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Abstract

Bone imaging has been intimately associated with the diagnosis and staging of multiple myeloma (MM) for more than 5
decades, as the presence of bone lesions indicates advanced disease and dictates treatment initiation. The methods used have
been evolving, and the historical radiographic skeletal survey has been replaced by whole body CT, whole body MRI (WB-
MRI) and ['®F]FDG-PET/CT for the detection of bone marrow lesions and less frequent extramedullary plasmacytomas.
Beyond diagnosis, imaging methods are expected to provide the clinician with evaluation of the response to treatment. Imag-
ing techniques are consistently challenged as treatments become more and more efficient, inducing profound response, with
more subtle residual disease. WB-MRI and FDG-PET/CT are the methods of choice to address these challenges, being able
to assess disease progression or response and to detect “minimal” residual disease, providing key prognostic information
and guiding necessary change of treatment.

This paper provides an up-to-date overview of the WB-MRI and PET/CT techniques, their observations in responsive and
progressive disease and their role and limitations in capturing minimal residual disease. It reviews trials assessing these tech-
niques for response evaluation, points out the limited comparisons between both methods and highlights their complemen-
tarity with most recent molecular methods (next-generation flow cytometry, next-generation sequencing) to detect minimal
residual disease. It underlines the important role of PET/MRI technology as a research tool to compare the effectiveness and
complementarity of both methods to address the key clinical questions.
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Abbreviations

ASCT Autologous stem cell transplantation

CR Complete response

CT Computed tomography

DCE MRI Dynamic contrast enhanced mag-
netic resonance imaging

DWI Diffusion weighted imaging

EMD Extra medullary disease

['8F]JFDG-PET 2-deoxy-2-[18F] fluoro-D-glucose posi-

tron emission tomography

FF Fat fraction
HR High risk
IMiDs Immunomodulatory drugs

IMWG International Myeloma Working Group
ISS International Staging System

MGUS Monoclonal gammopathy of undeter-
mined significance

MoAbs Monoclonal antibodies

MIP Maximal intensity projection

MM Multiple myeloma

MPR Multiplanar reformation

MRD Minimal residual disease

MRI Magnetic resonance imaging

MY-RADS Myeloma Response Assessment and

Diagnosis System
ND Newly diagnosed

NGF Next-generation flow

NGS Next-generation sequencing

oS Overall survival

PACS Picture archiving and communication
system

PET/CT Positron emission tomography combined
with computed tomography

PET/MRI Positron emission tomography combined
with MRI

PFS Progression free survival

RAC Response assessment categories

ROI Region of interest

RSS Radiographic skeletal survey

TIC Time intensity curve

WB-CT Whole body-computed tomography

WB-MRI Whole body-magnetic resonance
imaging

Introduction

Multiple myeloma (MM) is the second most common adult
haematologic malignancy, accounting for 10% of all hae-
matological cancers, with an incidence of about 4/100.000/
year and a median age at diagnosis of 70 years [1]. The
diagnosis of MM relies on a wide range of features,
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including biological findings, i.e. hypercalcaemia, renal
failure and anaemia, as well as on detection of lytic bone
lesions on imaging studies (“the CRAB criteria”) and
pathologic demonstration of bone marrow infiltration by
monoclonal plasma cells or extramedullary plasmacytoma
[2]. Imaging holds therefore a key position for the posi-
tive diagnosis of advanced disease as the demonstration of
bone and bone marrow lesions often dictates the initiation
of treatment. Modern imaging modalities have progres-
sively replaced the historical radiographic skeletal survey
(RSS) in this diagnostic role [3]. International guidelines
now recommend low dose whole-body computed tomog-
raphy (WB-CT), MRI covering either the axial skeleton or
the whole body (WB-MRI), and 2-deoxy-8-['*F] fluoro-
D-glucose positron emission tomography (FDG-PET/CT)
as the imaging methods facing a suspected diagnosis of
MM [4, 5].

These advances in imaging parallel critical improve-
ments in treatments, with recent developments of new
drug and therapeutic regimens, offering profound disease
response and even a realistic hope of cure [6]. Prolonged
survival with modern treatments of the disease leads to a
higher proportion of patients with evolution to extramed-
ullary or non-secretory MM cell clones which cannot be
followed with haematological markers and need dedicated
imaging solutions [7].

Response to therapy has been routinely monitored by
quantification of serum and urine paraprotein and serum
free light chains, according to the International Myeloma
Working Group (IMWG) criteria which distinguishes pro-
gressive disease and stable diseases and classifies respond-
ers into complete, near complete, very good partial or par-
tial response subcategories. Increasingly sensitive tools
are needed to evaluate the deep response to current highly
effective treatments and identify minimal residual disease
(MRD) [8]. Among biological methods, multiparametric
next-generation flow cytometry (NGF) and next-gener-
ation sequencing (NGS) can detect very subtle signs of
disease within bone marrow samples.

Modern imaging methods WB-MRI and PET/CT are
however progressively integrated in the guidelines and
play a crucial role in the response evaluation and detec-
tion of MRD [9]. Modern biological and imaging tools
should be compared and are most likely complementary
tools for assessing response and MRD within and outside
the skeleton and as prognostic biomarkers [10, 11]. Beside
response assessment, MRI is the reference method for the
evaluation of “skeletal related events” and complications
of MM, allowing distinction between tumoral progression
and “benign” complications of the disease and osteoporosis
[12].

Here, we illustrate the imaging findings in assessment of
response, using the most effective methods WB-MRI and
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PET/CT, review recommendations for acquiring, reading
and reporting these examinations, underline key expecta-
tions from the haematologists and suggest future works
focusing on imaging and biological molecular methods to
optimize treatment of MM patients.

Clinical characteristics of MM
The disease and its treatment

MM is a heterogeneous disease that evolves from an asymp-
tomatic pre-malignant stage termed monoclonal gammopa-
thy of undetermined significance (MGUS). MGUS concerns
over 3% of the population above the age of 50 and is associ-
ated to a progression to MM or related conditions at a rate of
1% per year [13]. The diagnosis of MM requires the presence
of > 10% clonal plasma cells in the bone marrow or a biopsy
of a proven plasmacytoma. Symptomatic (active) MM dif-
fers from asymptomatic (indolent) MM based on symptoms
related to organ damage, best known as the CRAB criteria.
It also includes ultra-high-risk asymptomatic MM defined
by a bone marrow clonal plasmacytosis > 60%, serum free-
light chain ratio> 100 and/or > 1 focal lesion (> 5 mm each)
detected on MRI [14].

The prognosis of MM is dependent on multiple fac-
tors, including host factors, tumour burden and biologi-
cal parameters. The most pertinent host factors are age,
with survival being clearly affected by the presence of
frailty and comorbidities [15—17]. Tumour burden is best
assessed with f2-microglobulin, the most relevant biolog-
ical prognostic parameter, integrated in the International
Staging System (ISS) score [18]. But the most powerful
prognostic factor remains cytogenetics, since the pres-
ence of t(4;14), del(17p), del(1p) and gain 1q, as well as
t(14;16) and t(14;20), is associated with a poor outcome
[19, 20]. Other factors associated with aggressive dis-
ease are elevated serum lactate dehydrogenase (LDH),
the presence of circulating plasma cells or extramedul-
lary disease (EMD). All these prognostic markers have
recently been summarized in the revised ISS [21].

