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Abstract

Objective The aim of this prospective study is to evaluate the
combined use of fluorine-18 fluorodeoxyglucose (‘*F-FDG)
and fluorine-18 sodium fluoride (‘*F-NaF) PET/CT in the
skeletal assessment of patients with multiple myeloma (MM)
and to compare the efficacy of these two PET tracers regard-
ing detection of myeloma-indicative osseous lesions.
Patients and methods The study includes 60 patients with
multiple myeloma (MM) diagnosed according to standard
criteria. All patients underwent dynamic (dPET/CT) scanning
of the pelvis as well as whole body PET/CT studies with both
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tracers. The interval between the two exams was one day.
Sites of focal increased '*F-FDG uptake were considered as
highly suspicious of myelomatous involvement. The lesions
detected on the '*F-NaF PET/CT scans were then correlated
with those detected on '*F-FDG PET/CT, which served as a
reference. Moreover, the '*F-FDG PET/CT results were also
correlated with the low-dose CT findings. The evaluation of
dPET/CT studies was based on qualitative evaluation, SUV
calculation, and quantitative analysis based on a 2-tissue
compartment model and a non-compartmental approach.

Results Whole body '*F-FDG PET/CT revealed approxi-
mately 343 focal lesions while '®F-NaF PET/CT revealed
135 MM-indicative lesions (39 % correlation). CT demon-
strated 150 lesions that correlated with those in '*F-FDG PET/
CT (44 % correlation). Six patients demonstrated a diffuse
pattern of disease with '*F-FDG, while 15 of them had a
mixed (diffuse and focal) pattern of skeletal '*F-FDG uptake.
A high number of degenerative, traumatic and arthritic disease
lesions were detected with '®F-NaF PET/CT. In three patients
with multiple focal '®F-FDG-uptake, '*F-NaF PET/CT failed
to demonstrate any bone lesion. The dPET/CT scanning of the
pelvic area with '*F-FDG and '®*F-NaF revealed 77 and 24
MM-indicative lesions, respectively. Kinetic analysis of '*F-
FDG revealed the following mean values: SUV,,=5.1, k;=
0.37 (1/min), k3=0.10 (1/min), Vg=0.06, influx=0.04
(1/min), FD=1.28; the respective values for '*F-NaF were
SUVaverage=10.7, k;=0.25 (1/min), k3=0.34 (1/min), Vg=
0.02, influx=0.10 (1/min), FD=1.37. Apart from the correla-
tion between Vi of "F-FDG and k; of '®F-NaF (r=0.54), no
other significant correlation was observed between the two
tracers’ kinetic parameters. We found a significant correlation
between FD and SUV,yerage (1=0.93), FD and SUV . (r=
0.80), FD and influx ( r=0.85), as well as between influx and
SUV.verage (1=0.74) for BE_FDG. In '"®F-NaF we observed
the most significant correlations between FD and SUV,yerage
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(r=0.97), FD and SUV ;. (r=0.87), and between influx and
k; (r=0.72).

Conclusion The combined use of '*F-FDG PET/CT and '*F-
NaF PET/CT provides different molecular information re-
garding the biological processes that take place in a MM
osseous lesion. "*F-FDG PET/CT proved to be a more spe-
cific biomarker than '®*F-NaF PET/CT in multiple myeloma
skeletal assessment.

Keywords '*F-FDG - '*F-NaF - PET/CT - Multiple
myeloma - Compartment analysis

Introduction

Multiple myeloma (MM) is a neoplastic plasma cell disorder,
characterized by clonal proliferation of plasma cells in the
bone marrow. The diagnosis of MM is based on certain
criteria, which comprise the detection of M-protein in the
serum and/or urine, bone marrow infiltration by plasma cells
and myeloma-related organ or tissue impairment [1]. It is the
major plasma cell neoplasm, accounting for approximately
1 % of neoplastic diseases and 13 % of all hematologic
malignancies. The skeleton is invaded in almost 80 % of
patients resulting in lytic bone lesions [2]. Therefore, imaging
assessment of the skeleton is pivotal. The hallmark radio-
graphic lesion of the disease is the focal osteolytic bone lesion
[3]. However, an osteolytic lesion occurs after a 30 % involve-
ment of the trabecular bone structure has taken place. There-
fore, the application of other imaging modalities that render
possible the early detection of tumor burden before irrevers-
ible osseous changes take place is needed.

PET and PET/CT technology is becoming more widely
available and has nowadays a great impact on tumour diag-
nostics and management. Although its role is more clarified in
solid tumours, PET is gradually becoming more widely ac-
ceptable in the evaluation of MM. Dynamic PET (dPET) and
PET/CT (dPET/CT) are a modalities that, after application of
compartment modelling, enables the acquisition of pharma-
cokinetic information; this leads to the extraction of values of
tracer kinetic parameters, which depict specific molecular
processes. Moreover, a non-compartmental model can be
applied leading to the estimation of fractal dimension (FD)
for the time-activity data, a parameter reflecting heterogeneity.
This information is unattainable when the classical whole
body PET and PET/CT protocols are performed.

