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Abstract
Purpose The investigation of a semi-quantitative index in the pelvis to assess for diffuse bone marrow (BM) [18F]-FDG uptake
and the investigation of PET skeletal patterns in multiple myeloma (MM) patients, in accordance with prognostic markers, clonal
plasma cell (cPC) morphology, and response to therapy.
Methods We prospectively analyzed [18F]-FDG PET/CT in 90 MM patients (newly diagnosed, 60; relapsed/refractory, 30).
Among other PET/CT parameters, we calculated the ratio SUVmax pelvis/liver and examined for correlations with known MM
prognostic parameters, cPC morphology (good vs. low/intermediate differentiation), and response to therapy.
Results SUVmax pelvis/liver ratio was significantly lower for the group of good differentiation vs. intermediate/low differenti-
ation cPCs (p < 0.001) and showed a positive correlation with BM infiltration rate,β2microglobulin, serum ferritin, international
staging system (ISS), and revised ISS; no significant correlation was found with hemoglobin. A cutoff value of 1.1 showed an
excellent specificity (99%) and high sensitivity (76%) for diffuse BM involvement (AUC 0.94; p < 0.001). Mixed pattern and
appendicular involvement correlated with poor prognostic features while normal pattern, found in 30% of patients, correlated
with good prognostic features. Presence of ≥ 10 focal lesions negatively predicted for overall response (p < 0.05; OR 4.8). The
CT component improved the diagnostic performance of PET.
Conclusion This study showed, for the first time, that cPC morphology and markers related with MM biology, correlate with
SUVmax pelvis/liver index, which could be used as a surrogate marker for BM assessment and disease prognosis; PET patterns
correlate with MM prognostic features and response rates.
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Introduction

Multiple myeloma (MM) is a clonal plasma cell malignant
neoplasm that accounts for approximately 10% of hematolog-
ic malignant disorders and displays significant genetic, bio-
logical, and clinical heterogeneity [1, 2]. The diagnostic arma-
mentarium has significantly expanded in the last decade with
contemporary laboratory, molecular, and imaging modalities
that deepened our understanding in disease pathology and call
for an update on the specific diagnostic criteria and prognostic
indices [2].

[18F]-fluoro-deoxy-glucose positron emission tomography/
computed tomography ([18F]-FDG PET/CT) is a hybrid imag-
ing modality combining [18F]-FDG PET/metabolic information
with a low-dose CT/anatomic information which has become a
standard technique in the diagnosis and management of several

This article is part of the Topical Collection on Hematology

* A. Paschali
anna.pashali@gmail.com

1 Department of Nuclear Medicine, Theagenion Cancer Hospital,
Thessaloniki, Greece

2 Department of Hematology, Theagenion Cancer Hospital,
Thessaloniki, Greece

3 Hematology/Flow cytometry Lab, Theagenion Cancer Hospital,
Thessaloniki, Greece

4 Hematopathology Department, Evangelismos General Hospital,
Athens, Greece

5 Hematology Department, “St Savvas” Oncology Hospital,
Athens, Greece

6 Department of Clinical Therapeutics, National and Kapodistrian
University of Athens, School of Medicine, Athens, Greece

https://doi.org/10.1007/s00259-020-05078-1

/ Published online: 25 October 2020

European Journal of Nuclear Medicine and Molecular Imaging (2021) 48:1487–1497

http://crossmark.crossref.org/dialog/?doi=10.1007/s00259-020-05078-1&domain=pdf
http://orcid.org/0000-0002-7157-8569
mailto:anna.pashali@gmail.com


types of tumors, particularly in hematology for FDG-avid lym-
phomas [3]. Recently [18F]-FDG PET/CT has been incor-
porated in the revised International Myeloma Working
Group (IMWG) diagnostic criteria for the assessment of
bone disease and it is considered as an essential imaging
modality for the recognition of symptomatic MM patients
requiring treatment [4].The main strengths of [18F]-FDG
PET/CT in MM include the capacity for whole-body im-
aging, the relatively high sensitivity and specificity for
detecting both skeletal/medullary and extramedullary le-
sions, and the ability to distinguish metabolically active
from inactive disease; all these properties have established
it as the preferred method of therapy response evaluation and
as an essential part of minimal residual disease assessment
[4–6]. Furthermore, another important advantage of PET is
the potential of quantification of tracer uptake by means of
the index standardized uptake value (SUV), which reflects the
amount of tracer activity in a particular region of interest,
aiding in the objective interpretation of PET/CT scans.

