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Multiple Myeloma

Introduction 

Multiple myeloma (MM) often presents with bone-related
clinical symptoms that result from osteolytic lesions (OLs),
associated pathological fractures, or severe osteopenia that
often results in spinal compression fractures.1 For decades, X-
ray imaging has been the standard tool for evaluating bone and
is part of the Durie–Salmon staging system.2 Unfortunately, X-
ray-based metastatic bone survey (MBS) does not detect OLs
until 70% or more calcium has already been lost.3 Technetium-
based bone scintigraphy is insensitive to detecting bone disease
in MM because the radiotracer is taken up by osteoblasts,
which are severely impaired in number and function in MM,4

so this test is only helpful in patients who have healing patho-
logical fractures. 

MM bone disease results from hyperactivation of osteo-
clasts5 and inhibition of osteoblasts.6 Detailed correlative analy-
ses of MBS-defined OLs and MRI-FLs with gene expression
profiling (GEP) analysis of highly purified myeloma plasma

cells revealed that myeloma plasma cells release the osteoblast-
inactivating molecule DKK1.7 Monoclonal antibody therapy
directed against DKK1 was recently developed as a means to
alleviate bone disease in breast cancer and MM.8,9

We and others have observed that MRI is much more sensi-
tive for detecting focal lesions (FLs) than MBS detection of OLs,
but both methods had prognostic implications. In terms of the
median time to response, MRI-defined complete response
lagged behind clinical complete response by 18 months.10

Examination of bone marrow samples obtained by computed
tomography (CT)-guided fine-needle aspiration demonstrated
the presence of subpopulations of low- or non-secretory
myeloma cells residing in the lingering FLs defined by MRI
(MRI-FLs).10 We have evidence that persistence of MRI-FLs is
an important contributor to disease relapse, and MRI-FLs have
been linked to earlier progression from asymptomatic MM to
symptomatic MM.10,11 Thus, MRI-defined complete response
has become an important objective of therapy.12

Another highly sensitive imaging tool in MM diagnostics is
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Multiple myeloma causes major morbidity resulting from osteolytic lesions that can be detected by metastatic
bone surveys. Magnetic resonance imaging and positron emission tomography can detect bone marrow focal
lesions long before development of osteolytic lesions. Using data from patients enrolled in Total Therapy 3 for
newly diagnosed myeloma (n=303), we analyzed associations of these imaging techniques with baseline standard
laboratory variables assessed before initiating treatment. Of 270 patients with complete imaging data, 245 also had
gene expression profiling data. Osteolytic lesions detected on metastatic bone surveys correlated with focal lesions
detected by magnetic resonance imaging and positron emission tomography, although, in two-way comparisons,
focal lesion counts based on both magnetic resonance imaging and positron emission tomography tended to be
greater than those based on metastatic bone survey. Higher numbers of focal lesions detected by magnetic reso-
nance imaging and positron emission tomography were positively linked to high serum concentrations of C-reac-
tive protein, gene-expression-profiling–defined high risk, and the proliferation molecular subgroup. Positron emis-
sion tomography focal lesion maximum standardized unit values were significantly correlated with gene-expres-
sion-profiling–defined high risk and higher numbers of focal lesions detected by positron emission tomography.
Interestingly, four genes associated with high-risk disease (related to cell cycle and metabolism) were linked to
counts of focal lesions detected by magnetic resonance imaging and positron emission tomography. Collectively,
our results demonstrate significant associations of all three imaging techniques with tumor burden and, especially,
disease aggressiveness captured by gene-expression-profiling–risk designation. (Clinicaltrials.gov identifier:
NCT00081939)
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fluorodeoxyglucose (FDG)-based positron emission tomog-
raphy (PET).11,13 We and others have reported that FDG-PET
is useful for detecting FDG-avid intramedullary FLs of the
entire skeleton, as well as extra-medullary disease
(EMD).14,15 Although EMD is present at diagnosis in only a
few percent of patients, it is becoming an increasingly vex-
ing problem later in the disease course because MM sur-
vival has been extended so markedly.16,17 As in management
of malignant lymphoma,18 including Hodgkin’s disease,19

early complete suppression of FDG avidity in FLs prior to
transplantation intervention has favorable implications for
clinical outcomes in MM.20,21

The purpose of this study was to examine, among
patients with newly diagnosed MM enrolled in the Total
Therapy 3 (TT3) clinical trial,20,21 the mutual correlation
between MBS-OL counts and FL counts (defined by MRI
and PET), and their associations with baseline prognostic
variables.

