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Abstract
Purpose Multiple myeloma is a type of blood cancer arising from the uncontrolled clonal proliferation of malignant plasma cells
resulting in impaired hematopoiesis, hyper production of monoclonal protein, bone tissue destruction leading and renal system
alterations up to kidney failure. The aim is to review the state-of-the-art of radiological imaging in multiple myeloma.
Methods Radiological techniques as well as the advancements in imaging technology have been reviewed and summarized. The
main radiological findings of different imaging techniques in patients suffering from multiple myeloma are also illustrated.
Results Different radiological techniques provide structural and functional data. In the last years, conventional skeletal survey has
gradually lost its utility and it has been replaced by whole body low-dose computed tomography which allows to identify also
small lytic lesions, the medullary and the extramedullary involvement. Nowadays, magnetic resonance is the most sensitive
imaging technique for detecting of skeletal as well as medullary involvement in patients with multiple myeloma. Thanks to the
multiparametric evaluation (morphological, diffusion weighted and perfusion imaging sequences) and to the quantitative anal-
ysis, magnetic resonance imaging is proved to be useful in the early evaluation of response to therapy. Finally, positron emission
tomography has greater sensibility compared to computed tomography as it provides quantitative data; however, the lower
expression levels of the specific gene involved in the glycolysis pathway are associated with false-negative results with conse-
quent underestimation of the disease.
Conclusion The only use of the advanced combinedmultimodal imaging allows a better evaluation, staging and early assessment
of treatment response in patients with multiple myeloma.

Keywords Multiple myeloma .MRI . CT . PET . Interventional radiology

Key points
• Multiple myeloma (MM) is the main disorder of the bone marrow in adults representing about 1% of all neoplastic disease. MM is the second most
common hematologic malignancy after chronic lymphatic leukemia.
• Conventional skeletal survey lacks of sensitivity, with a false-negative rate ranging from 30 to 70%, leading to misdiagnosis or underestimation of the
disease stadium.
• Thanks to its greater sensitivity and high-contrast the whole-body low-dose computed tomography (WBLD-CT) allows the evaluation of bone,
medullary and extramedullary involvement in MM reducing the effective radiation dose.
• The whole-body magnetic resonance imaging (WB-MRI) is the most sensitive imaging technique for detecting skeletal and extra-skeletal MM invasion.
Moreover, the multiparametric information obtained byMRI may be useful for assessment of treatment response by qualitative and quantitative analyses
of the perfusion and diffusion data.
• 2-deoxy-2-[fluorine-18]fluoro-D-glucose positron emission tomography has been proved to report a good sensitivity and specificity for assessment of
medullary and extramedullary disease in patients with MM and for assessment of treatment response.
• Interventional radiology can be useful in multiple myeloma specially to treat complications by percutaneous vertebroplasty, balloon kyphoplasty and
radiofrequency.
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Introduction

Multiple myeloma (MM) is a plasma cell dyscrasia (PCD)
characterized by the uncontrolled clonal proliferation of ab-
normal plasma cells, impaired hematopoiesis with hyper pro-
duction of monoclonal protein, bone tissue production and
destruction leading to renal system impairment up to kidney
failure. MM is the main bone marrow disorder in adults,
representing about 1% of all neoplastic disease [1], and the
second most common hematologic malignancy after chronic
lymphatic leukemia; men are more likely to be affected than
women and the pathology is more frequent in African
Americans than Caucasians. Seventy percent of affected pa-
tients are over 60 years old [2]. The disease commonly
evolves in subclinical form long before the symptomatic man-
ifestation of multiorgan damage.

Osteolytic lesions are one of the most common signs of
MM and the typical findings at radiological examinations.
These lesions are mainly found in the axial skeleton and pelvis
bones, less frequently in the arms and legs. In addition to
causing severe bone pain, lytic lesions are responsible for
pathological fractures, often involving vertebral soma and
leading to complications such as spinal cord compression [1].

Over the past three decades, there have been relevant ad-
vances in radiological techniques and technology, above all in
CTand MRI which have completely replaced the convention-
al skeletal survey (CSS), improving early radiological diagno-
sis of MM and in monitoring therapies.

The article is aimed at reviewing imaging techniques and
radiological findings in MM focusing on more advanced im-
aging technologies.

Classification and clinical history of plasma cell
dyscrasias

Plasma cell dyscrasias (PCDs) are a heterogeneous group of
monoclonal neoplasms originating from the most terminally
differentiated B cells, whose primary function is to secrete
antibodies to fight infections. Clonal cells form and secrete a
single immunoglobulin (Ig) class or a polypeptide subunit of
Ig that is usually detectable as a monoclonal protein (M pro-
tein) in serum or urine [3].

PCDs range from asymptomatic disorders, which can never
manifest themselves clinically as monoclonal gammopathy of
undetermined significance (MGUS), to intermediate forms,
such as smouldering multiple myeloma (SMM), or more ag-
gressive diseases with significant morbidity and mortality,
such as plasma cell myeloma (Table 1). The classification of
plasma cell neoplasms is based on a combination of clinical
and pathological parameters that take into account the extent
of the disease (clonal plasma cell burden and M-protein con-
centration) and evidence of end organ damage/dysfunction.

Waldenstrom macroglobulinemia (WM) is an IgM mono-
clonal gammopathy; patients may suffer from a subclinical
form of IgM MGUS but most patients become symptomatic
during the disease course developing anemia, hyperviscosity
and neuropathy [5].

Plasmacytoma is a tumor consisting of monoclonal plasma
cells, developing secondary to MM or as a solitary form. The
soft tissue lesions may arise in the bone, most commonly in
the spine, or in extra-osseous locations, making diagnosis
challenging. The prognosis and treatment of solitary bone
plasmacytomas are very di fferent f rom sol i ta ry
extramedullary lesions even if both forms respond to treat-
ment very well; however, the osseous form has a poorer prog-
nosis due to its higher rate of evolution in MM [6].

PCD with light- or heavy-chain monoclonal Ig secre-
tion may be associated with deposition diseases. Primary
systemic amyloidosis is due to the interstitial deposition
of light chain Ig as fibrillary amyloid in multiple organs,
except for the central nervous system (CNS); 12–30% of
MM patients have coexistent symptomatic or subclinical
amyloidosis [7]. Heavy chains may also deposit in a
variety of tissues, though heavy-chain deposition dis-
eases are the least common MM-related diseases; clinical
manifestations vary according to the heavy chain type.
However, accumulation in the renal parenchyma is main-
ly responsible for clinical symptoms [8].

