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Abstract
Purpose Comparative data on the impact of imaging on management is lacking for multiple myeloma. This study compared the
diagnostic performance and impact on management of 18F-fluorodeoxyglucose positron emission tomography/computed to-
mography (18F-FDG PET/CT) and whole-body magnetic resonance imaging (WBMRI) in treatment-naive myeloma.
Methods Forty-six patients undergoing 18F-FDG PET/CT and WBMRI were reviewed by a nuclear medicine physician and radiol-
ogist, respectively, for the presence of myeloma bone disease. Blinded clinical and imaging data were reviewed by two haematologists
in consensus and management recorded following clinical data ± 18F-FDG PET/CT or WBMRI. Bone disease was defined using
International Myeloma Working Group (IMWG) criteria and a clinical reference standard. Per-patient sensitivity for lesion detection
was established. McNemar test compared management based on clinical assessment ± 18F-FDG PET/CT or WBMRI.
Results Sensitivity for bone lesions was 69.6% (32/46) for 18F-FDG PET/CT (54.3% (25/46) for PET component alone) and
91.3% (42/46) for WBMRI. 27/46 (58.7%) of cases were concordant. In 19/46 patients (41.3%) WBMRI detected more focal
bone lesions than 18F-FDG PET/CT. Based on clinical data alone, 32/46 (69.6%) patients would have been treated. Addition of
18F-FDG PET/CT to clinical data increased this to 40/46 (87.0%) patients (p = 0.02); and WBMRI to clinical data to 43/46
(93.5%) patients (p = 0.002). The difference in treatment decisions was not statistically significant between 18F-FDG PET/CT
and WBMRI (p = 0.08).
Conclusion Compared to 18F-FDG PET/CT, WBMRI had a higher per patient sensitivity for bone disease. However, treatment
decisions were not statistically different and either modality would be appropriate in initial staging, depending on local avail-
ability and expertise.

Keywords Myeloma . 18F-fluorodeoxyglucose positron emission tomography computed tomography . Whole-body magnetic
resonance imaging . Diagnosis

Introduction

Advanced imaging with whole-body computed tomography
(WBCT), whole-body magnetic resonance imaging
(WBMRI), or 18F-fluorodeoxyglucose positron emission
tomography/computed tomography (18F-FDG PET/CT) is
now recommended by the International Myeloma Working
Group (IMWG) for skeletal assessment of myeloma due to
their superior performance over radiographic skeletal survey
[1]. The IMWG consensus guidelines remain pragmatic,
recognising that the imaging modality choice is often influ-
enced by local availability, expertise, and cost. Nevertheless,
it is important that the selected baseline imaging test is
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sufficiently sensitive to detect small volume disease with high
specificity and impacts on patient management.

A small number of studies, with limited sample sizes, have
compared the diagnostic accuracy of 18F-FDG PET/CT and
WBMRI in myeloma [2–5], but to date, there has been a lack
of comparative data of the impact on management of 18F-
FDG PET/CT and WBMRI. Both techniques have advan-
tages. While WBMRI has superior sensitivity for diffuse bone
marrow infiltration [6], 18F-FDG PET/CT better demon-
strates lesion viability following treatment [7]; both convey
prognostic information [8, 9]. Additionally, in patients with
smouldering myeloma, the presence of >1 focal bone lesion
detected byWBMRI [10] or the presence of a focal FDG-avid
lesion [11] is a strong prognostic factor for progression to
myeloma such that they are now recognised as an indication
to treat otherwise asymptomatic myeloma [12, 13].

We hypothesised that the greater sensitivity ofWBMRI for
detection of myeloma compared to 18F-FDG PET/CT would
alter patient management in a greater proportion of cases.
Thus, the primary aim of this study was to compare the diag-
nostic performance of 18F-FDG PET/CT and WBMRI for
bone disease in patients with a new myeloma diagnosis and
to assess whether management differed depending on which
imaging was performed initially. We also assessed interob-
server agreement of 18F-FDG PET/CT andWBMRI for bone
disease detection in a subset of patients.

Methods

This retrospective study was granted institutional approval by
our Institutional Service Evaluation committee and the re-
quirement for informed consent for data use was waived.

