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ABSTRACT

Multiple myeloma is the second most common hematologic malignancy and occurs most commonly in elderly
patients. Almost all multiple myeloma patients develop bone lesions in the course of their disease or have evidence
of bone loss at initial diagnosis. Whole-body conventional radiography remains the gold standard in the diagnostic
evaluation, but computed tomography, magnetic resonance imaging and 18F-fluorodeoxyglucose positron emission
tomography are increasingly used as complementary techniques in the detection of bone lesions. Moreover, the num-
ber of lesions detected and the presence of extramedullary disease give strong prognostic information. These new
techniques may help to assess treatment response in solitary plasmacytoma or in multiple myeloma. In this article,
we review recent data on the different imaging techniques used at diagnosis and in the assessment of treatment

response, and discuss some current issues.

Introduction

The diagnosis of multiple myeloma (MM) requires three cri-
teria: a monoclonal protein detectable in the blood and/or urine,
10% or over monoclonal plasma cells in the bone marrow (BM)
and/or biopsy-proven plasmacytoma, and myeloma-related
organ damage.' The features of this organ damage are denoted
by the acronym CRAB and defined as the presence of Calcium
elevation, Renal insufficiency, Anemia, and/or Bone disease
manifested by osteolytic lesions or osteoporosis.' Initially, the
Durie and Salmon Staging system recommended the whole-
body X-ray skeletal survey (WBXR) as the gold standard to eval-
uate the extent of bone involvement. Since the 1980s, consider-
able technological advances in medical imaging have propelled
computed tomography (CT), magnetic resonance imaging
(MRI) and positron emission tomography (PET) to the fore-
front. The integration of these imaging techniques in the diag-
nosis and staging of patients could potentially change disease
management, because of their ability to detect active MM
lesions with negative X-rays, in patients with a hyposecretory
disease or in patients with extramedullary disease (EMD).

Methods

A comprehensive literature search of the PubMed and Scopus data-
bases and abstracts presented at the ASH meetings was carried out to
find relevant peer-reviewed articles on the use of MRI, 18F-fluo-
rodeoxyglucose positron emission tomography (FDG-PET), PET/CT
and CT in the diagnosis and monitoring of treatment response in
patients with MM. Unless stated otherwise, the retained sensitivity
and specificity values are related to the results obtained with WBXR.

The detection rate of the different techniques was calculated by divid-
ing the total number of lesions detected by MRI or PET/CT by the
total number of lesions detected by WBXR or CT. Forest plots were
created to illustrate the odds ratios for a shorter progression-free or
overall survival of different laboratory or imaging variables. They were
generated using Graphpad Prism, by introducing the odds ratios and
standard errors reported from the original publications.

Advantages and limitations of the imaging
techniques in MM

Plain X-rays or skeletal survey

Osteolytic lesions related to MM are most commonly found
in the axial skeleton, skull, shoulder girdle, proximal humeri,
ribs, and proximal femurs.” These lesions are generally investi-
gated by WBXR, which consists of a series of plain X-rays that
include the chest, skull, humeri, femurs, and pelvis, as well as
antero-posterior and lateral images of the whole spine.
According to the current guidelines of the International
Myeloma Working Group, WBXR is considered as the gold
standard imaging modality.* However, this technique has sig-
nificant limitations. First of all, WBXR is insensitive to detect
early osteolytic bone lesions and can, therefore, underestimate
the extent of BM involvement." An experimental study
showed that a bone defect in a lumbar vertebra can be seen on
lateral X-ray only when 50-75% of the trabecular bone has
been destroyed.” Additionally, because WBXR requires 20 sep-
arate films, the patient generally spends a long period of time
on the radiographic table. Furthermore, the WBXR cannot be
used to assess treatment response, as the appearance of oste-
olytic lesions may not change following therapy.
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Computed tomography

CT allows the detection of small osteolytic lesions that
are not revealed by plain radiography. In addition to the
detection of bone destruction and soft tissue masses, CT
provides a more comprehensive assessment of the fracture
risk and the stability of collapsed vertebrae. CT is generally
helpful in the planning of radiotherapy or a surgical inter-
vention.” The sensitivity of whole-body multidetector CT
to detect osteolysis is superior to that of WBXR, particularly
for lesions located in the spine, pelvis or thoracic cage.*”
Furthermore, extramedullary lesions may be seen at CT. CT
can also identify spinal cord and/or nerve root compression
when MRI is not available. Current protocols try to reduce
radiation exposure while preserving image quality by
applying “low dose” protocol.*®

Magnetic resonance imaging

Both WBXR and CT detect bone destruction related to
the presence of MM cells in the BM. BM infiltration by MM
cells can be directly visualized with MRI without radiation
exposure and in an acceptable amount of time.

Four patterns of marrow involvement have been identi-
fied: a normal marrow appearance, a focal pattern, a diffuse
pattern, and a variegated or micro-nodular (also termed salt-
and-pepper) appearance.” Furthermore, a combination of
these patterns may be present. A focal as well as a diffuse
infiltration pattern carries an adverse prognostic value in
both symptomatic and asymptomatic MM."" Bone lesions
often include cortical breakthrough and extension into the
soft tissues. A finding of epidural extension arouses partic-
ular concern because of the potential for cord compression,
an oncological emergency.

The principal studies on the diagnostic capacities of MRI
are recapitulated in Table 1. MRI focused initially on the
axial skeleton (the entire spine, pelvis and proximal
femurs). Lecouvet et al. compared axial MRI with the
WBXR and found that MRI had a higher detection rate but
that the WBXR was superior overall because it demonstrat-
ed more appendicular lesions." When a whole-body exam-
ination is performed that includes at least the proximal
appendicular skeleton, MRI has a higher detection rate
than WBXR.” A direct comparison of axial MRI versus WB-
MRI revealed that approximately 10% of patients show
lesions exclusively outside the axial skeleton.” Baur-
Melnyk et al. compared whole-body MRI with whole-
body CT and found that MRI revealed more extensive dis-
ease in half of the patients.”

A systematic review of the role of imaging techniques in
the diagnosis of myeloma bone disease compared MRI
with WBXR and/or CT.* In the included studies, this detec-
tion rate of MRI ranged from 1.12 to 1.80 compared to
WBXR, with a mean sensitivity of 95.3% compared to
WBXR. MRI detected more lesions in the axial skeleton
compared to WBXR, but WBXR detected more lesions in
the ribs than MRI.

To improve the detection rate of MR, several functional
techniques (dynamic contrast-enhanced magnetic resonance
imaging (DCE-MRI) and diffusion-weighted imaging) have
been investigated.”” These techniques allow at least semi-
quantitative measurements of the microcirculation and cel-
lularity, and first results have demonstrated their potential
value for diagnosis and treatment monitoring in MM.**%
Hillengass et al. evaluated DCE-MRI of the lumbar spine in
222 patients with MGUS, SMM, and MM and 22 healthy
controls.” They found significant differences between MM

patients and normal controls, and were able to correlate the

DCE-MRI peak intensity with the BM plasmacytosis.