Over the 15 last years, with the introduction of
immuno-modulatory drugs (IMiDs), proteasome inhibi-
tors and more recently anti-CD38, SLAM-F7 and BCMA
monoclonal antibodies (MoAbs), major advances have
revolutionized the treatment of MM. Different treatment
combinations currently allow patients to achieve unprec-
edented rates of complete remission (CR) with extended
periods free of progression and prolonged survival. Treat-
ment of symptomatic MM relies on the eligibility for
autologous stem cell transplantation (ASCT). For patients
in good clinical condition, eligible for ASCT, treat-
ment consists of 4 cycles of induction with bortezomib,

thalidomide or lenalidomide and dexamethasone (VTD/
VRD), followed by high-dose melphalan and ASCT and
subsequent maintenance with lenalidomide. Patients not
candidates for transplantation are typically treated with
VRD for 8 cycles, followed by lenalidomide, or daratu-
mumab-RD given until progression. However, despite the
improvements achieved in front-line therapy, almost all
patients will ultimately relapse. Treatment choices have
become rather complicated in this setting and affected by
various factors including the timing and aggressiveness
of relapse, response and tolerance to prior therapies, age
and performance status, drug availability and patient’s
preferences.

Evaluation of response and minimal residual
disease (MRD)

As in many cancers, achieving complete response (CR)
is the goal of treatment in MM, since it is considered the
most important surrogate marker of overall survival (OS)
[22]. CR is defined by a negative immunofixation and less
than 5% bone marrow plasma cells. In fact, the true value
of CR relies on the absence of a detectable MRD [23].
As MRD has been shown to supersede CR, it has now
been incorporated in the updated response criteria of the
IMWG [9].

Methods for evaluating MRD have significantly
improved over recent years. NGS and NGF cytometry are
now able to detect MRD at levels as low as one cell in
one million of total examined cells (107%). MRD detection
power of these two techniques is superimposed and their
use is based mostly on local availability. NGF identifies
myelomatous plasma cells based on light chain clonal-
ity of phenotypically aberrant tumor cells using mono-
clonal antibodies combinations [24]. NGS identifies
clonal immunoglobulin gene rearrangements unique to
myelomatous plasma cells—while performing millions
of reads of DNA fragments [25]. Both techniques have
advantages and disadvantages [9]. NGS has a higher sen-
sitivity and can detect rare residual myeloma cells within
the bone marrow at the level of 107°. It can be performed
retrospectively on frozen samples but requires a baseline
sample for the detection of the patient-specific clonal
rearrangement. NGF can be done without initial sample
and is more affordable [26].

As MM is a heterogeneous disease with various infil-
tration rates related to the patchy pattern of bone marrow
involvement, other potential pitfalls have to be considered.
Samples can be haemodiluted and cannot guarantee the
absolute absence of clonal plasma cells. In order to avoid
false MRD-negative results, a second systematic assess-
ment is recommended [9]. In addition, bone marrow MRD
does not identify extramedullary disease (EMD), a common
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state in later stages of the disease as well as in patients with
adverse cytogenetics such as del (17p). In a recent publica-
tion, it was reported that 7% of patients with undetectable
MRD progressed at a median follow-up of 40 months, with
half of them having EMD at diagnosis/relapse [27]. For all
these reasons, bone marrow MRD assessment has to be com-
bined with imaging. In newly diagnosed (ND) MM, the com-
bination of molecular and imaging techniques has a direct
impact on prognosis with patients who are double negative
by these 2 approaches having the best outcome [9, 28].

MRD has a prognostic value. Two meta-analyses have
confirmed that achieving MRD negativity is associated with
a favourable outcome in MM, with a significant reduction
in the risk of progression/death (59%/43%) and significant
differences in terms of progression free survival (PFS) (54
vs. 26 months) and overall survival (OS) (98 vs. 82 months)
between patients in CR with undetectable vs. detectable
disease [29, 30]. Patients in CR with a persistent positive
MRD have the same outcome as patients in very good partial
response (VGPR) or partial response (PR), underscoring the
impact of undetectable MRD in CR patients in improving
PFS and OS [23].

The positive clinical impact of MRD negativity in
patients with high risk (HR) disease cannot be overempha-
sized. Adverse prognostic features can be reversed upon
achieving undetectable MRD [23, 27, 31]. Patients with HR
cytogenetics at diagnosis who achieve undetectable MRD
after therapy not only have a better outcome compared with
patients with persistent MRD, but most importantly, experi-
ence similar survival as patients with standard-risk cytoge-
netics who also achieved undetectable MRD [31, 32]. Of
note, whereas MRD negativity at a single time point predicts
better outcome, the role of sustained MRD negativity also
appears cardinal to predict longer PFS and OS. Several ques-
tions remain to be answered. At present, MRD results are
recommended mainly as a prognostic metric and not used
in making treatment decisions. Additional trials are needed
to determine if changes in treatment should be based on this
MRD status.

Radiographs

The conventional radiographic skeletal survey (RSS) has
been used for decades for the detection of typical “punched-
out” osteolytic lesions with absence of reactive sclerosis
that are mainly observed in the axial skeleton and proxi-
mal portions of the limbs. Their observation is indicative
of advanced disease and need for aggressive treatment [33].

Over years, the limitations of the RSS have been high-
lighted. At diagnosis, skeletal radiographs lack sensitivity
as extensive loss of trabecular bone is needed before lesion
become detectable, especially in the spine and pelvis [34].
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Later on during treatment, signs of healing or changes in the
elementary lytic lesions in response to treatment are delayed
and absent by the time of response evaluation. Radiographs
remain only used as first line imaging modality in sympto-
matic patients although in the spine, they lack specificity
to distinguish fractures related to disease progression from
“benign” osteoporotic fractures [35].

Hence, the development of modern imaging modalities
and demonstration of their diagnostic superiority has led to
the replacement of the RSS by more advanced techniques,
such as low-dose whole-body CT (WB-CT), MRI and PET/
CT, both at diagnosis and by the time of response evaluation
[3, 36, 37].

Computed tomography (CT)

Whole-body low-dose CT (WB-CT) outperforms conven-
tional radiography for the detection of osteolytic lesions,
detecting more lesions and detecting lesions in a large
proportion of patients with negative radiographs, as dem-
onstrated in prospective and retrospective trials [38—40].
WB-CT may have limited value to detect early focal and
diffuse marrow infiltration by MM before osteolytic bone
disease appears and to detect extraosseous disease except
for rare cases, which requires careful analysis of soft tissues
using adequate windowing [41]. Although the superior diag-
nostic sensitivity of both ['*FJFDG-PET/CT and WB-MRI
over WB-CT is acknowledged, WB-CT is recommended as
primary diagnostic imaging method in guidelines for the ini-
tial imaging assessment of monoclonal plasma cell disorders
and of MM, due to its wider availability, high sensitivity,
rapidity and limited cost compared with PET and MRI [37,
42-44].

Contrasting with its diagnostic sensitivity, WB-CT has
limited interest for response assessment in MM. Indeed,
in the vast majority of treated patients, WB-CT cannot
discriminate between active and responsive lesions, as
lytic foci often keep the same appearance for months or
even years after treatment initiation (Fig. 1). CT cannot
distinguish stable from responsive disease, and only lately
detects progression of osteolytic lesions. Only extraosse-
ous spread of focal bone lesions and rare extramedullary
locations can be assessed for response evaluation using
CT. An additional difficulty of CT results from the almost
systematic use of anti-osteoclastic treatments (bisphos-
phonates, denosumab), which interfere with the course of
bone destruction [7].

Research protocols have tried to develop quantitative
tools to measure bone marrow attenuation on consecutive
CTs, which should increase in stable/responsive patients
compared with those with progressive disease [45]. The
method remains of limited interest: in a series of 79 MM



Skeletal Radiology (2022) 51:59-80

63

Fig.1 58 year-old man with ND MM (IgG kappa, stage IIIA, ISS 1)
treated with high dose cytotoxic treatment and ASCT: value of mor-
phological MRI and limited value of CT for response assessment.
A Coronal T1-weigthed image of the sacrum shows extensive bone
marrow lesion with low signal intensity within the left portion of
the sacrum (arrows). B Corresponding reformatted coronal CT slice

patients treated with bortezomid, only 14 showed signs of
bone sclerosis on multi-detector WB-CT at 8 +7 months
after treatment, and this sclerosis was also observed in
patients with suboptimal haematological response [46].
Further studies are designed to optimize the role of CT for
response assessment, relying on dual energy CT providing
“virtual non-calcium” images and on the search for radi-
omics features correlating with haematological criteria of
response [47].

