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H I G H L I G H T S

• WBLDCT is recommended as the first-choice imaging technique to assess bone disease in MM. 18F-FDG-PET/CT is considered a possible alternative at staging and is
recommended for imaging MRD assessment. In cases with no myeloma-defining events, the use of MRI is recommended.

• Dual energy CT has been proposed to overcome some limitations of WBLDCT, but its use is limited by lack of standardization.
• Novel PET radiotracers being studied in MM could overcome some limits of 18F-FDG-PET/CT, but their use is limited by low availability and expertise, need of a
local cyclotron for tracers with a short half-life, absence of standardization, and need for further prospective data.

• DCE -MRI allows to study tumor angiogenesis in a non-invasive way, but its use is limited by lack of clinical validation and standardized protocols.
• DWI represents a modern MRI protocol allowing to study cellular density of tissues, whose use in MM has been standardized by MY-RADS guidelines, both at
staging and in response assessment.
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A B S T R A C T

Introduction: The International Myeloma Working Group (IMWG) defines myeloma related bone disease (MBD) as
a diagnostic criterion for symptomatic multiple myeloma (MM) as the presence of osteolytic lesions ≥ 5 mm or
more than one focal lesion (FL) ≥ 5 mm by magnetic resonance imaging (MRI). Whole-body low-dose CT
(WBLDCT) is recommended as the first-choice imaging technique for the diagnosis of MBD with 18F-fluo-
rodeoxyglucose-positron emission tomography/CT (18F-FDG-PET/CT) being considered a possible alternative at
staging, whereas use of MRI studies is recommended in cases without myeloma-defining events (MDEs) in order
to exclude the presence of FLs. Furthermore, use of 18F-FDG-PET/CT is recommended in response assessment, to
be integrated with hematologic response and bone marrow minimal residual disease (MRD).
Areas covered: In this paper, we review novel functional imaging techniques in MM, particularly focusing on their
advantages, limits, applications and comparisons with 18F-FDG-PET/CT or other standardized imaging
techniques.
Conclusions: Combining both morphological and functional imaging, 18F-FDG-PET/CT is currently considered a
standard imaging technique in MM for staging (despite false positive or negative results) and response assess-
ment. The introduction of novel functional imaging techniques, as whole-body diffusion-weighted magnetic
resonance imaging (WB-DWI-MRI), or novel PET tracers might be useful in overcoming these limits. Future
studies will give more information on the complementarity of these imaging techniques or whether one of them
might become a new gold standard in MM.
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1. Introduction

Myeloma-related bone disease (MBD) is a major cause of morbidity
in patients affected by multiple myeloma (MM), affecting about 80% of
patients with newly diagnosed MM (NDMM) and almost the totality of
patients during the disease course [1,2]. These patients present with
bone pain as the most common onset-symptom and are at high risk for
skeletal-related events (SREs), including pathological fractures, spinal
cord compression and need for surgical or radiotherapeutic in-
terventions [3]. Furthermore, MM patients may present with para-
skeletal disease (PSD) as a result of direct growth from bone lesions due
to disruption of the cortical bone, or extramedullary disease (EMD),
resulting from haematogenous spread involving soft tissues without
direct contact to bone structures. The former has a reported incidence of
7–34.4% in NDMM patients and 6–34.2% in relapsed/refractory
(RRMM) patients; the latter has a reported incidence of 1.7–4.5% in
NDMM and 3.4–10% in RRMM [4].

In 2003, the International Myeloma Working Group (IMWG) defined
MBD as a diagnostic criterion for NDMM requiring treatment initiation
as the presence of osteolytic lesions or osteoporosis with compression
fractures. Conventional skeletal radiography was the standard technique
for diagnosis of MBD, with computed-tomography (CT) and magnetic
resonance imaging (MRI) studies considered useful to improve its
detection [5]. In 2014, the updated diagnostic criteria for MM clarified
the definition of MBD as the presence of one or more osteolytic lesion (≥
5 mm in size) on skeletal radiography, CT or 18F-fluorodeoxyglucose-
positron emission tomography/CT (18F-FDG-PET/CT) [6]. Since two
studies in smoldering MM (SMM) have shown that the presence of more
than one focal lesion (FL) detected by MRI was related to a progression
rate to symptomatic MM of 70% at 2 years with a median time to pro-
gression (TTP) of 13–15 months [7,8] the updated IMWG diagnostic
criteria for NDMM also include the presence of > 1 FLs (each ≥ 5 mm in
size) by MRI [6]. As whole-body low-dose CT (WBLDCT) has proven
significantly superior sensitivity as compared to conventional skeletal
survey in detecting osteolytic lesions [9] current IMWG guidelines
(Fig. 1) recommend its use as the first-choice imaging technique for the
diagnosis of MBD in MM patients. 18F-FDG-PET/CT, if available, is
considered a potential alternative to WBLDCT. If WBLDCT (or CT
portion of PET/CT, as increased uptake only is not adequate for diag-
nosis of MM) is negative and no other myeloma defining event is present,
the use of whole-body MRI (WB-MRI) is recommended. Alternatively, if
WB-MRI is not available, patients should undergo MRI of spine and
pelvis (axial skeleton MRI, AS-MRI) [10].

18F-FDG-PET/CT, combining both morphological and functional
imaging, has sensitivity and specificity of 80–100% for detection of bone
lesions and is considered the most effective technique in identifying
EMD (with the exception of central nervous system involvement, for
which MRI studies are preferable). Furthermore, the presence of> 3 FLs,
of EMD, of high level of FDG uptake (maximum standardized unit value,
SUVmax), high metabolic tumor volume (MTV) or total lesion glycolysis
(TLG) have been related to inferior outcome [11–16]. Conversely, MRI
studies are considered the techniques having the highest sensitivity in
detecting early bone damage and diffuse involvement of bone marrow,
in distinguishing pathological from osteoporotic fractures and in
studying cord compression or other neurologic events [11,17–20].