"F_FDG, the workhorse of PET imaging, is a biomarker of
intracellular glucose metabolism. The basic concept in its
application in MM is that malignant plasma cells, that infil-
trate the bone marrow, consume much more glucose than
normal cells. '*F-FDG, as a glucose analogue, is taken up
by the neoplastic cells, undergoes phosphorylation and then
gets trapped intracellularly, since FDG is not a substrate for
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further metabolic processing by either phosphohexose isom-
erase or glucose-6-phosphate dehydrogenase [4]. A number of
studies have highlighted the value of '*F-FDG PET in the
assessment of MM [5-8]. Moreover, the recently updated
Durie/Salmon plus staging system integrates '*F-FDG PET/
CT in a MM diagnostic approach [9].

"8F_NaF is another PET tracer (positron emitter), early
recognized as an excellent radiopharmaceutical for skeletal
imaging [10, 11]. However, this agent was replaced during the
three previous decades by **™Tc-MDP bone scintigraphy,
performed with the conventional nuclear medicine gamma-
cameras. Nevertheless, during recent years the role of '*F-
NaF has been revalidated as a highly sensitive and reliable
biomarker of bone reconstruction, with potential indications in
a wide range of bone diseases [12]. The reason for this re-
emergence is the wide availability nowadays of PET and PET/
CT scanners and the capability to quantify tracer kinetics. The
mechanism of uptake of '®F-NaF is totally different than that
of "®F-FDG. The uptake of the tracer in bone occurs by
exchange of fluoride with hydroxyl groups in the hydroxyap-
atite resulting in formation of fluoroapatite [13]. The tracer
accumulates in both osteoblastic and osteolytic lesions,
reflecting regional blood flow and bone turnover [14]. Little
is yet known about the efficiency of '®F-NaF PET/CT in the
evaluation of MM. Nishiyama et al., compared the sensitivity
of '"®F-NaF PET/CT with that of *™Tc-MDP bone scintigra-
phy in detecting myeloma lesions in seven MM pts. Their
results suggested that the detectability of MM lesions on '®F-
NaF PET/CT was promising, but nonspecific [15].

The molecular processes described before, which refer to
these two different PET tracers, have been studied and com-
partmental models have been developed for description of
their kinetics. In general, a two-tissue compartmental model
can be used for the evaluation of both tracers [14, 16]. These
models lead to the extraction of kinetic parameters that
describe specific molecular processes, different for each
tracer, which will be discussed below. Moreover, a non-
compartmental model based on the fractal dimension can be
applied for the evaluation of dPET or dPET/CT data, resulting
in the extraction of a parameter of heterogeneity (fractal
dimension, FD) [17-19].

In the present study, we performed '*F-FDG PET/CT and
""F_NaF PET/CT scanning in patients suffering from MM.
The aim of our study was to evaluate the combined use of '®F-
FDG PET/CT and '®F-NaF PET/CT in the skeletal assessment
of patients with MM and to compare the efficacy of these
tracers in detecting MM-indicative lesions. A comparison
between the '®F-FDG PET/CT and low-dose CT findings
was also performed. Furthermore, we aimed to evaluate, by
means of dynamic PET/CT, the pharmacokinetics of these two
different PET tracers and detect potential statistically signifi-
cant correlation between them as well as between parameters
of each tracer.
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Materials and methods
Patients

The evaluation included 60 patients (37 male, 23 female)
confirmed to suffer from MM based on the criteria established
by the International Myeloma Working Group [1]. According
to the Durie/Salmon staging system, 14 patients were charac-
terized as stage I, five of them as stage Il and 41 as stage III of
the disease. Their mean age was 59.9 years. The included
patients were not diabetic. Forty-six of the patients had pri-
mary disease and had never received chemotherapy. Fourteen
patients (three in stage II, 11 in stage III) demonstrated recur-
rent disease; however, none of them had undergone chemo-
therapy the past six months prior to the dPET/CT studies.
Patients gave written informed consent to participate in the
study and to have their medical records released. The study
was approved by the Ethical Committee of the University of
Heidelberg and the Bundesamt fiir Strahlenschutz.

