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Abstract: PET/MRI represents a promising hybrid imaging modality with several potential clinical applications. 
Although PET/MRI seems highly attractive in the diagnostic approach of multiple myeloma (MM), its role has not yet 
been evaluated. The aims of this prospective study are to evaluate the feasibility of 18F-FDG PET/MRI in detection of 
MM lesions, and to investigate the reproducibility of bone marrow lesions detection and quantitative data of 18F-FDG 
uptake between the functional (PET) component of PET/CT and PET/MRI in MM patients. The study includes 30 
MM patients. All patients initially underwent 18F-FDG PET/CT (60 min p.i.), followed by PET/MRI (120 min p.i.). PET/
CT and PET/MRI data were assessed and compared based on qualitative (lesion detection) and quantitative (SUV) 
evaluation. The hybrid PET/MRI system provided good image quality in all cases without artefacts. PET/MRI identi-
fied 65 of the 69 lesions, which were detectable with PET/CT (94.2%). Quantitative PET evaluations showed the fol-
lowing mean values in MM lesions: SUVaverage=5.5 and SUVmax=7.9 for PET/CT; SUVaverage=3.9 and SUVmax=5.8 for PET/
MRI. Both SUVaverage and SUVmax were significantly higher on PET/CT than on PET/MRI. Spearman correlation analysis 
demonstrated a strong correlation between both lesional SUVaverage (r=0.744) and lesional SUVmax (r=0.855) values 
derived from PET/CT and PET/MRI. Regarding detection of myeloma skeletal lesions, PET/MRI exhibited equivalent 
performance to PET/CT. In terms of tracer uptake quantitation, a significant correlation between the two techniques 
was demonstrated, despite the statistically significant differences in lesional SUVs between PET/CT and PET/MRI.
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Introduction

Multiple myeloma (MM) is a malignant hemato-
logic disorder characterized by the clonal prolif-
eration of plasma cells and infiltration of bone 
marrow. Bone involvement, mainly osteolytic 
disease or osteopenia, is the most common 
feature of MM. At initial diagnosis it is present 
in 80% of the patients [1-4]. In the recently pub-
lished International Myeloma Working Group 
updated criteria for the diagnosis of MM one or 
more osteolytic lesions on skeletal radiogra-
phy, CT, or PET/CT is accepted evidence for end 
organ damage [5]. However, given that the 
detection of lytic bone lesions requires a tra-
becular bone resorption by at least 30-50%, 
the application of other imaging modalities, 

detecting tumor burden before irreversible 
osseous changes take place, is needed [6].

18F-FDG PET/CT is a modality that is sensitive in 
detecting osseous lesions and can differentiate 
between active and inactive MM lesions, serv-
ing therefore as a powerful treatment response 
evaluation tool [3, 7-11]. Moreover, focal lesions 
detected by PET/CT or MRI are of prognostic 
significance in all stages of monoclonal plasma 
cell disease [5, 11, 12]. However, to date, no 
routine use of 18F-FDG PET in MM outside of 
clinical trials is recommended [13, 14].

PET/MRI represents a newly emerging hybrid 
technique, providing metabolic and anatomic 
information simultaneously. It is expected that 
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Table 1. Characteristics of the included MM 
patients 
Primary/
Pre-treated

Durie/Salmon 
stage

Sex 
(M/F) Age

18F-FDG PET 
uptake pattern

Primary I M 44 focal
Primary I M 64 diffuse
Primary I F 64 diffuse
Primary I F 53 diffuse
Primary I M 65 diffuse
Primary I F 47 mixed
Primary I M 60 mixed
Primary II M 55 mixed
Primary II M 66 mixed
Primary III F 72 negative
Primary III M 49 focal
Primary III F 53 focal
Primary III M 78 mixed
Primary III F 59 mixed
Primary III M 50 mixed
Primary III F 46 mixed
Primary III M 57 mixed
Pre-treated I M 58 negative
Pre-treated III M 38 negative
Pre-treated III M 65 negative
Pre-treated III M 72 negative
Pre-treated III M 54 negative
Pre-treated III M 55 negative
Pre-treated III F 60 negative
Pre-treated III F 47 negative
Pre-treated III F 42 negative
Pre-treated III M 70 focal
Pre-treated III M 73 focal
Pre-treated III M 45 focal
Pre-treated III F 68 diffuse

the indications of this modality will be defined 
by the soft tissue contrast of MRI [15, 16]. In a 
recent study, PET/MRI demonstrated high 
potential in the assessment of bone lesions 
and it offered higher lesion detectability and 
diagnostic confidence in comparison to PET/CT 
[17]. In this context, PET/MRI seems highly 
attractive in the diagnostic approach of MM.