In the context of the newly diagnosed MM (NDMM) pa-
tients, [18F]-FDG PET/CT can assess skeletal/medullary and
extramedullary disease burden. There have been described
four [18F]-FDG PET skeletal patterns: diffuse bone marrow
(BM) uptake, focal uptake (with underlying lysis or not),
mixed (diffuse +focal), and normal pattern [7]. The prognostic
significance of the number of focal lesions in the PET/CT, as
well as the identification of extramedullary disease, has been
demonstrated in several studies [8–12]. Regarding the diffuse
BM [18F]-FDG PET pattern, there is a gray zone of diagnostic
uncertainty between the BM reactive changes and the diffuse
BM infiltration, and magnetic resonance imaging (MRI) is
currently considered the imaging gold-standard method for
the detection of diffuse ΒΜ involvement [5]. Regarding the
normal PET pattern, it is known that in ~ 11% of cases, this is
false negative, probably associated with low expression of
hexokinase-2 (HK2) [13, 14], but interestingly, this is associ-
ated with relatively better prognosis in NDMM patients, as
demonstrated in a recent study [14].

Several clinical and biological factors such as age, renal
function, cytogenetic abnormalities, MM staging, lactate dehy-
drogenase (LDH),β2microglobulin (β2Μ), circulating plasma
cells, and extramedullary involvement correlate with clinical
outcomes and are widely used for prognostication in MM
[15]. Additionally, clonal plasma cells (cPCs), BM infiltration
rate, and cPC morphology have been demonstrated to be inde-
pendent prognostic factors for survival in MM [16, 17].

Driven from the above and from our observation of signif-
icant PET skeletal pattern heterogeneity and the lack of stan-
dardization of diffuse BM [18F]-FDG uptake pattern among
patients with similar cPC infiltration rates, we designed a pro-
spective study aiming at the investigation of different PET
skeletal patterns and the semi-quantitative assessment of
non-focal BM [18F]-FDG uptake in the pelvis, in accordance

with parameters reflecting disease burden, factors related to
disease biology, and finally, response to therapy.

Patients and methods

Patients

In this prospective study, we included 60 NDMMpatients and
30 relapsed/refractory MM patients (RRMM) having received
one previous line of therapy. The recruitment period started on
the 1st of January 2019, the last evaluated patient was enrolled
on April 2020, and the study is still ongoing. All patients
underwent [18F]-FDG PET/CT scan and BM aspirates of
the iliac crest within a period of 2 weeks. Relapsed patients
were regarded as eligible if they were off therapy for at least a
month prior to the PET/CT scan. All patients received novel
agent-based anti-myeloma therapy and they were considered
eligible for response evaluation if they had received at least 4
cycles of treatment. Myeloma diagnosis and treatment re-
sponse were assessed using IMWG criteria [4, 6]; patients
with an active infection, concomitant liver, or skeletal-
rheumatoid disease at the time of the evaluation were exclud-
ed. None of the patients had received growth factors or ste-
roids within 15 days around the PET/CT examination.

Methods

Evaluation of patients'- and disease-related parameters

Demographic, clinical, and laboratory data were collected at
the time of imaging examination; these included age, perfor-
mance status, type of MM, cPC infiltration rate, hemoglobin
(Hb) platelets (PLT), serum creatinine and estimated glomer-
ular infiltration rate (eGFR), β2M, LDH, serum calcium, al-
bumin, and ferritin. International staging system (ISS) and
revised international staging system (RISS) were also deter-
mined. In addition, molecular abnormalities such as t(4;14),
t(14;16), t(11;14), deletion 17p (del17p), and 1q gain (1q+)
were detected by fluorescent in situ hybridization (FISH).

[18F]-FDG PET/CT methodology and evaluation

All patients underwent whole-body [18F]-FDG PET/CT
(from vertex to toes, arms alongside the body) using a time-
of-flight LSO PET/16-slice CT scanner (Discovery 710; GE
Healthcare, Milwaukee, WI, USA), 50–70 min after IV ad-
ministration of 3.7 MBq/kg of FDG (maximum dose =
410 MBq). Patients fastened for at least 6 h before injection
and were hydrated orally. A whole-body low-dose CT scan
was obtained initially at 120 kV, a tube current of 60 mA, tube
rotation of 0.8 s, slice thickness of 3.75mm, 512 × 512matrix,
a 50 cm field of view (FOV), and pitch of 1.375:1, without an
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oral or IV contrast agent. Immediately after CT acquisition,
whole-body PET emission scans were acquired with a 70 cm
axial FOV acquired in three-dimensional mode with a 256 ×
256 matrix. A specific iterative CT reconstruction with slice
thickness = 1.25 mm was obtained for skeleton evaluation.
Iterative image reconstruction for PET was completed with
an ordered-subset expectation maximization algorithm
(OSEM) (2 iterations, 24 subsets). The blood glucose level
required prior to FDG administration was set to ≤ 200 mg/dL.

