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Multiple myeloma (MM) is a malignant hematologic disease caused by the proliferation of clonal plasma
cells in the bone marrow, and its incidence is increasing in Korea. With the development of treatments
for MM, the need for early diagnosis and treatment has emerged. In recent years, the International My-
eloma Working Group (IMWG) has been constantly revising the laboratory and radiological diagnostic
criteria for MM. In addition, as whole-body MRI (WBMR) has been increasing used in the diagnosis and
treatment response evaluation of patients with MM, the Myeloma Response Assessment and Diagnosis
System (MY-RADS) was created to standardize WBMR image acquisition techniques, image interpreta-
tion, and response evaluation methods. Radiologists need to have a detailed knowledge of the features
of MM for accurate diagnosis. Thus, in this review article, we describe the imaging method for MM ac-
cording to the latest IMWG guidelines as well as the image acquisition and response evaluation tech-

nique for WBMR according to MY-RADS.
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Table 1. Diagnostic Criteria for Multiple Myeloma according to the IMWG 2014 Guidelines

Clonal BM plasma cells > 10% or biopsy-proven bony/extramedullary plasmacytoma
And any one or more of the following CRAB features and MDE

CRAB Evidence of end organ * Hyper-calcemia: serum Ca> 11 mg/dL or serum Ca > 1 mg/dL higher than upper limit of normal
damage attributed to * Renal insufficiency: Cr clearance <40 mL/min or serum Cr>2 mg/dL
underlying plasma cell * Anemia: Hb value < 100g/L or Hb >20g/L below the lowest limit of normal
proliferative disorder * Bone lesions: = 1 osteolytic lesion on skeletal radiography, CT, or PET/CT. If <10% clonal plasma

cellsin BM, = 1 bone lesion is required (distinguish from solitary plasmacytoma with minimal
BM involvement)
MDEs Any 1 of the following » Clonal plasma cells = 60% on BM examination
biomarkers of malignancy *Serum involved/uninvolved free light chain ratio = 100, provided the absolute level of the
involved light chain = 100 mg/L
* More than one focal lesion on MRl = 5 mm

BM = bone marrow, Ca = calcium, Cr = creatinine, CRAB = hypercalcemia, renal failure, anemia, destructive bone lesion, Hb = hemoglobin,
IMWG = International Myeloma Working Group, MDE = myeloma-defining event
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Fig. 1. Imaging algorithm for multiple myeloma at 1st diagnosis based on the IMWG 2019 guidelines.

‘ Suspected multiple myeloma ‘

‘ LDWBCT or PET/CT ‘ Initial skeletal'survey by LDWBCT not
by conventional skeletal survey
\ J

A4 i

Inconclusive Positive

| secondline imaging modality:
WBMR ¢
| WBMR

‘ Negative & no other MDEs ‘ ‘ Positive ‘

v

\ A
‘ 1 unequivocal focal lesion ‘ ‘ > 1 unequivocal focal lesion

‘ Follow up yearly for SMM ‘

Alternating WBMR &
LDWBCT every 6 months

¢ A4

Increase in size or number Multiple myeloma
or osteolytic activity treatment

IMWG = International Myeloma Working Group, LDWBCT = low-dose whole body CT, MDE = myeloma-defin-
ing event, SMM = smoldering multiple myeloma, WBMR = whole body MRI
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Table 2. Comparison of Imaging Modalities for Multiple Myeloma

Strong Point

Weak Point

CSS * Low cost

» Easy accessibility

LDWBCT * Higher sensitivity than CSS to osteolytic lesions

* A biopsy, surgery or radiation treatment plan may be
available

* Possible to detect extramedullary lesions

* Cheaper than PET/CT or WBMR

* No radiation exposure

+ Both diffuse or focal bone marrow lesions can be
detected

* High sensitivity to detect bone marrow lesions

* Good for detecting extramedullary lesions or
compression fractures

Whole body MRI

« Can be used for prognostic evaluation

* A biopsy, surgery or radiation treatment plan may be
available

* Possible to evaluate the activity of the disease before
and after treatment

* Ability to evaluate extramedullary lesions

+ CT component can define lytic diseases

PET/CT

* Low sensitivity to detection of bone lesions

* Asignificant amount of bone must be lost to be seen on
X-rays

* Long acquisition time

* Limited bone marrow evaluation

« Difficulty in distinguishing between benign and malignant
compression fractures

+ Difficulty evaluating treatment responses

* Radiation exposure

« Difficulty evaluating treatment responses

* Higher cost than CSS

+ Unable to identify lesions prior to bone destruction or
diffuse lesions in the bone marrow