POEMS syndrome is paraneoplastic syndrome associated
with plasma cell disorders such as MM, always characterized
by polyneuropathy and very frequently by bone sclerotic le-
sions; organomegaly, endocrinopathy and skin alterations are
minor criteria for diagnosis.

Table 1 Classification of
plasma cell dyscrasias
according to the World
Health Organization

1) Monoclonal gammopathy of
undetermined significance (MGUS)

- IgM

- IgG/A

2) Waldenstrom macroglobulinemia

- Plasma cell myeloma

- Symptomatic myeloma

- Asymptomatic myeloma (smoldering)

- Nonsecretory myeloma

- Plasma cell leukemia

3) Plasmacytoma

- Solitary osseous plasmacytoma

- Extramedullary plasmacytoma

4) Immonoglobulin deposition disease

- Primary amyloidosis

- Systemic light and heavy chain
deposition diseases

5) POEMS syndrome

Adapted from Swerdlow et al. (2016) [4]
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Diagnosis and diagnostic criteria

PC disorders are classified according to the International
Myeloma Working Group (IMWG) criteria (Table 2), which
integrate blood and urine tests, bone marrow aspiration or
biopsy and radiological imaging findings. Integrated diagno-
sis led to a more precise identification of the disease, which is
essential for deciding when the treatment has to be started [9].

The diagnosis ofMGUS and smolderingmyeloma requires
the absence of hypercalcemia, renal failure, anemia and bone
lesions (CRAB features) and no signs of amyloidosis; they
differ in monoclonal protein levels and bone marrow plasma
cell percentage.

MM is defined by the percentage of bone marrow
plasma cel l s ≥ 10% or biopsy-proven bony or
extramedullary plasmacytoma; this is a necessary criteri-
on; therefore, if bone marrow plasma cells are less than
10% and biopsy is not possible, follow-up is required.
The second necessary criterion for diagnosis is the evi-
dence of end organ damage, identified by CRAB criteria;
in their absence, biomarkers of malignancy are alterna-
tively considered and, among these, radiological markers
are crucial. In fact, the presence of more than 1 focal
lesion ≥ 5 mm in size on MRI is an alternative criterion,
and it allows prompt diagnosis before symptom onset.

Related plasma cell proliferative disorders, such as AL am-
yloidosis and POEMS, may exhibit CRAB-like features even
with low-levels of bone marrow plasmacytosis; in these cases,
the IMWG criteria for MM diagnosis are not met.

In 2014, the criteria for the diagnosis of MMwere updated;
since then, more effective imaging techniques have been ap-
plied in the diagnostic algorithm, such as whole-body low-
dose computed tomography (WBLD-CT), whole-body MRI
(WB-MRI) and 18F-fluorodeoxyglucose positron emission
tomography (18F-FDG-PET) [9, 10]. Therefore, the radiolog-
ical criteria for the diagnosis of MM depend on the imaging
technology chosen [11].

Conventional radiography

Since the first myeloma-related bone lesion observed on ra-
diographs by Weber in 1903, CSS has been extensively used
for diagnosis and follow-up in MM and considered the gold
standard technique [12]. However, it lacks sensitivity, with a
false-negative rate ranging from 30 to 70%, leading to misdi-
agnosis or underestimation of the disease stage [13]. As a
matter of fact, myeloma-related bone lesions become notice-
able on conventional radiography only when 30–50% of bone
mineral density is lost [14].

Bone lesions in myeloma patients typically appear in flat
bones (skull and pelvis) as punched-out ovoidal lytic areas
without sclerosis of the surrounding bone (Fig. 1), while bone
lesions in long bones have different appearances such as end-
osteal scalloping, small lytic lesions, mottled areas of small
multiple lesions or large destructive lesions [15, 16]. In a CSS,
almost 80% of myeloma patients have skeletal involvement
that most commonly affects the following sites: 65% verte-
brae, 45% ribs, 40% skull, 40% shoulders, 30% pelvis and
25% long bones, while radiographic detectable radiographic
lesions are rare in the elbows and knees [1].

According to the IMWG guidelines, the CSS has to include
a posteroanterior view of the chest, anteroposterior and lateral
views of the spine, humeri, femora and skull and
anteroposterior view of the pelvis [1].

CSS still has several limitations: the main concern is that it
cannot be used for the assessment of response to therapy of the
lytic bone lesions which rarely show healing [17]. Other lim-
itations include non-optimal view of some bone structures,
low reproducibility, long time on the Bucky table and poor
tolerance by aching patients at the different radiograph posi-
tions [15]. A further limit is the low specificity in the assess-
ment of complications such as vertebral fracture, where radi-
ography is not able to distinguish whether the cause is the
osteoporosis, the corticosteroids treatment or a site of myelo-
ma [1, 18]. For these reasons, starting from 2017 that is after
the publication of ESMO Clinical Practice Guidelines, the
conventional radiography can be used in myeloma diagnosis
and staging only if CT scan is not available [9].

Computed tomography

The choice of imaging modalities in the diagnosis and follow-
up of MM is related to the availability and affordability of the
different techniques. Certainly, CT provides higher sensitivity
and more useful information than conventional radiography
when assessing lytic bone lesions related to MM (Fig. 2). In
1985, Schreiman et al. reviewed the radiological exams of 32
patients affected by MM undergoing CT and showed that
standard-dose CT revealed more bone lesions than CSS [19].
However, the cumulative radiation dose from standard CT is
substantial for MM patients, with an effective dose range of

Table 2 Diagnostic criteria for multiple myeloma

1) Clonal bone marrow plasma cell ≥ 10% or

2) Biopsy-proven bony or extramedullary plasmocytoma and

(a) Any one or more of the following myeloma-related events:

- Hypercalcemia (C)

- Renal insufficiency (R)

- Anemia (A)

- Bone lesions (B)

(b) Any one or more of the following biomarkers of malignancy:

- More than 60% clonal bone marrow plasma cells (S)

- Involved/uninvolved serum-free light chain ratio ≥ 100 (Li)

- More than 1 focal lesion on MRI (each focal lesion must be ≥ 5 mm
in size) (M)
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25.5 to 36.6 mSv [20]. To overcome these limits, in recent
years, the WBLDCT for skeletal investigation replaced con-
ventional radiography and standard whole-body CT; this is
made possible by the high contrast between the bone marrow
tissues and the surrounding bones. In 2005, Horger et al. per-
formed the first multidetector WBLDCT, with standard tube
voltage (120 kV) and different low tube current (40–70 mAs)
obtaining an effective radiation dose ranged between 4.1 and
7.5 mSv: these values were closely related to the tube current
[21]. In 2008, Kropil reduced the tube voltage to 100 kV with
time current of 100 mAs and automatic dose modulation: the
mean-effective radiation dose was approximately 4.8 mSv
[22]. Certainly, the most accurate comparison between image
quality and effect of CT parameters (kV and mAs) has been
performed by Gleeson et al. who applied 14 different
WBLDCT protocols on a single cadaver and obtained a mean
dose of 4.5 mSv further reducible to 1.74 mSv using 140 kV/
14mAs, automated modulation of the tube current and a mod-
erately sharp reconstruction algorithm [23].