Positron emission tomography-computed tomography

Positron emission tomography-computed tomography
combines the imaging of a particular molecular process
(depending on the injected radiopharmaceutical) with the
morphological images provided by CT data. The FDG, a
glucose analog, is the most widely used radiopharmaceuti-
cal agent in the diagnosis, prognosis estimation and treat-
ment response assessment in different cancers, including
high-grade lymphomas.”

In contrast to WBXR, that shows osteolysis related to the
presence of MM cells, FDG-PET allows direct visualization
of the tumor burden. It is important to emphasize that false
negative or false positive findings (in case of other infectious
or inflammatory processes) may be seen. Another limita-
tion of PET/CT imaging is its low spatial resolution (6-8
mm), which may limit the detection of subcentimetric
lesions. The combined CT component allows a direct
anatomic correlation of FDG uptake foci and provides high-
resolution bone images that allow a higher delection rate of
lytic bone lesions than that achieved with plain radiogra-
phy.4,9,29

The systematic review reported by Regelink et al. also
compared FDG PET and FDG PET/CT with WBXR and
CT.” Compared with WBXR, the detection rate of FDG
PET/CT ranged from 1.27 to 1.45; sensitivity varied from 67
to 100% and specificity was low (29-50%) when using
WBXR as the reference test. Regelink et al. mentioned that
FDG-PET missed rib lesions but currently hybrid PET/CT
systems are installed worldwide, and the low-dose CT of
the PET could be able to detect additional rib lesions.
However, skull lesions may be missed with FDG-PET/CT
mainly due to the high FDG uptake in the brain. Finally, an
optimized identification of extramedullary disease was uni-
formly reported in the studies comparing FDG-PET/CT
with WBXR.

Beyond FDG reflecting glucose metabolism, other PET
radiopharmaceuticals have been developed to image vari-
ous biological processes. 18F-fluoride is currently being re-
evaluated for skeletal imaging,” while the amino acid ana-
log 11C-methionine and 11C-choline, a precursor analog of
phosphatidylcholine, a major constituent of membrane
lipids, have been evaluated in small series of MM
patients.”®

The different entities of malignant
gammopathies

Smoldering myeloma

Smoldering or asymptomatic MM (sMM) accounts for
approximately 15% of all cases with newly diagnosed MM
and is characterized by a risk of progression to sympto-
matic myeloma. In this setting, diagnostic imaging exami-
nations are crucial for the identification of lytic bone
lesions and can also give prognostic information on the risk
of progression. Molopoulos et al. analyzed spinal MRIs in
38 sMM patients and found a normal pattern in 19
patients, while the remaining patients had variegated, dif-
fuse or focal patterns.® The median time to progression to
symptomatic MM for all patients was 29 months; howev-
er, progression was delayed in patients with normal MRIs
versus abnormal MRIs (43 vs. 16 months).® This group
investigated the prognostic value of several laboratory and
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radiological examinations and identified myeloma cell
infiltration, the M-protein levels, free light chain (FLC)
ratios and the MRI pattern as risk factors for progression.*
In their study, the hazard ratio (HR) for patients with an
abnormal MRI was calculated at 5.8 (1.84-18.35), and 5 of
8 patients with abnormal MRI progressed within 18
months. In multivariate analysis, a highly abnormal
(> 100) FLC ratio and a BM infiltration of over 60% were
the only independent risk factors for progression with an
HR of 9 (95%CI: 2.15-39) and 13 (95%CIL: 4.42-42.2),
respectively (illustrated in Figure 1A).*

The Heidelberg group investigated the prognostic signifi-
cance of WB-MRI in SMM and retained the presence of focal
lesions on WB-MRI as the strongest adverse prognostic fac-

Table 1. Diagnostic studies on magnetic resonance imaging.

Author (ref) Patients N. Examinations

Walker, 2007" Symptomatic MM 611 Axial-MRI
(newly diagnosed)

Lecouvet, 1999 Symptomatic MM 80 Axial MRI
(newly diagnosed)

-
2
-
g
X
<

Mariette, 1999* Asymptomatic myeloma 55 Spinal MRI

Baur, 2002* Newly diagnosed MM 7 Spinal MRI
(active and inactive)

Gleeson, 2009 Newly diagnosed MM 39 Low-dose CT
(active and inactive) WB-MRI

Ghanem, 2006" MM and MGUS 54 WB-MRI

Baur-Melnyk, 2008 Newly diagnosed MM 4 WB-MRI

Dinter, 2009" Newly diagnosed 60 WB-MRI
(active and inactive)

tor for progression to symptomatic MM. Multivariate analy-
sis of the MRI and non-MRI parameters revealed that the
presence and the number of focal lesions (HR: 8.01), as well
as a diffuse bone marrow infiltration in MRI (HR: 2.37),
remained the only significant prognostic factors for progres-
sion (illustrated in Figure 1A).” The same group recently
reported their data on WM-MRI in 544 untreated patients
with MGUS (n=138), sMM (n=157) and MM (n=249). The
authors identified focal lesions in 34% and 80% of patients
with sMM and MM, respectively, and a diffuse infiltration in
46% and 72% of the patients in both groups.” In approxi-
mately 66% of the patients with smoldering MM, the pat-
terns of BM infiltration on MRI were similar to MGUS
patients; whereas 34% showed patterns similar to MM

Reference
WBXR

Key findings

- 51% of patients showed focal lesions on both exams.

- MRI detected a focal lesion in 52% of patients with
negative WBXR, while WBXR detected lesions in 20%
of patients with negative MRI.

- MRI-defined FL number was an adverse risk factor
for OS on multi-variate analysis.

- MRI was normal in 24% of patients, showed focal
lesions in 44% and a diffuse pattern in 32% of patients;

- WBXR detected lytic bone lesions in 87% of the
patients, axial MRI in 79%.

- MRI detected spinal or pelvic lesions in 76%.
of patients, while WBXR was positive in 46% of patients.

- BM involvement was detected in 17/55 patients (31%)
with a diffuse form in 3, single focal lesion in 6 and
multiple focal lesions in 8.

- Twenty (26%) patients with normal-appearing bone
marrow of the spine, focal disease in 22 (28%) patients,
diffuse pattern found in 24 patients (31%), combined focal
and diffuse found in 9 (11%) patients, and salt-and-pepper
pattern was found in 2 (3%) patients.

- Patients with normal and variegated pattern had
a better survival.

- CT detected more lesions than WBXR in 71% of patients
and results were concordant in 24% of cases.
WBXR outscored CT in 5%.

- CT resulted in restaging in 25 cases (upstaging in 20,
downstaging in 5 cases).