* Higher cost compared to CSS and LDWBCT

* Long acquisition time

* Higher cost compared to CSS and LDWBCT
* Long acquisition time

* Radiation exposure

* High false positive rate

* Poor resolution

Adapted from Lee et al. Korean J Radiol 2021;22:1497-1513 (7).
CSS = conventional skeletal survey, LDWBCT = low dose whole body CT
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Fig. 2. A66-year-old male patient with multiple myeloma.
A-C. A conventional skeletal survey shows no definite osteolytic lesion.
D, E. Low-dose whole-body CT images show multiple osteolytic lesions in the spine and pelvis (arrows).
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16.0 X 1.5 mm, pitch+= 1, section thickness= 2 mm= A& 715 HAstaL th(19). A7
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Fig. 3. A52-year-old female patient with a diffuse pattern of multiple myeloma.

A. CT shows no definite bone lesions in the pelvis and sacrum.

B. Whole-body MR inverted diffusion-weighted image (b-value = 900 sec/mm?) shows diffuse but increased bone marrow signal change
compared with that of the soft tissue.

C. The corresponding apparent diffusion coefficient map shows an increased apparent diffusion coefficient value (approximately 700-800 pm?/
sec) compared to the normal bone marrow (less than 600-700 um?/sec).

D, E. T1-weighted Dixon fat-only (D) and in-phase (E) images show decreased signal intensity at the sacrum and pelvic bone, suggesting a
diffuse pattern of multiple myeloma involvement.
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THE 7 4 Urh(Fig. 4) (20, 22). 4 HHR ok e} 4 94 M2 A 4 ks A

WBMRS] %zdo]ct.

e WBMRE tg 248 &219] X 28kg g7toll= $A17F Qleh. WBMR2 2&Ho] X
#(progression) H7olli= RIZESE Bo|w B 52 @45 AR 0| X WH(Fig. 5) 2 E=
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4~ Qltk(Fig. 6) (23)

WBMRS 23} 2= 2 A19 4 (whole body imaging)- 7 (skull vertex) - &] F£-E2714] 25+
E|ojof S}l 7ha S ARA| = IEGHA7 | = Ao Frt. HESE YA 0 2 WBMR2| AHF7|(slice
thickness)+= 5 mme| 22 IMWGO| A+ =4 BW¥ o] 2|4 27 9] 7]&S 5 mm=E A&t

HR ST
PET/CT= "AMS E28& ol-gsto] AlLo] tird-sol tiRt JEE = 2oz, “F7t 23

fluorodeoxyglucose (°|3} FDG)E 714 o] ARg3ka 17, MM Zthol| = ¥F-FDG PET/CT
5 32 ARR3ITH4). PET/CT 94lA FDG uptakes 24 Ao thilS Hhsh= 54 &
w52 2AnIrH(7). PET/CTE =4 MW ohet &< of H7kA] gl 7hsstn ohahd =4

Fig. 4. A61-year-old male patient with multiple myeloma.

A-C. Sagittal fat-suppressed T2-weighted (A) and T1-weighted (B) images and axial contrast-enhanced fat-
suppressed T1-weighted image (C) show the decreased height of the T7 vertebral body with diffuse bone
marrow signal change and anterior epidural mass formation abutting the spinal cord (arrows), suggesting a
pathologic compression fracture. Other multifocal bone lesions are visible in the whole spine (arrowheads).
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Fig. 5. A63-year-old male patient with multiple myeloma.

A-C. Initial coronal fat-suppressed T2-weighted (A) and sagittal contrast-enhanced fat-suppressed T1-
weighted images (B) show multifocal bone marrow lesions (white arrows). A PET/CT performed at around
the same time (C) shows multifocal hypermetabolic bone lesions (black arrows).

D-F. Coronal fat-suppressed T2-weighted (D) and sagittal contrast-enhanced fat-suppressed T1-weighted
images (E) and PET/CT image (F) acquired at 1 year and 4 months of follow-up after chemotherapy initia-
tion show an increased size and a high number of multifocal bone marrow lesions in the whole skeleton
(arrows). According to the response assessment category of MY-RADS, the lesion appears category 5 and is

highly likely to be progressing. Progression of the disease is visible on whole-body MRI, similar to that on
PET/CT.
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Fig. 6. A 64-year-old male patient with multiple myeloma.

A-E. Initial PET/CT images (A, B) show multiple hypermetabolic bone lesions (arrowheads) in the skeleton, including at the T7, with patho-
logic compression fracture (arrows). Coronal fat-suppressed T2-weighted image (C) shows a lesion with high signal intensity at T7 (arrow).
A high b-value image (D, b =900 sec/mm?) shows a high signal intensity lesion at T7 (arrow), and the apparent diffusion coefficient map
(E) shows a higher apparent diffusion coefficient value (arrow) than that of the normal bone marrow.