Current IMWG guidelines recommend the integration of conven-
tional hematologic response with the assessment of bone marrow min-
imal residual disease (MRD) by Next Generation Sequencing (NGS) or
Next Generation Flow (NGF) [21]. However, evaluation of MRD is
limited by potential spatial heterogeneity, patchy pattern of bone
marrow and possible presence of EMD. Therefore, imaging techniques
play a crucial role in response assessment. 18F-FDG-PET/CT is consid-
ered the standard technique in this setting, as various studies have
shown that normalization of tracer uptake is related to a significant
improvement of patients outcomes [12–14,21–25]. For this reason,
assessment of imaging MRD by 18F-FDG-PET/CT is also recommended

by IMWG guidelines [10,21]. PET negativity is defined as the disap-
pearance of every area of increased tracer uptake previously found,
decrease to less than mediastinal blood pool SUV or to less than sur-
rounding normal tissue. However, the Italian group recently proposed a
standardization of 18F-FDG-PET/CT according to Deauville score (DS)
(Italian Myeloma Criteria for PET Use, IMPeTUs criteria), finding that
achievement of DS < 4 (uptake lower than liver) for both FLs and bone
marrow diffuse uptake is an independent predictor for improved
progression-free survival (PFS) and overall survival (OS), hence pro-
posing new definitions of metabolic responses [26,27]. The use of
IMPeTUs criteria in response assessment and their integration with MRD
evaluation have been recently validated in the “FORTE” trial, with
double-negative patients achieving better outcome [28]. Conversely,
even though early studies regarding use of conventional MRI studies in
response assessment showed a prognostic significance of FLs resolution
after therapy [18,29], a high rate of false-positive results (due to the
persistence of visible necrotic lesions) has been reported and more
recent trials failed to show a significant correlation with patients out-
comes [12]. However, modern MRI protocols which will be described in
the following chapters (i.e., dynamic contrast-enhanced, DCE, and
diffusion-weighted imaging, DWI) are being successfully evaluated for
response assessment.

In this paper, we review novel functional imaging techniques in MM,

Fig. 1. Imaging algorithm for patients with suspected NDMM and for response
evaluation during therapy; adapted from [10]. Abbreviations: NDMM = newly
diagnosed multiple myeloma; WBLDCT = whole-body low dose computed to-
mography; 18F-FDG-PET/CT = 18F-fluorodeoxyglucose-positron emission to-
mography/computed tomography; WB-MRI = whole-body magnetic resonance
imaging; AS-MRI = axial skeleton MRI; MDE = myeloma defining event; SMM
= smoldering MM.
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particularly focusing on their advantages, limits, applications and
comparisons with 18F-FDG-PET/CT or other standardized imaging
techniques.

2. Novel CT techniques

2.1. Dual-energy CT

Conventional CT studies, including WBLDCT (which currently rep-
resents the standard imaging technique in assessing MBD) are defined
monoenergetic (single-energy computed tomography, SECT), as they are
based on the use of a photon beam including a wide range of energies
centered around a single peak. SECT techniques allow for a distinction of
structures depending on different densities of tissues and attenuation
coefficients, expressed in terms of Hounsfield Unit (HU). The Hounsfield
scale ranges from values of − 1000 HU for air to + 1000 HU for bone,
with water representing the conventional 0. Blood volume and fat usu-
ally have values of approximately + 40 HU and − 90/_70 HU, respec-
tively [30]. However, diverse materials may have similar attenuation
coefficients and be represented by identical pixel values. Dual-energy CT
(DECT) is a new technology based on acquisition of images at different
energies, based upon the use of two beams with diverse energies coming
from two X-ray tubes (dual-energy spectral CT) or the use of two de-
tectors for photons at different energies (dual-layer spectral CT), with
specific attenuation depending on both photon energy level and tissue
composition. Specific reconstruction algorithms allow for more precise
material decomposition analysis and tissue characterization, based on
the different attenuations at diverse beam energies [31–33].

In MM, one major limit of WBLDCT and other SECT studies is rep-
resented by a modest negative predictive value in detecting bone
marrow involvement without lytic lesions. Conversely, calcium-
suppressed (virtual non-calcium, VNCa) images from DECT, through
three-material decomposition (calcium, water and fat) and modulation
of calcium suppression index (CaSupp), allow the removal of the osseous
component with qualitative and quantitative assessment of bone
marrow composition and characterization of FLs; furthermore, a po-
tential use in response assessment has been proposed [34–36].

Using MRI as reference standard, DECT has shown high sensitivity
(91.3%) and specificity (90.9%) in assessing bone marrow infiltration; a
cut-off value of − 44.9 HU was related to a sensitivity of 93.3% and
specificity of 92.4% in distinguishing normal from infiltrated bone
marrow [37]. Another study allowed to distinguish normal bonemarrow
from diffuse infiltration (cut-off of − 35.7 HU, with 100% sensitivity and
97% specificity) or from focal infiltration (cut-off of − 31.9 HU, with
97% sensitivity and 99% specificity), again using MRI as reference
standard [38]. Regarding detection of diffuse infiltration, some studies
have also tried to assess the skeleton location having the best correlation
to MRI, which was found to be L3 with CaSupp index 65 [39].

Use of VNCa images has also been proposed for differentiation of
osteolytic FLs into active and inactive ones, as the former show higher
attenuation: a cut-off value of − 21 HU is related to a sensitivity of 92%
and a specificity of 58%. A significant negative association to T1
weighted signal intensity and a positive association to apparent diffu-
sion coefficient, ADC, by DWI-MRI studies has been observed [40]. A
comparison of DECT and SECT highlighted the superiority of the former
technique in distinguishing active FLs (by using 18F-FDG-PET/CT as
reference standard), with a significant correlation between attenuation
and metabolic activity, particularly in images with high CaSupp index; a
cut-off of − 46.9 HU was related to a sensitivity of 91% and a specificity
of 88% [41]. Another study observed a decreased attenuation from − 4.5
HU to − 53.5 HU (median values) in FLs responding to radiotherapy,
likely reflecting fatty regression as a sign of response; conversely, locally
progressive lesions showed higher attenuation (cut-off of − 27 HU) [42].

