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Objective: This prospective observational study of
positron emission tomography (PET)-MRI findings in
16 consecutive newly diagnosed patients with a plasma
cell dyscrasia describes and compares MRI-detected
myeloma lesions with '®F-fludeoxyglucose PET-avid
myeloma lesions, and correlates quantitative imaging
findings to a range of biochemical and prognostic
parameters.

Methods: Simultaneously acquired whole body PET
and MRI images were evaluated qualitatively for the
presence of focal or generalised abnormalities of bone
marrow (BM) on either modality. Quantitative analysis
comprised mean standardised uptake values (SUVmean)
and fractional water content of the BM measured from
PET and chemical shift MRI images of the second to
fourth lumbar vertebrae.

Results: Final diagnoses comprised symptomatic
myeloma (n = 10), asymptomatic myeloma (n = 4) and
monoclonal gammopathy of uncertain significance (n =

INTRODUCTION

MRI is recommended by the International Myeloma
Working Group (IMWG) as the imaging modality of
choice in asymptomatic myeloma patients, in staging of
solitary plasmacytomas, and in myeloma patients with
suspected neurological or soft tissue involvement."” MRI,
over any other imaging modality, has a higher sensitivity for
detecting axial skeleton lesions, and detects marrow infil-
tration by myeloma cells much earlier than myeloma related
bone destruction detected by CT, positron emission tomog-
raphy-CT (PET-CT) or x-ray.”* In current IMWG guide-
lines, patients with greater than one focal lesion of diameter
>5 mm on MRI are considered to have symptomatic disease

2). 8/10 patients with symptomatic myeloma demon-
strated BM abnormalities on qualitative assessment of
MRI compared to 4/10 on PET. BM SUVmean inversely
correlated with serum albumin (r = 0.57, p = 0.017). BM
water fraction correlated with trephine cellularity and
blood platelet count (r = 0.78, p = 0.00039and r = 0.61,
p = 0.0013 respectively). BM water fraction correlated
with SUVmean in patients with low plasma cell burden (r
= 0.91, p = 0.0015) but not in patients with high plasma
cell burden (r = 0.18, p = 0.61).

Conclusion: PET-MRI shows promise in both morpholog-
ical and functional multiparametric quantitative assess-
ment of myeloma.

Advances in knowledge: For the first time, multipara-
metric imaging in myeloma has been shown to predict
BM abnormalities and correlate with known biochemical
prognostic markers, moving PET-MRI beyond simple
diagnostic applications into potential prognostic and
treatment selection applications.

requiring therapy. However, MRI, CT and X-ray have the
disadvantage of detecting persistent non-viable lesions after
treatment, even in patients achieving a complete remis-
sion.”® In comparison, '®F-fludeoxyglucose (FDG)-PET
has the capacity to reveal metabolic marrow changes,
and in combination with low dose CT has been shown to
predict survival and may provide for a better definition of

complete remission.”®

Hybrid PET-MRI imaging platforms have recently become
available with approval from the FDA for clinical use in
2012. Simultaneous PET and MRI acquisition has partic-
ular advantage over other imaging modalities for solid
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malignancies with bony metastasis.” In myeloma, simultaneous
PET and MRI acquisition theoretically combines highly sensi-
tive MRI with PET-avidity to detect active lesions, potentially
providing superior diagnostic accuracy and response assessment.
PET-MRI also offers opportunities for multiparametric quantita-
tive imaging with the potential to extract a range of quantifiable
features for the assessment of disease severity and/or change
during treatment. To our knowledge simultaneous PET-MRI
acquisition in myeloma has been evaluated only once previously,
and myeloma bone involvement was defined as PET-avid lesions
rather than IMWG recommended MRI-detected bone lesions,
with the purpose of the study being to compare PET-MRI-
avidity to PET-CT-avidity.'” Moreover, the relationship between
quantitative PET-MRI parameters and myeloma disease status is
currently unknown. Our present prospective observational study
uses a Siemens Biograph MMR PET/3T MRI hybrid imaging
system in 16 consecutive newly diagnosed patients with a plasma
cell dyscrasia, to describe and compare MRI-detected myeloma
lesions with FDG-PET-avid myeloma lesions, as well as correlate
quantitative imaging findings to a range of clinical, biochemical
and prognostic parameters.