Design and Methods

The study focused on 270 of 303 patients enrolled in TT3 who
had baseline examinations of all three imaging tests performed
(MBS, MRI and PET), 245 of whom also had GEP data obtained
prior to therapy. The TT3 trial, which has added bortezomib to a
multi-agent chemotherapy and tandem autograft-supported high-
dose melphalan regimen, had been approved by the Institutional
Review Board, and all patients signed a written informed consent
for trial participation, in keeping with institutional and internation-
al Helsinki Declaration guidelines. Bone marrow sampling for GEP
also required a separate written informed consent. 

The protocol details have been described previously,20,21 as have
imaging parameters for MBS, MRI and PET.10,14

All radiographic studies were evaluated by radiologists who spe-
cialize in imaging of MM, each with more than a decade of expe-
rience in their respective field. All data were reviewed by at least 2
radiologists independently prior to entry in our database. MBS-
derived parameters captured OL number. MRI, which was limited
to the axial skeleton (i.e. head, spine and pelvis) identified FL num-
ber and bone marrow background intensity, where the presence of
diffuse hyper-intense marrow (DHIM) suggested high tumor bur-
den. We define diffuse marrow involvement on short time inver-
sion recovery (STIR) as the marrow signal intensity in relation to
adjacent muscles. Usually, we use the muscles of the pelvis and
determine the intensity relative to the muscles as hyperintense,
isointense or hypointense in relation to adjacent muscles. With
PET imaging, we documented FL number and the maximum stan-
dardized uptake value (FL-SUV), indicative of FL metabolic activi-
ty. In addition, we registered the presence of EMD and SUVdiff,
the latter of which reflected the intensity of bone marrow back-
ground at sites devoid of FLs (i.e. diffuse involvement by MM) and
was typically measured in the lower lumbar spine. We categorize
and have standardized diffuse background marrow at our institu-
tion as mild (max SUV-diff 0-1.9), moderate (2.0-2.9), or severe (3+)
in the lower lumbar spine red marrow. A region of interest is
drawn typically at the L5 vertebral body marrow with calculation
of maximum SUV based upon lean body mass). In patients with-
out prior treatment, baseline diffuse marrow uptake on FDG-PET
should not be greater than 2.0 given there is no active disease in the
region of measurement or causative factors, such as degenerative
disease, etc. This cut off also coincides with normal liver uptake
based upon maxSUV by lean body mass, which is typically not
greater than 2.0.22

Cut-off points for imaging parameters were applied as previous-

ly reported10,14,15 and included multiple prognostic OL and FL num-
ber cut offs, i.e. >0 and >2 for MBS-OL,10 >0 and >7 for MRI-FL,10

and >0 and >3 for PET-FL.14 Odds ratios and corresponding 95%
confidence intervals were calculated from 2-by-2 contingency
tables for the comparison of dichotomous imaging parameters
with dichotomous GEP and standard laboratory variables. For
these comparisons, P values were calculated using Fisher’s exact
test. Given the large scale of this analysis, a more conservative sig-
nificance level of 0.01 is used for the comparison of baseline prog-
nostic factors and dichotomized imaging parameters.
Comparisons between FL and OL counts were performed using
Wilcoxon’s signed-rank test.  