However, no validation setting for WBLDCT has been
provided so far and today the effective radiation dose is related
to clinical experience and the type of CT scanner.

TheWBLDCTwas included in the 2014 IMWG criteria for
the MM definition [24]; WBLDCT is more sensitive than

radiographic CSS and it causes treatment modification in
18–61% of patients [25]; in a recent multicenter study, using
whole body CT, Hillengass et al. reported that 20–25% of
patients with negative skeletal survey had destructive bone
lesions at CT [26].

In addition to the easy detection of osteolytic lesions, the
WBLDCTallows the assessment of early bone marrow abnor-
malities in long bones which only become visible belatedly on
conventional radiographies [20]. Myeloma lesions in the bone
marrow are generally hyperdense (mean 55HU) in adults,
contrasting healthy yellow marrow which typically appears
hypodense (− 30HU to − 100 HU) [27]. Nevertheless, accord-
ing to HU of lytic lesions, Zambello et al. recognized two
different patterns of lesions: the first with trabecular bone re-
placed by fat (HU lesion < 0) and the second with cell infil-
tration (HU > 0), of which the latter detected by 18F-FDG
uptake at PET and low apparent diffusion coefficient (ADC)
at MRI [28]. Attention must be paid to the bone alterations
previously identified as hypodense lytic bone lesions because
they might become hyperdense, during the follow-up, show-
ing infiltrative effects on the contiguous bones: therefore,
there is a strong relationship between hypodense and
hyperdense lesions in MM where the hypodense (or fat-rich)
lesions seem to be an early stage that anticipates the

Fig. 2 Axial CT scan images of
pelvis showing a focal lytic lesion
in right part of sacrum (white
closed arrow in a) and two focal
lytic lesions on left iliac wing
(white open arrow in image a) and
iliac crest (white open arrow in
image b), respectively

Fig. 1 Skull radiographs on
lateral (a) and frontal (b)
projection showing the typical
“punched out” appearance of
bone lesions in multiple myeloma
with uncountable small, well-
circumscribed lytic lesions
without sclerosing of the
surrounding bone
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hyperdense (or infiltrative) ones [28]. Despite these intriguing
assumptions, the IMWG criteria do not define the specific
density of myeloma lesions.

The IMWG criteria state that the definition ofMM lesion is
an osteolytic alteration with a diameter of at least 5 mm, with-
out sclerosis of the surrounding bone [24]. Thanks to its high
spatial and contrast resolution, WBLDCT allows to identify a
single 5-mm lytic lesion unlike the CSS; however, even
though this radiological condition is quite common, it is not
strong enough to decide whether patients should undergo sys-
temic therapy, thereby a short follow-up is essential [29, 30].

In addition to bone involvement, the WBLDCT allows the
evaluation of any possible extramedullary involvement since
MMmay frequently appear as a para-osseous soft-tissue mass
along bony structures such as ribs, spine, pelvic bones, in
facial bones or along the extremity bones [31]. Radiologists
must be aware of atypical manifestation ofMM as localization
in the lung, pleural lining, meninges as well as abdominal
organ: in the last scenario, to avoid underestimating the dis-
ease, the administration of contrast medium is required.

WBLDCT should be performed with a multidetector CT
scanner with at least 16 detector rows, with a field of view
from the skull to the proximal tibial metaphysis; collimation
should be set between 0.5 and 1.5 mm. During WBLDCT,
Moulopoulos et al. have suggested a voltage of 120 kV and
a current between 50 and 75 mAs, even if they have recog-
nized that other technical factors might achieve equal results
[10]. Attention must be paid to the reconstructed images.
While some authors use the middle-frequency kernel to ana-
lyze the thinner collimation data, having good radiological
images at different window settings [21, 32], other investiga-
tors use two different kernels, the first with high spatial fre-
quency convolution (for bone analysis) and the second with
smoother convolution kernel (for soft tissue assessment). No
contrast agents are needed for this examination.

As mentioned before, for a correct and precise evaluation
of long bone involvement inMM, it is important to include the
humeri and the tibia in the WBLDCT field of view; attention
must be paid to the patient’s positioning during the WBLDCT
scan in order to rightly show the thoraco-lumbar spine and
skull avoiding the weakening of the CT beam as well as the
appearance of hardening and streaking artifacts: to achieve
these results, the upper limbs must be placed in front of the
body with folded hands.

Several clinical conditions (Table 3), which may temporar-
ily or permanently affect bone density, must be excluded dur-
ing the evaluation and interpretation of WBLDCT as reported
in Table 3. Particular attention should be paid to fat deposits,
small bone hemangiomas, Modic changes in the vertebral
endplates and biopsy site that can mimic hypodense MM le-
sions [10].

Another interesting radiological technique for the study of
MM lesions is the dual-energy CT (DECT) which is based on

the energy dependence of X-ray attenuation of two different
photon spectra which allow the differentiation of substances
with a high atomic number [33, 34]. Even though DECTwas
conceived in 1976, it was not much used in clinical settings
due to its several technical limitations until the introduction of
second-generation dual-source CT scanners with better spec-
tral separation of radiological beams [35, 36]. These kinds of
scanners use a tube current of 140 kV for the high-energy scan
and of 100 kV for the low-energy scan, to reduce artifacts in
anatomical sites with strong attenuation of radiological beams
and to lead, on the other hand, to a larger overlap of radiolog-
ical spectra; finally, a tin prefiltration is commonly used to
reduce the radiation dose and increase the mean photon energy
as well as spectral separation [37].

Nowadays, thanks to the introduction of the third-
generation CT scanner, with usually paired current of 70 kV
and 150 kV and a tin filter for the highest current, a better
energy separation is achieved which allows greater dual-
energy spectral contrast and thereby a more accurate decom-
position of anatomical structures with different atomic num-
ber. Specifically, the application of the virtual non-calcium
(VNCa) technique allows the evaluation of the bone marrow
infiltration in MM and MGUS after the subtraction of the
spongiotic bone. Subsequently, from the DECT, image dataset
may be performed:

– quantitative analysis: based on the position of region of
interest and assessment of Hounsfield units attenuation;

– qualitative analysis: using a color-coded map.