METHODS

Study population

During 2015 and 2016, 16 consecutive newly diagnosed patients
with a plasma cell dyscrasia from Princess Alexandra Hospital,
Queensland, Australia were evaluated. The study was conducted
in accordance with the Declaration of Helsinki and formed part
of a non-interventional research programme seeking to identify
prognostic imaging biomarkers, for which approval was granted
by the local ethics committee who waived the need to obtain
consent in individual patients.

Prior to initiating therapy all patients had baseline laboratory
values collected, a bone marrow aspirate and trephine (BMAT),
and a PET-MRI of either the axial skeleton or whole body.
Patients were diagnosed according to the IMWG criteria' and
staged according to the International Staging System (ISS)"" and
the Revised ISS (R-ISS).'? Cytogenetic abnormalities on marrow
aspirate sample were used to calculate R-ISS after performing
fluorescence in situ hybridisation for one or 1p copy number
abnormalities, 13 or 13q deletion, translocation of t(4;14) and
deletion of 17p. BMAT analysis included blinded assessment
by two haematologists of marrow cellularity, and plasma cell
percentage using CD138 immunohistochemistry, with the
average percentage being reported.

Table 1. Summary of MRI acquisition parameters

Patients excluded from this report included those who could not
have a MRI for practical reasons, patients who needed urgent
or immediate treatment, and patients likely to have mono-
clonal gammopathy of uncertain significance (MGUS) based on
biochemical markers and clinical assessment prior to imaging
and/or BM biopsy results. Despite attempting to exclude MGUS
patients using these criteria, 2 of the 16 study participants had a
final diagnosis of MGUS.

Image acquisition

Simultaneous FDG-PET/3T MRI images were acquired using a
Siemens (Erlangen, Germany) Biograph mMR system comprising
a 3 T MR scanner with an axial spatial resolution of 4.3 mm at 1
cm and 5.0 mm at 10 cm from the transverse field of view (FOV),
a maximum sensitivity of 13.8 kcps/MBq at the centre of the
FOV, and an axial FOV of 25.8 cm. Patients had fasted for at least
4 h with their serum glucose confirmed to be <10 mmol 1! prior
to intravenous administration of FDG (5MBq/kg to a maximum
of 400 MBq). Images were acquired from the skull vertex to the
feet at 60 min after radiotracer administration (5 min per bed
position). MRI acquisitions included T} weighted Dixon acqui-
sitions with chemical-shift imaging (CSI),"* along with T, and
short-tau inversion recovery (STIR) sequences. The MRI acqui-
sition parameters are summarized in Table 1. PET images were
reconstructed using ordered subset expectation maximization
with 3 iterations and 21 subsets.

IMAGE EVALUATION

Qualitative analysis

A dual-trained radiologist/nuclear physician assessed each MRI
and PET for BM involvement. On each modality, BM appear-
ances were categorised as (1) normal marrow pattern; (2) focal
abnormalities consisting of localized areas of high signal on
STIR combined with low signal or iso-intensity to normal bone
marrow on T; weighted images, and/or increased radiotracer
uptake on FDG-PET; (3) variegated abnormalities consisting
of innumerable small disease foci on a background of normal
BM (salt and pepper” appearance), and (4) diffuse abnormal-
ities defined as normal BM completely replaced by abnormal
BM signal, according to the IMWG PET and MRI diagnostic
criteria.”

QUANTITATIVE ANALYSIS:

BM water fraction was chosen as the quantitative MRI param-
eter,' and CSI used to evaluate BM water content by analysis
of in-phase (IP) images, in which the fat and water signals are
additive, and opposed-phase (OP) images, in which fat and water

Sequences Orientation Slice thickness (mm) Pixel size (mm) FOV (mm)
T, VIBE DIXON“ | Axial 3.85 1.24/2.46 3 1.3 500
T, HASTE Axial 1300 912 5 1.3 400
STIR Coronal 3500 54 5 1.2 450

FOV, field of view; STIR, short-tau inversion recovery; TE, echo time; TR, repetition time.