Data acquisition

The double-tracer study in each patient was completed in two
consecutive days. The patients were intravenously administered
with a maximum of 250 MBq "®*F-FDG on the first day and,
respectively, a maximum of 250 MBq '*F-NaF on the second
day. Data acquisition consisted of two parts for each tracer: the
dynamic part ({APET/CT studies) and the static part (whole body
PET/CT). The dPET/CT studies were performed over the pelvic
area for 60 minutes using a 28-frame protocol (ten frames of
30 seconds, five frames of 60 seconds, five frames of 120 sec-
onds and eight frames of 300 seconds). The use of lower lumbar
spine and pelvic entry for the dynamic series is justified by the
fact that this anatomic area is regularly used for diagnostic bone
marrow biopsies. Additional whole body static images were
acquired in all patients with an image duration of 2 min per bed
position for the emission scans. A dedicated PET/CT system
(Biograph mCT, 128 S, Siemens Co., Erlangen, Germany) with
an axial field of view of 21.6 cm with TruePoint and TrueV,
operated in a three-dimensional mode, was used for patient
studies. A low-dose attenuation CT (80 kV, 30 mA) was used
for the attenuation correction of the dynamic emission PET data
and for image fusion. A second low-dose CT (80 kV, 30 mA)
was performed after the end of the dynamic series covering the
area from the skull to the knees in order to avoid patient
movement after the dynamic series. The last images (5560 mi-
nutes post-injection) were used for semi-quantitative analysis.
All PET images were attenuation-corrected and an image ma-
trix of 400 x 400 pixels was used for iterative image recon-
struction. Iterative images reconstruction was based on the
ordered subset expectation maximization algorithm (OSEM)
with six iterations and 12 subsets. The reconstructed images
were converted to SUV images based on the formula [20]:

SUV=tissue concentration (Bg/g)/(injected dose (Bq)/body
weight (g)). The SUVs 55 to 60 minutes postinjection served
for the quantification of tracer data.

Data analysis

Data analysis and evaluation was based on: visual analysis of
the PET/CT scans, semi-quantitative evaluation based on SUV
calculations, and quantitative analysis. Qualitative analysis was
based on visual assessment of the PET/CT scans. Two nuclear
medicine physicians (CS, ADS) evaluated the hypermetabolic
areas on transaxial, coronal, and sagittal images. In particular,
skeletal foci presenting with significantly enhanced '*F-FDG
uptake, for which another benign aetiology (trauma, inflamma-
tion, degenerative changes, arthritic disease, etc.) was excluded,
were considered indicative for myeloma. For the minimization
of possible false-positive results, the patients’ history was stud-
ied thoroughly; moreover, the focal '*F-FDG avid lesions were
correlated to the fused low-dose CT findings and a comparison
between the findings of the two modalities was performed. In
particular, we focussed on the evaluation of clearly delineated
osteolytic lesions in CT (>8 mm) and compared them with both
tracers. Furthermore, patients who demonstrated on maximum
intensity projection (MIP) images an intense, homogenous,
diffuse increase of bone marrow '®*F-FDG uptake were consid-
ered as positive for MM involvement (diffuse pattern); the same
applied to those patients with a mixed (focal/diffuse) pattern of
"E-FDG uptake. Afterwards, the results of '*F-NaF PET/CT
(performed one day later) were correlated to those of '*F-FDG
PET/CT, which served as a reference. The basic concept re-
garding "®F-NaF PET/CT evaluation was that only lesions that
correlated with respective lesions on '"*F-FDG PET/CT were
considered as MM-indicative.

Semi-quantitative evaluation was based on volumes of
interest (VOIs), drawn with a 50 % isocontour, placed over
foci of increased tracer uptake in the selected area and on
subsequent calculation of SUV.

Quantitative evaluation of the dynamic PET/CT data was
performed using a dedicated software [21, 22]. Like for SUV
calculations, quantitative evaluation was based on irregular
VOIs, drawn with a 50 % isocontour, placed over foci of
increased radiotracer uptake in the selected osseous area. Time
activity curves (TACs) were created using VOIs. It has to be
remembered that only lesions located in the anatomic area
where dPET/CT was performed (lower lumbar spine and
pelvis) were evaluated quantitatively. A detailed quantitative
evaluation of tracer kinetics was performed based on a two-
tissue compartment model [16, 23, 24]. The input function
was retrieved from the image data according to methods
already reported in the literature and performed previously
by our group [25, 26]. One problem in patients is the accurate
measurement of input function. This theoretically requires
arterial blood sampling. It has been shown, however, that
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input function can be accurately enough retrieved from image
data [25]. For the input function, the mean value of the VOI
data from a large arterial vessel of the pelvic area (iliac artery)
was used. A vessel VOI consisted of at least seven ROIs in
sequential PET/CT images. The recovery coefficient was 0.85
for a diameter of 8§ mm. Partial volume correction was per-
formed for small vessels (diameter less than 8 mm) based on
phantom measurements of the recovery function using dedi-
cated software [21]. The two-tissue compartment model we
applied is a modification of the one proposed by Sokoloff
et al., which did not take into account the parameters k, and
Vg [16]. This lack of k4 and Vg however leads to different
values of the parameters k; and ks, since k; is dependent on
Vg and k3 on ky. In this study, the constants k; to ky were
calculated taking into account the vascular fraction (Vg) in a
VOI as an additional variable. The model parameters were
accepted when k;-k, were less than 1 and Vg exceeded zero.
The unit for the rate constants k; to k4 is 1/min, while Vg
reflects the fraction of blood within the VOI. Following com-
partment analysis, we calculated the global influx from the
compartment data using the formula: influx=(k; x k3)/(k,+
ks). In addition to creating VOIs over MM lesions, we also
created reference VOIs at the osseous structures of this area
(5th lumber vertebra, os ilium) that didn’t demonstrate any
focal or intense, diffuse radiotracer accumulation. These areas
were considered as negative for myelomatous involvement
and served as a reference. The values extracted from these
reference areas were then compared to the respective values of
MM lesions for potential statistically significant differences.