Whole-body [18F]-FDG PET and low-dose CT part of the
studies were evaluated visually by two nuclear medicine phy-
sicians, blinded to clinical results, according to IMPeTUs
criteria: BM metabolic state, number and site of focal lesions
on PET (with or without underlying osteolysis), number of
lytic lesions on CT, presence and site of extramedullary or
paramedullary disease, and presence of fractures [18].
Diffuse [18F]-FDG uptake in the BM of the axial and the
appendicular skeleton was estimated in all patients and was
scaled according to the Deauville scoring system (DS) as per
the IMPeTUs criteria [18]. Furthermore, for each patient, we
calculated the ratio SUVmax pelvis/liver: using a free hand
region of interest (ROI) in the central portion of the liver far
away from its edge, and another free hand ROI within the
pelvis (to include sacrum/L5 and iliac crests) taking care not
to include focal areas or other abnormality. Pelvis was select-
ed because this anatomic area is used for diagnostic BM bi-
opsies/aspirates.

We scrutinized the long bones of the limbs (particularly the
femurs and the humeri) for the presence or not of hyperdense
abnormalities in the medullary cavity in the low-dose CT part
of the study, as the recent recommendations by the IMWG
Bone Working Group [19], along with the presence or not of
diffuse, heterogeneous, or focal FDG uptake in the BM: its
extent along the diaphysis as well as the degree of uptake
compared to the axial skeleton, by visual evaluation. As the
BM of appendicular skeleton is usually replaced by adipose
tissue in normal adults [20, 21], we considered positive for
diffuse limbs’ involvement the cases where there was diffuse
or heterogeneous FDG uptake, of various degrees, extending
to ≥ than two-thirds of the diaphysis corresponding to
hyperdense abnormalities in the medullary cavity in the low-
dose CT part of the study. Although no established consensus
currently exists on the optimal cutoff density values of the
myeloma deposits, medullary lesions in appendicular skeleton
with Hounsfield unit > 0 were considered as abnormal [22].

Patients were classified in four PET skeletal patterns: dif-
fuse, focal, mixed (diffuse and focal), and normal. The diffuse
pattern was defined as the presence of homogeneously in-
creased [18F]-FDG uptake in the axial skeleton and the pelvis,
with or without diffuse limbs’ marrow involvement. In the
diffuse pattern, we also included cases with diffuse limbs’
marrow involvement as defined above, regardless of the in-
tensity of uptake in the axial skeleton [12]. The focal pattern

was defined by the existence of one or more foci of increased
[18F]-FDG uptake in the skeleton as compared to surrounding
normal marrow activity with or without underlying lytic le-
sions on CT; if osteolysis was not present, the focal lesion
should be detectable in at least two adjacent slices; excluded
lesions were those related to fractures or joint surface. In pa-
tients with focal lesions, the SUVmax of the hottest lesion was
recorded. Mixed pattern was defined by the presence of the
criteria defining both focal and diffuse pattern. Normal pattern
was defined as neither of the above.

Clonal plasma cell morphology assessment

Clonal plasma cell BM infiltration rate and morphology were
evaluated by two independent hematologists. To define plas-
ma cell maturation in a uniform fashion, we used the follow-
ing criteria [17]: (i) presence of nucleoli, (ii) blastic chromatin,
and (iii) increased nucleus/cytoplasmic ratio; cPCs which
displayed at least two criteria were characterized as
intermediate/low differentiated, whereas cPCs with none or
one criterion were characterized as well differentiated. Based
on the above, we divided patients into 2 groups, those with
predominately intermediate/low-differentiated cPCs vs. pa-
tients with predominately well-differentiated cPCs.

Statistical analysis

Comparisons were performed with Mann-Whitney U test, X2

test, and one-way ANOVA. Correlations were performed by
Pearson’s test. To determine the optimum cutoff value for
[18F]-FDG BM uptake positivity, we created a receiver oper-
ating characteristic curve (ROC curve) using as state variable
the ratio SUVmax pelvis/mediastinum ratio. Likewise, a ROC
curve was performed to determine the optimum cutoff value
for SUVmax of pelvis, using as state variable SUVmax of
mediastinum. Binary logistic regression analysis was used to
determine prognostic factors for response. The statistical sig-
nificance boundary was set to 5%. Data processing and anal-
ysis were carried out with the software package SPSS v16.

Results

Patients’ characteristics

Ninety patients (M/F: 48/42) with symptomatic MM were
included in the study (median age 65 years, range 38–85);
47 patients had IgG MM, 16 had IgA MM, and 21 light chain
MM; 2 patients had IgD, IgM, and non-secretoryMM, respec-
tively. According to ISS, patients were stratified as follows:
ISS1 48, ISS2 16, ISS3 26. Ηigh-risk molecular cytogenetics
including t(4;14), t(14;16),del17p, and 1q+ were observed in
44% of patients and t(11;14) was detected in 21% of patients;
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61 patients (68%) had well-differentiated cPCs and 29 patients
(32%) had intermediate/low-differentiated cPCs. Overall, pa-
tients’ characteristics and type of therapy applied are shown in
Table 1.