Other studies have focused on identifying relations between char-
acteristics of DECT imaging and markers of disease burden or prognostic
features. For example, a positive correlation between calcium subtracted

attenuation and bone marrow plasma cell infiltration percentage and a
negative correlation with hemoglobin level has been observed.
Furthermore, some studies showed a significant relation between spe-
cific CT textural features in VNCa images and serologic markers, or
staging systems have been observed [43,44].

In addition to VNCa images, other studies have used a two-material
decomposition with separation of hydroxyapatite (paired to fat or other
materials) for the diagnosis of non-osteolytic MM, with better results
obtained by grouping different spine segments [45,46].

However, the main limitation of DECT imaging in MM is represented
by a great heterogeneity in the studies, regarding acquisition technolo-
gies, postprocessing software, qualitative classification criteria, mea-
surement sites of skeleton and timepoints after treatment, concurring to
difficult replication of results and standardization. Furthermore, this
technique resulted ineffective in distinguishing bone marrow malignant
infiltration from bone marrow reconversion [34].

2.2. Photon-counting CT

Another recently introduced technology is the photon-counting de-
tector CT (PCD-CT), based on direct conversion of X-ray into electric
impulses, with generation of multi-energy images having increased
contrast, scanning speed and spatial resolution with lower image noise
and radiation doses as compared to conventional CT techniques based
on energy integrating detectors (EID-CT) [47].

A comparative study between PCD-CT and EID-CT in MM has shown
a significant improvement in identifying osteolytic lesions, intra-
medullary lesions, fatty metamorphosis and pathologic fractures with
the former technique [48]. Furthermore, a significant improvement in
spatial resolution of bony microstructure and lytic bone lesions as
compared to DECT has been observed [49].

3. Novel PET radiotracers

18F-FDG is the most commonly used and standardized radiotracer for
PET imaging inMM, with sensitivity and specificity ranging from 80% to
100% in detecting bone lesions. False positive FLs may result from in-
fections and other causes of inflammation, post-surgical areas or bi-
opsies, fractures, bone remodeling, bone metallic implants,
accumulation of the radiotracer in physiological districts, whereas
anemia or recent chemotherapy, radiotherapy and growth factors may
cause a false diffuse bone marrow pattern. Conversely, false negative
results may be due to hyperglycemia, recent high-dose corticosteroid
administration, small skull lesions close to the brain, or lacking
expression of glucose transporters or enzymes involved in glycolysis
(particularly hexokinase-2), which has been reported in about 10% of
patients, being not stable over time and potentially changing during the
disease course [50,51]. To overcome these limitations, other radio-
tracers have been investigated (Table 1), with some having possible
theranostic implications.

3.1. Chemokine receptor tracer

C-X-C motif chemokine receptor 4 (CXCR4) is a G protein-coupled
receptor resulting overexpressed in about half of MM patients [52,53].
It plays a crucial role in cell migration and homing, angiogenesis and
proliferation, via interaction with C-X-C motif chemokine ligand 12
(CXCL12), expressed on bone marrow stromal cells. Furthermore, its
overexpression in MM has been related to increased osteoclastogenesis
[54]. Pentixafor is a peptidomimetic ligand with high affinity for CXCR4
which has been conjugated with 68Ga (68Ga-PEN) and evaluated in MM,
showing promising results in detection of active disease and in prog-
nostic stratification. In a retrospective analysis of RRMM patients, 68Ga-
PEN-PET/CT was positive in 66% of patients, independently from lab-
oratory parameters or cytogenetics. In 42% of patients, it detected the
same number of lesions as 18F-FDG-PET/CT, whereas it resulted superior
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in 21% and inferior in 37%. However, 16% of patients had CXCR4-
negative disease even though having metabolic activity by 18F-FDG-
PET/CT[55]. Similar results have been observed in prospective com-
parisons to 18F-FDG-PET/CT in NDMM patients. One experience showed
a positivity rate of 93% versus 53% and a significant superiority in
detecting bone marrow involvement (88% versus 29%) with marrow
uptake values by 68Ga-PEN-PET/CT resulting significantly correlated
with presence of end organ damage, staging and laboratory markers of
tumor burden, including concentration of serum and urine light chains
and serum β2-microglobulin [56]. Another study showed a higher,
similar and lower disease extent by 68Ga-PEN in 68%, 26% and 6% of
patients, respectively, with good concordance in detection of EMD.
Moreover, tumor to background ratio was significantly correlated with
bone marrow plasma cells percentage [57]. A significant relation be-
tween 68Ga-PEN-PET/CT positivity and reduced overall survival has also
been documented [58]. Due to these observations, endoradiotherapy
(ERT) using Pentixather conjugated with 177Lu and 90Y (followed by
hematopoietic stem cell transplantation because of bone marrow abla-
tion) has been investigated in heavily pretreated patients, showing
promising efficacy and good tolerability [59–61].

3.2. Amino acid tracers

Due to rapid internalization of amino acids by MM cells involved in
immunoglobulin production, various amino acid tracers have been
developed.

Methionine conjugated with 11C (11C-MET) is characterized by sig-
nificant absorption by plasma cells (both in intramedullary and extra-
medullary lesions) as compared to bone marrow [62,63]. Comparisons
between 11C-MET and 18F-FDG-PET/CT have shown higher sensitivity
and accuracy of the amino acid tracer [64]. In a study comparing the two
radiotracers in NDMM and RRMM, 11C-MET had a higher percent pos-
itive (91% versus 77%) and detected more FLs in 65% of patients,
whereas the two tracers identified the same number of FLs in the
remaining 35% of patients. Furthermore, a stronger correlation with
bone marrow involvement as compared to 18F-FDG was observed [65].
Similar results were produced in a double-center prospective trial

enrolling both NDMM and RRMM patients: 12% of patients had a PET/
CT resulting negative by 18F-FDG but positive by 11C-MET whereas no
patients had metabolically active disease only by 18F-FDG-PET/CT; the
amino acid tracer detected more FLs in 63% of patients. In this study,
various semiquantitative parameters by 11C-MET-PET/CT were signifi-
cantly correlated to patients outcomes [66]. Moreover, a small study
recently showed a potential role of 11C-MET-PET/CT in detecting
persistent active disease in patients having negative 18F-FDG-PET/CT
after treatment [67]. However, use of 11C-MET is limited by its short
half-life (20 min), necessitating the presence of on-site cyclotron [68].

