most cancer patients of all types accept and highly appreciate
WB-MRI compared to the other total body imaging modalities.

Low patient acceptability may lead to a lack of compliance during image acquisition,
which can negatively affect the image quality [84] due to motion artifacts, especially if
the examination requires a long acquisition time. Our study showed that most cancer
patients of all types accept and highly appreciate WB-MRI compared to the other total
body imaging modalities. The most common symptom reported by patients in our study
was a localized increase in temperature, most likely due to the high overall Specific
Energy Dose (SED) of WB-MRI, which implies an increase in body temperature,
sometimes associated with sweating. Thus, maintaining a medium-high ventilation
level inside the bore, allowing optimal heat dissipation, is crucial. It is thus critical to
position the patient appropriately and comfortably, for example, with a knee cushion
and armrest if available, to prevent patient movement. The examination's noise level
was another issue raised frequently by patients. The loudness of several sequences—
most notably DWI and T1W GRE mDixon—is quite high, and wearing both earplugs
and earmuffs improve patient acceptability of the examination by reducing the
perceived acoustic noise and enabling operator-patient communication, such as during
breath-hold commands. Additionally, several patients suggested that listening to music
could help reduce the discomfort induced by the loudness of the scan.

To our knowledge, only a few studies have investigated the patient experience of WB-
MRI performed on 1.5 T scanner and compared it to other total body imaging

modalities. Scan acceptability is greater in younger patients prob ably due to awareness
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of the long-life expectancy and risks associated with the use of ionizing radiation also
known in the general population.

In our experience, the majority (90.3%) of patients appreciated WB-MRI and said they
would probably undergo the procedure again. These data are in line with the studies by
Adams et al. [85] and Oliveri et al. [86] in cancer patients and with those of Busacchio
et al. [87] in self-referring asymptomatic subjects screening. According to the study of
Dyrberg et al. on the pleasure of WB-MRI in prostate cancer patients, WB-MRI had a
satisfactory overall enjoyment level [88]. The Ryder A et al. study regarding patients
affected by Myeloma demonstrated a high level of the overall satisfaction for both WB-
MRI and other methods [89].

On the other side, the studies of Evans [90,91] in patients affected by colon rectal
cancer and lung cancer founds that the overall satisfaction was lower for WB-MRI than
PET/CT and, above all, compared to CE-CT.

Conclusions

Our study reveals that WB-MRI exams are well-accepted by adult patients suffering
from various types of malignancies and bone disorders. This is a good starting point
when thinking about how to apply the technology in clinical practice because WB-MRI
seems to be just as pleasant as other total body imaging modalities (PET/CT, CE-CT).
Evaluating a new imaging method through the eyes of the patients is an important factor
in successfully developing and implementing WB-MRI in clinical practice. This
analysis is essential to make our procedures more patient-friendly and offer a more

patient-centered approach [92].
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2.4 INTER READER AGREEMENT OF WB-MRI IN MYELOMA

Thanks to the collaboration between IRCCS Policlinico Sant’Orsola (Bologna) and
IRST, in view of starting WB-MRI at Policlinico Sant’Orsola, in order to enhance the
interpretation of WB-MRI images and to activate multicentric trial, we evaluate the
inter-observer agreement of WB-MRI examination reports produced by readers of
different expertise. The present study aims to evaluate the reproducibility of MY-RADS
assessments among radiologists with different expertise in WB- MRI. Additionally, by
evaluating the inter reader agreement of ADC and rFF values among radiologists, we
seek to further investigate the methodology's reproducibility and reliability, which is
crucial for early disease detection, patient stratification-risk and evaluation response to

therapy, ultimately leading to improved survival outcomes.

Material And Methods

Study Population

All patients who have been referred to IRST from September 2020 to May 2023 for a
WB-MRI have been retrospectively analysed. Only those who met the following
inclusion criteria were enrolled: (1) Age > 18 years (2) New Diagnosis or suspected or
confirmed relapse of Multiple Myeloma following IMVG criteria; (4) complete WB-
MRI acquired along MY -RADS guidelines.

Exclusion criteria were: (1) Age < 18 years (2) Concomitant presence of a malignancy
other than myeloma that might cause bone metastatic disease (3) Incomplete WB-MRI
study or study affected by major artefacts.

Image Analysis

Three radiologists with different experience in WB-MRI were selected, including: 1
expert radiologist (AR) with more than 5 years in WB-MRI and 15 years’ experience in
MRI, 1 young radiologist (AC) with 3 years’ experience in MRI and 6 months
experience in WB-MRI, one senior resident doctor (EA) with 6 months experience in
general MRI and 3 months experience in WB-MRI in myeloma patients, with MY-
RADS teaching and a soft skill course on WB-MRI.

The three radiologists independently performed a clinical reporting template for each

WB-MRI according to MY-RADS reporting system evaluating images on a Picture
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Archiving and Communication System (PACS, AGFA Enteprise). Before evaluating
WB-MRIs, all radiologists knew the patient's clinical and laboratory situation, which is
essential for interpreting the investigation. Morphological images (fat- and fluid-
sensitive sequences, low and high b-value DWI images) and quantitative ADC and FF
maps are evaluated on PACS workstations by “linking” and browsing them in the
different planes using multiplanar registration.

The analysis was conducted following MY-RADS guidelines in each 7 different
anatomical regions (skull, cervical spine, thoracic spine, lumbo-sacral spine, pelvis,
thorax and limbs including the femurs and the proximal humeri). Presence of para-
medullary and extra-medullary disease was also assessed. Possible patterns of disease of
bone marrow infiltration included: negative, focal, diffuse, focal on diffuse and
micronodular.

Patients who received a follow-up WB-MRI scan were also evaluated for response
assessment criteria (RAC) score following the indications expressed in MY-RADS [23].
MY-RADS guidelines suggest identifying 2 RAC for regions in order to document
heterogeneous response (mixed/discordant responses): a primary RAC for the
predominant pattern seen in most lesions and a secondary RAC for the other highest
pattern seen in lesions within the region. Primary and secondary RAC scores from 1 to
5 were expressed for each anatomical segment as before.

All data were subsequently collected in a single database to assess the inter-reader
agreement both for baseline evaluation and for the assessment of response to treatment.
Quantitative Analysis

To further evaluate reproducibility of ADC and rFF values among different radiologists,
a quantitative analysis was conducted. For patients with follow-up, up to five lesions per
patient, each with a minimum diameter of 1 cm [23,60], were contoured with a 2D
circular Region of Interest (ROI) covering the central part of the lesion to assess the
consistency of ADC and FF values among readers. All measurements were performed
on PACS. To ensure that the same lesions were assessed by all readers, the first reader
selected lesions anywhere in the acquisition volume, analyzed them, and marked them
on PACS. The second and third readers then performed their analysis independently on
each selected lesion. Data of size of ROI (cm?), ADC value (um?/s) and fat content in
rFF (%) were collected from the 3 readers. All data was subsequently collected in a

single database to assess the inter-reader agreement both for ADC and FF values.
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Study Design and Data Analysis

The imaging data were independently evaluated by the study’s three raters, who
classified the disease patterns. To quantify interrater agreement Cohen’s Kappa (k) and
Brennan and Prediger’s Coefficient (BPC) were calculated. Kappa, a widely used
measure of agreement, adjusts for chance agreement but can be affected by imbalanced
data distributions, where certain categories dominate the ratings. To address this
limitation, BPC was also calculated as it is less sensitive to data imbalance and can
complement kappa in such scenarios, including cases where the high-agreement but
low-kappa paradox occurs. To detect cases where k may not accurately reflect
agreement beyond chance, the percentage of observed agreement was reported
alongside these chance-corrected measures. As the Response Assessment Categories
(RACs) are ordered (RAC 1 and 2 indicating response, RAC 3 stable disease, and RAC
4 and 5 disease progression), a weighted kappa was calculated, with linear weights
applied to assign lower penalties to disagreements between adjacent categories
compared to non-adjacent ones.

