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Abstract 

Purpose: To determine molecular signature of baseline FDG-PET biomarkers in newly diagnosed multiple myeloma 

(MM) patients. 

Experimental design: Reported prognostic biomarkers (FDG avidity, SUVmax, number of focal lesions, presence of 

para-medullary disease (PMD) or extra-medullary disease (EMD)) were extracted from FDG-PET imaging at baseline 

in a group of 139 patients from CASSIOPET, a companion study of the CASSIOPEIA cohort (ClinicalTrials.gov, 

NCT02541383). Transcriptomic analyses using RNA sequencing were realized on sorted bone marrow plasma cells 

from the same patients. Association with high-risk gene expression signature (IFM15), molecular classification, 

progression-free-survival (PFS), stringent clinical response (sCR) and minimal residual disease (MRD) negativity were 

explored. 

Results: FDG-PET was positive in 79.4% of patients, with 14% and 11% of them presenting PMD and EMD 

respectively. Negative FDG-PET scans were associated with lower expression of hexokinase-2 (HK2) (Fold Change = 

2.1, padj=0.02) and enriched for the LB (low-bone disease) subgroup of patients. Positive FDG-PET profiles displayed 

two distinct signatures with either high expression of proliferation genes, or high expression of GLUT5 and lymphocyte 

antigens. PMD and IFM15 were independently associated with a lower PFS, and the presence of both biomarkers defined 

a group of double-positive patients at very high-risk of progression. PMD and IFM15 were neither related to MRD 

assessment nor to sCR.  

Conclusion: Our study confirmed and extended the association between imaging biomarkers and transcriptomic 

programs in MM. Combined prognostic value of PMD and high-risk signature with IFM15 may help define a very high-

risk group of MM. 

Statement of significance 

FDG-PET imaging biomarkers play a critical role in the evaluation and prognosis of multiple myeloma. Here, we 

confirmed and extended our understanding of the link between tumor biology and imaging biomarkers, and we showed 

that the combination of prognostic biomarkers from imaging and gene expression profiling may define a novel group of 

patients with a very high-risk of progression. 



Introduction 

In the past decade, there has been increasing use of positron emission tomography with 18F-fluorodeoxyglucose (FDG-

PET) for the staging and therapeutic evaluation of multiple myeloma (MM) patients (1). A few studies have demonstrated 

the prognostic value of several biomarkers extracted from FDG-PET at baseline: the number of focal lesions (FLs), the 

presence or absence of extra-medullary disease (EMD), para-medullary disease (PMD), and maximum standardized 

glucose uptake value (SUVmax) as reviewed by Michaud-Robert et al. (2). Furthermore, FDG-PET is considered as 

negative in approximately 10–20% of MM patients (2). This pattern, associated with low expression of hexokinase-2 

(HK2), an enzyme involved in the first step of glycolysis, is usually described as a false negative result for disease’s 

detection but seems to carry a prognostic value (3–5). Before these FDG-PET biomarkers could be fully endorsed as risk 

classifiers by the haematologist community, further characterization of underlying molecular aspects is necessary. 

Genome-wide transcriptomic analyses through RNA-sequencing (RNA-seq) unbiasedly characterize the gene expression 

program of tumor cells purified from bone marrow aspirates. RNA-seq helped to understand the molecular basis of MM 

complexity (6,7) and to determine high-risk multiple myeloma patients with gene signatures such as GEP70, EMC-92, 

or IFM15 (8,9). 

The purpose of this study was to identify gene expression patterns associated with prognostic FDG-PET biomarkers in 

newly diagnosed MM patients included in the prospective multicenter CASSIOPET study. Association with high-risk 

gene expression signature, molecular classification, progression-free-survival (PFS), clinical response and minimal 

residual disease (MRD) negativity at 100 days after autologous stem cell transplant (ASCT) were also explored. 

Materials and methods 

Patients 

A group of 139 newly diagnosed patients from CASSIOPET (in press, (5)), a companion study of the phase 3 

CASSIOPEIA trial (10), were subjected to gene expression profiling at baseline in addition to 18FDG-PET/CT imaging. 