The present study aims to evaluate the feasibil-
ity of 18F-FDG PET/MRI in detection of myelo-
ma, and to investigate the reproducibility of 
lesion detection and quantitative data of  
18F-FDG uptake between the functional (PET) 
component of PET/CT and PET/MRI in MM 
patients. The comparison between 18F-FDG 

dimensional mode was used. A low-dose atten-
uation CT (120 kV, 30 mA) was utilised for 
attenuation correction of the PET data and for 
image fusion. An image matrix of 400×400 pix-
els was used for iterative image reconstruction, 
which was based on the ordered subset expec-
tation maximization algorithm (OSEM) with six 
iterations and twelve subsets. The reconstruct-
ed images were converted to SUV images 
based on the formula: SUV=tissue concentra-
tion (Bq/g)/(injected dose (Bq)/body weight (g)) 
[18].

PET/MRI: PET/MRI examinations were per-
formed after the PET/CT studies (120 minutes 
p.i.). A hybrid PET/MRI system (Biograph mMR, 

PET with CT and MRI was not topic of this 
paper and will be evaluated separately. 

Materials and methods

Patients

30 patients (19 male, 11 female; mean age 
57.5 years) with MM based on the International 
Myeloma Working Group criteria were included 
in the study [2]. According to the Durie/Salmon 
staging system, eight patients were suffering 
from stage I, two patients from stage II and 20 
patients from stage III MM. 17 patients were 
newly diagnosed and had received no previous 
treatment, while 13 patients had already 
undergone therapy. However, none of them 
had received chemotherapy within three 
months prior to the date of examination. The 
characteristics of the included patients are 
presented in Table 1. All patients gave written 
informed consent. The study was conducted in 
accordance to the declaration of Helsinki with 
institutional approval by the local ethics com-
mittee and the Federal Agency for Radiation 
Protection (Bundesamt für Strahlenschutz). 
Diabetics as well as patients presenting gen-
eral contraindications for MRI (e.g. pacemak-
er) were excluded from the study.

Data acquisition

PET/CT: PET/CT studies were performed 60 
minutes post injection (p.i.) from the skull base 
to the knees with an image duration of two  
minutes per bed position for the emission 
scans. A dedicated PET/CT system (Biograph 
mCT, S128, Siemens Co., Erlangen, Germany) 
with an axial field of view of 21.6 cm with 
TruePoint and TrueV, operated in a three-
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Siemens Co., Erlangen, Germany) was used, 
consisting of a 3.0-T whole-body imager  
(length, 163 cm; bore size, 60 cm), an actively 
shielded whole-body gradient coil system 
(length, 159 cm; amplitude, 45 mT/M; slew 
rate, 200 T/m/s) and a radiofrequency body 
coil (peak power, 35 kW; transmitter band-
width, 800 kHz) [19]. The PET detector con-
tained eight rings of 56 detector blocks, while 
each detector block consisted of 64 lutetium 
oxyorthosilicate crystals (4×4×20 mm). The 
PET system has a transaxial field of view (FOV) 
of 59.4 cm and an axial FOV of 25.8 cm. 

PET and MR data were acquired simultaneous-
ly. Static whole-body PET/MRI studies were  

transaxial, coronal, and sagittal images of the 
patients by two nuclear medicine physicians.

Regarding PET/CT studies, skeletal foci pre-
senting with significantly enhanced 18F-FDG 
uptake, for which another benign aetiology 
(trauma, inflammation, degenerative changes, 
arthritic disease etc.) was unlikely, were consid-
ered indicative for MM. Quantitative evaluation 
was performed through SUV calculations based 
on volumes of interest (VOIs), drawn with a 50% 
isocontour, placed over foci of increased tracer 
uptake.  A reference SUV for each patient was 
acquired from the bone marrow of the os ilium 
that demonstrated no lesions. 