Two further amino acid tracers which have recently been evaluated
in MM are fluoro-ethyl-tyrosine and fluciclovine, both conjugated with
18F (18F-FET and 18F-FACBC, respectively). Both tracers have a long half-
life (110 min), not requiring a local cyclotron. The former, recently
investigated for diagnosis of brain tumors, has shown lower uptake than
18F-FDG and 11C-MET in plasma cells lines [69]. The latter, commonly
used for imaging of prostate cancer, has been compared to 18F-FDG in
NDMM patients in a small prospective study, showing higher positivity
rate (92% versus 69%), with higher uptake values and number of FLs.
Furthermore, SUVmax by 18F-FACBC was significantly related to per-
centage of bone marrow plasma cells [70].

3.3. Lipid tracers

Use of lipid tracers, due to integration in cell membrane of repli-
cating plasma cells, has also been evaluated. Choline (CH), conjugated
with 11C (11C-CH) is a radiotracer used for prostate cancer imaging,
limited by a short half-life (20 min). A comparison to 18F-FDG in MM
demonstrated detection of a higher number of bone lesions, with non-
significant difference [71]. A subsequent comparison to 11C-MET-PET/
CT, however, showed higher sensitivity of the amino acid tracer with
detection of more intramedullary lesions in 42% of patients [72]. Use of
18F-CH, characterized by longer half-life (110 min), has been investi-
gated in NDMM and at suspect of relapse, with detection of a higher
number of FLs and higher SUVmax values as compared to 18F-FDG in both
settings [73,74].

Acetate is converted by human cells to acetyl-CoA, which is

Table 1
Novel PET radiotracers in MM.

Class of radiotracer Target and rationale Radiotracer Summary of findings and comments

Chemokine receptor CXCR4 (high expression on MM plasma cells related to
migration, homing, proliferation, angiogenesis and
osteoclastogenesis)

68Ga-Pentixafor Positivity rate of 66–93%; significant superiority versus
18F-FDG for BM DD; false negative scans up to 16%;
potential prognostic role [55,56,58]

Amino acids tracers Amino acid metabolism (high uptake by plasma cells
due to immunoglobulin production)

11C-methionine Higher positivity rate (up to 91%), sensitivity and number
of FLs than 18F-FDG; potential prognostic role; short half-
life [65,66]

18F-fluoro-ethyl-tyrosine Lower uptake than 18F-FDG and 11C-MET [69]
18F-fluciclovine Higher positivity rate (92%) than 18F-FDG [70]

Lipid tracers Integration in cell membrane of replicating cells 11C-choline Higher number of FLs than 18F-FDG but lower than 11C-
methionine; short half-life [71,72]

18F-choline Higher number of FLs than 18F-FDG [73,74]
Integration in cell membrane of replicating cells and
fatty acid metabolism

11C-acetate Higher positivity rate (85%) than 18F-FDG, particularly for
BM DD (up to 100%); potential prognostic role [75–77]

Nucleoside tracers Thymidine kinase activity (uptake in proliferating cells) 11C-thiothymidine Encouraging preliminary results: higher positivity rate,
sensitivity and negative predictive value than 18F-FDG
[78]

18F-fluorothymidine Lower positivity rate and smaller number of FLs than 18F-
FDG [79]

Markers of hypoxia and
vascular proliferation

Aberrant angiogenesis in MM 68Ga-PSMA Discordant preliminary results [80,81]
18F-fluoroarabinofuranosyl-2-
nitroimidazole

Lower positivity rate than 18F-FDG [82]

Bone matrix tracers Osteoblastic activity 18F-sodium-fluoride Lower specificity than 18F-FDG [83,84]
Fibroblast inhibition 68Ga-fibroblast activation

protein inhibitor
No significant superiority versus 18F-FDG [86]

Antibody tracers CD38 (plasma cells’ marker) 89Zr-deferoxamine-
Daratumumab

Encouraging preliminary data [87]

Abbreviations: PET = positron emission tomography; MM = multiple myeloma; CXCR4 = C-X-C motif chemokine receptor 4; PSMA = prostate-specific membrane
antigen; FDG = 18F-fluorodeoxyglucose; BM = bone marrow; DD = diffuse disease; FL = focal lesion.
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incorporated in cell membrane or participates to the tricarboxylic acid
cycle. For these reasons, 11C-AC has been recently investigated both in
neoplastic diseases and in evaluation of myocardial perfusion and oxy-
gen consumption. A comparison to 18F-FDG in plasma cell dyscrasias
revealed a higher percentage positive for diffuse and focal active disease
(85% versus 58%) [75]. Another study confirmed a higher detection of
diffuse disease as compared to 18F-FDG (100% versus 40%) and showed
a reduction of mean SUVmax resulting proportional to the depth of he-
matologic response after treatment [76]. Furthermore, diffuse AC up-
take has resulted significantly related to greater plasma cell infiltrate in
bone marrow, higher staging and several markers of disease burden,
including hemoglobin, concentration of M protein; moreover, the pres-
ence of high SUVmax, high number of FLs and diffuse uptake could
predict shorter PFS [75,77].

3.4. Other novel radiotracers

Due to increased uptake in proliferating cells, nucleoside tracers
(11C-thiothymidine and 18F- fluorothymidine, 18F-FLT) have also been
compared to 18F-FDG in small studies. The former showed higher posi-
tivity rate, sensitivity (93% versus 60%) and negative predictive value
(94% versus 73%) than 18F-FDG [78]. Conversely, the latter was related
to lower positive cases and detection of a smaller number of FLs, with
high background activity in the bone marrow complicating the evalua-
tion of lesions [79].