WB-CT is currently not recommended for response
assessment in MM [41, 48]. This inability of WB-CT to
evaluate treatment response encourages the use of more
sophisticated WB-MRI and PET-CT in this indication. This
further questions the use of “single shot” WB-CT obtained
by the time of diagnosis, as baseline MRI or PET/CT has
to be obtained before treatment as reference study for later
assessment of response and MRD.

MRI

Morphologic sequences covering the axial skeleton or the
whole body, dynamic contrast-enhanced (DCE) examina-
tions and diffusion weighted images (DWI) have been devel-
oped to assess bone marrow involvement and its response to
therapy [7, 49, 50].

shows lytic lesion within the left portion of the sacrum (arrows). C
6-month follow-up coronal T1-weighted image shows disappearance
of the left sacral lesion, with complete fatty replacement (arrows); no
residual disease was found in the axial skeleton. D 6-month follow-up
CT shows no significant change compared to the baseline: persistence
of a large lytic lesion within the left sacrum (arrows).

Examination design
Anatomic sequences

The first MRI examinations targeting the study of the bone
marrow in MM covered the “axial skeleton”, i.e. the spine
and pelvis [51, 52]. This “axial skeleton approach” is still
recommended when WB-MRI cannot be obtained for tech-
nical reasons or time considerations (Figs. 1,2). WB-MRI
examinations covering the body from “eyes to thighs” using
2D image obtained in the coronal and sagittal planes were
developed thanks to table mobility, improved coils and
development of rapid sequences. This whole body approach
extends the diagnostic value of MRI compared with more
limited skeletal coverage [53-55]. The development of 3D
T1-weighted images using either fast spin echo or gradient
echo Dixon techniques avoids repetition of 2D sequences in
different planes as they allow multiplanar reformat, in par-
ticular sagittal views to study spinal complications [56, 57].

Regarding sequences, axial skeleton and WB-MRI studies
first relied on the combination of T1 and STIR/ fat saturated
T2 sequences [51]. The latter “fluid sensitive-fat saturated”
sequences are mandatory as MM lesions may present a
relatively high signal intensity and may be overlooked on
T1-weighted images [49, 58] (Fig. 3). These images are
now preferably acquired using the Dixon method, as this

@ Springer



64

Skeletal Radiology (2022) 51:59-80

Fig.2 52 year-old patient with newly diagnosed MM (IgA lambda,
stage IIIA, ISS 3): initial and post-ASCT axial skeleton MRI findings.
A, B Baseline T1- weighted sagittal MR image of the lumbar spine
(A) and coronal image of the pelvis (B) performed for the workup of
acute lumbar pain show abnormal diffuse low signal intensity of the
bone marrow, with pathologic fracture of the L1 vertebral body with
mass effect on the spinal canal (arrow in A), leading to the diagno-

Fig.3 53 year-old man with newly diagnosed MM (IgG A kappa,
stage III, ISS 1): MRI findings at baseline, post ASCT, and at relapse.
A, B Baseline sagittal T1- (A) and STIR-weighted (B) MR images of
the whole spine show diffuse heterogeneous and relatively low sig-
nal intensity of the bone marrow on T1, with heterogeneous signal
and high signal intensity foci best seen on STIR (arrows in B). C, D
Corresponding MR images obtained 12-m later after high dose cyto-
toxic treatment and ASCT (complete biological response) show com-
plete return to normal signal intensity of the bone marrow. Note the

technique not only provides fat-saturated T2 or STIR equiva-
lent “water only” images but also T2-like images allowing
optimal study of the spinal canal and spinal cord and most
importantly “fat only” images providing T1-like information
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sis of MM. C, D Corresponding MR images obtained after high dose
cytotoxic treatment and ASCT show return to normal signal intensity
of the bone marrow, decrease in the mass effect of the L1 vertebral
compression fracture (arrow in C). Note the appearance of a new ver-
tebral fracture involving the upper endplate of the T12 vertebral body
(arrowhead in C), and right ischiatic focal lesion suggesting residual
abnormalities (arrow in D)

appearance of a new “benign looking” vertebral fracture involving the
L5 vertebral body (arrowhead in C and D). E, F Follow-up sagittal
T1- (E) and STIR-weighted (F) MR images obtained 6-m later during
maintenance therapy show reappearance of several foci of low/high
signal intensity (arrows in E, F). G, H Follow-up sagittal T1- (G) and
STIR-weighted (H) MR images obtained 12-m later after second line
treatment show disease progression with severe increase in marrow
infiltration and focal lesions

and unrivalled detection of focal lesions on a background of
fatty marrow, questioning the residual need for T1 images
[58-60] (Fig. 4). This T2 Dixon approach has recently
been extended at the scale of the whole body [61]. Beside
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Fig.4 73 year-old man with newly diagnosed MM (IgG G kappa,
stage III, ISS 1): MRI findings at baseline and post ASCT. A, B, C
Baseline sagittal T1- (A) and T2 Dixon Water Only (B) and Fat Only
(C) MR images of the lumbar spine show diffuse heterogeneous and
relatively low signal intensity of the bone marrow on T1, with hetero-
geneous nodular high signal intensity on the Water Only image. Foci
of marrow replacement are evident on the Fat only image (arrows in
C), underestimated on the T1 image probably to the relatively high
signal of myeloma foci on this sequence. D, E, F Post-treatment cor-
responding MR images obtained 12-m later after high dose cytotoxic
treatment and ASCT show almost complete return to normal signal
intensity of the bone marrow on the different sequences. Note how-
ever the persistence of rare foci of low signal on the T1 and Fat Only
images and very high signal on the Water Only image (arrows in D,
E.F)

anatomical images, the Dixon technique allows the calcula-
tion of the marrow fat fraction (FF) which is gaining interest
along with ADC measurements as a biomarker for response
evaluation. Indeed, the fat proportion is expected to increase
in focal lesions and diffuse marrow infiltration in response
to treatment [62].

Diffusion-weighted imaging (DWI)

DWI sequences have been introduced in WB-MRI exami-
nations for almost a decade [63-66]. DWI MRI is the
most sensitive technique for the detection of bone marrow
lesions, with a higher sensitivity than CT and FDG-PET/

CT, especially in patients with either subtle or severe diffuse
infiltration [67]. It is also the sequence of choice to evaluate
treatment response, especially in late stage disease.

Interpretation of DWI relies on the combined evaluation
of reconstructed morphological images acquired at differ-
ent b values (using MPR and MIP approaches, often read in
inverted greyscale) and quantitative ADC maps derived from
these acquisitions. Due to the presence of large hydrophobic
fat cells, limited extracellular space, low water content and
lower vascularity, the normal bone marrow has very low
ADC values, ranging from 0.2 to 0.5x 10 mm?/s in the
spine and pelvis [68]. Focal MM lesions and diffuse mar-
row infiltration present increased ADC values compared
with those of the normal marrow due to higher cellularity,
decrease in fat content and higher vascularity. Mean ADC
values of 0.36, 0.77 and 1.046 x 10> mm?%/sec were meas-
ured in areas of normal appearing marrow, focal lesions and
diffuse marrow infiltration, respectively, in MM patients
[69]. Focal bone marrow lesions and diffuse severe infiltra-
tion by MM appear as focal or diffuse areas of increased
signal intensity on low (0—100 s/mm?) and most specifically
on high (500-1000 s/mm?) b value DW images, compared
with normal bone marrow and adjacent muscles. These mor-
phologic DWI sequences should be read in parallel with T1
and STIR or T2 Dixon images and with ADC maps to reach
optimal diagnostic value and avoid some false positive find-
ings [51, 70].