Besides the compartment analysis, a non-compartment
model was used in order to calculate the fractal dimension
(FD) for the time-activity data. FD is a parameter of hetero-
geneity based on the box counting procedure of chaos theory
and was calculated for the time activity data in each individual
voxel of a VOI. The values of the FD vary from 0 to 2
showing the deterministic or chaotic distribution of the tracer
activity. A subdivision of 7 x 7 and a maximal SUV of 20 were
applied for the calculation of FD [17].

Data were statistically evaluated using the STATA/SE 12.1
(StataCorp) software on a Intel Core (2-3.06 GHz, 4 GB
RAM) running with Mac OS X 10.8.4 (Apple Inc., Cupertino,
CA, USA). The statistical evaluation was performed using the
descriptive statistics, box plots, Wilcoxon rank-sum test and
Spearman’s rank correlation analysis. The results were con-
sidered significant for p less than 0.05 (p<0.05).

Results
Whole body PET/CT studies

Areas of focal enhanced '®F-FDG uptake were considered to
be indicative of myelomatous involvement (MM lesions). As
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expected, the number of lesions increased with disease stage.
In total, approximately 343 focal '*F-FDG avid skeletal le-
sions were detected; the 14 stage I pts had six lesions, the five
stage Il pts had 47 lesions, and the 41 stage Il pts demon-
strated 290 focal lesions. A correlation between the '*F-FDG
and the low-dose CT findings was performed. The compari-
son revealed 150 circumscribed osteolytic lesions in CT that
correlated with the '*F-FDG PET lesions (44 % correlation).
In three patients the extent of skeletal disease was very large,
rendering the exact calculation of MM lesions practically
impossible (innumerable focal lesions). In six patients (n=4
stage I, n=2 stage IlI) we observed an intense, diffuse, ho-
mogenous increase in '* F-FDG uptake in the bone marrow of
the spine, in the os femur, and/or the pelvic bones; 15 patients
(n=1 stage I, n=2 stage II, n=12 stage III) demonstrated a
mixed (focal/diffuse) pattern of '*F-FDG skeletal uptake. In
order to interpret these (diffuse and mixed) patterns of '®F-
FDG uptake, we searched the patients’ history in order to
exclude a reactive phenomenon (e.g., post-chemotherapy re-
action); only one patient with diffuse uptake and two with a
mixed pattern of '*F-FDG uptake had received chemotherapy
in the past. However, none of them had undergone treatment
at least six months prior to scanning. Moreover, bone marrow
biopsy in patients with diffuse and mixed pattern of "*F-FDG
uptake revealed a mean value of 37.8 % and a median value of
43 % regarding plasma cell infiltration rate.

"®F_NaF PET/CT demonstrated a generally increased bone
uptake. Due to the high sensitivity of the tracer in detecting
bone reconstruction, it is difficult to differentiate malignant
from benign bone lesions like degenerative, arthritic, traumat-
ic bone disease, etc. Therefore, and as already mentioned, the
focal lesions detected on '*F-FDG PET/CT scans were used
as reference. Foci of enhanced '®F-NaF uptake were correlat-
ed to low-dose CT findings in order to enhance the diagnostic
certainty regarding their benign or malignant origin. In gener-
al, "8F-NaF PET/CTs demonstrated fewer myeloma-
indicative lesions than '*F-FDG PET/CTs. Totally, 135 focal
MM lesions were detected with whole body '®F-NaF PET/CT
(39 % correlation with '*F-FDG PET/CT). In those MM
patients with multiple focal bone lesions in '*F-FDG PET/
CT, "®F-NaF PET/CT demonstrated multiple focal lesions in
different anatomic areas, not all of which necessarily correlat-
ed to " F-FDG. In three patients with myelomatous skeletal
involvement, '*F-NaF PET/CT failed to demonstrate any
bone lesion; in 11 of them the number of lesions detected with
' F_NaF was significantly lower than that detected with '*F-
FDG.

Interestingly, seven patients with stage III disease didn’t
demonstrate any focal, diffuse or mixed pattern of
increased'*F-FDG uptake. However, CT was also negative
for myelomatous lesions in this subgroup. On the other hand,
in 15 patients low-dose CT revealed multiple small osteolytic
lesions (diffuse involvement) in the axial skeleton mainly,
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while PET studies with both tracers were negative; in partic-
ular, three patients had multiple small cranial osteolytic le-
sions, six patients had lesions along the spinal column, four of
them in both the skull and the spinal column, one in the
humerus, while one in the spine, sternum and pelvis. The
results referring to whole body evaluation with both tracers
and according to disease stage are presented in Table 1.