Both « and BPC were estimated with 95% confidence intervals (Cls) calculated based
on the variance due to the sampling process of subjects, assuming the set of raters was
fixed. Agreement levels were interpreted using the following benchmark scale:
Excellent agreement: 0.81-1.00; Substantial agreement: 0.61-0.80; Moderate agreement:
0.41-0.60; Fair agreement: 0.21-0.40; Slight agreement: 0.00-0.20; Poor agreement:
<0.00.

To assess the reliability of mean ADC and FF values contoured by different
radiologists, the Intra-Class Coefficient (ICC) was calculated. Reliability was classified
based on previously established thresholds: poor reliability (< 0.5), moderate reliability

(0.5-0.75), good reliability (0.75-0.90), and excellent reliability (> 0.90).
All statistical analyses were performed with STATA 15, MedCalc (v. 12.1.0 for

Microsoft Windows 2000/XP/Vista/7; MedCalc Software) and IBM SPSS Statistics
(IBM Corp.).

Results

Study population

Within the PACS of our institution, 70 patients were identified meeting the inclusion
criteria 1 and 2; of these 15 had a WB-MRI negative for bone lesions and 2 had an
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incomplete exam so they were excluded from the final analysis. Of these 53 patients 1
had more were excluded for presence of major artifacts due to obesity.

In the end 52 patients [23 Female, 29 Male; Mean age: 61 years (range 40-81 years);
Isotype: IgA (12), 1gG (32), Micromolecular (2), Non secretory (6)] were included in
the study because of diagnosed with active multiple myeloma due to IMWG criteria
(MM, 47) or presence of clinic lab data compatible with relapse-refractory MM (RR, 5).
25 (19 MM, 6 RR) patients were re-evaluated after therapy and included in the
dedicated analysis. A total amount of 77 WB-MRIs were evaluated.

The 25 patients with paired WB-MRIs were further investigated for quantitative
analysis MRI1 (QMRI) studies: 8 patients were excluded for presence of 2 micronodular
pattern, 5 negative pattern, 1 focal lesion < 1 cm. 17 patients with focal of diffuse
pattern of bone marrow infiltration met the criteria for inclusion in gMRI study and
were finally evaluated. Across these 17 patients, 143 final lesions were quantified both
in ADC and in rFF maps.

The analysis of inter observer agreement at staging

Agreement levels across anatomical regions were consistently high, with most regions
demonstrating substantial to almost perfect agreement based on Cohen's Kappa, which
ranged from 0.66 to 0.86. Brennan and Prediger’s Coefficient (BPC) generally indicated
higher agreement levels than kappa, with values ranging from 0.79 to 0.98, reflecting
substantial agreement across most regions. The extramedullary region, however,
displayed the lowest kappa value (0.23; 95% CI: -0.08-0.54), suggesting only slight
agreement despite a high observed agreement of 96%. In contrast, BPC for this region
was 0.92 (95% CI: 0.84-1), highlighting a case where kappa, sensitive to imbalanced
data distributions, underestimated the true agreement. This discrepancy can be
attributed to the fact that only two patients presented extramedullary disease, and one of
the radiologists incorrectly identified extramedullary involvement in a patient (Table

2.3, Figure 2.4).
The analysis of the 2 radiologists with intermediate and initial experience in diagnosing

focal lesions reveal that the radiologist with intermediate experience identified every
patient with a focal pattern and never missed a diagnosis, whereas the reader with initial
experience overlooked two focal on diffuse patterns that were interpreted as diffuse and
the diffuse pattern with extramedullary disease.

These data indicate a good level of inter-reader agreement across most sections.
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% Agreement Kappa Kappa 95% CI

Region

Cranium 88%
Cervical 88%
Dorsal 88%
Lumbar 87%
Pelvis 90%
Thorax 88%
Limbs 83%
Overall Skeleton 93%
Paramedullary 94%
Extramedullary 96%

0.66
0.82
0.84
0.81
0.86
0.83
0.73
0.81
0.74
0.23

0.49-0.82
0.71-0.93
0.74-0.94
0.70-0.92
0.77-0.95
0.73-0.93
0.61-0.85
0.77-0.85
0.52-0.96
-0.08-0.54

Brennan & Prediger B&P 95% ClI

0.85
0.86
0.86
0.83
0.87
0.86
0.79
0.85
0.87
0.92

0.75-0.94
0.77-0.94
0.77-0.94
0.73-0.93
0.79-0.96
0.77-0.94
0.69-0.89
0.81-0.88
0.76-0.98
0.84-1

Tab.2.3: different statistical evaluation of agreement in different anatomical regions
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Fig. 2.4: Percentage agreement in the identification of different pattern of BMI across anatomical regions

The analysis of inter observer agreement at follow-up

Notably no mixed responses were observed by all readers in all regions, so we consider
only one RAC for any anatomic segments. Cohen's Kappa values indicated substantial
to excellent agreement, varying between 0.83 in the pelvis and 0.95 in the limbs.
Similarly, Brennan and Prediger’s agreement coefficients mirrored these results, with

values ranging from 0.87 in the pelvis to 0.97 in the limbs. A summary of these data is

shown in table 2.4 and figure 2.5.
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Region % Agreement Kappa Kappa 95% CI Brennan & Prediger B&P 95% ClI
Cranium 95% 091 0.79-1 0.96 0.84-1
Cervical 92% 0.87 0.74-1 0.90 0.79-1

Dorsal 95% 0.92 0.80-1 0.93 0.84-1
Lumbar 92% 0.88 0.74-1 0.90 0.79-1

Pelvis 89% 0.83 0.67-0.99 0.87 0.74-1
Thorax 92% 0.87 0.72-1 0.90 0.79-1

Limbs 97% 0.95 0.86-1 0.97 0.90-1
Overall Skeleton 93% 0.89 0.84-0.94 0.91 0.88-0.95

Tab.2.4: different statistical evaluation of agreement in different anatomical regions between RAC
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Fig. 2.5: Percentage agreement in the identification of RAC across anatomical regions
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Cohen's weighted kappa further confirmed strong agreement, with values ranging from
0.82 in the pelvis to 0.96 in the arms; similarly, the Brennan and Prediger's weighted
agreement coefficients were high, confirming strong inter-observer agreement across all
regions (figure 2.6).

Inter-reader Agreement Percentage by Section - Weighted Re-evaluation

1.0 0.98 0.97 0.98 0,97 056 0.97 032 0.97

o
)

o
o

0.4

Agreement Percentage (%)

o
]

0.0

Fig. 2.6: Different percentage agreement for class of RAC

Quantitative analysis

We evaluated a total amount of 143 lesions respectively localized in: cervical spine
(13), dorsal spine (20), lumbar spine (42), pelvis (28), limbs (17), thorax (21) and Skull
(2). The only 2 lesions of the skull were excluded from the analysis for the statical
insignificance. The final analysis considers 141 lesions.

The results of ICC analysis on ADC and FF values and ROI area are graphically in
figure 2.7A for all the anatomical region taken in consideration and with the detailed
regions in fig.2.7B. We report excellent agreement among the three radiologists in both
ROI area, ADC and FF values except for the limbs where we obtained a moderate
agreement of 0.63 for ROI area, a good agreement for ADC values and an excellent
agreement for FF values.

Considering the whole skeleton the ICC values for whole skeleton measurements
indicate excellent inter-observer reliability across all metrics. The highest agreement
was observed for Fat Fraction (FF) with an ICC of 0.98 (95% CI: 0.99-0.99), the
Apparent Diffusion Coefficient (ADC) showed slightly lower but still strong agreement,
with an ICC of 0.94 (95% CI: 0.95-0.97).
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Intraclass Correlation Coefficient (ICC) across Anatomical Regions
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Fig 2.7: ICC for ADC, FF and ROI area for all anatomical regions
(A) and for the whole skeleton (B)

Discussion
Our results indicate substantial to excellent agreement across all metrics, confirming the

reproducibility of MY-RADS assessments among radiologists with varying experience
levels. Importantly, high agreement was observed for focal lesions, which is critical for
early detection and management of bone marrow infiltration in MM as well as for
application of SLiM CRAB criteria [3].