»
o

SRS 7 4 B e zﬂaﬁ%{l%ﬂ*_ﬁ PET/CT7P Rop5o] 11 A7, =
F0 2 2 8HH= FRjol7] Holgls Fe] §-7-= Sixjo] oflSmgrlsnt oluet 28 HHek A

H
= 203 JRQIE, PETCTE AIE 247 yiF 228 728 4 9lo] dolgl E% W7} 7}

ol 924 23 BY = QITH7). PET/CTE =4 ¥R¥2] A& (viability) H7tolli= MRIE
CF SRRt v]eg 24 g 7ol JlojAl= R =7t ol A WBMReO| of RIgatcta &
2174 QlTh4).

PET/CTol|A] ®¥io] it wdsh= 7]Eo] tha EEsto] IEx} 2ol &Fol7} 9lg 4=
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Fig. 6. A 64-year-old male patient with multiple myeloma (Continued).

F-J. PET/CT images (F, G) acquired at 1-year follow-up after chemotherapy show no residual hypermetabolic lesions, suggesting complete
response (category 1; highly likely to be responding according to the response assessment category from MY-RADS). In the coronal fat-
suppressed T2-weighted image (H), a lesion with high signal intensity is still visible in T7 (arrows). However, the diffusion-weighted image
(I, b=900 sec/mm?) and apparent diffusion coefficient map (J) show no diffusion restriction, indicating a treated lesion (arrows).

Myeloma Response Assessment and Diagnosis System
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Table 3. Whole Body MRI Protocol from MY-RADS

Core Clinical Protocol

Comprehensive

No. Sequence . .
(30 min) Assessment (50 min)
1 Whole spine: sagittal, T1-WI, FSE, section thickness 4-5 mm 0 0
Whole spine: sagittal, T2, STIR or FS T2-WI, section thickness 4-5 mm (0] (0]
Whole body (vertex to knee): T1-WI, GE Dixon. Fat and water image Axial or coronal Axial and coronal
reconstruction with fat fraction maps (FF = F/(F +W)/100%) (5 mm)
4 Whole body: axial, diffusion-weighted, STIR FS, 5 mm contiguous sectioning, Two b-values Three b-values
multiple stations (50-100 sec/mm?, (+500-600 sec/mm?)
* ADC calculations with monoexponetial data fitting 800-900 sec/mm?)

* 3D MIP reconstructions of highest b-value images
5  Whole body: axial, T2WI, FSE w/o FS, 5 mm contiguous sectioning, preferably Optional
matching the DWI
6  Regional assessments such as symptomatic or known sites, suspected cord Usually not
compression/nerve root involvement/extramedullary disease

Optional

Adapted from Messiou et al. Radiology 2019;291:5-13 (20).

ADC = apparent diffusion coefficient, DWI = diffusion weighted imaging, FS = fat suppression, FSE = fast spin-echo, GE = gradient-echo, MIP =
maximum intensity projection, MY-RADS = myeloma response assessment and diagnosis system, STIR = short inversion time inversion-re-

covery, Wl = weighted imaging
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Table 4. Whole Body MRI Protocol Including Coronal T2 Image in Asan Medical Center

No. Sequence (Total Scan Time, 33 min)

Whole body (vertex to knee): coronal, T2-WI, TSE DFS, 5 mm contiguous sectioning
2. Whole spine: sagittal, T1-WI, TSE, section thickness 3.9 mm
3 Whole spine: sagittal, FS T2-WI, section thickness 3.9 mm
Whole body (vertex to knee): axial T1-WI, VIBE, FS Dixon. Section thickness 5 mm

4

Water only, fat only, in-phase, and opposed-phase sequences

Whole body: axial, DWEPI, 5 mm contiguous sectioning, two b-values (50 sec/mm2, 900 sec/mm?)
5 + ADC calculations with monoexponetial data fitting

* 3D MIP reconstructions of highest b-value images
6 Brain: axial, T1-WI SE , FS, section thickness 5 mm

ADC = apparent diffusion coefficient, DFS = Dixon-based fat saturated, DWEPI = diffusion-weighted echo pla-
nar image, FS = fat suppression, MIP = maximum intensity projection, SE = spin echo, TSE = turbo-spin echo,
VIBE = volumetric interpolated breath-hold sequence, Wi = weighted imaging
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Table 5. Clinical Reporting Template for Multiple Myeloma on Whole Body MRI

Clinical Reporting Template Notes

Technique Core vs. comprehensive protocol
Additional sequences and deviations
Dates of previous examinations

Findings
*Bone Spine first, and then head to thighs
» Measurement of up to 5 focal lesions/pattern Normal, focal, focal on diffuse, diffuse, micronodular

of marrow infiltration
* Paramedullary or extramedullary sites
* Vertebral fractures

* Response assessment category for each 1: Highly likely to be responding
anatomic sites 2: Likely to be responding
3:Stable

4: Likely to be progressing
5: Highly likely to be progressing
*Incidental findings
Conclusion
Adapted from Messiou et al. Radiology 2019;291:5-13 (20).
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Fig. 7. Patterns of multiple myeloma.