PET/CT: Qualitative and semi-quantitative evaluation

Patterns of skeletal [18F]-FDG uptake were distributed as fol-
lows: diffuse in 15 patients, diffuse + focal in 28 patients, focal
in 20 patients, and normal in 27 patients. The median value
and the range of the ratio SUVmax pelvis/liver was 1.0 (0.5–
7). Distribution according to DS was as follows: DS2 13, DS3
44, DS4 26, DS5 7. Regarding BM metabolic state, there was
a good concordance between the classification of the patients
as per DS and the value of the ratio SUVmax pelvis/liver
(p < 0.001). Specifically, 50 patients had SUVmax pelvis/
liver < 1.1 and were classified DS 2 (n = 13) and 3 (n = 37),
and 40 patients had SUVmax pelvis/liver ≥ 1.1 and were clas-
sified DS 3 (n = 7), 4 (n = 26), and 5 (n = 7). All the patients
classified in the diffuse pattern together with 25 out of 28
patients classified in the mixed pattern presented with con-
comitant diffuse limbs’ 18F-FDG marrow uptake, which in-
volved femurs + humeri in 21 patients, femurs only in 13
patients, humeri only in one patient, and femurs + humeri +
tibia in 5 patients. Using visual evaluation, the degree of

[18F]-FDG uptake in limbs’ marrow was similar with the
axial skeleton in 30 out of 40 patients with diffuse pattern,
lower in 5 patients and higher in 5 patients. In 16 cases, limbs’
appearances in both PET and the CT part of the study were
helpful to assign these patients in the diffuse pattern, despite
the fact that they presented low-grade FDG uptake in the BM
of the axial skeleton and pelvis (median ratio SUVmax pelvis/
liver = 1.0, range 0.7–1.1). For patients with focal lesions (fo-
cal and mixed patterns), the median value and range of
SUVmax of focal lesions was 8.1 (2.3–31.0); 31% of patients
d i s p l a y ed p l a smacy t oma s ( bone - d e r i v ed = 26 ,
extramedullary = 6). Overall, PET/CT parameters are shown
in Table 2; characteristic examples of PET patterns are shown
in Fig. 1.

Correlations of PET/CT findings with MM parameters

There was a significant difference in the degree of [18F]-FDG
BM uptake in the pelvis as semi-quantified with the ratio
SUVmax pelvis/liver, between the two morphology groups:
the group of well cPC differentiation demonstrated signifi-
cantly lower value for the SUVmax ratio pelvis/liver com-
pared to the group of intermediate/low differentiation
(p < 0.001) (Fig. 2). The median value and the range of the
ratio SUVmax pelvis/liver was 0.9 (95% CI 0.6–1.2) in the

Table 1 Patients’ characteristics
Variable Median (range)

Age 65 (38–85)

Sex M 48, F42

Line of therapy 1st 60, 2nd 30

Treatment PI-based 76%, Len-based 24%,

M-Component IgG 47, IgA 16, LC 21, IgD 2, IgM 2, NS 2

ISS ISS1 48. ISS2 16, ISS3 26

RISS RISS1 36, RISS2 38, RISS3 14, NA 2

Hb (g/dL)/Hb < 10 g/dL 11.5 (6.0–16.1)/25%

PLT (×103/μL) 217 (40–550)

Creatinine (mg/L) 0.8 (0.46–6.6)

B2 microglobulin (mg/L) 3.45 (1.5–52)

Calcium (mg/dL) 9.4 (7.1–13.3)

Albumin (g/dL) 4.1 (2.6–5.9)

LDH (U/L) 19. (91–1604)

Ferritin (ng/mL) 166 (9–794)

BM infiltration (%) 48 (8–99)

Good vs. interm/low differentiation cPCs 61 vs. 29

Molecular cytogenetics: high risk*/del17p/t (11;14) 44%/16%/21%

M, male; F, female; PI, proteasome inhibitors; Len, lenalidomide; Mo-component, monoclonal component; LC,
light chains; NS, non-secretory; ISS, international staging system; RISS, revised ISS; Hb, hemoglobin; PLT,
platelets; LDH, lactate dehydrogenase; BM, bone marrow; interm, intermediate; cPCs, clonal plasma cells;
del17p, deletion 17p

*High risk includes del17p, t(4;140, t(14;16), 1q+
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group of good differentiation vs. 1.2 (95% CI 0.7–7) in the
group of intermediate/low differentiation (p < 0.001). A char-
acteristic example between two patients with similar infiltra-
tion rate but with different BMmetabolic state and plasma cell
morphology is shown in Fig. 3; [18F]-FDG BM uptake cor-
relations as semi-quantified with the ratio SUVmax pelvis/
liver are shown in Table 3. SUVmax pelvis/liver ratio showed
a moderate positive correlation with cPC infiltration rate
(Fig. 4), β2M, and serum ferritin, and also a positive correla-
tion with ISS and RISS (Table 3); particularly, patients with
advanced stage (ISS3 or RISS3) had significantly a greater
value SUVmax pelvis/liver compared to ISS1/2 or RISS1/2,
respectively (Table 3). Importantly, there was no significant
correlation between the value SUVmax pelvis/liver and Hb
(Table 3).