Figure 1 demonstrates a characteristic example of a stage
III MM patient, who had more skeletal lesions on '*F-FDG
than on 'F-NaF PET/CT. '®F-NaF PET/CT detected only
three of the multiple osseous MM-indicative lesions that were
demonstrated in '"*F-FDG PET/CT.

Figure 2 shows a stage IIl MM patient, first diagnosed
five years ago, who had undergone in the past chemotherapy
treatment. The patient had no symptoms at the time of the
study. No signs of active myelomatous skeletal involvement
are depicted on "*F-FDG PET/CT. '"®F-NaF PET/CT reveals
several positive findings. These represent old fractures, which
demonstrate some osteoblastic activity, as well as findings
attributed to degenerative and traumatic actiology. The lesion
in the left humerus as well as the lesions in the basis of the
skull did not demonstrate any respective correlative findings
in the low dose CT.

Figure 3 depicts a stage | MM patient with a diffuse pattern
of disease on '"*F-FDG PET/CT. The patient demonstrates a
homogenous,diffuse, intense tracer uptake along the spinal
column and both femurs.

Dynamic PET/CT studies of the pelvis

In total, 77 MM pelvic lesions were detected with '*F-FDG
dPET/CT and 24 with '*F-NaF dPET/CT. Table 2 demon-
strates the values of the SUVs and kinetic parameters’ ac-
quired from the MM lesions with both tracers (mean+SD
values). All quantitative data were obtained from VOIs over
the focal lesions. The mean values of the MM-lesions’ kinetic
parameters derived from kinetic analysis, based on '*F-FDG
dPET/CT acquisition, were the following: SUV,,,=5.1,
SUVimax=7.9, k1=0.37 (1/min), k3=0.10 (1/min), V5=0.06,
influx=0.04 (1/min), FD=1.28 In comparison, the respective
mean values of MM lesions as detected with '®F-NaF
dPET/CT were: SUV,yerage=10.7, SUV e =21.7, k;=0.25

Table 1 Ossecous MM lesions detected with '8F-FDG and '®F-NaF
according to disease stage

MM stage No of lesions
SF-FDG '8 F-NaF
Stage I (14 pts) 6 3
Stage II (5 pts) 47 9
Stage I1I (41 pts) 290 123

(1/min), k3=0.34 (1/min), Vg=0.02, influx=0.10 (1/min),
FD=1.37. According to these results, SUVs for '*F-FDG
were significantly lower than for '®F-NaF. Two-tissue com-
partment analysis revealed that the parameters k; and Vg were
significantly lower for '®F-NaF than for '*F-FDG; on the in
contrary, ks and influx were significantly higher for '*F-NaF.
The results concerning the between tracers’ differences were
considered significant for p less than 0.05 (p<0.05). Box plots
of k;, k3, Vg and influx for both tracers in myelomatous
lesions are depicted in Fig. 4. It has to be noted that small
MM lesions (8 <mm) were not taken into consideration for the
dPET/CT evaluations.

Fractal dimension (FD) was applied for further characteri-
zation of "*F-NaF and '"®F-FDG kinetics in MM-indicative
foci. The mean FD value was higher for '®F-NaF, implying a
higher degree of heterogeneity of tracer uptake.

We performed a Spearman’s rank correlation analysis be-
tween '®F-FDG and '"®F-NaF kinetic parameters: apart from
the correlation between Vg of '*F-FDG and k; of '®F-NaF
(r=0.54), no other significant correlation was observed be-
tween the two tracers’ kinetic parameters. Correlation analysis
was also performed between SUVs and kinetic parameters for
each tracer separately. In the case of '*F-FDG, the most
significant correlations (p<0.05) were found between FD
and SUV,yerage (r=0.93), FD and SUV 5, (r=0.80), FD and
influx (r=0.85), as well as between influx and SUV,eage (1=
0.74) (Table 3). In '"*F-NaF we observed the most significant
correlations between FD and SUV,yerage (r=0.97), FD and
SUVax (r=0.87), and between influx and k; (r=0.72)
(Table 4).

We also assessed both tracers’ SUVs and kinetic parame-
ters in MM-indicative lesions, in comparison with the respec-
tive values of the osseous structures of the pelvis that served as
reference. (os ilium, 5th lumbar vertebrae). The comparison
was performed after application of the Wilcoxon rank-sum
test. This analysis revealed that in the case of '*F-FDG, all
important semi-quantitative and quantitative parameters were
significantly higher in MM-lesions than in the reference skel-
eton (Table 2). On the other hand, in ®F_NaF, only SUVayerage
and SUV ., were significantly higher in myelomatous lesions
than in the reference skeleton. All other '®F-NaF parameters
(ky, ks, Vp, influx and FD) demonstrated higher mean values
in MM lesions than reference areas, but their differences were
not statistically significant (p<0.05) (Table 2).