- WB-MRI detected more lesions than WBXR or CT
in 48% of cases, but CT and WBMRI correlated well
in correct staging.

- In 74% patients, WB-MRI and WBXR were concordant,
but WB-MRI revealed bone involvement more extensively
in 90% of these patients.

- In 19% of patients with negative WBXR, WBMRI could
detect BM infiltrations and a treatment was started.

- MRI was statistically superior to CT in detecting lesions.

- Fifteen patients showed no lesions on both techniques.

- Four patients exhibited concordant involvement (focal
lesions) in both techniques.

- MRI revealed a more extensive disease in 21 patients.

- Eleven patients were understaged with CT alone.

- In 38% of the investigated skeletal regions, WB-MRI
revealed additional information such as the degree of
bone infiltration or lesions that were not seen on WBXR.

- Tumor stage was upgraded in 41 of the 60 patients

by the WB-MRI findings.

WBXR

WBXR

WBXR

WBXR

WBXR

Low-dose
MDCT

WBXR

MM: multiple myeloma; MGUS: monoclonal gammopathy of undetermined significance; WB-MRI: whole-body magnetic resonance imaging; WBXR: skeletal survey by radiographs; CT: com-

puted tomography; PET: positron emission tomography; FL: focal lesion; OS: overall survival.
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patients. Treatment-free survival of those sMM patients
with MRI images resembling MM patients tended to be
shorter compared to patients with an MGUS pattern.®

Although BM lesions demonstrated on MRI have a nega-
tive prognostic value, there is currently no evidence that
these patients require any urgent treatment. These lesions
reflect tumor infiltration and not a threat of osteolysis.
There is currently no indication that patients who present
BM lesions on MRI require treatment. The current interven-
tional trials in sSMM include patients with an increased risk
of progression, estimated on bone marrow and serum
parameters. On the other hand, a closer follow up can be
proposed to patients presenting a high risk for progression
to symptomatic myeloma in order to avoid major compli-
cations.

Summary

® By definition, WBXR do not show any lytic lesion in patients
with smoldering myeloma.

® Both axial MRI (spine and pelvis) and WB-MRI are able to
demonstrate bone marrow infiltration by MM and have prognostic
value. However, results obtained with MR do not justify the initi-
ation of an anti-myeloma treatment.

o There are currently no large studies on the use of PET/CT in
this setting.

Solitary plasmacytoma

The International Myeloma Working Group recommend
performing an axial MRI in addition to the skeletal survey.’
In 1993, Moulopolos assessed the role of MRI in the staging
of 12 consecutive patients with a solitary plasmacytoma
and found that MRI showed additional foci in one-third of
the patients.” Due to its ability to identify both medullary
and extra-medullary sites of active disease, FDG PET/CT is
increasingly being used in the initial workup of patients pre-
senting a solitary plasmacytoma (SP). In several studies,
FDG-PET/CT allowed detection of additional bone lesions
or soft tissue masses in 30-50% of patients. These findings
often changed the ultimate diagnosis and therapeutic deci-
sions, as illustrated in Figure 2.

Summary

® WBXR and axial MRI should be performed in every patient
presenting a solitary plasmacytoma in order to exclude other
lesions.

o [f available, PET/CT could be performed in order to detect
other medullary or extramedullary lesions. The results obtained
with MRI or PET/CT might change the diagnosis and subsequent
therapy.

Active multiple myeloma
Diagnosis

Screening by WBXR or low-dose CT (which is more
comfortable for the patient) is mandatory for every patient
with a diagnosis of MM. CT has a higher sensitivity com-
pared to WBXR in detecting bone lesions, identifying more
lesions in approximately 55% of the patients (mostly locat-
ed in the axial skeleton). In contrast, WBXR shows more
lesions in the skull or appendicular regions in 5% of the
patients.*** CT is also able to assess the fracture risk and
the presence of extramedullary lesions.

Positron emission tomography-CT and MRI showed a
higher detection rate than WBXR for bone marrow lesions
and small lesions can be found in patients with negative X-
ray.*"1VP04 Table 1 summarizes the studies on the diag-

nostic capacities of MRI. The largest study was performed
by the Little Rock group and included 668 patients with
symptomatic MM. MRI could identify more lesions in the
spine, sternum, and pelvis. The authors described that axial
MRI was able to detect focal lesions in 52% patients with
normal WBXR. CT-guided aspiration of these focal lesions
was performed in 125 patients and demonstrated signs of
focal osteolysis in 97% of the aspirations." The Bologna
group directly compared FDG-PET/CT with WBXR and
axial MRI in 46 newly diagnosed symptomatic MM
patients.* FDG PET/CT proved superior to WBXR in 46%
of cases in whom WBXR showed either no lesions or
underestimated the extension of bone involvement. In 30%
of cases, the results of PET/CT and MRI were discordant,
with negative results on PET-CT, but positive MRI. In con-
trast, 35% of patients presented medullary or
extramedullary MM lesions which were detected by
PET/CT but which were outside the field of view of MRI.
Table 2 illustrates the results on PET/CT in MM.

The accordance between PET/CT and axial MRI was
assessed in 4 other studies.”” Three studies confirmed that
PET/CT was inferior to MRI in detecting myeloma bone
disease, especially in case of diffuse bone marrow infiltra-
tion. In the other study, the results were equal.

Summary

e Screening for osteolytic lesions by WBXR or low-dose CT is
mandatory for every patient with NV,

® MRI may be considered a complementary examination given
its excellent imaging of the axial skeleton and potential identifica-
tion of spinal cord or nerve root compression.

Staging and prognosis

Two staging systems are widely used for the staging of
MM: the Durie and Salmon staging system and the
International Staging System (ISS).*** Because eatlier stud-
ies could correlate the number of focal bone lesions, the pat-
tern of marrow infiltration seen and the presence of EMD
with survival of MM patients, MRI and FDG PET/CT were
incorporated in the Durie and Salmon PLUS staging system
allowing a better discrimination between patients with
stage Il from those with stage III disease.”

Subsequent studies confirmed the value of MRI and FDG
PET/CT to predict patient’s outcome at diagnosis.”** The
Bologna group recently demonstrated that patients with
newly diagnosed MM who presented more than 3 focal
lesions, a SUV over 4.2 or an EMD on their diagnostic
PET/CT had a poor progression-free survival (PES).” The
overall survival (OS) at four years was lower in patients pre-
senting FDG avid lesions (SUV>4.2) or presenting EMD.
The presence of EMD at diagnosis and unfavorable cytoge-
netic abnormalities were independent predictors of shorter
time to progression and PES (Figure 1C and D). These
results confirmed an earlier observation made by the Little
Rock group that reported a study on the contribution of
imaging in treatment response in MM when undergoing
the Total Therapy 3 therapeutic program.” All patients had
a skeletal survey, MRI, and FDG PET/CT at baseline and at
specified points in their protocol.® The results of the Little
Rock study were recently up-dated and showed also a close
correlation between the number of focal lesions found by
MRI (> 7 lesions) or PET/CT (> 3 lesions) and other biolog-
ical prognostic factors and gene expression profiling results.
Patients with aggressive disease (defined by high-risk gene
expression, increased proliferation indices or presence of



centrosome amplifications) had more lesions and higher
SUV values.* Concerning EMD, the authors found an
increased incidence of EMD in patients with a high-risk
gene expression profile or cytogenetic abnormalities.*® The
different prognostic studies on PET/CT are summarized in
the Online Supplementary Table S1.