Radiotracers related to hypoxia and angiogenesis are also currently
investigated. Prostate-specific membrane antigen (PSMA), conjugated to
68Ga (68Ga-PSMA) is a marker of vascular proliferation and represents
the standard tracer for prostate imaging. Its comparison to 18F-FDG in
MM has produced discordant results: one study suggested a possible
complementarity, demonstrating detection of higher number of FLs by
18F-FDG (84% versus 71%) with 16% of FLs detected only by 68Ga-PSMA
and 29% only by 18F-FDG and good reliability for number of FLs,
number of soft tissue lesions and highest SUVmax [80]. Conversely, our
experience highlighted a significant superiority of 18F-FDG versus 68Ga-
PSMA regarding percent positive (68% versus 51%, with 19.5% of pa-
tients having positive 18F-FDG but negative 68Ga-PSMA and only 2% of
patients having positive 68Ga-PSMA but negative 18F-FDG), detection of
FLs and bone marrow diffuse uptake in NDMM patients [81]. Use of 18F-
FAZA (fluoroarabinofuranosyl-2-nitroimidazole, a marker of tumor
hypoxia) produced negative results [82].

Sodium-fluoride conjugated with 18F (18F-NaF) is a tracer of osteo-
blastic activity, as it is chemo-adsorbed to hydroxyapatite. Various
studies comparing 18F-NaF-PET/CT to 18F-FDG-PET/CT have demon-
strated higher specificity of the latter for detecting osteolytic FLs in MM,
likely due to osteoclastic role in their pathogenesis [83 84]. However, a
potential complementarity because of its role in assessing degenerative
bone fractures has been proposed [85].

Further radiotracers of recent investigation in MM are fibroblast
activation protein inhibitor conjugated with 68Ga (68Ga-FAPI), which
did not result superior to 18F-FDG [86] and Daratumumab conjugated
with 89Zr using deferoxamine (89Zr-DFO-Dara), recently related to
encouraging results [87].

Even though potentially attractive, use of novel PET radiotracers
harbors some limitations, which are both technical (low availability and
expertise, need of a local cyclotron for tracers with a short half-life) and
conceptual (absence of standardization, need of further prospective data
about eventual increased baseline sensitivity and use for response
assessment).

4. Dynamic contrast-enhanced magnetic resonance

Conventional MRI represents the gold standard technique in
detecting early bone marrow infiltration, with high sensitivity in
assessing the presence of FLs and diffuse disease [88]. Further
improvement in sensitivity has been achieved through the introduction

of gadolinium as a contrast agent, particularly in DCE images, which
allow to study tumor angiogenesis in a non-invasive way. This functional
protocol is based on high temporal resolution repeated scanning (using
T1-weighted sequences of dorsolumbar spine) before, during and after
gadolinium administration. Changes in local perfusion over time, eval-
uated through time-intensity curves (TICs), reflect changes in bone
marrow microcirculation, due to angiogenesis and increased vascular
permeability. Two main perfusion parameters are studied: amplitude A
(reflecting blood volume) and exchange rate constant Kep (reflecting
vessel wall permeability). Wash-in and wash-out features allow
distinction of 5 different patterns of TICs (Fig. 2). Symptomatic MM is
usually characterized by type 4 TIC, due to a steep wash-in and first pass
(reflecting immediate unidirectional flow from intravascular to inter-
stitial space because of angiogenesis with marked microvascular density
and vessel permeability) and a rapid wash-out (reflecting a retrograde
flow towards intravascular space, because of small interstitial space due
to high cellular density). MM patients rarely show type 5 TIC, with steep
but continuous wash-in (reflecting the persistence of large interstitial
space) [89–91].

DCE-MRI studies allow to detect a gradual progressive increase of
microcirculation fromMGUS to SMM toMM, with a progressive increase
of peak enhancement intensity (PEI) and decrease of time to PEI (TPEI)
[92,93]. Furthermore, higher amplitude A in SMM patients was revealed
as a risk factor for progression to symptomatic MM (value above 0.89
arbitrary units is related to a progression rate of 80% at 2 years),
whereas no prognostic role was found in patients with MGUS [94].
Findings of greater vascularization were also related to a significantly
inferior outcome in patients with symptomatic MM: higher amplitude A
was related to a greater incidence of non-response to therapy [95] and
worse EFS [96]. Both higher amplitude A and Kep were related to a
significantly worse OS [97]. Furthermore, patients with a diffuse disease
by PET or DWI-MRI are characterized by significantly higher PEI and
lower TPEI [93].

DCE-MRI studies have also been evaluated in response assessment. In
patients responding to therapy, a decrease of 73% in wash-in slope and
71% in absolute enhancement (reaching a type 1 or type 2 TIC) can be
detected, reflecting the destruction of tumor vascularization due to
effective treatment. However, patients achieving a good hematologic
response may show a type 3 TIC (characterized by steep wash-in and
subsequent plateau), likely due to increased vascularization after he-
matopoiesis regeneration, because of anti-clone treatment or adminis-
tration of stimulating-agents [92,98]. Furthermore, the evaluation of
maximal percentages of bone marrow enhancement after treatment
could be used in response assessment: a post-treatment value above
96.8% resulted predictive of non-response with a sensitivity of 100%

Fig. 2. Types of TICs by DCE-MRI; adapted from [90]. Abbreviations: TICs =
time-intensity curves; DCE-MRI = dynamic contrast-enhanced magnetic reso-
nance imaging.
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and specificity of 77% after autologous stem cell transplant (ASCT).
Conversely, the maximal percentage of focal lesion enhancement after
therapy was not revealed prognostic [99]. Moreover, a study found that
patients with deeper hematologic responses had significantly lower
values of amplitude A and Kep as compared to non-responding patients
[95].

Even though encouraging, use of DCE-MRI is actually limited by lack
of clinical validation and standardized protocols (particularly consid-
ering the variability due to amount of contrast agent injected, scan
duration and time resolution). Another limit of DCE-MRI is the need of
adjusting results for age, sex, body mass index and other variables which
may impact on bone marrow vascularization [100]. Furthermore, it
should be highlighted use of gadolinium in patients with baseline
impairment of kidney function has been related to an increased risk of
nephrogenic systemic sclerosis [101].