Lesion characterization in PET/MRI was based 
only on functional (PET-part) and not morpho-
logical (MRI-part) criteria, since purpose of the 
present study was to compare the PET compo-
nent of the PET/MRI exams to the PET compo-
nent of the PET/CT exams. Similarly to PET/CT 
evaluation, sites of increased focal 18F-FDG 

Figure 1. Multiple intensity projection (MIP) images of a 78-year old patient 
with newly diagnosed stage III MM, derived from PET/CT 60 min p.i. (left) and 
PET/MRI 120 min p.i. (right). The patient demonstrates intense diffuse 18F-FDG 
bone marrow uptake along the spinal column demonstrated with both PET/CT 
and PET/MRI. Moreover, a big focal lesion in the right os ilium that infiltrates 
the soft tissues is depicted with both techniques (arrow). Mixed pattern of 18F-
FDG uptake. The values of the scale bar refer to g/ml. (Lt: lower threshold; Ut: 
upper threshold).

performed without contrast 
agent from the skull to the 
mid thigh including coronal 
T1-weighted turbo-spin-ec- 
ho, coronal T2-weighted tur-
bo-inversion-recovery-mag-
nitude, sagittal T1-weighted 
turbo-spin-echo plus T2- 
weighted turbo-spin-echo- 
sequences, as well as axial 
DWI. 

PET data were reconstruct-
ed with an iterative 3-D 
OSEM algorithm with two 
iterations, 21 subsets and 
an image matrix of 172 pix-
els. During the PET acquisi-
tion a Dixon volume interpo-
lated breath-hold examina-
tion (VIBE) sequence was 
performed and used for 
attenuation correction of 
the PET images. Both PET 
systems (from PET/CT and 
PET/MRI) are cross-calibrat-
ed by an activimeter.

Data analysis

Visual analysis was per-
formed by evaluating the 

Table 2. Results of visual analysis in terms of 
myeloma-indicative focal lesions detection
Parameter PET/CT PET/MRI
No. of patients with focal lesions 15 15
Total no. of focal lesions 69 65
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accumulation, for which anoth-
er benign aetiology was exclud-
ed, were considered MM-posi- 
tive. The comparison with PET/
CT included only the body 
areas examined by both imag-
ing modalities (skull to mid-
thigh). Furthermore, the SUVs 
of the myeloma indicative 
lesions depicted in PET/MRI 
(120 min p.i.) were compared 
to the SUVs derived from PET/
CT (60 min p.i.). The same 
comparison was performed for 
the reference areas (os ilium).

Concerning the whole-body 
18F-FDG distribution, four pat-
terns of bone marrow tracer 
uptake were identified in PET/
CT and PET/MRI scans: a)  
negative pattern with no path-
ological 18F-FDG bone marrow 
accumulation indicative for 
myeloma involvement, b) focal 
pattern, in which bone marrow 
foci of increased 18F-FDG up- 
take were detected and con-
sidered MM lesions, c) diffuse 
pattern, in which an intense, 
diffuse bone marrow tracer 
uptake was depicted (without 
focal lesions) and d) a mixed 
pattern, in which a diffuse 
bone marrow uptake was 
detected in addition to focal 
bone marrow lesions.

In particular, for the assess-
ment of a diffuse pattern of 
bone marrow uptake, which 
was indicative for diffuse bone 
marrow infiltration, we used 
the maximum intensity projec-
tion (MIP) images. 

Data were statistically evalu-
ated using the STATA/SE 12.1 
(StataCorp) software on an 
Intel Core (2 · 3.06 GHz, 4 GB 

Figure 2. Transaxial PET/CT (upper row) and PET/MRI (lower row) images 
of a MM patient referred to our department for initial evaluation of extent 
of bone involvement. A MM-suspicious lesion is depicted in the right iliac 
bone in both systems. The lesion has the following values in PET/CT: SUVaver-

age=5.5 and SUVmax=7.1. The respective SUVs in PET/MRI are: SUVaverage=4.2 
and SUVmax=6.5. The values of the scale bar refer to Bq/ml.