To our knowledge, there are only two studies on DECTand
MM. The former was performed by Thomas et al. in 2015
who found a significant improvement in sensitivity for detec-
tion of bone marrow infiltration by MM compared to conven-
tional CT [38]. The latter is a recent analysis of DECT per-
formed on patients affected by MM or MGUS that has shown

Table 3 Clinical conditions which affect the bone density

Temporary Permanent

Chemotherapy Malignancy (metastases, leukemia, lymphoma)

Granulocyte-CSF Sickle cell disease

Erythropoietin Paget disease

Renal osteodystrophy

Osteopetrosis

Hyperthyroidism

Hypoparathyroidism

Poisoning (fluorosis)

Osteopetrosis

Mastocytosis

CSF colony-stimulating factor

909Neuroradiology (2020) 62:905–923



excellent diagnostic performance for the evaluation of bone
marrow lesions by visual and ROI-based analyses [37].
Kosmala et al. investigated possible correlations between
bone marrow attenuation values emerged from DECT and
MRI patterns in patients with multiple myeloma: from their
analyses come out that, although the bone marrow VNCa
attenuation values are different and depending on the imaging
pattern, only diffuse bone marrow involvement can be deter-
mined using DECT [39].

Although nowadays this technique has interesting clinical
applications, it is not used in the daily routine for several
reasons, such as the limited availability of third-generation
CT scanners and the presence of beam-hardening artifacts.

To overcome some limitations of DECT, a photon-
counting detector CT using cadmium-base semiconductors
has been developed: this new technology reduces the electron-
ic noise and misregistration artifacts which frequently occur in
DECT, reducing the effective radiation dose and increasing
anatomical resolution and the contrast-to-noise ratio [40].
However, the increase in time for image reconstruction and
interpretation is responsible for the limited use of this technol-
ogy [41].

Magnetic resonance imaging

The role ofMRI has gained increasing interest and importance
over the last years, and since 2014, the IMWG included MRI
in the new diagnostic criteria. MRI is the most sensitive and
specific imaging technique for the early detection ofMMbone
marrow infiltration, as it assesses bone marrow cellularity and
composition [42, 43]. Several studies have shown a greater
sensitivity of MRI than CSS, CT, and PET/CT in detecting
MM lesions [13, 44, 45]. Recently, Rasche et al. reported that
a lower expression of hexokinase 2, a gene involved in the
glycolysis pathway, is associated with false-negative FDG-
PET in MM with consequent underestimation of the disease
[46]. Even if the prognostic significance of the lesion discrep-
ancy in between MRI and FDG/CT has not yet been under-
stood,WB-MRI determines the greatest increase in quality life
years compared to CT or PET/CT [47].

Since 2016, the IMWG has confirmed the WB-MRI as the
most sensitive imaging technique for detecting skeletal MM
invasion: more than one focal lesion of at least of 5 mm de-
tected by MRI is enough to define MM [24, 48]. On the other
hand, the finding of equivocal or smaller (< 5 mm) lesions
should be verified by MRI within 3–6 months [48, 49].

The role of conventional MRI sequences

The standardMRI protocol for the evaluation of axial skeleton
in MM includes Spin Echo T1- and T2-weighted images and
the Short Tau Inversion Recovery (STIR) images; usually,

contrast-enhanced imaging is not performed as it does not
increase bone lesion detection [44, 50]. There are three fat
suppression techniques [51]:

1. Chemical shift-based fat suppression:

& Chemical shift selective;
& Water excitation;
& Dixon;

2. Inversion-based fat suppression (STIR);
3. Hybrid techniques (spectral attenuated inversion recovery

and spectral pre-saturation with inversion recovery).

Shah and Hanrahan reported more homogenous fat sup-
pression (FS) for the STIR sequences with respect to the fat-
saturated T2-weighted images [52]; moreover, although STIR
images have lower spatial resolution than the FS sequences,
they are not affected by the inhomogeneity of the magnetic
field and allows to clearly assess and immediately recent frac-
tures due to the appearance of intraspongious edema (Fig. 3).

The main limitation of MRI is the long examination period
in patients often suffering from the underlying disease; to
overcome this drawback, to obtain better-quality images and
to correct many confounding factors, Dixon-type pulse se-
quences have been developed (Fig. 4) [53, 54].

Dixon-type sequences are characterized by a better signal-
to-noise ratio (SNR) compared to chemical shift selective se-
quences [55]. Dixon sequences are based on the chemical shift
of tissues and exploit the fact that water and fat molecules
precess at different rates.

Thanks to the tissue’s physical properties and mathematical
analysis, it is possible to get four different weighted images by
acquiring one:

1. In-phase (IP);
2. Opposed phase (OP);
3. Water-only images (WO);
4. Fat-only images (FO);

Dixon techniques could be

1. one echo (single-point Dixon)
2. two echoes (two-point Dixon)
3. more echoes (multi-point Dixon)

These features offer Dixon sequences the possibility of
quantifying the amount of fat and obtaining WO and FO
thanks to post-processing [56, 57]. Bray et al. used Dixon-
pulse sequences to evaluate focal MM lesions and found good
diagnostic accuracy on fat-only images for the detection of
MM lesions [58]. Huijgen et al. and Lee et al. compared,
respectively, the T1 and T2-w and only T2-w fat saturation
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techniques with the Dixon technique and concluded that
Dixon was superior in fat-suppression quality and in identify-
ing focal skeletal lesions [59, 60].

T2-weighted FO Dixon images have shown a significantly
higher contrast than T1-weighted images and result to be more
efficient at detecting focal MM lesions [61]. The comparison

between T2w Dixon FO to T1w images has shown a higher
contrast-to-noise ratio for Dixon’s images and not significant-
ly lower diagnostic performance [62]. These evidences sug-
gest that for the assessment of MM focal lesions, the T2w
Dixon FO images result to be effective and, if non-
inferiority with respect to other fat-suppressed sequences will

Fig. 4 T1 Dixon images in 51-
year-old man with diffuse MM
and lytic bone changes. a Dixon
T1-weighted; b Dixon T1-
weighted fat-only; c Dixon T1-
weighted water-only; d Dixon
T1-weighted out-of-phase. The
images show multiple spinal
lesions showing low signal
intensity in the four different T1-
weighted images due to the high
cellularity of MM spinal lesions
and reduced amount of fat

Fig. 3 Sagittal T1-weighted (a)
and sagittal T2-STIR (b) images
show T2 hyperintensity of the
superior endplate fracture of T6 in
a 57-year-old man with previous
diagnosis of MM. To note the
convex bowing profile of the
posterior wall of T6 vertebra

911Neuroradiology (2020) 62:905–923



be proved and they could become a valid alternative to the
actual standard protocol.