5. Whole-body diffusion-weighted magnetic resonance

DWI represents a modern MRI protocol measuring the movement of
water molecules within a tissue, which is inversely correlated to its
cellular density. Its use has been related to high sensitivity in assessment
of bone marrow infiltration and has been proposed for response
assessment. MY-RADS (Myeloma Response Assessment and Diagnosis
System) guidelines have been recently published with the aim of stan-
dardizing acquisition, interpretation and reporting of this technique in
MM [102]. This protocol is based on a WB field of view (skull vertex to
knees) using both conventional morphological sequences (T1-weighted,
T2-weighted and short T1 inversion recovery – STIR – with section
thickness of 4–5 mm) and specific ones (DWI and T1-weighted se-
quences with Dixon technique for fat-suppression), without need for
contrast agents and a duration of 40–60 min. DWI technique relies on
qualitative parameters (particularly the comparison with adjacent
muscle, using high b-value images, generally 900 s/mm2) and semi-
quantitative approaches (ADC, which has been significantly related to
the grade of histological infiltration by malignant cells and microvas-
cular density) [102,103].

5.1. DWI-MRI at staging

ADC values of normal bone marrow are generally below 600–700
μm2/s (due the presence of fat yellow marrow, with decreasing values in
older people), whereas values of viable tumor are generally between 700
and 1400 μm2/s (Fig. 3). Four disease patterns have been described:
focal (lesions greater than 5 mm with decreased signal in T1-weighted
sequences, increased signal in T2-weighted and STIR sequences,
hyperintense to background muscle in high b-value images, compatible
ADC values), micronodular (widespread nodular areas below 5 mmwith
preserved normal marrow between them), diffuse (diffuse decreased
signal intensity in T1-weighted sequences and increased signal intensity
in T2-weighted, STIR and high b-value DWI sequences, with ADC values
above 600–700 μm2/s), and focal on diffuse. Furthermore, WB-DWI-MRI
represents a good tool for detection of PSD and EMD [102]. Beside
evaluation of ADCmaps regarding FLs and bone marrow infiltration, the
use of volumetric quantitative parameters has been proposed: total
diffusion volume (TDV), a measure of tumor burden, is evaluated by
measuring the voxels with abnormal ADC values [104].

A recent meta-analysis regarding DWI-MRI at baseline diagnosis and
staging reported a pooled sensitivity and specificity of 86% and 63%
respectively, with a significant superiority as compared to conventional
MRI studies [105]. Early comparisons to 18F-FDG-PET/CT have shown
higher sensitivity of WB-DWI-MRI in detecting both FLs and diffuse
disease, with significant superiority in all anatomic regions, with the
exception of the skull [106–109]. Furthermore, a similar sensitivity in
detecting EMD has been reported [108]. The biggest retrospective study
(46 NDMM patients) showed a significantly higher sensitivity of DWI-
MRI in detecting FLs (91% versus 70%), but underlined that perform-
ing this technique in addition to 18F-FDG-PET/CT does not significantly
change treatment decisions [110]. “iTIMM”, the biggest prospective trial
in this setting (60 NDMM patients), confirmed the superiority of WB-
DWI-MRI, showing the presence of FLs and diffuse disease in 83%
versus 60% and 82% versus 17% of patients, respectively. In this study,
WB-DWI-MRI was more sensitive as compared to 18F-FDG-PET/CT in all
anatomic regions, except ribs, scapulae and clavicles [111]. Early results
on 54 NDMM patients from our prospective experience have confirmed
the superiority of WB-DWI-MRI versus 18F-FDG-PET/CT in detecting FLs
(76% versus 54%) and PSD (30% versus 20%), whereas a slight

Fig. 3. Relation between ADC values, signal intensity in DWI sequences and bone marrow cellular density during disease course and response to therapy; adapted
from [90] and [137]. Abbreviations: ADC = apparent diffusion coefficient; DWI = diffusion-weighted imaging; MGUS = monoclonal gammopathy of undetermined
significance; MM = multiple myeloma.
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concordance in detecting diffuse disease was observed [112].

5.2. Prognostic value of DWI-MRI

Prognostic value of baseline DWI-MRI has also been investigated. A
study showed that presence of at least 3 large FLs with product of
perpendicular diameters > 5 cm2 is significantly associated with poor
PFS and OS, independently from staging (Revised International Staging
System, R-ISS), genetic risk and presence of EMD. The number of FLs lost
its prognostic impact after adjusting for size of FLs, highlighting the role
of high tumor burden [113]. Furthermore, the presence of a high TDV
has been significantly related to high bone marrow plasma cell volume
and to worse outcome [114]. Moreover, the presence of a diffuse disease
has been related to the presence of several markers of disease burden
and prognosis, including high R-ISS, higher plasma cell infiltration,
higher M− protein concentration, lower hemoglobin level [111,112]. In
one study, all patients with a diffuse disease had high-risk genetics
[111]. Conversely, analysis of eventual prognostic role of ADC values
have produced discordant results [115–117].

5.3. DWI-MRI in response assessment

WB-DWI-MRI has also been recently proposed for response assess-
ment. Indeed, in patients responding to therapies, conventional MRI can
show decrease in number and size of FLs, conversion of bone marrow
pattern from diffuse to focal, combined or normal, or from focal or
combined to normal, increase of signal intensity in T1-weighted se-
quences due to fat conversion around or within the lesions (“fat dot” and
“halo sign”), decrease of signal intensity in T2-weighted or STIR se-
quences and reduced contrast uptake [34]. Moreover, Dixon sequences
may highlight fat reconversion; some studies have shown a significantly
higher increase of marrow fat fraction in patients responding to therapy
as compared to non-responders [118,119]. Furthermore, a significant
change of ADC values in responding lesions is observed through DWI
sequences, as highlighted by comparison of pre- and post-treatment ADC
histograms. Early evaluations show increased ADC values (due to tumor
necrosis, microbleeding and edema, leading to a decrease of cellular
density), whereas later evaluations show decreased ADC values because
of fat reconversion (Fig. 3). Increase of ADC value after treatment has
been significantly related to the presence of a biochemical response in
various experiences [120–122] and has been related to sensitivity and
specificity of 78% and 73% respectively in distinguishing responding
patients by a recent meta-analysis [105]. Different cut-off values (with
an increase of 30–40% from baseline) have been proposed, with a great
limitation represented by the use of heterogeneous b-values. MY-RADS
guidelines have recently defined 5 response assessment categories
(RACs). In addition to morphologic changes, response is characterized
by increase od ADC values from ≤ 1400 μm2/s to > 1400 μm2/s or a
relative increase ≥ 40% from baseline values. It should be highlighted
that RACs aim at distinguishing different probability of response or
progression after treatment, ranging from RAC1 (highly likely to be
responding) to RAC5 (highly likely to be progressing) [102]. This
approach differs from IMPeTUs criteria, recently proposed for response
assessment by 18F-FDG-PET/CT, which are based on a dichotomized
classification between responders and non-responders [27] (Table 2).

