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*Department of Mus
Anderson Cancer C

yBowdoin College, Bru
All authors declare no
Address reprint req

Musculoskeletal Im
Center, 1515 Holc
bmujtaba@mdand

184 https://doi.org/
0887-2171/Pu
multiple myeloma from the precursor stages of monoclonal gammopathy of undetermined
significance and smoldering multiple myeloma is very important because the treatment
approach is different for each. The diagnosis is mainly clinical, while the role of imaging is
confined to the staging process, assessing response to therapy, and monitoring for disease
progression. In this article, we examine the role of different imaging modalities in patients
with multiple myeloma.
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Introduction

Multiple myeloma (MM) is the second most common
hematologic malignancy in the United States.1 It is a

malignant neoplasm of differentiated plasma cells that results
from malignant clonal proliferation of plasma cells. The
malignant plasma cells reside primarily in the bone marrow.
However, in advanced stages of the disease, they could
invade the peripheral blood and other extra-medullary sites
like soft tissues and organs.2 In the majority of patients,
malignant proliferation of plasma cells results in the produc-
tion monoclonal immunoglobulins (also known as M-protein
or monoclonal proteins) in the serum and/or urine. Immuno-
globulin G (IgG) is the most commonly secreted monoclonal
protein and is found in approximately 60% of patients, fol-
lowed by IgA, secreted in 20% of cases.3 However, 15%-20%
of patients secrete light chains as the sole monoclonal pro-
tein. Less than 3% of patients have nonsecretory disease
when malignant plasma cells secrete no monoclonal proteins.
However, the percentage of the nonsecretory disease has
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declined recently owing to an improved ability to detect
serum free light chains.3-5
Incidence
MM is the second most common hematologic malignancy in
the United States after non-Hodgkin lymphoma with an
approximate annual incidence of 32,110 patients, with slight
male predominance (1.3:1).1 Typically, MM occurs in the
elderly, most commonly during the seventh and eighth deca-
des of life, with a median age at onset of 66 years.4 The inci-
dence rate is 2-3 times higher in the African American
population compared to the Caucasian population. The
explanation for that difference is still unknown, but the pre-
cursor, monoclonal gammopathy of undetermined signifi-
cance (MGUS), is also more common among the African
American population.6,7
Etiology
The exact etiology of MM is still unclear. However, numerous
environmental, occupational, and genetic factors have been
implicated. Chronic exposure to low-dose ionizing radiation,
such as occurred in radiologists and radiology technicians
before the routine use of shielding, is associated with
increased risk of MM. Additionally, exposure to chemical
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materials from working in the leather tanning, pulp, and
paper industries has been linked to an increased risk of MM.8

Recently, several reports have suggested an association
between increased incidence of MM andMGUS among certain
populations with certain chromosomal and cytogenetic
abnormalities.9
Pathology
MM results from the monoclonal expansion of malignant
plasma cells. Cells of plasmacytic origin are usually positive
for CD38 and CD138, while negative for other markers of B-
cell lineage like CD19 and CD20.10 Numerous chromosomal
and cytogenetic abnormalities have been linked to the devel-
opment of MM, and to the progression of precursor disease
states such as smoldering MM (SMM) and MGUS into MM.
SMM is an intermediate state between MGUS and MM, with
an approximate annual risk of progressing to MM of 10%.11

