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Key Points

» PET false-negativity was seen in 11% of MM patients.
o PET false-negativity was associated with low hexokinase-
2 expression.

Abstract

18F_Fluorodeoxyglucose (FDG)—positron emission tomography
(PET) and diffusion-weighted magnetic resonance imaging
with background signal suppression (DWIBS) are 2 powerful
functional imaging modalities in the evaluation of malignant
plasma cell (PC) disease multiple myeloma (MM). Preliminary
observations have suggested that MM patients with extensive
disease according to DWIBS may be reported as being
disease-free on FDG-PET (“PET false-negative”). The aim of
this study was to describe the proportion of PET false-
negativity in a representative set of 227 newly diagnosed MM
patients with simultaneous assessment of FDG-PET and
DWIBS, and to identify tumor-intrinsic features associated with
this pattern. We found the incidence of PET false-negativity to
be 11%. Neither tumor load—associated parameters, such as
degree of bone marrow PC infiltration, nor the PC proliferation
rate were associated with this subset. However, the gene
coding for hexokinase-2, which catalyzes the first step of
glycolysis, was significantly lower expressed in PET false-
negative cases (5.3-fold change, P < .001) which provides a
mechanistic explanation for this feature. In conclusion, we
demonstrate a relevant number of patients with FDG-PET
false-negative MM and a strong association between
hexokinase-2 expression and this negativity: a finding which
may also be relevant for clinical imaging of other
hematological cancers.



Introduction

I8F_Fluorodeoxyglucose (FDG)—positron emission tomography (PET) and
the recently introduced diffusion-weighted magnetic resonance imaging with
background signal suppression (DWIBS) are powerful functional imaging
modalities in the evaluation of multiple myeloma (MM).! These techniques
rely on different molecular features with FDG-PET being based not only on
the quantification of increased glucose uptake by tumor cells but also by
others such as inflammatory cells, whereas in DWIBS the bone marrow
(BM) cellularity is measured by quantifying the molecular diffusion of body

water and the microcirculation of blood in the capillary network.2

Recently published results of a pilot study that examined 17 patients with

paired imaging data suggest that patients with extensive disease on DWIBS

may be reported as being disease-free on FDG-PET (“PET false-negative”).2
Because FDG-PET is increasingly being used as a diagnostic tool in MM,l’é_
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a further characterization of this phenomenon is essential.

The aim of this study was to describe the proportion of PET false-negative
patients and to identify tumor-intrinsic features associated with PET false-
negativity. Here, we report on 227 MM patients for whom FDG-PET and
DWIBS were simultaneously performed; malignant plasma cells (PCs) were
characterized using fluorescence in situ hybridization (FISH) and gene

expression profiling (GEP).

Study design



We investigated 227 transplant-eligible newly diagnosed MM patients using
simultaneous FDG-PET and DWIBS, as well as FISH and GEP. This study
was approved by the institutional review board (#205415). All patients
signed written consent in accordance with the Declaration of Helsinki.

FDG-PET was performed on a Biograph, Reveal, or Discovery scanner.
DWIBS was performed on a 1.5 Tesla Philips Achieva scanner. A focal
lesion (FL) was defined as a circumscribed focus with increased FDG uptake
compared with its surroundings. Diffuse disease (moderate or severe
intensity) was defined as previously published.2 For DWIBS, a FL was
defined as well-delineated focal intensity above the surrounding background
BM > 1 cm in size; diffuse infiltration was defined as intensity above
background (details in supplemental Methods, available on the Blood Web

site).

The scans were reported by 2 independent radiologists and 1 nuclear
medicine physician who were blinded to the clinical information, and other
imaging results. Presence of disease was defined as diffuse and/or focal

activity. We assigned patients to the following groups: disease detectable by
both methods (DWIBS*PET™), disease detectable by DWIBS only
(DWIBSTPET™), or no detectable disease by either method
(DWIBS™PET™). None of the patients was DWIBS-negative but FDG-PET-

positive. Four cases with diffuse infiltration patterns in DWIBS and

suspected MM involvement in FDG-PET were assigned to the
DWIBS*PET" group to avoid an overestimation of PET false-negativity.