Patients

Consecutive patients referred to our centre with a suspected or
confirmed new diagnosis of myeloma that underwent 18F-
FDG PET/CT and WBMRI between March 2014 and
May 2018, prior to treatment, were included. Patients were
excluded if they did not fulfil inclusion criteria.

Imaging

18F-FDG PET/CT Following a 6-h fast, up to 400 MBq 18F-
FDG was administered intravenously if blood glucose was <
10 mmol/L. At 60 +/− 5 min post-injection, imaging was
acquired from skull vertex to feet at 3.5 min per bed position
with an axial field of view of 15.7 cm and an 11-slice overlap
between bed positions, using a GE Discovery 710 PET-CT
scanner (GE Healthcare, Chicago, US). A low-dose CT scan
(140 kV, mA 15-100, noise index 40, 0.5 s rotation time, and
40 mm collimation) was performed at the start of imaging to

provide attenuation correction and an anatomical reference.
PET image reconstruction included scanner-based corrections
for radiotracer decay, scatter, randoms, and dead-time.
Emission sinograms were reconstructed with an ordered sub-
set expectation maximisation algorithm (2 iterations, 24
subsets).

WBMRI WBMRI consisting of T2-weighted fast-spin echo,
pre-and post-contrast agent T1-weighted Dixon spoiled 3D
gradient-recalled echo and diffusion-weighted echo-planar
imaging (with b value = 50 and 900 s/mm2) sequences from
the skull vertex to below knees was performed at 1.5 T
(Magnetom Aera, Siemens Healthcare, Erlangen, Germany)
(Supplemental Table 1). WBMRI study duration was approx-
imately 45 min, depending on patient height.
Image analysis

18F-FDG PET/CT and WBMRI imaging were reviewed in-
dependently by an experienced nuclear medicine physician
and radiologist, respectively specialising in whole body and
myeloma imaging. The presence/absence of focal and/or dif-
fuse disease and number of focal lesions were recorded.
Where focal lesions were present, their number was recorded
as follows: <5; 5 to 10; or >10. Focal bone lesions were
categorised as 18F-FDG-positive, i.e. standardised uptake val-
ue (SUV) greater than background bone marrow, or 18-FDG-
negative. The presence or absence of an osteolytic lesion typ-
ical of myeloma on the CT component using bone window
settings was also recorded, whether 18F-FDG-avid or not. For
the purposes of qualitative assessment for diffuse marrow in-
filtration on 18F-FDG PET/CT, the background bone marrow
was considered positive if bone marrow 18F-FDG uptake
exceeded hepatic activity (bone marrow SUVmax: hepatic
SUVmax ratio >1.0) [14]. Bone marrow involvement at
WBMRI was recorded as follows: normal, focal, diffuse, salt
and pepper or a combination of abnormal patterns [15].

Further evaluation was performed in a subset of patients
(25%) by 2 additional readers (a nuclear medicine physician
and radiologist, respectively) to assess inter-observer agree-
ment. For WBMRI, a total lesion score was assigned to facil-
itate assessment of inter-reader agreement of number of le-
sions across the different sites. The number of bone lesions
were scored as follows: score 0=0 lesions; 1=1-4 lesions; 2=5-
10 lesions; 3 =>10 lesions; for following 7 skeletal regions:
skull, cervical spine, thoracic spine, lumbar spine, pelvis, long
bones, ribs/other.

Clinical data collection

Electronic patient records were reviewed and the following
patient data were collected and anonymised; demographic da-
ta, serum haemoglobin, creatinine, free light chain ratio,
paraprotein level and bone marrow trephine plasma cell
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percentage at diagnosis; final recorded diagnosis following
multidisciplinary consensus clinical discussion and interna-
tional myeloma stage (ISS) served as the reference standard
for presence of disease status.

Management assignment

Anonymised clinical and imaging data were reviewed by two
consultant haematologists in consensus. Imaging data includ-
ed; study positive or negative for disease by IMWG criteria,
number of focal bone lesions (and for 18F-FDG PET/CT,
whether bone lesions were FDG positive or negative, and
with/without associated lytic component on CT), WBMRI
disease pattern and likely presence/absence of diffuse infiltra-
tion on 18F-FDG PET/CT based on objective assessment of
background bone marrow avidity compared to the liver.
Clinical data alone, clinical and 18F-FDG PET/CT data and
clinical and WBMRI data were reviewed separately and vir-
tual management decisions made (either treat as myeloma or
active surveillance) as per institutional treatment guidelines .
Data was randomised and reviewed on separate occasions,
with an interval of at least 1 week, to minimise recall bias.