The prognostic value of the number of focal lesions or the
presence of an abnormal pattern on MRI has been evaluated
in different studies (summarized in the Online
Supplementary Table S2). Moulopoulos et al. showed that
patients with diffuse marrow replacement on MRI had a
worse prognosis (median survival of 24 months for patients
with a diffuse MRI pattern compared to 56 months in those
with a normal pattern).”" This group also confronted MRI
results of 228 newly diagnosed and symptomatic patients
with other disease parameters, obtained treatment respons-
es and survival.® A diffuse MRI pattern was seen more fre-
quently seen in patients with high-risk cytogenetics and
associated with a worse OS compared to other patterns.
Combining the diffuse MRI pattern with the ISS score and
cytogenetics identified a very high-risk group of patients
with a 35% survival rate at three years.” The earlier cited

study of Walker et al. also investigated the prognostic value
of MRI and showed a shorter OS of patients with more
than 7 lesions compared to those without lesions or with 7
lesions or less." Bartel et al. did not confirm a significant dif-
ference in OS according to the number of lesions detected
by MR, but event-free survival was closely correlated with
the number of lesions detected (>7 or < 7 lesions).”

Summary

® The results of MRI and FDG PET/CT give prognostic infor-
mation on both progression-free survival and overall survival.

® The presences of more than 3 focal lesions, extramedullary dis-
ease and high SUV values on FDG PET/CT have an independent
negative prognostic value.

o A diffuse infiltration or an increased number (>7) of focal
lesions are MR findings associated with a worse prognosis.

Role of FDG PET/CT and MRI in response assessment
Responses to treatment are measured by well-defined
laboratory parameters, but the follow up of bone disease
may be more difficult. New or enlarging lesions generally
signify disease progression, but lytic lesions rarely show

Multivariate analyses of base-line laboratory and imaging parameters
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Figure 1. Forest plots of multivariate analyses that included imaging parameters in their variables. (A) In smoldering MM, 2 studies included
MRI parameters in the analyzed variables, but in the study of Kastritis et al.**, MRI parameters were no longer significant after multivariate
analysis, in contrast to BM infiltration and FLC ratio. Hillengass et al.* reported the strong prognostic value of the number of focal lesions and
the pattern on BM infiltration. (B) For symptomatic MM patients, the study of Milopoulos et al.** showed that the presence of a diffuse BM
infiltration was a negative predictive factor. In the study of Walker et al.** an increased number (>7) of focal lesions on MRI was associated
with a worse survival, while a CR based on MRI criteria was a good prognostic factor. (C) Both studies on PET/CT in symptomatic patients
retained the identification of extramedullary disease by PET/CT as a negative prognostic factor for a shorter PFS, while increased SUV values
and an elevated number of focal lesions on PET/CT were two other negative prognostic factors. (D) Concerning overall survival, Zamagni et
al. retained high SUV values and the presence of extramedullary disease as the unique prognostic factors. When gene expression profiling
results were omitted, Bartel et al.*® retained the presence of EMD and high numbers of focal lesions as negative prognostic factors. BM: bone
marrow; MRI: magnetic resonance imaging; FLC: free light chain ratio; Abn Cytog: abnormal cytogenetics; MRI-FL: number of focal lesions
visualized by MRI; B2M: beta-2 microglobulin; MRI CR: complete response, based on MRI findings; EMD: extramedullary disease; LDH: lactate
dehydrogenase; PET-F:.L number of focal lesions visualized by PET/CT; Clin CR: complete response based on laboratory parameters; ISS:
International staging system; SUV: standardized uptake value.

haematologica | 2014; 99(4) 633 -




- J. Caers et al.

- 634 haematologica | 2014; 99(4)

evidence of healing on radiographs. Systematic follow up
WBXR is of questionable benefit and not routinely indicat-
ed. On the other hand, new vertebral compression fractures
do not always signify disease progression and may occur
after effective treatment, due to disappearance of the tumor
mass that was supporting the bony cortex or due to corti-
costeroid use during treatment.

Fluorodeoxyglucose PET/CT

Fluorodeoxyglucose PET/CT imaging has been shown to
be useful in evaluating response to therapy and to have
prognostic significance. Patients appear to have a poor prog-
nosis if abnormal FDG uptake is still present following
high-dose therapy or SCT. The Bologna group evaluated
the FDG PET/CT in 2 prospective studies. Their second
study included 192 patients treated by an induction treat-
ment (thalidomide/dexamethasone) and autologous stem
cell transplantation (ASCT).” Persistent FDG-avid lesions
after induction were predictive of a shorter OS and PFS,
while negativity for hypermetabolic lesion on FDG PET/CT
performed three months after ASCT was associated with a
favorable outcome. On multivariate analysis, incomplete
FDG suppression after ASCT was strongly associated with
a worse PFS and OS (HR: 3.90). A very good partial
response (VGPR) was observed in 95% of patients with a
negative PET after ASCT. Importantly, 23% of patient who

Table 2. Diagnostic studies on FDG PET and FDG PET/CT.

achieved a biological complete remission had still positive
PET lesions, which was associated with a worse outcome
(PES at 4 years was 30% for patients in CR with persistent
hypermetabolism vs. 61% for patients in complete biologi-
cal and metabolic response).”

The Little Rock group had earlier demonstrated that
complete metabolic response of focal lesions and metasta-
tic spread before transplantation conferred superior OS
and EFS.*® This group recently reported the prognostic
value of early PET/CT (performed at Day 7 of the induc-
tion treatment). Three-year OS and PES estimates for
patients presenting more than 3 focal lesions were 63%
and 56% compared to 78% and 82% for patients with 1-
3 lesions.”

The results obtained from the Little Rock and Bologna
Studies suggest that PET results after ASCT could be incor-
porated into the response criteria for CR as well as for per-
sistent disease. However, confirmation by other large clini-
cal trials, such as the IFM/DFCI trial and the European
Myeloma Network trial, are needed before PET/CT can be
recommended in this setting. The Bologna and Little Rock
studies included patients who were treated with ASCT.
Data on treatment response in patients ineligible for trans-
plant are limited and, therefore, the use of PET/CT in
assessment of disease response can only be proposed to
transplant-eligible patients.