The most common chromosomal abnormalities include
chromosomal defects such as chromosome 1 abnormalities,
deletion of the long arm of chromosome 13 (13q) and the
loss of the short arm of chromosome 17 (17p). Also seen are
chromosomal translocations such as t(11;14) which is found
in 14% of patients, and translocation t(4;14) which is found
in 11% of patients. The translocations t(11;14) and t(4;14)
are associated with a shorter time to progression from SMM
to MM, with a median time of 55 months and 28 months,
respectively.10,12
Clinical Presentation
MM is often diagnosed incidentally during routine work-up.
The clinical picture is variable, and patients with MM could
Figure 1 International Myeloma Working Group (IMWG)
present with a number of characteristic clinical features, and
sometimes, complications. However, the majority of patients
present with bone pain and fatigue. Bone pain is the most
common initial presentation, occurring in up to 80% of
patients at the time of diagnosis, and is often associated with
lytic bone lesions.13 The lytic lesions of MM are caused by an
imbalance in the activity of bone producing osteoblasts and
bone resorbing osteoclasts, resulting in progressive bone
destruction and development of lytic foci.14 In advanced
stages, progressive bone destruction results in hypercalcemia
which occurs in approximately 20% of patients. Fatigue
results from bone marrow infiltration leading to development
of normocytic normochromic anemia in approximately 75%
of patients.4,15 MM may present with complications such as
hypercalcemia, blood hyperviscosity caused by high levels of
circulating monoclonal proteins in the serum, frequent infec-
tions due to impaired immune response, and renal failure.
Renal failure is the most common complication, and is expe-
rienced by approximately 50% of patients at some time dur-
ing their disease course. Renal failure commonly occurs due
to cast nephropathy caused by the accumulation of obstruct-
ing casts of light chains and Tamm-Horsfall urinary glyco-
protein in the distal tubule.16,17
Diagnosis
MGUS and SMM are generally asymptomatic, and are usually
discovered during the diagnostic work-up for unrelated con-
ditions.18 Therefore, the International Myeloma Working
Group (IMWG) devised updated criteria for the diagnosis of
MM and for differentiating it from MGUS and SMM (Fig. 1).
This distinction is needed because of the different treatment
approaches in each.18 These diagnostic criteria are based on
bone marrow biopsy, measurement of serum monoclonal
updated diagnostic criteria for multiple myeloma.18
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proteins, and screening for the presence of myeloma-defining
events. Myeloma-defining events include biomarker assess-
ment and detection of CRAB features. CRAB features are
used to determine the presence or absence of end-organ
damage, and include hyperCalcemia (increased serum cal-
cium levels >1 mg/dL above upper normal limits), Renal
insufficiency (serum creatinine levels of >2 mg/dL or creati-
nine clearance of <40 mL/min), Anemia (decreased hemo-
globin levels >2 g/dL below lower normal limits), and
detection of one or more lytic Bone lesions by conventional
radiology, computed tomography (CT) or positron emission
tomography/CT (PET/CT), or the detection of 2 or more
focal bone lesions by MRI (at least 5 mm in size). Malignancy
biomarkers include a clonal bone marrow plasma cell per-
centage of �60% or an involved:uninvolved serum free
light-chain ratio of �100%.18
Staging
Numerous staging systems have been established to deter-
mine disease progression and predict prognosis in patients
with MM. In 1975, Durie and Salmon initiated the first stag-
ing system based on multiple parameters including hemoglo-
bin levels, serum calcium levels, and renal function to
predict the volume of myeloma tumor mass.19 This system
became the standard staging system for several decades
(Fig. 2). However, this system lacked precision as multiple
parameters such as the degree of anemia, hypercalcemia, and
renal impairment could be affected by other factors unrelated
Figure 2 Durie and Salmon Staging System.19 *Each stage is s
tions (serum creatinine level <2 mg/100 mL), or group B with
mL).
to myeloma progression. Additionally, the emergence of new
prognostic factors such as cytogenetic abnormalities, albumin
levels, and beta-2 microglobulin (b2M) necessitated the need
for developing a new staging system. Therefore, in 2005,
Greipp et al developed the International Staging System
based on serum albumin and beta-2 microglobulin (b2M)
levels20 (Fig. 3). This system categorized MM patients into 3
stages predicting their median survival time, and became the
standard staging system. Later on, realizing the significant
impact of chromosomal abnormalities on prognosis and the
emergence of new novel agents, Palumbo et al developed the
Revised International Staging System by incorporating the
chromosomal abnormalities into the standard International
Staging System to predict prognosis and 5-year overall sur-
vival rates21 (Fig. 4). They classified patients into 2 groups
including a high-risk group characterized by the presence of
high-risk chromosomal abnormalities including deletion of
chromosome 17 del(17p), translocations t(4;14) and t
(14;16), and standard-risk group characterized by the
absence of high-risk chromosomal abnormalities.
Imaging
Imaging helps to distinguish MM from SMM, MGUS, and
solitary plasmacytoma. Imaging enables us to identify focal
bone lesions and provides information regarding their num-
ber, size, and location. Once the diagnosis is established,
imaging plays a role in the staging process, screening for dis-
ease progression, risk stratification, and estimating the risk of
ubclassified into either group A with normal renal func-
impaired renal functions (serum creatinine �2 mg/100