Regarding the cutoff level of the ratio SUVmax pelvis/liv-
er, a ROC curve demonstrated that 1.1 displays excellent spec-
ificity (99%) and good sensitivity (76%) for diffuse BM in-
volvement (AUC 0.94; p < 0.001), whereas a ROC curve cut-
off value of ≥ 3.35 for the SUVmax of pelvis displayed sen-
sitivity 71% and specificity 67% (AUC 0.75; p < 0.001).
Deauville score 4 and 5 confirmed a positive correlation with
dismal prognostic markers such as β2Μ, LDH, high BM in-
filtration, poor differentiation morphology, and advanced ISS
and RISS stage (p < 0.05 for all parameters).

Distribution of patterns of [18F]-FDG uptake among stud-
ied patients is depicted in Table 2. Diffuse pattern correlated

with standard risk molecular profile (p < 0.05); mixed pattern
correlated with poor prognostic features such as high β2M,
high BM infiltration rate, and intermediate/low differentiation
cPC morphology (p < 0.05 for all parameters); focal pattern
correlated with low infiltration rate (< 20%, p < 0.05). An ap-
preciable percentage of patients (30%) displayed normal PET
pattern which correlated with good prognostic MM features
such as good differentiated cPCs (82% of patients), and low
β2Μ. Interestingly, t(11;14) was present in 37% of patients
with normal pattern vs. 13% of patients with other patterns of
[18F]-FDG uptake (p = 0.01). In addition to the different pat-
terns of [18F]-FDG uptake, appendicular involvement (dif-
fuse or mixed) correlated with adverse MM prognostic factors
such as advanced RISS, higher β2Μ and LDH, and
intermediate/low-differentiated cPC morphology (p < 0.05).

Prognostic factors for response to anti-myeloma
therapy

Eighty-two patients were evaluated for response; overall re-
sponse rate (ORR) was 79% (complete response 30%, very
good partial response 18%, partial response 30%, stable dis-
ease 16%, and progressive disease 6%). In the univariate bi-
nary logistic regression analysis mixed PET/CT pattern, ap-
pendicular BM involvement, presence of ≥ 10 focal lesions,
and treatment with proteasome inhibitor-based regimens pre-
dicted for ORR (p < 0.05 for all parameters; odds ratio 3.7,
3.3, 4.8, and 4.0 respectively); at variance, disease-related
parameters such as age, BM infiltration, β2Μ, LDH, ISS,
and RISS did not display prognostic impact on response. In
the multivariate analysis, presence of ≥ 10 focal lesions and
treatment with proteasome inhibitor-based regimens were the
most powerful prognostic parameters for ORR (p < 0.05; odds
ratio 4.8 and 4.1, respectively).

Discussion

The aim of the current study was to examine the diagnostic
value of a semi-quantitative method for the evaluation of non-
focal FDG uptake in pelvis, which is the anatomic area used
for the performance of BM aspiration or biopsy, to describe
PET/CT skeletal patterns of the disease and to correlate PET/
CT findings with parameters reflecting tumor burden, disease
biology, and response to therapy.

We showed that BM [18F]-FDG uptake in the pelvis,
expressed as the ratio SUVmax pelvis/liver, correlates signif-
icantly with cPC morphology, adding thus, for the first time to
the best of our knowledge, a novel information about the link
between advanced imaging and cPC biology. In particular, the
group of patients with well-differentiated cPCs had signifi-
cantly less [18F]-FDG uptake in the pelvis compared to the
intermediate/low differentiation group. The exact etiology of

Table 2 PET/CT parameters

Variable Results

Pattern of 18F-FDG uptake Diffuse (n = 15)

Diffuse + focal (n = 28)

Focal (n = 20)

Normal (n = 27)

BM 18F-FDG uptake
median (range)

1.0 (0.5–7.0)

Focal SUVmax 8.1 (2.3–31.0)

Lytic lesions No. of patients

0 27

1–3 9

4–10 13

> 10 41

Focal lesions No. of patients

0 42

1–3 12

4–10 12

> 10 24

Appendicular involvement 41 pts

Plasmacytomas (31 pts) Paramedullary (n = 26)

Extramedullary (n = 6)
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this correlation is not clear; however, a possible explanation
could be that low-differentiated cPCs may have increased
metabolic activity expressed by increased glycolytic rate per
se, or create a more metabolically active microenvironment in
the BM compared to the infiltration by mature cPCs; indeed,
there was a positive correlation of BM [18F]-FDG uptakewith
CD45 expression in cPCs (data not shown), which is a marker
reflecting cPCs’ proliferative rate [23]; nonetheless, currently,
there is no experimental proof on the above hypothesis.
Moreover, we found positive correlation of BM [18F]-FDG
uptake expressed as the ratio SUVmax pelvis/liver, with

parameters reflecting disease burden (BM infiltration rate,
and β2M) as well as with serum ferritin which reflects disease
activity [24]. Sachpekidis et al, using dynamic FDG PET of
the lower lumbar spine and pelvis, demonstrated positive cor-
relation between BM infiltration rate with [18F]-FDG kinetic
parameters (Ki, influx, fractal dimension) and SUV average of
the pelvis [7]. However, dynamic PET is a time-consuming
and elaborate process, not routinely performed in everyday
clinical practice, whereas our proposed BM [18F]-FDG up-
take index is a more practical means of estimating BM
involvement.