Response assessment with MRI

The assessment of response should rely on the acquisition
and careful comparison of exhaustive MRI examinations
obtained before and after treatment on the same MRI magnet
using the same protocol [71]. Detailed clinical information
must be available, including time of initial diagnosis, serum
paraprotein and light chain levels, last trephine status, mini-
mal residual disease status, symptomatic sites and suspicion
of cord or nerve root compression, current treatment, history
of marrow transplant and details of additional treatments
(radiotherapy, surgery, marrow stimulating factors, ...).

Assessment of response on morphologic sequences

Bone marrow infiltration by MM may present a focal, a dif-
fuse and a “salt and pepper” patterns, although the bone
marrow may also keep a normal appearance [50, 72]. These
patterns and lesion number and size should be carefully
evaluated on anatomic fat and fluid sensitive sequences and
on morphologic high b value DWI images, and compared
between pre- and post-treatment examinations. Decrease in
focal lesion number and size and return from diffuse or focal
patterns of marrow infiltration to a normal marrow appear-
ance indicate response and are of prognostic significance [73]

@ Springer



66

Skeletal Radiology (2022) 51:59-80

(Figs. 1-4). Additional qualitative signs of response are use-
ful, particularly the progressive appearance of a “fatty halo”
at the periphery of regressing focal lesions and the decrease
in size of extraosseous extension of some lesions (paramedul-
lary lesions) [74] (Fig. 5). Conversely, evolution from a nor-
mal marrow appearance to focal or diffuse patterns, increase
in number and size of focal lesions, occurrence of malignant
vertebral compression fractures, appearance/extension of
extraosseous spread or soft tissue plasmocytomas indicates
progressive disease [74] (Figs.3, 5).

Fig.5 74 year-old woman with MM (IgG lambda stage IIIA, ISS 1
MM with adverse cytogenetics (del 17p), fourth line (salvage) ther-
apy with Elotuzumab, Lenalidomide, and Dexamethasone): WB-
MRI and PET/CT performed for evaluation of disease and treatment
response after 3 cycles, biological progression. WB-MRI and PET
show bone and extramedullary disease, heterogeneity of response
and residual disease. A-C Baseline MRI findings. Coronal DWI MR
image (B=1000 s/mm?) (A) shows active bone lesions within both
femurs, within the T12 vertebra (arrowhead), and paramedullary
mass in the superior and anterior mediastinum (arrow). Transverse
T1-weighted (B) and DWI (C) MR images confirm the presence of
para-medullary extension adjacent to upper thoracic vertebra (arrow)
and to the medial portion of the right clavicle (arrowhead). D-F: Post-
treatment MRI findings. Coronal DWI (D), and transverse T1 and
DWI MR images show major response of almost all lesions, includ-
ing the paramedullary extension in the mediastinum and right cla-
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Responsive MM lesions usually show a progressive
decrease in signal intensity on fat saturated T2/STIR images
on follow-up MRI examinations [45]. However, some
responsive focal lesions may remain visible as high signal
foci, sometimes for years presumably due to cystic/necrotic
transformation [75, 76] (Fig. 4). The same phenomenon can
be observed on DWI, where those necrotic lesions can stand
out on high b value images due to the “T2 shine through”
phenomenon but are recognized on ADC maps thanks to
their very high ADC values.

. =
D L&E = ?——-—

-

7

vicular regions. The coronal image and the transverse images show
new lesions within the right humerus (arrows in D-F) and right femur
(arrowhead in D). G-I Corresponding PET/CT findings. Coronal PET
image shows exactly the same findings: femoral, T12 (arrowhead)
and mediastinal lesions (arrow)(SUVmax of femoral, T12 and medi-
astinal lesions:: 7.3, 16.9, 12.7; mediastinal blood pool: SUVmax
2.1). Corresponding transverse CT (H) and PET (I) images show soft
tissue lesion adjacent to an upper thoracic vertebra (arrow) and to the
medial part of the right clavicle (arrowhead). J-L Follow-up PET/CT
findings. Corresponding PET/CT images show exactly the same find-
ings: major response of almost all lesions including paramedullary
extension in the mediastinum and right clavicular region, but appear-
ance of new foci within right humerus (arrows in J and L) and femur
(arrowhead in J) (SUVmax of femoral, T12 and mediastinal lesions:
4.3, 4.6, 4.3; new humeral lesion: SUVmax 5.6; new femoral lesion:
SUVmax 5.3; mediastinal blood pool: SUVmax 2.3)
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Fat fraction (FF)

Early change in FF after induction of chemotherapy has
been demonstrated as a significant predictor of the depth of
response: two studies showed a significantly higher increase
in the marrow FF in responders (complete response and very
good partial response) compared with non-responders (par-
tial response, stable disease, progressive disease) early after
initiation of treatment [77, 78].

Assessment of response on DWI sequences

Aside from morphologic signs of disease response or pro-
gression observed on high b value images, quantitative ADC
measurements inform on disease activity and on global
tumor burden [66, 79] (Fig. 6). DWI is of particular value
in the presence of stable disease on anatomical sequences,
which may present delay in observing disappearance of mar-
row lesions, and in advanced disease, where scar or necrotic

Fig.6 80-year-old woman
with MM (IgG lambda stage
IIIA, ISS 1, adverse cytogenet-
ics (t(14;16)) — VGPR after

8 cycles of VCD): WB-MRI
performed for evaluation of
treatment response shows
complete imaging response
with no residual disease. A-B
Baseline MRI findings. Coronal
T1 (A) and DWI (B=1000 s/
mm?) (B) MR images show
active bone lesions within the
right pelvic region (arrows),
and benign appearing vertebral
fractures (arrowheads). C-D
Transverse DWI (B =1000 s/
mm?) image (C) and ADC map
(D) within the pelvis show
presence of 3 lesions on the
right and 2 on the left. ADC in
the lesions was 750 mm?/s, Vs
480 mm?/s in the adjacent mar-
row. E-F Post-treatment MRI
findings. Coronal T1 (E) and
DWI (B = 1000 s/mm?) (F) MR
images show disappearance of
all bone lesions. G-H Trans-
verse DWI image (G) and ADC
map (H) show disappearance
of pelvic lesions and return to
normal of ADC values

inactive tissue may show persistent signal abnormalities on
fat and fluid sensitive sequences, being difficult to differenti-
ate from residual active lesions.

Changes in ADC are measured using ROI placed within
a lesion or within diffusely infiltrated marrow on ADC maps
of two consecutive MR examinations. These measurements
in MM lesions have shown good reproducibility with a
coefficient of variation reported to be less than 3% [66].
After treatment, an initial increase in mean ADC values is
observed in responding lesions but also in the whole skel-
eton in responding patients and is absent in nonresponders
[66]. This phase is followed by a delayed decrease in ADC
values, present at 20 weeks after chemotherapy, reflecting
return to normal marrow composition and fat content [65]
(Fig. 6). Analysis of ADC histograms further reinforces this
evaluation of response to treatment, showing progressive
displacement to lower values and flattening in responsive
disease, indicating decreased cellularity and return of mar-
row fat, while ADC histograms before and after treatment in
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nonresponders show little change in both values and shape
[66](Fig. 7).

Beside ADC evaluation in individual lesions or in dif-
fusely infiltrated marrow, a total diffusion volume (TDV)
and global ADC (gADC) can be calculated to figure the total
lesion burden, both at baseline and on follow-up WB-MRI
studies. After manual or (semi-)automated segmentation,
the tumor volume is determined by measuring the quan-
tity of voxels presenting a range of ADC values defined as
abnormal [80]. Although being still work-in progress, these
quantitative approaches have shown excellent inter- and
intra-observer reproducibility [81] (Fig. 7).