At the time of writing, there is a limited number of studies comparing the
reproducibility of RADS in bone disease and no one with quantitative assessment of
ADC and rFF.

The inter-reader agreement observed in our study is consistent with findings by Croft et
al. [93] who evaluated interobserver agreement between 3 expert radiologists (>8 years
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of experience) in baseline WB-MRI in myeloma. They reported an overall skeleton ICC
of 0.91, demonstrating excellent agreement in the assessment of myeloma-related bone
disease but there ICC varied between skeletal regions with spine, pelvis and ribs
showing good inter-observer agreement, whereas skull and long bones were moderate.
In contrast to their study, we didn’t observe variations in agreement across different
anatomical regions, even if we observed that the senior resident missed some diagnosis
particularly in the paramedullary and extramedullary areas highlighting the complexity
of evaluating soft tissue involvement in MM and enhanced radiologist training.
Furthermore, our results align with those of Pricolo et al. [94], who studied inter-
observer agreement using the MET-RADS-P system in metastatic prostate cancer
between 3 radiologists of different level of expertise. Their findings of excellent
agreement in bone assessments between radiologists supports a high reproducibility of
RADS criteria. For the primary/dominant RAC pattern, the agreement between readers
was excellent for the metastatic findings in cervical, dorsal, and lumbosacral spine,
pelvis, limbs, lungs and other sites (K:0.81-1.0), substantial for thorax, retroperitoneal
nodes, other nodes and liver (K:0.61-0.80), moderate for pelvic nodes (K:0.56), fair for
primary soft tissue and not assessable for skull due to the absence of findings. For the
secondary RAC pattern, agreement between readers was excellent for the metastatic
findings in cervical spine (K:0.93) and retroperitoneal nodes (K:0.89), substantial for
those in dorsal spine, pelvis, thorax, limbs and pelvic nodes (K:0.61-0.80), and
moderate for lumbosacral spine (K:0.44). Pricolo and colleagues found lower agreement
particular in node evaluation and in the assessment in secondary RAC, underscoring
even in this study the importance of experience and continuous education in improving
the accuracy of WB-MRI assessments particularly in these areas.

Lai et al. [95] highlighted the superior consistency of WB-MRI over whole body low
dose CT for experienced observers; as a matter of fact interobserver agreement for WB-
MRI was superior to WB-CT overall and for each region, without overlap in whole-
skeleton confidence intervals (ICC 0.98 versus 0.77, 95%CI 0.96-0.99 versus 0.45-
0.91). However, for inexperienced observers, although there is a trend for a better
interobserver score for the whole skeleton on WB-MRI (ICC 0.95, 95%CI 0.72-0.98)
than on WB-CT (ICC 0.72, 95%CI 0.34-0.88), the confidence intervals overlap

This study confirms the need of expertise and that the overall reliability of WB-MRI in

assessing myeloma burden is high.
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Moreover, Lecouvet et al [96] demonstrated that MRI has a better reproducibility rather
than PET-CT; an intra- and inter-reader agreement very good for MRI (64 axial MRI
and 20 WB-MRI) (k = 0.90 [0.81; 1.00] and 0.88 [0.78; 0.98]), whilst intra- and inter-
reader agreement was good for PET/CT (k = 0.80 [0.69; 0.91] and 0.71 [0.56;
0.86]). MRIs were evaluated by two radiologists with respectively > 25 and >3 years of
expertise.

In all articles, the expertise of the radiologists played a significant role. Experienced
readers showed higher consistency compared to junior readers, particularly in complex
regions. This suggests that the variability in regions like the limbs or skull and soft
tissue could be improved with more experience as suggest by Berardo and colleagues
that demonstrated that 80 WB-MRI reported in myeloma leads to a high level of inter-
observer concordance [61].

Our study's second section examines readers' agreement while utilizing 2D ROIs to
assess ADC and FF values, which are becoming more and more recognized as potential
imaging biomarkers.

At present there are clear data supporting the use of proton density fat fraction (PDFF)
for evaluation of liver steatosis that could represent a marker of metabolic associated
fatty liver disease (MAFLD) and a consensus profile has recently been published [59].
PDFF thresholds for mild, moderate, and severe steatosis have been proposed at 5%,
15%, and 25%, respectively [97]. Furthermore, Schmeel et al [80] demonstrated that
PDFF showed high linearity (r2 = 0.972-0.978) and small mean bias (0.6-1.5%) with
95% limits of agreement within +3.4% across field strengths, imaging platforms, and
readers. Repeatability and reproducibility of PDFF were high, with the mean overall
coefficient of variation being 0.86% and 2.77%, respectively. The overall intraclass
correlation coefficient was 0.986 as a measure for an excellent interreader agreement.
So they conclude that MRI-based quantification of vertebral bone marrow PDFF is
highly accurate, repeatable, and reproducible among readers, field strengths, and MRI
platforms, indicating its robustness as a quantitative imaging biomarker for multicentric
studies. Moreover, ADC is emerging as possible biomarkers for clinical practise and the
Diffusion-Weighted Imaging Biomarker Committee of the Quantitative Imaging
Biomarkers Alliance (QIBA) has recently reviewed the ADC Profile and published a
report to monitor lesions in the brain, liver, prostate, and breast. Specifically, changes in
mean ADC exceeding 8% for brain lesions, 27% for liver lesions, 27% for prostate
lesions, and 15% for breast lesions are claimed to represent true changes with 95%
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confidence. These guidelines should enable successful clinical application of ADC as a
quantitative imaging biomarker and guarantee repeatable ADC measurements that
provide a reliable means of assessing treatment response [60].

Although bone lesions assessment is not included in these QIBA guidelines, we
proceeded with their quantitative assessment in accordance with the MY-RADS and
recently published studies about the use of ADC and rFF evaluation of bone lesions

[30, 47, 49, 50, 51].

We observed an excellent interobserver agreement both in evaluation of ADC values
and in rFF percentage across all anatomic regions. Our data are substantially in
agreement with some articles published about the reproducibility of these values.
Castagnoli et al. [49] found excellent inter-reader agreement (ICC = 0.95) reported by
on rFF evaluation of normal marrow (89.76%) and malignant bone lesions from breast
(14.46%), myeloma (13.12%) and prostate cancer (13.67%) (p > 0.017). The excellent
inter-reader agreement reported by aligns with our findings, supporting the reliability of
FF measurements across different anatomical regions. Similar results on high
reproducibility were found on ADC values by Michoux et al [48] that highlights the
repeatability (RC) and reproducibility (RDC) limits for ADC measurements in an
oncologic multicentre setting using WB-MRI. Based on the upper limit of the 95%
confident interval on RC and RDC (from both readers), a change in ADC in an
individual patient must be superior to 12% (cerebrum white matter), 16% (paraspinal
muscle), 22% (renal cortex), 26% (central and peripheral zones of the prostate), 29%
(renal medulla), 35% (liver), 45% (spleen), 50% (posterior iliac crest), 66% (L5
vertebra), 68% (femur), and 94% (acetabulum) to be significant. According to their
work, for an ADC change to be considered clinically relevant, it must exceed specific
thresholds, which vary depending on the organ but the coefficient of variation of ADC
was not influenced by other factors (centre, reader). Small variations in ADC
measurements, especially in regions such as bone marrow and complex tissues, may not
necessarily reflect real pathological changes, but could be attributed to intrinsic
reproducibility limits. Moreover, previous published data by Giles et al [98] showed the
potential of WB- MRI imaging as a biomarker of treatment response in myeloma with
good sensitivity. ADC analysis was found to be highly repeatable (mean coefficient of
variation of ADC was 3.8% in healthy volunteers and 2.8% in myeloma patients) and
also they found that mean ADC increased in 95% (19 of 20) of responding patients and
decreased in all non-responders (p =0.002). A 3.3% increase in ADC helped identify
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response with 90% sensitivity and 100% specificity; an 8% increase (greater than
repeatability of cohort 1b) resulted in 70% sensitivity and 100% specificity. There was a
significant negative correlation between change in ADC and change in laboratory
markers of response (r = -0.614; p = 0.001).