In MY-RADS, Messiou et al. have suggested acquiring
sagittal T1w, T2w, T2w fat-suppressed sequences of whole
spine and T1 gradient-echo Dixon and DWI from vertex to
knee, with a protocol that lasts about 30 min and allows a
complete skull evaluation. However, in case of suspicion of
extramedullary disease, it is possible to acquire additional se-
quences [63].

All the above-mentioned assumptions suggest continuing
to study the comparisons between standard sequences to
Dixon’s images to improve our knowledge and to determine
if it is possible to use only the latter to significantly reduce
acquisition times.

Active MM lesions in the marrow usually appear
hypointense on T1-weighted images, hyperintense on T2-
weighted and sequences with fat saturation compared to
healthy marrow, due to the high cellularity, high amount of
water and reduced amount of fat [64, 65].

Analyzing the conventional MR images, five different pat-
terns (Fig. 5) were identified which related to both the type of
bone marrow involvement by MM and the histological find-
ings [66–68]. The five patterns are

a) the normal appearing marrow;
b) the focal pattern;
c) the diffuse pattern;
d) the salt-and-pepper or micronodular pattern;
e) the combination of focal lesions in a diffuse pattern.

Several authors have found correlation between the MRI
pattern and the number of lesions with the stage of disease and
survival, confirming the prognostic value of MRI [44, 68, 69]:
in particular, the diffuse pattern at MRI correlates with more
advanced disease and worse prognosis.

However, the bone marrow infiltration in MM is mostly
inhomogeneous and the ability to identify areas of high versus
low local plasma cell infiltration is essential: the
multiparametric MR imaging, composed by diffusion

weighted imaging (DWI) and dynamic contrast-enhanced
(DCE) imaging, may offer information on bone marrow cel-
lularity and perfusion thus increasing the lesion detection rate
[70].

The role of DWI

DWI is a functional MR technique, based on the Brownian
motion, which allows to evaluate the molecular architecture of
human tissues. By assessing the water diffusion in the inter-
stitium, the DWI is able to quantify the tissues’ cellularity.
Typically, solid tumors are characterized by small interstitium
and therefore by a restricted water diffusivity [71]. Takahara
et al., using a short time inversion recovery-echo planar im-
aging sequence with body signal suppression (DWIBS), in-
troducedwhole-bodyDW-MRI as amethod for cancer screen-
ing [72]. Although DWIBS is a fast and sensitive technique
with high anatomical coverage, it remains of limited use in
diagnosis; nevertheless, DWIBS could play a key role in the
evaluation of response to therapy and in monitoring disease
[73–75].

In patients with MM, the optimal b-value, to maximize the
contrast between normal and infiltrated marrow, is about
1400 s/mm2; however, since high b-value determines a signif-
icant lengthening of the scan times and the reduction of the
signal-to-noise ratio, Messiou and Kaiser have proposed a b-
value of 900 s/mm2 [74, 76].

DWI analysis is qualitative and quantitative. The qualita-
tive DWI analysis is usually performed by visual assessment
of the signal intensity on the highest available b-value image:
high signal intensity on DWI means restriction of the water
diffusivity and thereby high cellularity [65, 77]. During the
qualitative evaluation of DWI, radiologists must pay attention
to the “T2-shine through” effect related to the amount of free
water as well as to the intrinsic T2 relaxation time of the tissue;
to avoid misinterpretation, the qualitative analysis has to be
correlated to the apparent diffusion coefficient (ADC) map
and conventional morphological sequences. Care should be
taken when evaluating hyperintense DWI lesions in MM pa-
tients since fractures, infection, osteoarthritis, vertebral

Fig. 5 Multiple myeloma MRI pattern. a Sagittal T1-weighted image,
normal spine pattern; b sagittal T1-weighted image shows focal MM
pattern at the level of S1; c sagittal T1-weighted image shows diffuse

spinal pattern; d sagittal T1-weighted image shows the “salt-and-
pepper” pattern; e sagittal T1-weighted image shows MM mixed pattern
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hemangiomas, cysts, peri-focal metal artifacts and focal areas
of fat-poor bone marrow cause false-positive results [78, 79].

The quantitative analysis is based on the evaluation of the
(ADC) map which represents, for each pixel, the diffusion of
the water molecules: being the interstitium reduced in
hypercellular neoplasms, the ADC values will be low
(Fig. 6). However, the ADC maps are affected by several
variables such as tissue architecture, cell size, cytoplasm vis-
cosity and bulk flow in capillaries [74].

Typically, MM bone lesions are characterized by
hyperintensity on DWI sequences and high ADC value due
to reduction of adipocytes, destruction of trabecular bone and
high cellularity [80]. Early response to treatment is character-
ized by a further increase in ADC values (due to plasma cell
death and increased interstitium) and hyperintensity on DWI
(due to the “T2-shine through” therapy-related effect). The
later response, several weeks after therapy, is characterized
by the normalization of the bone marrow appearance [81].

Despite the IMWG recommends using T1, T2, STIR and
T1 sequences after the administration of the gadolinium-based
contrast agent for evaluation of soft tissue involvement, the
last consensus statement suggests using the DWI sequences,
also considering the results of Pearce et Dutoit who detected
more lesions by DWI analysis than conventional STIR and
contrast-enhanced MRI [65, 82]. The European myeloma net-
work guidelines recommend the use of DWI in asymptomatic
patients suffering from smoldering MM without lytic lesions
detectable at WB-CT [83]: the detection on DWI of more than
one focal bone lesion, with a diameter of at least 5 mm, allows
diagnosis of bone marrow involvement in myelomatous

patients while equivocal bone lesions should be imaged again
in 3 to 6 months [49].

Even though whole-body DW-MRI shows great sensitivity
for bone involvement detection, even in asymptomatic pa-
tients, the debate remains still open on its specificity due the
conflicting data reported in the literature [82, 84, 85].

Surely, the DW-WB-MRI, in addition to conventional MR
sequences, improves the diagnostic accuracy after treatment in
the assessment of early response and in the disease monitoring
by evaluating the signal intensity of the pathological tissue on
the DWI and ADC map.

The role of dynamic contrast-enhanced MRI

Contrast-enhanced MRI is not routinely performed in myelo-
matous patients because it does not increase the rate of lesion
detection (Fig. 7) [50]; however, the use of contrast medium is
essential when the lesions have a compressive effect on the
spinal cord or involve paravertebral soft tissues.

In patients suffering from MM with renal function impair-
ment, the administration of gadolinium-based contrast agent is
not forbidden if the radiologist follows the current guidelines
[86]: renal function is not affected by contrast medium in
patients with asymptomatic MM and also the use of the linear
paramagnetic contrast agent has no negative prognostic effects
on patients with plasma cell dyscrasias.