Reference standard

Concordance and diagnostic performance of WBMRI and
18F-FDG PET/CT were assessed against the IMWG defini-
tion of myeloma bone disease which states that there should
be one or more 5 mm osteolytic bone lesions at CT or 18F-
FDG PET/CT and more than one unequivocal bone marrow
lesion (measuring at least 5 mm) at WBMRI [13] and clinical
reference standard for disease status, including bone marrow
biopsy and final recorded diagnosis following multidisciplin-
ary consensus clinical discussion.

Statistical analysis

Sensitivity of bone marrow SUVmax: hepatic SUVmax
ratio >1.0 for detection of bone marrow infiltration (where
bone marrow trephine plasma cell percentage of >10%
was taken as the reference standard) was assessed.
Spearman rank correlation was performed for assessment
of correlation between background bone marrow avidity,
SUVmax at the iliac crest, and bone marrow plasma cell
percentage; and WMBRI bone marrow infiltration pattern
and bone marrow plasma cell percentage. Inter-reader
agreement for disease scoring by 18F-FDG PET/CT or
WB-MRI was assessed using Cohen’s Kappa for categor-
ical and Intraclass Correlation Coefficient for continuous
data. The McNemar test was used to assess the signifi-
cance of the difference between the proportion of different
management decisions (either active treatment or surveil-
lance) based on (i) clinical information alone compared

with decision based on (ii) clinical information + 18F-
FDG PET/CT result, or (iii) clinical information +
WBMRI result, and finally (iv) comparing decision based
on clinical information + 18F-FDG PET/CT and clinical
information + WBMRI. P<0.05 denoted statistical
significance.

Results

Patients

Forty-six patients (24 male, median age 63 years, range: 36-86
years) with a suspected or confirmed new clinical diagnosis of
myeloma received both pre-treatment WBMRI and 18F-FDG
PET/CT between March 2014 and May 2018. The median
time interval between imaging studies was 7 days (range: 0-
56 days). 89.1% (41/46 patients) had symptomatic myeloma
and 6.5% (3/46 patients) had smouldering myeloma. 4.3%
(2/46 patients) had multifocal plasmacytoma, with diagnosis
upgraded to myeloma. Median serum paraprotein was 29.5 g/
L (range: 2–77 g/L). All patients underwent baseline bone
marrow trephine and biopsy. Median bone marrow plasma
cell percentage was 30% (range: 1-90%). Clinical characteris-
tics are summarised in Table 1.

Detection of focal lesions

The per patient sensitivity of WBMRI for detecting mye-
loma bone disease was 91.3% (42/46 patients) compared
with 69.6% (32/46 patients) for 18F-FDG PET/CT,
(69.6% (32/46 patients) for the CT component alone and
54.3% (25/46 patients) for the PET component alone for
the detection of bone lesions). There were no cases where
18F-FDG PET/CT was positive for disease detection and
WBMRI was negative.

In 58.7% (27/46) patients, WBMRI and the CT component
of 18F-FDG PET/CT detected a concordant number of focal
bone lesions whilst in 41.3% (19/46) WBMRI detected a
greater number of focal bone lesions (Table 2; Fig. 1). Of note,
in 10/19 discordant patients with negative 18F-FDG PET/CT
studies, there were more than 10 lesions present on the
WBMRI. In the 3 patients with smouldering myeloma, all
had negative 18F-FDG PET/CT studies whilst 2/3 (66.6%)
also had negative WBMRI studies. One patient with smoul-
dering myeloma had focal bone lesions on WBMRI and their
diagnosis was upgraded to myeloma (Fig. 2). In patients with
18F-FDG PET/CT positive disease (PET ± CT, 32/46
(69.9%), 23/32 (71.8%) patients had both FDG-avid and CT
lytic lesions totalling 69 lesions, while 13/32 (40.6%) patients
had FDG-avid lesions with no accompanying lytic component
totalling 83 lesions.
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Assessment of marrow involvement

In 25/46 (54.3%) of patients, bone marrow 18F-FDG
SUVmax exceeded hepatic SUVmax. There was a weak

positive correlation between SUVmax at the right iliac crest
and bone marrow plasma cell percentage (r = 0.311, p =
0.036); the sensitivity of bone marrow SUVmax: hepatic
SUVmax ratio >1.0 for detection of bone marrow involve-
ment was 36.4%, where bone marrow involvement was de-
fined as bone marrow trephine plasma cell percentage of >
10%. The two patients with multifocal plasmacytoma were
excluded from this analysis.