Fig. 7 Quantitative evaluation

Multiparametric approach and guidelines for response
assessment

To assess response, anatomic sequences, FF images and
DWI sequences should be studied altogether using the image
coregistration and scrolling capabilities of PACS worksta-
tions. Pre- and post-treatment findings should be compared
using morphologic and quantitative approaches. Increase in
marrow FF and ADC values are most discriminant features,
preceding and outperforming decrease in the volume of
focal lesions to distinguish responders from non-responders
patients as determined using the “classical” IMWG response
criteria [10, 82, 83].

of response by DWI lesion
volume measurement in the
spine in a 78 year-old woman
with advanced MM. The
biological response as assessed
using the IMWG criteria was
qualified as “partial response”.
Baseline (Top left image) and
follow-up (Top right image)
data. After semi-automated
segmentation (exclusion of
extraskeletal signal using signal
intensity threshold and skeletal
mask), focal MM lesions are
projected on MIP views of the
B1000 DWI images. If a voxel
within the lesions has an ADC
value > 1100 um?2/s, the projec-
tion image gets a green colour.
Red coloured voxels have lower
ADC values and represent
untreated disease. Green col-
oured voxels replacing red ones
on the follow-up image repre-
sent voxels that are ‘likely’ to be
responding. The follow-up ADC
image indicates an increase in
ADC and thus a response to
treatment, although some red
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Standardization of imaging acquisition, reading and
response assessment is crucial for generating reproducible
results in daily practice and for strengthening the value of
WB-MRI for response assessment and prognostication in
clinical trials. The Myeloma Response Assessment and
Diagnosis System (MY-RADS) provides guidelines regard-
ing the choice, acquisition and interpretation of WB-MRI
[71].

It proposes a structured reporting for each individual
WB-MRI examination, which should describe the indica-
tion (MM, ND or follow-up), the acquisition protocol, the
marrow infiltration pattern (normal, focal, focal and diffuse,
diffuse, variegated), the location and size of five “dominant”
focal bone lesions and of paramedullary or extramedullary
sites. Most importantly, this system proposes 5 “response
assessment categories” (RAC) that should be used for
homogeneous and reproducible response evaluation in bone
lesions [71]. Those RAC use a 5-point scale defined hereaf-
ter (Table 1). For “soft-tissue disease”, either extramedullary
(which is observed in approximately 3—10% of patients at
diagnosis but presents an increasing frequency raising to
more than 20% of patients in advanced stages) or paramed-
ullary (20-30% of patients), size criteria are used following
Response Evaluation Criteria in Solid Tumors (RECIST)
1.1 [11, 84] (Fig. 5).

Role of MRI to assess minimal residual disease
(MRD)

As a preliminary remark, the term “MRD”, often used in the
literature to define residual abnormalities seen on PET or
MRI studies performed in treated MM patients, is probably
abusive and does not situate at the same scale as the term
MRD when used for defining molecular signs of disease
using NGF or NGS. The term “imaging residual disease”
would probably be more appropriate.

Combined drug treatment strategies and ASCT have
strongly improved response with >50% of MM patients
achieving CR by conventional criteria. Serum markers and
bone marrow examinations are insufficient to identify MRD,
which frequently persists in CR patients [9]. Advanced
molecular techniques allow sensitive detection of MRD but
rely on bone marrow aspirates and are limited by the het-
erogeneous distribution of clonal plasma cells within the
skeleton and by the eventual occurrence of extramedullary
lesions.

WB-DWI and FDG-PET/CT may overcome some of the
limitations of molecular techniques and have been used to
redefine CR in patients with MRD-negative bone marrow.

Several studies have demonstrated that the observation of
residual lesions on MRI studies performed after completion
of high-dose chemotherapy protocols was associated with an
adverse outcome [73, 85]. Recent works demonstrated the
ability of WB-MRI/DWI sequences to detect MRD in MM

Table 1 The MY-RADS response assessment categories (RAC) based on comparison between pre- and post-treatment WB-MRI/DWI studies

performed in MM patients (after Messiou et al. [71]).

Response categories Morphological changes

Multiparametric data

Highly likely response (RAC 1) -Diffuse/focal — Normal pattern

-Focal lesions: | number/size

Likely response
(RAC?2)

Stable disease
(RAC 3)

Likely progression
(RAC 4)

-Focal lesions: limited | number/size

-Focal lesions: equivocal T number/
size

-Reappearance/enlargement of previ-
ously responsive lesions

-Spinal canal infiltration without
neurologic compression

Highly likely progression

(RACS)

-Normal /focal — Diffuse pattern

-1 focal lesion number/ size

-Appearance of pathological frac-
tures or neurologic compression

-New or increased soft tissue exten-
sion

-1 SI of focal lesions or diffuse infiltration on high b-value images (rela-
tive to muscles)

-ADC 1>40%

-ADC 1 from < to> 1400 pm?2/s

-1 ADC from baseline >25% but <40%, and ADC increase from < 1000
to < 1400 pm?2/s

Absence of size change but 1 in SI of focal lesions on high b-value
images (with ADC < 1400 pm?2/s)

-New lesions of high signal intensity on high b-value images with ADC
value > 600 and < 1000 pm?2/sec

RAC (response assessment category) should be evaluated in each anatomic region (cervical, thoracic, lumbar spine, pelvis, long bones, skull,
ribs) and summarized for the whole skeleton. Abbreviations: ADC average diffusion coefficient, SI signal intensity.
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[86]. Comparative studies even suggest that WB-MRI/DWI
might be equivalent or even slightly superior to PET/CT in
the assessment of MRD in MM [11, 87]. This comparison
will be addressed below.

Particularities and pitfalls in response evaluation
Heterogeneity of response

Careful attention should be paid to all individual lesions as
heterogeneity in behaviour of these lesions under treatment
is a hallmark of cancer and of MM in particular [88]. WB-
MRI, by providing an extensive skeletal and extraskeletal
coverage and exhaustive follow-up of lesions, can capture
this discordant feature which may be an early indicator of
treatment failure and progressive disease [71] (Fig. 5).

Vertebral compression fractures (VCF) and neurologic
compression

The observation of a new VCF during MRI follow-up of
MM patients is frequent and should only be considered as
a sign of progressive disease if this fracture presents malig-
nant characteristics, as defined in the literature, i.e. marrow
replacement, mass effect, posterior vertebral elements or
soft tissue extension [89, 90]. Indeed, “simple” osteoporotic
(benign appearing) VCF are extremely frequent in MM, in
relation to the diffuse osteopenia induced by the disease and
its treatments, especially corticoids. An MRI study showed
that only 33% of VCF observed in MM appear malignant,
while 67% of VCF are benign appearing [12, 91]. This dis-
tinction is very important during follow-up of patients in
biochemical remission with no other signs of progression
[92] (Fig. 2). MRI identifies benign fractures that should not
be considered as “skeletal related events” indicating disease
progression and requiring treatment change. In tumoral VCF,
MRI is the reference method for assessing spinal cord and/
or nerve compression and for evaluating the need for surgi-
cal decompression, stabilization or local radiation therapy.

Dynamic contrast-enhanced (DCE) MRI

Dynamic contrast-enhanced (DCE) MRI evaluates tissue vascu-
larization, perfusion, capillary resistance and permeability in a
limited portion of the skeleton by time series of images obtained
after intravenous injection of gadolinium [93]. A multi-slice fat
saturated ultrafast T1-weighted sequence is performed after
injection. Postprocessing consists in manually placing regions
of interest (ROI) in the diseased and reference tissue (e.g. muscle
or artery) to acquire time-intensity curves (TIC) in which the
signal intensity is plotted against time points. Evaluation of these
curves is done either qualitatively (Fig. 8a) by visually determin-
ing the curve pattern within the ROI (I-V) or semi-quantitatively
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by calculating descriptive parameters of the TIC (signal inten-
sities with corresponding time points, absolute and relative
enhancement of a vertebra compared to muscle, slope wash-in,
slope wash-out, area under curve) (Fig. 8b) [94]. By applying
pharmacokinetic models, a time-concentration curve can be
derived. Tissue and contrast distribution parameters over the
vascular/cellular/interstitial compartments can be derived with
corresponding parametric maps (Fig. 8C) [94]. Parametric his-
tograms and changes of the quantitative parameters before and
after therapy can be analysed [95].