FISH, GEP of CD138-enriched PCs, 70-gene classifier (GEP70)-based risk

designation, and molecular subgroup classification were done as previously
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described.2™ Differential gene expression was assessed as published. 12~ An



expression quantitative trait locus (eQTL) analysis was performed for
polymorphisms within 1 MB of the transcription start site of hexokinase-2

(HK?2) as described.14 Copy-number aberrations (CNAs) were called using
HumanOmni 2.5 SNP arrays (Illumina) as described. 2

Wilcoxon or Fisher exact tests were used to compare the median of a
continuous variable or the distribution of discrete variables across groups,
respectively. Correlation coefficients were determined using Spearman rank

correlation. Main analyses were undertaken using R (v3.3.1) software.

Results and discussion

Of the 227 patients studied, 186 were DWIBS*PET™. A further group of 15

patients was DWIBS™PET™ (Figure 1A). Comparing the 2 groups, there was
a significantly lower proportion of adverse chromosomal prognostic markers
and a trend for a lower tumor burden in DWIBS™PET ™, indicating that in

~T7% of patients the tumor burden may be below the detection threshold of
both of these imaging modalities (Figure 1B).

—_— View larger version

. i s Figure 1. study design, imaging results, and patients’
6 : . l characteristics. (A) Top panel: the study design is shown. Bottom
ol bl s panel: the proportion of patients with specific imaging results and
representative paired FDG-PET/DWIBS images. (B) Bars represent
' the percentage of patients positive for the respective feature. Low
“"I'l' Ll ""I' BMPCs were defined as <20%. Significance of Fisher exact test is
illustrated with symbols: +P < .1; *P < .05; **P < .01; ****P < .0001.

For statistical calculations, the set of DWIBS*PET* patients was used as reference.
BMPC, bone marrow plasma cell infiltration; HY, hyperdiploid; IgG, immunoglobulin G;
ISS 3, International Staging System 3; LDH, lactate dehydrogenase; PR, proliferative.




In 11% of patients (26 of 227), we found evidence of disease using DWIBS
but no apparent disease involvement using PET (DWIBS*PET™; Eigure 1A).
Of these patients, 5 presented with FLs only, 13 with FLs and diffuse
involvement, and 13 with extensive diffuse involvement. There was no
difference between the DWIBS*PET™ and this group with regard to
parameters associated with tumor load, such as the degree of BMPC
infiltration or ISS3. None of the patients with DWIBSTPET~ were assigned
to the HY (P < .0001) or PR (P=.01) molecular subgroup (EFigure 1B),
indicating that this imaging pattern was significantly impacted by tumor

intrinsic features.

To elucidate the mechanism underlying the “PET false-negativity”
phenomenon, we compared GEP data derived from the DWIBS*PET* and
DWIBS*PET ™ cases. After correction for multiple testing, we found 21
differentially expressed genes. Interestingly, the gene coding for HK2 was
the top differentially expressed gene, with significantly lower expression in
false-negative PET cases (fold change, 5.3%; P < .001) Eigure 2A. There
were 5 other differentially expressed genes (upregulated, DDR1, MPZL 3,
NDRG2, TMBIM®6; downregulated, NPM 1) which also play a role in
metabolism (supplemental Table 1).