However, since MM is a solid tumor, it has an alteration of
the physiological perfusion pattern due to aberrant angiogen-
esis and pathological vessel permeability. Dynamic contrast-
enhanced (DCE) MRI allows evaluating tumoral

Fig. 6 Qualitatively DWIBS (a,
c) and ADC (b, d) images in 45-
year-old woman showing
multiple areas of high signal
intensity on DWI and reduction of
ADC values corresponding to
areas of high cellularity
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neoangiogenesis by providing useful information on tissues
and perfusion characteristics [87]. The passage of
gadolinium-based contrast agent determines temporal varia-
tions of the time-intensity curve (TIC) which are related to
the structures of the analyzed tissue.

By evaluating the shape of TIC, based on the tissue wash-
in, wash-out and plateau, the qualitative analysis of the tissue
is performed: MM bone lesions are usually characterized by
steep and rapid wash-in with quick wash-out (type 4); less
frequently type 3 (steep and rapid wash-in and wash-out pla-
teau) or 5 (quick but less intense wash-in and late stable or
increasing enhancement) are shown [80, 88, 89]. Moreover,
the quantitative analysis of DCE-MRI can be performed using
the pharmacokinetic mathematical model as suggested by
Garcia-Figueiras [90].

This functional MRI technique, together with the DWIBS,
may be useful in the early evaluation of the response to treat-
ment by qualitative and quantitative analyses of the perfusion
data.

Nowadays, MRI, thanks to the multiparametric analysis, is
recommended as first-line imaging for the evaluation of pa-
tients with suspected asymptomatic myeloma or solitary bone
plasmacytoma, and in the United Kingdom, whole-body MRI
is considered the first imaging modality for patient with
suspected diagnosis of MM [1, 47, 91].

The increasing role of WB-MRI in patients suffering from
MM is also suggested by the recent discussion on the
Myeloma Response Assessment and Diagnosis System
(MY-RADS) with the aim to promote standardization in the
acquisition, interpretation and reporting of WB-MRI [63].

PET-CT

2-Deoxy-2-[18F] fluoro-D-glucose ([18F] FDG) is a positron
emitting radiopharmaceutical containing no-carrier added ra-
dioactive 2-deoxy-2-[18F] fluoro-D-g1ucose. It is adminis-
tered by intravenous injection and is concentrated in cells that
rely upon glucose as an energy source, or in cells whose

glucose dependence increases under pathophysiological con-
ditions, such as tumors [92].

Since its introduction into the clinical routine in the early
1990s, [18F]FDG-PET/CT has proven to be a useful diagnos-
tic tool for staging and restaging several hematological malig-
nancies, such as Hodgkin’s disease (HD) and diffuse large B
cell lymphoma (DLBCL) [93]. On the other hand, in other
types of solid tumors with mild or low [18F] FDG avidity,
the use of [18F] FDG PET showed limited diagnostic accura-
cy [94]. In a paper aimed to evaluate the [18F] FDG avidity in
different types of lymphomas, the avidity decreased from
100% in HD and DLBCL to 50% inmarginal zone lymphoma
[94]. As for MM, the role of [18F] FDG has not been clearly
established due to the variety of metabolic patterns observed
in this disease. Treatment of MM cell cultures with glycolysis
inhibitor and oxidative phosphorylation, such as 2-
deoxyglucose (2DG), increased MM cell apoptosis in a
dose-dependent manner, thus suggesting that ATP production
and viability are reduced in MM cells after adding 2DG
[95–97]. Another effect of 2DG is that its phosphorylated
form cannot be metabolized and subsequently accumulates
in the cell and interferes with the glycolytic pathway [96,
97]. These findings suggest that glucose metabolism is signif-
icantly increased inMM. On the other hand, human MM cells
in vitro show an excess of NH4+ produced from glutamine,
which leads to suppose that the metabolism of MM cells is
also dependent on glutamine [98].

[18F] FDG demonstrated a good sensitivity and specificity
for the detection of medullary and extramedullary disease in
patients with MM as compared to X-rays, with PET imaging
being superior in detecting bone lesions in 46% of patients
(Fig. 8) [42]. In the same study, PET-CT enabled the detection
of myelomatous lesions in areas out of the field of view of
MRI in 35% of patients. By combining spine-pelvis MRI and
18F-FDG PET-CT, the ability to detect active MM sites, both
medullary and extramedullary, was up to 92% high [42]. In
another study of Moreau et al. performed on 134 patients,
18F-FDG PET/CT showed a lower detection rate being posi-
tive in 91% of cases vs. 95% of MRI [99]. On the other hand,
an interesting finding of this research was the prognostic value

Fig. 7 Coronal (a) and axial (b)
T1-fat suppressed images with
after administration of GBCA in
MM patient show diffuse areas of
contrast enhancement of the
pelvic bones
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of PET/CT after chemotherapy. Normalization of the 18F-
FDG distribution during the treatment course and after three
cycles was significantly related to progression free survival
and overall survival [99]. A positive result at PET/CT was
found to be a prognostic factor in a recent study in which at
least three focal lesions at the diagnosis, SUV> 4.2 and per-
sistence of PET/CT positivity after auto-transplant were poor
prognosticators [100, 101]. It is interesting to note that, before
maintenance therapy, MRI became normal in 11% of patients
with positive results at baseline while PET-CT normalization
was described in 62% of the patients positive at baseline [99].
This finding could be explained considering that normaliza-
tion of MRI findings in responding patients may take several
months, and the sensitivity of MRI for the detection of remis-
sion may be reduced due to false-positive results [102]. False-
positive findings can also occur in 18F-FDG PET/CT.
Increased 18F-FDG uptake can be related to the artifacts
(more frequently when there are bone metallic implants), in-
fections, post-surgical or biopsy area, bone remodeling, frac-
tures and, more frequently, the recent use of chemotherapy,

radiotherapy or growth factors that induce a false diffuse bone
marrow pattern [103].

Several studies have investigated the potential role of other
radiolabeled compounds. Luckerath et al. found that early
reduction of 11C-methionine uptake but not 18F-FDG corre-
lated with improved survival and reduced tumor burden in
mice, suggesting that 11C-methionine is superior to 18F-
FDG in very early assessment of response to anti-myeloma-
therapy [104]. (11)C-acetate showed a significant incremental
value over (18)F-FDG (84.6% vs. 57.7%) for identifying pa-
tients with diffuse and focal symptomatic MM and was neg-
ative in patients with indolent smoldering MM and monoclo-
nal gammopathy of unknown significance, suggesting possi-
ble advantages over 18F-FDG in the staging of patients with
newly diagnosed MM [105]. 11C-Choline was tested in a
limited pool of patients with MM with promising results.
This radiolabeled compound allows specific evaluation of cell
membrane proliferation and appears to be more sensitive than
18F-FDG, especially in detecting skull lesions [99].