%also used for attenuation correction
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signals cancel as described previously.'””"” Using co-registered
PET and MR images, a single operator blinded to the clinico-
pathological data constructed regions of interest (ROIs) within
the L2, L3 and L4 vertebrae at mid-vertebral level. ROI size was
as large as vertebrae allowed, but avoiding partial volume effects.
The iliac crest was not used due to possibility of recent bone
marrow biopsy(ies) affecting tissue architecture, and because this
would involve analysis of a single smaller region rather than the
average of three larger ROIL FDG uptake was expressed as mean
standardised uptake value (SUVmean) and BM fractional water
content determined from CSI were measured in each ROI with
values averaged between L2 and L4. Vertebrae containing focal
lesions on PET or MRI (myeloma deposit or incidental lesions
such as haemangiomata) were excluded from this analysis.

STATISTICAL ANALYSIS

Correlations between qualitative and quantitative PET-MRI
findings and patient baseline laboratory values of haemoglobin
(HDb), creatinine (Cr), corrected calcium (CCa), albumin, f2-mi-
croglobulin, ISS, R-ISS, and BM cellularity and BM plasma cell
percentage were assessed using the Spearman Rank-Correla-
tion test. “Low” and “high” plasma cell burden were defined as
patients with a percentage of plasma cells in BM trephine below
and above the median plasma cell percentage respectively.

RESULTS

Study population characteristics are outlined in Table 2 with final
diagnoses for the 16 patients comprising symptomatic myeloma
(n = 10), asymptomatic myeloma (n = 4) and MGUS (n = 2).

Qualitative analysis

Analysis of MRI images in symptomatic myeloma and asymp-
tomatic myeloma patients for BM involvement showed 6/14
(43%) patients had normal marrow pattern (asymptomatic
myeloma n = 4, myeloma n = 2), 4/14 (29%) patients had focal
abnormalities, 3/14 (21%) patients had focal and variegated
abnormalities, and 1/14 (7%) patient had variegated abnormali-
ties. No patients had diffuse marrow abnormalities.

Analysis of PET images in myeloma and asymptomatic myeloma
patients showed 5/14 (36%) patients had PET-avid bone disease.
Therefore, of the eight patients with MRI-detected bone disease,
only five were PET-avid (Table 3). Figure 1 depicts visual analysis
from simultaneously acquired PET-MRI images in two patients
with MRI-detected bone disease: one who was PET-negative
and another who was PET-avid. Neither modality detected qual-
itative marrow abnormalities in patients with asymptomatic
myeloma or MGUS.

Quantitative analysis

MRI marrow water fraction showed a significant positive correla-
tion with trephine cellularity (r = 0.78, p = 0.00039) (Figure 2a)
, but not trephine plasma cell burden (r = 0.4957, p = 0.05). PET
marrow SUVmean inversely correlated with serum albumin (r
= 0.57, p = 0.017) (Figure 2b) but showed no correlation with
trephine cellularity or plasma cell burden. MRI marrow water
fraction correlated with PET marrow SUVmean in patients with
lower plasma cell burden (r = 0.91, p = 0.0015) (Figure 2c) but

Table 2. Study population characteristics

Number (%)

Diagnosis

Myeloma 10 (63)

Asymptomatic myeloma 4(25)

MGUS 2(12)
Age, year

Median 69

Range 35-82
Sex

Male 11 (70)

Female 5(30)
Subtype

1gG 11 (69)

IgA 1(6)

Light chain 4(25)
Bone marrow plasma cells®

Median (48)

Range (5-80)
IS§*

Stage I 5(36)

Stage 11 5(36)

Stage I1I 4(28)
R-ISS™

Stage I 2 (14)

Stage 11 9 (64)

Stage 111 1(7)

ISS, international staging system;MGUS, monoclonal gammaopathy
of uncertain significance; R-ISS, revised-ISS.

@MGUS patients (n = 2) were not included in these analysis.

PTwo patients had insufficient sample for cytogenetics and R-I1SS
could not be determined.

not in patients with higher plasma cell burden (r = 0.18, p =
0.61) (Figure 2d). MRI marrow water fraction and PET marrow
SUVmean showed no correlation to Hb, Cr, CCa, f2-microglob-
ulin, ISS, and R-ISS.