Figure 3. Transaxial PET/CT (upper row) and PET/MRI (lower row) images 
of the same patient as in Figure 2. The patient has a myeloma-indicative 
site of enhanced 18F-FDG uptake in the 7th thoracic vertebrae seen with 
both hybrid imaging systems. The lesion has the following values in PET/

CT:  SUVaverage=4.1 and SUVmax=6.7.  
The respective SUVs in PET/
MRI are: SUVaverage=3.6 and SU-
Vmax=5.9. The values of the scale 
bar refer to Bq/ml.
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Figure 4. Transaxial PET/CT (upper row) and PET/MRI (lower row) images of 
the same patient as in Figure 2. A MM-suspicious lesion is delineated in the 
10th left rib dorsally involving the costovertebral joint (arrow). The lesion has 
the following values in PET/CT: SUVaverage=4.4 and SUVmax=6.9. The respec-
tive SUVs in PET/MRI are: SUVaverage=4.3 and SUVmax=7.1. The values of the 
scale bar refer to Bq/ml.

Figure 5. Transaxial PET/CT (up-
per row) and PET/MRI (lower row) 
images of a pre-treated stage III 
MM patient. PET/CT reveals a 
myeloma-suspicious lesion in the 
11th rib right dorsolaterally, while 
PET/MRI shows no pathological 
tracer uptake in the respective 
anatomical site. The values of the 
scale bar refer to Bq/ml.

RAM) running with Mac OS X 
10.8.4 (Apple Inc., Cupertino, 
CA, USA). The statistical evalu-
ation was performed using 
descriptive statistics, Wilco- 
xon matched-pairs signed 
rank test for non-normally dis-
tributed samples, and Spear- 
man’s rank correlation analy-
sis. The results were consid-
ered significant for p<0.01.

Results

PET/MRI images were of good 
diagnostic quality and without 
apparent image artefacts.  
Regarding 18F-FDG bone mar-
row uptake pattern, ten 
patients had a negative pat-
tern, six patients demonstrat-
ed a focal pattern, five patients 
a diffuse pattern and nine 
patients a mixed pattern of 
tracer uptake in both modali-
ties (Table 1). Figure 1 depicts 
one patient suffering from 
stage III MM, demonstrating a 
mixed pattern of 18F-FDG 
uptake in both PET/CT and 
PET/MRI. 

Table 2 demonstrates the 
results of visual analysis in 
terms of focal lesions detec-
tion with both techniques. In 
15 of the 30 included patients 
suspected focal lesions were 
detected with both PET/CT 
and PET/MRI. All patients 
rated as PET-positive or PET-
negative on PET/CT were also 
characterized as PET-positive 
or PET-negative on PET/MRI. A 
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total of 69 myeloma indicative lesions were 
demonstrated with PET/CT. The PET part of 
PET/MRI revealed 65 of the 69 lesions, which 
were detectable with PET/CT (94.2%) (Figures 
2-4). Three of the focal lesions that were seen 
on PET/CT but not on PET/MRI were located in 
the ribs of two patients that were rated as PET-
positive with both techniques (Figures 5, 6). 
One focal lesion was located in the os ilium of a 

Discussion

In the last years the significance of 18F-FDG  
PET and PET/CT in evaluation of MM has 
increased. PET/CT is considered a modality of 
high sensitivity in detecting both medullary and 
extramedullary disease, while its ability in treat-
ment response assessment and its prognostic 
value have been documented [3, 7, 11, 20-22].

Figure 6. Transaxial PET/CT (upper row) and PET/MRI (lower row) images of 
a pre-treated stage III MM patient. On PET/CT a myeloma-suspicious lesion 
in the right 5th rib ventrally is depicted. PET/MRI shows no pathologically 
enhanced 18F-FDG uptake. Same patient as in Figure 5.

Table 3. Average and maximum SUVs of 18F-FDG in MM lesions 
and reference bone marrow, as derived from PET/CT studies (60 
min p.i.)

PET/CT (60 min p.i)

SUVaverage±SD Median Range

MM lesions 5.5±2.2 5.0 2.3-14.6
Reference 1.7±0.8 1.4 0.8-3.9

SUVmax± SD Median Range
MM lesions 7.9±4.7 7.1 3.6-35.3
Reference 2.8±1.3 2.5 1.3-5.9

patient, who demonstrated a 
mixed pattern of tracer 
uptake.