Active curves obtained within lesions in ND MM patients
are characterized by type IV and V but mostly type IV [94].
Using the latest IMWG response criteria, Dutoit et al. found a
“downgrade” in active curve types from 96 to 32% in responders
(Fig. 9). The paradoxically active curve types in patients with
CR (mostly type III) can be explained by increased vasculariza-
tion in hyperplastic reactive red bone marrow, either physiologi-
cally in younger adults or reactively after marrow stimulating
therapy [94]. In CR, a decrease of 73% in wash-in slope and 71%
in absolute enhancement can be observed, indicative of tumoral
vessel destruction by therapy [96].

Lin et al. highlighted the value of the parameter maximal
percentage of bone marrow enhancement, where a post-induc-
tion chemotherapy value of more than 96.8% identified poor
responders with a sensitivity of 100% (76.9% specificity, area
under ROC curve 0.90). The maximal percentage of focal lesion
enhancement did not significantly differ between good and
poor responders, but the time point of maximum enhancement
was delayed in good responders [97]. Quantitatively, respond-
ers had significantly lower amplitude A and Kep values after
therapy compared with non-responders, whereas the latter
showed significantly higher values of amplitude A before the
start of therapy as compared with responders. Higher values of
amplitude A before the start of therapy are a poor prognostic
factor for therapy success [97]. As the response assessment in
diffusely infiltrated bone marrow is far more complex than in
focal lesions, larger regions of interest analysis (e.g. vertebral
body versus reference tissue) using DCE-MRI may be useful to
assess treatment response in the absence of focal lesions [94].

DCE-MRI can be combined with anatomical and DWI in
a “combined skeletal score”, which summarizes MRI infor-
mation in one quantitative score to assess therapy response
and has shown good correlation with the IMWG response
criteria [96]. Interestingly, disease progression and relapse
in patients initially classified as clinically good responders
can be detected (angiogenic switch anticipating clinical end-
points), suggesting a potential interest of DCE-MRI to detect
residual disease after therapy [97].

Despite these promising results, DCE suffers lack of clini-
cal validation, poor reproducibility due to poor standardiza-
tion of imaging protocols and difficult interpretation. Hence,
DCE-MRI is not included in the current imaging guidelines
in MM [37, 71].
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Fig.8 Overview of DCE-MRI interpretation. A Curve types for vis-
ual assessment of disease activity. Curve upscale on follow-up MRI
is indicative of progression, therapy failure or relapse. Curve down-
scale is indicative of response to therapy. Types III/IV/V have a steep
wash-in and first pass (‘active curve types’: high perfusion, high tis-
sue vascularization, low capillary resistance, high capillary perme-
ability). Type III: plateau. Type IV: rapid wash-out (small interstitial
space, high cellularity). Type V: continuous wash-in (large interstitial
space). Types /I have a low wash-in and first pass (‘inactive curve
types’: low perfusion, low tissue vascularization, high capillary resist-
ance, low capillary permeability). Type I: very low or no enhance-
ment. Type II: slow sustained enhancement. SI=signal intensity.
A.U.=arbitrary units. B Semi-quantitative analysis. Descriptive
parameters of the time intensity curve (TIC). SI=signal intensity.
A.U.=arbitrary units. T=time. TTP=time to peak. AT=arrival

PET/CT
Principles
Positron emission tomography with computed tomogra-

phy using ['®F]fluorodeoxyglucose (FDG-PET/CT) is a
whole-body imaging modality widely used for tumour

Tissue Gd C
+

AIF

Adjusted Brix method

Kin (input rate constant)

Kpe (rate constant plasma -> EES)
Kep (rate constant EES > plasma)

Kel (elimination rate constant)

time. AUC=area under curve. s=second. C Quantitative analysis
flowchart. The tissue gadolinium concentration is calculated from the
estimated T1 relaxivity changes based on information of the com-
bined measured T1 map and the dynamic scan. Calculation of quan-
titative gadolinium distribution parameters can be done by fitting the
tissue gadolinium concentration and the arterial input function data
in the pharmacokinetic extended/adjusted models of Tofts or Brix.
Ktrans, Kep, Kin, Kpe and Kel are equilibrium constants describing
the distribution of gadolinium contrast medium over the vascular,
interstitial and cellular compartments. Ve is the EES volume per unit
of tissue volume. Vp is the blood plasma volume per unit of tissue
volume. DCE-MRI=dynamic contrast-enhanced MRI. Gd =gadolin-
ium contrast medium. AIF=arterial input function. EES =extracellu-
lar extravascular space. Blue rectangles=cells in tissue e.g. plasma
cells in bone marrow.

detection/staging, monitoring treatment response and pre-
dicting prognosis in a variety of malignancies. FDG-PET/
CT uses a radiolabelled glucose analogue in which the
C-2 hydroxylgroup is replaced by the positron emitting
fluorine-18 atom ['8F]. After intravenous administration,
["®FIFDG and glucose are transported across the cell mem-
brane through facilitative glucose transporters and once
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Fig.9 Combined DWI and DCE-MRI in a 59 year-old female with
ND MM (IgA lambda, ISS-1, 60% bone marrow plasmocytosis). A
parasagittal DCE-MRI of the thoracic and lumbar spine is classi-
cally performed with ROIs drawn in the aorta, a paravertebral muscle,
T10 and L3 vertebrae to obtain the TICs. In the aorta, the ROI lies
near the middle of the vessel in a zone without flow void artefacts.
In vertebrae, the ROI lies near the middle of the vertebral body with
exclusion of the entrance of vertebral vessels, endplates and other
pathologies. Left to right: Curve types, parametric map scale, wash-
in slope and Ktrans parametric maps, thoracic and lumbar DWI. A
DWI and DCE-MRI at ND MM: DWI (b1000)—thoracic and lumbar
images show high diffusion restriction in all vertebrae with a focal
lesion (white arrow) in the T1 vertebra. DCE-MRI—thoracic and
lumbar vertebrae show active type IV curves with steep wash-in, high
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amplitude and high wash-out rate. Slope wash-in: 0,95. Ktrans: 0,83.
B DWI and DCE-MRI at complete response 6 months post-ASCT
with high dose melfalan after 4 cycles of VID induction therapy
(bortezomib, thalidomide, dexamethasone). DWI (b1000): normal
diffusion pattern in the whole spine. DCE-MRI: thoracic and lumbar
vertebrae show inactive type I curves. Slope wash-in: 0,027. Ktrans:
0,15. C DWI and DCE-MRI by the time of relapse/progressive dis-
ease 2 years after successful ASCT and 1 year of lenalidomide main-
tenance therapy. DWI (b1000): all vertebrae show intermediate diffu-
sion restriction without focal lesions. DCE-MRI: thoracic active type
IV curve and lumbar inactive type I curve (attributed to fatty infil-
tration post-ASCT and maintenance therapy). Slope wash-in: 0,056.

Ktrans: 0.21
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intracellularly, they are phosphorylated by hexokinase to
['8F]FDG-6-phosphate and glucose-6-phosphate, respec-
tively. In contrast to the latter, ['*FJFDG-6-phosphate is
not further metabolized in the glycolytic pathway because
of the ['®F] substitution and the molecule consequently
gets trapped intracellulary allowing an accurate assess-
ment of glucose metabolic activity [98]. The CT com-
ponent of the examination allows the anatomic localiza-
tion of metabolic foci and the detection of lytic lesions,
whether or not these are associated with increased tracer
uptake, outperforming conventional radiographs.