Discussion

Although the routine use of '*F-FDG PET imaging in MM is
still under discussion, it is an undisputable fact that the mo-
dality is becoming more widespread and acceptable in diag-
nostic evaluation and work-up of this malignancy [27]. More-
over, it has been demonstrated that the sensitivity of the
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FDG

NaF

Fig. 1 a: A 69-year-old female stage III MM patient referred to our
department for evaluation of extent of skeletal disease with '*F-FDG and
18 F_NaF PET/CT. Maximum intensity projection (MIP) revealed multiple
hypermetabolic '"*F-FDG foci indicative of myelomatous involvement.
The respective MIP of '®F-NaF demonstrated much fewer myelomatous
indicative lesions. Notice the high number of degenerative lesions
depicted on 8F_NaF PET/CT. b: CT image of the same patient at the
level of the seventh thoracic vertebra, where no osteolysis is depicted

modality in detecting bone lesions is higher than the standard
whole body radiologic skeletal survey [28]. On the other hand,

@ Springer

FDG

NaF

(upper row). Corresponding '*F-FDG PET at the same level, where a site
of focal increase tracer uptake is depicted in the seventh thoracic vertebral
body (middle row). '®F-NaF PET performed 24 hours later demonstrates
no pathological radiotracer accumulation (lower row). Example of 'F-
FDG and "®F-NaF “mismatch”. ¢: A sternal lesion of the same patient
showing soft tissue infiltration, clearly depicted on CTand '*F-FDG PET,
but not demonstrated with '*F-NaF PET (lgF—FDG and '8F-NaF
“mismatch”)

little is known about the contribution of '*F-NaF PET/CT in
the diagnostic approach of the disease. In our study, we tried to
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Fig.2 a: A 48-year-old male
stage 11l MM patient referred to
our department for imaging
evaluation of the skeleton with '®
F-FDG and '®F-NaF PET/CT.
The patient was first diagnosed
with MM six years ago and had
already undergone multiple
chemotherapies in the past. At the
time of the study he had no signs
of active disease, which was
consistent with his clinical status.
'"F-FDG PET/CT MIP shows no
lesions indicative of active
myelomatous disease. '*F-NaF
PET/CT MIP demonstrates
multiple old rib fractures, and
other findings due to degenerative
changes. b: Lesion in the 10th rib
due to an old fracture (patient of
Fig. 2a). CT shows an osteoblastic
lesion due to bone remodelling
(upper row). No corresponding
radiotracer accumulation depicted
on '"*F-FDG PET (middle row).
'8F-NaF PET demonstrates tracer
accumulation indicating the
osteoblastic activity (lower row)

FDG

NaF
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Fig. 3 Diffuse pattern of '*F-FDG bone marrow uptake in a stage | MM
patient. The patient demonstrates increased, diffuse uptake along the
spinal column and in both femurs. The patient was first diagnosed with
MM and had never undergone chemotherapy in the past

evaluate the complementary role of '*F-NaF PET/CT in diag-
nostic imaging of MM patients. The study was comprised of
two parts: the whole body PET/CT evaluation with the use of
the two different PET tracers '*F-FDG and 18F-NaF, and the
dPET/CT part in which we compared the kinetics of '*F-FDG
with the kinetics of '®F-NaF. As already mentioned, the MM-
indicative lesions detected on '*F-FDG PET/CT were the
reference on which the lesions detected with '®F-NaF were
correlated and compared. However, all lesions detected on '®
F-NaF PET/CT were studied thoroughly. A comparison be-
tween the '*F-FDG PET and low-dose CT findings was also
performed.
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Table 2 Descriptive statistics of SUVs and kinetic parameters for Bp.
FDG and '"*F-NaF in MM bone lesions and reference bone tissue. The
values refer to mean+SD. k;, k3 and influx expressed in (1/min)

Radiopharmaceutical ~ Parameters MM lesions  reference tissue

BEFDG SUV,per 51422 1.8+0.8
SUV nax® 7.9+3.8 32+1.6
ko * 0.37+£0.20 0.22+0.10
ks* 0.10+0.07 0.05+0.04
V* 0.06+0.06 0.02+0.03
influx* 0.04+0.03 0.01+0.01
FD* 1.28+0.08 1.10+£0.10

F-NaF SUVayer* 10.7+5.9 7.9£2.5
SUViax™ 21.7+20.6 13.3+5.1
k; 0.25+0.19 0.21+0.11
ks 0.34+0.29 0.28+0.19
Vi 0.02+0.03 0.02+0.03
influx 0.10+0.08 0.08+0.03
FD 1.37+0.08 1.36+0.06

* significant probabilities (p<0.05)

M-W test Mann-Whitney test for the probability of differences between
the two groups “MM lesions” and “reference tissue”