Figure 3 International Staging System (ISS).20 b2M, beta-2 microglobulin. *Serum levels.
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pathologic fracture. Lytic bone lesions are not associated with
new bone formation; therefore, skeletal scintigraphy is not
typically helpful.22
Conventional Radiography
For decades, skeletal surveys have been the mainstay of imag-
ing in MM and were integrated in the original Durie and
Salmon staging system.19 Skeletal surveys are usually
obtained as part of the initial diagnostic work-up in patients
with MM and this whole-body x-ray (WB-XR) remains the
gold standard technique to evaluate MM-related bone dis-
ease.23 However, the presence of lytic bone lesions on skele-
tal surveys necessitates the use of more advanced modalities.
Lytic lesions appear as either well-defined, punched-out
lesions, sometimes with endosteal scalloping, or ill-defined
Figure 4 Revised International Staging System (R-ISS).21 ISS,
malities; LDH, lactate dehydrogenase.
lucencies representing the replacement of bone marrow with
expanding plasma cell populations that induce subsequent
bone destruction24 (Fig. 5). A 15-view approach has been
suggested by the IMWG including: skull anteroposterior
(AP) and lateral; cervical spine AP, open-mouth odontoid
and lateral; thoracic spine AP and lateral; lumbar spine AP
and lateral; pelvis AP; chest AP; femora AP and lateral; and
humeri AP and lateral.23 While skeletal surveys can detect
the presence of lytic bone lesions, at least 30%-50% loss of
bone mineralization is necessary for the lesions to be visible
on radiographs depending on bone type and location of the
lesion within the bone.25,26 Skeletal surveys are widely avail-
able, relatively inexpensive and can provide an assessment
for the risk of pathologic fracture (Fig. 6). Additionally, they
can be useful in detecting disease progression27 (Fig. 7).
However, they have major limitations such as limited visuali-
zation of the pelvis and spine due to overlapping structures,
International Staging System; CA, chromosomal abnor-



Figure 5 Sixty-eight-year-old male with high-risk multiple myeloma.
The patient is in complete remission following induction chemo-
therapy. He will proceed with autologous stem cell transplantation.
Radiograph of the skull, lateral view, shows multiple small lytic
lesions scattered throughout the calvarium despite complete
response to therapy. Most lytic myelomatous lesions are well
defined (arrowhead), but some can be ill-defined (arrow). While
the lesions may or may not fade over time, sclerotic rims infre-
quently occur around treated lesions due to suppression of osteo-
blast activity.

Figure 7 Sixty-nine-year-old female patient with progressive multiple
myeloma. A barely perceptible lucency in the distal diaphysis of the
femur (A, arrow), markedly enlarges 3 weeks later (B). The margins
are ill-defined, indicating a highly aggressive lesion. Interval thinning
of the cortex (arrowhead) increases fracture risk in this weight-bearing
bone. Skeletal surveys are an inexpensive and readily available means
of assessing risk for pathologic fracture. Because this survey only
included AP images of the long bones, a lateral radiograph of the
femur was requested to further assess fracture risk.
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inability to detect extraosseous lesions, and limited utility in
assessing the response to treatment because the lytic lesions
heal very slowly on radiographs,26 if at all. Moreover, WB-
XR is not suitable for detection of MM-related osteoporosis.23
Figure 6 Sixty-six-year-old male with multiple myeloma in rela
baseline radiography of the right humerus (A) shows multiple
tal diaphysis produces the greatest degree of cortical thinning
weeks later. Follow-up radiography obtained 3 months follo
fracture through the lesion with callous at the medial cortex (
3 months (C), the fracture has become complete and impacted
was placed, stabilizing the fracture and relieving pain.
Computed Tomography
The use of low-dose whole-body CT has been suggested as
an alternative to skeletal survey, owing to higher sensitivity,
especially for lesions located in the ribs, pelvis, or spine.28,29