Quantitative evaluations thro- 
ugh SUV calculations derived 
from VOIs drawn over MM 
lesions and reference bone 
marrow from the os ilium were 
performed. Tables 3, 4 dem-
onstrate the results of SUV 
analysis for PET/CT and PET/
MRI studies. According to  
Wilcoxon matched-pairs si- 
gned rank test, both SUVaverage 
(p<0.0001) and SUVmax (p< 
0.0001) derived from MM 
lesions were significantly high-
er on PET/CT than on PET/
MRI. Similarly, statistically sig-
nificant differences between 
PET/CT and PET/MRI regard-
ing SUVaverage (p=0.0016) as 
well as SUVmax (p=0.0002) de- 
rived from reference bone 
marrow in os ilium were de- 
monstrated. 

Spearman correlation analy-
sis demonstrated a statisti-
cally significant correlation (r= 
0.744, p<0.0001) between 
lesional SUVaverage values deri- 
ved from PET/CT and PET/ 
MRI (Figure 7). Respectively, a 
statistically significant correla-
tion was exhibited between 
lesional SUVmax from PET/CT 
and PET/MRI (r=0.855, p< 
0.0001) (Figure 8). Regarding 
reference bone marrow, a very 
strong correlation for both 
SUVaverage (r=0.862, p<0.0001) 
and SUVmax (r=0.883, p< 
0.0001) derived from PET/CT 
and PET/MRI was also de- 
monstrated.
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PET/MRI is a novel and promising imaging tech-
nique that has received a lot of interest. The 
first results from the application of PET/MRI in 
oncology are encouraging and comparable to 
those of PET/CT [23]. The modality may play a 
role in the diagnostics of MM, since it combines 
two modalities with a high potential in myeloma 
evaluation (PET and MRI) in a single exam.  
PET/MRI could be particularly useful in residual 
disease detection and consequently in treat-
ment guidance in MM patients that have 
reached a complete remission [24].

We present the first results of an ongoing study 
aiming to assess the feasibility and image qual-
ity of 18F-FDG PET/MRI, as well as the reproduc-
ibility of detection of myeloma-suspicious 
lesion detection and quantification between 
the PET-component of PET/CT and PET/MRI in 
MM. 

The hybrid PET/MRI system provided good 
image quality in all cases without artefacts. The 
results of our study demonstrated that 94.2% 
of all focal lesions depicted in the PET part of 
PET/CT were also seen in the PET part of PET/
MRI, reflecting thus equivalent performance 
regarding qualitative lesions evaluation. In 
total, four lesions were not depicted on PET/
MRI. This discrepancy, however, did not lead to 
a change in patient management. Three lesions 
that were not seen on PET/CT were located in 
the ribs of two patients and one lesion in the os 
ilium. One explanation for the non-depiction of 
the rib lesions might be the fact that in conven-
tional MR sequences cortical bone offers only 
low signal intensity, rendering thus the separa-
tion of bone from air difficult [25]. Moreover, an 
underestimation of lesion radioactivity concen-
tration by PET/MRI in comparison to PET/CT 
may have contributed to this mismatch, given 
that these lesions demonstrated a moderate 

18F-FDG uptake in PET/CT. Regarding the focal 
pelvic lesion, which was not depicted in PET/
MRI, it was surrounded by intense diffuse bone 
marrow infiltration in the os ilium. Subsequently, 
the initially enhanced FDG uptake in the lesion 
exhibited on PET/CT was masked 120 min p.i. 
by a generalized increased 18F-FDG activity in 
the surrounding bone marrow, rendering its 
clear delineation from surrounding bone mar-
row unfeasible. It could be presumed that 
obtaining PET/MRI images earlier (60 min p.i.) 
could further raise the detection rate of myelo-
ma lesions with this novel hybrid technique.

Our results are in accordance with the findings 
of a similar study by Wiesmüller et al., in which 
the PET components of PET/CT and PET/MRI 
demonstrated equivalent performance in terms 
of lesion detection in a heterogeneous group of 
oncological patients, with 99.2% of all lesions 
found by PET/CT also found on PET/MRI [26].

Regarding quantitative evaluations, SUVaverage 
and SUVmax of myeloma lesions depicted on 
PET/MRI were significantly lower (p<0.0001) 
than the respective values on PET/CT. Similarly, 
the SUVs derived from reference bone marrow 
(os ilium) on PET/MRI were statistically signifi-
cant lower than the respective PET/CT values.