Another interesting test re-test study about reproducibility of functional parameters was
performed on WB-MRI in advanced prostate cancer and it states that bone metastases’
mean ADC and FF measurements of single lesions and global disease volumes are
repeatable, supporting their potential role as quantitative biomarkers in metastatic bone
disease [99]. Moreover, the excellent reproducibility of ROIls area supports the validity
of reproducibility of ADC and FF. The good results of reproducibility of ADC and FF
found in our study could enhance the Ingenia 3 T scanner's ability to perform
multiparametric WB-MRI even though this type of scanner is not present in the
OPTIMUM/MUKnine trial, a multicentric trial performed in England to improve WB-
MRI in myeloma patients in different scanners [56, 57].

Possible limits of our study are the small sample size of patients especially in follow up
group, the vast majority of bone lesions rather than soft tissue (only 2 patients with
extra medullary disease and 9 with para medullary tissue) and the absence of mixed
response (and so secondary RAC different from primary RAC) that is a tricky

evaluation.

Conclusion

Our findings demonstrate that WB-MRI using the MY-RADS criteria provides a robust
framework for the consistent evaluation of multiple myeloma. Their reproducibility
supports its integration into clinical practice for the staging and management of patients.
Furthermore, the reproducibility of quantitative ADC and FF measurements in our study
supports their use as reliable biomarkers for disease assessment. The findings
underscore the importance of protocol standardization and optimal training of
radiologists to improve diagnostic consistency of multiparametric WB-MRI through
structured training programs, with an emphasis on the MY-RADS criteria and
“functional” imaging sequences like ADC and FF.
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2.5 PROSPECTIVE ASSESSMENT OF 3T WHOLE-BODY MRI
AND PET-CT IN DIAGNOSING MULTIPLE MYELOMA AND ITS
INFLUENCE ON PATIENT CARE

The aim of this study is to compare the diagnostic accuracy of multiparametric WB-
MRI (performed on a 3 Tesla scanner) with PET-CT in conjunction with clinical and
laboratory data (International Myeloma Working Group criteria) in patients with
myeloma and to evaluate the clinical relevance of the two imaging methods in patient

management.

Materials and methods:

From October 2020 to January 2024, we prospectively enrolled consecutive myeloma
patients who underwent to a 3 Tesla WB-MRI (performed according to MY-RADS
guidelines); clinical and laboratory data were also collected for all the patients. Of these,
we included in this part of the study only patients who underwent WB-MRI and FDG
PET-CT within 1 month at staging or follow-up. Independently and without knowledge
of the outcome of the other imaging modality, one radiologist and one nuclear medicine
physician assessed each patient's level of bone involvement by analysing various
patterns of bone marrow infiltration (BMI) for focal lesions (FL) as well as
diffuse/micronodular infiltration (per-patient and per-pattern of BMI analysis) in each
imaging modality.

Diagnosis and relapse were defined as per International Myeloma Working Group
(IMWG) criteria using laboratory parameters including bone trephine biopsy and
assessment of end-organ damage. Baseline clinical data of presentation at trial entry
(new diagnosis or suspected of confirmed relapse), laboratory myeloma markers (in
particular: haemoglobin, calcium, glomerular filtrate rate (GFR), serum paraprotein;
bone marrow plasma cells percentage at trephine biopsies) were collected into an
anonymized database. GFR was obtained as the well-established clinical practise
through CKD-EPI equations taking into account age, sex, race and creatine level [100].
Bone marrow biopsies were performed at the right posterior iliac crest without image
guidance for all the patients, as for clinical practise.

Two expert specialist haematologists, during a multidisciplinary weekly meeting,
reviewed all clinical, biological, histopathological and imaging data available and, in
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consensus, reached an agreement on management plans [3,5,12,17]. This was used as a
reference to evaluate WB-MRI and PET-CT diagnostic performance and impact on
management (either treat as myeloma with or without additional radiotherapy or
surgery, or treat for non-myeloma related event or active surveillance). The
multidisciplinary meeting is composed by at least a panel of experts of 1 radiologist, 1
nuclear medicine physician, 1 radiotherapist, 1 pathologist and 2 haematologists.
Statical tests used for the analysis were: Mc-Nemar Test to compare sensitivity and
specificity of WB-MRI and PET-CT and to assess which imaging technique has the
strongest impact on the change of management, T-Test or Wilcoxon rank-sum test to

assess the correlation between lab data and imaging findings.

Results:
Study population
This study evaluated 137 patients, with 54% male (n=73) and 46% female (n=61),

median age 66 years (IQR: 57-74). Table 2.5 summarized patients’ characteristics.

Overall (N=137)

Sex —n (%)

male 73 (54%)

female 64 (46%)
Age at MRI

median, 1Q-111Q 66, 57-74
ISS —n (%)

I 39 (48%)

I 23 (28%)

i 23 (24%)

ND 55
Disease stage — n (%)

smouldering 39 (28%)

NDMM 37 (27%)

post-ASCT 37 (27%)

RDMM 24 (18%)
Distance MRI-PET

median, 1Q-111Q 7,2-20

Tab 2.5: patients’ characteristics of this study.
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The stages of the disease were distributed as follows:
- Group 1: High Risk Smouldering Multiple Myeloma: 28% (n=39)
- Group 2: Multiple Myeloma 72% (n=98): Newly Diagnosed Multiple Myeloma
(ND-MM): 27% (n=37); Post-Autologous Stem Cell Transplant (Post-ASCT):
27% (n=37); Relapsed/Refractory Multiple Myeloma (RRMM): 18% (n=24)
The median time between WB-MRI and PET-CT scans was 7 days.

Comparison of WB-MRI and PET Findings

WB-MRI Imaging Patterns were: Negative: 60 patients (44%); Diffuse: 12 patients
(9%); Micronodular: 3 patients (2%); Focal: 41 patients (30%); Focal on Diffuse: 21
patients (15%); PET-CT Imaging Patterns were: Negative: 73 patients (53%); Diffuse: 6
patients (4%); Micronodular: 0 patients (0%); Focal: 38 patients (28%); Focal on
Diffuse: 20 patients (15%) (Table 2.6).

PET-CT

Negative Diffuse Focal Focal on diffuse | Total

Negative 58 1 0 1 60

= Diffuse 8 4 0 0 12
= Micronodular 3 0 0 0 3
g Focal 3 1 34 3 41
Focal on diffuse 1 0 4 16 21
Total 73 6 38 20 137

Tab 2.6: Overall WB-MRI and PET-CT patterns of bone marrow involvement.

In the HR-SMM cohort (group 1), WB-MRI showed presence of BMI in 10/39 patients
(26%) while PET-CT in 4/39 patients (10%), determining a sensitivity for WB-MRI and
PET-CT of 91% and 36% respectively (p=0.07), whereas the specificity was of 100%
for both (p=1; Table 2.7). Additionally, in the same cohort, patients with BMI,
demonstrated in at least one imaging modality, demonstrated higher blood paraprotein
levels compared to patients without BMI in both WB-MRI and PET-CT (p=0.01; table
2.9).
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Reference Reference
WB-MRI Negative | Positive | Total PET-CT Negative | Positive | Total
Negative 28 1 29 Negative 28 7 35
Positive 0 10 10 Positive 0 4 4
Total 28 11 39 Total 28 11 39
Sensitivity Sensitivity
91 (59-100) 36 (11-69) p=0.07
% %
Specificity Specificity
100 (88-100) 100 (88-100) p=1
% %

Tab 2.7: Sensibility and specificity of WB-MRI and PET-CT in HR-SMM group.