WBMRI infiltration patterns in imaging positive studies
were as follows: normal = 4/46 (8.7%), focal = 15/46
(32.6%) and salt and pepper/diffuse (alone or in combination
with focal pattern) = 27/46 (58.7%). There was no significant
correlation between WBMRI infiltration pattern and bone
marrow plasma cell percentage (r = 0.193) (p = 0.2)

Inter-reader agreement

Inter-reader agreement was assessed in a subset of 12/46
(26.1%) patients.

18F-FDG PET/CT

There was moderate agreement between the two readers in
scoring for the presence/absence of focal CT and PET disease,
with a kappa score of 0.44 and 0.47, respectively.
Identification of CT disease was discordant in 3/12 patients,
where CT positive but FDG-negative lesions were noted by
one reader. Identification of FDG-positive disease was also
discordant in 3/12 patients.

Whole-body MRI

There was excellent agreement between the two readers in
scoring for the presence/absence of focal lesions on a per
patient basis (kappa score, 1.00). With respect to the scoring
of the number of lesions across the 7 regions, mean ± SD focal
lesion score was 7.4 ± 5.7 for Reader 1 and 7.7 ± 5.5 for
Reader 2; with an intraclass correlation coefficient of 0.95
[95%CI: 0.84-0.99]. With respect to the presence/absence of
bone marrow infiltration, there was good agreement between
both readers with a kappa score of 0.74; one patient with a
bone marrow infiltration percentage of 90% on biopsy was
assigned incorrectly as negative by one reader.

Impact on clinical management

Based on the review of clinical data alone, 32/46
(69.6%) of patients would be treated for myeloma rather
than active surveillance, in accordance with institutional
treatment protocols. Review of clinical data with 18F-
FDG PET/CT resulted in treatment of 40/46 (87.0%)
patients, and review of clinical data with WBMRI re-
sulted in treatment of 43/46 (93.5%) patients.

Table 1 Summary of clinical characteristics

Clinical characteristics

No. of patients 46

Sex

Male 24

Female 22

Age

Median (range), years 63 (36-86)

Diagnosis

Symptomatic myeloma 41

Smouldering myeloma 3

Multiple plasmacytoma variant 2

International staging system (ISS)

ISS 1 19

ISS 2 17

ISS 3 10

Bone marrow plasma cell percentage

Median (range), % 30 (1-90%)

Serum haemoglobin level

Median (range), g/L 106 (74-138)

Serum creatinine level

Median (range), umol/L 85.5 (45-585)

Serum calcium level

Median (range), mmol/L 2.45 (2.16-3.90)

Serum paraprotein level

Median (range), g/L 29.5 (2-77)

Table 2 Comparison of number of focal lesion detected for 18F-FDG
PET/CT and WBMRI

Imaging Number of lesions

0 <5 5–
10

>10

All cases, n = 46

18F-FDG PET/CT 15 11 1 19

WBMRI 5 5 2 34

Concordant cases, n = 27

WBMRI = 18F-FDG PET/CT 5 3 0 19

Discordant cases, n = 19

WBMRI where 18F-FDG PET/CT = 0 - 2 - 10

WBMRI where 18F-FDG PET/CT <5 - - 2 6

WBMRI where 18F-FDG PET/CT

5-10 - - - 1
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Of the 3/46 (6.5%) cases where review of clinical and
WBMRI data resulted in surveillance rather than treatment,
both WBMRI and 18F-FDG PET/CT were negative for bone
disease by IMWG criteria. Of the further 3 cases where review
of clinical and 18F-FDG PET/CT data resulted in surveil-
lance, 18F-FDG PET/CT was negative by IMWG criteria in
all cases (2 cases PET component positive, CT component
negative) whilst WBMRI demonstrated focal disease in all
cases.