Furthermore, a study showed a progressive decrease of TDV,
resulting directly proportional to the depth of haematologic response
(decrease of median TDV from 231.5 mL to 31.7 mL after treatment in
the whole cohort, 90.56 mL in patients achieving < CR and 27.56 mL in
patients achieving ≥ CR) [123,124]. Moreover, a recent study proposed
the use of a “combined skeletal score”, based on the integration of
morphological and functional MRI data (from both DCE and DWI
studies) to improve response assessment in MM patients, particularly in
confirming the achievement of CR and in predicting relapse in appar-
ently good-responding patients [98].

A single center prospective study assessed the role of an early

Table 2
PET and WB-DWI-MRI response criteria; and .

Metabolic
response

Description RACs Description

Complete
metabolic
response
(CMR)

Uptake ≤ liver activity
in BM sites and FLs
previously involved,
including PSD and
EMD (DS 1–3)

RAC1 Highly likely to be
responding:
- Return of normal fat
containing marrow in
areas previously
infiltrated by FLs or DD;

- Unequivocal decrease in
number or size of FLs;

- Conversion of a packed
BM infiltrate into discrete
nodules, with unequivocal
decrease in tumor load in
the respective BM space;

- Decreasing soft tissue
associated with bone
disease;

- Emergence of intra- or
peritumoral fat within/
around FLs (fat dot or halo
sign);

- Previously evident lesion
shows increase in ADC
from ≤ 1400 μm2/sec to
> 1400 μm2/sec;

- ≥ 40% increase in ADC
from baseline with
corresponding decrease in
normalized high b-value
signal intensity;
morphologic findings
consistent with stable or
responding disease;

- For soft-tissue disease,
RECIST version 1.1
criteria for CR (disap-
pearance of all TLs) / PR
(≥ 30% decrease in the
sum of LD of TLs, taking as
reference the baseline sum
LD)

Partial
metabolic
response
(PMR)

Decrease in number
and/or activity of BM/
FLs present at baseline,
but persistence of
lesion(s) with uptake
> liver activity (DS
4–5)

RAC2 Likely to be responding:
- Evidence of improvement
but not enough to fulfill
criteria for RAC1, for
example slight decrease in
number/size of FLs,
previously evident lesions
showing increases in ADC
from ≤ 1000 μm2/sec to
< 1400 μm2/sec, 25–40%
increase in ADC from
baseline with
corresponding decrease in
b-value signal intensity
and morphologic findings
consistent with stable or
responding disease;

- For soft-tissue disease,
RECIST version 1.1
criteria not meeting re-
quirements for PR

Stable
metabolic
disease
(SMD)

No significant change
in BM/FLs compared
with baseline

RAC3 No change:
- No observable change

Progressive
metabolic
disease
(PMD)

New FLs consistent
with MM compared
with baseline

RAC4 Likely to be progressing:
- Evidence of worsening
disease, but not enough to
fulfill criteria for RAC5;

- Equivocal appearance of
new lesion(s);

- No change in size but
increasing signal intensity

(continued on next page)
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evaluation (after one cycle of induction therapy), finding no significant
changes in ADC values between patients achieving at least a very good
partial response (VGPR) or less than VGPR, whereas significant changes
in fat fraction metrics were identified [125]. Early results from our
prospective experience in NDMM patients have shown a good

concordance (87.5%) between 18F-FDG-PET/CT and WB-DWI-MRI in
response assessment (before maintenance therapy for patients under-
going ASCT or after 1 year of therapy for transplant-ineligible patients)
[112]. A recent prospective comparison between these two imaging
techniques in response assessment after induction therapy and after
ASCT showed a significant impact on patient outcome (PFS and OS) of a
positive PET scan at both time-points, whereas absence of response
using MY-RADS criteria did not affect patient outcome [115].
Conversely, a study not using standardized criteria has shown a signif-
icantly inferior outcome in patients reaching a hematologic complete
response (CR) but with persisting FLs by 18F-FDG-PET/CT or DWI-MRI.
In this study, DWI-MRI identified more residual FLs as compared to PET,
but some FLs were only PET positive, underlying a potential comple-
mentarity of the two techniques [126]. Another study in NDMM patients
showed that achievement of RAC1 after ASCT and sustained RAC1 after
1 year are related to a significant improvement of both PFS and OS
[127,128]. Ameta-analysis has compared 18F-FDG-PET/CT andWB-MRI
(with DWI included in 5/12 studies) in response assessment, showing a
significantly superior specificity of 18F-FDG-PET/CT (81% versus 56%)
and a non-significant superior sensitivity of WB-MRI (90% versus 66%).
Use of DWI has been related to a non-significant improvement of
sensitivity as compared to conventional WB-MRI (93% versus 74%),
with comparable specificity [129]. Some recent studies have also pro-
posed an integration of response assessment by DWI-MRI to bone
marrow MRD evaluation, with double-negative patients achieving a
better outcome as compared to patients with positive imaging or MRD
and to double-positive patients [126,127,130]. Due to high diagnostic
sensitivity and good performance at response assessment, British
guidelines recommend the use of WB-MRI as gold standard imaging
technique and propose it as an alternative to 18F-FDG-PET/CT in
response assessment [131,132]. However, it should be highlighted that
use of DWI-MRI in response assessment is limited by the complexity of
RACs. Therefore, new software and algorithms (even using artificial
intelligence) with the aim of simplifying its use are on development.
Table 3 provides a summary comparison between the main features of
18F-FDG-PET/CT and WB-DWI-MRI.