DISCUSSION

Myeloma bone disease represents a major cause of morbidity
in myeloma. Appropriate use of imaging techniques to identify
both bony disease and extramedullary foci at diagnosis is crit-
ical and forms a standard component of diagnostic assessment.
Combined PET-MRI acquisition provides the opportunity to
obtain highly sensitive MRI images together with PET-avidity
in a single exam. We have shown that of the eight patients with
MRI-detected bone disease, only five were PET-avid, indicating
MRI images are superior to PET-avidity for identifying patients
with myeloma bone disease when acquired using a hybrid
PET-MRI imaging platform. In addition, patients 1 and 4 had
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Figure 1. Visual analysis from simultaneously acquired PET-MRI Images in 2 patients. (a) In patient 1, MRI bone marrow involve-
ment shows a variegated ('salt and pepper’) pattern not apparent on PET. (b) In patient 3, both PET and MRI detected focal
marrow abnormalities in upper humeri, spine (prominent L1 deposit), pelvis and upper femurs.

Variegated ('salt
and pepper’)
pattern not
apparent on PET
put visible on MRI

q ?. ’

PET-FDG

MRI-STIR

only low-grade PET-avidity, suggesting PET underestimates the
extent and burden of disease. This agrees with previous findings
comparing MRI and PET-CT images acquired separately.

MRI-detected myeloma lesions that are not FDG avid are thought
to represent indolent or quiescent disease, however in our cohort,
patients 6,7 and 8 had MRI-detected, PET-negative bone involve-
ment, with biochemically active disease necessitating therapy.
While the SUV of myeloma lesions depicted on PET-MRI has

Focal lesion
difficult to discern
on PET but easlly
visible on MRI

Focal lesion
visible on PET
and MRI

been reported to be significantly lower than respective values
on PET-CT, PET-MRI sensitivity when compared to PET-CT is
94%."" Alternative explanations for MRI-positive PET-negative
myeloma bone lesions in biochemically active disease includes
PET-negativity due to low hexokinase-2 expression'® or low
plasma cell proliferation indices in these patients. Malignant
plasma cells have a relatively low proliferation index compared
to other malignancies, with a proliferation index comparable to
MGUS and asymptomatic myeloma patients in some myeloma

Figure 2. Significant correlations between quantitative PET and quantitative MRI analysis, clinicopathological features and prog-
nostic laboratory values. (a) MRI marrow water fraction directly correlates with trephine cellularity. (b) PET marrow maximal SUV
inversely correlates with serum albumin. (¢) MRI marrow water fraction correlates with PET BM maximal SUV in patients with lower
plasma cell burden. (d) MRI marrow water fraction does not correlate with PET BM maximal SUV in patients with higher plasma
cell burden. BM, bone marrow; PET, positron emission tomography; SUV, standardised uptake values.
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patients.'” However, if a high plasma cell proliferation index is
present, this is known to be a poor prognostic indicator in newly
diagnosed myeloma and in biochemically stable disease with
minimal residual plasma cell burden.’”?' This apparent vari-
ability in plasma cell proliferation and corresponding metabo-
lism may also underlie the loss of correlation between BM and
water fraction and SUVmean in patients with higher plasma cell
burden. It is therefore possible that MRI-detected, PET-negative
bone disease and/or high BM water fraction with low SUVmean
at diagnosis may reflect a low plasma cell proliferation index, and
a better prognostic subgroup of myeloma.

Current guidelines do not stipulate imaging as mandatory for
monitoring response to therapy, except for following plasma-
cytomas, extraosseous disease and non-secretory myeloma.
Myeloma bone lesions persist on X-ray and CT even in patients
achieving a complete response to therapy. Maximal SUV on
PET-CT has been used to monitor response to therapy, with
three or fewer lesions after Day 7 of induction therapy,” and
suppression of lesions after induction® and after completing
treatment”> good prognostic indicators, whereas a maximal
SUV greater than 4.2 after treatment correlating with relapsed
disease.”” Therefore, in patients with PET-avid disease at diag-
nosis, subsequent imaging with PET-MRI may provide a useful
tool to assess response to therapy. However, due to our finding
that a proportion of patients with MRI-detected bone disease
are PET-negative at diagnosis, future studies using PET-MRI to
assess treatment response need to confirm PET-avidity of indi-
vidual patients/malignant clone(s) at diagnosis. Furthermore,
consideration needs to be given to the potential for malignant
plasma cells to evolve characteristics that result in less rapid
proliferation, and hence reduced PET-avidity, which could be
misinterpreted as a response to therapy.