GEP data included designation of molecular subtype according
to the following categories: CD-1, CD-2, MS and MF transloca-
tions, HY (hyperdiploidy), LB (low bone disease), and PR (prolifer-
ation).23 In addition, we determined the status of TP53 deletion
(delTP53),24 prognostic risk linked to progression-free and overall
survival (based on 70-gene and 80-gene models),25,26 Proliferation
Index (PI), and Centrosome Index (CI).27 We also examined
whether bone-related genes and those constituting the 70-gene
risk model were individually linked to imaging variables. For this
purpose, Wilcoxon’s rank sum test was applied to each pairwise
comparison of dichotomized imaging parameters with the log
base 2 expression levels for the provided bone-related genes and
the GEP-70 probes. A Bonferroni adjusted significance level of
0.0001 was deemed sufficient to maintain an overall error rate of
approximately 0.05 for each set of bone- or risk-associated
probes.28 Microarray data used in this study have been deposited
in the NIH Gene Expression Omnibus under accession number
GSE2658.

Results 

Patients’ characteristics
Patients’ baseline features are presented in Table 1.

Median age was 59 years; 27% were 65 years or older.
Elevated serum levels of beta-2-microglobulin (b2M) of 3.5
mg/L and over and of more than 5.5 mg/L were observed in
44% and 21% of patients, respectively. Serum albumin lev-
els were low (<3.5 g/dL) in 27% of patients. Metaphase-
based cytogenetic abnormalities (CA) were documented in
34% of patients. GEP data, available in 245 patients,
revealed high-risk designation in 15% and 7%, respectively,
according to 70-gene and 80-gene risk models. The molec-
ular subgroup distribution was typical of patterns observed
in our patient population. MBS-OLs were noted in 47% of
patients; 33% had over 2 MBS-OLs. MRI-FLs over 0 and
more than 7 were present in 70% and 32% of patients,
respectively, with 11% of patients displaying DHIM. PET-
FLs over 0 and over 3 were present in 65% and 36%,
respectively, with FL-SUV over 3.914 and over 4.215 present
in 42% and 39% of patients, respectively. EMD was detect-
ed in 6% of patients and SUVdiff of 2 or below in 32%.
Among 32 individual variables examined (Table 1), only
three showed differences among patients with and without
prior therapy. The differences related to lactate dehydroge-
nase (LDH) and GEP PI were only marginally significant;
however, patients with prior therapy clearly showed
greater numbers of MRI-FLs. In spite of this, the high degree
of similarity between other imaging parameters justified
the inclusion of all 270 patients in further analyses.

Relationship between imaging variables 
Figure 1 provides a visual comparison of the differences in
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FL and OL counts for the three imaging methods, along
with P values from the Wilcoxon’s signed-rank test for each
comparison. Briefly, the Wilcoxon’s test examines whether
the FL/OL counts from one imaging method tend to be larg-
er in magnitude or more frequently greater than counts
from another imaging method. In Figure 1A, we present the
comparisons for all 270 participants. No differences were
seen between the MRI and PET methods. This is highlight-
ed in the box-and-whisker diagram for this comparison,
which shows an even distribution of patients with more
MRI-FLs versus more PET-FLs (i.e. the differences are sym-
metric around zero). However, both MRI and PET methods
detected more FLs than the OLs detected by MBS. This was
more clearly seen for MRI-FLs, as the median difference

was shifted away from MBS-OLs (P<0.001), and was more
subtle for PET-FLs, where the median difference was zero
but the distribution highly skewed away from MBS-OLs
(P<0.001).

Since these differences may have been magnified by the
large proportion of patients with no MBS-OLs compared to
the numbers of patients with no MRI- and PET-FLs (53%
compared to 30% and 35%, respectively), we excluded
patients with no MBS-OLs and examined only those
patients with at least one MBS-OL (n=126; Figure 1B). For
this subset, the comparisons are intentionally biased
towards more MBS-OLs. However, MRI-FL counts still
tended to be higher than MBS-OL counts (P=0.005), sug-
gesting the ability of MRI to detect more FLs is not limited

Imaging correlates in myeloma
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Table 1. Patients’ characteristics. 
Factor All patients Patients with Patients without P value