Fig. 1 Typical examples of each of the patterns: MIP (Maximum
Intensity Projection), as well as the axial PET slices of the pelvis and
the liver showing the ROIs used for the SUVmax pelvis/liver ratio: a
Diffuse pattern with diffusely increased 18F-FDG uptake in the axial
and appendicular skeleton (SUVmax pelvis/liver = 5.4, IMPeTUs: BM-
DS5-A, F1, L4, EM-EN-other). This is a NDMM patient with 83% med-
ullary infiltration by poorly differentiated cPCs. b Diffuse pattern with
diffuse limbs’ marrow 18F-FDG uptake (femurs, humeri, tibia) and mar-
ginal axial 18F-FDG uptake (SUVmax pelvis/liver = 1.1, IMPeTUs:BM-
DS4-A). This is a NDMM patient with 58% medullary infiltration by
well-differentiated cPCs. b1 Sagittal cut of the low-dose CT part shows
diffuse hyperdense abnormalities in the medullary cavity of the humerus
(HU= 85). cMixed pattern with diffuse and focal 18F-FDG uptake in the

axial and appendicular skeleton (SUVmax pelvis/liver = 4.6, IMPeTUs:
BM-DS5-A, F4-DS5-Sp-EXSP, L4, Fr). This is a relapsed patient with
46% medullary infiltration by poorly differentiated cPCs. d Focal pattern
with multiple foci of increased 18F-FDG uptake in the axial and appen-
dicular skeleton and no diffuse BM uptake (SUVmax pelvis/liver = 0.8,
IMPeTUs: BM-DS3, F4-DS5-Sp-EXSP, L4, Fr). This is a relapsed pa-
tient with 25% medullary infiltration by well-differentiated cPCs. e
Normal pattern in a NDMM patient with 69% medullary infiltration by
well-differentiated cPCs (SUVmax pelvis/liver = 0.9, IMPeTUs: BM-
DS3). BM-DS, diffuse bone marrow Deauville score; F, focal bone
lesions—numbers according to IMPeTUs criteria [19]; L, lytic lesions
on CT—numbers according to IMPeTUs criteria; EM-EN-other,
extramedullary disease-extranodal-other; SP, spine; EXSP, extra-spine
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Of note, in our study, there was no significant correlation
between the ratio SUVmax pelvis/liver and hemoglobin
levels. Anemia (Hb < 10 g/dL) was present in 25% of patients;
however, these patients did not exhibit higher diffuse BM
[18F]-FDG uptake compared to the others. It is known that
PET/CT accuracy for BM assessment may be compromised
by erythroblastic rebound due to anemia [18]. However, this is
not the case in MM, considering that the erythroid cell com-
partment that could probably contribute to false positive dif-
fuse BM [18F]-FDG uptake is reduced in MM, due to BM
infiltration and to mechanisms involved in anemia ofMM that
is anemia of chronic disease [25].

Regarding patterns of BM [18F]-FDG uptake, the majority
displayed a mixed pattern (28/90 patients), which correlated
with higher rate of BM infiltration, confirming previous find-
ings by Sachpekidis et al. [7]. In addition, we showed that
mixed pattern correlated with higher β2Μ and intermediate/
low-differentiated cPC morphology, suggesting that there is a
distinct disease biology related to this pattern of BM [18F]-
FDG uptake.

An appreciable percentage of patients in our study (30%)
displayed normal PET pattern, which was correlated with
good prognostic features such as mature cPC morphology,
low β2Μ, and limited BM infiltration. The quota of normal
pattern in our study, which is actually “false negative,” is
higher compared to two recent studies (~ 11%) that employed
both whole-body PET/CT and whole-body MRI in NDMM
patients [13, 14]; interestingly, in these studies, the false-
negative PET pattern correlated with lower HK2 expression
levels, which is known to be related with [18F]-FDG uptake in
tumor cells, and was associated with relatively better progno-
sis [14]. Of note, in another recent study on a small cohort of
relapsed patients, the levels of HK2 expression were not lower
in the false-negative [18F]-FDG PET patients, which implies
that other unknown factors are responsible for this metabolic
heterogeneity [26]. Another interesting finding was that 37%
of patients with normal pattern displayed t(11;14), a quite
common and prognostically neutral molecular abnormality
detected by FISH in approximately 15–20% of MM patients
[27]; its presence results in upregulation of cyclin D1, the
overexpression of which theoretically favors cell cycle pro-
gression, as seen in mantle cell lymphoma (MCL) [28]. In
MM, t(11;14) has been associated with lymphoplasmacytic
morphology and increased numbers of circulating cPCs [29].
In lymphoid malignancies overexpressing cyclin D1 such as
MCL, it was demonstrated that sensitivity of [18F]-FDG PET/