CT can detect smaller lytic bone lesions not detectable on
conventional radiography, and provide an assessment for the
risk of pathological fracture29,30 (Fig. 8). Additionally, CT
can be useful for detection of complications.31 However, CT
has low sensitivity for detecting bone marrow lesions and dif-
fuse marrow infiltration not associated with lytic reactions.
pse following autologous stem cell transplantation. New
well-defined lytic lesions. The largest, located in the dis-
(arrows). He received radiation therapy to this lesion 2
wing radiation therapy (B) demonstrates an incomplete
arrowhead). The patient declined surgery. After another
(chevrons). Two weeks later (D), an intramedullary nail



Figure 8 Same patient as in Figure 7. Radiography (A) demonstrates
lysis of the pelvic ring opposite the medial right acetabulum (arrow)
and another lytic lesion in the supra-acetabular iliac bone (arrow-
heads). Coronal CT reformation (B) reveals osteolysis of the articu-
lar surface of the medial acetabulum that was radiographically
occult (chevron). The lesion in the supra-acetabular iliac bone dem-
onstrates a pathologic fracture with callous much more clearly than
on the radiograph (large arrow).
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Low-dose protocols have been implemented to minimize
radiation exposure while maintaining image quality.28,29
Magnetic Resonance Imaging
Magnetic resonance imaging (MRI) is typically used for the
staging process in patients with MM, owing to higher sensi-
tivity for lesion detection compared to skeletal surveys and
other imaging techniques.32-34 MRI permits optimal visuali-
zation of the bone marrow allowing the detection of marrow
Figure 9 Sixty-nine-year-old female with multiple myeloma and
T1-weighted MRI following intravenous gadolinium contrast
throughout the marrow cavity. The plasmacytoma in the righ
and is inconspicuous except for epidural tumor extending int
marrow infiltration or red marrow hypertrophy can be a pitfa
dance of normal red marrow (not shown). Post-therapeutic
provides clear delineation of the underlying plasmacytoma.
resolved, leaving a thin rim enhancement that commonly occ
(arrows). One year later, the disease recurred and the plasmacy
ment (C, asterisk). There is no significant enlargement of this
also potentially difficult to discern on CT, but well visualized
Five months later (D), the lesion has enlarged with extension
ing the right S1 nerve root and greater posterior extension (c
on other imaging modalities but most conspicuous on contrast
infiltration much earlier than the incidence of myeloma-
related bone destruction. Whole-body MRI (WB-MRI) is pre-
ferred, if available, over conventional MRI of the spine and
pelvis due to ability to detect extra-axial focal lesions35 and
lesions in the axial skeleton. Typically, myeloma lesions
exhibit low signal intensity on T1-weighted (T1W) sequen-
ces, high signal intensity on T2-weighted (T2W) and short
tau inversion recovery sequences, and contrast enhancement
following intravenous gadolinium administration.36,37

Numerous patterns of marrow involvement can be detected
on MRI including normal pattern, focal involvement (focal
lesions should be at least 5 mm in diameter), diffuse homoge-
nous involvement, combined focal and diffuse involvement,
and heterogeneous involvement. However, a normal marrow
pattern on MRI does not completely rule out low-volume
myeloma cell infiltration of the marrow. Heterogeneous mar-
row involvement demonstrates a heterogeneous salt-and-
pepper appearance on MRI that may be due to the presence
of normal fatty marrow mixed with small islands of myeloma
cell infiltration, and is associated with a progressive course
and unfavorable therapeutic response compared to other pat-
terns.38-41 Red marrow hyperplasia and stem cell transplant
can also result in diffusely heterogeneous marrow. Bone mar-
row biopsy is the most accurate method of diagnosing an
abnormal marrow pattern on MRI.