14/46 (30.4%) patients had a negative 18F-FDG PET/CT
by IMWG criteria. However, 6/14 (42.9%) would have been
treated on the basis of clinical data alone. Using the McNemar

test, significance of differences between percentage treated
was p = 0.02 for clinical data alone compared with clinical
data + FDG-PET/CT result, p = 0.002 for clinical data com-
pared with clinical data + WBMRI result and p = 0.08 for
clinical data + FDG-PET/CT result compared with clinical
data + WBMRI result (Table 3).

Discussion

Our study confirms that WBMRI detects skeletal disease in a
higher number of treatment-naïve patients than 18F-FDG

Fig. 1 Seventy-six-year-old female with symptomatic myeloma and 80%
bone marrow infiltration. 18F-FDG PET/CT (a: Whole body MIP; b:
Axial fused image; c: Axial CT image (bone windows)) and WBMRI
(d: b900 inverted whole bodyMIP; e: Axial inverted b900 image; f: Axial
T2-weighted image) demonstrates a pathological fracture of the right

humeral head as well as more widespread disease with multiple focal
lesions (>10) and on both the CT component of the 18F-FDG PET/CT
andWBMRI. Beyond the FDG uptake at the fracture site, the background
bone marrow: liver FDG uptake ratio was <1.0

Fig. 2 Eighty-three-year-old female with smouldering myeloma, rising
serum paraprotein and 15% bone marrow infiltration. 18F-FDG PET/CT
(a: Whole body MIP; b: Axial PET image; c: Axial fused image) and
WBMRI (d: Coronal contrast enhanced T1-weighted fat-suppressed
Dixon image; e: Axial inverted diffusion b900 image; f: Axial T2-

weighted image) are shown. Pelvic focal lesions and marrow infiltration
seen on the diffusion and contrast enhanced T1-weighted images are not
as easily detected on 18F-FDG PET/CT (bone marrow: liver FDG uptake
ratio <1.0)
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PET/CT and also detects a higher number of lesions per pa-
tient with concordance in disease positivity/lesion number in
only 59% of patients. Just under half of patients (45.7%) did
not have focal or diffuse FDG avid disease in our cohort.
Observer agreement was moderate to substantial for 18F-
FDG PET/CT and WBMRI, respectively.

Imaging with either 18F-FDG PET/CT or WBMRI resulted
in a change in management in up to 23.9% (11/46) of patients,
where review of clinical data alone would have resulted in
surveillance rather than treatment. WBMRI resulted in a deci-
sion to treat in an additional 6.5% (3/46) of patients compared
with 18F-FDG PET/CT. In cases of a negative 18F-FDG PET/
CT scan, a negative impact on management (i.e. surveillance
versus treatment) was mitigated by positive clinical data.

No previous study has assessed management change, al-
though, there have been a limited number of studies compar-
ing diagnostic performance of WBMRI and 18F-FDG PET/
CT in myeloma [3–5, 16–19], most with small patient num-
bers and heterogeneous study methodology [2]. One prospec-
tive study comparingWBMRI and 18F-FDG PET/CT pre and
post-treatment in 56 patients [5], found that WBMRI had a
greater sensitivity than 18F-FDGPET/CT in detection of bone
lesions before treatment (WBMRI sensitivity = 94%, 18F-
FDG PET/CT sensitivity = 75%, p=0.0039). Nevertheless,
18F-FDG PET/CT had a greater specificity in detection of
residual disease post-treatment, with equal sensitivity to
WBMRI (18F-FDGPET/CT specificity = 86%,WBMR spec-
ificity = 43%, sensitivity = 75%). This study, however, was
limited by the chosen clinical reference standard (disease ac-
tivity defined as the presence of > 30% plasma cells at bone
marrow aspiration of the iliac crest). Additionally, 18F-FDG
PET/CT positivity was not defined in accordance with IMWG
criteria (necessitating an osteolytic component) and number of
focal lesions was not assessed. Similarly, in another prospec-
tive study, Mesguich et al. found that a greater number of
lesions were detected on WBMRI than 18F-FDG PET/CT,
but no diagnostic difference between modalities on a per pa-
tient basis [3]. However, MRI evaluation of diffuse disease
with MY-RADS criteria [20] served as a reference standard
for diffuse infiltration.