Table 3 Correlations of SUVmax
pelvis/liver Variable NS

Hb NS

LDH NS

Albumin r = 0.4 (p < 0.001)

B2M r = 31 (p = 0.01)

Ferritin 1.2 (0.8–6.3) vs. 1.0 (0.6–7.0) p = 0.001

ISS3 vs. ISS1/2 1.2 (0.7–6.3) vs. 0.9 (0.5–7.0) p = 0.007

Pts with Del17p vs. others NS

High-risk molecular cytogenetics* NS

t(11;14) 0.9 (0.9–2.5) vs. 1.1 (0.6–7.0) p = 0.01

BM infiltration (10%) r = 0.32 (p = 0.002) (pos)

cPCs morphology (good vs. intermediate/low differentiation) 0.9 (0.6–1.2) vs. 1.2 (0.7–7.0, p < 0.001)

B2M, β2 microglobulin; LDH, lactate dehydrogenase; ISS, international staging system; RISS, revised ISS;
del17p, deletion 17p; BM, bone marrow

*High risk includes del17p, t(4;140, t(14;16), 1q+

Fig. 2 This graph shows the significant difference of the median value of
18F-FDG BM uptake in the pelvis as semi-quantified with the ratio
SUVmax pelvis/liver, as well as all the values of the group with good
and the group with intermediate/low, the box with the median and IQR
values, and the outlier values
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CT in detecting BM infiltration is extremely low, suggesting a
low metabolic activity of MCL lymphocytes in the BM [28].
Likewise, cPCs with t(11;14) overexpressing cyclin D1 may
also exhibit low proliferative rate resembling that of normal
plasma cells as previously suggested [27]. Consequently, the
normal [18F]-FDG PET pattern consists an appreciable per-
centage of MM patients, associated with disease features re-
lated with good prognosis; however, further investigation is
needed along with the application of new tracers targeting
different metabolic pathways or receptors expressed by cPCs.

The use of the ratio SUVmax pelvis/liver follows the same
rational as the DS, which is incorporated in the IMPeTUs criteria
[18, 30, 31], however, taking a standard reference area (pelvis), in
contrast to the visual selection of the BM macro area in the
IMPeTUs criteria, which depends on the observer’s experience.
Our study displayed a very good concordance between the pro-
posed index and the DS. Indeed, there were only 7 cases with

marginal BM metabolic state, in which the proposed index
SUVmax pelvis/liver was indicative for BM positivity, although
classified as DS3. Since normal pelvic FDG uptake is generally
lower than hepatic uptake, the ratio SUVmax pelvis/liver pro-
vides an absolute number, which is partially free from factors that
influence SUV, such as patient weight. Furthermore, this index
estimates the [18F]-FDG uptake combining parts from the axial
and appendicular skeleton, as the sacrum and lumbar-5 vertebra
belong to the axial skeleton and the iliac bones to the appendic-
ular skeleton. Regarding correlations of Deauville 5-scale evalu-
ation with MM parameters, only advanced score (4 or 5) corre-
lated significantly with important markers reflecting disease ac-
tivity including β2Μ, LDH cPC morphology, and advanced
RISS; on the other hand, ratio SUVmax pelvis/liver is a more
accurate and suitablemethod to evaluate BM [18F]-FDGuptake;
a ROC curve demonstrated that BM uptake ≥ 1.1 displays an
99% specificity and a 76% sensitivity and may be used to define

Fig. 3 Characteristic examples of two patients with similar infiltration
rate but with different BM metabolic state and different plasma cell
morphology. Patient A has 66% infiltration rate of well-differentiated
cPCs, while patient B has 60% infiltration rate of poorly differentiated
cPCs. MIP (maximum intensity projection), axial PET slices of liver and
pelvis showing ROIs used for the SUVmax pelvis/liver ratio and sagittal

PET and CT slices of the femurs are shown. Patient A has a SUVmax
pelvis/liver ratio = 1.1 while patient B SUVmax pelvis/liver ratio = 2.4.
Patient A is a characteristic example of low FDG BM metabolic state in
which CT helps to assign this patient in the diffuse pattern, as it shows
dense BM abnormalities in the medullary cavity of the femurs
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[18F]-FDG BM uptake positivity. Although no positivity cutoff
for the BMmetabolic state has been set by the IMPeTUs criteria
at the phase of the initial diagnosis or at the recurrence, our cutoff
value for the ratio SUVmax pelvis/liver ≥ 1.1 equals to > liver
uptake + 10% which corresponds to DS 4 and 5, and could be
ancillary applied in MM and used as a marker reflecting tumor
burden and cPC metabolic activity. Interestingly, DS 4 and 5
were set posteriori, as positivity cutoffs in a large and homoge-
neous patient population (228 pts) evaluated with [18F]-FDG
PET/CT before therapy and pre-maintenance in the light of
follow-up data [32]. This study concludes that patients who
maintain a DS ≥ 4 in the BM have a significantly shorter
progression-free survival (PFS) and a significantly shorter overall
survival (OS) [32]. In addition, in a recent study, it was shown
that Durie–Salmon Plus stage III based on IMPeTUs and the DS
of BM ≥ 4 were reliable prognostic factors, associated with OS,
in NDMM patients [33]. Among the several other methods that
have been proposed for quantifying the extent of disease in MM
patients such as total lesion glycolysis (TLG), metabolic tumor
volume (MTV) [34, 35], and intensity of bone involvement (IBI)
[36], none intended to measure diffuse BM uptake alone, while a
number of methodological issues limit their application in clini-
cal practice.