In the MM cohort (group 2), WB-MRI demonstrated BMI in 67/98 patients (68%) while
PET-CT in 60/98 (61 %) cases, thus leading to a sensitivity of 100% and 89%
respectively for WB-MRI and PET-CT (p=0.02). and a specificity of 97% for both.

These results agree with the literature data about the ability of WB-MRI to depict

diffuse and micronodular pattern of BMI (15 cases vs 6 cases). Even in this cohort of
patients WB-MRI and PET-CT shared the same specificity (97%; p=1. Table 2.8). In

the MM cohort, there is also a correlation between positive imaging findings, obtained

in at least one modality between WB-MRI and PET-CT, and blood paraprotein level

(p=0.007) and haemoglobin (p=0.002). Specific Laboratory Data Analysis are show in

Tables 2.9 (HR-SMM) and 2.10 (MM).

Reference Reference
WB-MRI Negative | Positive | Total PET-CT Negative | Positive | Total
Negative 31 0 31 Negative 31 7 38
Positive 1 66 67 Positive 1 59 60
Total 32 66 98 Total 32 66 98
Sensitivity % 100 (95-100) Sensitivity % 89 (79-96) p=0.02
Specificity % 97 (84-100) Specificity % 97 (84-100) p=1

Tab 2.8. Sensibility and specificity of WB-MRI and PET-CT in MM group
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Tab.

Negative WBMRI & PET  Positive WBMRI ORPET  p

Plasma cells % (PC%)

median, 1Q-111Q 20, 13-40 33.5, 20-45

mean (SD) 27.0 (16.9) 33.8 (13.6) 0.24
Monoclonal para protein (g/L)

median, 1Q-111Q 19.4,14.7-28.2 26.5,23.2-35.4

mean (SD) 19.8 (10.0) 29.8 (10.0) 0.01
haemoglobin (g/DI)

median, 1Q-111Q 12.6, 11.6-13.5 11.7,10.9-12.3

mean (SD) 12.4 (1.6) 11.7 (1.3) 0.11
Glomerual filtrate rate

median, 1Q-111Q 85.5, 67-102 93, 82-103

mean (SD) 82.4 (20.8) 90.5 (14.8) 0.37
calcium (mg/dL)

median, 1Q-111Q 95,9.2-9.8 9.3,9.2-9.8

mean (SD) 9.5 (0.4) 9.4 (0.5) 0.51
2.9: Laboratory Data Analysis (High Risk -Smoldering Multiple Myeloma)

Negative WBMRI & PET  Positive WBMRIORPET  p

Plasma Cells % (PC%)

median, 1Q-111Q 20, 13-75 51, 20-80

mean (SD) 38.5(35.0) 49.7 (31.8) 0.14
Monoclonal para protein (g/L)

median, 1Q-111Q 3.25,0.6-14.4 15.9, 2.7-32.4

mean (SD) 7.4 (8.0) 19.3 (18.8) 0.007
haemoglobin (g/dL)

median, 1Q-111Q 12.5,11.8-13.2 10.9, 9.5-13

mean (SD) 12.5 (1.4) 11.2 (2.0) 0.002
Glomerular filtrate rate

median, 1Q-111Q 79, 63-95 78, 51-90

mean (SD) 77.9 (20.6) 71.2 (25.9) 0.22
calcium (mg/dL)

median, 1Q-111Q 9.2,8.8-9.7 9.4,8.9-9.9

mean (SD) 9.3 (0.6) 9.4 (0.7) 0.29

Tab.2.10: Laboratory Data Analysis (Multiple Myeloma)
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Analysis of the ability to identify focal pattern reveals:
- Group 1 (HR-SMM): WB- MRI detected focal lesions in 10% (4/39), while
PET-CT detected focal lesions in 8% (3/39). The percent agreement was 92%

(95% CI: 84-100%), with a Cohen's kappa of 0.53 (95% CI: -0.04-1.00).

- Group 2 (MM): WB- MRI detected focal lesions in 59% (58/98), and PET-CT
detected focal lesions in 56% (55/98). The percentage agreement was 97% (95%

Cl: 93-100%), with a Cohen's kappa of 0.94 (95% CI: 0.87-1.00). Sensitivity of

100 % and specificity of 98 % for WB-MRI and 97% and 100% respectively for
PET-CT (p=0.5 for sensitivity).

Impact on management of patients
Overall change of management was 74/137 (54%), no change 63/137 (46%).
If we consider positive findings, there are more positive WB-MRI (66/74, 89%) than
PET-CT (56/74, 76%) in patients whose management changes, therefore WB-MRI

positive findings have a greater impact on management change with p =0.002 (Table

2.11 and 2.12).

Change of Change of
management management
MRI No Change Total PET No Change Total
change change

Negative 52 8 60 Negative 55 18 73

Positive 11 66 77 Positive 8 56 64
Total 63 74 137 Total 63 74 137
p <0.001 p <0.001

Tab 2.11: positive and negative WB-MRI and PET-CT.

PET
MRI Positive Negative Total
Positive 56 10 66
Negative 0 8 8
Total 56 18 74
p =0.002

Tab 2.12: positive WB-MRI and PET-CT.

58




Both imaging techniques are associated with management change. This change was
consistent with WB-MRI in 72/74 (97%) compared to PET-CT where we found
consistency in 45/74 (61%) with a significant difference (p-value < 0.001) and so a

stronger impact on management change of WB-MRI (Table 2.13).

PET-CT
WB-MRI change | no change | Total
change 43 29 72
no change 2 0 2
Total 45 29 74
p <0.001

Tab. 2.13: Overall change of management.

Furthermore, WB-MRI led to a diagnosis of active multiple myeloma in 4 patients
previously diagnosed HR-SMM thank to findings of M criteria of SLiM CRAB criteria.
WB-MRI led to a change of management, also, for incidental findings in 7 patients for
non-myeloma-related event. In 4 patients it detected other malignancies (1 right colon
cancer, 2 pancreatic adenocarcinomas and 1 cholangiocarcinoma) that required further
oncological and surgical intervention and 3 spinal cord compression requiring

immediately neurosurgeon evaluation and radiotherapy.

Discussion

WB-MRI and PET-CT provide different perspectives on myeloma patients helping in
the identification of BMI before osteolytic end organ damage occurs. Utilization of
functional imaging modalities in increasing since their superiority in sensibility and
specificity rather than WB LD CT and skeleton X-Ray and they are insert into
international guidelines. Because PET-CT discriminate between diseases that are
metabolically active and those that are not, it is useful in identifying lesions with high
metabolic activity, such as focal lesions (FLs) and extramedullary disease (EMD) and it
is particularly effective in evaluation after treatment. On the other hand, WB-MRI
examines the water and fat content of tissues and following MY-RADS guidelines, is
particularly sensitive in identifying early bone marrow infiltration both in case of focal

lesions and in case of diffuse or micronodular pattern of BMI. The inclusion of DWI
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sequences with ADC and FF maps leading to a multiparametric WB-MRI and has
increased its diagnostic power, allowing for the detection of subtle changes in bone
marrow cellularity and fat content, which are indicative of disease burden also in the
assessment after treatment even in RR-MM patients, owing to the proven excellent
capability of WB-MRI to depict bone marrow pathology, particularly in the context of
the extremely heterogeneous nature of myeloma and its spatial variability [42, 79;
101,102]. The selection of imaging modalities to use now mostly depends on patient’s
needs, local availability and national recommendation, but also on costs [15].
Comparative studies have suggested that multiparametric WB-MRI is more sensitive
than PET-CT for the detection of BMI at diagnosis of MM thanks to its high spatial
resolution and sensitivity to diffuse pattern [10, 29]

At the time of writing, there is a limited number of studies prospectively comparing
diagnostic performance of WB-MRI and PET-CT in myeloma patients and evaluating
management change.