Author (ref) Patients N. Examinations Key findings
Schirmeister, 2002 Prospective study 43 FDG PET vs. - PET and WBXR were concordant in 34% (38/112).
I- on MM and plasmacytoma. WBXR, MRI and CT - WBXR was superior to PET in 3% (3/112).
W - PET superior to WBXR in 63% (71/112).
18 Adam, 2007% Prospective study on 49 FDG PET vs. In MM: WBXR and PET concordant in 76% (10/13).
MGUS, MM and plasmacytoma. WBXR and MRI PET superior to WBXR in 24% (3/13).
O Hur, 2008* Retrospective study on 22 FDG PET and In SD stage [ and II, FDG PET and MRI were not statistically
Q newly diagnosed MM. axial MRI different for the detection of bone lesions.
WL In SD stage I1I: MRI was statistically superior to FDG PET
in detecting lesions.
Waheed, 2012 Retrospective study on 270 WBXR vs. FDG - Results of MRI and PET were similar, but superior to WBXR.
newly diagnosed patients PET/CT and MRI - A strong correlation between laboratory values
with symptomatic MM. (B2-microglobin, CRP, LDH) and gene expression derived
variables and the number of focal lesions and PET/CT SUV.
Zamagni, 2007* Prospective study on 46 WBXR vs. - WBXR and PET/CT were concordant in 46% (21/46).
symptomatic newly FDG PET/CT - WBXR was superior to PET/CT in 8% (4/46).
diagnosed MM. - PET/CT superior to WBXR in 46% (21/46).
= Axial MRI - MRI and PET/CT were concordant in 70% (32/46).
0 vs. FDG PET/CT - MRI superior to PET/CT in 30% (14/46).
N Salaun, 2008 Retrospective study 24 FDG PET/CT - MRI and PET/CT concordant for 60% (12/20) of the lesions;
= on plasmacytoma. and WB MRI - PET/CT detected plasmacytoma lesions in 10/20 patients (50%),
1] which were outside the scope of MRIL
0 Shortt, 2009* Retrospective study on MM. 24 FDG PET/CT PET and whole-body MRI findings were concordant
and WB-MRI in 62% of cases (21/34). In discordant cases.
w (13/21), WBMRI correctly diagnosed 8/13 cases.
0 Sager, 2011* Retrospective study on MM. 42 FDG PET/CT vs. WBXR In patients with newly diagnosed MM (n=32), FDG PET showed
m sensitivity of 90% vs. 84% for the conventional techniques.

Spinnato, 2012 Retrospective study at 191

different stages of MM disease

FDG PET/CT
and Axial MRI

For all patients, mean SUVmax was 5.21 (ranging from 1.0 to
14.5) and was significantly correlated with plasma cell infiltration.
At diagnosis, PET/CT failed to detect diffuse BM involvement in
9/62 patients (14%). In 37% of patients, PET/CT allowed the
detection of lesions outside the field of view of MRI.
Post-treatment PET/CT was negative in 38/40 patients (95%)
who achieved excellent responses whereas MRI showed

active disease in 27/ 40 patients.

MM: multiple myeloma; MGUS: monoclonal gammopathy of undetermined significance; WB-MRI: whole-body magnetic resonance imaging; WBXR: skeletal survey by radiographs; CT: com-
puted tomography; PET: positron emission tomography; FL: focal lesion, SD: Salmon and Durie.



Magnetic resonance imaging

While MRI is a powerful tool to detect marrow lesions,
its use for the assessment of response to treatment has lim-
itations. When a MM marrow lesion responds to treatment,
red marrow replaces the tumor tissue and fatty yellow mar-
row appears only several months later. This implies that the
pattern of BM infiltration on T1- and T2-weighted MR
images may not change early after induction chemotherapy
and an interval of three months has been suggested before
MRI monitoring.” The Heidelberg group recently published
a retrospective study on the correlation between responses
assessed by laboratory analysis and by changes in MRIL.%
When MRI showed a diffuse infiltration, laboratory results
correlated well with MRI changes. In addition, the authors
reported that persisting focal lesions on MRI after ASCT
was associated with an inferior OS and PES (patients with
>10 focal lesions had a survival rate of 64% at 2 years com-
pared to 100% for patients without focal lesions).” Another
prospective study included 33 patients treated with ASCT."
MRI and serum analyses agreed in 26 out of 33 patients
(78.8%) on the obtained responses. WBMRI was classified
as false positive in 3 patients and false negative in 4 patients.
Statistical analysis found moderate concordance between
laboratory and MRI evaluation of disease evolution.”
Functional MRI techniques such as dynamic contrast-
enhanced MRI can be of additional value; a study on pre-
and post-treatment DCE MRI confirmed that patients with
a good clinical response had a lower increase and another
pattern of contrast enhancement (a delay in peak enhance-
ment vs. early enhancement before treatment) compared to
poor responders.”

Fluorodeoxyglucose PET/CT versus magnetic resonance imaging
for assessment of treatment response

Fluorodeoxyglucose PET/CT and WB-MRI were recently
compared in a prospective study evaluating treatment
responses in 31 patients treated with ASCT.” Comparison
of the imaging results with laboratory response criteria
showed that PET/CT had a sensitivity of 50% and a speci-
ficity of 85% compared to standard criteria, while MRI had
a sensitivity of 80% and a specificity of only 38%. MRI was
often falsely positive because of persistent non-viable
lesions. The remission status determined by FDG PET/CT
(and not by MRI) was significantly correlated with the
results of the standard response criteria.”

Summary

® Tiwo large prospective studies confirmed the prognostic value of
FDG PET/CT results after induction treatment and after ASCT in
transplant-eligible patients.

o In this setting, incomplete FGD suppression is associated with
a worse overall and progression-free survival.

® MRI may be useful for the follow up of diffuse BM infiltration.
Focal lesions may remain hypetintense, and the correlation with
biological responses is only weak.

Current issues in imaging

Modern imaging techniques such as MRI and FDG
PET/CT are reliable tools in the determination of diagnosis
and prognosis of MM patients. These techniques should be
included in upcoming clinical trials to confirm their prog-
nostic value and to guide treatment changes currently tested
in lymphoma.
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Figure 2. A 48-year old patient consulted for a monoclonal gammopathy. The whole body skeletal survey showed a unique extensive bone
lesion in the left frontal bone of the skull and no other bone lesion was found. Bone marrow aspirate showed a plasmacytosis of 2%. On FDG
PET/CT images (A: FDG PET; B: MRI; C: fused FDG PET/MRI; D: the low dose CT of the PET), the skull lesion (blue arrows) showed a high FDG
uptake with a SUVmax estimated at 10.51. On the whole body FDG PET/CT images, additional lytic bone lesions were detected including one
FDG-avid in the 5" lumbar vertebra (red arrows; SUVmax 3.76). The green arrows show a lytic bone lesion with no FDG uptake in the 6" dorsal

vertebra.
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In general, WBXR remains the test of choice to detect
osteolytic lesions, but it could be replaced by WBCT that is
more sensitive for lesions located in the spine, pelvis or tho-
racic cage.