Whole body PET/CT imaging with these two PET tracers
leads us to the conclusion that in general terms 'F-FDG is a
more reliable biomarker than '*F-NaF in the evaluation of
MM: The number of MM lesions detected with '*F-FDG was
significantly higher than that detected with '®F-NaF. In addi-
tion, although '"*F-FDG is a non-specific tracer, its number of
false-positive findings (based on low dose CT and patients’
history) was much smaller than the false-positive findings
detected with '8F-NaF. The reason for this, is the accumula-
tion of '®F-NaF in every site of newly mineralizing bone,
irrelevant of its aetiology; this means that any cause of bone
reconstruction (e.g., traumatic, degenerative bone lesions) will
lead to "®F-NaF accumulation. It is actually impossible to
differentiate a malignant from a benign bone lesion with '®
F-NaF PET alone. The correlation with other imaging modal-
ities like CT or MRI, as well as a detailed patient’s history are
required, as realized in our study. In particular, most positive
rib findings in '®F-NaF, which did not have any '*F-FDG
correlation were attributed — after correlation with CT - to
traumatic aetiology (old fractures) or may represent old mye-
lomatous lesions that still accumulated '*F-NaF due to per-
sistent increased osteoblastic activity; furthermore, degenera-
tive changes like osteophytes in the spinal column or arthritis
(primarily in the joints of the knees and hips) could be easily
interpreted as “non-myelomatous lesions”. Our results dem-
onstrated that '®F-NaF PET/CT didn’t actually aid in MM
diagnostic evaluation. Its main contribution was that it gave a
general view of the bone remodelling of the whole skeleton.
As already mentioned, '*F-FDG PET/CT did not demonstrate
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Fig.4 Box plots of "*F-FDG and
18F_NaF kinetic parameters k;, -
ks, Vi and influx in MM lesions.
The data demonstrate that k3 and

influx of 'F-NaF are @© -
significantly higher than in '*F-
FDG, while Vg and k; are higher
for "8 F-FDG than for '"*F-NaF (p ©
<0.05)

ﬁ: -

FDG NaF

T |

==

%%éLL

any enhanced accumulation (focal, diffuse or mixed) in seven
patients suffering from stage IIl MM. However, this shouldn’t
be considered as a limitation of the modality in detecting MM
skeletal lesions, since other myeloma-related organ or tissue
impairment (such as renal insufficiency, anaemia, hypercalce-
mia, etc.) could lead to patient classification in a high disease
stage. This is also supported by the fact that these patients also
didn’t demonstrate any osteolytic lesions in the low-dose CT.

The second part of our study investigated the kinetics of '*
F-FDG in MM osseous lesions and compared them with the
kinetics of '*F-NaF in respective lesions, as these were de-
rived from dPET/CT studies of the pelvic skeleton.

A two-tissue compartment model was used for the evalu-
ation of dPET/CT studies with both tracers. The use of the
two-tissue compartment model is a generally accepted ap-
proach for the assessment of '*F-FDG kinetics; the applica-
tion of this model leads to the extraction of the kinetic param-
eters k; — ky, influx (K;) and fractional blood volume (Vg),
also called vessel density, which correlates to blood volume in
the VOL. Briefly, in the case of BEFDG k; reflects the influx
while k, reflects the efflux of the radiopharmaceutical, and k3
represents the phosphorylation rate while k4 the

[ vs
[ ks

T 1
[ 1 influx

dephosphorylation rate of the glucose analogue. Influx (K;)
is derived from the equation=(k; x k3)/(k ,+k3). The applica-
tion of the two-tissue compartment model in '*F-NaF leads
also to the extraction of kinetic parameters [14]. However,
these parameters reflect different molecular mechanisms than
"F_FDG. In the case of '*F-NaF, rate constants k; and k,
describe the fluoride ions exchange with hydroxyl groups of
hydroxyapatite crystal of the bone and the reverse, while kj
and ky represent the formation of fluoroapatite and the oppo-
site [24]. Influx K; is related to Ca>" influx and bone apposi-
tion rate and, presumably, represents bone remodelling rate
[29]. We compared the kinetic parameters (k;—ky4, Vg, influx)
and SUVs for "*F-FDG and '®F-NaF using multivariate anal-
ysis; with the exception of the correlation between Vi of '*F-
FDG and k; of "*F-NaF (r=0.54), no other significant corre-
lation was found for k;—k4 and SUVs between the two tracers.
The data indicate that the rate constants k;—k, are tracer
specific and provide different molecular information. Corre-
lation analysis performed for each tracer separately demon-
strated the very high correlation between FD and SUV,yerage
and SUV .« in both tracers. Furthermore, we found a highly
significant correlation (r=0.74) between the influx and

Table3 Results of the Spearman’

s rank correlation analysis be- SUVavernge  SUVimaximum ki ks Vg influx FD
tween MM lesions’ quantitative
and semi-quantitative (SUVs) pa- SUVayerage
rameters of '*F-FDG. Values SUV paximum 0.8500%*
were considered significant for p
20,05 k 0.3694 0.1290
ks 0.4999* 0.5181* —0.3214*
Vs 0.3690* 0.2523 0.4254* 0.2020
influx 0.7357* 0.5605* 0.5812* 0.4394* 0.4947*
FD 0.9283* 0.7954* 0.5651* 0.3937* 0.4590* 0.8523*