Our study first compared the diagnostic accuracy of the two imaging methods for the
detection of BMI and it was high for both. An overall sensitivity of 100% and 89%
respectively for WB-MRI and PET-CT (p=0.02) and a specificity of 97% for both was
found in MM group. Moreover, WB-MRI detected in MM group diffuse pattern alone
or combining with focal pattern in 27 patients, while PET-CT in 23 cases, in HR -SMM
patients diffuse pattern was found in 6 WB-MRI and in 2 PET-CT; WB-MRI depicted
also 2 micronodular patterns. Even if they are SIiM CRAB criteria considers only FL,
we consider diffuse pattern and micronodular pattern sign of BMI in patients affected
by HR-SMM and factor to access to some clinical trials for treatment. In this setting, the
value of WB-MRI was extremely high showing a sensitivity of 91% and specificity of
100%, whilst for PET-CT we found a sensitivity of 36% and specificity of 100%.

At present only another prospective trial has been published by Messiou C et al. about
prospective comparison of multiparametric WB-MRI and FGD PET-CT and our result
agrees with the results of iITIMM trial [39]. The iTIMM trial highlights the superior
sensitivity of WB-MRI over PET-CT in detecting multiple myeloma: WB-MRI
identified focal lesions in 83% of participants (50 out of 60), while PET-CT detected
them in only 60% (36 out of 60); WB MRI detected diffuse disease in 82% of
participants (49 out of 60), compared to just 17% (10 out of 60) for PET-CT. WB-MRI
showed significantly higher detection for focal lesions at all anatomic sites (except ribs,

scapulae, and clavicles) and for diffuse pattern at all sites; moreover, participants with
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diffuse disease at MRI had higher plasma cell infiltration (p = 0.03) and paraprotein
levels (p =0.02) compared with those without diffuse disease. All genetically high-risk
tumors showed diffuse infiltration at WB-MRI. In concordance to our study, there was a
correlation between paraprotein level and positive findings on WB-MRI or PET-CT
both in HR-SMM and MM patients, however there wasn’t a correlation with PC but we
found a correlation with haemoglobin and MM positive imaging findings. The inferior
diagnostic performance of PET-CT in this study compared to our results could be
explained using IMPeTUs criteria that enhance the diagnostic power of PET-CT.
Westerland et al retrospectively [103] compared the two modalities and the impact on
clinical management and found that WB-MRI had a higher per patient sensitivity for
bone disease because it detected a higher number of lesions per patient with
concordance between PET-CT and WB-MRI in terms of disease positivity and lesion
number in only 59% of patients.

Moreover, Lecouvet et al [96] demonstrated that MRI is significantly more sensitive
and reproducible than PET-CT to detect BMI in MM . The sensitivity of MRI to detect
BMI (97% [90%; 100%]) was significantly superior to that of PET-CT (76% [64%;
85%]) (p < 0.001). The specificity of MRI (86% [57%; 98%]) was lower than that of
PET-CT (93% [66%; 100%]), without reaching statistical significance (p = 0.32). A
significantly higher plasma cells percentage was observed in positive MRI or PET-CT
findings.

However, PET-CT showed high performance, including for evaluation of diffuse
infiltration, in another prospective study on 30 new diagnosed MM [104]; although
WB-DWI detected more FLs than did PET-CT, there was no difference in the detection
of bone disease on a per-patient basis.

Regarding the impact on change in management, imaging with PET-CT and WB-MRI
resulted in 54% (74/137) of patients with WB-MRI consistent with the change in 97%
(72/74) and PET-CT in 61% (45/74). Moreover, positive WB-MRI has a greater impact
on management change. Westerland et al [103] found a change in management thanks
to the use of functional imaging in up to 23.9% (11/46) of patients, compared to review
of clinical data alone. WB-MRI resulted in a decision to treat in an additional 6.5%
(3/46) of patients compared with PET-CT. According to our data, also in this study
negative PET-CT scan had a slight negative impact on management (i.e. surveillance

versus treatment), mitigated by positive clinical data. However, treatment decisions
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were not statistically different and either modality would be appropriate in initial
staging, depending on local availability and expertise.

In contrast to these data, in the research of Lecouvet there was a strong correlation
between decisions regarding patient management and PET-CT findings (p < 0.001).
However, as underlined by authors, a limit of that study could be that there is a mix of
64 axial MRI and only 20 WB-MRI [96].

Our study has some limitations: first, we did not focalize on number of focal lesions, but
we assessed a per pattern evaluation; second, we did not evaluate the performance of
WB-MRI and PET-CT in the post treatment assessment and minimal residual disease;

third, there is a lack of prognostic value.

Conclusion

Our prospective trial supports the utmost role of WB-MRI and FGD PET-CT in the
assessment of patients affected by SMM and MM at both diagnosis and relapses with a
superior sensibility of WB-MRI in the evaluation of BMI and higher impact on
therapeutic approach. While PET-CT provides a quantitative measure through SUV,
WB-MRI's ADC and FF measurements offer a non-ionizing alternative for assessing
disease burden without radiation exposure. The future of myeloma management will
likely see greater integration of both techniques, with PET-CT providing metabolic
assessments and WB-MRI offering detailed structural evaluations. This combined
approach could improve diagnostic accuracy and treatment monitoring, enhancing

patient outcomes.

62



2.6 RADIOPSY: QUANTITATIVE MULTIPARAMETRIC WB-MRI
FOR DISCRIMINATION OF SMOLDERING AND MULTIPLE
MYELOMA

Multiple Myeloma (MM) evolves from precursor stages such as smoldering multiple
myeloma (SMM), with distinct risks of progression. Whole-body MRI (WB-MRI) is a
sensitive imaging tool for assessing bone marrow infiltration (BMI) in MM and SMM.
This study aims to develop predictive models using WB-MRI quantitative imaging
biomarkers (QIBs) extracted from Apparent Diffusion Coefficient (ADC) and relative
Fat Fraction (rFF) maps, to distinguish between SMM and MM.

Materials and Methods

Population demographics clinical and biological data

Inclusion criteria of this part of the study were execution of 3 T WB-MRI (performed
according to MY-RADS guidelines), suspected new diagnosis of HR-SMM or MM
defined as per IMWG criteria using laboratory parameters including bone trephine
biopsy and assessment of end-organ damage. Exclusion criteria were patients with
MRI-unsafe prostheses and devices patients with other known malignancies, patients
whose tests are of suboptimal quality, or whose test has been suspended, or is
incomplete.

Baseline clinical data of presentation at trial entry (new diagnosis or relapse), laboratory
markers (b2-microglobulin, albumin, haemoglobin, calcium, lactate dehydrogenase,
glomerular filtrate rate, serum free light chains and ratio, serum paraprotein, bone
marrow cellularity and infiltration at trephine biopsies (plasma cells percentage,
BMPC%) were collated into an anonymized database.

Bone marrow biopsies were performed at the right posterior iliac crest without image
guidance for all the patients, as for clinical practise. Glomerular Filtration Rate (GFR)
was obtained as the well-established clinical practise through CKD-EPI Equations
taking into account age, sex, race and creatine level [100].