In symptomatic myeloma, both MRI and FDG PET/CT
are currently exploited as additional diagnostic tools. A sys-
tematic review on imaging techniques in myeloma indicat-
ed that the detection capabilities of MRI outscore the results
obtained with CT or PET/CT.”? However, MRI is of limited
value in the assessment of disease response after therapy.
For transplant-eligible patients, FDG PET/CT is superior for
re-evaluating myeloma disease after induction treatment
and ASCT, and 2 large prospective studies validated the
prognostic value of extramedullary disease and residual
hypermetabolic activity after treatment. One could state
that MRI and FDG PET/CT may have complementary roles
in disease assessment, because MRI is excellent in recogniz-
ing myeloma infiltration in the axial skeleton at diagnosis,
while FDG PET/CT can be used in the assessment of treat-
ment response.

Fluorodeoxyglucose PET/CT may also have a role in the
assessment of minimal residual disease. This is currently
being evaluated by multiparameter flow cytometry or by a
specific polymerase chain reaction. The latter remains a dif-
ficult assay to perform, as it requires the generation of
patient-specific primers. In flow cytometry, the quantifica-
tion of residual myeloma cells requires sophisticated analy-
ses, but once the technique is automated, it gives objective
results. Both techniques are unable to detect extramedullary
disease, which is now being observed more frequently at

time of relapse after novel therapies. FDG PET/CT scan
may be of additional value for the detection of both
extramedullary and medullary minimal residual disease.

However, further use of these techniques in daily practice
requires standardization in the interpretation and reporting.
For FDG PET/CT, the number of focal lesions and the inten-
sity of FDG uptake should be taken into account. In parallel
to the development of PERCIST criteria, the use of the SUV
peak (mean SUV obtained in a 1 cm?® sphere centered on the
voxel of maximum activity concentration) could be a more
robust quantitative parameter.”® For MR], a number of 7
lesions has been proposed as a significant prognostic
parameter when axial MRI is used. For WB-MRI, no distinct
cut off has been published and this should be studied. The
results of functional MRI (dynamic contrast-enhanced and
diffusion-weighted imaging) need to be further validated
and hybrid PET/MRI could become a promising tool com-
bining MRI and PET in one single examination.

Funding

This work has been supported by grants from the Belgian
Foundation Against Cancer, Fonds de la Recherche Scientifique
Médicale, the Fonds National de la Recherche Scientifique
(EN.R.S., Belgium) and the Fonds Spéciaux de la Recherche
(University of Liege).

Authorship and Disclosures

Information on authorship, contributions, and financial & other
disclosures was provided by the authors and is available with the
online version of this article at www.haematologica.org.

techniques in the management of multiple

patients. Am J Hematol. 2012;87(9):861-4.

myeloma. Br ] Haematol. 2012;159(5):499-  14. Lecouvet FE, Malghem ], Michaux L,
References 513. Maldague B, Ferrant A, Michaux JL, et al.
8. Gleeson TG, Moriarty ], Shortt CP, Gleeson Skeletal survey in advanced multiple myelo-
. Criteria for the classification of monoclonal JP, Fitzpatrick P, Byrne B, et al. Accuracy of ma: radiographic versus MR imaging survey.
gammopathies, multiple myeloma and relat- whole-body low-dose multidetector CT Br ] Haematol. 1999;106(1):35-9.
ed disorders: a report of the International (WBLDCT) versus skeletal survey in the  15. Mariette X, Zagdanski A-M, Guermazi A,
Myeloma Working Group. Br ] Haematol. detection of myelomatous lesions, and corre- Bergot C, Armould A, Frija ], et al. Prognostic
2003;121(5):749-57. lation of disease distribution with whole- value of vertebral lesions detected by magnet-
. Lecouvet FE, Malghem ], Michaux L, body MRI (WBMRI). Skeletal Radiol. 2009; ic resonance imaging in patients with stage I
Maldague B, Ferrant A, Michaux J-L, et al. 38(3):225-36. multiple myeloma. Br ] Haematol.
Skeletal survey in advanced multiple myelo- 9. Kropil P, Fenk R, Fritz LB, Blondin D, Kobbe 1999;104(4):723-9.
ma: radiographic versus MR imaging survey. G, Modder U, et al. Comparison of whole-  16. Baur A, Stabler A, Nagel D, Lamerz R, Bartl R,
Br ] Haematol. 1999;106(1):35-9. body 64-slice multidetector computed Hiller E, et al. Magnetic resonance imaging as
. Dimopoulos M, Terpos E, Comenzo RL, Tosi tomography and conventional radiography in a supplement for the clinical staging system
P, Beksac M, Sezer O, et al. International staging of multiple myeloma. Eur Radiol. of Durie and Salmon¢ Cancer. 2002;
myeloma working group consensus state- 2008;18(1):51-8. 95(6):1334-45.
ment and guidelines regarding the currentrole  10. Hanrahan CJ, Christensen CR, Crim JR. 17. Ghanem N, Lohrmann C, Engelhardt M,
of imaging techniques in the diagnosis and Current Concepts in the Evaluation of Pache G, Uhl M, Saueressig U, et al. Whole-
monitoring of multiple Myeloma. Leukemia. Multiple Myeloma with MR Imaging and body MRI in the detection of bone marrow
2009;23(9):1545-56. FDG PET/CT1. Radiographics. 2010; infiltration in patients with plasma cell neo-
. Zamagni E, Nanni C, Patriarca E Englaro E, 30(1):127-42. plasms in comparison to the radiological
Castellucci P, Geatti O, et al. A prospective ~ 11. Walker R, Barlogie B, Haessler ], Tricot G, skeletal survey. Eur Radiol. 2006;16(5):1005-
comparison of  18F-fluorodeoxyglucose Anaissie E, Shaughnessy JD Jr, et al. Magnetic 14.
positron emission tomography-computed resonance imaging in multiple myeloma:  18. Baur-Melnyk A, Buhmann S, Becker C,
tomography, magnetic resonance imaging diagnostic and clinical implications. J Clin Schoenberg SO, Lang N, Bartl R et al. Whole-
and whole-body planar radiographs in the Oncol. 2007;25(9):1121-8. body MRI versus whole-body MDCT for
assessment of bone disease in newly diag- 12. Hillengass ], Fechtner K, Weber MA, Bauerle staging of multiple myeloma. AJR.
nosed multiple myeloma. Haematologica. T, Ayyaz S, Heiss C, et al. Prognostic signifi- 2008;190(4):1097-104.
2007;92(1):50-5. cance of focal lesions in whole-body magnet- ~ 19. Dinter D, Neff W, Klaus J, Bohm C, Hastka J,
. Edelstyn GA, Gillespie PJ, Grebbell FS. The ic resonance imaging in patients with asymp- Weiss C, et al. Comparison of whole-body
radiological demonstration of osseous metas- tomatic multiple myeloma. ] Clin Oncol. MR imaging and conventional X-ray exami-
tases. Experimental observations. Clin Radiol. 2010;28(9):1606-10. nation in patients with multiple myeloma and
1967;18(2):158-62. 13. Moulopoulos LA, Dimopoulos MA, Kastritis implications for therapy. Ann Hematol.
. Horger M, Claussen CD, Bross-Bach U, E, Christoulas D, Gkotzamanidou M, 2009;88(5):457-64.
Vonthein R, Trabold T, Heuschmid M, et al. Roussou M, et al. Diffuse pattern of bone  20. Lecouvet FE, Vande Berg BC, Michaux L,
Whole-body low-dose multidetector row-CT marrow involvement on magnetic resonance Malghem ], Maldague BE, Jamart ], et al. Stage
in the diagnosis of multiple myeloma: an imaging is associated with high risk cytoge- III multiple myeloma: clinical and prognostic
alternative to conventional radiography. Eur J netics and poor outcome in newly diagnosed, value of spinal bone marrow MR imaging.
Radiol. 2005;54(2):289-97. symptomatic patients with multiple myelo- Radiology. 1998;209(3):653-60.
. Zamagni E, Cavo M. The role of imaging ma: a single center experience on 228  21. Biuerle T, Hillengass ], Fechtner K, Zechmann