The aims, inclusion and exclusion criteria of CASSIOPEIA trial (ClinicalTrials.gov, NCT02541383) have previously 

been reported (10). The CASSIOPET study was locally approved by the institutional ethics committee (University 

Hospital, Nantes, France). Myeloma plasma cells were derived from bone marrow sampling collected in the Intergroupe 

Francophone du Myélome (IFM) and in the Dutch/Belgian Haemato -Oncology Foundation for Adults in the Netherlands 

(HOVON) centers. Myeloma cells were purified using nanobeads and an anti-CD138 antibody (RoboSep, Stem Cell 



Technologies). The average cell purity of MM was > 99% (range 79-100) as assessed by MGG staining and morphology. 

Finally, all samples with available material >200ng RNA and RNA Integrity Number > 6.5 were included and sequenced. 

RNA Sequencing 
Libraries were prepared with NEBNext Ultra II for directional RNA sequencing kit (New England Biolabs, Ipswich, 

MA, ref. E7765L, E7490L, E6440S). Quality controls (QCs) were performed with High Sensitivity D1000 (Agilent, 

Santa Clara, CA) and NEBNext Library Quant Kit for Illumina (Ref. E7630L) on a TapeStation 2200 (Agilent, Santa 

Clara, CA). All libraries passed QCs and were sequenced on a NovaSeq 6000 (Illumina, San Diego, CA) with S2 

flowcells at 2x100 cycles (Ref. 20012861). Finally, sequencing depth ranged from 74 to 163 million paired-reads per 

library. RNA-sequencing reads were aligned to the human reference genome hg38/GRCh38.p13 and genes were 

quantified with STAR v2.7.3 and Ensembl v99. Standardized log2 values of transcripts per million (TPM) units were 

used to compute high-risk and molecular classifications scores unit after removal of immunoglobulin genes (11). 

Threshold for high-risk classification with IFM15 (x=1.3) was defined according to Decaux et al. (9). Maximum of the 

weighted means was used to classify patients in the seven subgroups of the University of Arkansas for Medical Sciences 

(UAMS) classification (6) and GEP70 signature. DESeq2 was used to perform differential expression analysis from raw 

counts with plasma cell purity and site of collection (IFM or HOVON) treated as model covariates. DESeq2’s variance 

stabilizing transformation (vst) was used for graphical representation and statistical analysis of gene expression levels. 

FDG-PET/CT evaluation 

FDG-PET images were acquired at baseline according to local protocol in each center and recommendations of good 

practice for PET imaging. Briefly, all patients fasted for at least 4 hours before FDG injection. Blood glucose level 

measured before FDG administration had to be ≤150mg/dL. Whole-body imaging was performed between 60 to 80 

minutes after FDG injection (from 3 to 7 MBq/kg). FDG-PET data were centrally collected and analyzed, blinded to 

patient treatment and follow-up. As previously described (2,12), FDG-PET negativity, number of bone FLs, presence of 

EMD and PMD were reported. Bone SUVmax was determined. 

  

MRD Assessment and clinical response 

As reported in the CASSIOPEIA trial, MRD was evaluated by multiparametric flow cytometry of bone marrow aspirates 

at 100 days after ASCT. MRD negativity was defined as <0.001% of aberrant clonal plasma cells (10–5 threshold). 



Clinical response was assessed according to International Myeloma Working Group (IMWG) criteria at 100 days after 

ASCT (13). 

Statistical analysis 

Quantitative biological and clinical variables were described with median and interquartile range (IQR) or mean and 

standard deviation. Significance of average difference between groups was assessed with the Kruskal-Wallis method 

and Dunn post-hoc for multiple group testing, or Wilcoxon test for 2 groups. Difference of distribution between groups 

was assessed with a c2 pearson’s test (or Fisher’s exact test if appropriate). Absolute c2 residuals greater than 2 were 

considered significant as post hoc. DEseq2’s Wald test was used to assess the difference in gene expression between 

groups. For survival analysis, progression-free survival was calculated from randomization date to disease progression 

or death, whichever occurred first, or to the last follow-up date. Hazard ratios between groups were calculated with a 

Cox model. Survival curves were calculated using the Kaplan-Meier method and groups were compared using a 

likelihood ratio test. P-values were corrected for multiple testing with the Benjamini-Hochberg method. Adjusted p-

values under 0.05 were considered significant. All calculations were performed with R 3.6.0. (R Foundation, Vienna, 

Austria). 