These discrepancies, regarding quantitative 
estimations with PET/CT and PET/MRI, may be 
attributed to different factors, since SUV is 
affected by several parameters [27]. One rea-
son for the SUV underestimation by PET/MRI, 
except from the different uptake due to the two 
different imaging time points [28] (60 min p.i. 
for PET/CT vs 120 min p.i. for PET/MRI), may be 
related to the different approaches used  
for attenuation correction (MR-based in PET/
MRI and CT-based in PET/CT), since the stand-
ard methods used for MR-based attenuation 
correction do not account for the presence of 
bone tissue in the attenuation map [29].  
Martinez-Möller et al. have shown in a group of 
35 oncological patients that this absence of 
bone in the attenuation map resulted in an 
average SUVmax underestimation for osseous 
lesions of 8.0% [30]. Aznar et al. studied 20 
oncological patients with PET/CT and PET/MRI 
and found that the application of standard 
MR-based attenuation correction in PET/MRI 
imaging led to an underestimation of PET 
uptake values in soft tissue and bone lesions 
by about 10% [31]. In an attempt to minimize 

Table 4. Average and maximum SUVs of 
18F-FDG in MM lesions and reference bone 
marrow, as derived from PET/MRI studies 
(120 min p.i.)

PET/MRI (120 min p.i)

SUVaverage±SD Median Range

MM lesions 3.9±2.1 3.6 0.9-11.8
Reference 1.4±0.7 1.4 0.5-3.4

SUVmax±SD Median Range

MM lesions 5.8±3.9 5.3 1.0-24.8
Reference 2.2±1.0 2.1 0.8-4.7
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the effect of bone neglecting in the attenuation 
map of MRI, Marshall et al. described an  
alternative combined technique for MR-based 
attenuation correction, which included the  
in MRI routinely applied four-tissue (air, lungs,  
soft tissue and fat) segmentation approach 
and a database of CT scans [32]. This approach 
led to an improvement of the relative error in 
VOIs adjacent to bone from a mean of -7.5%  
to 2% and reduced the magnitude of relative 
error in bone tissue from -14.6% to 1.3%.

Despite the differences in lesional SUVs 
between the two techniques, correlation analy-
sis revealed a statistically significant correla-
tion between lesional SUVaverage derived from 

tion of the 18F-FDG positive focal lesions. 
However, this remains impractical in clinical 
routine.

Conclusion

In the present study PET/MRI exhibited equiva-
lent performance to PET/CT, in terms of detec-
tion of MM lesions. PET/CT detected four focal 
lesions not detected by PET/MRI. The differ-
ences in SUVs between PET/CT and PET/MRI 
were statistically significant, while a statistical-
ly significant correlation between the two  
techniques for SUVs derived from both MM 
lesions and reference bone marrow was 
demonstrated.

Figure 7. Scatter plot of the results of correlation analysis between lesional 
SUVaverage derived from PET/CT and PET/MRI (r=0.744, p<0.0001).

Figure 8. Scatter plot of the results of correlation analysis between lesional 
SUVmax derived from PET/CT and PET/MRI (r=0.855, p<0.0001).

PET/CT and PET/MRI (r=0.744, 
p<0.0001), as well as between 
lesional SUVmax derived from 
PET/CT and PET/MRI (r= 
0.855, p<0.0001). Moreover, 
the SUVs derived from refer-
ence bone marrow over the os 
ilium demonstrated a statisti-
cally significant correlation for 
both SUVaverage (r=0.862, p< 
0.001) and SUVmax (r=0.883, 
p<0.0001) for the two tech-
niques. This correlation regard-
ing SUVs from both lesions and 
reference tissue is in line with 
the results of a study by 
Drzezga et al., who also found  
a significant correlation be- 
tween SUVs measured with 
PET/CT and PET/MRI for suspi-
cious tumor lesions and back-
ground [33]. The authors 
implied that, despite the differ-
ent technologies and attenua-
tion correction approaches 
applied, this high correlation 
reflects the preservation of rel-
ative proportions of radiotracer 
in PET/MR, in comparison to 
PET/CT.

Our study carries some limita-
tions. Since the number of 
patients studied was limited, 
these results should be consid-
ered as the preliminary results 
of an ongoing study. Another 
limitation of the study was the 
lack of histological confirma-
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