CM, Grenacher L, Moehler TM, et al.



PET/CT and MRI in multiple myeloma e

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.
32.

33.

34.

haematologica | 2014; 99(4) 637 -

Multiple  Myeloma and  Monoclonal
Gammopathy of Undetermined Significance:
Importance of Whole-Body versus Spinal MR
Imaging. Radiology. 2009;252(2):477-85.
Regelink JC, Minnema MC, Terpos E,
Kamphuis MH, Raijmakers PG, Pieters-van
den Bos IC, et al. Comparison of modern and
conventional imaging techniques in establish-
ing multiple myeloma-related bone disease: a
systematic review. Br ] Haematol. 2013;
162(1):50-61.

Hillengass ], Bauerle T, Bartl R, Andrulis M,
McClanahan E Laun FB, et al. Diffusion-
weighted imaging for non-invasive and quan-
titative monitoring of bone marrow infiltra-
tion in patients with monoclonal plasma cell
disease: a comparative study with histology.
Br ] Haematol. 2011;153(6):721-8.
Nosas-Garcia S, Moehler T, Wasser K,
Kiessling E Bartl R, Zuna [, et al. Dynamic con-
trast-enhanced MRI for assessing the disease
activity of multiple myeloma: a comparative
study with histology and clinical markers. ]
Magn Reson Imaging. 2005; 22(1):154-62.
Horger M, Weisel K, Horger W, Mroue A,
Fenchel M, Lichy M. Whole-Body Diffusion-
Weighted MRI With Apparent Diffusion
Coefficient Mapping for Early Response
Monitoring  in  Multiple  Myeloma:
Preliminary Results. AJR. 2011;196(6):W790-
Ws.

Messiou C, Giles S, Collins D], West S,
Davies FE, Morgan GJ, et al. Assessing
response of myeloma bone disease with dif-
fusion-weighted MRI. Brit ] Radiol. 2012;
85(1020):e1198-e203.

Hillengass ], Zechmann C, Bauerle T, Wagner-
Gund B, Heiss C, Benner A, et al. Dynamic
contrast-enhanced magnetic resonance imag-
ing identifies a subgroup of patients with
asymptomatic monoclonal plasma cell dis-
ease and pathologic microcirculation. Clin
Cancer Res. 2009;15(9):3118-25.

Wahl RL, Jacene H, Kasamon Y, Lodge MA.
From RECIST to PERCIST: Evolving
Considerations for PET response criteria in
solid tumors. J Nucl Med. 2009;50(Suppl
1):122S-50S.

Durie BG, Waxman AD, D'Agnolo A,
Williams CM. Whole-body (18)F-FDG PET
identifies high-risk myeloma. J Nucl Med.
2002;43(11):1457-68.

Withofs N, Grayet B, Tancredi T, Rorive A,
Mella C, Giacomelli E et al. (1)(8)F-fluoride
PET/CT for assessing bone involvement in
prostate and breast cancers. Nucl Med
Commun. 2011;32(3):168-76.

Nanni C, Zamagni E, Cavo M, Rubello D,
Tacchetti P, Pettinato C, et al. 11C-choline vs.
18E-FDG PET/CT in assessing bone involve-
ment in patients with multiple myeloma.
World ] Surg Oncol. 2007;5:68.

Dankerl A, Liebisch P, Glatting G, Friesen C,
Blumstein NM, Kocot D, et al. Multiple
Myeloma: Molecular Imaging with 11C-
Methionine PET/CT -- Initial Experience.
Radiology. 2007;242(2):498-508.
Moulopoulos LA, Dimopoulos MA, Smith
TL, Weber DM, Delasalle KB, Libshitz HI, et
al. Prognostic significance of magnetic reso-
nance imaging in patients with asymptomatic
multiple myeloma. ] Clin Oncol. 1995;
13(1):251-6.

Kastritis E, Terpos E, Moulopoulos L,
Spyropoulou-Vlachou M, Kanellias N,
Eleftherakis-Papaiakovou E, et al. Extensive
bone marrow infiltration and abnormal free
light chain ratio identifies patients with
asymptomatic myeloma at high risk for pro-
gression to symptomatic disease. Leukemia.

2012;6(10):309.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Hillengass ], Kilk K, Listl K, Hielscher T,
Neben K, Hose D, et al. Appearance of
Monoclonal Plasma Cell Diseases in Whole
Body MRI in 544 Patients and Correlation
with Parameters of Disease Activity. ASH
Annual Meeting Abstracts. 2012;120(21):
4966-.

Hillengass ], Kilk K, Listl K, Hielscher T,
Neben K, Hose D, et al. Over 30% of
Smoldering Myeloma Patients Have Tumor
Cell Bone Marrow Infiltration Patterns
Similar to Multiple Myeloma: A Large
(n=544) Clinical Study Using Whole-Body
MRI. ASH Annual Meeting Abstracts. 2012;
120(21):2911-.

Zamagni E, Patriarca F Nanni C, Zannetti B,
Englaro E, Pezzi A, et al. Prognostic relevance
of 18-F FDG PET/CT in newly diagnosed
multiple myeloma patients treated with up-
front autologous transplantation. Blood. 2011;
118(28):5989-95.