Our comparison of quantitative hybrid PET-MRI features
to clinical, biochemical and prognostic parameters revealed
correlations that may be useful in clinical practice. In partic-
ular, BM SUVmean inversely correlating to the known myeloma
prognostic marker albumin suggests prognostic biomarkers
may be derived from multiparametric PET-MRI. Despite that
fact that CSI with MRI detects both intra- and extracellular
water, our analysis has also demonstrated a significant correla-
tion between BM water content and cellularity on trephine.
Hence, in the absence of significant bone oedema, MRI marrow
water fraction can provide a surrogate marker for marrow
cellularity. Marrow cellularity, traditionally determined by
BM biopsy, forms a part of diagnostic criteria for a variety of
marrow disorders, including aplastic anaemia or hypoplastic
MDS. Marrow cellularity is also of interest in peripheral
blood cytopenias post-chemotherapy, which can reflect either
heavy marrow involvement with persistent disease, or alterna-
tively hypoplastic marrow where malignant cells and normal
haematopoiesis/red marrow are replaced by fatty marrow.
MRI marrow water fraction may provide a useful adjunct to
determine marrow cellularity in patients not fit for BM biopsy,
or where the disease is inherently patchy making BM biopsy
susceptible to sampling error. Indeed, our finding that MRI
marrow water fraction is not able to predict the burden of

BM plasma cell involvement on trephine in myeloma patients
possibly reflects the patchy nature of myeloma bone involve-
ment and inherent limitations of BM trephine in determining
overall marrow plasma cell burden. In addition to cellularity
and proliferation, combination PET-MRI could characterise
additional features such as hypoxia and perfusion. This infor-
mation could potentially improve tumour biology profiling
and prognostification.”* The added value of multiparametric
imaging for prognosis and treatment selection can move
PET-MRI beyond simple diagnostic applications and so facil-
itate cost-effective utilisation of this hybrid modality.”

Alternative MRI techniques can be implemented on PET-MRI
for quantitative assessment of bone marrow. Most notably, diffu-
sion-weighted imaging (DWI) with measurement of apparent
diffusion coefficient (ADC) has shown promise in multiple
myeloma.”®?” Although pre-dating current experience with
DWI, the most recently published imaging guidelines from the
International Myeloma working group advocate T; and STIR
images,”® and inclusion of additional DWT sequences would
extend the PET-MRI imaging time beyond that required for
acquisition of PET data. Given the high cost of PET-MRI systems,
such protocols are relatively uneconomic as the device is being
used for MRI alone for a significant period of time. Furthermore,
standard whole-body DWI acquisitions used in PET-MRI are
subject to distortion artefacts, which may result in misregistra-
tion between PET and MRI data sets. A recent study recorded
19 distortion artefacts when using standard DWI sequences for
PET-MRI in a series of 20 oncological patients.”’ The frequency
of artefacts increased when a simultaneous multislice technique
was used to reduce acquisition time. Multishot echo planar
imaging can reduce anatomical distortion during DWI but such
techniques require even longer image acquisitions, further exac-
erbating the economic challenges. By using Dixon sequences for
CSI, the bone marrow water fraction can be determined from
the same acquisition as the T1 images required for morpholog-
ical assessment. CSI measurements of water fraction have also
recently been shown to benefit from superior reproducibility
compared to ADC values.'®

While the main aim of this study was to evaluate the feasibility
of PET-MRI to detect myeloma bone involvement at diagnosis,
we acknowledge its major limitation of a small sample size.
This may explain the lack of correlation between quantitative
imaging features and BM plasma cell burden, or prognostic
markers other than albumin. Future work in larger cohorts
assessing these parameters should also consider PET-MRI pre-
and post-treatment to determine if the perceived advantage
of monitoring for changes in PET-avidity can predict patient
response to therapy, which is currently determined using
biochemical criteria alone in the majority of patients. As treat-
ments for myeloma evolve resulting in improved outcomes for
patients, detection of residual disease using sensitive methods
not susceptible to sampling error is increasingly important, and
novel methods such as hybrid PET-MRI may provide useful
adjunctive information that contributes to optimal patient
management.
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CONCLUSION

PET-MRI shows promise not only in morphological and molec-
ular assessment of myeloma at diagnosis, but also provides

BJR|Open

functional multiparametric quantitative information that reflects

the heterogeneous tissue microenvironment, prognostic labora-
tory values and variable clinical phenotypes.
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