Interventional radiology in multiple myeloma

Patients affected by MM can frequently develop complica-
tions such as renal failure, hematologic alterations and bone
lesions (osteolytic in up to 90% of myeloma patients) [83,
106, 107].

Unfortunately, bone lesions are characteristic of many pa-
thologies, primary of the bone as well as secondary to other
diseases. In order to have a diagnosis of the etiology, it is
necessary to perform a biopsy which allows to discriminate
between myeloma, solitary plasmacytoma or any other focal
bone disease. Biopsy can be performed on focal lesions, re-
moving bone, a small amount of fluid and cells, or at random
location (bone marrow aspiration alone). [108]. When a focal
lesion is not demonstrable, bone marrow aspiration is per-
formed from the iliac crest, in order to evaluate and determine
the representation of plasma cells [108, 109].

Biopsy is also necessary for the diagnosis of solitary
extramedullary plasmacytoma (SEP), a rare soft tissue locali-
zation of plasmacytoma usually located in the head and neck,
due to non-specific findings in MRI or CT [6, 110]. One of the
main advantages of biopsy is that it is suitable for cytogenetic
tests in order to detect numerical and structural chromosomal
abnormalities/aberrations in bone marrow cells. The therapeu-
tic approach and prognostic assessment have improved thanks
to the cytogenetic analysis [111, 112].

Up to 90% of myeloma patients can develop osteolytic
lesions and 70% of patients are affected by osteolytic-
osteopenic disease of the spine, with high risk of fractures. It
is thus especially important to treat the osteolytic bone disease
and vertebral compression fractures (VCFs) in a timely

Fig. 8 Sagittal slices of positron emission tomography/computer
tomography (PET/CT) performed at staging showing in a no significant
abnormalities of the bones in a patient affected by multiple myeloma
(MM) in CT images. In b, fused PET/CT images show multiple areas
of focal uptake of 2-deoxy-2-[18F] fluoroglucose (18F FDG) due to
diffuse disease then confirmed at biopsy
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manner. Treatment of the spine is directed towards keeping the
patient pain free, ambulatory and continent.

The main pathologic fracture sites are found in the thoracic
and lumbar vertebrae (52%) and may develop spinal cord
compression, with severe back pain and disability
[113–115]. Spinal cord compression affects approximately
11–24% of MM patients with vertebral fractures and can de-
termine neurological impairment: it is necessary to undergo
MRI scan for spinal cord evaluation and CT scan for bone
assessment [116–118]. Imaging should outline whether or
not the spinal cord is involved, because if neurological struc-
tures are compromised, urgent surgical treatment is needed [6,
119].

The “International Society of Interventional Radiology,
Committee on Standards of Practice” has established guide-
lines for the use of vertebral augmentation techniques as per-
cutaneous vertebroplasty and balloon kyphoplasty in vertebral
fractures [120]. These are image-guided percutaneous inter-
ventions that aim to achieve vertebral body stabilization by
bone cement injection (polymethylmethacrylate, PMMA) di-
rectly (the so-called vertebroplasty) or after the inflation of a
balloon in the vertebrae, to attempt to reduce the fracture be-
fore injecting the bone cement (kyphoplasty). These tech-
niques have shown a high success rate with a positive out-
come in 70–90% of cases and are focused on inducing pain
relief and/or improving mobility and quality of life (Fig. 9)
[120–122].

Another therapeutic option is radiofrequency ablation
(RFA): by percutaneous access, a high frequency alternating
current is transmitted to the pathologic vertebrae or bone to
determine necrosis and obtain pain relief. Due to the possibil-
ity that RFA alone may cause instability, it has been proposed
to combine RFA with vertebroplasty; good results has also
been shown using RFA combined with kyphoplasty
(Fig. 10) [123–125].

In accordance with “the American College of Radiology”,
the major indication for vertebral augmentation is the treat-
ment of symptomatic fractures refractory to medical therapy
or secondly weakened and microfractured vertebral bodies.
These techniques are not indicated when the patient shows

an infectious state (general or local) or presents an uncorrect-
able coagulopathy or allergy to bone cement. Complications
are rare and occur in less than 10% of patients who could
develop transient or, rarely, permanent neurological deficits,
adjacent vertebral fractures and leakage of bone cement with
secondary pulmonary embolism [126].

In conclusion, interventional radiology can be useful in the
diagnosis and treatment of multiple myeloma helping to re-
lieve pain and improving patient quality of life.

Radiology in sanctuary site evaluation

CNS and testes are “sanctuary sites” for hematologic malig-
nancies, as it is difficult to obtain sufficient concentrations of
chemotherapy because of the presence of brain-blood and
testicular-blood barrier, respectively.

CNS involvement is very rare (less than 1% of MM pa-
tients) and develops when the disease relapses or progresses in
the majority of cases, not necessarily in advanced stages. CNS
may be primarily or secondarily involved by a contiguous
bone lesion in the cranial vault, skull base, nose or paranasal
sinuses [127].

Primary CNS involvement may mimic dural masses,
leptomeningeal disease and rarely intra-axial lesions, with
non-specific findings; dural masses generally appear
hyperdense on CT, iso- to hyperintense on T1-weighted im-
ages and iso- to hypointense on T2-weighted images, related
to muscles and gray matter, with mild-marked enhancement.
DWI is altered in lesions with high cellularity or with low
nucleocytoplasmic ratio.

Dural involvement without adjacent bony lesions is rare
and probably due to dissection along the meningeal layers;
leptomeningeal spread is more likely hematogenous [128].
Cavernous sinus involvement is rare but it has been reported
both in relapsing disease and at diagnosis, as a secondary
extension of bone lesions or as a dural mass without bone
involvement [129]. The onset of neurological symptoms re-
quires contrast-enhanced MRI evaluation; however, consider-
ing the non-specific radiological manifestations and the false
negative rate around 10%, MRI should be interpreted together

Fig. 9 Antero-posterior (a, b) and lateral (c) fluoroscopic view of percutaneous vertebroplasty of D11. Bilateral transpedicular approach (a), bone
cement injection (b). Lateral view of the end of procedure (c)
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with the clinical history, pathological and CSF examination
[130]. It is important to consider that pathological assessment
is not always possible and CSF may be negative for plasma
cells in CNS involvement. Moreover, neurological symptoms
in MM patients may also be caused by metabolic alterations,
amyloid deposits, hyperviscosity syndrome, myelin damage
due to antibodies, drug toxicity [128]. For these reasons, ra-
diological evaluation really takes part in an integrated diagno-
sis. CT is better than MRI in evaluating bone destruction,
especially for subtle lesions, but MRI ensures the best assess-
ment of bone marrow and intracranial disease.