(Overall N = 270), prior therapy prior therapy
n/N (%) (Overall N = 29), n/N (%) (Overall N = 241), n/N (%)

Median age (years) 59.3 (32.5 - 74.5) 58.5 (35.5 - 72.7) 59.3 (32.5 - 74.5) -
Age ≥ 65 years 74/270 (27) 6/29 (21) 68/241 (28) 0.391

Standard factors
Albumin < 3.5 g/dL 72/270 (27) 10/29 (34) 62/241 (26) 0.314
b2M ≥ 3.5 mg/L 120/270 (44) 11/29 (38) 109/241 (45) 0.455
b2M > 5.5 mg/L 56/270 (21) 4/29 (14) 52/241 (22) 0.329
Creatinine ≥ 2.0 mg/dL 20/270 (7) 3/29 (10) 17/241 (7) 0.460*
CRP ≥ 8 mg/L 90/269 (33) 11/29 (38) 79/240 (33) 0.589
Hb < 10 g/dL 84/270 (31) 7/29 (24) 77/241 (32) 0.391
LDH ≥ 190 U/L 69/270 (26) 13/29 (45) 56/241 (23) 0.012
Platelet count < 150x109/L 32/270 (12) 4/29 (14) 28/241 (12) 0.760*
Genetic factors
Cytogenetic abnormalities 91/270 (34) 8/29 (28) 83/241 (34) 0.461
GEP-70 high risk 37/245 (15) 5/27 (19) 32/218 (15) 0.573*
GEP-80 high risk 16/245 (7) 4/27 (15) 12/218 (6) 0.084*
GEP TP53 deletion 28/245 (11) 5/27 (19) 23/218 (11) 0.209*
GEP proliferation index ≥ 10 30/245 (12) 7/27 (26) 23/218 (11) 0.031*
GEP centrosome index ≥ 3 57/245 (23) 7/27 (26) 50/218 (23) 0.729
GEP CD-1 subgroup 12/245 (5) 2/27 (7) 10/218 (5) 0.628*
GEP CD-2 subgroup 29/245 (12) 2/27 (7) 27/218 (12) 0.751*
GEP HY subgroup 81/245 (33) 5/27 (19) 76/218 (35) 0.089
GEP LB subgroup 43/245 (18) 7/27 (26) 36/218 (17) 0.225
GEP MF subgroup 21/245 (9) 1/27 (4) 20/218 (9) 0.484*
GEP MS subgroup 32/245 (13) 5/27 (19) 27/218 (12) 0.367*
GEP PR subgroup 27/245 (11) 5/27 (19) 22/218 (10) 0.194*
Imaging factors
Baseline MBS OL > 0 126/270 (47) 15/29 (52) 111/241 (46) 0.563
Baseline MBS OL > 2 89/270 (33) 12/29 (41) 77/241 (32) 0.307
Baseline MRI-FL > 0 188/270 (70) 23/29 (79) 165/241 (68) 0.230
Baseline MRI-FL > 7 87/270 (32) 17/29 (59) 70/241 (29) 0.001
DHIM 31/270 (11) 3/29 (10) 28/241 (12) 1.000*
Baseline PET-FL > 0 176/270 (65) 19/29 (66) 157/241 (65) 0.968
Baseline PET-FL > 3 97/270 (36) 14/29 (48) 83/241 (34) 0.142
Baseline EMD 15/270 (6) 1/29 (3) 14/241 (6) 1.000*
FL-SUV > 3.9 (Bartel) ** 113/270 (42) 11/29 (38) 102/241 (42) 0.651
FL-SUV > 4.2 (Cavo) *** 106/270 (39) 11/29 (38) 95/241 (39) 0.877
Baseline diffuse SUV ≤ 2 87/269 (32) 10/29 (34) 77/240 (32) 0.794

n/N (%):  n. number of patients with factor; N, number of patients with valid data for factor.  GEP molecular subgroups: CD1: cyclin D1; CD2: cyclin D2; HY: hyperdiploid; MF:
MAF/MAFB; MS: MMSET/FGFR3; PR: proliferation; LB: low bone disease23. * Fisher’s exact test, otherwise c2 test. ** See Bartel et al.14. *** See Cavo et al.13.