*significant correlation (p<0.05)
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Table4 Results of the correlation

analysis between MM lesions’ SUVayerage SUV maximum ky ks Vg influx FD
quantitative and semi-quantitative
(SUVs) parameters of ' F-NaF. SUVayerage
Values were considered signifi- SUV jaimum 0.8878%*
cant for p<0.05 K, 03183 03522

ks 0.6252* 0.4026 0.1991

Vs —0.2235 —0.1661 0.0000 —0.4087*

influx 0.6513* 0.5417* 0.7217* 0.5070* —0.0835

0.9687* 0.8661* 0.3304 0.5548* —0.1826 0.6217*

*Significant correlation (p<0.05)

SUV,er in " F-FDG. This finding is in accordance with
respective results derived from kinetic '*F-FDG PET studies
in other tumors. Strauss et al., reported a correlation of 0.76 (p
<0.01) between SUV,,., and the influx in primary colorectal
cancers [26]. We also noted a siginificant but lower correlation
(r=0.65) between SUVyyerage and the nflux in '*F-NaF.

Our group has previously shown that the application of
dynamic quantitative '*F-FDG PET has a high accuracy in
differentiation of malignant and benign bone lesions. In partic-
ular, that study showed that all kinetic parameters (with the
exception of k; and k4) and SUVs were higher in malignant
bone tumors than in benign ones. Moreover the ¢ test revealed
significantly higher mean values of SUV, Vp, influx and FD in
malignant than benign tumors (p<0.05) [30]. In the present
study, we compared the SUVs and kinetic parameters of both '®
F-FDG and '®F-NaF in multiple myeloma lesions with the
respective parameters of reference osseous tissue. The results
of our study showed that in the case of '"*F-FDG, the MM-
indicative bone lesions demonstrated SUVs and kinetic param-
eters’ values that ranged in significantly higher levels than the
reference skeleton. In contradiction to the results of '*F-FDG
kinetic analysis, in the case of ¥ F_NaF only SUV,yerage and
SUVax Were statistically significantly higher in MM-
indicative lesions than the reference skeleton; all other param-
eters (k;, k3, Vp, influx and FD) didn’t reveal significant
differences between lesions and reference tissue. These data
support our basic conclusion that '"®F-NaF is not a specific
tracer for malignancy detection in MM patients. Due to its very
high sensitivity for bone reconstruction detection, it is difficult
to differentiate between malignant and benign lesions only
based on the '*F-NaF PET results, even after the application
of quantitative analysis. Moreover, it is possible for an initially
positive lesion in both tracers to become '*F-FDG negative
following chemotherapy, but to demonstrate a prolonged '®F-
NaF uptake, due to persistent surrounding osteoblastic activity.

In addition to applying a two-tissue compartment model for
evaluation of tracers’ kinetics, a non-compartmental approach
was also performed leading to the extraction of another index
that is representative of tissue heterogeneity, FD. This param-
eter is based on the box counting procedure of the chaos
theory for the analysis of dPET data [17]. The basic concept
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is that an increased FD is indicative of a more chaotic tracer
distribution, correlating to a higher tissue heterogeneity. In the
present study, the FD values in MM-lesions were comparable
with a median of 1.28 for '*F-FDG and 1.37 for '*F-NaF.
Furthermore, as already mentioned, FD demonstrated a highly
significant correlation with SUV,erage both in "EFDG (1=
0.93) as well as in "®F-NaF studies (r=0.97). This is in
accordance with previous studies showing that both FD for
the time-activity data and SUV's are enhanced in malignan-
cies [17]. It is our belief that the application of this non-
compartment derived parameter can be useful in evaluation
of complicated oncological differential diagnosis issues.

A limitation of this study is the lack of histological confir-
mation for myelomatous osseous lesions. In clinical practice,
however, it is not possible to confirm by histology every MM-
indicative lesion. In fact, only the correlation to other imaging
modalities, like CT and MRI, and the patient’s clinical out-
come serve as a reference. Another limitation is the use of low
dose CT, which was performed for the anatomical assignment
of the lesions and for attenuation correction.

Conclusion

In recent years, the role of PET/CT with '®*F-FDG in diagnos-
tic evaluation of MM has been upgraded. '®F-NaF is another
PET tracer, which serves as a highly sensitive and reliable
biomarker of bone reconstruction and with potential indica-
tions in a wide range of bone diseases. We aimed to study the
combined use of these two PET tracers in the diagnostic work-
up of patients with MM. The results of our study imply that
the additional PET/CT scanning with '*F-NaF doesn’t add
significant information to the diagnostic approach of MM
patients, who have already gone through '*F-FDG PET/CT.
However, '*F-NaF provides general information regarding
bone remodelling and the patient’s skeletal history.
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