The appearance of myeloma on MRI correlates with the
volume of tumor burden. High tumor burden is associated
with diffuse hypointensity on T1W images and diffuse hyper-
intensity on T2W images, while low tumor burden is usually
associated with normal pattern on MRI.39 Furthermore, the
marrow pattern on MRI has been linked to prognosis in
patients with newly diagnosed MM. A high number of focal
a plasmacytoma. Pretherapeutic axial fat-saturated (FS)
administration (A) demonstrates diffuse enhancement

t sacral ala enhances similarly to the marrow infiltration
o the left S1 neural foramen (arrowhead). Diffuse tumor
ll on MRI, particularly in young patients with an abun-
MRI following resolution of the marrow infiltration (B)
The central enhancement within the tumor has also
urs in large plasmcytomas following successful therapy
toma in the left sacral ala re-developed central enhance-
early recurrence, making it radiographically occult and
on MRI due to excellent soft tissue contrast resolution.
to the anterior cortex, increased epidural tumor contact-
hevrons). An enlarging lesion should be easier to detect
-enhanced FS T1-weighted MRI.



Figure 10 Forty-eight-year-old female with intramedullary and extramedullary myeloma. Whole-body maximum inten-
sity projection FDG PET image (A) shows widespread FDG avid lesions in the skeleton, such as the left humerus
(arrowhead) and in the soft tissues, particularly numerous in the thighs (double-headed arrows). One month following
chemotherapy, there has been a mixed response to therapy (B). For example, the FDG uptake in the left distal humeral
diaphysis has increased (arrowheads), while there has been a modest reduction in the overall number of soft tissue
foci, such as in the medial thighs; soft tissue swelling has diminished following correction of acute renal failure (double
headed-arrows). PET/CT can be an effective means of whole-body assessment. The cross-sectional nature of the scan
(C) helps to localize the FDG avid lesions in bone (large arrow), pleura (small arrow) lymph nodes (arrowheads) and
soft tissue (chevron).
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lesions (>7 lesions) or presence of the diffuse pattern is asso-
ciated with poor prognosis.39,41,42 Additionally, MRI can be
used to assess the response to therapy. With positive
response to therapy, the marrow appearance on MRI slowly
to the normal pattern,26 unlike radiography. However, PET/
CT can provide us with unique information regarding the
Figure 11 A step-wise algorithm for using different imaging modali-
ties. WB-CT, whole-body CT; WB-XR, whole-body x-ray; WB-MRI,
whole-body MRI; MDEs, myeloma defining events.
metabolic response to therapy compared to MRI.43 As the
tumor cells die, they no longer take up the glucose analogue
18F-fluoro-2-deoxy-D-glucose (FDG) and uptake diminishes.
MRI has a few limitations including high cost, long scanning
time which can represent a challenge in claustrophobic and
terminally ill patients, exclusion of patients with some metal-
lic devices, and personal variation of the MRI appearance of
the disease, representing a possible challenge to determining
the presence of marrow infiltration in some patients.44 MRI
can be useful in patients with suspected cord compression
and to determine the need for interventional procedures
such as vertebroplasty or kyphoplasty of compressed verte-
bral bodies or radiation therapy.45 Moreover, it can help to
differentiate between benign and malignant causes of verte-
bral fracture.44

MRI plays an important role in predicting the risk of pro-
gression of SMM to symptomatic disease. The presence of
more than 1 focal lesion on baseline WB-MRI is associated
with an increased risk of progression with an approximate 2-
year progression rate of 65%-70%.46 Therefore, all patients
with SMM should undergo WB-MRI, or spine/pelvic MRI if
WB-MRI is not available. The presence of 2 of more focal
lesions of at least 5 mm in diameter is the accepted indicator
for presence of symptomatic disease that requires therapy ini-
tiation. In case of smaller/equivocal lesions, a follow-up MRI
should be done within 3-6 months. In case of progression on
MRI, therapy initiation should be considered44 (Fig. 9).
However, Merz et al found that the predictive value of dem-
onstrating a progressive marrow pattern on serial WB-MRI is
more accurate in estimating the risk of progression than the
presence of focal lesions on baseline WB-MRI. Progressive
patterns on WB-MRI include increased size of existing bone
lesions, development of new focal lesions, and/or new bone
marrow infiltration.47
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Positron Emission Tomography/
Computed Tomography
FDG is the most commonly used tracer for PET imaging in
MM and is a useful whole-body imaging modality for the
assessment of myeloma patients (Fig. 10). FDG PET/CT helps
to assess tumor burden and distinguish metabolically active
from inactive lesions. FDG is taken up by metabolically hyper-
active malignant plasma cells in place of glucose. PET scans
are performed in conjugation with CT for attenuation correla-
tion, and fused images allow accurate anatomical localization
of the lesions. Compared to other imaging modalities, PET/CT
has been found to be superior to WB-XR, while equally effec-
tive to MRI for detecting focal lesions. However, MRI is more
sensitive for detecting bone marrow infiltration.48,49 PET/CT is
very beneficial after treatment and helps to distinguish radio-
logically apparent but metabolically inactive lesions from those
resistant to treatment and are still metabolically active.50,51