to those with no measurable MBS-OLs. No significant dif-
ferences were observed when PET-FLs were compared to
MRI-FLs or MBS-OLs. For completeness, we also examined
the subsets of patients with at least one MRI-FL (n=188;
Figure 1C) and at least one PET-FL (n=176; Figure 1D). The
results were consistent with those observed in Figure 1A.
Together, these results demonstrate the superior ability of
both MRI and PET to detect FLs compared with the ability
of MBS to detect OLs.

Log odds ratios for association of baseline prognostic
variables with imaging parameters 

Cut-off points for MBS-OLs (>0 and >2) were examined
for associations with other imaging parameters, GEP vari-
ables, and standard prognostic variables (Figure 2A, left
panel). Both cut-off points for MBS-OLs positively correlat-
ed with the cut-off points for the other two imaging meth-
ods: MRI-FL over 0 and over 7 and PET-FL over 0 and over
3. Among GEP variables, high risk (70-gene model), PR sub-
type, and CI, all reflecting disease aggressiveness, were sig-
nificantly linked to more than 2 MBS-OLs. DelTP53 was
neutral relative to MBS-OLs. Among standard laboratory
prognostic variables, high serum levels of b2M (>5.5 mg/L)
were associated with more than 2 MBS-OLs. 

Cut-off points for MRI-FLs (>0 and >7) were examined for
their associations with other imaging parameters, GEP vari-
ables, and standard laboratory prognostic variables (Figure
2A, middle panel). For both cut-off points, there were strong
positive correlations with MBS-OLs and PET-FLs, but not
with PET FL-SUV, EMD, or SUVdiff.  Among GEP features,
both PI and CI positively correlated with the MRI-FL cut-off
point over 7. Among GEP-defined molecular subgroups, the
PR subgroup positively correlated with MRI-FL counts. Both
MRI-FL cut-off points correlated with high-risk scores from
the 70-gene model, but only the higher cut-off point (>7)
was linked to high-risk scores from the 80-gene model.
Among standard laboratory prognostic variables, CRP had
significant positive correlations to the over 7 cut-off point.
For the subset with no MRI-FLs, DHIM was associated with
increased LDH and b2M (Figure 2A, right panel). 

In the case of PET variables, PET-FL at both cut-off points
(>0 and >3) had highly significant positive correlations with
MBS-OLs and MRI-FLs (Figure 2B, left panel). GEP-derived
variables that were significantly positively associated with
PET-FL counts included high-risk designation defined by
the 70-gene model as well as PI and CI. Among GEP-
defined molecular subgroups, the PR subgroup showed
positive correlation and the LB subgroup negative correla-
tion to PET-FLs. Among standard laboratory prognostic
variables, elevated CRP and LDH were seen more often
with more PET-FLs. However, while highly suggestive, the
greater incidence of CA coinciding with PET-FL was not
statistically significant. FL-SUV was highly associated with
more than 3 PET-FLs, high-risk disease (70-gene model),
and SUVdiff (Figure 2B, middle panel). PET-EMD was
linked to high b2M (Figure 2B, right panel). Online
Supplementary Table S1 provides odds ratios and P values for
the data presented in Figure 2. 

We next examined bone-related genes and those consti-
tuting the 70-gene risk model (Online Supplementary Table
S2) for their individual associations with the imaging
parameters. Online Supplementary Figure S1 graphically
depicts the P values for the comparisons of the
dichotomized imaging parameters with bone-related genes,
including factors directly affecting osteoblastogenesis

(PTHLH and genes associated with Wnt signaling, including
DKK1, FRZB, SRFP2, WNT10A, and WNT10B, and the
gene family of LRP receptors), in addition to genes known
to affect osteoclastogenesis (CCL3, CST6, TNFSF11,
TNFRSF11B, and IL6). While no significant comparisons
were observed for the dichotomized MBS or MRI sub-
groups, the median expression levels of 208433_at, an LRP8
probe, were significantly different for subjects with
SUVdiff≤2. Expression levels of 205282_at, another LRP8
probe, were highly suggestive of association with PET-FLs
over 0 and over 3, but did not exceed the significance level
adjusted for the multiple comparisons (Online Supplementary
Table S3).  