A sanctuary site for hematologic malignancies is testis,
because of their blood barrier. Testes are rarely involved in
MM; however, a local mass appearance should raise suspicion
and ultrasound should be performed [131, 132].

The timely identification of sanctuary site involvement,
given its poor prognosis, is crucial to start a systemic treatment
with new drugs. Immunomodulatory drugs and proteasome
inhibitors seem to improve the outcome in CNS disease, more
significantly in secondary involvement [133].

Radiology in primary plasmacytoma

Plasmacytoma is a plasma cell dyscrasia that can be primary
or secondary to disseminate MM. The secondary form is as-
sociated with a bone marrow PCs count ≥ 10%. In the primary
form, there are no bone marrow plasmacytosis and CRAB
features, and the localization may be osseous or non-osseous
(extramedullary), with solitary or multiple lesions. Whole
body evaluation is necessary in order to reveal multiple
plasmacytomas that need systemic therapy.

The primary extramedullary form is very rare, and in the
majority of cases, it develops in the upper aerodigestive tract
(80%), rarely followed by the skin and gastrointestinal tract.
The lesions present as soft tissue tumors with mass effect and
infiltrative growth pattern in respect of the adjacent bone and
adjacent tissues in larger lesions. Differential diagnosis with
other malignant, primary or metastatic, lesions is challenging,
especially in the upper aerodigestive tract, as the tissue is

commonly T2 hyperintense and mildly/markedly enhancing,
with no specific features [134].

In staging the primary plasmacytoma that identifies region-
al lymphadenopathies, it is important for treatment planning in
order to reduce recurrence.

The role of imaging is disease staging and monitoring,
therefore to plan a patient-tailored treatment and identify early
recurrence or progression.

Radiology in MM-associated amyloidosis and POEMS
syndrome

Light-chain amyloidosis (AL) is the most common systemic
form and it is due to the production of Ig light chains (or their
fragments) by clonal plasma cells. A total of 12–15% of MM
patients develop symptomatic amyloidosis, but up to 30% of
them suffer from an unrecognized subclinical form [7].

The organs that are most frequently affected in AL amy-
loidosis are the kidneys and the heart; however, virtually any
tissue other than the brain can be involved and physical ex-
amination and tissue samples are crucial for the diagnosis
[135].

Cardiac involvement in systemic amyloidosis has both
therapeutic and prognostic significance. Heart involvement,
clinically suspected, may be evaluated by cardiac MRI as it
has quite specific kinetic of gadolinium enhancement in the
myocardium; late gadolinium enhancement has been shown
to precede the morphological alteration on the left ventricular
thickness from amyloid deposition. Moreover, some features,
as late gadolinium enhancement and myocardial edema, have
been suggested as outcome predictors [136].

The kidneys are involved in 70% of patients with AL am-
yloidosis, which manifests itself as nephrotic syndrome and
progressive renal failure. In renal amyloidosis, the kidneys are
commonly atrophic with thinned cortex; renal enlargement
may be seen, in the acute stage of the disease. Amorphous
renal calcifications and focal parenchymal masses are rare.
Renal vein thrombosis is a known complication and leads to
renal failure [137, 138].

Fig. 10 Lateral (a, c) and antero-posterior (b) fluoroscopic view of balloon kyphoplasty of L1. Positioning of vertebral balloon (a), bone cement
injection (b). Lateral view of the end of procedure (c)
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Pulmonary amyloidosis is more often a localized process
that presents itself as a nodular pattern or alveolar septal form;
the imaging features are non-specific and biopsy is often re-
quired for a conclusive diagnosis even in suggestive clinical
settings. The nodular pattern has a benign natural history;
alveolar septal amyloidosis leads more frequently to respira-
tory failure and has a more relevant prognostic significance
[139].

POEMS syndrome is a paraneoplastic syndrome associated
with plasma cell disorders such as MM. Polyneuropathy is a
necessary major clinical feature needed together with the di-
agnosis of plasma cell disorder; a third major criterion is nec-
essary for the diagnosis. The presence of sclerotic bone lesions
is one of the major radiological features (95% of patients) and
they appear densely sclerotic or lytic with a sclerotic rim; CT
with bone window is more useful than PET-CT, since only
lytic lesions have high metabolic activity. The presence of
more than two lesions indicates the need for systemic therapy
rather than radiotherapy to the single affected site, even if
there is no bone marrow infiltration. For a conclusive diagno-
sis, at least one of the minor criteria is needed, among which
are: organomegaly, endocrinopathies and skin alterations. CT
imaging helps identify hepatosplenomegaly, adenopathy, ef-
fusions and ascites [140].

Radiology in evaluating minimal residual disease

Thanks to improved therapies for MM, which have greatly
enhanced the rates and depth of response, identification of
minimal residual disease (MRD) has become important for
guiding therapeutic decisions. Indeed, the presence of cells
that survive after therapy may increase the risk of developing
drug resistance and represents an adverse prognostic factor
[141]. For these reasons, patients with MRD benefit from
consolidation therapies and may take advantages of mainte-
nance. MRD has been defined by the IMWG as the persis-
tence or re-emergence of very low levels of cancer cells, equal
to or about 1 tumor cell in at least 105 normal cells [142].

BonemarrowMRD is detected by two techniques based on
flow cytometry and molecular technology; however, response
evaluation based on single BM aspirates is not sufficient, as it
is affected by the presence of patchy bone marrow infiltration
or the possibility of extramedullary disease. For these reasons,
imaging techniques can play a valuable role in defining MRD
presence, both at the intramedullary and extramedullary
levels, in addition to BM techniques.

MRI is sensitive in identifying diffuse BM infiltration or
focal lesions at diagnosis; however, after treatment, it may be
affected by necrosis and inflammatory reaction, with the same
appearance of lesions in responding and not responding pa-
tients; for these reasons, MRI should be performed at least
3 months after therapy in order not to misinterpret the re-
sponse [143].

Whole body MRI with DWI could be informative on the
residual cell activity in BM and in extramedullary sites; how-
ever, the technique is not standardized, and compared with
18F-FDG PET-CT, the latter has demonstrated higher overall
accuracy for determining remission status.

Considering the prediction of progression-free survival and
overall survival, 18F-FDG PET-CT has been much better than
MRI after treatment; PET/CT is applicable to all patients and
is a sensitive study for detecting both bone lesions and
extramedullary disease [99].
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