Patients’ characteristics are summarized in Table 2.14. Mann Whitney U was employed

to evaluate differences in demographical, clinical and biological indicators.
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Variable n (%) or Median (Range)

Sex

Male 46 (55%)
Female 38 (45%)

Monoclonal Protein Isotype

IgG 50 (60%)
IgA 20 (24%)
Light Chain 10 (12%)
Non Secretory 4 (4%)
ISS Stage

Stage | 45 (53%)
Stage Il 24 (28%)
Stage 111 15 (18%)

Disease Stage

Smouldering 39 (46%)
MM 45 (54%)

Bence Jones Protein

Negative 28 (33%)
Positive - Not Evaluable 22 (26%)
Median () 0.105 (0.0 — 1.86)
Serum M-protein (g/L) 19.6 (0.0 - 85.5)
Bone marrow plasma cells (BMPC %) 39.0 (6.0 - 100.0)
Hemoglobin (g/dL) 11.9 (7.0 - 16.5)
Platelet Count (10"9/L) 214.5 (58.0 - 692.0)
Calcium (mg/dL) 9.4 (8.3-11.1)
Albumin (g/L) 41.0 (27.0 - 49.0)
LDH (U/L) 167.5 (87.0 - 352.0)
Beta2 microglobulin (mg/L) 2.60 (1.83 - 3.85)
Glomerular Filtration Rate (ml/min) 80.00 (64.50 - 95.00)
Alkaline Phosphatase (U/L) 66.5 (32.0 - 446.0)

Tab. 2.14. Clinical Characteristics of the Study Population (n=84)

Image segmentation and Analysis

An experienced radiologist and a medical physicist placed four identical cylindrical
volumes of interest (VOIs), labelled Left inferior (LI), left superior (LS), right inferior
(RI), and right superior (RS), each with a volume of 2.6 cm3, on the pelvic bone and two
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more VOIs were positioned on the dorsal and lumbar vertebrae (the vertebrae numbers
may vary due to disease invasion), both on ADC and rFF sequences as shown in figure
2.8. Specifically, the RS and RI VOIs were placed near the biopsy site, where plasma
cell percentage (BMPC %) is assessed. Particular attention was given to avoiding any
focal lesions during VOI placement, especially in patients with MM, as well as to

potential focal spots near the biopsy site.

as right superior (RS), right inferior (RI), left superior (LS), left inferior (LI), lumbar vertebra (LX) dorsal vertebra
(DX).

Statistical Analyses

Mean ADC and rFF values extracted from the RS VOI, which are most representative
of disease invasion due to their proximity to the biopsy site, were correlated using
Pearson’s p with relevant laboratory biomarkers (statistically different among SM and
MM at Mann Whitney test) and previously reported in literature as predictors for SM
and MM [7;105].

Histogram, second and higher order QIBs were extracted from all VOIs using S-IBEX,
an IBSI-compliant software [106]. QIBs with an Intra-Class Correlation Coefficient
(ICC) < 0.5, evaluated for RS and RI, were discarded. The Pearson correlation

coefficient (p) was employed to eliminate redundancy among QIBs employing a

threshold of 0.85.
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The Least Absolute Shrinkage and Selection Operator (LASSO) algorithm was used to
select the most predictive QIBs for both ADC and rFF sequences across all VOIs. The
QIBs most frequently selected by LASSO across the different VOIs were further
analysed and employed to build predictive models.

Single and Multi-feature models, internally validated using 3-fold cross-validation, were
developed with two-thirds of the dataset and tested on the remaining one-third. This
procedure was repeated 30 times to assess the median performance of the models on the
various VOIs, including RS, RI (the VVOIs near the biopsy site), LS, LI, L5, and D11.
De Long Test will be employed to score the significance of model’s performance on
different VOIs.

In the end “radiopsy” model based on RS VOI will be further analysed through
precision and recall calculation and compared with prediction performance of Plasma
cell invasion percentage and with mean values of rFF and ADC sequences. Calibration
and decision curves will be used for model performance and benefit comparison. The
best logistic regression model developed from RS VOI will be tested on the distant
VOIs RI, LS, LI, L5 and D11 to demonstrate that “radiopsy” can be used to evaluate
clinical status from sites distant from biopsy.

Radiomics score:

We evaluated the quality of radiomics research employing METRICS (Excellent 88%)
and Radiomics Quality Score [63,65].

Results

Patients’ characteristics and histopathology

102 patients were included in this study. 18 patients have been discarded for bad image
quality or presence of artifact in pelvis or incomplete exam, resulting in 84 patients
included for the quantitative analysis (46 male, 38 female) as shown in Figure 2. 45
patients were affected by Multiple Myeloma and 39 affected by Smouldering Multiple
Myeloma.

Patients’ demographic, clinical and biological characteristics and their evaluation with
Mann Whitney U are shown in Table 2.15 where BMPC%, HB, serum albumin and
Beta2 microglobulin are significantly different with those in the SMM group.
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SMmean| SMstd | MM mean | MM std | p-value

Age 58.91 10.38 64.93 9.47 0.025
Sex(M/F) 18/20 28/20

M-Protein (g/L) 19.45 10.10 28.19 23.73 0.211
BMPC % 25.30 15.45 63.83 25.97 0.000
HB (g/dL) 12.44 1.71 10.69 2.08 0.001
PLT (1079/L) 231.87 60.60 205.17 79.34 0.202
Serum calcium(mg/dL) 9.48 0.35 9.53 0.74 0.932
Serum Albumin (g/L) 42.67 2.97 38.60 5.64 0.001
LDH (U/L) 160.53 30.22 167.91 53.03 0.969
GFR (ml/min) 81.65 20.15 73.06 22.97 0.110
Beta2 microglobulin (mg/L) 2.28 0.83 5.25 4.29 0.000
Alkaline phosphatases (U/L) 63.50 19.10 91.69 75.25 0.104

Tab. 2.15: Patient demographical and laboratory data

Statistical Analyses

Correlation of relevant lab biomarker with mean ADC and rFF values extracted from
RS VOI are shown in Figure 2.9 where SMMM represent the patient clinical status of
SM or MM.

It is noticeable that mean intensity both in ADC and FF is moderately associated with
BMPC% with a p = 0.45 and 0.43 respectively (p<0.01). Scatterplot of ADC and rFF
against BMPC% is shown in figure 2.9b and 2.9c respectively.
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Fig.2.9: Correlation between mean intensity of ADC and rFF and relevant lab biomarkers (a). Scatterplots of
correlation between BMPC and rFF (b) and ADC (c).
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144 histogram, second and higher order QIBs were extracted from the 6 VOIs
contoured on WB-MRI ADC and rFF sequences for each patient. After applying ICC on
RS and RI, 23 stable QIBs were obtained for ADC and 43 for rFF confirming the
general higher reproducibility of rFF sequences compared to ADC. Pearson p
correlation coefficient was applied with a threshold of 0.85 to the previously selected
QIBs to remove redundancy.

We ended up with 15 independent QIBs both for ADC and rFF sequences to be tested
as predictors of MM. LASSO was applied on all the VOIs contoured to assess the
mostly selected QIBs related to the clinical diagnosis of SM or MM both for ADC and
rFF. Four most frequent QIBs for each imaging modality were selected for further
analysis to maximize prediction and avoid overfitting. Mean intensity, complexity, zone
distance non uniformity, and the coefficient of variation were selected for rFF
sequences whereas mean intensity, zone size non uniformity, 90th intensity percentile
and zone distance non uniformity were selected for ADC. These QIBs were finally
employed to build 3 -fold cross validated logistic regression-based models on the
different VOIs as shown in Table 2.16 where we find an average Area Under the ROC
(Receiver operating characteristic) Curve (AUC) of 0.80 in training and 0.70 in test with
a slight non statistically significant variability (p>0.05) of the VOI taken into

consideration at De Long test.

Model

(AUC) Median Train  95% Cllow 95% Clup Median Test 95% Cl low 95% CI up
RS 0.80 0.79 0.89 0.76 0.61 0.87

RI 0.80 0.77 0.87 0.71 0.53 0.82

LS 0.80 0.77 0.86 0.73 0.56 0.84

LI 0.78 0.73 0.85 0.66 0.52 0.84
LXX 0.78 0.69 0.82 0.66 0.54 0.82
DXX 0.79 0.61 0.84 0.69 0.53 0.81
Mean AUC 0.80 0.70

Tab. 2.16: Logistic regression based models performances in training and test with 95% confidence interval (Cl)

In figure 2.10 we show the performance of the logistic regression models based on
Radiopsy QIBs evaluated on RS compared to a logistic regression model trained only

with plasma cell infiltration parameter or only with mean intensity of rFF sequences.
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The median AUC for the radiopsy model was 0.80 (0.74-0.87) in training and 0.76 (0.59
—0.885) in test whereas for mean intensity rFF scored an AUC of 0.74 (0.68 - 0.82) in
training and 0.74 (0.55 — 0.83) in test. The AUC of the radiopsy model resulted to be
statistically significant different from the mean intensity rFF one in training but not in
test.