Results 

Demography and FDG PET results 

Among the 268 patients enrolled in the CASSIOPET study, 139 patients were considered for this analysis. These patients 

presented with similar demographic and clinical characteristics (Age, Sex, R-ISS staging, high-risk cytogenetics, 

treatment arms) to those of the entire CASSIOPET population (Table S1). Our cohort included 110 patients with positive 

FDG-PET (79%), of which 20 (14%) and 16 (12%) had PMD or EMD respectively at baseline. Median baseline SUVmax 

was 3.2 (ranging from 1.5 to 12) with 35 (32%) of the 110 FDG-avid MM patients presenting a SUVmax value higher 

than 4.2. Sixty-four (46%) of our patients presented 3 FLs or more. Main characteristics of our cohort regarding FDG-

PET imaging and gene signatures are presented in Supplementary Figure S1. 

Molecular profile of patients with PET-negative scans 

To understand which patients were most likely to present negative/normal FDG-PET, the expression levels of glucose 

transporters 1 to 5 (GLUTs) and of hexokinases 1 to 3 (HKs) were explored. HK2 was less expressed in patients with a 

normal FDG-PET (Fold Change (FC) = 2.0, p=0.04, Figure 1A), however to a lesser extent than GLUT5 (SLC2A5, 



FC=4.2, p=7 10-4), which codes for a canonical fructose receptor (14). Conversely, GLUT3 (SLC2A3) was found over-

expressed in negative/normal FDG-PET patients (FC=2.0, p=0.05, Figure 1A), as well as in high-risk patients assessed 

with the IFM15 signature (IFM15+, FC=2.1, p=0.01, Figure 1B). Expression of other HKs and GLUTs was comparable 

in both groups (IFM15+ and IFM15-; Figure 1B). Of note, GLUT2 and GLUT4 were not found expressed in this study 

(0 to 0.2 transcript per million on average, TPM) and were discarded from the analysis. 

The UAMS molecular classification of MM in seven subgroups (CD-1, CD-2, HP, LB, MF, MS, PR) was statistically 

associated with FDG-PET normality (Figure 1C). In particular, an over-representation of negative FDG-PET imaging 

was found in the LB group compared to the reference group of HP patients. The LB group consistently showed an under-

expression of HK2 (p=9 10-4) and GLUT5 (p=1.6 10-5) (Figures 1D-E).  

Finally, a differential analysis of gene-expression was carried out with DEseq2, showing that 1,202 genes were 

deregulated between positive/abnormal and negative/normal FDG-PETs. Genes that were moderately to highly 

expressed (≥500 mRNA on average) and on which the condition has an important effect (Log2FC ≥ 1 in absolute value) 

are presented in Figure 2. Hierarchical clustering separates two groups of positive-normal FDG-PET patients with 

distinct signatures. Ontology analysis confirmed a strong proliferation signature (MKI67, PCNA, TOP2A, STMN1) in a 

proportion of FDG-PET-positive patients (Figure 2 and Table S2), while the others positive scans over-expressed 

lymphocyte antigens (CD19, TNFSF8/CD30L, TNFSF10/TRAIL) and SLC2A5/GLUT5. Conversely, negative/normal 

FDG-PETs showed a cellular machinery ontology (secretion, membrane, exocytosis), and regular expression of 

SLC2A3/GLUT3, consistent with our first result. 

Molecular profile associated with FDG-PET abnormalities  

Among patients with positive/abnormal FDG-PET scans, patients with high-risk GEP70 signature had more frequent 

PMD than GEP70 negative patients (p=0.003, Figure S2) while no association was observed with the IFM15 signature 

(Figure 3A). The proliferating group of the UAMS molecular classification (PR) was associated with PMD (p=0.02), 

while none of the LB cluster had PMD despite an abnormal FDG-PET scan (Figure 3B). Similar analyses for EMD 

showed significant higher proportion in IFM15+ group (p=0.02, Figure 3C) and a lack of statistical association with 

GEP70 (Figure S2) or molecular classification (Figure 3D). Finally, none gene expression pattern was associated to 

SUVmax.  



Prognostic impact of FDG-PET and high-risk gene expression signatures 

The median follow-up time of our cohort was 26 months (95%: 21 - 33 months), during which 26 patients (19%) 

progressed (disease progression or death) and 9 died (6%). Survival analyses were limited to PFS, OS was discarded due 

to the small number of events. 