In our study, 41 patients demonstrated appendicular involve-
ment in the PET and the CT part of the study. Appendicular
involvement has been recognized as an unfavorable prognostic
factor in NDMM patients, in several studies employing [18F]-
FDG PET/CT [37] or whole-body low-dose CT [38, 39].
Particularly in the recent study by Abe Y et al. in NDMM
patients with high-risk factors, it was shown that the presence
of more than three focal lesions in the appendicular skeleton on
[18F]-FDG PET/CT was an independent negative predictor of
survival and was significantly associated with advanced disease
stage, high-risk cytogenetics, and high tumor burden [37]. Our

study confirmed that appendicular involvement correlated with
adverse MM prognostic factors such as advanced RISS, higher
β2Μ, and intermediate/low-differentiated cPC morphology.
Furthermore, patients who displayed appendicular involvement
had almost 4-fold probability to fail achieving at least PR, in-
dicating that appendicular skeleton involvement may offer im-
portant prognostic information regarding treatment outcome.
Moreover, a careful evaluation of the CT appearances of the
long bones may complement and improve not only the prog-
nostic but also the diagnostic performance of PET. Medullary
infiltration without osteolysis is very hard to detect in the axial
skeleton due to the presence of dense trabecular bone; however,
in the appendicular skeleton, this can be depicted in the CT
because BM is usually replaced by adipose tissue in adults
[19]. Indeed, in our study, appendicular BM abnormalities de-
tected in the CT were indicative of BM infiltration in almost
25% of the patients who exhibited low degree of FDG uptake in
the axial and appendicular skeleton, almost non-discerned by
non-experienced readers. We set as positive for appendicular
involvement the combination of PET and CT parameters in
order to increase the specificity, as it is known that not all
hyperattenuating medullary regions neither all cases of FDG
uptake in the limbs are specific for pathologic BM infiltration;
increased red marrow reconversion, either related to chronic
causes such as severe anemia, obesity and heavy smoking, or
to treatment-induced changes, may also manifest as increased
density within the cavities of the proximal long bones [40].
Importantly, appendicular involvement was incorporated in
the criteria used to determine diffuse pattern of BM 18F-FDG
uptake in the recently published phase 3 collaborative random-
ized study (IFM/DFCI-2009), underlying the importance of this
parameter for the interpretation of PET/CT [12].

Apart from the prognostic significance of appendicular in-
volvement in the multivariate analysis, it was demonstrated
that the presence of more than 10 focal lesions was the most
powerful parameter for ORR exhibiting a 4-fold higher prob-
ability for sub-optimal response; this latter finding confirmed
previous reports demonstrating the importance of the presence
of focal lesions in MM prognosis [5, 11].

Finally, a possible limitation of our study was the evaluation
of patients both at initial diagnosis and at first relapse; this was
the reason for not attempting any correlations with PFS or OS;
however, taking into account that first and second lines are con-
sidered as “early lines” and all patients were treated with highly
effective therapies, correlations with ORR were feasible. We are
currently continuing to enroll NDMM patients to confirm our
results and explore correlations with MM outcomes.

In conclusion, MM presents with significant metabolic het-
erogeneity, ranging from low to extremely high and the esti-
mation of the BM involvement is limited by the visual evalu-
ation of PET only. The ratio SUVmax pelvis/liver is a simple
and practical index of grading the intensity of diffuse BM
involvement in MM that correlates with significant disease

Fig. 4 This graph shows the moderate positive correlation between the
ratio SUVmax pelvis/liver and BM cPC infiltration rate (p = 0.002, r =
0.32)
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burden parameters and cPC morphology; correlations of BM
uptake with cPC morphology have been demonstrated for the
first time to our knowledge, indicating that this index could
serve as a surrogate marker of MM biology. Moreover, PET
skeletal mixed pattern correlates with poor MM prognostic
features while normal pattern consists an appreciable percent-
age of MM patients which associates with parameters related
with good prognosis. Finally, the CT component of PET/CT
could aid the assessment of diffuse infiltration in a significant
number of cases with no or low 18F-FDG uptake. More stud-
ies are needed to corroborate our findings.
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