PET/CT can also help predict disease course and prognosis.
Patients with higher standardized uptake values, which repre-
sents a quantitative measurement of FDG uptake and therefore
the metabolic activity of a given lesion, demonstrate a more
progressive disease course and worse prognosis compared to
patients with low standardized uptake values values.52,53 Addi-
tionally, complete suppression of abnormal activity on PET
following treatment suggests a positive response to therapy
and has been linked to better prognosis as compared to
patients with incomplete suppression.43

Furthermore, Bartel et al found that the number of FDG-
avid focal lytic bone lesions present after induction chemo-
therapy was linked to prognosis. The presence of 4 or more
lesions was found to be associated with poor prognosis and
inferior survival.43 In general, PET/CT is considered the best
imaging modality to evaluate the response to therapy by
comparing the metabolic activity on post-treatment scans
with pretreatment scans and also to identify patients with
minimal residual disease.54 Additionally, PET/CT provides a
rough estimate for the risk of progression from SMM to
symptomatic disease. Patients with SMM with metabolically
active lesions on PET/CT scans are at a higher risk of progres-
sion to MM with an estimated 2-year progression of 75%
compared to 30% in patients with negative PET/CT.55

PET/MRI is a novel, promising technique in patients with
MM. The PET portion of the scan detects focal active lesions,
while MRI determines their location and the degree of mar-
row involvement. This technique could be valuable in
patients in biochemical remission, in order to help detect
and localize residual disease activity and therefore guide
treatment.56 The use of different imaging modalities in
patients with MM requires a stepwise approach (Fig. 11),
which helps us to navigate our way during diagnosis, staging,
prognosis, and therapy response in patients with MM.
Treatment
The details, guidelines, and different regimens for the treat-
ment of MM are beyond the scope of this article. In general,
the treatment of MM consists of combination chemotherapy
to induce remission, followed by autologous stem cell trans-
plantation for eligible patients.57 In patients with asymptom-
atic MGUS or SMM, observation with regular follow-up is
the standard of care. However, treatment should be consid-
ered in high-risk patients.58

Introduction of novel agents such as immunomodulatory
drugs, for example, lenalidomide, and proteasome inhibitors,
for example, bortezomib, combined with conventional che-
motherapy can lead to dramatic improvement in prognosis
and prolonged progression-free survival.59 Furthermore,
emergence of immunotherapy is showing promising results
leading to improved prognosis and increased median
survival.60
Conclusion
MM is the second most common hematologic malignancy.
The malignant plasma cells infiltrate the normal bone mar-
row, and may invade the peripheral blood and other extra-
medullary organs causing end-organ damage. The IMWG
has established an updated set of criteria for the diagnosis of
MM and for differentiating it from other plasma cell disorders
such as MGUS and SMM. Whole-body imaging modalities
are considered part of the initial diagnostic work-up in
patients with MM. Different imaging modalities, particularly
MRI and PET/CT, play an important role in the staging pro-
cess, risk stratification and prognosis prediction. Further-
more, they help to determine disease progression and can
help evaluate the response to therapy. The use of imaging in
MM is a stepwise strategy that starts with standard techni-
ques like radiographic surveys, then progress to more
advanced ones such as PET/CT and WB-MRI.
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