Response measurement and minimal residual
disease

FDG-PET/CT is currently the imaging modality of choice
for assessment of therapeutic response [37, 99]. The wide
implementation of this hybrid modality in routine practice
relies on its capability to distinguish active from inactive
residual disease and to provide an accurate anatomic map-
ping of bone and extra-medullary lesions (Figs. 5, 6).
Pioneering work by the University of Arkansas for
Medical Sciences has demonstrated that complete ['*F]
FDG suppression in all focal bone lesions before ASCT
conferred superior overall survival (OS) and event-free
survival (EFS) and that improved survival could be
obtained by altering therapy in patients not achieving
complete FDG suppression after induction therapy [100].
The powerful prognostic value of FDG-PET/CT after first-
line treatment has been confirmed in several prospective
studies of ND transplant eligible patients. In 2018, Davies
et al. demonstrated in a series of 596 patients that serial
FDG-PET/CT assessment post therapy (day 7, post induc-
tion, post ASCT and before maintenance therapy) con-
tributed to risk assessment and outcome prediction [101].
As soon as 7 days post-treatment initiation, patients with-
out residual FDG uptake in focal lesions compared with
marrow background activity had the same prognosis as
those without focal lesions at diagnosis. Moreover, con-
tinued suppression of ['*F]JFDG uptake at later time points
showed a similar outcome compared with patients without
focal bone lesions underscoring that full suppression of
focal lesions should be the therapeutic goal [101]. Similar
results were obtained by Zamagni et al. in a cohort of
192 ND MM patients after induction therapy and double
ASCT. Persistence of residual ['*F]FDG avid bone lesions
after induction therapy defined as a standardized uptake
value > 4.2 (a parameter quantifying the degree of glucose
consumption) was an early predictor of shorter PFS [102].
Importantly, these findings have been confirmed in a larger
patient cohort [103]. Another prospective trial, IMAJEM,
compared the prognostic value of ['*F]FDG-PET/CT and

MRI in 134 patients who were randomized to receive a
combination treatment with or without ASCT followed
by maintenance therapy [104]. ['*F]FDG-PET/CT nor-
malization (defined as uptake <liver background) before
maintenance was associated with better PFS and OS. In
contrast, MRI findings (limited to axial skeleton examina-
tions without DWI sequences) before maintenance were
not predictive of PFS and OS due to a significant number
of false positive results in one study only [104].

The complementarity between functional imaging modal-
ities (FDG-PET/CT or WB-MRI) and bone marrow assess-
ment for detecting MRD has recently been demonstrated
by Rasche et al. Among patients with first-line molecular
MRD-negative complete remission, functional imaging
detected a focal lesion in up to 12% of patients who had
a worse PFS [28]. The complementarity of FDG-PET/CT
with bone marrow MRD techniques has also been demon-
strated in the multicenter phase II randomized FORTE trial
in ND transplant eligible MM patients [105]. However, the
impact of ['®F]FDG-PET/CT compared with bone mar-
row MRD analysis on patient’s outcome warrants further
analysis. Finally, the CASSIOPET study showed that PFS
was prolonged in patients with PET negativity pre-main-
tenance (defined as uptake < mediastinal blood pool) who
were treated with D-VTd. In addition, more patients treated
with D-VTd reached double negativity of PET/CT and MRD
post-consolidation in comparison to the group treated with
VTd (66.7 vs 47.5%, respectively)[106]. In this study, post-
consolidation concordance between MRD and PET-CT was
observed in 109/176 (62%) patients with 102 patients being
double negative and 7 double positive. These results dem-
onstrate the complementarity between PET and MRD bone
marrow techniques and suggest that concordant negativity
should be evaluated as a surrogate for outcome prediction.

It is important to emphasize that the definition of com-
plete metabolic response or PET negativity significantly var-
ied across the prospective studies described above, making
a head-to-head comparison difficult. The lack of established
criteria to define complete metabolic response on FDG-PET/
CT has raised the need to standardize and harmonize imag-
ing criteria and to define cut-off values to distinguish nega-
tive from positive results. Zamagni et al. performed a joint
analysis of 228 ND transplant eligible MM patients enrolled
in two independent European prospective randomized phase
III trials [107]. All patients underwent FDG-PET/CT at
baseline and pre-maintenance therapy and the 5-point Deau-
ville score was applied to describe diffuse marrow and focal
lesion uptake. The Deauville score was initially developed
for interim PET in lymphoma [108]. The scoring system is
detailed in Table 2.

Uni- and multivariate analysis showed that focal lesion
and marrow uptake score <4 at pre-maintenance were asso-
ciated with prolonged PFS and OS (OS, HR 0.6 and 0.47;
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Table 2 Summary of the

o . Lesion type Site Number Grading
IMPeTUs criteria designed
for regdiqg ObeET/CT Diffuse infiltration “A” if hypermetabolism in ribs and limbs 5-PS#*
;‘:ﬁ;n;t;?rﬁ (1)2]13/[ M (after Focal lesions gk}lll X1=0 5-PS**
‘ ine -
Eztraspinal §§ ; 411:?()
X3=>10
Osteolytic foci X1=0
X2=1-3
X3=4-10
X3=>10
Fracture on CT At least one
Para-medullary lesions At least one
Extra-medullary lesions At least one Nodal/extranodal * 5-PS**

Notes:

* Anatomic area should be recorded for nodal disease (Cervical, Supraclavicular, Mediastinal, Axillary,
Retroperitoneal, Mesenteric, Inguinal) and extranodal disease (Liver, Muscle, Spleen, Skin, Other).

**5-PS =5-point Deauville scale is used to grade uptake (in diffuse bone marrow infiltration, hottest focal
bone marrow lesion, and hottest extramedullary lesion) as follows: 1, No uptake at all; 2, uptake < medias-
tinal blood pool uptake (SUV max); 3, uptake > mediastinal blood pool uptake but <liver uptake; 4, uptake
moderately > liver uptake; 5, uptake markedly > liver uptake (twice or more) and/or any new lesion.

PFS HR, 0.36 and 0.24, respectively). These results are in
line with the study by Nanni et al. who demonstrated the
applicability and reproducibility of the Deauville score,
especially score 4 in a cohort of 86 patients (IMPeTUs).
Based on these results, liver background has been proposed
as reference to identify CR on FDG-PET/CT, but this needs
validation in independent prospective trials before refin-
ing the definition of PET response criteria proposed by the
IMWG [9].

In an attempt of standardization and harmonization of FDG-
PET/CT reporting and interpretation in daily practice and
clinical trials, new visual descriptive criteria (Italian myeloma
criteria for PET use, IMPeTUs) have been defined (Table 2)
[109]. These criteria are a composite of visual assessment of
FDG uptake using the 5-point Deauville score (initially designed
for lymphoma) and typical MM-related features such as focal
bone lesions, diffuse bone marrow uptake, fractures and para/
extra-medullary lesions. The current IMWG criteria [9] strin-
gently define the imaging response as disappearance of activity
or residual activity below mediastinal blood pool (analogous
to a Deauville score 1 or 2). Even though not yet incorporated
in guidelines, a residual FDG uptake in focal lesions and bone
marrow below liver background (analogous to a Deauville score
1-3) as reported by Zamagni et al. might replace the current
IMWG response criteria in the future (Fig. 10).

Limitations

['8F]FDG is a non-specific tracer that may accumu-
late in co-existing infectious or inflammatory disorders,
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degenerative joints or other benign conditions, hence lead-
ing to false-positive results. Both false negative or positive
results can be obtained in relation to therapy for example
soon after high dose corticosteroids, which transiently sup-
presses glucose metabolism, or after recent chemotherapy
or growth factor injection that induce significant bone
marrow stimulation. These confounders can be excluded
by performing FDG-PET/CT studies > 1 month after these
agents have been used. The most important cause of false-
negative FDG-PET/CT results is associated with the lack
of hexokinase in at least 10% of MM patients [110]. In this
subgroup of baseline false-negative patients, FDG-PET/
CT is not a suitable modality for monitoring response and
detecting MRD. MRI and other PET tracers targeting alter-
native pathways should then be preferred [111].