Given the strong correlation of imaging parameters to 70-
gene model-defined high risk (Figure 2), we also compared
the expression levels of the individual GEP-70 probes with
the dichotomized imaging parameters. Online
Supplementary Figure S2 graphically depicts and Online
Supplementary Table S4 indicates the P values from this set
of comparisons. No significant correlations were observed
for either MBS-OL cut-off point. GEP-70 probes associated
with the MRI-FL over 0 cut-off point were for the following
genes:  C6orf173 (226936_at), STK6 (204092_s_at), and
TRIP13 (204033_at).  For the MRI-FL over 7 cut-off point,
comparisons for ENO1 (201231_s_at) and TRIP13
(204033_at) exceeded the prescribed significance level.
TRIP13 (204033_at) was also highly correlated with the
PET-FL cut-off points (>0 and >3). The comparison of
FABP5 (202345_s_at) for the PET-FL cut-off point over 0
was highly suggestive of an association, but statistical sig-
nificance was only reached for the PET-FL cut-off point over
3. ENO1 (alpha-enolase) and FABP5 (fatty acid–binding pro-
tein 5) are implicated in glycolysis29 and cellular lipid trans-
port,30 respectively, while STK631 and TRIP1332 are involved
in cell cycle and control of DNA replication.

Discussion

The patient population evaluated here is representative of
those patients with MM who, according to CRAB criteria
(creatinine level, renal failure, anemia, bone disease),33

require therapy; however, this population differs in age dis-
tribution from most reported transplant trials, with a medi-
an age of 59.3 years (range 32.5-74.5 years), including 27%
who were 65 years and older. International Staging System
(ISS) distributions34 were also similar to patients enrolled in
large clinical trials by the Intergroupe Francophone de
Myelome35 and by Spanish,36 Italian,37 and the joint Dutch
and German trials.38

In evaluating similarities and differences between the
three imaging techniques, we noted a tendency towards
higher counts for MRI-FLs and PET-FLs compared to MBS-
OLs.  These data validate the use of MRI and PET in early
surveillance of FLs, so patients and their physicians will be
able to identify potential problems. Regarding standard lab-
oratory parameters, b2M, reflecting tumor burden and renal
function,39 was linked to MBS-OLs, MRI-DHIM and PET-
EMD, while CRP, affected by interleukin-6 activity,40 corre-
lated with the MRI-FL cut-off point over 7 and PET-FLs. In
the case of LDH as a feature of tumor aggressiveness41 and
anaerobic glycolysis,42 significant association was present
only for MRI-DHIM.  While the odds ratios suggested high
LDH was associated with increased MBS-OLs, PET-FLs,
and PET-EMD, these comparisons were not statistically sig-
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nificant. Additionally, the presence of CA may be linked to
PET-FL, but the associated odds ratio of only 1.79 was not
statistically significant.  In comparison, we estimate the
odds ratio for GEP-70 high-risk MM to be 4.34.

The strongest correlations with imaging parameters
were seen for GEP-derived variables, such as high-risk des-
ignation (70-gene model)25 and PR subtype,23 significantly
linked to most imaging variables, including MBS-OLs, MRI-
FLs, PET-FLs, and FL-SUV (only for high-risk disease). PI and
CI showed links to MRI-FLs and PET-FLs. LB subtype was
inversely linked to PET-FLs, and, although not statistically

significant, showed a similar trend with MRI-FL. The
absence of correlation with MRI-FLs may relate to the
greater sensitivity of PET for FL detection. As a metabolic
rather than anatomical measurement, PET may reflect gene
expression differences better than MRI. MS and MF sub-
types, often considered prognostically unfavorable,23 dis-
played no link to imaging parameters, which was also the
case with the CD-1 and CD-2 subtypes and GEP-derived
delTP53.24

Interestingly, the proliferation index (PI), PR group, and
metabolism did not correlate with DHIM and SUV-diff.