Bartel TB, Haessler ], Brown TL, Shaughnessy
JD Jr, van Rhee F Anaissie E, et al. F18-fluo-
rodeoxyglucose positron emission tomogra-
phy in the context of other imaging tech-
niques and prognostic factors in multiple
myeloma. Blood. 2009;114(10):2068-76.
Moulopoulos LA, Dimopoulos MA, Weber
D, Fuller L, Libshitz HI, Alexanian R.
Magnetic resonance imaging in the staging of
solitary plasmacytoma of bone. J Clin Oncol.
1993;11(7):1811-5.

Nanni C, Zamagni E, Farsad M, Castellucci B,
Tosi B, Cangini D, et al. Role of 18F-FDG
PET/CT in the assessment of bone involve-
ment in newly diagnosed multiple myeloma:
preliminary results. Eur J Nucl Med Mol
Imaging. 2006;33(5):525-31.

Schirrmeister H, Bommer M, Buck AK|,
Muller S, Messer P, Bunjes D, et al. Initial
results in the assessment of multiple myelo-
ma using 18F-FDG PET. Eur ] Nucl Med Mol
Imaging. 2002;29(8):361-6.

Nanni C, Rubello D, Zamagni E, Castellucci P,
Ambrosini V, Montini G, et al. 18F-FDG
PET/CT in myeloma with presumed solitary
plasmocytoma of bone. In Vivo. 2008;
22(4):518-7.

Terpos E, Berenson ], Cook RJ, Lipton A,
Coleman RE. Prognostic variables for survival
and skeletal complications in patients with
multiple myeloma osteolytic bone disease.
Leukemia. 2010;24(5):1043-9.

Waheed S, Mitchell A, Usmani S, Epstein J,
Yaccoby S, Nair B, et al. Standard and novel
imaging methods for multiple myeloma: cor-
relates with prognostic laboratory variables
including gene expression profiling data.
Haematologica. 2013;98(1):71-8.

Adam Z, Bolcak K, Stanicek J, Buchler T, Pour
L, Krejci M, et al. Fluorodeoxyglucose
positron emission tomography in multiple
myeloma, solitary plasmocytoma and mono-
clonal gammapathy of unknown significance.
Neoplasma. 2007;54(6):536-40.

Hur J, Yoon CS, Ryu YH, Yun MJ, Suh JS.
Comparative study of fluorodeoxyglucose
positron emission tomography and magnetic
resonance imaging for the detection of spinal
bone marrow infiltration in untreated
patients with multiple myeloma. Acta Radiol.
2008;49(4):427-35.

Salaun P-Y, Gastinne T, Frampas E, Bodet-
Milin C, Moreau P, Bodéré-Kraeber E FDG-
positron-emission tomography for staging
and therapeutic assessment in patients with
plasmacytoma. ~ Haematologica. ~ 2008;
93(8):1269-71.

Shortt CP, Gleeson TG, Breen KA, McHugh J,
O'Connell MJ, O'Gorman PJ, et al. Whole-
Body MRI Versus PET in Assessment of

49.

50.

51.

52.

53

54.

55.

56.

57.

58.

59.

60.

61.

62.

Multiple Myeloma Disease Activity. AJR Am
J Roentgenol. 2009;192(4):980-6.

Sager S, Ergiil N, Ciftci H, Cetin G, Giiner S,
Cermik T. The value of FDG PET/CT in the
initial staging and bone marrow involvement
of patients with multiple myeloma. Skeletal
Radiol. 2011;40(7):843-7.

Spinnato P, Bazzocchi A, Brioli A, Nanni C,
Zamagni E, Albisinni U, et al. Contrast
enhanced MRI and 18F-FDG PET-CT in the
assessment of multiple myeloma: A compari-
son of results in different phases of the dis-
ease. Eur ] Radiol. 2012;81(12):4013-8.

Fonti R, Salvatore B, Quarantelli M, Sirignano
C, Segreto S, Petruzziello E et al. 18F-FDG
PET/CT, 99mTc-MIBI, and MRI in evaluation
of patients with multiple myeloma. ] Nucl
Med. 2008;49(2):195-200.

Breyer R, III, Mulligan M, Smith S, Line B,
Badros A. Comparison of imaging with FDG
PET/CT with other imaging modalities in
myeloma. Skeletal Radiol. 2006;35(9):632-40.
Durie BG, Salmon SE. A clinical staging sys-
tem for multiple myeloma. Correlation of
measured myeloma cell mass with presenting
clinical features, response to treatment, and
survival. Cancer. 1975;36(3):842-54.

Greipp PR, San Miguel ], Durie BG, Crowley
], Barlogie B, Blade J, et al. International stag-
ing system for multiple myeloma. J Clin
Oncol. 2005;23(15):3412-20.

Durie BG, Kyle RA, Belch A, Bensinger W,
Blade J, Boccadoro M, et al. Myeloma man-
agement guidelines: a consensus report from
the Scientific Advisors of the International
Myeloma Foundation. Hematol ]. 2003;
4(6):379-98.

Usmani SZ, Heuck C, Mitchell A,
Szymonifka ], Nair B, Hoering A, et al.
Extramedullary disease portends poor prog-
nosis in multiple myeloma and is over-repre-
sented in high-risk disease even in the era of
novel agents. Haematologica. 2012;97(11):
1761-7

Moulopoulos LA, Gika D, Anagnostopoulos
A, Delasalle K, Weber D, Alexanian R, et al.
Prognostic significance of magnetic resonance
imaging of bone marrow in previously
untreated patients with multiple myeloma.
Ann Oncol. 2005;16(11):1824-8.

Usmani SZ, Mitchell A, Waheed S, Crowley J,
Hoering A, Petty N, et al. Prognostic implica-
tions of serial 18-fluoro-deoxyglucose emis-
sion tomography in multiple myeloma treat-
ed with total therapy 3. Blood. 2013;
121(10):1819-23.

Lin C, Luciani A, Belhadj K, Deux JE
Kuhnowski F Maatouk M, et al. Multiple
myeloma treatment response assessment
with  whole-body  dynamic contrast-
enhanced MR imaging. Radiology. 2010;
254(2):521-31.

Cherry BM, Korde N, Kwok M, Manasanch
EE, Bhutani M, Mulquin M, et al. Modeling
progression risk for smoldering multiple
myeloma: results from a prospective clini-
cal study. Leuk Lymphoma. 2013;54(10):
2215-8.

Bannas P, Hentschel H, Bley T, Treszl A,
Eulenburg C, Derlin T, et al. Diagnostic per-
formance of whole-body MRI for the detec-
tion of persistent or relapsing disease in mul-
tiple myeloma after stem cell transplantation.
Eur Radiol. 2012;22(9):2007-12.

Derlin T, Peldschus K, Munster S, Bannas P,
Herrmann ], Stubig T, et al. Comparative
diagnostic  performance of (18)F-FDG
PET/CT versus whole-body MRI for determi-
nation of remission status in multiple myelo-
ma after stem cell transplantation. Eur Radiol.

2013;23(2):570-8.