Alternative PET tracers

Several non-['8F]FDG tracers targeting other biological
processes have successfully been evaluated in MM patients.
Studies have been performed with lipid tracers such as ['!C]
or ['®F]-choline or ['!C]-acetate reflecting cell membrane
synthesis and indirectly fatty acid synthesis, respectively
[112]. Other studies have investigated amino acid tracers
such as [''C]-methionine [113].

Recently, a PET tracer targeting the chemokine C-X-C
motif receptor 4 (°®Ga-CXCR4) has been developed
driven by the knowledge that the CXCR4/SDF1 (stromal
derived factor 1) axis may play an important role in vari-
ous tumours and especially in MM. Studies in patient-
derived MM cells have shown a strong correlation between
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Fig. 10 58 year-old woman with ND MM (IgA lambda, stage IIIA,
ISS 2, with adverse cytogenetics (del 17p)). Comparison of WB-MRI
and PET/CT findings at baseline and post-treatment (high dose cyto-
toxic treatment and ASCT). A-B Baseline MRI findings. Coronal T1
(A) and DWI (B=1000 s/mm?) (B) MR images show active bone
lesions within the spine and sacrum, barely seen on T1, much more
evident on the DWI image (arrows in B). C-D Follow-up MRI. Coro-
nal T1 (C) and DWI (B =1000 s/mm?) (D) MR images show disap-
pearance of all bone lesions. E-F Baseline PET/CT findings. Coronal
fused PET/CT (E) and PET (F) show multiple foci with moderately

CXCR4/SDF-1 activation and bone disease in MM [114].
It is known that SDF-1 engages CXCR4 on MM cells
favouring their migration and extravasation to the bone
marrow, an effect that is strengthened by the autocrine
stimulation of plasma cells since MM cells themselves
secrete SDF-1 [115]. The PET tracer targeting CXCR4
(°®Ga-CXCR4) has been evaluated in MM patients and
showed that CXCR4 expression frequently occurs in
advanced MM and represents a negative prognostic factor
[116]. This may provide an attractive strategy to select
patients for CXCR4-targeted therapies either using anti-
CXCR4 antibodies or for a theranostic approach with radi-
onuclide therapy [117]. More recently, a CD38-targeted
immune PET tracer, [3°Zr]daratumumab, has success-
fully been synthetized and demonstrated tracer uptake at
myeloma sites that were occult at routine MM imaging

Inge

increased ['*FIFDG uptake (Deauville score 4) mainly involving
the spine and sacrum (arrows in F) without evident lytic lesions or
fractures on CT (not shown) (hottest bone lesion: T2 vertebral body,
SUVmax 11.2; liver, SUVmax 4.2; mediastinal blood pool, SUVmax
2.8). G-H Following treatment, fused PET/CT (G) and PET (H) show
disappearance of the focal PET uptake and reappearance of a homo-
geneous bone marrow uptake (Deauville score 3) suggesting a com-
plete metabolic response (no residual disease at imaging) (T2 verte-
bral body, SUVmax 1.9; liver, SUVmax 4.0; mediastinal blood pool,
SUVmax 2.7)

modalities [118]. However, these results remain very pre-
liminary. The role of these tracers for response assessment
and MRD detection is currently investigated.

Comparisons of PET and MRI and value of the PET/
MRI technology

Comparative studies have suggested that WB-MRI is more
sensitive than PET/CT for the detection of bone marrow
infiltration at diagnosis of MM thanks to its high spatial
resolution and sensitivity to diffuse infiltration and due to the
lack of FDG uptake in a significant (10-15%) proportion of
MM patients which is most likely due to a low hexokinase-2
expression [87, 111, 119, 120].

Regarding response assessment, preliminary work sug-
gests that FDG-PET/CT is more specific and allows early
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detection of relevant residual abnormalities (86% specificity
for PET, 43% for WB-MRI; 75% sensitivity for both). In
addition, FDG-PET/CT may become negative earlier after
high dose therapy, while MRI may present residual marrow
abnormalities [121, 122].

Current guidelines suggest that FDG-PET/CT should
be considered the preferred imaging technique to monitor
treatment response in MM. A prospective trial comparing
AS-MRI (spine and pelvis) and PET/CT in treated MM
patients suggested that PET/CT is superior to MRI for iden-
tifying MRD and providing prognostic information, show-
ing improved PFS in patients showing normalization of the
PET findings after 3 cycles of RVD and before maintenance
therapy [104]. Another study comparing MRI and PET/CT
found more false positive results of MRI after treatment, due
to residual scar or necrotic tissue [123]. These studies were
however limited by the lack of whole body coverage and use
of DWI sequences which are known to improve the ability of
MRI to distinguish viable from non-viable residual marrow
abnormalities after treatment [99, 124].

A systematic review concluded that data on this topic are
too heterogeneous, with biased accrual and lack of inde-
pendent reference standard, which also precluded perform-
ing a meta-analysis [125]. Hence, it remains unclear which
modality may be best suited for response assessment and
the evaluation of both techniques using either side-by-side
or on PET/MRI hybrid scanners should provide informa-
tion on their respective effectiveness [126] (Figs. 5, 6, 10).
PET/MRI indeed combines the two most effective imaging
modalities in MM and allows a one-step exhaustive evalua-
tion and comparison between both techniques at diagnosis,
at the time of response assessment and MRD detection [99,
126].

The complementarity between WB-MRI/DWI and FDG-
PET may be a key advantage of PET/MRI technology,
especially to assess treatment response and MRD. Rasche
et al. reported that WB-MRI/DWTI identified a higher rate of
lesions than FDG-PET/CT (21% vs. 6%), but not all PET-
positive lesions were visible on DWI. This suggests that a
combination of both methods might be necessary for opti-
mal work-up and outcome prediction: patients with double
positive or negative imaging findings after completion of the
treatment had respectively a particularly poor and excellent
PFS [28] (Fig. 10).

The same trial demonstrated the complementarity between
imaging (both FDG-PET/CT and WB-MRI/DWI) and molec-
ular techniques (flow cytometry) in defining the prognosis of
patients [28]. Hence, for patients with CR, reaching double
imaging and molecular MRD negativity is considered a pre-
dictive surrogate for patient outcome [127]. The prognostic
value and therapeutic implications of positive imaging find-
ings in patients with MRD bone marrow negativity deserve
further evaluation. There is also a need for trials evaluating
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the individual value and potential complementarity of FDG-
PET/CT and WB-MRI/DWI to monitor a sustained MRD
negativity or its loss in high-risk MM patients [11].

Conclusions

WB-MRI/DWI and PET/CT are the imaging methods of
choice to assess response to treatment and to probe MRD in
treated MM patients. Available imaging guidelines promote
homogeneous use of the techniques and structured reporting
amongst centres in daily routine and in clinical trials.
Regarding the clinical indications, WB-MRI and PET/CT
should be obtained in advanced MM by the time of diag-
nosis before treatment, after completion of intensive treat-
ment (ASCT) before maintenance and later on for systematic
follow-up and by the time of suspected relapse. Further works
should concentrate on the comparison of the value of both
techniques by the time of response evaluation, detection of
MRD and during follow-up under maintenance therapy. Their
individual role in these indications and complementarity with
modern molecular techniques deserve further assessment.
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Single-sentence summary statement WB-MRI with diffusion
weighted sequences and FDG-PET/CT are the imaging methods
of choice for evaluating response and detecting residual disease in
multiple myeloma, providing key prognostic information.

Bullet points

o WB-MRI enables lesion detection and assessment of response to
treatment in MM, especially after induction therapy.

o Multiparametric WB-MRI must include morphological, functional
DWI sequences and fat fraction measurements after the My-Rads
Guidelines.

o FDG-PET/CT is currently the preferred method to detect minimal
residual disease, but WB-MRI is highly promising.

o Imaging should be used in conjunction with molecular methods (bone
marrow flow cytometry and next generation sequencing) for evaluating
minimal residual disease.

e WB-MRI and PET/CT provide key prognostic information and
treatment guidance.
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