Imaging correlates in myeloma
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Figure 1. Comparisons of number of focal lesions (MRI-FLs and PET-FLs) and osteolytic lesions (MBS-OLs). For each patient, we calculated
the difference in the total number of FLs and OLs detected with each method. The distributions of the differences for each pairwise com-
parison are presented as box-and-whisker plots in the figures below. The lower and upper edges of the box correspond to the first and third
quartiles, respectively. The thicker bars in the middle represent the median, with the whiskers extending to the minimum and maximum val-
ues. P values from the Wilcoxon signed-rank test are given for each comparison. (A) Among all 270 patients with complete imaging infor-
mation, no difference was noted between FLs detected by MRI and FLs detected by PET (middle box-whisker), whereas both MRI (left) and
PET (right) detected more FLs than the number of OLs observed on MBS. (B) When limited to the 126 patients with at least one MBS-OL,
MRI-FL was higher than MBS-OL (left) while no differences were noted between MRI-FL and PET-FL (middle) and between PET-FL and MBS-
OL (right). (C) When restricted to the 188 subjects with at least one MRI-FL, data consistent with that noted in Figure 1A were observed. (D)
This also applied to the 176 individuals with at least 1 PET-FL.
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This can be explained by metabolism being measured in the
serum, reflecting a systemic parameter; the PI, and especial-
ly the PR group, represent a balance of expression of select
groups of genes and include patients from the other GEP-
defined groups

The availability of GEP data on more than 56,000 gene
probes led us to examine which genes, among bone-rele-

vant genes and those associated with high-risk disease,
were linked to imaging parameters. While many of the sus-
pected candidates were highly suggestive of an association
with some imaging variable (e.g. DKK1 with MBS-OL >0,
P<0.0056; MBS-OL >2, P<0.0036; MRI-FL >0, P<0.0069),
only LRP8 had statistically significant correlations once
adjustment was made for multiple comparisons. On the
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Figure 2. Log odds ratios measuring the association
of baseline prognostic factors with imaging param-
eters at baseline. DHIM comparisons were limited
to the subset of participants with no detected MRI-
FLs (n=82 for standard laboratory and imaging vari-
ables and n=74 for GEP variables). (A) MBS and
MRI. Left: both MBS-OL cut-off points were correlat-
ed with both cut-off points for MRI-FL and PET-FL.
Among GEP variables, high risk (70-gene model), PR
subtype, and CI, all reflecting disease aggressive-
ness, were significantly linked to more than 2 MBS-
OLs. DelTP53 was neutral relative to MBS-OLs.
Among standard laboratory prognostic variables,
high serum levels of b2M (>5.5 mg/L) were associ-
ated with more than 2 MBS-OLs. Middle: for both
MRI-FL cut-off points, there were strong positive cor-
relations with MBS-OLs and PET-FLs, but not with
PET FL-SUV, EMD, or SUVdiff. Among GEP features,
PI and CI positively correlated with MRI-FL >7.
Among GEP-defined molecular subgroups, the PR
subgroup positively correlated with MRI-FLs. Both
MRI-FL cut-off points correlated with high-risk
scores from the 70-gene model, but only the higher
cut-off point (>7) was linked to high-risk scores from
the 80-gene model. Among standard laboratory
prognostic variables, CRP had significant positive
correlations to MRI-FL >7. Right: for the subset with
no MRI-FL, DHIM was associated with increased
LDH and b2M. The comparison of GEP-80 risk
groups was not possible because of the small num-
ber of GEP-80 high-risk subjects. Some parameters
could not be estimated due to small sample sizes or
association by definition (for example, MRI-FL >7 vs.
MRI-FL >0). (B) PET. Left: PET-based FL number was
examined for correlations with other imaging
parameters, standard laboratory prognostic vari-
ables, and GEP variables. At both cut-off points (>0
and >3), PET-FLs had highly significant positive cor-
relations with MBS-OLs and MRI-FLs. GEP-derived
variables that were significantly positively associat-
ed with PET-FL included high-risk myeloma defined
by the 70-gene model as well as PI and CI. Among
GEP-defined molecular subgroups, the PR subgroup
showed positive correlation and the LB subgroup
negative correlation to PET-FLs. Among standard
laboratory prognostic variables, elevated CRP and
LDH were seen more often with more PET-FLs.
Middle: PET FL-SUV was highly associated with more
than 3 PET-FLs, high-risk disease (70-gene model),
and SUVdiff. Right:  PET-EMD was linked to high
b2M. Comparison of the CD-1 sub-group versus all
other GEP subgroups was not possible because of
the small number of CD-1 subjects.  