Table 2 (continued )

Metabolic
response

Description RACs Description

on high b-value images
(with ADC values < 1400
μm2/sec) consistent with
possible disease
progression;

- Relapsed disease:
reemergence of lesion(s)
that previously
disappeared or
enlargement of lesion(s)
that had partially
regressed/stabilized with
prior treatments;

- Soft tissue in spinal canal
causing narrowing not
associated with
neurologic findings ant
not requiring radiation
therapy;

- For soft-tissue disease,
RECIST version 1.1
criteria not meeting re-
quirements for PD

RAC5 Highly likely to be
progressing:
- New critical fracture(s)/
cord compression
requiring radiation
therapy/surgical
intervention; only if
confirmed as malignant
with MRI signal
characteristics;

- Unequivocal new focal
[5–10] diffuse area(s) of
infiltration in regions of
previously normal
marrow;

- Unequivocal increase in
number/size of FLs;

- Evolution of FLs to diffuse
neoplastic pattern;

- Appearance/increasing
soft tissue associated with
bone disease;

- New lesions/regions of
high signal intensity on
high b-value images with
ADC value between
600–1000 μm2/sec;

- For soft-tissue disease,
RECIST version 1.1
criteria meeting re-
quirements for PD (≥ 20%
increase in the sum of LD
of TLs, taking as reference
the smallest sum LD
recorded since the treat-
ment started, or the
appearance of ≥ 1 new
lesion(s)

Abbreviations: RACs = response assessment categories; BM = bone marrow; FL
= focal lesion; PSD = paraskeletal disease; EMD = extramedullary disease; DS=
Deauville score; MM=multiple myeloma; DD= diffuse disease; ADC= apparent
diffusion coefficient; CR = complete response; PR = partial response; LD =

longest diameter; TL = target lesion; PD = progressive disease.
adapted from [27][102]

Table 3
Main features of 18F-FDG-PET/CT and WB-DWI-MRI in MM (references in text).

18F-FDG-PET/CT WB-DWI-MRI

Scanning time 15–20 min (60 min after
tracer infusion)

40–60 min

Radiation
exposure

10–25 mSv None

Diffuse bone
marrow
involvement

Lower sensitivity Higher sensitivity

Detection of FLs Lower sensitivity Higher sensitivity
Detection of PSD Lower sensitivity Higher sensitibity
Detection of EMD Gold standard technique Less explored role
Prognostic
features

> 3 FLs, high SUVmax, other
quantitative parameters
(MTV, TLG)

Diffuse disease, > 3 large (>
5 cm2) FLs, high TDV,
discordant data about ADC

Role in response
assessment

Gold standard technique
(IMWG); recent IMPeTUs
criteria for definition of
metabolic responses
(prognostic role of DS < 4)

Preferred technique for
British guidelines (MY-RADS
criteria: prognostic role of
RAC1)

Abbreviations: 18F-FDG-PET/CT = 18F-fluorodeoxyglucose-positron emission
tomography/computed tomography; WB-DWI-MRI = whole-body diffusion-
weighted magnetic resonance imaging; FLs = focal lesions; PSD = paraskeletal
disease; EMD = extramedullary disease; SUV = standardized uptake value; MTV
= metabolic tumor volume; TLG = total lesion glycolysis; TDV = total diffusion
volume; ADC = apparent diffusion coefficient; IMWG = International Myeloma
Working Group; IMPeTUs = Italian Myeloma Criteria for PET Use; DS = Deau-
ville score; MY-RADS = Myeloma Response Assessment and Diagnosis System;
RAC = response assessment category.
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6. WB-PET/MRI

WB-PET/MRI (using 18F-FDG as radiotracer) is a hybrid imaging
technique actually being evaluated in MM. The main advantages of this
technique include the possibility of concomitant evaluation of
morphology, vascularization, bone marrow cellular density and meta-
bolic activity. However, it is expensive and requires double expertise.
Few data are available regarding its use in MM patients [34].

A prospective comparative study to 18F-FDG-PET/CT showed
equivalent concordance between the two techniques in detecting FLs,
with a strong correlation regarding tracer uptake quantification (even
though SUV values were significantly lower for PET/MRI) [133].
Another study at staging of newly-diagnosed plasma cell dyscrasias
demonstrated sensitivity, specificity and accuracy of 93%, 97% and 95%
respectively in detection of FLs and 98%, 66% and 79% respectively in
detecting diffuse disease; these results were comparable toWB-DWI-MRI
and superior to PET/CT, without achievement of a significantly
increased diagnostic performance by adding DCE imaging [134]. A
prospective French trial enrolling NDMM patients compared the diag-
nostic performance of this hybrid technique to PET and MRI separately,
showing an equally effective accuracy regarding detection of FLs and
diffuse disease in symptomatic patients, but a superiority of MRI in SMM
(with detection of FLs in 22% of patients) [135]. Furthermore, a recent
study has evaluated the prognostic role of PET/MRI in response
assessment, showing that concomitant negativity of PET (DS ≤ 3) and
WB-DWI-MRI (RAC1) after ASCT is related to improved PFS as
compared to persistent positivity in one technique, particularly in case
of MRI-positivity [136].

7. Conclusions

18F-FDG-PET/CT is currently considered a standard imaging tech-
nique in MM, as it combines morphologic data (through its WBCT
portion, representing the recommended technique for MBD assessment)
and functional imaging (having a well-recognized role in prognostic
stratification and response assessment, with standardized response
criteria). However, use 18F-FDG-PET/CT harbors some limitations, with
various causes of false positive or negative results. The introduction of
novel WB functional imaging techniques or novel PET tracers might be
useful in overcoming these limits. Particularly, WB-DWI-MRI, even
though limited by slight availability, appears very promising. Indeed,
various studies have shown higher sensitivity of this technique as
compared to 18F-FDG-PET/CT in detecting FLs and bone marrow diffuse
disease and a potential role in response assessment, thus overcoming the
major limitation of conventional MRI. Future studies will have to further
investigate the complementarity of these imaging techniques and to
address whether they might be alternatively used (similarly to NGS and
NGF in MRD assessment) or whether one of them might become a new
gold standard.
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