View larger version

32 . . Figure 2. HK2 expression. (A) A schema illustrating the functional
role of HK2 in the metabolism of FDG (left panel) and a boxplot with
the expression level of HK2 in PCs obtained from patients with

DWIBS*PET*, DWIBS™PET™, and DWIBS*PET™ imaging results
(right panel). (B) The plot shows HK2 expression in PCs stratified by UAMS molecular

subgroups.ﬂ




HK?2 catalyzes the first step of glycolysis, the phosphorylation of glucose to
hydrophilic glucose-6-phosphate. Like glucose, FDG undergoes
phosphorylation by HK2, which prevents back diffusion through the cell
membrane.1% Recently, expression levels of HK2 were associated with FDG
uptake in mouse models of breast cancer, supporting the observations in the
current study.lZ We conclude that low expression of HK2 and the resulting
lower levels of metabolically trapped FDG in tumor cells could explain
false-negative PET results. HK2 expression was significantly increased in
the HY molecular subgroup, corresponding to the lack of DWIBSTPET ™

cases in this subgroup (Eigure 2B). Overexpression of glucose-6-

phosphatase, which catalyzes the reverse reaction to HK2, mediates false-

negative FDG-PET results in hepatocellular carcinoma,ﬁ’ﬁ lending support
to our findings of the associations of low HK?2 levels with false-negative
FDG-PET.

Next, we aimed to elucidate the mechanism underlying differential HK2
expression. Although HK?2 expression positively correlated with
proliferation (Spearman rank correlation p = 0.24; P < .001), we also found
cases with low HKZ2 expression but increased proliferation rates, excluding
proliferation as a parameter solely explaining low HKZ2 expression in PET
false-negative patients (supplemental Figure 1). In 7 DWIBS*TPET ™ cases
with available CNAs, we neither detected a CNA involving 2p13, the locus
of HK2, nor any other shared CNA that could explain this observation.
Analyzing an eQTL set!# including 1449 MM patients, we only found a
weak association between the HK2 common polymorphism rs923273 and
HK?2 expression (f = 0.16 + 0.04; supplemental Figure 2), an effect which

could not explain a fivefold expression difference. In summary, HK2



expression levels were significantly associated with false-negative FDG-

PETs, but the mechanism underlying low HKZ expression remains elusive.

For PET, >3 FLs were previously reported as a poor prognostic marker,é’i
suggesting that PET negativity could translate into a favorable outcome.
However, due to the limited number of DWIBS*TPET ™~ cases, large studies
are required to investigate the prognostic impact of this pattern. Interestingly,
in a follow-up analysis of DWIBS*TPET™ cases, PET-avid disease was seen
in 4 of 8 relapsed patients (supplemental Table 2). Future studies will have
to investigate the mechanism underlying this apparent change in FDG uptake

and also the contribution of the microenvironment.

To overcome the limitations of FDG-PET, alternative tracers have been

. : .. 21 :
studied in MM with promising results.2>~ However, due to the substantial
interpatient tumor heterogeneity in MM, alternative tracers could also lead

to false-negative results in subsets of patients.

In summary, we demonstrate that at least 10% of patients could be
misclassified using FDG-PET as the only functional imaging technology.
We describe a strong association between HK2 expression and this
phenomenon in MM, which may also be relevant for the clinical imaging of

other hematological cancers.

Footnotes

The online version of this article contains a data supplement.
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Figure 1.

Study design, imaging results, and patients’ characteristics. (A) Top panel: the
study design is shown. Bottom panel: the proportion of patients with specific imaging
results and representative paired FDG-PET/DWIBS images. (B) Bars represent the
percentage of patients positive for the respective feature. Low BMPCs were defined
as <20%. Significance of Fisher exact test is illustrated with symbols: +P < .1; *P <

.05; **P < 01; ***P < 0001. For statistical calculations, the set of DWIBSTPET™*
patients was used as reference. BMPC, bone marrow plasma cell infiltration; HY,




hyperdiploid; IgG, immunoglobulin G; ISS 3, International Staging System 3; LDH,
lactate dehydrogenase; PR, proliferative.
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Figure 2.

HK2 expression. (A) A schema illustrating the functional role of HK2 in the

metabolism of FDG (left panel) and a boxplot with the expression level of HK2 in PCs

obtained from patients with DWIBS*PET*, DWIBS™PET~, and DWIBS*PET™
imaging results (right panel). (B) The plot shows HK2 expression in PCs stratified by

UAMS molecular subgroups.ﬂ
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