Univariate Cox analysis (Tables S3-S4) showed that imaging biomarkers and gene expression were prognostic for 

progression. In particular, PMD and IFM15 were strongly associated with relapse (HR_PMD=5.2, CI=[2.3-11], and 

HR_IFM15=4.3, CI=[1.9-9.4], respectively). The combination of PMD and IFM15 in a Cox multivariate model showed 

the independence of these two variables in predicting relapse (Figure 4A, HR_PMD=4.3, CI=[1.9-9.7], p<0.001; 

HR_IFM15=3.7, CI=[1.6-8.1], p=0.001). Of note, both variables remained significant in the model when accounting for 

R-ISS staging (Table S5). Combining both PMD and IFM15 biomarkers defined a group with a very high-risk of 

progression (Figure 4B; p=4 10-5). Besides, PMD and IFM15 didn’t correlate with deep clinical response as defined by 

a clinical stringent complete response, (sCR) or by a minimal residual disease (MRD) negativity at day 100 post-ASCT 

(Figure 4C-F).   

Similarly, negative/normal FDG-PET patients, with a good prognosis, and IFM15, with a poor prognosis, seemed to 

complement each other in Kaplan-Meier analysis and in a Cox multivariate model (Figure 4G-H). In particular, among 

patients with a negative FDG-PET (n=110), IFM15 high risk signature was still associated with a shorter PFS (HR=3.9, 

CI=[1.8-8.8], p=0.001). 

 

Discussion 

The last decade witnessed significant progress in the development of risk classifiers derived from cytogenetics and gene 

expression profiling in newly diagnosed MM (8,9,15,16). Yet, intrapatient heterogeneity, inherent to this pathology, 

might reduce the sensitivity of these tests which are often based on a single sample from a single site which does not 

necessarily reflect the entire pathology (17). Thus, whole-body functional imaging such as FDG-PET has been proposed 

as a complementary approach for prognosis at baseline. As such, both transcriptomic and imaging approaches allow the 

identification of high-risk patients despite the fact that they seemed opposed in nature. The cells studied in RNA-seq 

come from a single, localized bone marrow aspirate, whereas FDG-PET explored whole-body spatial heterogeneity. In 

this context, some FDG-PET scans are depicted as negative/normal despite the clinical diagnosis established in particular 

by the presence of malignant plasma cells in the bone marrow aspirate. Yet, as two sides of the same coin, it seems 



possible that the characteristics of these two techniques partially overlap and that the biomarkers described in FDG-TEP 

can find echoes in transcriptomic data beyond HK2 underexpression shown by the first works of the Little Rock group 

(3). 

In this study, we reported novel associations between imaging patterns and gene-expression in MM, and we extended 

our knowledge about the molecular profiles of negative/normal FDG-PET. Our data demonstrate that normal-negative 

FDG-PET scans is associated with specific expression of glucose metabolism genes and with LB molecular subgroup, 

while abnormal-positive FDG-PET scans are associated with markers of cell proliferation and with a distinct 

transcriptomic profile including the fructose transporter GLUT5. 

The combination of PMD and IFM15 signature clearly identified a subset of patients with a higher risk of progression 

in our cohort. This result was independent of the patient’s R-ISS grade, and therefore extended the risk classification at 

diagnosis.  The prognostic value of PMD and/or IFM15 was independent of an undetectable MRD or a stringent complete 

response. Interestingly, the only R-ISS stage 1 patient who was double positive for PMD and IFM15 progressed in four 

months and died within two years. Further studies could extend these observations to overall survival, and compare this 

new biomarker to other very-high-risk groups such as the “Double-Hit” (18). 

As for the seven UAMS molecular subgroups, Usmani et al previously reported that the PR, MF, and GEP70 subgroups 

presented more EMD (19). These observations were not made in our study yet the PR subgroup was associated with 

PMD. This finding has not been raised in previous works. However, the concept of PMD, corresponding to soft tissue 

invasion with contiguous bone involvement, is relatively recent. The CassioPET prospective study was the first to 

examine and report the prognostic value of this particular imaging biomarker (5). It is plausible that these 2 entities were 

mixed in previous works, explaining these discordant results. 