A-H. Axial inverted DWI (b-value =900 s mm?) (A,
C, E, G, I). Corresponding to the ADC maps (B, D,
F, H).

A, B. Normal adult bone marrow.

C, D. Focal pattern. Images demonstrate focal
bone lesions greater than 5 mm (arrows), which
have a higher signal intensity, with high b-value,
than the muscle and background marrow, as well
as a higher ADC value than the background bone
marrow.

E, F. Diffuse pattern. A high b-value image (E) shows
a more diffuse, higher signal intensity than muscle,
and the corresponding ADC map (F) shows a higher
signal intensity than that of the normal bone mar-
row.

G, H. Focal diffuse pattern. DWI (G) shows focal
bone lesions (arrows) with a higher signal intensity
than the muscle. However, the background mar-
row has a higher signal intensity than that of the
muscle, and the corresponding ADC (H) shows a
higher signal intensity than that of the normal bone
marrow.

1, J. Micronodular patterns. DWI (1) and T1-weight-
ed Dixon fat-only images (J) show multiple small
nodular signal changes (< 5 mm).

K, L. The images show a paramedullary soft-tis-
sue disease with direct continuity with the bone
marrow lesion (arrows).

M, N. The images show an extramedullary disease
that is not in continuity with bone marrow disease
(arrows).

ADC = apparent diffusion coefficient, DWI = diffu-
sion-weighted image
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Table 6. Response Assessment Categories for MM

1: Highly likely e« Return of normal fat containing marrow in areas previously infiltrated by focal or diffuse myelomatous infiltration
to be * Unequivocal decrease in number or size of focal lesions
responding  * Conversion of a packed bone marrow infiltrate into discrete nodules, with unequivocal decrease in tumor load in the
respective bone marrow space
* Decreasing soft tissue associated with bone disease
« Emergence of intra- or peritumoral fat within/around focal lesions (fat dot or halo signs)
* Previously evident lesion shows increase in ADC from < 1400 pm?/sec to > 1400 um?/sec
* = 40% increase in ADC from baseline with corresponding decrease in normalized high b-value signal intensity;
morphologic findings consistent with stable or responding disease
* For soft-tissue disease, RECIST version 1.1 criteria for PR/CR
2:Likelytobe < Evidence of improvement but not enough to fulfill criteria for RAC 1
responding  ° Slight decrease in numbery/size of focal lesions
* Previously evident lesions showing increases in ADC from < 1000 um?/sec to < 1400 um?/sec
*>25% but < 40% increase in ADC from baseline with corresponding decrease in high b-value signal intensity;
morphologic findings consistent with stable or responding disease
* For soft-tissue disease, RECIST version 1.1 not meeting requirements for PR
3:No change *No observable change
4:Likelytobe  «Evidence of worsening disease, but not enough to fulfill criteria for RAC 5
progressing  * Equivocal appearance of new lesion(s)
* No change in size but increasing signal intensity on high b-value images (with ADC values < 1400 pm?/sec) consistent
with possible disease progression
* Relapsed disease: reemergence of lesion(s) that previously disappeared or enlargement of lesion(s) that had partially
regressed/stabilized with prior treatments
» Soft tissue in spinal canal causing narrowing not associated with neurologic findings and not requiring radiation
therapy
* For soft-tissue disease, RECIST version 1.1 criteria not meeting requirements for PD
5:Highly likely  +New critical fracture(s)/cord compression requiring radiation therapy/surgical intervention; only if confirmed as
to be malignant with MRI signal characteristics
progressing  *Unequivocal new focal (> 5 to 10 mm)/diffuse area(s) of infiltration in regions of previously normal marrow
+ Unequivocal increase in number/size of focal lesions
* Evolution of focal lesions to diffuse neoplastic pattern appearance/increasing soft tissue associated with bone disease
* New lesions/regions of high signal intensity on high b-value images with ADC value between 600-1000 um?/sec
Adapted from Messiou et al. Radiology 2019;291:5-13 (20).
ADC = apparent diffusion coefficient, CR = complete response, PD = progressive disease, PR = partial response, RAC = response assess-
ment category, RECIST = response evaluation criteria in solid tumors, MM = multiple myeloma
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