The BMPC based model scored an AUC of 0.89 (0.87-0.91) and 0.90 (0.87-0.91) in
training and test respectively and was statistically significantly different from both the
previous models (p<0.01) (Figure 2.10).

a Radiopsy-based model b BMPC (%) based model
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Fig. 2.10: ROC curve for training and test of logistic regression models based on (a) Radiopsy QIBs, (b) BMPC (%)
and (c) mean rFF

In the end we select the best radiopsy logistic regression model that had 0.90 test AUC
composed by Mean intensity, Complexity, Zone distance non-uniformity and Intensity-
based coefficient of variation (from rFF sequences) and it was employed to be tested on
the distant VVOlIs giving the performances summarized in Table 2.16 and the ROC
curves given in Figure 2.11. The difference in performances resulted to be not

statistically significant.
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Test Test Test
VOI o
AUC Precision Recall
RI 0.74 0.71 0.70
LI 0.77 0.72 0.72
LS 0.78 0.75 0.65
LXX 0.69 0.62 0.83
DXX 0.69 0.59 0.83

Tab. 2.16: Numerical performances of Radiopsy model developed on RS and tested on distant VOIs in term of

AUC, precision and recall.
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Fig. 2.11: ROC curves showing the performances of Radiopsy model on distant VOIs. AUCs are presented in the
legend.

Discussion

The findings from this study underscore the potential of imaging biomarkers derived
from WB-MRI sequences, particularly ADC and rFF, in distinguishing between MM
and SMM patients. Notably, radiopsy models demonstrated the ability to predict the
clinical status non-invasively across various VOIs, maintaining stable predictive
performance even when assessments were conducted at locations distant from biopsy

sites. The median AUC obtained using the most relevant feature from ADC and rFF
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sequences was 0.80 in the training phase and 0.70 in the test phase across all the VOIs
taken into consideration.

Among the VOIs evaluated, the RS VOI showed the highest predictive accuracy,
achieving an AUC of 0.80 (95% ClI: 0.79-0.89) in training and 0.76 (95% CI: 0.61-0.87)
in testing. This superior performance suggests the importance of QIBs extracted from
regions close to biopsy sites, where disease activity is more closely monitored. The
consistency of AUC values across different VOIs, including the LS VOI (median test
AUC of 0.73, 95% CI: 0.56-0.84) and the Rl VOI (median test AUC of 0.71, 95% CI:
0.53-0.82), highlights the robustness of these models and their potential application
across different anatomical locations. We further compared the performances of
radiopsy model at RS site with BMPC which is considered one of the most powerful
indicators of disease presence.

ROC curves in Figure 2.10 compare the performance of the radiopsy model (AUC =
0.76 in the test set) with BMPC (AUC = 0.90 in the test set), still revealing a
statistically significant superiority of BMPC, as expected from the gold standard
biomarker used for the myeloma diagnosis. Endeeping the analysis of the radiopsy
model, we highlight that there is a notable and statistically significant difference
between the radiopsy model’s performance in the training set (AUC = 0.80) and the
performance when the most important metric of the model alone is mean rFF with an
AUC of 0.74, suggesting that higher-order QIBs enhance predictive performance. With
an AUC of 0.76 for the Radiopsy model and 0.72 for mean intensity rFF in the test set,
the difference between the two models is not statistically significant, but the Radiopsy
model nevertheless demonstrates better prediction abilities. BMPC% evaluation
provides a superior benefit for high-threshold probability patients, indicating that the
BMPC model offers a better balance between sensitivity and specificity in this range,
reducing false positives while still capturing key true positives. Radiopsy model can
offers complementary information to PC% when a biopsy is not feasible or for non-
invasively follow-up.

Given the known heterogeneous diffuse spatial nature of multiple myeloma, we also
evaluated the Radiopsy model's ability to predict patient status in distant VOIs. The
model achieved encouraging results, with a median AUC of 0.75 when evaluating VOIs
on the pelvic bone and 0.69 when assessing vertebrae. These findings suggest that the
Radiopsy model can effectively evaluate distant invasion in the pelvic bone, though we

observed a performance drop when assessing vertebrae.
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The importance of imaging biomarkers in the radiomic model is underline by the mean
intensity of Fat Fraction and ADC emerging as strong predictors of disease, showing
moderate correlation with BMPC% at 0.45 and 0.43, respectively. These findings are
consistent with those of Sun et al. [105], who reported correlations of 0.60 and 0.49,
respectively. Wennmann et al. also investigated radiomic models in a multicenter study
of 512 patients from eight centers, reporting a strong correlation (0.71) between
radiomic QIBs and BMPC values [107] . However, direct comparisons with our study
are difficult, they observed that patients with high BMPC had lower feature values for
metrics such as the "first-order numeric mode value," which aligns with our findings on
mean ADC.

Moreover, Latifoltojar et al. [108] and Koutoulidis et al. [53] studied mean values of
rFF and ADC, along with radiomic QIBs, to differentiate between patients with very
good partial response and those with partial response. Latifoltojar found that mean rFF
had an AUC of 0.95 (95% confidence interval 0.87-1.00), whereas other MRI
biomarkers such mean ADC were less reliable in predicting patient outcomes. Similarly,
Koutoulidis demonstrated that mean and median rFF intensity, along with the 90th
percentile, distinguished between these patient groups with AUC values of 0.82, 0.84,
and 0.85, respectively. These same QIBs are also present in our analysis, which seeks to
distinguish between SM and MM. This study will be considered in our further
investigation, particularly in evaluating the progression of SMM to MM during follow-
up.

Reproducibility remains a challenge, particularly for texture QIBs derived from ADC
sequences. Wennmann et al. [107] highlighted the variability of radiomic QIBs across
different MRI sequences and scanners, with only a small subset achieving acceptable
reproducibility, even after applying normalization techniques. Their study found that
only 4% of texture QIBs exhibited an ICC > 0.8 across all experimental conditions,
emphasizing the influence of scanning parameters and hardware on feature stability. In
line with these findings, our study observed similar variability in ADC-derived QIBs,
necessitating a lower threshold for ICC acceptability (0.5). In contrast, FF-derived QIBs
demonstrated greater stability. The variability observed in our results supports the
conclusions of Wennmann et al., indicating that while textural QIBs from ADC
sequences hold diagnostic promise, their reliability is often undermined by variations in

acquisition parameters.
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Despite these challenges, our findings reinforce the potential of radiomic QIBs from
WB-MRI, particularly ADC and rFF, in assessing disease burden in MM and SMM.
While QIBs may offer complementary insights into disease heterogeneity and clonal
diversity, they should be used in conjunction with traditional biopsy-derived metrics,
rather than as standalone diagnostic tools, to enhance patient stratification and treatment
planning in clinical practise.

Our study has some main limitation: first the small sample size and lack of prognostic
value; second this analysis is based only on images from one MRI scanner in patients
enrolled in a single centre study, however it has already been activated a multicenter
data collection from other Italian research centers that use multiparametric WB-MRI to
external validate our results. Current validation relies on applying the Radiopsy model

to distant locations and doesn’t account for scanner variability.

Conclusion

In conclusion, the integration of QIBs with existing clinical biomarkers holds promise
for improving precision diagnostic and medicine of multiple myeloma. Future studies
with large cohorts and external validation are warranted to confirm our findings and

further refine its clinical utility.
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