Concerning patients with negative/normal FDG-PET scans at diagnosis, they were more likely to belong to the LB 

subgroup of the UAMS classification, a consistent result since this cluster is characterized by a low number of FLs 

detected on MRI, and both groups have a good clinical prognosis. This observation had not been made in previous 

studies. 

We also confirmed the under-expression of HK2 in this subgroup, and showed that GLUT3 and especially GLUT5 were 

deregulated to a greater extent than HK2 between negative/normal and positive/abnormal FDG-PET scans. More 

generally, when we extended our analysis to all genes, two transcriptomic signatures stood out for MM patients with 

positive FDG-PET: the first involved proliferation genes (MKI67, PCNA, TOP2A, STMN1) and proliferation groups (PR 

and MS). The second involved GLUT5 and lymphocyte antigens such as CD19, CD30L and TRAIL, suggesting that a 



particular gene expression program is associated with glucose avidity independently of proliferation. This observation 

would need to be validated at the protein level. 

Similarly, 2 observations were made that require further investigations. Firstly, strong expression of GLUT5/SLC2A5 

was associated with positive FDG-PET. This result was unexpected since GLUT5 does not transport glucose but fructose 

(14). High expression of GLUT5 in FDG-avid tissues has been reported in the literature as a "discrepancy" in breast 

cancer cells expressing low levels of GLUT1 (20). Finally, although previously described (2), the prognostic value of 

SUVmax using a threshold of 4.2 did not appear significant in our work in multivariate analysis.   

Conclusion 

This study enabled a better characterization of molecular signature of FDG-PET biomarkers. Moreover, combined 

prognostic value of PMD and high-risk signature with IFM15 may help define a very high-risk group of MM. This work 

demonstrated, once again, the added prognostic value of integrating FDG-PET in the management of MM patients. 
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Figure legends 

Figure 1 

Molecular profile of FDG-PET negativity in the CASSIOPET trial. A. Expression of glucose transporters (GLUTs) 

and hexokinases (HKs) in abnormal-positive (orange) versus normal-negative (green) FDG-PET scans from the 

CASSIOPET cohort. B. Expression of GLUTs and HKs in standard risk (blue) versus high-risk (red) gene expression 

signature IFM15. C. Distribution of normal FDG-PET across multiple myeloma molecular classes as defined by the 

UAMS. D-E. Expression of HK2 (D) and GLUT5 (E) in multiple myeloma molecular classes. N=139 patients. *: p<0.05; 

**: p<0.01; ***:p<0.001; ****: p<0.0001. Gene expression levels are given in vst normalized counts (see Methods). 

Figure 2 

Gene expression profiling of abnormal FDG-PET scans. Heatmap representation of the standardized gene expression 

level of the most differentially expressed genes between the two conditions (normal or abnormal FDG-TEP) with 

DESeq2 R package. SLC2A3 (respectively SLC2A5) encodes GLUT3 (resp. GLUT5). 

Figure 3 

Molecular profiles of FDG-PET para- and extra-medullary disease. A-B. Distribution of patients presenting para-

medullary disease at baseline in IFM15 high and standard risk expression signature (A) and across myeloma molecular 

classes (B). C-D. Distribution of patients presenting extra-medullary disease at baseline in IFM15 high and standard risk 

expression signature (C) and across myeloma molecular classes (D). n.s.: not significant (p>0.05). 

Figure 4 

Prognostic value of imaging and gene expression profiles in the CASSIOPET cohort. A. Multivariate cox modeling 

of progression-free survival (PFS) by the presence of para-medullary disease (PMD) and an IFM15 high-risk gene 

expression signature (IFM15+). B. Kaplan-Meier curves representing PFS of CASSIOPET patients separated by IFM15 

and PMD status. C-D. Distribution of MRD status at day 100 post-ASCT by baseline IFM15 status (C) and baseline 

PMD status (D). For MRD only, data is available for N=120 patients. E-F. Distribution of stringent complete response 

(sCR) at day 100 post-ASCT by baseline IFM15 status (E) and presence of PMD at baseline (F). G. Kaplan-Meier curves 

depicting progression-free survival (PFS) of patients with positive FDG-PET only (N=110/139) and according to their 

IFM15 risk status. H. Multivariate cox modeling of PFS using PET (normal/abnormal) and IFM15 (Yes=high-risk, 

No=standard risk) binary variables. 
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