A
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other hand, several of the genes constituting the 70-gene
risk model, itself linked to imaging features, were found to
be highly associated with MRI-FL and PET-FL counts, such
as STK6, ENO1, TRIP13, and FABP5. 

STK6, also known as aurora kinase A, is recruited into
the centrosome early in G2 and has been implicated in the
activation of CDK1/cyclin B on the centrosome cell cycle
transit from G2 through to cytokinesis.31 The role of STK6
in MM growth has been recently evaluated, and several
STK6 inhibitors have been successfully tested against
myeloma cells in pre-clinical studies.43,44 TRIP13 is a AAA+

ATPase family member associated with and required for
completion of proper meiosis,32 and is involved in promo-
tion of early steps of the double-strand breaks repair
process upstream of the assembly of RAD51 complexes.45

Increased homologous recombination activity and elevat-
ed expression of HR-related genes, including RAD51, has
been suggested to mediate DNA instability and progres-
sion of MM.46 FABP5 is expressed in various malignancies;
it is a major target of the proto-oncogene c-MYC47 and is
involved in resistance of solid tumor cells to retinoic acid
treatment.48 ENO1, also known as a c-MYC promoter-
binding protein, is a metalloenzyme metabolic enzyme
involved in the synthesis of pyruvate in the anaerobic gly-
colysis pathway.49 In the cytoplasm, ENO1 was found to
be associated with PCNA,50 a proliferating cell nuclear
antigen that is up-regulated in the PR MM subtype.23

ENO1 is also expressed on the cell surface and participates
in plasminogen receptor-promoting plasmin activation,
extracellular matrix degradation, and tumor metastasis.29

Furthermore, ENO1 can be translated into the c-myc pro-
moter-binding protein (MBP-1), a nuclear protein that
binds to the c-MYC P2 promoter and acts as a c-MYC
transcription repressor. ENO1 is over-expressed in various
tumors and is associated with poor outcome.49 In myelo-

ma cell lines, ENO1 has been identified as an IL-6 target
gene.51

Taken together, the unique association between MRI-FLs
and PET-FLs and certain significant genes associated with
cell cycle, DNA replication, or repair of DNA double-strand
breaks (e.g. TRIP13, STK6) is in accordance with the well-
recognized chromosomal instability features in MM. The
correlation of the two metabolism-associated genes, ENO1
and FABP5, with MRI-FLs and PET-FLs further implicates
hyper-metabolic MM with adverse clinical parameters and
poor outcome.

Our work represents an excellent example of clarifying
how clinical disease manifestation, i.e. MM bone disease, is
linked to and explained by tumor-cell molecular genetic fea-
tures. We postulate that GEP of myeloma cells can also
reveal unique signatures linked to other variables, such as
anemia, immune paralysis, and renal failure, similar to LDH
and CA. Recognizing the critical role of the bone marrow
environment for MM progression and disease manifesta-
tion, work is currently in progress to examine GEP signa-
tures of whole bone marrow biopsies.
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