18F-FDG is the current recommended radiopharmaceutical
for clinical imaging in myeloma, however, we found that the
sensitivity of PET alone was only 54.3%. This is similar to the
sensitivity of PET (59%) in Shortt et al. [16], where FDG-
positive focal bone disease was defined as SUVmax > 2.5.
The low sensitivity in the Shortt study was attributed to the
fact that included patients were in different stages of treat-
ment, but clearly there is additional contributing biology.
One possible explanation for this is that there is reduced ex-
pression of the enzyme hexokinase-2 in individuals which has
been reported in 11% of patients without 18F-FDG avid dis-
ease [21]. Hexokinase-2 is involved in the first step of glucose
metabolism and is thought to be indicative of prolonged time
to next treatment and progression-free survival [22]. Low-
volume bone marrow plasma cell infiltration has also been
suggested as a possible explanation for 18F-FDG negative
disease [23].

The prognostic value of 18F-FDG PET/CT in myeloma
has been clearly established. In a study by Zagmani et al., both
progression-free and overall survival were adversely affected
by the presence of extramedullary disease, three or more focal
lesions at baseline and SUVmax greater than 4.2 [24]. In our
study, there was a weak positive correlation between back-
ground bone marrow 18F-FDG avidity (SUVmax) and bone
marrow plasma cell percentage, and sensitivity of bone mar-
row SUVmax:hepatic SUVmax >1 of 36.4% for detection of
bone marrow infiltration. A recognised confounding factor in
subjective assessment of background bone marrow infiltration
on 18F-FDG PET/CT is that generalised increased bone mar-
row avidity may be observed in both plasma cell infiltration
and in reactive marrow, e.g. secondary to anaemia, a common
finding in myeloma patients.

In the diagnostic setting, it would appear that WBMRI and
18F-FDG PET/CT provide complementary information, and
prospective studies exploring the diagnostic performance of
hybrid techniques such as PET/MRI are needed. There has
been very limited research exploring use of PET/MRI in my-
eloma to date. One previous study (n = 30) comparing 18F-
FDG PET/CT and 18F-FDG PET/MRI in newly diagnosed
myeloma concluded that 18F-FDG PET/MRI was a feasible
imaging technique with comparable sensitivity to 18F-FDG
PET/CT for focal bone lesion detection. However, there were
statistically significant differences between 18F-FDG PET/
CT and 18F-FDG PET/MR-derived SUVmax and
SUVaverage with higher reported values for 18F-FDG PET/
CT compared with 18F-FDG PET/MRI [25].

Limitations of our study include its retrospective nature and
the lack of a pathological reference standard for every bone
lesion; however, this limitation was partially offset by use of
an independent clinical reference standard. Clinical factors
such as patient co-morbidities/performance status were not
accounted for, which would influence treatment decisions in
day-to-day practice. The virtual management decision

Table 3 Comparison of clinical management with clinical data only;
clinical data + 18F-FDG PET/CT; and clinical data + WBMRI

Method % treated % difference (95% CI) P value

Clinical data only 70% 0 0.02

Clinical data + PET/CT 87% 17% (1%, 33%)

Clinical data only 70% 0 0.002

Clinical data + WBMR 93% 24% (8%, 40%)

Clinical data + PET/CT 87% 0 0.08

Clinical data + WBMR 93% 7% (-3%, 16%)

2563Eur J Nucl Med Mol Imaging  (2021) 48:2558–2565



regarding treatment vs. surveillance was binary and did not
address individual treatment regimens as this was not deemed
pertinent to the study objectives. The small number of patients
overall as well as with smouldering myeloma also limits the
conclusions that can be drawn.

Conclusion

WBMRI detects skeletal disease in a higher number of treat-
ment naïve patients than 18F-FDG PET/CT and also detects a
higher number of lesions per patient with concordance be-
tween 18F-FDG PET/CT and WBMRI in terms of disease
positivity and lesion number in only 59% of patients.
Imaging impacts on clinical management resulting in a signif-
icantly higher proportion of treated patients compared with
clinical data alone. However, treatment decisions were not
statistically different between modalities and either would be
appropriate in initial staging, depending on local availability
and expertise.
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need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
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